ORIGINAL RESEARCH

CELLULAR AND MOLECULAR
GASTROENTEROLOGY AND HEPATOLOGY

Presence of Intact Hepatitis B Virions in Exosomes

Qingyan Wu,' Mirco Glitscher,’ Susanne Tonnemacher,” Anja Schollmeier,’ Jan Raupach,’
Tobias Zahn,' Regina Eberle,? Jacomine Krijnse-Locker,” Michael Basic,'* and

Eberhard Hildt'*

"Department of Virology, Paul-Ehrlich-Institute, Langen, Germany; Loewe Center DRUID, Paul-Ehrlich-Institute, Langen,
Germany; *Department of Gastroenterology and Hepatology, University Hospital Frankfurt, Frankfurt, Germany; and *German
Center of Infection Research (DZIF), GieBen-Marburg-Langen, Germany

HBV-producing cell

Dane particle

Exosomal HBV

Recipient cell
MOLECULAR
GASTROENTEROLOGY
AND HEPATOLOGY

SUMMARY

A so-far unreported virion egress pathway of hepatitis B
virus was identified. The presence of intact virions in exo-

somes was visualized for the first time. Exosomes hijacked
by hepatitis B virus act as a transporter impacting the
spread of the virus.

BACKGROUND & AIMS: Hepatitis B virus (HBV) was identi-
fied as an enveloped DNA virus with a diameter of 42 nm.
Multivesicular bodies play a central role in HBV egress and
exosome biogenesis. In light of this, it was studied whether
intact virions wrapped in exosomes are released by HBV-
producing cells.

METHODS: Robust methods for efficient separation of exo-
somes from virions were established. Exosomes were subjected
to limited detergent treatment for release of viral particles.
Electron microscopy of immunogold labeled ultrathin sections
of purified exosomes was performed for characterization of
exosomal HBV. Exosome formation/release was affected by
inhibitors or Crispr/Cas-mediated gene silencing. Infectivity/

uptake of exosomal HBV was investigated in susceptible and
non-susceptible cells.

RESULTS: Exosomes could be isolated from supernatants of
HBV-producing cells, which are characterized by the pres-
ence of exosomal and HBV markers. These exosomal frac-
tions could be separated from the fractions containing free
virions. Limited detergent treatment of exosomes causes
stepwise release of intact HBV virions and naked capsids.
Inhibition of exosome morphogenesis impairs the release of
exosome-wrapped HBV. Electron microscopy confirmed the
presence of intact virions in exosomes. Moreover, the pres-
ence of large hepatitis B virus surface antigen on the surface
of exosomes derived from HBV expressing cells was
observed, which conferred exosome-encapsulated HBV initi-
ating infection in susceptible cells in a , large hepatitis B
virus surface antigen/Na'-taurocholate co-transporting
polypeptide-dependent manner. The uptake of exosomal
HBV with low efficiency was also observed in non-permissive
cells.

CONCLUSION: These data indicate that a fraction of intact HBV
virions can be released as exosomes. This reveals a so far not
described release pathway for HBV. (Cell Mol Gastroenterol
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H epatitis B virus (HBV) is a small, enveloped DNA
virus and belongs to the family of Hepadnaviridae.
The HBV virion is a spherical particle with a diameter of 42
nm. The outer envelope, which harbors the three viral sur-
face proteins large hepatitis B virus surface antigen (LHBs),
middle hepatitis B virus surface antigen (MHBs), and small
hepatitis B virus surface antigen (SHBs), surrounds the
nucleocapsid. The entirety of all HBV surface proteins are
designated as HBsAg. The icosahedral nucleocapsid is
formed by the core protein (HBcAg) and harbors the partial
double-stranded DNA genome of about 3.2 kb. The HBV
genome encompasses 4 open reading frames encoding for
the viral polymerase, for the core antigen (HBcAg) or its
secretory variant e antigen (HBeAg), for the surface proteins
(HBsAg) and for the regulatory X protein.’?

In addition to infectious viral particles, HBV-producing
cells release non-infectious subviral particles which are
exclusively formed by HBsAg and lack a genome and any
other HBV protein. Two forms can be distinguished, 22 nm
sized spheres and long filaments. Although the spheres are
mainly assembled by SHBs and contain only smaller
amounts of LHBs and MHBs, the filaments are characterized
by a higher LHBs content. In addition, naked capsids lacking
the envelope are released.*®

Infection with HBV can cause acute and chronic hepa-
titis. Serological evidence indicates that past or present
infection exists in more than 2 billion individuals all over
the world.” There are approximately 1.5 million new in-
fections each year worldwide.® In 2019, an estimated 296
million people suffered from chronic infection.” Chronic
HBV infection is associated with an increased risk to
develop cirrhosis or hepatocellular carcinoma. More than
620,000 people annually die from the consequences of
HBV infection.’® Although safe and effective vaccines are
licensed, HBV continues to be a major health problem, as in
many countries with a high epidemic burden no effective
vaccination strategies are in place. Moreover, the complete
cure of an established chronic infection is far from being
solved.”"!

During the past 50 years, essential principles of HBV
entry life cycle and morphogenesis have been revealed.
Growing evidence indicates that the egress of virions and of
the subviral filaments depends on the endosomal sorting
complexes required for transport (ESCRT) machinery and
host intracellular vesicle trafficking pathways.>'*** In
contrast to this, spheres are secreted by the classic secretory
pathway.'>'® The current studies also reveal that HBV en-
velope proteins can be trafficked from the ER/Golgi complex
to the endosomal system and ultimately to the membranes
of multivesicular bodies.'”° For HBV release from the host
cell, multivesicular bodies (MVBs) are assumed to be the
platform for HBV budding and egress. Here, mature
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nucleocapsids are enveloped by the viral surface proteins
and then are released from cells by means of the exosomal
pathway as the MVBs fuse with the plasma membrane. The
pathway of exosome formation overlaps significantly with
the morphogenesis of HBV. Exosomes are generated by the
MVBs harboring intraluminal vesicles.”’ This implies that
the budding of HBV is intimately intertwined with the
biogenesis of exosomes.

Numerous studies have shown that both enveloped and
non-enveloped viruses can be found within exosomes. This
affects cell-to-cell spread and viral immune evasion.”'*?
Biochemical analyses reveals that the prototypic non-
enveloped hepatitis A and hepatitis E viruses are released
from the infected cells as “quasi-enveloped virus” by
cloaking itself completely within membranes that resemble
exosomes.”**® Similarly, in vitro productive hepatitis C vi-
rus (HCV) transmission can be caused by exosomes released
from HCV-infected hepatoma cells.?’ Furthermore, several
studies indicated that exosomes released by human immu-
nodeficiency virus (HIV)-infected cells affect the infection
process by containing HIV-derived virulence factors.”®*’
Unlike HCV or HIV, there is no evidence for the presence
of viral antigens on the surface of these quasi-enveloped
infectious hepatitis A virus (HAV) and only ambiguous evi-
dence in case of hepatitis E virus.”*>® The similarity of
exosome biogenesis with HBV egress pathways raises the
question whether complete HBV progeny virions usurp the
exosome biogenesis machinery for dissemination.

Generally, exosomes are small vesicles in the size range
of 30 to 150 nm with buoyant density in certain media from
1.08 to 1.20 g/cm?°"** which is similar to the density of
many viral particles. The process of exosome enrichment
based on differential ultracentrifugation actually co-
precipitates many viral particles in parallel.”” Therefore, a
more efficient separation method is needed to study their
respective functions. In this study, we demonstrated that
exosomes and HBV virions can be sufficiently separated on
the basis of their different sedimentation in an iodixanol
gradient, which has also been used for separation of exo-
somes from HIV particles®*?* and enveloped viruses
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(‘eHAV’) from picornaviruses.”® This enabled us to perform
an in-depth analysis of exosomal cargoes. We observed that
complete HBV virions are encapsulated in these highly pu-
rified exosomes and detected the infectivity of these exo-
somal viruses by infection of differentiated HepaRG cells.
Thus, our study reveals an undiscovered pathway for HBV
release, namely utilizing the exosomal route to spread host
membrane-entrapped HBV particles.

Results

Presence of HBV-specific DNA and Viral Proteins
in Exosomes Released From HBV-expressing
Cells

To shed light on the potential role of exosomes for the
release and spread of HBV, the characteristics of exosomes
purified from the culture fluids of human hepatoma cell
lines were systematically analyzed. Using differential ultra-
centrifugation, exosomes were pelleted from supernatant of
HBV-negative HepG2 cells or of the HBV-expressing stable
cell line HepAD38 (Figure 1, A). To analyze the size distri-
bution of exosomes derived from these 2 sources, nano-
particle tracking analysis (NTA) was performed. The NTA
revealed a significant difference between HepG2- and
HepAD38-derived exosomes. The peak diameter of exo-
somes from HepAD38 cell-derived exosomes was around
134 nm. In case of HepG2 cell-derived exosomes, the peak
diameter was at 119 nm (Figure 1, B).

Many approaches for exosome isolation are based on a
differential centrifugation step. However, the similarity of
sedimentation properties of exosomes and HBV virions
causes a co-sedimentation of exosomes and HBV virions.
Therefore, the purification procedure was extended by an
iodixanol density gradient centrifugation method to effi-
ciently separate exosomes from virions (Figure 1, A).
Western blot analyses using exosome- and HBV-specific
markers revealed that there were core and LHBs con-
taining fractions at higher gradient densities, which were
separated from the fractions identified as exosomes
characterized by the markers Alix, Tsgl01, and CD63
(Figure 1, C).

