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ABSTRACT

We analyzed HCV morphogenesis using viral genomes encoding for a mCherry-tagged El
glycoprotein. HCV-E1-mCherry polyprotein expression, intracellular localization and replication
kinetics were comparable to untagged HCV and El1-mCherry tagged viral particles were
assembled and released into cell culture supernatants. Expression and localization of structural
El and non-structural NS5A followed a tempo-spatial pattern with succinct decrease in
replication complexes and the appearance of E1-mCherry punctae. Interaction of the structural
proteins E1, Core and E2 increased at E1-mCherry punctae in a time-dependent manner,
indicating that E1-mCherry punctae represent assembled or assembling virions. E1-mCherry did
not colocalize with Golgi markers. Furthermore, the bulk of viral glycoproteins within released
particles revealed an EndoH-sensitive glycosylation pattern, indicating absence of viral
glycoprotein processing by the Golgi. In contrast, HCV-E1l-mCherry trafficked with Rab9-
positive compartments and inhibition of endosomes specifically suppressed HCV release. Our
data suggests that assembled HCV particles are released via a non-canonical secretory route

involving the endosomal compartment.
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IMPORTANCE STATEMENT

The goal of this study was to shed light on the poorly understood trafficking and release routes of
hepatitis C virus (HCV). For this, we generated novel HCV genomes which result in the
production of fluorescently labeled viral particles. We used live cell microscopy and other
imaging techniques to follow up on the temporal dynamics of virus particle formation and
trafficking in HCV-expressing liver cells. While viral particles and viral structural protein were
found in endosomal compartments, no overlap with Golgi structures could be observed.
Furthermore, biochemical and inhibitor-based experiments support a HCV release route which is
distinguishable from canonical Golgi-mediated secretion. Since viruses hijack cellular pathways
to generate viral progeny, our results point towards the possible existence of a not yet described

cellular secretion route.
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INTRODUCTION

Hepatitis C virus (HCV) belongs to the flavivirus genus and has a positive-strand RNA genome.
This encodes a polyprotein which is post-translationally cleaved into six non-structural (NS)
proteins, the ion-channel p7 and the structural proteins Core, E1 and E2 (1). The NS proteins
reside at the outer leaflet of the endoplasmic reticulum (ER) membrane where particularly NS4B
and NS5A induce membrane alterations resulting in the formation of the membranous web,
which is the major site for HCV replication (2-5). Core is targeted to adjacent lipid droplets (LD)
(6, 7), which represent intracellular lipid deposits and are considered important for production of
infectious particles (1, 7, 8). The envelope proteins E1 and E2 are incorporated into ER
membranes with ectodomains facing the ER lumen (9, 10). Later, they are recruited to assembly
sites via the NS2 complex (11, 12). Upon recruitment of all required viral components, HCV
assembly is thought to occur at the surface of LDs (6-8, 13).

The mechanisms that trigger switching from polyprotein translation to viral RNA replication and
then to the initiation of virus assembly are largely unknown. Recently, it has been proposed that
the cellular Ewing sarcoma breakpoint region 1 (EWSR1) protein is important to regulate the
switch from translation to replication by binding to the Cis-acting replication element of HCV
(14). Furthermore, transport of HCV Core towards LDs by the enzyme diacylglycerol
acyltransferase-1 (DGAT1) is crucial for production of newly formed virions (15, 16) and the
NS2 protein together with p7 might be major players in coordinating assembly (17-19).

How HCV is released from infected cells is still under debate. HCV was found to associate with
constituents of very low density lipoproteins (VLDL), such as ApoB and ApoE (20-22), and
proteins of the VLDL secretory pathway including the transcription factor Hepatocyte Nuclear

Factor 4 (HNF4) (23). Thus, it has been assumed that HCV budding, maturation and release
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might intersect the VLDL secretion pathway (24), but a precise model is still lacking and a
recent study suggests that HCV release is independent of the VLDL route (25).

Other members of the Flaviviridae, e.g. dengue virus or bovine viral diarrhoea virus, are released
through classical secretion via the Golgi apparatus and the trans-Golgi network (26-28).
Therefore a similar mechanism has been postulated for HCV. In a recent study the PI4P-binding
protein GOLPH3 was suggested to have a role in HCV budding since silencing of this protein
lead to reduced levels of HCV release (29). Similarly, a siRNA screen that targeted 140 cellular
membrane trafficking genes has identified components of the classical secretion pathway that
affected the release of HCV (30). However, silencing such cellular membrane trafficking genes
might have effects on the processing of proteins that are involved in other, possibly yet
unknown, intracellular trafficking and secretion pathways, which could be essential to the release
of HCV (31). Furthermore, such interventions are very likely to influence various cellular
processes and signaling pathways. As an example, GOLPH3 is also a key player in modulation
of mTOR signaling (32).

In order to investigate the process of HCV assembly, budding and release we constructed HCV
genomes with a fluorescent tag within the E1 protein (Jc1-E1(A4)-mCherry). We also inserted
this tag in combination with a previously described GFP-tagged NS5A genome (33) generating
the Jcl-E1(A4)-mCherry/NSSA-GFP virus, which allows simultaneous visualization of
structural protein expression and replication complexes. Live cell observations and confocal
microscopy of HCV-expressing Huh7.5 cells revealed a distinct tempo-spatial organization of
structural (E1) and non-structural (NS5A) protein expression. Detailed biochemical and
microscopic analyses revealed the importance of the endosomal compartment for HCV egress

and an unconventional secretory route hijacked by HCV for release.
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MATERIALS and METHODS

HCYV constructs and expression plasmids. The following HCV constructs were kind gifts from
R. Bartenschlager, (University of Heidelberg): pFK Jcl (34), pFK_Jcl-luc (34), pFK Jc1-Flag-
E2 (35) and pFK_Jc1-NS5A-GFP (33). To generate HCV with a fluorescently labeled structural
protein (pFK Jcl1-El-mCherry) we amplified mCherry (primers: 5’mCherry-BsW  5°-
ggcgtacgegatggtgagcaagggcgag-3°; 3’mCherry-BsiW 5°-cgcgtacgecttgtacagetegtceeatgee-3”) and
introduced flanking BSIWI restriction sites, then ligated mCherry into the BSWI site present
between the last glycosylation site and the transmembrane domain of E1 in pFK Jcl. The
nucleotide sequence was confirmed by Sanger sequencing. The double-labeled HCV genome
expressing E1-mCherry and NS5A-GFP (pFK Jc1-E1-mCherry/NS5A-GFP) was generated by
the same cloning strategy, but mCherry was inserted into pFK Jc1-NS5A-GFP. The variants
with the reconstituted HCV H77 E1-A4 epitope sequence (36) were generated by initial
reconstitution of the A4 epitope in the pFK Jcl by site directed mutagenesis. Then the other
variants were cloned as described above. A YFP-fusion construct of the secreted Gaussia
luciferase (37) was constructed by PCR amplification (primers: 5’Gaussia Nhel 5’-
CCGGCTAGCatgggagtcaaagttctgtttg-3’ and 3’Gaussia Agel 5’-
TCGACCGGTGCACCTGCTCCgtcaccaccggeccecttgatc-3’) and ligation into the Clontech
vector pEYFP-N1 as described before (38). Similarly, we constructed the pECFP-CD74
expression vector. The mCherry-HBV-S construct was generated by fusing a sequence encoding
the secretion signal of beta-lactamase to the 5’ end of the mCherry open reading frame and by
further fusion of this chimera to the 5’end of the HBV-S gene using standard PCR techniques.
Between the mCherry and HBV-S derived portions a linker sequence was inserted coding for the

peptide SLDPATSVDGGGGVDGGGGVEN. The CFP-GalT construct (39) was provided by P.
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Bastiaens (MPI, Dortmund). pOPIN(n)eCFP-Rab7A and pOPIN(n)eCFP-Rab9A were gifts from
A. Musacchio (MPI, Dortmund), GFP-VSVG from F. Perez (Institut Curie, Paris) and GFP-
ApoE from G. Randall (University of Chicago).

