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ABSTRACT

Hepatitis C virus (HCV) particles are described as lipoviroparticles which are released similarly to very-low-density lipoproteins
(VLDLs). However, the release mechanism is still poorly understood; the canonical endoplasmic reticulum-Golgi intermediate
compartment (ERGIC) pathway as well as endosome-dependent release has been proposed. Recently, the role of exosomes in the
transmission of HCV has been reported. Only a minor fraction of the de novo-synthesized lipoviroparticles is released by the
infected cell. To investigate the relevance of multivesicular bodies (MVBs) for viral morphogenesis and release, the MVB inhibi-
tor U18666A was used. Intracellular trafficking was analyzed by confocal microscopy and electron microscopy. Moreover, an
mCherry-tagged HCV variant was used. Conditions were established that enable U18666A-dependent inhibition of MVBs with-
out affecting viral replication. Under these conditions, significant inhibition of the HCV release was observed. The assembly of
viral particles is not affected. In U18666A-treated cells, intact infectious viral particles accumulate in CD63-positive exosomal
structures and large dysfunctional lysosomal structures (multilamellar bodies). These retained particles possess a lower density,
reflecting a misloading with lipids. Our data indicate that at least a fraction of HCV particles leaves the cell via the endosomal
pathway. Endosomes facilitate the sorting of HCV particles for release or degradation.

IMPORTANCE

There are still a variety of open questions regarding morphogenesis and release of hepatitis C virus. The HCV-infected cell pro-
duces significant more viral particles that are released, raising the question about the fate of the nonreleased particles. Moreover,
the relevance of the endosomal pathway for the release of HCV is under debate. Use of the MVB (multivesicular body) inhibitor
U18666A enabled a detailed analysis of the impact of MVBs for viral morphogenesis and release. It was revealed that infectious,
fully assembled HCV particles are either MVB-dependently released or intracellularly degraded by the lysosome. Our data indi-
cate that at least a fraction of HCV particles leaves the cell via the endosomal pathway independent from the constitutive secre-
tory pathway. Our study describes a so-far-unprecedented cross talk between two pathways regulating on the one hand the re-
lease of infectious viral particles and on the other hand the intracellular degradation of nonreleased particles.

Hepatitis C virus (HCV) is still a major health problem, as
approximately 170 million people are chronically infected

with HCV worldwide (1). Chronic infection can cause liver cir-
rhosis and hepatocellular carcinoma, finally leading to death (2).

HCV belongs to the Flaviviridae family. Flaviviridae have a
single-stranded positive-sense RNA genome (3). The HCV RNA
encompasses about 9,600 bases and is translated into a single poly-
protein of about 3,100 amino acids, which is processed by viral
and host proteases into the mature viral proteins (4). The mem-
bers of the structural proteins core, E1, and E2, form the viral
particles, and the nonstructural proteins NS2 to NS5B are in-
volved in viral genome replication, particle assembly, and regula-
tion of intracellular processes (5).

The viral genome is replicated in replication complexes which
consist of viral and host proteins on the cytoplasmic face of the
endoplasmic reticulum (ER) (6). The assembly of the particles
takes place at the surface of lipid droplets (LDs) where the core
proteins accumulate (7). However, particle assembly and egress
are still not fully understood. The particles are associated with
various cellular proteins, such as ApoE, ApoB, and TIP47 (8–10),
and are called lipoviroparticles (LVPs) because of their loading
with lipoproteins and their high similarity to very-low-density
lipoproteins (VLDLs) (11).

Autophagy is a conserved cellular process which maintains cell
homeostasis by degradation of intracellular components in lyso-

somes which fuse with autophagosomes (12). HCV is known to
induce autophagy that affects its replication, morphogenesis, and
release (13–15).

The majority of the de novo-synthesized particles are degraded
by lysosomes, whereas only a small fraction is finally released from
an infected cell (16, 17). We described recently that HCV is able to
shift this equilibrium of particle degradation and release by regu-
lating the cellular proteins TIP47 and syntaxin-17. Expression of
TIP47 is upregulated in HCV-infected cells and ensures the traf-
ficking of the particles to late endosomes instead of lysosomes via
interaction with Rab9 (10). The soluble N-ethylmaleimide-sensi-
tive-factor attachment receptor (SNARE) protein syntaxin-17,
which facilitates the fusion of lysosomes and autophagosomes, is
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downregulated by HCV to block lysosomal degradation of viral
particles (18).

Autophagy is connected to the endosomal pathway which is
also important for exocytosis (19). Endocytosis leads to formation
of early endosomes that can mature into late endosomes, also
called multivesicular bodies (MVBs), by taking up intracellular
material and vesicles (20). This process is maintained by the en-
dosomal sorting complexes required for transport (ESCRT) (21,
22). MVBs act as sorting facilities which target their cargo toward
different organelles. Moreover, MVBs can fuse with lysosomes or
the plasma membrane to cause either degradation or release of
their cargo (20).

As the colocalization of HCV structural proteins with mark-
ers of late and early endosomes is enhanced by treatment with
the MVB transport inhibitor U18666A, MVB-dependent re-
lease of HCV particles was postulated (23). Recently, release of
infectious HCV was observed to occur via trans-Golgi network
(TGN)-endosome trafficking independently from VLDLs (24).
Moreover, an inhibitory effect of U18666A on HCV replication by
direct inhibition of the enzyme 24-dehydrocholesterol reductase
(DHCR24) was observed (25, 26).

U18666A inhibits late endosomes (MVBs) and lipid transport
by direct inhibition of the NPC1 protein and thus mimics the
lysosomal storage disease Niemann-Pick disease. Niemann-Pick
type C relies on a defect in NPC1 that leads to cholesterol accu-
mulation in lysosomal storage structures (27). The same pheno-
type was observed in U18666A-treated cells. Cholesterol accumu-
lates in large vesicles (multilamellar bodies [MLBs]) positive for
lysosomal markers, e.g., LAMP2 (28).

The major cargos of MVBs are exosomes, which are vesicles of
50 to 100 nm and contain different cellular components, such as
proteins, RNA, and lipids (29). Hepatitis A virus (HAV) hijacks
the exosome machinery to be released and spread, undiscovered
from the immune system. In contrast to HAV, which is released as
mature particles in exosomes, for HCV so far only the exosome-
dependent release of viral genomes has been described (30, 31).
However, it is speculated that even whole particles are released by
the exosome secretion pathway (32).