Analysis of the viral DNA and HBcAg distribution over
the gradient revealed 2 peaks. There was an HBV-DNA and
core-positive peak at lower density, encompassing fractions
6 to 9 (corresponding to a density of 1.06-1.10 g/cm?),
which were characterized by the presence of the exosomal
markers (Figure 1, D).

The second HBV-DNA- and HBcAg-positive peak
appeared at the expected density of HBV virions in fraction
12 (corresponding to a density of 1.18 g/cm®) and was
further characterized by the absence of exosomal markers
(Figure 1, D).

As the exosomal fractions were HBcAg-positive, it
was further analyzed if these fractions were HBsAg-
positive, too. For this purpose, the untreated fractions
and radio-immunoprecipitation assay (RIPA) buffer
pretreated fractions were analyzed by HBsAg-specific
enzyme-linked immunosorbent assay (ELISA). RIPA
buffer was used to destroy exosomal membranes. The
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ELISA revealed that in fractions F5 to F7, which were
characterized by the exosomal markers, the RIPA buffer
treatment caused a significant increase of the HBsAg
signal (Figure 1, E). This indicates that destruction of
the exosomal membrane makes the HBsAg cloaked
within exosomes accessible for the detection by the
HBsAg-specific antibodies.

To further confirm the presence of LHBs and HBcAg
within the exosomes, immunoprecipitations (IPs) were per-
formed. The exosomal fractions isolated as shown in Figure 1,
A were subjected to precipitation with CD63-coated magnetic
beads. The input, unbound supernatant after IP, and the bead-
bound exosomes were evaluated by Western blotting
(Figure 1, F). As compared with the input, a significant
decrease in Alix, LHBs, and HBcAg levels was observed in the
unbound supernatants (Figure 1, F). Meanwhile, the presence
of Alix, LHBs, and HBcAg was detected in the bead-bound
exosomes after IP of the exosomal inputs with CD63-coated
magnetic beads (Figure 1, F).

IP of exosomal fractions with an unrelated Dynabead
sheep anti-rabbit immunoglobulin G (IgG) showed that
there was no detectable HBV antigen signal or exosomal
marker Alix precipitated by the control magnetic beads, and
the weak LHBs signal in the precipitates is probably derived
from non-specific binding or residual subviral particles
(Figure 1, F). These data indicate that there is a co-existence
of LHBs and HBcAg within the exosomes.

Quantification of HBV genomic DNA by quantitative po-
lymerase chain reaction (QPCR) and HBcAg by ELISA in the
exosomal fractions revealed that the percentage of exosome-
associated HBV genomic DNA and HBcAg referred to the
total input of the gradient were approximately 1.76% and
2.04%, respectively (Figure 1, G).

Taken together, these results indicate that HBV-
expressing cell line releases exosomes that can be effi-
ciently separated from free virions. Moreover, in the
exosomal fractions, HBcAg, LHBs, SHBs, and viral DNA are
detectable.

Detection of Viral Particles in Exosomes Derived
From HBV-expressing Cells

The data described above indicate that, in exosomes
isolated from HBV-expressing cells viral DNA, HBsAg, and
HBcAg can be detected. Meanwhile, anti-CD63 immunogold
labeling and negative staining further confirmed that exo-
some population was present in the lower density peak
(Figure 2, A). In contrast, only HBV virions were observed in
the second HBV-DNA- and HBcAg-positive peak shown in
Figure 1, D, where they exhibited a typical negative staining
structure, which was also confirmed by the anti-preS1/
preS2 immunogold labeling (Figure 2, B). This then begs
the question of whether fully assembled virions can be
found within the exosomes. To investigate this, exosomal
fractions (fractions 6 to 9) were isolated as described above
and treated with 0.5% nonyl phenoxypolyethoxylethanol
(NP-40) for 2 hours at 37 °C and again subjected to iodix-
anol density gradient centrifugation. Untreated exosomes
served as control (Figure 2, C). Quantification of the viral
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DNA over the gradient fractions confirmed for the untreated In the NP-40-treated input, the viral DNA was shifted to
input the presence of viral DNA in fractions 7 to 9, corre- fractions 11 to 14 with a density of 1.185 g/cm? for the peak
sponding to a density of 1.064 to 1.105 g/cm?® (Figure 2, D).  fraction (fraction 12) (Figure 2, D).
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The fractions derived from the iodixanol gradients of the
untreated and the NP-40-treated input were analyzed by
Western blot. The Western blot analysis revealed that, in the
untreated samples, the exosomal markers, LHBs, and HBcAg
were concentrated in fractions 7 to 9 (Figure 2, E). In case of
the NP-40-treated input, there was a shift of the HBcAg-
containing fractions to a higher density (1.185 g/cm?)
(Figure 2, E). This might represent a mixture of free virions and
naked capsids, which are generated by the detergent-
dependent destruction of the exosomal membrane and virus
envelope. This is corroborated by the shift of the LHBs con-
taining fractions to lower densities reflecting the membrane
destruction as shown in Figure 2, E. Moreover, the fraction 8
(in case of the untreated input) and the fractions 11 and 12 (in
case of the NP-40-treated input) of the gradient were analyzed
by an HBcAg-specific ELISA. The ELISA revealed significant
lower values for fraction 8 (untreated input) as compared with
fractions 11 and 12 (NP-40-treated input) (Figure 2, F). Here,
the intensive NP-40 treatment has stripped of the masking
exosomal and viral membrane. Thereby, the capsid becomes
accessible for the core-specific antiserum. When fraction 8
(untreated input) is treated with Triton X-100, which causes
destruction of the exosomal and viral membrane, a significant
higher HBcAg-specific signal is obtained (Figure 2, F).

These data indicate that viral particles can be found in
the exosomal fractions. Destruction of the exosomal mem-
brane by mild detergent is associated with partial destruc-
tion of the viral envelope.

Exosomes Derived From HBV-producing Cells
Harbor Intact HBV Virions

Mild detergent treatment of exosomes causes the release
of HBV-DNA-containing particles, which might represent a
mixture of viral particles and naked capsids. To investigate
if naked capsids and intact HBV virions can be separated by
iodixanol gradient centrifugation, purified virions and pu-
rified virions treated with NP-40 were subjected to iodix-
anol density gradient centrifugation. The fractions were
analyzed by qPCR for quantification of the viral DNA. As
shown in Figure 3, 4, there is no significant difference in the
distribution over the gradient between intact virions and
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NP-40-treated virions. In both cases, there is a peak for the
viral DNA corresponding to a density of about 1.18 to 1.20
g/cm®. However, if purified virions and NP-40-treated pu-
rified virions were loaded on a sucrose gradient and the
fractions were analyzed by qPCR, a clear separation of the
virion-specific peak from the naked capsid-specific peak was
obtained (Figure 3, B). This was further confirmed by
analysis of the respective peak fractions of the sucrose
gradient fraction 12 (untreated) and fraction 15 (NP-40-
treated) by HBcAg ELISA (Figure 3, C). In case of fraction
12, a significant lower HBcAg-specific signal was observed
as compared with fraction 15, although in both fractions,
comparable numbers of HBV genomes were detected
(Figure 3, B). However, when fraction 12 was treated with
Triton X-100 to remove the protecting viral envelope, the
HBcAg-specific signal was drastically increased (Figure 3, C).
These data indicate that under these conditions naked
capsids can be efficiently separated from intact virions.
Therefore, this sucrose gradient system was used to
analyze the exosomal fraction (fraction 8), which was ob-
tained from the iodixanol gradient (Figure 2, D). One-half
of the fraction was left untreated; the other half was sub-
jected to a limited NP-40 treatment (0.25% NP-40, 20
minutes at 30 °C) (Figure 3, D). The fractions of the sucrose
gradient were analyzed by qPCR for quantification of HBV
genomes. The qPCR revealed for the untreated exosomal
fraction after sucrose gradient centrifugation one peak
(fractions 7-9) (Figure 3, D). For the NP-40-treated exo-
somal fraction, a clear separation of virions (fraction 11,
12) and naked capsids (fraction 14, 15) by the sucrose
density gradient was observed (Figure 3, D). At the same
time, by negative staining and transmission electron mi-
croscopy, HBV virions were observed in fractions 11 and
12, which were enriched by ultracentrifugation (Figure 3,
E). Moreover, the fractions of the sucrose gradient
(Figure 3, D) were analyzed by Western blot. In case of the
untreated input, detection of Alix as exosomal marker
confirmed the presence of exosomes in fractions 7 to 9
(Figure 3, F). In the same fractions, HBcAg was found, and
the strongest LHBs-specific signal was obtained. The
respective analysis of the NP-40-treated input revealed
that the Alix-specific signal almost diffused over the entire