Cell culture, transfection, HCV RNA electroporation. Huh7.5 cells (kindly provided by C.
Rice, Rockefeller University) were cultured as previously described (40) and plasmids were
coelectroporated with RNA of HCV Jcl genomes using a BioRad Gene Pulser Xcell system. In
vitro transcription of HCV RNA and electroporation were performed as previously described
(41, 42). Briefly, the pFK plasmids were linearized by Mlul digestion, purified with the Wizard®
DNA Clean-Up system (Promega) and used for in vitro transcription with the help of the
TranscriptAid T7 High Yield Transcription Kit (Fermentas). Both kits were used according to
the manufacturer's instructions. The RNA was purified by phenol chloroform extraction and
stored by - 80 °C. For electroporation 6x10° cells and 5 ug RNA were used as previously
described (42). Thereafter cells were seeded in well plates and media was changed after 6 hours.
Infectivity assay. 39 x 10"6 Huh7.5 cells were electroporated with RNA of each construct and
seeded into two 175 cm” flasks. Supernatants of both flasks were pooled 65 hpe and cell debris
was removed by centrifugation at 3000 rpm for 10 min before ultracentrifugation using a 20 %
sucrose cushion at 28000 rpm for 90 min at 4°C. Pellets were resuspended in 400 pul medium at
4 °C over night. Naive Huh7.5 cells were seeded in a 12-well plate (160,000 cells/well) and
infected in a 400 pl volume for an incubation period of 6 h before cells were kept in fresh
medium for 3 days. Then cells were trypsinized, washed in PBS and fixed in 2% PFA for | h at
RT. Mock-infected cells were divided into two parts of which one was stained for intracellular
Core together with cells infected with Jc1-E1(A4). For this, cells were treated with 1% saponin

for 12 min at RT, washed twice in PBS and blocked in 10% goat serum for 20 min at RT before
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they were incubated with primary antibody (mouse anti-Core, clone C7-50, Abcam) at a 1:100
dilution for 1 h at RT. The secondary antibody (goat anti-mouse Alexa633) was diluted 1:200 in
1% goat serum in PBS and cells were incubated for 1h at RT, washed twice in PBS and MFI was
analyzed using the BD FACS Canto-II or Aria-III.

Virus purification and concentration. Supernatant of vRNA electroporated cells was collected
72 hpe and cell debris was pelleted by centrifugation for 10 min at 3000 rpm. 32 ml of cleared
supernatant was transferred to an ultracentrifugation tube for the SW 28 rotor (Beckman
Coulter). Each supernatant was carefully underlaid with 5 ml 20% sucrose in PBS and
centrifuged using the Optima L7-65 Ultracentrifuge (Beckman Coulter) for 90 min at 28000 rpm
and 4 °C. Pelleted virus was dissolved in PBS or medium (50 to 100 pl) and resuspended for 16
h at 4°C.

Fractionation of virus preparations. Gradient fractions were prepared by mixing decreasing
amounts of serum free medium with increasing amounts of iodixanol density medium
(OptiPrep), to obtain fractions from 14, 18, 22, 26, 30, 34 and 38% iodixanol. Fractions were
transferred to an ultracentrifugation tube and subsequently overlaid with the concentrated virus
and centrifuged at 34000 rpm and 4 °C for 20 h in the Optima L7-65 Ultracentrifuge (Beckman
Coulter). The recovered fractions were diluted 1:2 with PBS and centrifuged again at 21000 x g
at 4°C for 90 min to concentrate virus particles or proteins in a pellet for downstream
applications.

Endoglycosidase digestion. 18 x 10°6 Huh7.5 cells were electroporated, cultured for 56 h in a
175 ¢cm® flask, detached, washed and lysed with 0.5 % NP-40. In parallel, virus supernatant
collected from ten 175 cm® flasks was concentrated via ultracentrifugation or additional gradient

centrifugation and resuspended in 100 pl PBS each. 10 x Glycoprotein denaturation buffer
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(NEB) was added to the supernatant after cell lysis or virus containing culture supernatant and
boiled at 95°C for 10 min. Samples were subdivided into three equal parts: the untreated control,
digested with EndoH (NEB) or with PNGaseF (NEB). Deglycosylation was done with the
protocol provided by the manufacturer. Finally, 5 x SDS loading buffer was added to the samples
and post boiling at 95°C they were further separated by SDS-PAGE and analyzed by Western
blot.

Western blot. Two to three days post electroporation HCV producing Huh7.5 cells were
pelleted, lysates were generated with standard RIPA buffer and proteins were separated through
12% SDS-PAGE. Expression of E2 and Core in whole cell lysates was analyzed by Western blot
analysis using 1:500 diluted mouse anti-Core (clone C7-50; Abcam) or 1:100 diluted mouse anti-
E2 AP33 antibody provided by Genentech (43). The anti-E1(A4) antibody was a kind gift from
Harry Greenberg and used at 1:1000 dilution (36). The 1:5000 diluted mouse anti-p-actin (clone
AC-15; Sigma-Aldrich) served as a loading control. mCherry was detected with a polyclonal
rabbit antibody at 1:1000 dilution (BioVision) and the HBV-S protein with the mouse
monoclonal HB1 antibody at 1:1000 dilution (kind gift from D. Glebe, Gottingen). For
secondary antibody staining IRDye® 800 goat anti-mouse and IRDye® 680 goat anti-rabbit
diluted 1:5000 (Li-Cor Biotechnology GmbH) or goat-anti mouse HRP and goat-anti rabbit HRP
diluted 1:10000 (Dianova) were used. Detection was performed using either chemiluminescence
or Odyssey infrared imaging system (LI-COR).

Coimmunoprecipitation. 18x10°6 Huh7.5 cells were electroporated with viral RNA detached
56 hpe and washed with cold PBS. Cells were sheared through a syringe in 800 pl ColP lysis
buffer (0.05 M Tris, 0.15 M NaCl, ] mM EDTA, pH 7.4, 1 % Triton X-100 and fresh protease

inhibitor) and rotated on a wheel for 20 min at 4°C before centrifugation of cell debris at 17000 g
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for 10 min. The agarose-matrix coupled with anti-Flag tag antibodies (mouse anti-Flag; Sigma-
Aldrich) was washed twice with ColP wash buffer (0.05 M Tris, 0.15 M NaCl, pH 7.4) and once
with 0.1 M glycin (pH 3.5) to remove unbound antibodies. After washing with ColP wash buffer,
the cleared protein containing supernatant as well as protease inhibitor (Roche) were added to 30
pl matrix and incubated on a wheel over night at 4 °C. Thereafter, the matrix was washed for
removal of unspecific bound protein. Proteins were released from the matrix by 20 ul 5x SDS
loading buffer (250 mM Tris-HCI (pH 6.8), 50% glycerol, 15% SDS, 0.01% bromophenol blue,
25% PB-mercaptoethanol) and 5 min boiling at 95°C. Proteins in the precipitates were separated
by SDS-PAGE and detected by Western blotting.

Flow cytometry and intracellular Core detection. Cells were detached with trypsin/EDTA,
washed twice with PBS in FACS-tubes and were fixed for 20 min in 2% PFA and permeabilized
for 10 min at RT in 1% saponin in PBS. Then washed twice and blocked with 10% goat serum in
PBS for 30 min at RT. Cells were stained with primary antibody dilution (mouse anti-Core;
Abcam) diluted 1:100 in 1 % goat serum in PBS for 1 h at 4 °C. After three washing steps cells
were incubated with secondary antibody (Alexa Fluor® 633 goat anti-mouse, Life technologies)
diluted 1:500 in 1 % goat serum in PBS at 4°C in the dark. After washing cells were analyzed
using a BD FACS Canto-II or Aria-III.