The exact mechanism of exosome release is not fully under-
stood. However, exosomes are most likely released by fusion of an
exosome-loaded MVB with the plasma membrane which relies on
SNAREs (33). Recently, we showed that HCV actively decreases
the amount of �-taxilin. �-Taxilin acts as a negative regulator of
SNARE functionality by binding to free syntaxin-4 and thereby
preventing the formation of SNARE complexes. The decreased
amount of �-taxilin in HCV-infected cells promotes SNARE-de-
pendent release (34). Syntaxin-4 is a t-SNARE located on the
plasma membrane and has been reported to be involved in exo-
some release (35) and to accumulate at cholesterol-rich lipid rafts
within the plasma membrane to build up exocytosis sites. This
localization can be disturbed by interruption of cholesterol trans-
port by U18666A (36).

This study aimed to investigate the release pathway of mature
HCV particles via MVBs. For this purpose, the effect of the MVB
inhibitor U18666A on the intracellular trafficking and release of
HCV particles was characterized. It was revealed that HCV parti-
cles are either MVB-dependently released or intracellularly de-
graded by the lysosome.

MATERIALS AND METHODS
Cell culture. The Huh7-derived cell clone Huh7.5 (37), which is highly
permissive for HCV RNA replication, was used for transfection and infec-
tion assays as described previously (38). Isolation of primary human
hepatocytes, cultivation, and infection were performed as described pre-
viously (38, 39). Huh7 cell clone 9-13, harboring the HCV replicon I377/
NS3-3=, has been described previously (40).

Antibodies. The following commercial primary antibodies were
used: anti-NS3 (8G-2; Abcam), anti-�-actin (AC-74; Sigma-Aldrich),
anti-core (MA1-080; Thermo Scientific), anti-CD63 (H-193; Santa
Cruz Biotechnology), anti-ApoE (A1.4; Santa Cruz Biotechnology), anti-
ApoE (PA5-27088; Thermo Scientific), anti-LC3 (PM036; MBL), anti-
LAMP2 (555803; BD Pharmingen), and anti-E2 (HCM-091a-5; Austral
Biologicals). For detection of NS5A, a polyclonal rabbit derived serum was
used (41). The monoclonal antibody anti-HERV-K/GAG is described
elsewhere (42).

Alexa Fluor 488- or Alexa Fluor 546-conjugated secondary antibodies
were obtained from Invitrogen. Cy3-conjugated antibodies were pur-
chased from Jackson ImmunoResearch Laboratories, Inc., and secondary
antibodies for Western blotting were obtained from LI-COR, Inc. Ten-
nanometer-gold-particle-conjugated anti-mouse antibody (EM.GAM10)
was obtained from BBI Solutions.

Fluorescent dyes. The following dyes were used in immunofluores-
cence microscopy: 4=,6-diamidino-2-phenylindole (DAPI; Carl Roth)
was used to stain nuclei, filipin III (Sigma-Aldrich) was used to stain
cholesterol, and BODIPY 498/503 (Invitrogen) was used to stain lipid
droplets.

Cytokines and inhibitors. Human interferon alpha (tebu-bio) was
used at a concentration of 1,000 U/ml. U18666A (Sigma-Aldrich) was
used at a concentration of 2 �g/ml for 16 h if not indicated differently.
Simvastatin (Selleckchem) was used at a concentration of 10 �M.

Plasmids. Plasmid pFK-JHF1/J6 has been described previously (43).
pFK-Luc-J6 was kindly provided by R. Bartenschlager and has been de-
scribed previously (44). The J6-E1-mCherry (E1R) construct was gener-
ated in a manner similar to that described by Bayer et al. (68). The
mCherry sequence was amplified with the primers fwd (AAACGTACGC
GATGGTGAGCAA) and rev (AAACGTACGCCTTGTACAGCTCGT)
with the plasmid pmCherry (Clontech) as a template. The amplified insert
and the plasmid pFK-JHF1/J6 were digested with the enzyme BsiWI
(NEB). After dephosphorylation of the plasmid with Antarctic Phospha-
tase (NEB), the insert was ligated into the plasmid with T4 DNA ligase
(Thermo Scientific). The plasmids encoding wild-type or the transdomi-
nant negative (tdn) mutants of CHMP3, VPS4A and VPS4B, and for the
green fluorescent protein (GFP)-GalT and yellow fluorescent protein
(YFP)-Rab7 fusion proteins, were described recently (45) The plasmids
encoding the fusion proteins GFP-Grasp65 and YFP-Sec22 were a kind
gift from R. Duden, Lübeck, Germany.

RT-PCR. RNA isolation was performed using peqGOLD TriFast
(PEQLAB Biotechnologie GmbH) according to the manufacturer’s in-
structions. cDNA synthesis and real-time PCR (RT-PCR) were performed
as described in reference 46. All quantifications were normalized to the
amount of RPL27 transcripts. The following primers were used: JFH1_
fwd (ATGACCACAAGGCCTTTCG), JFH1_rev (CGGGAGAGCCATAG
TGG), hRPL27_fw (AAAGCTGTCATCGTGAAGAAC), and hRPL27_rv
(GCTGCTACTTTGCGGGGGTAG).

Quantification of HCV core in the cell culture supernatant. Cell cul-
ture supernatant was centrifuged at 13,300 � g for 10 min to pellet cell
debris. A total of 108 �l of the supernatant was used for the Abbott Ar-
chitect HCV antigen (Ag) chemiluminescent microparticle immunoassay
(CMIA) according to the manufacturer’s protocol. Measurement was
performed with an Architect i2000SR immunoassay analyzer (Abbott).
For Western blot analysis, HCV particles were enriched from the super-
natant by affinity chromatography on a heparin column as described pre-
viously (10).
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Quantification of viral genomes in the cell culture supernatant. Vi-
ral RNA was isolated from supernatants using the QIAamp DSP virus kit
(Qiagen). Real-time PCR was performed with an artus HCV RG RT-PCR
kit (Qiagen) according to the manufacturer’s protocol.