Figure 1. (See previous page). Isolation and characterization of exosomes purified from human hepatoma cell lines. A,
Schematic description of the exosome purification procedure from the culture fluids of human hepatoma cell lines. B, The size
distribution of exosomes isolated from HBV-negative HepG2 cells and from the HBV-expressing stable cell line HepAD38.
Analysis of size distribution was performed by NanoSight NS300. The error bars were shown as dotted lines with fill areas. C,
Exosomes were isolated from the supernatant of HepAD38 (left) or HepG2 cells (right) as shown in Figure 1, A by differential
centrifugation followed by iodixanol density gradient centrifugation. The fractions of the iodixanol gradient were analyzed by
Western blot detecting Alix, Tsg101, and CD63 as exosomal markers and LHBs and HBcAg as HBV components. D, Absolute
quantification of the distribution of HBV genomes (black line) and of HBcAg (quantification of the Western blot in Figure 1, C)
(blue dotted line) in each fraction in the iodixanol gradient. The density is shown by the red line. E, Quantification of HBsAg in
each fraction in the iodixanol gradient by ELISA. The fractions were either left untreated (red bars) or pretreated with RIPA
buffer and ultrasound sonication (blue bars). Two-way analysis of variance followed by the Sidak multiple comparison test for
all panels. **P < .001. F, IP assay of the exosomal iodixanol gradient fractions with CD63-coated magnetic beads or unrelated
Dynabeads M-280 Sheep Anti-Rabbit IgG as control. The input, unbound supernatants, and immunoprecipitated targets from
the fractions were analyzed by Western blot, detecting Alix as exosomal marker and LHBs and HBcAg as HBV components. G,
The percentage of exosome-associated HBV genomic DNA and exosomal-associated HBcAg as compared with the total input
supernatant. HBV genomic DNA in the exosomal fractions and in the input of the gradient was quantified by gPCR. Quan-
tification of HBcAg was performed by HBcAg-specific ELISA.
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gradient, and the core-specific signal was shifted to frac- Analysis by an HBcAg-specific ELISA revealed that for
tions 10 to 12 and 14 to 16 (Figure 3, F). The LHBs-specific fraction 8 and 11, 12 of the gradient shown in Figure 3, D,
signal smeared over fractions 2 to 14 under these condi- addition of Triton X-100 pretreatment caused a strong in-
tions due to the destruction of membranes. crease of the HBcAg-specific signal (Figure 3, G). This
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reflects that, due to the Triton X-100 treatment, the exoso-
mal and viral membranes were removed, and the core
became accessible for detection by the HBcAg-specific
antibody.

After increasing the NP-40 treatment concentration to
0.5% and treating at 37 °C for more than 1 hour, the gPCR
revealed for the NP-40-treated input, the viral DNA was
completely shifted to the naked capsid fraction (fraction 15)
(Figure 3, H). Moreover, the core-specific signal was shifted
to the same fractions as the envelope of all intact HBV vi-
rions, which were released by the destruction of the exo-
somes was removed (Figure 3, H). The naked capsid
fractions 14 and 15 of the sucrose gradient (NP-40-treated)
in Figure 3, H, and the naked capsid fraction 15 of the su-
crose gradient (NP-40-treated) in Figure 3, D were also
analyzed by transmission electron microscopy (TEM). By
negative staining, only naked capsids without any HBV en-
velope were observed in these fractions (Figure 3, I).

Taken together, based on a sucrose gradient, it was
demonstrated that after mild and limited NP-40 treatment,
intact virions can be released from exosomes and separated
from naked capsids. These data further confirm the pres-
ence of intact viral particles in the exosomal fraction.

Interference With MVB or Exosome Formation by
Specific Inhibitors Affects the Release of
Encapsulated HBV

The data described above indicate that intact HBV vi-
rions can be found in exosomes. To study the impact of
interference with MVB functionality and exosome biogen-
esis on the release of encapsulated HBV, various inhibitors
were used.

U18666A inhibits directly NPC1/2 protein and thereby
impairs the intracellular trafficking of cholesterol. This
causes dysfunction of MVBs and consequently affects the
release of exosomes.*>” HepAD38 cells were incubated for 48
hours with 2 or 4 ug/mL U18666A. The supernatant was
analyzed as described above (Figure 1, A). The fractions of
the iodixanol gradient were analyzed by HBV-specific qPCR
for quantification of the viral genomes (Figure 4, A) and by
Western blot analysis using Alix-specific and core-specific
antibodies (Figure 4, B). As compared with the untreated
control, the U18666A treatment changed the distribution of
Alix (Figure 4, B). The amount of Alix and Tsg101 in the
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exosomal fractions (fractions 6-8) was decreased after
U18666A treatment (Figure 4, B). The viral DNA (Figure 4,
A) and HBcAg (Figure 4, B) almost completely disappeared
from fractions 6 to 8 after U18666A treatment and were
concentrated in fractions 10 and 12 (viral DNA) and in
fraction 10/11 (HBcAg).

Comparable results were obtained using manumycin A
(Figure 4, €), which inhibits the ESCRT-dependent exosome
biogenesis, and GW4869 (Figure 4, D), which impairs exo-
some release by inhibition of neutral sphingomyelinases
(nSMase). In both cases, the number of HBV genomes in the
exosomal fraction was dose-dependently reduced
(Figure 4,C-D). The effectiveness of manumycin A or
GW4869 treatment on exosome formation was controlled
by analyzing the distribution of Alix in the exosomal frac-
tions (Figure 4, E). The amount of Alix in the exosomal
fractions was decreased in both cases (Figure 4, E).

To further confirm that the observed inhibition of the
formation of exosome-coated HBV is caused by impairment of
exosome formation specificity, the influence of these in-
hibitors on HBV replication and HBsAg production was
studied by Western blot for quantification of intracellular
LHBs and HBcAg (Figure 4, F-G), by qPCR for the levels of
intracellular HBV total RNAs (Figure 4, H) and by ELISA for
the extracellular levels of HBsAg and HBeAg (Figure 4, I). As
compared with the untreated cells, almost the same amount
of intracellular LHBs and HBcAg was observed in the groups
of cells treated with different inhibitors for 48 hours
(Figure 4, G). In addition, there was no great difference in the
amount of intracellular HBV total RNAs (Figure 4, H) and in
the extracellular levels of HBeAg (Figure 4, I, lower panel)
between the inhibitor-treated and untreated cells. In manu-
mycin A- or GW4869-treated cells, the release of HBsAg
(extracellular) was also not impacted (Figure 4, I, upper
panel). However, the release of HBsAg was significantly
reduced by both concentrations in U18666A-treated cells
(Figure 4, I, upper panel), which was also observed in a pre-
vious study.'* It was mainly caused by the effect of U18666A
on the formation of MVBs, which is the platform for the
release of both HBV virions and HBV subviral filaments.
However, as shown in Figure 4, 4, the number of HBV ge-
nomes in fraction 12 (free virions) was not significantly
decreased by U18666A treatment, and intracellular LHBs
showed no significant accumulation (Figure 4, G). Therefore,
most of the diminution of extracellular HBsAg observed in

Figure 2. (See previous page). Separation of exosomal HBV and free HBV by iodixanol- and sucrose-density centri-
fugation. A, Immunogold labeling of exosomal fractions from the iodixanol gradient as shown in Figure 1, A was visualized by
phosphotungstic acid negative staining with an anti-CD63 antibody (10 nm gold). B, Immunogold phosphotungstic acid
staining the HBV virions fraction from the iodixanol gradient as shown in Figure 1, A using an anti-preS1/preS2 domain rabbit
serum (K112-4, 10 nm gold). C, Schematic description: exosomal fractions 7 to 9 or free HBV virions fractions of the iodixanol
gradient were pooled. One-half was left untreated; the other half was adjusted to 0.5% NP-40 and incubated for 2 hours at 37
°C. Subsequently, re-centrifugation on an iodixanol or sucrose density gradient was performed. D, Absolute quantification of
the distribution of HBV genomes by gPCR in each fraction in the iodixanol gradient. The untreated input is represented by the
black line. The NP-40-treated input is represented by the red line. The density is shown by the gray line. E, Western blot
analysis of the fractions of the iodixanol gradient centrifugation of the untreated input and of the NP-40-treated input. For
detection, the LHBs- and core-specific antibodies and the Alix-specific antibody were instrumental. F, Quantification of HBcAg
was performed by HBcAg-specific ELISA in fraction 8 (NP-40-untreated input) and fractions 11, 12 (NP-40-treated input) of the
iodixanol gradients (Figure 2, D) in the presence or absence of Triton X-100 detergent. Unpaired parametric t tests for all
panels; *P < .01.
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U18666A-treated cells probably resulted from the reduced a tendency to release a higher amount of subviral particles.
release of HBV subviral filaments, because, compared with  Accordingly, these data show that comparable HBV replica-
the amount of released viral particles, HBV-infected cellshave tion and HBsAg production were observed in cells in the
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presence of manumycin A or GW4869 inhibitors compared
with untreated cells. In U18666A-treated cells (Figure 4, A),
comparable amounts of viral genomes were also detected in
the gradient compared with the untreated group.

Thus, these data indicate that inhibition of exosome
biogenesis/release with these inhibitors specifically impairs
the release of membrane-cloaked HBV virions.