Quantitative RT-PCR. For qRT-PCR measurement of viral RNA (VRNA) isolated by the
NucleoSpin RNA Kit (Macherey Nagel) we used the OneStep RT-PCR Kit (Qiagen) that
reversely transcribes and amplifies the RNA in the same reaction mix according to the
manufacturer’s instructions. We used the sample RNA and predefined standard dilution series of
in vitro transcribed HCV-RNA and HCV-5> NCR specific primers (HCV fw 5’-

gctagecgagtagegttgggt-3¢ and HCV rev 5’-tgctcatggtgcacggtctacc-3°) as well as the DNA probe

10
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(5> FAM (Fluorescein)-tactgcctgatagggcgcttgcgagtg-TAMRA 3¢) for RT-PCR measurements
with the LightCycler® 480 (Roche). The absolute quantification was performed with the help of
a standard curve and the calculation of the absolute number of viral RNA copies within the
samples.

Virus release and Gaussia secretion assay. To study virus release we used the Jc1-1uc reporter
virus (34). As a control, the similar experiment was performed with cells expressing Gaussia
luciferase. Huh7.5 cells were electroporated with viral RNA or a plasmid coding for a YFP-fused
Gaussia luciferase construct. Cells were cultured for two days and medium was removed, cells
were washed with PBS and inhibitor-containing medium was added. All inhibitors were
dissolved in DMSO and used at the following concentrations which were found to be non-toxic
on Huh7.5 cells by MTT test: 5 pg/ml Brefeldin A (AppliChem) and 25 uM U18666A (Cayman
chemical). Eight hours post incubation virus containing supernatants were harvested and viral
particles were purified to remove the inhibitors. A 20% sucrose-cushion was carefully overlaid
with supernatant and centrifuged for 90 min at 20000 x g and 4 °C. The supernatant was
withdrawn with a pipette without touching the pellet and the virus pellet was ressuspended in
fresh medium. These cleared virus supernatants were used to inoculate Huh7.5 cells in a 96-well
format. Three days later luciferase activity was assessed with the Luciferase Assay System
(Promega) according to the manufacturer's instructions. Gaussia luciferase activity in the
supernatant was measured directly with the BioLux Gaussia Luciferase Flex Assay Kit (NEB) as
recommended by the manufacturer.

Biochemical fixation of the early endosomal compartment. The biochemical fixation of
horseradish peroxidase (HRP) containing compartments has been described before (44, 45). We

used that system to inactivate the early endosomal compartment as follows: two days post
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electroporation HCV Jc1-luc or Gaussia luciferase expressing cells were starved for 90 min with
medium containing 0.1 % FCS. Then cells were incubated for two hours at RT with medium
containing 0.1 % FCS, 20 mM HEPES and 20 pg/ml Transferrin (Tf) as a control or HRP-
coupled Transferrin (HRP-TY), respectively. Cells were washed three times with cold PBS and
incubated with 10 % FCS containing medium for ten minutes. Subsequently cells were kept on
ice and diaminobenzidine (DAB) solution with 0.003 % H,0, was added for 60min to inactivate
the HRP-Tf containing endosomes. After washing with cold PBS complete medium was added
and cells were allowed to produce virus or secrete Gaussia luciferase for further five hours. The
amount of released virus or secreted Gaussia luciferase was assessed as described above.

Immunofluorescence and proximity ligation assay. HCV vRNA electroporated cells were
grown in a 24-well plate on 12 mm cover slips and stained after the indicated time points. In
brief, cells were washed and fixed for 20 min at 4 °C with 2 % PFA. Some samples were directly
mounted using Mowiol 4-88 (Roth) or permeabilized for 10 min at RT with 1 % saponin and
blocked with 10 % goat serum in PBS for 30 min at RT. Primary antibodies were diluted 1:100
in 1 % goat serum in PBS and incubated within a humid environment for 2 h at RT. Samples
were washed to remove unbound antibodies and incubated with secondary antibodies (Alexa
Fluor® 488, 555 or 633 goat anti-mouse; Life technologies) diluted 1:200 in 1 % goat
serum/PBS for 1 h at RT in the dark. Post washing cover slips were mounted with Mowiol 4-88
(Roth), dried at RT for 16 h in the dark and analyzed by spinning disc confocal fluorescence
microscopy (Nikon Ti Eclipse UltraViewVox System from Perkin Elmer). For PLA, cells were
permeabilized and fixed as above, but blocking was done for 45 min with 5% BSA.
Immunodetection was done with primary antibodies from rabbit directed against mCherry

(BioVision) and either mouse anti E2 (AP-33), Core (C7-50, Abcam), NS3 (clone F3A6B2C3
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against epitope 1322-1662 of JFH-1 NS3), or NS5A (2F6/G11, IBT) diluted 1:100 in 1 % BSA
in PBS for 2 h at RT. Afterwards, samples were prepared according to the protocol of the
manufacturer (Duolink, Sigma Aldrich) and as described (19). Spots of the fluorescent substrate
were detected by confocal spinning disc microscopy (Nikon Ti Eclipse with the UltraViewVox
System from Perkin Elmer). Quantitative analyses was performed using the Volocity software
implemented automated spot counting tool with a defined maximum spot size of 0.8 pm.

Live cell imaging and fluorescence recovery after photobleaching (FRAP). Microscopy was
performed with a fully motorized Nikon Ti-Eclipse inverted microscope equipped with the
hardware based perfect focus system and the Perkin Elmer UltraViewVox Spinning Disc system.
If not indicated otherwise, 0.45 x 10° Huh7.5 cells electroporated with RNA of the HCV Jcl
genomes were seeded in 35 mm dish with optical bottom (Ibidi or WillCo) and cultivated for the
indicated times. Microscopy was performed in a humidified chamber with 5% CO; at 37 °C and
a CFI Apochromat 60 X objective (NA 1.49) was used for imaging. Video sequences were
processed using the Volocity software. For FRAP, electroporated Huh7.5 cells were seeded in a
Willco-dish (WillCo) and cultured for 56 h. FRAP areas were selected by placing regions of
interest and respective areas with background fluorescence. Time lapse imaging was started
before bleach in 3 to 5 second intervals and continued for approximately 5 min later, depending
on the experiment. Photobleaching was performed by a single pulse for 60000 ms. Intensity
profiles of the different areas were computed with the Volocity software and Excel (Microsoft).
Image analysis and software. Microscopical sequences, colocalization analyses and spot
counting was performed using the Volocity version 6.2 software package (Perkin Elmer). In
general, images were never modified apart from enhancing contrast and/or brightness. Movies

were generated and compressed with the freely available ImageJ (Fiji) and VirtualDub V1.10.4
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software packages. Statistical analyses were performed using the GraphPad Prism 5.0 and 6.0

software package and two-tailed Student’s t-test or multiple ANOVA tests.

RESULTS

Construction and characterization of HCV genomes expressing fluorescently labeled
structural protein E1.

To study HCV morphogenesis, the tempo-spatial dynamics of HCV structural protein expression
and the formation of replication complexes in living cells, we generated several HCV genomes
expressing fluorescently labeled E1 protein (Fig. 1A). The red monomeric fluorescent protein
mCherry (46) was inserted between the C-terminal glycosylation site of E1 and the stalk region
of the transmembrane domain (see materials and methods for details). We also reconstituted the
E1(A4) epitope from the strain HCV H77 enabling detection of E1 by a monoclonal antibody
(36). Using this strategy we generated HCV Jcl (34) expressing an E1-mCherry fusion protein
(Jc1-E1(A4)-mCherry) as well as a variant co-expressing GFP within the NS5A protein (Jcl-
E1(A4)-mCherry/NS5A-GFP) (Figure 1A). Western blot analysis showed efficient expression of
the viral proteins Core, E1(A4)-mCherry, and E2 (Fig. 1B). Furthermore, the subcellular
localization of Core, NS5A, E2 and E1-mCherry in Huh7.5 cells electroporated with RNA of
Jc1-E1(A4)-mCherry was comparable to viral protein localization in cells electroporated with
RNA of Jc1-E1(A4) (Figure 1C).