Quantification of ApoE in the cell culture supernatant. Supernatants
of 2 � 105 Huh7.5 J6 cells were mixed with 1% Triton X-100 following
protein precipitation with 10% trichloroacetic acid (TCA) for 15 min on
ice. After centrifugation for 15 min at 14,000 rpm, the protein pellet was
washed with �20°C cold acetone. Finally the pellet was solved in Laemmli
buffer and analyzed by SDS-PAGE and Western blotting.

In vitro transcription and RNA transfection. In vitro transcription,
electroporation of HCV RNAs, and luciferase assays were performed as
described previously (38).

Virus titration. Virus titers were analyzed based on limited dilution by
determination of the 50% tissue culture infective dose (TCID50) as de-
scribed previously (47, 48). To determine the intracellular TCID50, the
cells were washed with phosphate-buffered saline (PBS), trypsinized, and
pelleted. The cell pellet was then resuspended in 2 ml of culture medium
and was frozen and thawed three times with liquid nitrogen and a 37°C
water bath. The cell lysate was centrifuged at 13,300 � g for 10 min, and
the virus-containing supernatant was used for TCID50 assay. For the de-
tection of HCV-positive cells, NS5A-specific serum was used (41).

Entry assay. Confluent Huh7.5 cell monolayers were infected with
HCV-containing supernatants for 5 h. After the infection, cells were
washed twice with PBS and then incubated with trypsin for 1 min at room
temperature to remove attached virus. The cells were washed once with
culture medium and twice with PBS before being harvested in order to
determine the entered virus by RT-PCR.

Indirect immunofluorescence analysis. Indirect immunofluores-
cence analysis was performed as described previously (49). Immunofluo-
rescence staining was analyzed using a confocal laser scanning microscope
(CLSM 510 Meta; Carl Zeiss) and ZEN 2009 software. This software was
also used to measure fluorescence intensities, Pearson’s overlap coeffi-
cients, and weighted colocalization coefficients. To analyze the colocaliza-
tion of CD63 and core, the weighted colocalization coefficients were de-
termined for 19 untreated and U18-treated cells using the software Zen
2009 (Zeiss) and the following formula: M1 � �iCh1i,coloc/�iCh1i,total;
M2 � �iCh2i,coloc/�iCh2i,total. Total fluorescence per cell was calculated
using ImageJ software and the following formula: corrected total cell
fluorescence � integrated density � (area of selected cell � mean
fluorescence of background readings). In total, a minimum of three
cells were measured.

Density gradient centrifugation and infectivity determination. Io-
dixanol density gradients were performed as described previously (9). In
brief, Huh7.5 J6 cells were treated with 2 �g/ml of U18666A for 16 h.
Twenty-milliliter supernatants were concentrated to 1 ml by a Centricon
with a 100-kDa cutoff (Millipore). Cell lysates were prepared in 1 ml of
culture medium by repetitive freeze-thaw cycles. A density gradient of 10% to
80% Optiprep (Axis-Shield) in PBS was prepared and samples were layered
on top. After centrifugation for 18 h at 120,000 � g at 4°C in an SW60Ti rotor,
12 fractions were harvested from top to bottom. The fractions density was
determined via the refractive index. To assess the infectivity of each fraction,
Huh7.5 cells were infected with an aliquot of each fraction for 16 h, and 72 h
postinfection (p.i.), the amount of intracellular RNA was relatively quantified
by RT-PCR and normalized to the amount of genomes in the cells infected
with the first fraction. To see the ratio of genomes between the fractions, the
amount of genomes in one fraction was normalized to the total amount of
HCV genomes in all fractions.

Transmission electron microscopy (TEM). Huh7.5 cells were fixed
with 2.5% glutaraldehyde in PBS for 45 min at room temperature. Em-
bedding in Epon and preparation of ultrathin sections were performed as
described previously (50), and sections were mounted on freshly glow-
discharged carbon-coated nickel grids. For immunogold labeling, cryo-
sections were prepared as described previously (51) and incubated with
primary antibody solution for 1 h, followed by incubation with gold-

conjugated anti-mouse IgG for 1 h. The specimens were analyzed with a
Zeiss EM-109 transmission electron microscope.

Cell viability assay. Huh7.5 cells were seeded in a 96-well plate (104

cells/well) and treated with different amounts of U18666A or cyclohexi-
mide for 16 h. Cell viability was measured using PrestoBlue cell viability
reagent (Thermo Scientific) according to the manufacturer’s instructions.
The reagent’s fluorescence was measured after 1 h of incubation in a
fluorescence microplate reader (Tecan M200).

mCherry fluorescence measurement. Huh7.5 cells were electropo-
rated with the J6-E1-mCherry construct and seeded in a 96-well plate (104

cells/well). After 72 h, the cells were washed twice with PBS and covered
with 50 �l of PBS. The fluorescence measurement was performed in a
fluorescence microplate reader (Tecan M200) with an extinction wave-
length of 587 nm and an emission wavelength of 610 nm.

Statistical analyses. Results are presented as means 	 standard errors
of the means (SEMs) from at least 3 experiments. The significance of
results was analyzed by two-tailed Student’s t test, using GraphPad Prism,
version 6.07 for Windows (GraphPad Software, San Diego, CA). Error
bars in figures represent standard deviations. Statistical significance is
represented in figures as follows: *, P 
 0.05; **, P 
 0.01; and ***, P 

0.001.

RESULTS
Time- and dose-dependent inhibition of the viral replication by
U18666A. To study the relevance of MVBs for the morphogenesis
and release of HCV, the MVB inhibitor U18666A was used. It has
been shown that treatment of HCV replicating cells for 72 h with
U18666A impairs the replication of HCV due to an inhibition of
the enzyme DHCR24 (25). In light of this, it was investigated
whether conditions that impair MVB function without affecting
HCV genome replication can be defined. Various concentrations
of and periods of treatment with U18666A were tested. To analyze
the impact of various concentrations of U18666A (20 to 2,000
ng/ml) on viral replication, the subgenomic cell line Huh9-13 and
cells replicating the full-length reporter replicon Luc-J6 (44) were
incubated with U18666A for 72 h and analyzed by RT-PCR and
luciferase reporter gene assay, respectively (Fig. 1A and B). For both
systems, a concentration-dependent inhibitory effect on replication
was observed after incubation for 72 h. Simvastatin and interferon
alpha treatment served as positive controls in these experiments,
as both compounds are known to impair HCV replication (52,
53). However, the dual roles of simvastatin in inhibiting viral rep-
lication on the one hand and enhancing the release of infectious
particles on the other hand (see Fig. S1B at http://download.gsb
.bund.de/PEI/U18 supplemental material.pdf) explain the less
pronounced effect in the luciferase-based system. To investigate
the time dependency of U18666A-mediated inhibition on replica-
tion, Huh7.5 cells were electroporated with the Luc-J6 construct.
The kinetics of the U18666A treatment, starting 24 h posttrans-
fection (p.t.) (time zero) (Fig. 1C), clearly shows that the replica-
tion of HCV is not affected by treatment with 2 �g/ml of U18666A
for 16 h. However, after longer treatment, replication is signifi-
cantly decreased.