Release of Host Membrane-cloaked HBV

Particles Requires Exosome-associated Proteins
The experiments described above demonstrate that MVBs
and exosomes play an important role in mediating the matu-
ration and trafficking of host membrane-cloaked HBV. To
clarify the mechanism by which HBV enters exosomes, specific
proteins with key roles in exosome biogenesis and in MVBs/
exosome cargo sorting were targeted. Several lines of evidence
indicate that ESCRT-associated protein Alix (PDCD6IP) medi-
ates the biogenesis of host membrane-cloaked virions.”**%”
To assess the direct impact of Alix on release of the exosomal
HBV particles, an Alix-deficient HepAD38 cell line was gener-
ated (Alix-knockout [KO]), using CRISPR/Cas9 mutagenesis.
Loss of endogenous Alix protein was confirmed by Western
blotting of cellular lysates derived from Alix-KO cells (Figure 5,
A). In parallel, HBV replication and HBsAg production were
investigated in Alix-deficient HepAD38 cell lines. Western blot
analysis for detection of the intracellular LHBs showed a lower
amount of N-glycosylated species of LHBs in these cell lines as
compared with the non-target (NT) cells (Figure 5, C), but the
levels of intracellular HBcAg remained unchanged (Figure 5,
(). Quantification of intracellular HBV total RNAs displayed for
the Alix-deficient HepAD38 cells a comparable amount of HBV
total RNAs as compared with the NT cells (Figure 5, D). Anal-
ysis of the levels of HBV genomic DNA in the supernatants by
gPCRrevealed a decreased HBV release in the Alix-KO cell lines
as compared with NT cells (Figure 5, E). Detection of
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extracellular HBsAg and HBeAg levels by ELISA showed that
the same levels of HBsAg and HBeAg were released in the Alix-
deficient cells compared with the NT cells (Figure 5, F-G).

Subsequently, the supernatant of these cell lines was
subjected to differential centrifugation followed by
iodixanol-gradient as schematically shown in Figure 1, A.
HBV genome distributions in iodixanol density gradient of
Alix-deficient HepAD38 cells and NT cells were quantified
by qPCR (Figure 5, H). As the release of HBV was slightly
affected (Figure 5, E) and the amount of HBV-DNA in both
the exosomal fractions and the free HBV virions fractions
was reduced in Alix-deficient HepAD38 cell lines as
compared with the NT cells (Figure 5, H). The fold change
for each fraction referred to fraction 12 (HBV virions frac-
tion) was analyzed and is shown in Figure 5, I. Analysis of
the gradients by qPCR for quantification of the viral ge-
nomes revealed that for the exosomal peak (fractions 6, 7)
the number of HBV genomes is significantly reduced in Alix-
deficient cells (Figure 5, H-I). Western blot analysis using
Alix- and HBcAg-specific antibodies revealed that in the case
of the NT cells, Alix and HBcAg are present in fractions 6
and 7 (Figure 5, J). In the KO cells, the Alix-specifc signal was
undetectable, and HBcAg was not detectable in the exosomal
fractions (fractions 6, 7) (Figure 5, /). However, rescue of the
Alix-deficient cells by overexpression of mCherry-hAlix
restored the exosomal release of HBV from these cells as
evidenced by qPCR (Figure 5, H-I) and by HBcAg-specific
Western blot analysis (Figure 5, J). The rescue was proven
by detection of mCherry-hAlix protein in the exosomal
fraction of the gradient (Figure 5, /). Additionally, over-
expression of Alix seemed to change the characteristics of
exosomes as the exosomal HBV fractions slightly shifted to a
lower density. The excessive exosome secretion from Alix
overexpressing cells could also potentially contribute to its
altered distribution in the density gradient as compared
with NT cells (Figure 5, H-I).

Figure 3. (See previous page). Separation of free HBV virions and naked capsids from exosomal HBV. A, Gradient
purified free HBV virions (see schematic representation in Figure 2, C) with or without prior treatment with 0.5 % NP-40 for 40
minutes at 37 °C were being subjected to iodixanol gradient re-centrifugation. Copy number of HBV genomes in gradient
fractions was quantified by gqPCR. The black line shows the distribution of the untreated input; the red line is the NP-40 treated
input. The density is shown by the gray line. B, Gradient purified free HBV virions treatment with 0.5 % NP-40 for 40 minutes at
37 °C (red line) or without prior treatment with NP-40 (black line) were being subjected to sucrose density gradient centrifu-
gation. Copy number of HBV genomes in gradient fractions was quantified by gPCR. The density is shown by the gray line. C,
Quantification of core antigen by ELISA in fraction 12 (NP-40-untreated) and fraction 15 (NP-40-treated) of the sucrose
gradient (Figure 3, B) without and with Triton X-100 pretreatment. Unpaired parametric t tests for all panels; **P < .001. D,
Sucrose density gradient of iodixanol gradient purified exosomes after pretreatment without (black line) or with 0.25 % NP-40
(red line) for 20 minutes at 30 °C. Copy number of HBV genomes in gradient fractions was quantified by gPCR. The density is
shown by the gray line. E, HBV virions were visualized by phosphotungstic acid negative staining of fractions 11 and 12 (NP-
40-treated) of the sucrose gradient in Figure 3D. The arrows highlight the virus. F, Western blot analysis of the fractions of the
sucrose gradient centrifugation of the untreated input and of the NP-40-treated input shown in Figure 3, D. For detection, the
LHBs- and core-specific antibodies and the Alix-specific antibody were instrumental. G, Quantification of core antigen by
HBcAg-specific ELISA in fractions 8, 11, 12, and 14, 15 of the sucrose gradients (Figure 3, D) without and with Triton X-100
pretreatment. Unpaired parametric t tests for all panels; *P < .05; **P < .001. H, Sucrose density gradient of iodixanol gradient
purified exosomes after pretreatment without (black line) or with 0.5 % NP-40 (red line) for 1 hour at 37 °C. Copy number of
HBV genomes in gradient fractions was quantified by gPCR and shown in the upper panel. The density is shown by the gray
line. The HBcAg distribution over the gradient of 0.5 % NP-40-treated input was analyzed by Western blot and shown in the
lower panel. I, Phosphotungstic acid stain followed by TEM imaging of naked capsids detected in fractions 14, 15 (NP-40-
treated) of the sucrose gradient shown in Figure 3, H or detected in fraction 15 (NP-40-treated) of the sucrose gradient
shown in Figure 3, D. Arrows highlight the naked capsids.
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Moreover, the impact of Syntenin KO on the release of
exosomal HBV was studied. Syntenin interacts with Alix via
LYPXnL motifs and plays a role for generation of
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intraluminal vesicles, which constitute a major source of
exosomes.”® Stable Syntenin KO cell lines based on
HepAD38 cells were established by CRISPR/Cas9 system.
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Endogenous Syntenin was effectively eliminated in
HepAD38 KO cells as evidenced by Western blotting
(Figure 5, B). Detection of HBV replication and HBsAg pro-
duction in the Syntenin-deficient HepAD38 cell lines showed
comparable levels of the intracellular HBcAg (Figure 5, C),
intracellular HBV total RNA levels (Figure 5, D), HBV
genomic DNA in the supernatants (Figure 5, E), extracellular
HBsAg (Figure 5, F), and extracellular HBeAg (Figure 5, G) as
compared with NT cells. Also, similar to knockout of Alix, a
lower amount of N-glycosylated species of LHBs was
detected in Syntenin-knockout HepAD38 cell lines (Figure 5,
(). Likewise, analysis of the fractions from iodixanol
gradient centrifugation by qPCR revealed that in the exo-
somal fractions (fractions 6 and 7) derived from the Syn-
tenin KO cells the amount of HBV genomes is reduced as
compared with the exosomal fractions of the control (NT)
cells (Figure 5, K-L).

These data indicate that inhibition of exosome forma-
tion/release prevents the release of membrane wrapped
HBV-particles.

Visualization of HBV Particles Within Exosomes
by Electron Microscopy

The most widely used method for visualizing exosomes is
negative staining and subsequent analysis by TEM.** How-
ever, this approach is not sufficient to study the internal
structures of exosomes because the negative staining is
limited to the surface and does not penetrate the lipid
membrane.”’ Therefore, ultra-thin sections of fixed exosomes
were analyzed to observe the presence of HBV virions within
exosomes. TEM of Epon-embedded sections and methylcel-
lulose/uranyl acetate stained cryo-sections demonstrated
that viral particles with a diameter around 45 nm were
frequently detected within exosomal structures (Figure 6, A).
Moreover, in cryo-sections, the dense viral envelope
surrounding the nucleocapid could be detected at membrane-
cloaked viral structures (Figure 6, 4, asterisk). To corroborate
the observation that indeed intact HBV particles are found
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within exosomal structures, immunogold labeling of the cryo-
sections was performed using either an anti-CD63 antibody
or an antiserum against the preS1/preS2 domain (K112-4).
Specificlabeling for CD63 was localized to the surface of these
sectioned vesicles (Figure 6, B). The LHBs-specific labeling
was found within the lumen of some exosomes, where
sometimes clearly identifiable enclosed viruses were
observed (Figure 6, C, asterisk). Moreover, there was a LHBs-
specific staining detectable on the surface of exosomes as
further evidenced in Figure 6, C (orange arrows).

Taken together, the electron microscopy analysis sup-
ports the conclusion that exosomes derived from HBV-
producing cells harbor intact HBV virions.

Infectivity and Neutralization of HBV-hijacked
Exosomes

To investigate whether the exosomal HBV particles are
infectious, the exosomal fractions (fractions 8 and 10) from
the iodixanol gradient for control of the fractions represent-
ing free virions (fractions 13, 14) were prepared and used for
infection of HepG2 cells or susceptible differentiated HepaRG
cells (dHepaRG) (Figure 7, A). Instead of an identical multi-
plicity of infection, the same volume of each fraction of the
same density gradient was used. This was done to control the
potential impact of contaminations by free virions, which
should be higher in the later exosomal fractions.

Neither the exosomal fraction (fraction 8) nor the virus
fraction (fraction 13) was able to infect HepG2 cells
(Figure 7, B).