Since insertion of mCherry into E1 might affect growth kinetics, we characterized the novel
HCV genomes in regards to viral replication and release of viral particles. First, we

electroporated Huh7.5 cells with RNA of the indicated HCV Jc1-E1(A4) variants, fixed and
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stained for Core protein to assess the relative amount of HCV positive cells at different time
points over 64 hours post electroporation (hpe) using flow cytometry. All Jc1-E1(A4) variants
showed similar kinetics with the amount of Core-positive cells increasing until 40 hpe (Figure
2A). At later time points Core-positive cells of untagged Jc1-E1(A4) reached a plateau whereas
kinetics for all the variants expressing chromophore-tagged viral proteins slowly decreased. We
explain this by the strongly attenuated infectivity of the fluorescently labeled variants (Fig. 2B),
while the untagged Jcl is capable of multiple rounds of reinfection and therefore spreading
within the cell culture.

Within the population of Core-expressing cells, the mean fluorescence intensity (MFI) of Core
protein staining was comparable between all variants indicating that the amount of viral protein
produced was similar (Fig. 2C). Also, the MFI of Core protein staining for all variants increased
over time, suggesting that within HCV-expressing cells protein production is not impaired. To
corroborate these results and to assess time dependent expression of other viral structural
proteins, we prepared cell lysates at the same time points for Western blot analysis. Similar to the
flow cytometry measurements, there was a clear increase in viral protein levels from 16 hpe to
48 hpe for Jc1-E1(A4) and Jc1-E1(A4)-mCherry/NS5A-GFP, not only for Core but also for the
viral glycoproteins E1 and E2 (Fig. 2D).

To analyze production of viral RNA (VRNA) over time we extracted total RNA from cells and
supernatants at 24, 40, 48 and 64 hpe and performed qRT-PCR. To calculate VRNA production
per HCV expressing cell we normalized the total amount of vVRNA to the percentage of Core-
expressing cells, as measured by flow cytometry (comp. Fig. 2A). Intracellular vVRNA levels
were initially high, reflecting the effective electroporation of RNA genomes, and increased

slightly with a plateau at 48 hpe (Fig. 2E). More importantly, extracellular vRNA levels,
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reflecting released viral genomes, increased continuously over time indicating assembly and
release of viral particles for all of the tested variants (Fig. 2F). Notably, Jc1-E1(A4) RNA was
found to be approximately 10-fold increased in the supernatants compared to the fluorescently
labeled variants, which might reflect reduced packaging efficiency due to the increased size of
the chromophore encoding viral genomes. To exclude that fluorescently labeled E1 protein is
defective in assembling the viral envelope and that the composition of released viral particles
differs from unlabeled particles, we next employed biochemical assays.

E1 and E2 form heterodimers in the viral envelope (47, 48) and this process might be impeded
by fusion of E1 with mCherry. Using lysates from cells electroporated with Jc1-Flag-E2 (35) or
Jc1-E1(A4)-mCherry/Flag-E2 (see Figure 1A), that express a Flag-tagged E2 glycoprotein, we
performed immunoprecipitation (IP) against Flag. As expected, E1 precipitated with Flag-E2 and
more importantly interaction of E2 with E1 was not disrupted by the mCherry tag (Figure 2G).
HCV is a so-called lipo-viral particle (LVP) which results in a characteristic buoyant density
profile of released viral particles (35, 49). To investigate whether viral particles of Jc1-E1(A4)-
mCherry are assembled and released similarly to WT HCV Jcl we fractionated supernatants
from Jc1-E1(A4) and Jc1-E1(A4)-mCherry-expressing cells and analyzed these fractions for the
presence of E2, E1(A4) and Core. The structural viral proteins of Jc1-E1(A4) as well as of Jcl-
E1(A4)-mCherry were present in the same fractions between 1.07 and 1.17 g/ml and peaked at
densities 1.13 (Jc1-E1(A4)) and 1.14 g/ml (Jc-E1(A4)-mCherry) (Fig. 2H) similar to the VRNA
genomes (Figure 2I). Importantly, this pattern coincides with detection of ApoE, which is most
abundant in fractions ranging from 1.08 to 1.16g/ml (Fig. 2H, lower panel). Hence, although Jc-
1E1(A4)-mCherry might have a slightly higher density presumably due to the mCherry tag, the

viral structural proteins appear in the same density fractions as the VRNA genomes and with the
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specific density of infectious HCVcc particles (49). This strongly indicates authentic assembly
and release of HCV Jc1-E1(A4)-mCherry which is comparable to untagged HCV Jc1-E1(A4).

Altogether, the mCherry tag within E1 does not interfere with stable expression or intracellular
localization of E1 or the other viral proteins tested. Furthermore, kinetics of viral protein
expression and vVRNA replication appear undisturbed by the tag and E1-mCherry interacts with
E2. Most importantly, released viral particles tagged with E1-mCherry show similar growth
kinetics and the same biochemical characteristics as WT HCV demonstrating authentic
morphogenesis and secretion of our novel fluorescently labeled Jc1-E1(A4)-mCherry and Jcl-
E1(A4)-mCherry/NS5A-GFP variants. Hence, the presented El-mCherry tagged HCV Jcl
variants represent appropriate and unique tools to study the dynamics of HCV assembly and

release in living cells.

Production of HCV structural protein and replication complexes appears to be tempo-
spatially organized.

There is rapid appearance of replication complexes (RC) in HCV replicon expressing Huh7.5
cells visualized by NS5A-GFP and these RCs can be stable over several hours (50-52).
Accordingly, we aimed to characterize the dynamics and formation of NS5A-GFP RCs and E1-
mCherry structural protein accumulations, which could represent assembling or assembled viral
particles in cells expressing full length HCV. Jc1-E1(A4)-mCherry/NS5A-GFP electroporated
Huh7.5 cells were imaged over four days at the indicated time points starting at 24 hpe, when
fluorescence emission from El-mCherry and NS5A-GFP was detectable (Figure 3A). As
expected, there was rapid formation of NSSA-GFP in RCs (50, 51) and E1-mCherry seemed to

accumulate in distinct punctae in addition to the typical ER-associated expression pattern. From
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the visual inspection of various images (see examples in Figure 3A), we got the impression of a
time-dependent decrease in RCs whereas E1-mCherry punctae seemed to accumulate. For
rigorous image quantification, we performed spot counting on multiple cells from independent
electroporations with an arbitrary threshold of 0.8 pm as maximum spot size (Figure 3B), which
is similar to previous analyses (50, 53). At 24 hpe, although El-mCherry fluorescence was
readily detectable, there were only few punctae in comparison to the number of NS5A-GFP RCs.
Conversely, the number of E1-mCherry punctae increased 2.4-fold at 48 hpe compared to the 24
hpe time point and the number of RCs stayed constant (Figure 3B). At 72 and 96 hpe, the amount
of E1-mCherry punctae further increased or remained at the same level, whereas we observed a
continuous decline in the number of NS5A-GFP RCs (Figure 3B). Calculating the ratios of E1-
mCherry punctae to NSSA-GFP RCs for each cell over the 96 h observation period revealed a
continuous increase, suggesting that formation of RCs commences quickly after electroporation
and slows down over time while structural protein accumulations in the form of distinct punctae

are steadily increasing (Figure 3C).

Time dependent increase in interaction of HCV El-mCherry punctae with the other
structural proteins E2 and Core.