To corroborate the observation that U18666A treatment for
16 h does not affect viral replication, the subgenomic cell line
Huh9-13 and Huh7.5 cells electroporated with the full-length
HCV J6 genome were used. RT-PCR analysis and Western blot
analysis using NS3- and NS5A-specific antisera (Fig. 1D to F)
revealed that there is no effect on the genome replication and viral
protein amount of U18666A under these conditions. In the case of
the cells replicating the full-length HCV J6 genome, a slight in-
crease of the intracellular amount of core protein was detectable
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FIG 1 Time- and dose-dependent inhibition of viral replication by U18666A. (A) Huh9-13 cells were treated with 10 �g/ml of simvastatin or the indicated
concentrations of U18666A for 72 h. w/o, without treatment. Viral replication was determined by RT-PCR. The graph shows the relative data from three
independent experiments, with SEMs. (B) Huh7.5 cells were transfected with the J6-Luc construct and treated with 1,000 U of interferon alpha, 10 �g/ml of
simvastatin, or the indicated concentrations of U18666A for 72 h. Viral replication was determined by luciferase reporter gene assay. The graph shows the relative
data from three independent experiments, with SEMs. (C) Huh7.5 cells were transfected with the J6-Luc construct and treated with 2 �g/ml of U18666A for 72 h.
Viral replication was determined by luciferase reporter gene assay at different time points. The graph shows the relative data from three independent experiments,
with SEMs. (D) Huh9-13 and Huh7.5 J6 cells were treated with 2 �g/ml of U18666A or 1,000 U of interferon alpha for 16 h. Viral replication was determined by
RT-PCR. The graph shows the relative data from at least three independent experiments, with SEMs. ns, not significant. (E) Western blot analysis of cellular
lysates derived from Huh9-13 and Huh7.5 J6 cells which were treated with 2 �g/ml of U18666A or 1,000 U of interferon alpha for 16 h. For detection, specific
antibodies against NS3, NS5A, and core were used. Detection of �-actin served as a loading control. (F) Densitometric quantification of Western blots shown in
panel E. The graphs show the quantification of at least three independent experiments, with SEMs.
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(Fig. 1E and F). Again, interferon alpha treatment served as a
positive control in this experiment. A cytotoxic effect of U18666A
at the concentration used was excluded by cell viability assay (see
Fig. S1A at http://download.gsb.bund.de/PEI/U18 supplemental
material.pdf). Taken together, these data indicate that incubation
of HCV replicating cells for 16 h with the MVB inhibitor U18666A
at a concentration of 2 �g/ml does not affect genome replication
or viral protein amount and therefore is suitable to study the im-
pact on virus morphogenesis and release.

U18666A inhibits HCV particle release but not assembly. To
study whether inhibition of MVB functionality has an impact on
HCV morphogenesis and release, HCV-replicating Huh7.5 cells
were treated for 16 h with U18666A (2 �g/ml). Quantification of
the viral genomes released to the supernatant during this period
by RT-PCR revealed a significant decrease in the amount of re-
leased viral genomes (Fig. 2A). The amount of viral genomes does
not automatically correspond to the amount of infectious viral
particles. To test whether this reflects indeed a decrease in the
amount of released viral particles, the TCID50 of extracellular viral
particles from U18666A-treated cells was determined. In accor-
dance with the RT-PCR data, the extracellular TCID50 of
U18666A-treated cells was decreased 10-fold in comparison to
that of the untreated controls (Fig. 2B). This was further corrob-
orated by a core-specific chemiluminescent microparticle immu-
noassay (CMIA): the amount of released HCV core was signifi-
cantly reduced by U18666A treatment (Fig. 2C). Furthermore, the
reduced amount of extracellular core was confirmed by Western
blot analysis of cell culture supernatant purified by a heparin col-
umn (see Fig. S1C at http://download.gsb.bund.de/PEI/U18
supplemental material.pdf).

Vice versa, the amount of intracellular viral particles was quan-
tified by determination of the TCID50; a 50-fold increase after
U18666A treatment was observed (Fig. 2D).

The inhibitory effect of U18666A on the release of HCV was
further confirmed using HCV-infected primary human hepato-
cytes (PHHs). PHHs from different donors were infected with
HCVcc, and 56 h p.i. the cells were incubated for 16 h with
U18666A. In accordance with the data from the Huh7.5 cell line,
no effect on the viral replication by U18666A treatment was ob-
served, whereas the amount of released viral genomes was signif-
icantly reduced (Fig. 2E).

These data indicate that treatment with U18666A for 16 h does
not affect genome replication or HCV particle assembly but in-
hibits particle release. Assembled infectious particles are retained
within the cells.

U18666A does not affect HCV entry. To investigate whether
further steps of the HCV life cycle are affected by U18666A, the
effect on the entry of HCV virions into the target cells in the
presence or absence of U18666A was analyzed. For this assay, an
HCVcc-positive inoculum was spiked with U18666A (2 �g/ml)
and compared to the unspiked inoculum. The entry assay (Fig. 2F)
revealed that the presence of U18666A does not affect HCV entry.
ApoE- and E2-specific antibodies served as controls (10, 54).

This confirms the specificity of the data described above and
demonstrates that U18666A has no effect on the entry process
of HCV.