However, in case of differentiated HepaRG cells, a pro-
ductive infection by the exosomal fraction (fraction 8) pre-
incubated with a control antibody (anti-His) could be
observed. The infection was blocked by the receptor-binding
domain (RBD)-specific antibody MA18/7 (Figure 7, C).

In contrast to the pure exosomal fraction, the later
fraction 10, which is closer to the free viral fraction, initiated
no productive infection (Figure 7, C). This suggests that
infections established by the pure exosomal fraction were

Figure 4. (See previous page). Inhibition of MVB- or exosome-formation impairs release of membrane-cloaked HBV
virions. A, HBV genome distributions in iodixanol density gradient of exosomes purified from the supernatant of HepAD38
cells. Cells were treated with 2 ug/mL (red dotted line) or 4 ug/mL U18666A (blue dotted line) for 48 hours or left untreated
(black line). Viral genomes were quantified by gPCR. B, Western blot analysis of the fractions of the iodixanol gradient
centrifugation (Figure 4, A) of the input derived from untreated cells (upper panel) or with U18666A-treated cells (lower panel).
For detection, Alix- and Tsg101-specific antibodies- and core-specific antibodies were instrumental. C, HBV genome distri-
butions in iodixanol density gradient of exosomes purified from the supernatant of HepAD38 cells treated with 10 uM (red
dotted line) or 15 uM of manumycin A (blue dotted line) for 48 hours or untreated cells (black line). The viral genomes were
quantified by gPCR. D, HBV genome distributions in iodixanol density gradient of exosomes purified from the supernatant of
HepADS38 cells treated with 25 uM (red dotted line) or 50 uM GW4869 (blue dotted line) for 48 hours or untreated cells (black
line). The viral genomes were quantified by gPCR. E, Alix distributions in an iodixanol-based density gradient (Figure 4, C-D) of
exosomes purified from the supernatant of HepAD38 cells treated with manumycin A (left panel) or GW4869 (right panel) for 48
hours or untreated cells. F, Representative Western blot of the intracellular LHBs and HBcAg from HepAD38 cells treated with
U18666A (left panel) or manumycin A (middle panel) or GW4869 (right panel) for 48 hours or from untreated cells. Detection of
B-actin served as loading control. G, Quantification of intracellular LHBs (upper panel) and HBcAg (lower panel) signals in
Figure 4, F. Fold change compared with untreated cells. Unpaired parametric t tests for all panels. H, HBV total RNAs
expression levels from HepAD38 cells treated with U18666A or manumycin A or GW4869 for 48 hours or untreated cells. HBV
total RNA were quantified by reverse transcription gPCR, and the relative expression levels to RPL27 mRNA were plotted as
fold change to untreated cells. Unpaired parametric t tests for all panels. /, The extracellular levels of HBsAg (upper panel) and
HBeAg (lower panel) in U18666A-, manumycin A-, or GW4869-treated HepAD38 cells were measured by ELISA. The fold
change with untreated cells was plotted. Unpaired parametric t tests for all panels; **P < .01.
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caused specifically by exosome-encapsulated viruses and
argues against the possibility of a contamination by free
viruses. In case of a contamination by free virus, more free
viruses should be present in fraction 10.
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With respect to the HBsAg release there is a striking
difference between cells infected with the exosomal frac-
tion and the free virus. In the case of the exosomal infec-
tion, there is no continuous decrease of the HBsAg input
until day 4 as in the case of the viral fraction. There is an
initial decrease of the HBsAg level, which is interrupted by
a resurgence of HBsAg levels at day 4, which is followed by
a decrease of HBsAg. Interestingly, the resurgence of
HBsAg release at day 4 is affected by MA18/7, suggesting
that this process is probably dependent on the LHBs RBD
(Figure 7, E).

The infection of differentiated HepaRG cells by exosomal
HBV suggests that the presence of LHBs on the exosomal
membrane plays a role for the internalization of exosomes
derived from HBV-producing cells. In this case, the
exosome-wrapped HBV virus is able to enter the host cells
in a sodium-taurocholate co-transporter polypeptide
(NTCP)-dependent manner. To clarify the contribution of
NTCP in the infection established by exosome-encapsulated
viruses in differentiated HepaRG cells, Myrcludex B, a syn-
thetic peptide derived from the HBV L-protein, was used to
block NTCP-mediated infection. Efficient infection resulting
from incubation with purified virus (fraction 13) was
inhibited by Myrcludex B-mediated blocking of NTCP-
dependent entry (Figure 7, F). At the same time, blocking
of the NTCP-mediated entry compromised HBV infection by
exosomes in differentiated HepaRG cells as shown by the
reduction of de novo synthesized HBsAg as compared with
the untreated group (Figure 7, G).

Next, to further confirm the potential existence of
exosomes delivering their encapsulated HBV virions to non-
susceptible cells via exosome-targeted cell surface in-
teractions, an additional inoculation of a 2-fold amount of
purified exosomes used before was attempted in HepG2
cells. The use of these amounts of exosomes was able to
initiate infection in HepG2-NTCP cells, as demonstrated by
immunofluorescence staining of HBsAg at day 7 after inoc-
ulation (Figure 8, A). Interestingly, HBsAg-positive cells in
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very limited numbers were also be found in HepG2 cells
inoculated under the same conditions (Figure 8, B). The de
novo synthetis of HBeAg could be detected in inoculated
HepG2-NTCP cells, indicating the presence of an effective
infection there as well (Figure 8, C). In inoculated HepG2
cells, HBeAg levels marginally above the cutoff value for
HBeAg were detected (Figure 8, C). It reflects that the up-
take of exosome encapsulated HBV takes place, but in a very
inefficient way. The difference observed between these 2
cell lines with respect to the infection by HBV corroborates
the observation that LHBs present on the surface of exo-
somes could mediate the uptake of these exosomes in HBV-
susceptible cells.

Taken together, these data indicate that the exosomal
fraction can initiate infection of differentiated HepaRG cells
and HepG2-NTCP cells. This infection of permissive cells can
be blocked both by the RBD-specific MA18/7 and by the
entry inhibitor Myrcludex B. This could reflect that the LHBs
found on the surface of exosomes is involved in the
attachment/entry process in a LHBs/NTCP-dependent
manner, or that after exosomal attachment to the cell sur-
face virions are released and then entry is mediated via the
receptor complex. In any case, the targeting of these HBV-
carrying LHBs-decorated exosomes appears to be influ-
enced as the same input shows a significant lower infectivity
in HBV non-permissive HepG2 cells. Nevertheless, uptake of
exosome-encapsulated HBV into non-susceptible HepG2
cells via exosome/cell surface interactions is possible, albeit
with much lower efficiency.

Discussion

Recent studies have described that viruses can hijack
exosomes for their release. Previous findings also reported
that in exosomes derived from HBV-infected hepatocytes
HBV components, including HBV DNA, RNA, and HBV pro-
teins are detectable.”""** Our work then demonstrated and
visualized for the first time that complete infectious HBV

Figure 5. (See previous page). CRISPR/Cas9 mediated knockout of Alix or Syntenin in HepAD38 cells impairs the
release of exosomal HBV virions. A-B, Western blot analysis of cellular lysates derived from Alix-deficient HepAD38 cells (A)
or Syntenin-deficient HepAD38 cells (B). Detection of 3-actin served as loading control. C, Intracellular amount of LHBs and
HBcAg from Alix- or Syntenin-deficient HepAD38 cells. Representative Western blots for LHBs, HBcAg, and 3-actin are shown
in the left panel. Quantification of LHBs and HBcAg signals are shown in the right panel; fold change compared with NT cells.
Unpaired parametric t tests for all panels; **P < .01. D, HBV total RNAs expression levels from Alix- or Syntenin-deficient
HepADS38 cells. HBV total RNA were quantified by reverse transcription gPCR, and the relative expression levels to RPL27
mRNA were plotted as fold change to NT cells. Unpaired parametric t tests for all panels. E, The amount of extracellular HBV
DNA from NT cells or Alix- or Syntenin-deficient HepAD38 cells was evaluated by gPCR. Unpaired parametric t tests for all
panels. F-G, Extracellular HBsAg levels (F) and extracellular HBeAg levels (G) in Alix- or Syntenin-deficient HepAD38 cells were
measured by ELISA. Fold change compared with NT cells were plotted. Unpaired parametric t tests for all panels. H-/, HBV
genome distributions in iodixanol density gradient of exosomes purified from the supernatant of HepAD38 NT cells (black line),
of Alix-deficient HepAD38 cells (blue dotted line), and of Alix-deficient HepAD38 cells rescued by overexpression of mCherry-
Alix (red dotted line). The viral genomes were quantified by gPCR. The absolute quantification was displayed in Figure 5, H.
Fold change of each gradient to fraction 12 was shown in Figure 5, I. J, Western blot analysis of the fractions of the iodixanol
gradient centrifugation (Figure 5, H-/) of the input derived from HepAD38 NT cells (upper panel) or from Alix-deficient HepAD38
cells (middle panel) or from Alix-deficient HepAD38 cells rescued by overexpression of mCherry-hAlix (lower panel). For
detection, the Alix-specific and the core-specific antibodies were instrumental. K-L, HBV genome distributions in iodixanol
density gradient of exosomes purified from the supernatant of HepAD38 NT cells (black line) or of Syntenin-deficient HepAD38
cells (blue dotted line). The viral genomes were quantified by gPCR. The absolute quantification is displayed in Figure 5, K.
Fold change of each gradient to fraction 12 is shown in Figure 5, L.
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Figure 6. Transmission electron microscopy of exosomes released from HepAD38 cells. A, TEM images from ultra-thin
sections of Epon-embedded (feft) or cryo-sections (right) of fixed exosomes showing virions enclosed by a membrane structure
(labeled by arrows). An asterisk indicates that a dense viral envelope stands out from the surrounded nucleocapsid. B-C, Immu-
nogold labeling of ultra-thin thawed cryo-sections of fixed exosomes. The cryo-sections were either labeled with an anti-CD63
antibody (visualized by 10-nm gold particles) or an anti LHBs antiserum (anti-preS1/preS2 domain rabbit serum [K112-4]) (visu-
alized by 5-nm gold particles). Arrows indicate specific colloidal gold labeling. Asterisks represent that anti-LHBs (5 nm) is located at
identifiable enclosed virus like particles. The surface of cryo-sectioned exosomes was also labeled by anti-LHBs (orange arrows).