The fact that the number of E1-mCherry punctae increases over time suggests that these punctae
might represent intracellular assembly sites of HCV particles. Since we expect intracellular
assembly sites to recruit the other structural proteins Core and E2, we analyzed the interaction of
El-mCherry punctae with E2, Core and as controls NS3, and NS5A. Jcl1-E1(A4)-mCherry
electroporated Huh7.5 cells were analyzed over a period of four days using proximity ligation

assay (PLA) as described previously (19) with E1-mCherry as primary PLA target and the other
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viral proteins as putative interaction partners. Quantitative analysis of images such as those
shown in Figure 4A clearly demonstrated that E1-mCherry punctae interact with structural
proteins E2 and Core and that these interactions intensify over time (Figure 4B). The signals
were highly specific, since we did not detect a PLA signal when Jc1-E1(A4) electroporated
Huh7.5 cells were incubated with the same antibodies and PLA reagents (Figure 4B). In
addition, interaction of E1-mCherry with NS3 or NS5A was less pronounced, such that the
number of PLA punctae per cell slightly increased from 48-72 hpe but dropped again at later
time points. We would expect such a result assuming initial colocalization of E1 and NS5A at
the surface of lipid droplets during the formation of assembly sites followed by separation of
both proteins at the onset of viral assembly and release (Figure 4B). This finding is also in
accordance with our observations on punctae formation of E1-mCherry and NS5A-GFP (Figure
3B) and live cell imaging of Jc1-E1(A4)-mCherry/NS5SA-GFP expressing Huh7.5 cells from 24

to 96 hpe (Supplemental Movies S1 — S6).

E1-mCherry punctae are not detectable within the Golgi apparatus.

El-mCherry punctae, might to some extent represent assembled virions which are ready for
release or in the process of secretion (Figure 4). Therefore, colocalization analyses of El-
mCherry punctae with markers of cellular pathways should be indicative for the HCV secretory
route. To investigate this, we first aimed to define the HCV secretory pathway by colocalization
studies and co-electroporated Huh7.5 cells with RNA of Jc1-E1(A4)-mCherry and vectors
encoding either GalT-CFP (Golgi), ApoE-GFP (lipoprotein trafficking) or CD74(li)-CFP (ER
and endosomal compartment) and analyzed these cells 56 hpe by confocal microscopy. As

expected, the bulk of El-mCherry protein colocalized with the chaperone CD74, which is
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located in the ER and endosomes/MVBs and with ApoE (Figure 5A). However, E1-mCherry
punctae did not colocalize with the Golgi-marker GalT (see line profiles in Figure 5A). To
exclude that the electroporation procedure might interfere with Golgi function or that there is an
as yet unknown Golgi defect in the used Huh7.5 cells, we co-electroporated vectors expressing
hepatitis B virus (HBV)-S-mCherry or Gaussia-luciferase-YFP, which are known to be secreted
through the Golgi apparatus (54, 55), together with the GalT-CFP fusion. Both proteins showed
strong colocalization with GalT-CFP as evident from the line profiles (Figure 5B), suggesting
intact Golgi function in Huh7.5 cells. In addition, the quantitative analyses of Pearsons
colocalization coefficient from multiple cells confirmed the absence of E1-mCherry detection
within the Golgi (GalT-CFP) and quantitatively corroborated colocalization with CD74 and

ApoE (Fig. 5C).

HCYV glycoproteins have a high mannose glycan structure.

During secretion, Golgi residing enzymes process glycoproteins and modify asparagine-linked
mannose rich oligosaccharides into complex glycans. Complex glycans are resistant to treatment
with the endoglycosidase EndoH, but are cleaved by the peptide:N-glycosidase F (PNGaseF). By
implication, EndoH sensitivity of glycoproteins indicates high mannose glycans and absence of
glycoprotein modification by Golgi residing enzymes (56). We therefore assessed EndoH
sensitivity of cell- and virus-associated HCV E1 and E2 glycoproteins.

First, we verified proper processing of a Golgi secreted glycoprotein in Huh7.5 cells.
Supernatants from cells transfected to express the HBV-S glycoprotein were harvested, left

untreated, digested with PNGaseF or EndoH and subjected to WB analysis (Figure 6A). As
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expected, HBV-S, which is secreted through the Golgi and therefore glycosylated in a complex
manner, was resistant to EndoH and could only be deglycosylated by PNGaseF (Figure 6A) (55).
We repeated the same experiment with lysates from cells that were electroporated with HCV
Jc1-E1(A4). In contrast to secreted HBV-S, cell-associated HCV El and E2 were sensitive to
EndoH and PNGaseF (Figure 6B) and we could observe deglycosylation of E1 and E2 in a dose-
dependent manner for both enzymes (Figure 6C).

It is possible that Golgi enzymes only modify a small fraction of E1 and E2 and that this fraction
is incorporated into released viral particles. Hence, we harvested the supernatants of HCV
Jc1(A4) expressing Huh7.5 cells which were concentrated by ultracentrifugation and fractionated
by a iodixanol gradient prior to treatment with EndoH and PNGaseF (Figure 6D). Of note, E1
and E2 in fraction 3 displayed a partly EndoH resistant phenotype. However, based on the
absence of detectable HCV Core this fraction does not appear to contain significant amounts of
assembled particles. Conversely, E1 and E2 associated with the vast majority of assembled virus
particles in fraction 5 (as well as in all other fractions) were fully sensitive towards EndoH
digestion (Figure 6D). In conclusion, the majority of HCV glycoproteins E1 and E2 associated
with assembled and released viral particles have not been modified by Golgi residing enzymes

and exhibit a high-mannose glycan structure.

HCYV E1-mCherry punctae traffic with Rab9A-positive compartments.

Since E1-mCherry punctae were not associated with Golgi structures, but partly colocalized with
ApoE and CD74 (Figure 5), we aimed to identify intracellular trafficking compartments,
potentially involved in HCV release. Previously, involvement of the endosomal compartment in

HCYV Core trafficking was postulated (25, 57-59). Hence, we co-electroporated Huh7.5 cells with
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RNA of HCV Jc1-E1(A4)-mCherry and vectors encoding Rab7A-CFP or Rab9A-CFP and VSV-
G-GFP as a control glycoprotein that is known to traffic through the Golgi during maturation
(60). Rab7A and Rab9A are cellular proteins that have roles in late endosomal trafficking (61).
Colocalization of E1-mCherry and the indicated proteins was analyzed 48 hpe by line profiling.
Consistent with our previous results (Figure 5) we did not observe any colocalization of El-
mCherry with VSV-G-GFP (Figure 7A, top row). In contrast, few E1-mCherry punctae appeared
to colocalize with Rab7A-CFP and Rab9A-CFP (Figure 7A, mid and bottom rows).

Assembling HCV particles might be connected to sites of viral protein translation and trafficking
whereas assembled particles are most likely present in membrane-enclosed transport
compartments. We first explored the nature of intracellular El-mCherry punctae with
fluorescence recovery after photobleaching (FRAP) and indeed confirmed the presence of
different types of E1-mCherry punctae that either stayed bleached or could recover fluorescence
to some extent (Supplemental Movie S7). This supports our hypothesis of assembled viral
particles within membrane-enclosed compartments. The endosomal compartment, and more
specifically Rab9A-positive vesicles could be part of such an intracellular trafficking pathway.
Hence, we repeated FRAP with Huh7.5 cells co-electroporated with HCV Jc1-E1(A4)-mCherry
RNA and a vector encoding Rab9A-CFP (Figure 7B and Supplemental Movie S8). When we
specifically bleached a Rab9A-negative El-mCherry puncta, El-mCherry fluorescence
recovered to nearly 60 % within 300 s (Figure 7C). In contrast, the E1-mCherry fluorescence of a
puncta positive for Rab9A-CFP did not recover (Figures 7B and C).

Altogether, this data indicates that intracellular trafficking of E1-mCherry, which might be
associated with assembled HCV particles, involves the endosomal compartment and more

specifically Rab9A-positive vesicles.
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Inhibition of the early endosomal pathway suppresses HCV release.