U18666A-dependently retained particles possess a lower
density. In many aspects, HCV LVPs are similar to VLDLs and
therefore dependent on the lipid metabolism of the cell. U18666A
is known to disturb intracellular lipid transport (55). To investi-

gate whether this is reflected by an improper loading of HCV
particles with lipids and lipoproteins, extra- and intracellular
HCV particles were concentrated and separated by density gradi-
ent centrifugation. The presence of infectious HCV particles in each
fraction of the density gradient was assessed by infectivity assays using
Huh7.5 cells. When the infectivity of each fraction was normalized to
the total infectivity, a shift of the density of the intracellular particles
from 1.13 g/ml to 1.09 g/ml by U18666A treatment was observed
(Fig. 3A). This shift in the density indicates that U18666A treatment
leads to an altered loading of the particles with lipids and lipoproteins.
A lower density represents a larger amount of lipids. Therefore, the
intracellular retained viral particles derived from U18666A-treated
cells seem to have a higher lipid loading than the control particles. The
density of the released viral particles does not change after U18666A
treatment (Fig. 3B).

Taken together, these data indicate that that U18666A-medi-
ated inhibition of the release of HCV particles is associated with a
block in the secretion of the low-density fraction of HCV particles.

LAMP2 accumulates in U18666A-treated cells. To study
whether the impact of U18666A treatment on HCV release is re-
flected by a change in the subcellular distribution of viral and
cellular proteins, confocal immunofluorescence microscopy was
performed. Analyzing the effect of U18666A treatment for 16 h on
the localization of NS5A, no change in the amount or localization
of NS5A upon U18666A treatment (Fig. 4A) was observed. This
was in accordance to the data described above (compare Fig. 1D to
F) that indicate that under these conditions, no effect on replica-
tion and assembly can be observed. However, a strong accumula-
tion of ApoE, which is normally secreted via exosomes as part of
the VLDLs (56, 57), was found by quantification of the immuno-
fluorescence and by Western blotting (Fig. 4B). In accordance
with this, the amount of released ApoE is decreased by U18666A
treatment (Fig. 4D). Pearson’s correlation factor as a value of co-
localization of ApoE and NS5A did not change due to U18666A
treatment (Fig. 4C), implying that the NS5A-ApoE (58) interac-
tion is not affected by U18666A.

Lysosomes are known to play an essential role in the HCV life
cycle (14, 18, 59). Therefore, it was investigated whether lyso-
somes are affected by U18666A. Costaining of the lysosomal
marker LAMP2 in green, NS5A in red, and cholesterol in blue
using filipin revealed a significant accumulation of LAMP2 in
large ring-like structures (Fig. 4E) after U18666A treatment for 16
h. There is no colocalization between LAMP2 and NS5A detect-
able, but colocalization between LAMP2 and the cholesterol-
binding fluorophore filipin is detectable. As U18666A has been
reported to lead to an accumulation of cholesterol in late endo-
somes (60), it is assumed that the large LAMP2-positive structures
represent late endosomes. The accumulation of LAMP2 due to
U18666A treatment was quantified by fluorescence intensity and
quantitative Western blotting (Fig. 4F). To control whether the
formed LAMP2-positive rings really reflect late endosome-de-
rived structures, Huh7.5 cells were transfected with a plasmid cod-
ing for a Rab7-YFP fusion protein. U18666A treatment led to the
formation of large LAMP2-positive rings which were also positive
for the MVB marker Rab7 (Fig. 4G).

The subcellular distribution of ER and Golgi markers is not
affected by the presence of U18666A, suggesting that there is no
effect on the canonical secretory pathway of this substance (see
Fig. S2 at http://download.gsb.bund.de/PEI/U18 supplemental
material.pdf).
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FIG 2 U18666A treatment inhibits HCV particle secretion but not assembly in cell culture and primary cells. HCV-replicating cells were treated with 2
�g/ml of U18666A for 16 h. (A) The amount of released viral genomes in the supernatant was determined by RT-PCR. The graph shows the data from six
independent experiments, with SEMs. (B) To determine the amount of released infectious viral particles in the supernatant, a TCID50 assay was
performed. The graph shows the relative data from three independent experiments, with SEMs. (C) The amount of released viral particles in the
supernatant was determined by core Ag assay. The graph shows the data from seven independent experiments, with SEMs. (D) The amount of intracellular
viral particles was assayed by TCID50 of cells lysed by freeze-thawing. The graph shows the relative data from three independent experiments, with SEMs.
(E) Primary human hepatocytes were infected over night with supernatant of HCV-replicating cells. Cells were treated 56 h p.i. with 2 �g/ml of U18666A
for 16 h. Viral replication and particle release were determined by RT-PCR of cell lysates and supernatants, respectively. The graph shows the relative data
from three independent experiments, with SEMs. (F) Huh7.5 cells were infected for 5 h with supernatant of HCV-replicating cells. To determine the
entry-inhibiting ability of U18666A, it was added at a concentration of 2 �g/ml. As positive controls for entry inhibition, the supernatant was supple-
mented with 1 �g/ml of anti-E2 or anti-ApoE antibody. Bound virus was removed by short trypsin treatment before analysis of entered virus by RT-PCR.
The graph shows the relative data from four independent experiments, with SEMs.
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In U18666A-treated cells, core colocalizes within accumu-
lated autophagosomes and exosomes. The data described above
demonstrate that treatment with U18666A for 16 h inhibits par-
ticle release without affecting viral replication and particle assem-
bly (compare Fig. 2). The assembled particles are retained in the
cell. To characterize the specific place where the particles accumu-
late, the structural protein core and various subcellular markers
were labeled and their distribution was analyzed by confocal im-
munofluorescence microscopy. In Fig. 5 and in Fig. S3A and B at
the URL above, it is clearly visible that HCV core accumulates
inside the cells after U18666A treatment. This contributes to the
accumulation of core observed by Western blotting (Fig. 2E and
F). Also, the exosomal marker CD63 accumulates, as observed by
fluorescence intensity measurements and quantitative Western
blot analysis (Fig. 5A and B). In addition, the autophagosomal
marker LC3 accumulates in U18666A-treated cells, and a fraction
of core colocalizes with LC3 (Fig. 5C; see also Fig. S3A at the URL
mentioned above). The colocalization of the accumulated core
with CD63-positive structures is more pronounced and increases
by treatment with U18666A (Fig. 5D; see also Fig. S3B at the URL
mentioned above). Taken together, these data show an accumu-
lation of core in autophagosomal and exosomal structures after
U18666A treatment, reflecting the involvement of the exosomal
pathway for the release of HCV particles. The importance of
MVBs for the release of HCV particles is also demonstrated by the
accumulation of HCV core in E-class compartments when dom-
inant negative mutants of the ESCRT proteins VPS4A, VPS4B,
and CHMP3 are overexpressed (Fig. 5E).