particles can be found in exosomes. The presence of LHBs Like the previous detection of quasi-enveloped HAV and
on the surface of these exosomes provides them the ability hepatitis E viruses, the discovery of these host membrane-
to attenuate the effect of antibodies to neutralize HBV virus  cloaked HBV blurs the classic definition of HBV-enveloped
and could be relevant for the interaction with target cells.  particles and might change the conventional understanding
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on the life cycle of HBV."® We describe here that the cell
culture supernatant of HBV-expressing hepatoma cells con-
tains 2 infectious populations with distinctly different
buoyant density. Limited detergent treatment of the fraction
with lower density caused successive release of the Dane
particles, which can be further processed to naked capsids.
These methods have also been successfully used for identi-
fying other host membrane-wrapped viruses,”® cargo
types,”* and for analysis of the membrane stability of exo-
somes.*” The presence of intact virions within exosomes was
further confirmed by electron microscopy. Ultrathin
sectioning is a powerful method for observation of the inner
lumenal structure of exosomes.*®™*® Immuno-gold labeling of
the ultrathin sections directly showed the presence of HBV in
exosomal structures.

To further delineate release pathway for membrane-
wrapped HBV, 3 different inhibitors of exosome release
were used, and all of them impaired the exosomal release
of HBV. This was further corroborated by the establish-
ment of Alix- or Syntenin-deficient cells. Gain and loss of
function studies clearly underline the relevance of
Syntenin-Alix for the formation of intraluminal vesicles*? "
and exosomal release of HBV. Depletion of Syntenin re-
duces exosome turnover, indicating a definite impact on
the amount of loaded cargo.52 Therefore, it cannot be
concluded that Syntenin is directly involved in sorting HBV
into exosomes. However, the drastically increased release
of exosomal HBV after rescue of Alix-deficient cells by
overexpression of mCherry-Alix fusion construct, while the
release of free HBV virions is not affected, underlines the
relevance of Alix for the release of exosomal HBV.
Consistent with the earlier study, our knockout and
rescuing data added further evidence that Alix is
dispensable for the release of free HBV virions.” Inhibition
of the exosomal release does not lead to a significant
change in the number of released free viral particles. This
suggests that there is no significant flow between these 2
pathways or that there is no further capacity for release of
free virions. Moreover, these data argue against the pos-
sibility that a fraction of free virions is formed by disas-
sembly of exosomes. If this is the case, a decrease in
exosomal release would be associated with a decrease of
free virions. However, strictly spoken, it cannot be
excluded that a decrease of exosome-derived free virions is
compensated by an elevated release of free virions.

The other 2 interesting exosomal proteins, CD63 and
TSG101, were shown to be involved, respectively, in the
incorporation of LHBs in HBV envelope®® and in the
release of HBV by interacting with a-taxilin.’* These
functions might also contribute to the process of exosomal
HBV virus formation due to the fact that they were both
shown to be essential for the biogenesis of MVBs/exo-
somes.’®”® Therefore, it would be interesting to explore
their functions in further details. Also as shown in this
study, because membrane-encapsulated virus is not the
predominant mode of HBV release, the formation of
exosome-encapsulated HBV cannot be excluded as an
incidental possibility of long-term crosstalk between the
virus and the host cells. If host factors are involved in the
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hitchhiking of HBV on exosomes, it remains an interesting
but unknown challenge under which conditions the exo-
somal membrane-encapsulated virus is triggered and un-
der which conditions it is released as free virus via the
MVB platform.

Consistent with a potential function of classical HBsAg
spheres and filaments in HBV to deviate the immune
response,”® the presence of LHBs in the membrane of
exosomes could confer them a similar function. This would
require that before opsonization the virus can escape from
the antibody decorated exosomes or it could be an (inef-
ficient) strategy to enable infection of non-hepatic tissues
as described in some reports.””® In addition to wrapping
viral factors, a large number of host proteins involved in
various biological processes have been observed in exo-
somes released from hepatocytes as well. This reflects that
they have many other roles besides our main focus on the
ability of exosomes to transport viruses. A proteomics-
based analysis showed that a certain number of protea-
some subunit proteins were loaded in HepAD38-derived
exosomes. It was speculated that this could give these
exosomes the potential to mediate trans-cellular immune
regulation.*?

Another function which is ascribed to subviral parti-
cles in HBV infection is their enhancement of viral
infection.”’ Exosomes derived from HBV-positive cells
appear to have the same function; the enhancement could
be exerted by the LHBs on surface of exosomes. More-
over, apart from the virion, the cargo of the exosome
could affect the infection process. The infection of
differentiated HepaRG cells could be blocked by the LHBs-
specific neutralizing monoclonal MA18/7 and by cell en-
try inhibitor Myrcludex B. Various modes of actions can
be discussed; the hepatocyte-exosome-interaction medi-
ated by LHBs on the exosome surface is blocked, and this
prevents binding of the exosome and its subsequent
internalization. A further possibility is that the exosome
disassembles in close vicinity to the membrane of the
target cell, the virus is released, and the released virus is
blocked by the neutralizing monoclonal MA18/7; the
presence of Myrcludex B can also block the entry of the
released virus. These hypotheses are consistent with the
well-established tissue specificity of HBV. We failed to
productively infect non permissive HepG2 cells by the
same input of exosomal HBV used in HBV-susceptible
cells. This could be due to the relative low number of
exosomes used for infection or the fact that HBV as a
cargo affects the target specificity of exosomes. But
increasing the amount of input verified to the point that
uptake of exosome-encapsulated HBV into non-permissive
HepG2 cells is still possible. This very low uptake effi-
ciency of exosomal HBV in non-susceptible cells could be
causative for the rare event of detection of HBV (infec-
tion) in non-hepatic tissues.’” "

In conclusion, our findings reveal the existence of
intact HBV virions present in exosomes. These exosomes
carrying membrane-wrapped HBV particles can spread
productive infection to differentiated HepaRG cells and
HepG2-NTCP cells. This previously undiscovered strategy
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hepatocyte. Exosomes that carry HBV particles seem also
to have the potential to deliver HBV to non-permissive
cells with low efficiency. This suggests that exosomes

of sequestering HBV particles in exosomes could be a
strategy to escape from the immune response and to
target them protected by the exosomal membrane to the
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could be an additional factor that contributes to the
spread of HBV.

Material and Methods
Cell Culture

HepG2 and Huh7 cells were maintained in Roswell Park
Memorial Institute Medium-1640 and Dulbecco’s Modified
Eagle Medium supplemented with 10% (v/v) fetal bovine
serum (FBS) (FBS.S 0615, Bio & Sell GmbH), 2 mM L-
glutamine (Q), 100 ug/mL streptomycin (S), and 100 U/mL
penicillin (P), respectively. HepAD38 cells®” were grown in
Dulbecco’s Modified Eagle Medium supplemented with 10%
(v/v) FBS, 2 mM Q, 100 ug/mL S, 100 U/mL P, and with 50
uM hydrocortisone 21-hemisuccinate (sc-250130, Santa
Cruz) and 5 pug/mL insulin (16634-100MG, Sigma-Aldrich) in
addition. Cultivation and differentiation of HepaRG cells
were performed as described®’; the HepaRG cells were first
maintained in William’s E growth medium supplemented
with 10% (v/v) FBS, 100 pug/mL S, 100 U/mL P, 5 ug/mL
insulin, and 50 uM hydrocortisone 21-hemisuccinate for 2
weeks. Then, they were maintained in differentiation me-
dium, growth medium added with 2% (v/v) dimethyl sulf-
oxide (M6323.0250, Genaxxon), for 2 more weeks. The
medium was changed every 2 to 3 days. After 28 days, the
HepaRG cells were used for infection.

Exosome Isolation

Exosomes from the cell culture supernatant were
enriched based on differential ultracentrifugation ac-
cording to a previously described method*” with modifi-
cations. Samples of 35 mL of cell culture supernatant
were centrifuged at 10,000 x g for 40 minutes with rotor
SW 32 (369650, Beckman) to remove cell fragments and
other debris. The supernatant was then ultracentrifuged
at 100,000 x g for 70 minutes to isolate the exosomes.
The pellet was resuspended in 1 mL phosphate buffered
saline (PBS) and was placed onto a discontinuous density
gradient. To prepare the discontinuous gradient, 50%,
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40%, 30%, 20%, and 10% (w/v) iodixanol or sucrose
solutions were made by diluting a stock solution of 60%
(w/v) iodixanol (OptiPrep, 1114542, ProgenBiotechnik)
or 60% (w/v) sucrose/PBS (4621.2, Carl Roth) with PBS
(pH 7.1). Aliquots (1.5 mL) of 60 % to 10 % (w/v)
iodixanol or sucrose solution were sequentially layered in
a polypropylene ultracentrifuge tube (331372, Beckman),
and 1 mL resuspended exosomes was carefully overlaid
onto the top of the gradient. Centrifugation was carried
out at 125,000 x g for at least 18 hours with SW 41 rotor
(331336, Beckman) for further purification. After centri-
fugation, gradients were fractionated in 0.5 mL fractions
from the top. The refractive index of each fraction was
measured by Refractometer (Bausch & Lomb, Laval,
Canada). All centrifugation steps were performed at 4 °C
by Optima XPN-80 Ultracentrifuge (Beckman Coulter,
Brea, CA).