Our data indicates that HCV release involves the endosomal compartment. To assess this in a
quantitative manner, we used UI18666A that inhibits intracellular movement of endosomes
through blocking the cholesterol de novo synthesis and transport of LDL-derived cholesterol (62,
63). Of note, while prolonged incubation with U18666A for 48 hours or longer suppresses HCV
RNA replication (64), shorter incubation periods have no such effect and were previously used to
inhibit HCV release (57). We therefore electroporated Huh7.5 cells with RNA of HCV Jcl-luc
(34) and incubated the cells with U18666A at 48 hpe for eight hours. For a positive control, we
included BrefeldinA that completely blocks vesicular protein transport from the ER (65, 66). We
then cleared HCV-luc containing supernatants by sucrose centrifugation and used them to infect
native Huh7.5 cells to quantify infectious virus particle release by luciferase activity in cell
lysates (Figure 8A). To directly compare the effects of the inhibitor on a cargo that is released
via secretion through the Golgi, we used Huh7.5 cells, which were electroporated with a plasmid
encoding Gaussia luciferase (37, 54). This approach directly allows to assess the efficiency of
Gaussia secretion by measurement of luciferase activity in the supernatant (Figure 8B). Addition
of Brefeldin A completely blocked HCV and Gaussia release (Figures 8A and B) and this effect
was reversible (data not shown). However, as reported before (67), we also noticed that
Brefeldin A had an inhibiting effect on intracellular levels of HCV associated luciferase activity,
and hence most likely on viral RNA replication (Fig. 8A, lower panel). On the contrary,
U18666A completely inhibited HCV release (Figure 8A), but only marginally affected Gaussia

secretion (Figures 8B). This effect was specific for release, since the concentration of U18666A
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used here (25 puM) had no inhibitory effect on intracellular virus production (Fig. 8A, lower
panel).

In general, inhibitors including U18666A, might have non-specific side effects. Hence, we
applied an independent technique for specific inhibition of the early endosomal pathway based
on biochemical fixation of endosomes (44, 45). Huh7.5 cells electroporated with RNA of HCV
Jel-luc or transfected to express Gaussia luciferase were fed with horseradish peroxidase (HRP)
coupled to transferrin (Tf), which is taken up into the early endosomal pathway. Addition of the
HRP substrate DAB chemically fixes endosomes within living cells, thus inactivates the
endosomal pathway without damaging the cells. After inactivation of endosomes we allowed the
cells to produce virus/Gaussia-luciferase into the supernatant for eight hours and then measured
supernatant associated infectivity with the HCV Jcl-luc (Figure 8C) or Gaussia-luciferase
activity (Figure 8D). Inactivation of endosomes strongly suppressed HCV release in comparison
to control cells, that were treated identically but fed with Tf instead of HRP-TF (Figure 8D).
Strikingly, the release of Gaussia luciferase was not affected by fixation of early endosomes
(Figure 8D) and the procedure had no negative effects on intracellular levels of HCV or Gaussia
(Fig. 8C and D, lower panels). From the comparative analysis of HCV versus Gaussia release
(Fig. 8E), we conclude that the endosomal pathway is integral to HCV release and that secretion

of viral particles differs from the canonical secretory route.

DISCUSSION
Here, we establish and exploit fluorescently labeled HCV genomes to study intracellular viral
trafficking and the dynamics of structural and non-structural protein expression. HCV genomes

or replicons containing a GFP tag within NS5A were described previously and successfully used
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to analyze intracellular movement of the replication complex and to investigate HCV
superinfection (33, 50, 52, 68). In contrast to this, our novel HCV Jcl variants containing
mCherry within E1 allow to track intracellular distribution of a structural protein and its
movement and are alternatives to the HCV genomes with a tetracystein tag in Core (30, 53).
Core is post-translationally processed and is targeted towards the ER through its C-terminus (18,
69). Furthermore it contains important CiS-active elements to regulate and initiate polyprotein
translation (70) and plays a crucial role in assembly and release (8, 18, 71). We therefore chose
to introduce the tag into one of the envelope proteins of HCV. Since, E2 mediates attachment to
cellular receptors and shields E1 in a heteromeric complex (1, 72), we inserted mCherry between
the C-terminal glycosylation site and the N-terminus of the transmembrane domain of E1. While
the tag unfortunately reduced infectivity (Fig. 2B), Jc1-E1(A4)-mCherry and Jc1-E1(A4)-
mCherry/NS5A-GFP showed normal levels of polyprotein expression and processing.
Furthermore, comprehensive biochemical analyses demonstrated release of HCV particles from
the fluorescently labeled genomes with a similar buoyant density as compared to untagged HCV
Jel (49) and in conjunction with apolipoprotein (22). Taken together, apart from reduced
infectivity, most likely due to structural alterations of the envelope glycoprotein complex, our
novel E1-mCherry tagged HCV genomes show properties comparable to WT HCV and hence
represent unique and valuable tools to investigate viral morphogenesis, assembly, budding and
egress.

We found a temporal and spatial regulation of structural E1-mCherry and non-structural NS5A-
GFP expression. NS5A was rapidly expressed and localized to punctac most likely representing
RCs (50-52). In contrast, E1-mCherry localization was initially rather dispersed and then

accumulated in punctae over the four day observation period (Fig. 3 and Supplemental Movies
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S1 — S6). Dynamic formation of NS5A RCs and punctae containing structural protein Core has
been reported before and the results are in agreement with our data (30, 50, 52, 53). However,
previous studies did not assess formation dynamics over such a long period and had not the
opportunity to monitor the kinetics of E1 and NS5A simultaneously, as it is now feasible with
our double-labeled genome. Furthermore, using PLA in conjunction with localization
microscopy allowed to specifically analyze time dependent interaction of HCV proteins within
the E1-mCherry punctae (Figure 4). The temporal increase in E1-mCherry punctae interacting
with the other envelope glycoprotein E2, as well as with the capsid protein Core strongly
supports the identity of E1-mCherry punctae as sites of ongoing HCV assembly or assembled
virions. In addition, E1-mCherry punctae transiently interact with NS proteins (NS3 and NS5A)
at 48 hpe and NS5A-GFP RCs decrease from 48 to 96 hpe (Figure 3). In conclusion, viral
replication and translation appears to be initiated rapidly after delivery of viral RNA into the
cytoplasm followed by a continuous increase in structural protein interactions, possibly
resembling the formation of viral particles. In parallel, RCs continuously decrease, which could
reflect a shutdown of vVRNA replication and viral protein translation (51).

Conceivably, detection of E1-mCherry punctae at later time points is indicative for intracellular
transport pathways exploited by viral particles. Analyses of cells from 56 to 72 hpe revealed that
E1-mCherry punctae are part of the endosomal compartment and do not carry Golgi markers or
colocalize with Golgi secreted proteins (Figures 5 and 7). Others have reported trafficking of
HCV Core in endosomal compartments (57), however, it was not clear if this proportion of Core
is indicative of assembled virions or Core protein accumulations alone. Glenn Randalls group
performed non-quantitative colocalization analysis and even though their results look very

similar to ours they were interpreted in a different way, arguing for a small sub-proportion of
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structural protein trafficking through the Golgi (30). We have to acknowledge, that the presence
of such markers is often ambiguous, semi-quantitative and gives room for various interpretations.
Therefore, we used inhibitors targeting cellular transport pathways and performed biochemical
characterization of released HCV particles. Brefeldin A completely blocked the release of
infectious particles which is not surprising, since Brefeldin A is a broad spectrum inhibitor and
disrupts trafficking from the ER to the Golgi, to the endosomal compartment and vesicle
formation at the plasma membrane (65, 66) as well as HCV RNA replication (73). Conversely,
HCV release was suppressed by UI8666A, an inhibitor of endosomal trafficking (62), and in an
independent experimental setting in which we biochemically fixed early endosomes within HCV
infected Huh7.5 cells. In sum, the different independent lines of evidence presented here support
the conclusion that intracellular vesicles containing assembled HCV are part of the endosomal
compartment. This is in agreement with another study showing Core trafficking in endosomes
(57) and corroborated by reports demonstrating the involvement of key components of the
endosomal machinery ESCRT-III, Vps4, TIP47 and Rab9A in HCV production and release (74-
77).