U18666A leads to accumulation of the glycoprotein E1 in lys-
osomal structures. To further corroborate these data, Huh7.5
cells were transfected with the J6-E1-mCherry construct that
harbors an mCherry sequence inside the variable region of E1
and thus enables the production of mCherry-labeled viral particles.
The functionality of this type of fusion protein and the capacity to
form viral particles have been established by Bayer et al. (68) and
confirmed for the construct/experimental system used in this study
(see Fig. S3C to G at the URL mentioned above). Confocal immu-
nofluorescence microscopy revealed the intracellular accumu-
lation of E1-mCherry fusion protein after U18666A treatment.
A more detailed analysis revealed that LAMP2 accumulates (Fig.
5F) in big ring-shaped structures that are filled with E1-mCherry
(Fig. 5G) as visualized by a fluorescence intensity profile along the
white arrow which depicts two neighbored LAMP2 rings (green)
which are filled with E1, visualized by the red fluorescence.

These data indicate that after U18666A treatment, viral parti-
cles accumulate in the enlarged LAMP2-positive rings formerly
identified to be late endosome derived (Fig. 4G).

In U18666A-treated cells, lysosomal structures are lipid-
filled multilamellar bodies in which HCV particles accumulate.
Lipids are an important key factor in the HCV life cycle. At the

FIG 3 Preferentially, HCV particles with low density are retained intracellu-
larly. (A) HCV J6-replicating Huh7.5 cells were treated with 2 �g/ml of
U18666A for 16 h. The cells were lysed by repeated freeze-thaw cycles and
loaded on an iodixanol gradient to separate viral particles by their density.
Twelve fractions were harvested from top to bottom and were used to infect
Huh7.5 cells. The infected cells were harvested 72 h p.i., and viral load was
assessed by RT-PCR of the intracellular RNA. The top graph shows the relative
infectivity of each fraction, and the bottom graph shows the infectivity as a
percentage of the total measured infectivity. The graph shows the relative data

from three independent experiments, with SEMs. (B) HCV J6-replicating
Huh7.5 cells were treated with 2 �g/ml of U18666A for 16 h. The supernatant
was loaded on an iodixanol gradient to separate viral particles by their density.
Twelve fractions were harvested from top to bottom and were used to infect
Huh7.5 cells. The infected cells were harvested 72 h p.i., and viral load was
assessed by RT-PCR of the intracellular RNA. The top graph shows the relative
infectivity of each fraction, and the bottom graph shows the infectivity as a
percentage of the total measured infectivity. The graph shows the relative data
from three independent experiments, with SEMs.
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surface of lipid droplets, the assembly of HCV particles takes place
(5, 61). Furthermore, the lipoviroparticles are heavily associated
with lipids and lipoproteins and are considered to resemble
VLDLs. Therefore, it was studied whether the lipid distribution
changes after U18666A treatment. In confocal laser scanning

microscopy (CLSM) images, an accumulation of the lipophilic
dye BODIPY inside the LAMP2-positive ring structures was
found (Fig. 6B; see also Fig. S4A at the URL mentioned above)
compared to the normal distribution in lipid droplets in un-
treated cells (Fig. 6A). A similar accumulation in the LAMP2-

FIG 4 U18666A has no effect on NS5A localization, but ApoE accumulates and LAMP2 forms ring-like structures. Shown are results of CLSM analysis of
HCV-replicating cells which were treated with 2 �g/ml of U18666A for 16 h. (A) NS5A is visualized in red; nuclei were stained with DAPI, in blue, and ApoE is
visualized in green. (B) The fluorescence intensity of ApoE was measured in untreated and U18666A-treated cells. The data were confirmed by quantitative
Western blot analysis of cellular lysates using ApoE- and actin-specific antibodies. The quantification is based on three independent experiments. (C) Pearson’s
overlap coefficient of NS5A and ApoE was calculated in untreated and U18666A-treated cells. (D) The amount of secreted ApoE was measured using quantitative
Western blotting of TCA-precipitated samples of untreated and U18666A-treated cells. The quantification is based on three independent experiments. (E) NS5A
is visualized in red; cholesterol was stained with filipin in cyan, and the lysosomal marker LAMP2 is visualized in green. The enlarged images are shown for treated
and untreated cells. (F) The fluorescence intensity of LAMP2 was measured in untreated and U18666A-treated cells. The findings were confirmed by quantitative
Western blotting of cell lysates. The quantification is based on three independent experiments. (G) Huh7.5 cells expressing Rab7-YFP were stained for LAMP2,
in red. Treatment of U18666A led to the formation of Rab7- and LAMP2-positive rings.
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positive rings was observed for the lipoprotein ApoE (Fig. 6C;
see also Fig. S4B at the URL mentioned above). For a more
detailed view, ultrathin sections of HCV-replicating cells were
investigated by electron microscopy (EM). In the untreated
cells, some intracellular particles that could represent HCV
particles according to the structure and size were identified.
Cells treated with U18666A harbor numerous big multilamel-
lar bodies with concentric membrane stacks that represent dys-
functional lysosomes (Fig. 6D). These structures are typical for
patients suffering from Niemann-Pick-disease and have been
reported for U18666A-treated fibroblasts (62). It can be as-
sumed that these MLBs represent the LAMP2-positive ring
structures which are filled with lipids and HCV structural pro-
teins. Indeed, at a higher magnification of these MLBs, elec-
tron-dense vesicles are visible that accumulate in the center,
surrounded by a light lipid-rich area. These vesicles might re-
flect HCV particles accumulated in the MLBs according to their
size and structure, but this cannot be proven.