Western Blot Analysis and Antibodies

Samples were denatured in sample loading buffer at 100
°C for 10 minutes and separated by sodium dodecyl-sulfate
polyacrylamide gel electrophoresis. The proteins were
transferred onto a polyvinylidene difluoride membrane
(P667.1, Carl Roth). For detection of the blotted proteins the
following primary antibodies were used: anti-Alix MAb (sc-
271975, SantaCruz), anti-Tsg101 MADb (sc-7964, SantaCruz),
anti-CD63 Mab (ab59479, Abcam), anti-LHBs MAb (MA18/
7,°* kindly provided by Dr. Glebe Giessen), anti-HBcAg
polyclonal antibody (K46, a gift from Reinhild Prange,
Department of Medical Microbiology and Hygiene, Johannes
Gutenberg-Universitdit Mainz, Mainz, Germany), or rabbit
anti-syntenin antibody (22399-1-AP, Proteintech Europe).
Secondary antibodies used were Amershan ECL horseradish
peroxidase-linked sheep anti-mouse IgG (NA931-1ML, GE
Healthcare) and donkey anti-rabbit IgG (NA934-1ML, GE
Healthcare). Bound antibodies were visualized by enhanced
chemiluminescence reagent Immobilon Western Chemilu-
minescent HRP Substrate (WBKLS0100, Merck Millipore,
Darmstadt, Germany), using an ImageQuant800 system

Figure 7. (See previous page). Inoculation of HepG2- and differentiated HepaRG cells by exosomal HBV and free HBV.
A, HBV genome copy number in each exosomal and viral inoculum is shown in the left. Schematic description of the infection
experiment procedure is shown in the right. B, HBsAg ELISA of supernatant derived from HepG2 cells inoculated either with
exosomal HBV virions or free HBV virions. Medium was changed at the indicated time points and analyzed by HBsAg ELISA.
The horizontal dotted line indicated the cutoff value. C, HBsAg ELISA of supernatant derived from differentiated HepaRG cells
inoculated either with exosomal HBV (fraction 8 of the iodixanol gradient) or a less pure, later exosomal fraction (fraction 10).
The inoculum was preincubated with the LHBs-specific antibody MA18/7 (1 ug/mL) or an anti-hexa-His-specific monoclonal
antibody (1 ug/mL) as control. Medium was changed at the indicated time points and analyzed by HBsAg-specific ELISA. S/
CO, Sample to cutoff signal. The cutoff value is represented by the horizontal dotted line. D, HBsAg ELISA of supernatant
derived from differentiated HepaRG cells inoculated with free HBV virions (fractions 13 and 14). The inoculum was pre-
incubated with the LHBs-specific antibody MA18/7 (1 ug/mL) or an anti-hexa-His-specific monoclonal (1 ug/mL) as control.
Medium was changed at the indicated time points and analyzed by HBsAg-specific ELISA. The horizontal dotted line de-
lineates the cutoff value. E, HBsAg ELISA of supernatant derived from differentiated HepaRG cells inoculated either with
exosomal HBYV (fractions 7, 8 of the iodixanol gradient) or a less pure, later exosomal fraction (fractions 9, 10 of the iodixanol
gradient). The inoculum was preincubated with the LHBs-specific antibody MA18/7 (1 ug/mL) or an anti-hexa-His-specific
monoclonal (1 ug/mL) as control. Here, the HBsAg content at day 4 of the different samples is analyzed. Unpaired para-
metric t tests for all panels; **P < .01; **P < .001; ns, not significant. F~G, Differentiated HepaRG cells were inoculated with
free HBV virions (fractions 13) (F) or exosomal HBV (fraction 8 of the iodixanol gradient) (G), and secreted HBsAg was
quantified at the indicated time points by HBsAg-specific ELISA. Myrcludex B 500 nM was added during infection. The
horizontal dotted line indicates the cutoff value.
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Figure 8. Inoculation of HepG2-NTCP and HepG2 cells by exosomal HBV isolated from the supernatant of HepAD38
cells. A, Representative immunofluorescence staining of HBsAg (green) on day 7 of HepG2-NTCP cells inoculated with or
without 2-fold amounts of the purified exosomes used in Figure 7; nuclei in blue, scale bar = 15.1 um. B, Representative
immunofluorescence staining of HBsAg (green) on day 7 of HepG2 cells inoculated with or without 2-fold amounts of the
purified exosomes used in Figure 7; nuclei in blue, scale bar = 15.1 um. C, Two-fold amounts of the purified exosomes used in
Figure 7 were inoculated with HepG2 and HepG2-NTCP cells, and HBeAg in the supernatant of these cells was quantified by
HBeAg-specific ELISA at the indicated time points. The horizontal dashed line represents the cutoff value.

(Cytiva Europe GmbH, Freiburg, Germany). Band intensities
were quantified with ImageQuant TL (Cytiva Europe GmbH,
Freiburg, Germany).

Quantification of HBV DNA and RNA

HBV DNA of each fraction from density gradient and HBV
total RNA were measured by qPCR, using the Maxima SYBR
green qPCR kit (K0221, Thermo Fisher Scientific, Braunsch-
weig, Germany) and a LightCycler 480 instrument (Roche,
Basel, Switzerland). Primers targeted HBV S-domain (Forward:
5’-GCACCTGTATTCCCATCCCA-3’; Reverse: 5-CGAACCACT-
GAACAAATGGC-3") or 60S ribosomal protein L27 (RPL27) as a
housekeeping gene (Forward: 5-AAAGCTGTCATCGTGAA-
GAAC -3'; Reverse: 5'-GCTGCTACTTTGCGGGGGTAG-3') were
used. Absolute quantification was used to quantify HBV DNA
levels. The expression levels of HBV total RNA, normalized to
RPL27, was analyzed using the AACT method.

For HBV total RNA quantification, total RNA was isolated
from cells using the peqGold TriFast reagent (30-2010P,
Peqglab Biotechnologie GmbH, Erlangen, Germany). Then,
RQ1 RNase-free DNase treated total cellular RNA was used
to transcribe into cDNA using a random hexamer primer
and RevertAid H Minus reverse transcriptase (EP0451,
Thermo Fisher Scientific, Waltham, MA). 10-fold dilutions of
cDNA with ddH,0 supplemented with 0.1% w/v DEPC were
available for qPCR.

Nanoparticle Tracking Analysis

NTA was performed to measure the size range of the
exosomes using a NanoSight NS300 instrument (Malvern
Panalytical, Malvern, United Kingdom). The concentrated
exosome pellet from cell culture supernatant of HepAD38
cells or HepG2 cells was diluted in filtered PBS to an appro-
priate concentration, and quadruple 60-second videos were
recorded according to the manufacturer’s instructions. Data
were analyzed using NTA 3.3 software (Malvern Panalytical,
Malvern, United Kingdom) with a detection threshold of 5.

ELISAs

HBsAg levels were determined by an Enzygnost HBsAg
6.0 kit (OPFM07(Q), Siemens Healthcare GmbH, Erlangen,
Germany) and supplementary reagents kit for Enzygnost/
TMB (OUVP17, Siemens Healthcare GmbH, Erlangen, Ger-
many) according to the manufacturer’s protocol. For anal-
ysis of membrane wrapped HBsAg, gradient fractions were
treated with RIPA buffer followed by ultrasound treatment.
For quantification of HBcAg, the QuickTiter HBV Core An-
tigen ELISA Kit (VPK-150, Cell Biolabs, INC, San Diego, CA)
was used for capturing the nucleocapsids as recommended
by the manufacturer. To destroy the exosomal membrane or
to remove the viral envelope, differential treatment with
0.25% or 0.5% (v/v) NP-40 (74385, Fluka) was performed
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as indicated. The quantification of HBeAg was performed by
an HBeAg ELISA kit (CSB-E13557h, CUSABIO, Houston, TX)
or an ARCHITECT HBeAg kit (6C32-27, Abbott GmbH,
Wiesbaden, Germany).

Exosome Isolation With Immuno-magnetic Beads
Exosomes were isolated from the supernatant of
HepAD38 by differential centrifugation, followed by iodix-
anol density gradient centrifugation. Then the exosomal
fractions from the iodixanol gradient were incubated with
CD63-coated Dynabeads (10606D, invitrogen) or unrelated
Dynabeads M-280 Sheep Anti-Rabbit IgG (11203D, invi-
trogen), and mixed at 4 °C for 18 to 22 hours. The following
day, the Dynabeads bound exosomes were washed for at least
4 times by removing the supernatant and adding 500 uL of
isolation buffer (PBS with 0.1% bovine serum albumin [BSA],
filtered through a 0.2-um filter). After that, the exosomes on
the magnetic beads were ready for Western blot analysis.