Intriguingly, EndoH cleaves glycans of E1 and E2 envelope glycoproteins present in the vast
majority of released viral particles (Figure 6). This demonstrates that the bulk of E1 and E2 is not
processed by Golgi residing enzymes during release and gives rise to the question whether
assembled HCV is secreted through the Golgi. Here we propose a non-canonical secretory route
for the majority of assembled HCV particles. We base this hypothesis on three lines of evidence:
(1) HCV El-mCherry punctae do not colocalize with Golgi markers; (ii) Inhibition of the
endosomal compartment specifically inhibits HCV egress but not release of the Golgi-secreted

Gaussia-luciferase; (iii) Glycoproteins on released HCV particles are sensitive to EndoH.
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Our model is not at odds with studies postulating an important role of the Golgi for HCV release
(29, 30, 78). It is well conceivable that Golgi-derived factors or Golgi components are important
for assembly and/or participate in the release of assembled particles. However, this does not
necessarily imply release of assembled virus via the canonical Golgi-mediated secretory route.

Our data is also in accordance with the work of Dubuisson and coworkers (48). In this study they
observed, similar to our results, that the bulk of E1 glycoprotein in the whole supernatant of cell
culture produced HCV (HCVcc) was EndoH sensitive and E2 was partly resistant. In line, our
data shows that a fraction of E1 and E2 was EndoH resistant (density of 1.06 to 1.08 g/ml;
fraction 3, comp. Figure 6D). Although this fraction might only resemble the minority of
assembled and released particles, based on the low amounts of glycoprotein as well as Core, it is
well known that particles of this density are highly infectious (49). In conclusion, despite the
observation that the bulk of HCV particles takes an alternative route, the canonical secretory
pathway might still give rise to infectious HCV progeny to some degree. The use of a non-
canonical pathway by HCV is also compatible with the finding by the Dubuisson group showing
that glycoproteins incorporated into HCV pseudoparticles (HCVpp) are EndoH resistant (48). Of
note, HCVpp are HIV-1 particles produced from 293T cells which incorporate HCV envelope
proteins (79). HCVpps are assembled at the plasma membrane whereas HCV virions are
assembled at the ER close to lipid droplets (LDs) (8, 13). Thus, it is tempting to speculate that
the cellular localization of particle assembly determines whether E1 and E2 proteins are
modified by Golgi enzymes. Most likely, HCVcce particles incorporate glycoproteins at the ER
close to LDs before Golgi passage, whereas HCVpp particles need to incorporate E1 and E2 at

the plasma membrane post trafficking through the Golgi.
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One key question and unresolved issue remains regarding the exact identity of the non-canonical
secretory route taken by HCV. The most provocative hypothesis would be the presence of a not
yet discovered secretory route bypassing the Golgi and allowing direct secretion of proteins from
the ER and ER-convoluted membranes to the plasma membrane. Such a mechanism is possible,
given the fact that Golgi-bypass has been described in the literature before (80). Furthermore,
rotaviruses are known to bypass the Golgi during assembly and release, although the
mechanisms are poorly understood and the biology of this virus strongly differs from HCV (81).
Other possible explanations for the phenotypes we observe are virus-induced alterations of the
Golgi-complex including its dispersion as proposed (25, 29) or classical secretion without
processing of the HCV glycoproteins by Golgi residing enzymes due to their putative
inaccessibility when associated with lipids (35). Given the fact that a proportion of HCV
glycoproteins indeed carries complex glycans (48) (Figure 6D) and Golgi function is essential
for cellular survival, complete Golgi dispersion seems unlikely and the differential egress of
HCV versus Golgi secreted Gaussia-luciferase (Figure 8) indeed argues for an alternative
pathway of release.

In sum, this study established HCV viral genomes encoding fluorescently labeled viral proteins,
which were exploited to characterize the pathway of HCV release. We discovered a non-
canonical and as yet unknown route of HCV secretion from Huh7.5 cells involving the
endosomal pathway. In the future, it will be important and highly relevant to further characterize
this secretory pathway and delineate if it is induced by HCV to initiate release or if it is an

intrinsic property of the cell.
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FIGURE LEGENDS

Figure 1: Construction of El1-mCherry-labeled HCV Jecl variants. (A) Schematic
representation of HCV-Jcl genomes generated in this study. Depicted above is for reference the
HCV-Jcl genome. Based on this we modified the backbone to express mCherry within the El
glycoprotein with or without NS5A-GFP, Flag-E2 or the A4 epitope in E1 for recognition by the
anti-E1 A4 antibody (see Material and Methods for details). Green box, GFP; red box, mCherry;
blue box, Flag tag. (B) 48 hours post electroporation (hpe) with RNA of Jc1-WT, Jc1-AE1/E2 or
variants of the Jc1-E1(A4) Huh7.5 cells were lysed and expression of viral proteins was analyzed
by Western blotting. Shown are representative blots of at least three individual experiments. (C)
Confocal images of HCV-Jc1-E1(A4) and HCV-Jc1-E1(A4)-mCherry electroporated Huh7.5 at
48 hpe cells show subcellular localization of viral proteins visualized by immunofluorescence

staining and localization of E1-mCherry. Scale bar: 35 um.

Figure 2: Characteristics of Jcl-E1(A4)-mCherry variants. (A) Huh7.5 cells were
electroporated with RNA of Jc1-E1(A4), Jc1-E1(A4)/NS5A-GFP, Jc1-E1(A4)-mCherry, or Jcl-
E1(A4)-mCherry/NS5A-GFP and harvested at the indicated time points to be fixed,
permeabilized and stained for HCV Core before analysis by flow cytometry. Shown is the

percentage of Core positive cells over a time course of 64 hpe. Error bars indicate standard
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deviation (SD) of two individual biological replicates per data point. (B) Huh7.5 cells were
electroporated with RNA of the indicated viruses. Supernatants were collected 65 hpe, cleared by
centrifugation and filtration and concentrated by ultracentrifugation before they were used for
infection of naive Huh7.5 cells. Infected cells were harvested 72 hpi, stained for expression of
intracellular Core in the case of mock and Jc1-E1(A4) infected cells and MFI was analyzed by
flow cytometry. The percentage of infected cells was calculated relative to the number of Core-
positive cells electroporated with the indicated RNAs and then normalized to Jcl1-E1(A4)-
infected cells; n.s., no signal.; FACS plots are shown to illustrate the shift of cells when they
express the corresponding fluorescent viral proteins. (C) Shown is the mean fluorescence
intensity (MFI) of the HCV Core positive cell population from A over a time course of 64 hpe.
(D) Huh7.5 cells electroporated with RNA of HCV Jcl-E1(A4) or HCV IJcl-E1(A4)-
mCherry/NS5A-GFP were lysed at the indicated time points and expression of viral proteins was
analyzed by Western blotting. Actin was used as a loading control. Shown are representative
blots of two individual experiments. (E) Intracellular RNA and (F) RNA from supernatants of
Huh7.5 cells electroporated with the indicated HCV RNAs (comp. panel A) were extracted, and
gqRT-PCR was performed as described in the material and methods section to quantify the
amount of VRNA genomes. The number of genomes was normalized to the percentage of HCV
expressing cells as assessed by Core staining (comp. A). Error bars indicate SD of two individual
biological replicates per data point. (G) Huh7.5 cells were electroporated with RNA of Jcl-
E1(A4), Jc1-E1(A4)/Flag-E2, or Jc1-E1(A4)-mCherry/Flag-E2 and lysed 48 hpe. Lysates were
subjected to immunoprecipitation (IP) using an antibody against Flag and blotted against Core,
E1(A4) and E2. Shown are representative blots of three individual experiments. (H) Huh7.5 cells

were electroporated with RNA of Jcl-E1(A4) or Jcl-E1(A4)-mCherry and supernatants
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harvested 72 hpe were subjected to ultracentrifugation and density gradient fractionation.
Proteins of the different fractions were separated by SDS-PAGE and analyzed by Western
blotting. Shown are representative blots of three individual experiments (one of the latter
including detection of ApoE, sell lower panel). (I) Aliquots of the fractions obtained in (E) were
used for RNA extraction and subsequent qRT-PCR analysis to detect VRNA genomes. Error bars
indicate SD of three individual experiments.