To prove the identity of the MLBs with the LAMP2-positive
structures, cryosections of U18666A-treated HCV-replicating
Huh7.5 cells were prepared and LAMP2 was labeled with gold-
conjugated antibodies. As shown in Fig. 6E, an MLB was labeled
with gold particles, whereas no labeling was observed with the
control antibody (anti-HERV). There is no fully convincing image
of HCV particles in EM images from cryosections published so far.
The low abundance and the lipid coat of HCV particles make them
hard to visualize. Moreover, the contrast and solution of cryosec-
tions are always worse than in ultrathin sections, making it even
more unlikely that intact HCV particles will be found. However,
we incubated cryosections of Huh7.5 J6 cells treated with
U18666A with a mix of antisera against core and E2 and marked

both structural proteins with 10-nm gold particles. As shown in
Fig. 6F, the structural proteins accumulate inside the MLBs, but
there is no virus particle detectable. However, for HCV-negative
Huh7.5 GND cells, no labeling inside those structures was found,
demonstrating that the staining is specific. This finding clearly
indicates that U18666A induces the formation of large LAMP2-
positive and lipid-rich MLBs that harbor most likely HCV parti-
cles, reflecting the involvement of the lysosomal compartment in
the HCV life cycle.

DISCUSSION

The aim of this study was to investigate the relevance of MVBs/late
endosomes for the morphogenesis and release of HCV LVPs. To
inhibit MVB functionality, the amphiphatic inhibitor U18666A
was used. As treatment with U18666A for 72 h inhibits the viral
replication by inhibition of DHCR24 (26), the protocol was
adapted to conditions that have no inhibitory effect on genome
replication. It could be observed that treatment of HCV replicat-
ing cells for 16 h with U18666A (2 �g/ml) impairs the release of
viral particles but does not affect genome replication as shown for
various systems or the entry process. The slight accumulation of
core in U18666A-treated cells observed by Western blotting is not
statistically significant, whereas it is obvious in immunofluores-
cence microscopy. Most likely the MLBs cannot be solubilized
adequately in SDS buffer, and therefore, the core accumulation is
not that strong in Western blotting. Indeed, the membranes of
MLBs formed after U18666A treatment have been shown to be
detergent resistant (60).

U18666A treatment leads to a significant decrease in the
amount of released viral particles, as evidenced by core CMIA,
RT-PCR, and TCID50 determination. The TCID50 assay depicts a

FIG 4 continued
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more pronounced decrease of released viral particles. This could
reflect that changes in the lipid composition of the released parti-
cles affect their infectivity.

The analysis of intracellular infectivity revealed that U18666A

does not affect particle assembly. The amount of intracellular re-
tained particles increases more than 50-fold, which indicates that
the particles are assembled and accumulate inside the cells without
being released or degraded. In HCV-infected cells, only a minor

FIG 5 HCV structural proteins accumulate intracellularly in endosomal structures. (A) CLSM analysis of HCV-replicating cells which were treated with 2 �g/ml of
U18666A for 16 h. HCV core is visualized in green; the nuclei were stained with DAPI, in blue, and the exosomal marker CD63 is visualized in red. Shown are the
fluorescence intensities of DAPI, core, and CD63 along the white arrows. Enlarged images are shown for treated and untreated cells. (B) The fluorescence intensities of
core and CD63 were measured in untreated and U18666A-treated cells (left). The amount of CD63 was also determined by quantitative Western blotting using cell lysates
(right). The quantification is based on three independent experiments. (C) CLSM analysis of HCV-replicating cells which were treated with 2 �g/ml ofU18666A for 16
h. HCV core is visualized in red; the nuclei were stained with DAPI, in blue, and the autophagosomal marker LC3 is visualized in green. The graphs show the fluorescence
intensities of DAPI, core, and LC3 along the white arrows in the zoomed image. The enlarged images are shown for treated and untreated cells. (D) The weighted
colocalization coefficients of core and CD63 were calculated in untreated and U18666A-treated cells. (E) CLSM analysis of Huh7.5 cells that were electroporated with
HCV J6 RNA and plasmids encoding the indicated fusion proteins. HCV core was costained with a specific antibody. (F) CLSM analysis of HCV-replicating cells which
were treated with 2 �g/ml of U18666A for 16 h. Huh7.5 cells were transfected with an HCV construct harboring an mCherry fusion tag inside the hypervariable region
(HVR) of E1, which is visualized in red. The nuclei were stained with DAPI, in blue, and the lysosomal marker LAMP2 is visualized in green. (G) Zoomed image of a part
of panel F with intensity profiles showing the fluorescence intensities of DAPI, LAMP2, and E1 along the white arrows.
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part of assembled HCV particles are sorted for release, whereas the
majority of the de novo-synthesized viral particles is targeted to-
ward the lysosomes for degradation (16, 17). The amount of in-
tracellular particles is more strongly increased as the correspond-
ing amount of extracellular viral particles is decreased. This
indicates not only that the particles determined for release are
retained but also that these particles that are targeted to the lyso-
some are prevented from degradation. This reflects that U18666A
leads to inhibition of lysosomal activity as shown by the MLBs. An
interesting aspect in this context is that these particles that are
targeted to the lysosome are infective. This argues against the hy-
pothesis that exclusive defective viral particles are sorted to the
lysosomal compartment and raises the question of the sorting
criteria.

The density gradient centrifugation revealed a shift of the in-
tracellular particles to a lower density after U18666A treatment.
The one-fraction density shift of intracellular particles was repro-
ducibly observed in independent experiments. The density of the

released particles does not change, reflecting the secretion compe-
tence of the particles with a density of 1.09 g/ml. This secretion-
competent fraction of particles increases after U18666A treat-
ment, whereas the fraction of secretion-incompetent particles
with a density of 1.13 g/ml decreases intracellularly. Therefore, we
conclude that particles can mature to, per se, secretion-competent
particles by loading with lipids and lipoproteins inside the MVBs,
but the final step of the release is disturbed. Furthermore, we ob-
served an accumulation of lipids and lipoproteins in the intracel-
lular MLBs due to the disturbed intracellular lipid trafficking as
visualized by the filipin staining. Remarkably, the filipin staining
colocalizes with the LAMP2 signals, reflecting an accumulation of
cholesterol in the LAMP2 rings. LAMP2 not only is part of lyso-
somes but also can be found on late endosomes (63). Based on the
results from the CLSM and TEM, it can be concluded that
U18666A disturbs the lipid transport, causing functional inhibi-
tion of late endosomes and formation of MLBs that leads to an
accumulation of the LVPs in late endosomes and MLBs. The ApoE