Whole-mounted Exosomes or HBV Virions
Immunogold Labeling and Phosphotungstic Acid
Staining

Immunogold labeling of exosomal fractions and HBV vi-
rions fraction from the iodixanol gradient were prepared as
described®” with modifications. In brief, glow discharged
carbon-coated formvar grids were incubated with the sam-
ples for 20 minutes at room temperature (RT). Then the
procedure was performed by floating the grids sequentially
on drops containing either the PBS/50 mM glycine (3908.2,
Carl Roth) for 3 minutes, the PBS/5% (w/v) BSA (T844.4, Carl
Roth) blocking buffer for 30 minutes, the specified diluted
primary mouse anti-CD63 antibody (ab59479, Abcam), or an
antiserum against the preS1/preS2 domain of LHBs (K112-4,
from rabbit) for 1 to 3 hours at RT, and secondary goat anti-
mouse IgG conjugated with 10-nm gold (EM.GMHL10, BBI
Solutions) or goat anti-rabbit IgG conjugated with 10-nm gold
(EM.GAR10, BBI Solutions) for 1 hour at RT. After labeling, the
grids were floating on a drop of 1% glutaraldehyde for 5
minutes to stabilize the immunoreaction, then washed twice
in double distilled water and followed by 10-second 1%
phosphotungstic acid negative staining.

The HBV virion fractions and nucleocapsid fractions
obtained by NP-40 treatment of purified exosomes (derived
from HepAD38 cells) were concentrated by ultracentrifu-
gation in a Beckman TLA 110 rotor at 42,000 rpm for 2.5
hours and resuspended in TNE buffer (10 mM Tris-HCI [pH
7.4], 1 mM EDTA, 150 mM NaCl). For negative staining, glow
discharged carbon-coated formvar grids were incubated
with the enriched samples for 20 minutes at RT. After 2
washing steps with double distilled water, grids were
stained with 1% phosphotungstic acid in ddH,O for 10
seconds at RT and air-dried. All the grids were examined
using a Zeiss EM-109 transmission electron microscope.

Cell Viability Assays

HepAD38 cells in 96-well plate were incubated with cul-
ture medium containing serial dilutions of U18666A (1-10
ug/mL, U3633-5MG, Sigma-Aldrich), manumycin A (1-50
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uM, 52665-74-4, Cayman Chemical), or GW4869 (1-50 uM,
D1692, Sigma-Aldrich) at 37 °C. After 48 hours, the cell
viability was monitored using a PrestoBlue Cell Viability Re-
agent (Invitrogen, Waltham, MA) and a Tecan Microplate
Reader (Infinite M1000, Tecan, Mannedorf, Switzerland).

Inhibitors Treatment in HepAD38 Cells

For inhibition of MVBs or exosome generation, HepAD38
cells were plated into T175 flasks for 24 hours and treated
with either culture media containing dimethyl sulfoxide or
indicated concentrations of specific inhibitors. After 48 hours
of treatment, exosomes were isolated from the cell culture
supernatant by differential ultracentrifugation and discon-
tinuous iodixanol gradient centrifugation as described above.

Generation of Alix or Syntenin KO Clones in

HepAD38 Cells

Single-guide RNAs (sgRNAs) targeting Alix or Syntenin
were chosen from GenScript gRNA database and cloned into
the pSpCas9(BB)-2A-Puro (pX459) V2.0 plasmid (62988,
Addgene) to generate CRISPR/Cas9 systems. Two CRISPR
constructs were designed to target human Alix gene (exon 8;
guide sequence: 5-CGGGGTAGATTTCACAAGTG-3’) and
Syntenin  gene (exon7; guide sequence: 5'-ACA-
GAATGTCATTGGATTGA-3"),°° respectively. HepAD38 cells
were transfected with pX459 plasmids with the above
gRNAs inserted using FUGENE HD Transfection Reagent
(PRE2311, Promega, Madison, WI). Forty-eight hours post-
transfection, cells were treated with medium containing
puromycin (2.5 ug/mL, P9620, Sigma-Aldrich) for 2 weeks.
Stable KO clones were isolated, amplified, and analyzed by
immunoblotting. For Alix-rescues experiments, HepAD38
Alix KO cells (5 x 10° cells per 150-mm dish) were tran-
siently transfected using linear polyethyleneimine (9002-
98-6, Polysciences) with 20 ug of human full-length Alix
expression vector (mCherry-hALIX, 21504, Addgene). Exo-
somes were isolated from the supernatant at 48 hours post-
transfection as mentioned above.

Exosome Ultra-thin Section Preparation and

Immunolabeling-TEM

Visible exosome pellets were fixed with 0.1 M PHEM
buffer containing 4% (v/v) formaldehyde (FA) (4979.1, Carl
Roth) plus 0.1% (v/v) glutaraldehyde (EM grade, 3778.1,
Carl Roth) at RT for 30 minutes.”®®” Pellets were stored in
4% (v/v) FA in 0.1 M PHEM until use. After washing, fixed
pellets were gently mixed with 3% (w/v) agarose, followed
by centrifuging to form a pellet and trimming to cubes. The
cubes were washed with PBS and embedded in epoxy resin
according to standard preparation protocols before being
cut into ultra-thin sections of 70 nm thickness.*°” The
Epon sections were then transferred to 300-mesh copper
grids and stained with 0.2% (v/v) uranyl acetate.

For cryo-sectioning, mixtures of 3% (w/v) low gelling
temperature agarose with fixed exosomes were infiltrated
with 2.3 M sucrose, frozen in liquid nitrogen, and then
processed for 100 nm cryo-sections.®® Sections were picked
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up on a drop of cold 2.3 M sucrose and transferred onto the
formvar surface of nickel grids.®’

The immunolabeling procedure of cryo-sections was
performed by floating the grids sequentially on drops con-
taining either the 1% (w/v) milk (T145.4, Carl Roth)
blocking buffer, the specified diluted primary mouse anti-
CD63 antibody (ab59479, Abcam), or an antiserum against
the preS1/preS2 domain of LHBs (K112-4, from rabbit), and
secondary goat anti-mouse IgG conjugated with 10-nm gold
(EM.GMHL10, BBI Solutions) or goat anti-rabbit IgG conju-
gated with 5-nm gold (EM.GARS5, BBI Solutions) at RT. After
labeling, the grids were washed in distilled water and con-
trasted in a thin layer of 2% (w/v) methylcellulose (M7027-
100G, Sigma) with 0.4% (v/v) uranyl acetate on ice for 10
minutes and air-dried.”’ All samples were examined using a
Zeiss EM-109 transmission electron microscope.

Inoculation and Neutralization Assays of HBV-

hijacked Exosomes

Exosomes were isolated from 400 mL HepAD38 cell cul-
ture supernatant by differential ultracentrifugation and
iodixanol gradient as described above. Purified HBV-loaded
exosomes or free HBV virus fractions were used for infec-
tion. Instead of an identical multiplicity of infection, the same
volume of the exosomal fractions was used to exclude that
infection could be caused by a contamination of free HBV
virions. To the purified HBV exosomal fractions or free HBV
virus fractions, the RBD-binding anti-preS1 antibody (MA18/
7, 1 ug/mL) or an unrelated monoclonal anti-hexa-His anti-
body (sc-8036, Santa Cruz) was added and kept at 37 °C for 2
hours. The mixtures were then inoculated with differentiated
HepaRG cells for 20 hours at 37 °C. In addition, a mixture of
purified HBV exosomal fraction or free HBV viral fraction
together with or without 500 nM Myrcludex B was also
incubated with differentiated HepaRG cells for 20 hours at
37 °C. In parallel, HepG2 cells, which are insusceptible for
HBV infection, and the susceptible HepG2-NTCP cells were
also inoculated with exosomes or free HBV at 37 °C for
20 hours. At the end of incubation, cells were washed 4 times
with PBS and maintained in their respective culture media.
Afterwards, medium was refreshed and collected every other
day up to 14 days post inoculation. Infection was analyzed by
determination of the HBsAg or HBeAg amount in the super-
natant collected at the indicated time points. For HepG2 and
HepG2-NTCP cells, the infection at day 7 after inoculation
was also detected by immunofluorescence.

Immunofluorescence Microscopy

Cells inoculated with or without purified exosomes on
day 7 were fixed with 4% (v/v) FA for 20 minutes at RT,
followed by permeabilization with 0.5% (v/v) Triton X-100
(T9284, Sigma) for 10 minutes at RT, and after subsequent
blocking with 1% (w/v) BSA for 30 minutes at RT; immu-
nofluorescence staining was performed. HBsAg was detec-
ted by incubating with a polyclonal FITC conjugated rabbit
anti-HBsAg (ab32914, Abcam) at RT for 1 hour. The nu-
cleus was stained by 4/,6-Diamidin-2-phenylindole (D1306,
Invitrogen). Stained and Mowiol-mounted cells were
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visualized using a confocal laser scanning microscope Leica
TCS SP8 System with a DMi8 microscope (Leica, Wetzlar,
Germany) under a 100x magnification oil immersion
objective (numerical aperture = 1.4). Image acquisitions
and analysis were performed with the LAS X Control
Software.

Statistical Analysis

Results are presented by at least 3 replicate experiments
independently unless stated otherwise. The statistical sig-
nificance between each of the 2 groups was tested by un-
paired parametric t tests except as noted otherwise. All
statistical analyses were performed in GraphPad Prism 9.2.0
(GraphPad Software, San Diego, CA).
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