Figure 3: Tempo-spatial formation of NSSA-GFP replication complexes and E1(A4)-
mCherry punctae. Huh7.5 cells were electroporated with RNA of Jc1-E1(A4)-mCherry/NS5A-
GFP. (A) A confocal image of living cells showing mCherry and GFP fluorescence was taken
every 24 h for up to 96 hpe (see also Supplemental Movies S1-S6). Shown are representative
images from two individual experiments with 22 and 38 analyzed cells, respectively. Scale bars:
9 um. White boxes indicate areas of magnification. (B) Cells imaged as described were analyzed
for punctae of E1(A4)-mCherry and NS5A-GFP with an arbitrarily chosen maximum threshold
of 0.8 um diameter. Punctae were counted with the spot counting tool (Volocity). Each dot
indicates the number of punctae in one cell, whereby red dots represent E1(A4)-mCherry punctae
and green dots represent NS5A-GFP punctae. (C) Ratios of E1(A4)-mCherry accumulation to
NSS5A-GFP accumulations were calculated for each cell. Differences in (B) and (C) were
assessed for statistical significance with a one-way ANOVA with post test; *, p<0.05; **,
p<0.01; *** p<0.001; ns, not significant.

Figure 4: Temporal dynamics of viral protein interactions at E1(A4)-mCherry punctae.
Huh7.5 cells were electroporated with RNA of Jc1-E1(A4)-mCherry and fixed at the indicated
time points and processed for proximity ligation assay (PLA) with primary antibodies against

mCherry and either E2, or Core, or NS3, or NS5A depending on the interaction analyzed. (A)
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Representative magnified and cropped images to show areas of PLA positive samples stained for
E1(A4)-mCherry and E2 or E1(A4)-mCherry and Core at 48 hpe and 72 hpe. White arrows show
exemplary E1(A4)-mCherry punctae with a positive PLA signal. Scale bar: 3.5 um. (B)
Quantitative analysis of PLA positive punctae/cell is shown for > 20 cells per condition using the
spot counting tool (Volocity) with an arbitrarily chosen maximum threshold of 0.8 pm.
Differences were assessed for statistical significance with a one-way ANOVA with post test; *,

p<0.05; **, p<0.01; *** p<0.001; ns, not significant.

Figure 5: E1(A4)-mCherry punctae do not colocalize with Golgi but ER and endosomal
markers. (A) Living Huh7.5 cells coelectroporated with RNA of Jc1-E1(A4)-mCherry and
plasmids expressing GalT-CFP, ApoE-GFP or CD74(1i)-CFP (B) or Huh7.5 coelectrporated with
plasmids encoding for GalT-CFP and HBV-S-mCherry or Gaussia-YFP were analyzed by
confocal microscopy 56 hpe. Images were merged and colocalization was analyzed by a
fluorescence line profile and (C) by calculation of the Pearsons R? value. The number of cells
analysed is indicated above every column. Differences were assessed for statistical significance
with a one-way ANOVA with post test; ns, not significant; **** p<0.0001. Scale bar: 11pm.
The white square depicts the area that was digitally magnified. The fluorescence intensity in the

line profiles is given in arbitrary fluorescence units (AU).

Figure 6: Glycoproteins on released HCV particles are EndoH sensitive. Huh7.5 cells were
transfected with a plasmid encoding HBV-S (A) or electroporated with RNA of Jc1-E1(A4) (B-
D). (A) Western blot of supernatants from HBV-S expressing cells at 72 hours post transfection

that were concentrated by ultracentrifugation and treated with EndoH (0.5 ul) and PNGaseF (0.1
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pl) as indicated. (B) Lysates from Jc1-E1(A4) electroportated Huh7.5 cells were generated at 72
hpe and digested with 0.5 ul EndoH and PNGaseF or (C) increasing doses of EndoH (0 pl, 0.01
pl, 0.05 pl and 0.5 pl) or PNGaseF (0 pl, 0.01 pl, 0.025 pl and 0.1 pl) to assess dose dependency
by Western blotting. (D) Supernatant from Jcl-E1(A4) electroportated Huh7.5 cells was
collected at 72 hpe, concentrated and density gradient fractionated as described in Materials and
Methods. The individual fractions were digested with 0.5 pul EndoH and 0.1 pl PNGaseF before
Western blot. The density of the fractions depicted were 1.06g/ml (3), 1.08g/ml (4), 1.12g/ml (5)
and 1.16g/ml (6). We show one representative experiment of at least three independent

biological replicates.

Figure 7: E1(A4)-mCherry punctae traffic with Rab9A positive compartments. (A) Living
Huh7.5 cells coelectroporated with RNA of Jc1-E1(A4)-mCherry and plasmids encoding VSV-
G-GFP, Rab7A-CFP, and Rab9A-CFP were analyzed using by confocal microscopy 48 hpe.
Scale bars: 11 um. The fluorescence intensity in the line profiles is given in arbitrary
fluorescence units (AU). Green lines represent GFP/CFP fluorescence, red lines represent
E1(A4)-mCherry fluorescence. (B) Living Huh7.5 cells coelectroporated with RNA of Jcl-
E1(A4)-mCherry and a plasmid encoding Rab9A-CFP were used for fluorescence recovery after
photobleaching (FRAP) analysis 53 hpe. Scale bar: 11pm. White circles indicate areas that were
photobleached (1 and 2) and fluorescence recovery was imaged over a time period of 288 s
(compare Supplemental Movie S8). Representative images of indicated time points are shown.
(C) Fluorescence intensity profile of the depicted areas was assessed over time and normalized
relative to the fluorescence intensity in the bleached area before FRAP (set as 100 %). The black

line represents fluorescence recovery of circle 1, the dark grey line of circle 2. Multiple cells and
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punctae with E1(A4)-mCherry and/or Rab9A-CFP fluorescence were analyzed with FRAP and
results were similar to the representative sequence shown here (also compare Supplemental

Movie S8).

Figure 8: HCV but not Gaussia luciferase release is suppressed by inhibition of the
endosomal compartment. (A) Huh7.5 cells were electroporated with HCV Jcl-luc RNA. 40
hpe medium was changed and fresh medium containing the indicated drugs was added.
Additional eight hours later supernatants were harvested and sucrose gradient centrifuged in
order to remove the drugs and purify newly produced virus. Pellets were resuspended and used to
inoculate uninfected Huh7.5 cells. 72 hours later cells were lysed and luciferase activity, hence
viral infection, was quantified. The graph shows mean values and standard error of the mean
(SEM) from four to nine independent electroporation. In the lower panel we measured Jcl-luc
activity in lysates of the producer cells. (B) Same experimental setting as in (A), however
Huh7.5 cells were electroporated with a Gaussia luciferase reporter construct. Eight hours later
supernatants were taken and secreted Gaussia luciferase was quantified. The graph shows mean
values and SEM from six independent electroporations. (C) Huh7.5 cells were electroporated
with HCV JCl-luc RNA. 40 hpe cells were starved and either transferrin (Tf) or transferrin
conjugated with Horseraddish peroxidase (HRP-Tf) was added and allowed to internalize for two
hours. Subsequently, endosomes were chemically fixed inside living cells as described in the
method section and before (44, 45). Next, medium was changed and cells were allowed to
produce virus for additional eight hours. Supernatants were taken, sucrose gradient purified and
used to inoculate uninfected Huh7.5 cells in order to quantify the amount of released virus.

Furthermore Jcl-luc activity was quantified by measurement of luciferase activity in the
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producer cells (lower panel). Depicted are mean values and SEM from 15 independent
electroporations. (D) Same experimental design as in (C) except that a Gaussia luciferase
reporter construct was electroporated. Furthermore the amount of released Gaussia luc was
directly quantified in the supernatants. Shown are mean values and SEM from seven independent
experiments. Differences were assessed for statistical significance with a one-way ANOVA with

post test ; **, p<0.01; **** p<0.0001.
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