FIG 5 continued
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FIG 6 LAMP2-positive rings are filled with lipids and could represent multilamellar bodies filled with HCV particles. (A) CLSM analysis of untreated HCV-replicating
cells. The lipid droplets were stained with BODIPY in green, and the lysosomal marker LAMP2 is visualized in red. The nuclei were stained with DAPI in blue. The graph
shows the fluorescence intensities of DAPI, BODIPY, and LAMP2 along the white arrow in the zoomed image. (B) CLSM analysis of HCV-replicating cells which were
treated with 2 �g/ml of U18666A for 16 h. The lipid droplets were stained with BODIPY in green, and the lysosomal marker LAMP2 is visualized in red. The nuclei were
stained with DAPI in blue. The graph shows the fluorescence intensities of DAPI, BODIPY, and LAMP2 along the white arrow in the zoomed image. (C) CLSM analysis
of HCV-replicating cells which were left untreated or treated with 2 �g/ml of U18666A for 16 h. ApoE is visualized in green, and the lysosomal marker LAMP2 is
visualized in red. The nuclei were stained with DAPI in blue. (D) TEM images of ultrathin sections of HCV-replicating Huh7.5 cells which were treated with 2 �g/ml of
U18666A for 16 h. Ultrathin sections were stained with uranyl acetate to identify cellular and viral structures. (E) TEM image of cryosections of HCV-replicating Huh7.5
cells which were treated with 2 �g/ml of U18666A for 16 h. Sections were labeled with 10-nm-gold-conjugated antibodies against LAMP2 or HERV-K as a negative
control and stained with uranyl acetate. (F) TEM image of cryosections of Huh7.5 cells electroporated with J6 or GND which were treated with 2 �g/ml of U18666A for
16 h. Sections were labeled with 10-nm-gold-conjugated antibodies against core and E2 and stained with uranyl acetate.

Elgner et al.

11192 jvi.asm.org December 2016 Volume 90 Number 24Journal of Virology

http://jvi.asm.org


accumulation reflects the impaired endosome-dependent release
of VLDLs.

Accumulation of LC3 and of the exosomal marker CD63 due
to U18666A treatment was described previously (23, 64). Because
of the impaired endosome maturation, exosomes cannot be se-
creted any longer and accumulate inside the cells. LC3 is known to
translocate from autophagosomes to autolysosomes (65). Due to
the impaired maturation of endosomes in U18666A-treated cells,
LC3 accumulates in big vesicles, which represent nonfunctional
lysosomes/MLBs. The accumulation of HCV core in LC3-positive

structures further supports the assumption that the HCV life cycle
depends on the late endosome machinery. This was further cor-
roborated using an mCherry-tagged E1 HCV variant. J6-E1-
mCherry is able to replicate in Huh7.5 cells, and HCV particles are
assembled and released comparable to the J6 chimeric construct
(Bayer et al., submitted; see also Fig. S2 at the URL mentioned
above). Therefore, the mCherry-tagged E1 HCV variant is a suit-
able tool to study the morphogenesis of HCV particles in electro-
porated cells. In CLSM studies, a strong accumulation of E1 in
U18666A-treated cells was observed. Furthermore, it was found

FIG 6 continued

FIG 7 U18666A treatment leads to the formation of nonfunctional lysosomal MLBs in which the HCV particles accumulate. The viral RNA is transported from
the replication complex (RC) to the assembly complex (AC) at the membranous web, where the particles are formed. VLDLs as well as LVPs reach the MVBs,
where they are sorted for either release or degradation by fusion with lysosomes. Addition of U18666A disturbs this mechanism by blocking the secretion of
cholesterol and exosomes by MVBs. This leads to an accumulation of these HCV particles determined for release in exosomes. As the endolysosomes are
overloaded with cholesterol and other lipids, they form nonfunctional MLBs. The HCV particles that are determined for lysosomal degradation accumulate here
and are prevented from degradation due to the dysfunctionality of the MLBs.
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that the LAMP2-positive rings contain E1. As U18666A does not
affect viral assembly, we postulate that the E1 fluorescence in
LAMP2-positive vesicles represents accumulated particles.

The formation of so-called MLBs that represent defective lys-
osomal storage structures in cells of patients suffering from Ni-
emann-Pick disease has been described previously (62). The TEM
pictures of HCV-replicating Huh7.5 cells exhibit MLBs filled with
lipids, reflected by the light areas within these structures. Further-
more, an accumulation of electron-dense, dark vesicles inside the
MLBs can be detected, which could reflect HCV particles accord-
ing to their size (50 nm) and structure. Combining these results
with the results of the CLSM analysis, in which large LAMP2-
positive rings are filled with lipids and HCV structural proteins
and the immunogold labeling in the electron microscopy, we con-
clude that the MLBs represent the LAMP2-positive structures.
Due to U18666A treatment, the lipid transport is blocked by
NPC1 inhibition; therefore, lipids and HCV LVPs accumulate in
the late endosomes, which later form large nonfunctional MLBs.
The importance of early endosomes and members of the ESCRT
machinery for HCV particle release has been described previously
(23, 66, 67), and our data add further insight in this process. Our
data indicate that at least a fraction of HCV particles leaves the cell
via the endosomal pathway. Endosomes facilitate the sorting of
HCV particles for release or degradation. This is relevant, as only
a minor fraction of the de novo-synthesized viral particles are in-
deed released, while the majority of the particles is finally degraded
in the lysosomal compartment. However, as infectious viral par-
ticles are found in the lysosomal compartment, the sorting criteria
are still enigmatic.

In a recent study, the effect of U18666A on the release of HBV
viral and subviral particles was investigated. Due to the relevance
of the MVB system for the release of infectious viral particles and
of filaments, an inhibitory effect on the release of these particles
was observed. In contrast to this, the secretion of spheres that
occurs dependent on the ER/Golgi via the constitutive secretory
pathway was not affected, indicating that the observed effects of
U18666A on the release of HCV are not due to an effect on the
Golgi system (45). This was further confirmed by analyzing the
subcellular distribution of ER and Golgi markers that is not af-
fected by the presence of U18666A (see Fig. S2 at the URL men-
tioned above).

Taken together, our data indicate that treatment with
U18666A blocks the release of the viral particles by interference
with the functionality of MVBs, which leads to an accumulation of
viral particles in exosomes. Moreover, U18666A leads to forma-
tion of large dysfunctional lysosomal structures in which the deg-
radation of these viral particles that are targeted toward the lyso-
some is impaired (Fig. 7). This shows the relevance of the
endosomal pathway for the HCV life cycle.
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