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ABSTRACT Hepatitis C virus (HCV) infects 2 to 3% of the world population and is a
leading cause of liver diseases such as fibrosis, cirrhosis, and hepatocellular carcinoma.
Many aspects of HCV study, ranging from molecular virology and antiviral drug develop-
ment to drug resistance profiling, were supported by straightforward assays of HCV rep-
lication and infection. Among these assays, the HCV-dependent fluorescence relocaliza-
tion (HDFR) system allowed live-cell visualization of infection without modifying the viral
genome, but this strategy required careful recognition of the fluorescence relocalization
pattern for its high fluorescence background in the cytoplasm. In this study, to achieve
background-free visualization of HCV infection, a viral infection-activated split-intein-
mediated reporter system (VISI) was devised. Uninfected Huh7.5.1-VISI cells show no
background signal, while HCV infection specifically illuminates the nuclei of infected
Huh7.5.1-VISI cells with either green fluorescent protein (GFP) or mCherry. Combining
VISI-GFP and VISI-mCherry systems, we revisited HCV cell-to-cell transmission with clear-
cut distinction of donor and recipient cells in a live-cell manner. Independently of virion
assembly, exosomes have been reported to transfer HCV subgenomic RNA to initiate
replication in uninfected cells, which suggested an assembly-free pathway. However, our
data demonstrated that HCV structural genes and the p7 gene were essential for not
only cell-free infectivity but also cell-to-cell transmission. Additionally, depletion of apoli-
poprotein E (ApoE) from donor cells but not from recipient cells significantly reduced
HCV cell-to-cell transmission efficiency. In summary, we developed a background-free
cell-based reporter system for convenient live-cell visualization of HCV infection, and our
data indicate that complete HCV virion assembly machinery is essential for both cell-free
and cell-to-cell transmission.

IMPORTANCE Hepatitis C virus (HCV) infects hepatocytes via two pathways: cell-free
infection and cell-to-cell transmission. Structural modules of the HCV genome are re-
quired for production of infectious cell-free virions; however, the role of specific
genes within the structural module in cell-to-cell transmission is not clearly defined.
Our data demonstrate that deletion of core, E1E2, and p7 genes individually results
in no HCV cell-to-cell transmission and that ApoE knockdown from donor cells
causes less-efficient cell-to-cell transmission. Thus, this work indicates that the com-
plete HCV assembly machinery is required for HCV cell-to-cell transmission. At last,
this work presents an optimized viral infection-activated split-intein-mediated re-
porter system for easy live-cell monitoring of HCV infection.
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epatitis C virus (HCV) infection is a leading cause of chronic liver disease. HCV

infection affects 2 to 3% of the world population, and up to 80% of infected
individuals develop a chronic infection which can lead to liver cirrhosis and hepato-
cellular carcinoma (1). Traditional interferon (IFN)-plus-ribavirin treatment is effective in
only half of patients, while direct-acting antivirals (DAAs) have drastically improved the
treatment efficacy (2, 3). However, due to the limited access to DAAs of patients
worldwide, the emergence of DAA-resistant mutants, and side effects, a prophylactic
vaccine is still needed to achieve complete eradication of HCV (4).

HCV is an enveloped positive-stranded RNA virus that belongs to the Hepacivirus
genus of the Flaviviridae family (5). The HCV open reading frame (ORF) encodes a
polyprotein of approximately 3,000 amino acids (aa), which is processed by host and
viral proteases into 10 mature viral proteins: core; the envelope glycoproteins E1 and
E2 (E1E2); the viroporin p7; and the nonstructural (NS) proteins NS2, NS3, NS4A, NS4B,
NS5A, and NS5B. Core, E1E2, and p7 are essential for infectious cell-free virion produc-
tion. Apart from the viral players in cell-free virion assembly, host apolipoproteins were
found to be important for both infectious virion assembly and early steps of virus entry
(6-12).

HCV uses two different transmission routes to infect hepatocytes: cell-free transmis-
sion and cell-to-cell transmission. HCV cell-free transmission starts from engagement of
cell-free virions with several entry receptors (13, 14), including scavenger receptor class
B type | (SRBI) (15), the tetraspanin CD81 (16), the tight junction proteins claudin-1
(CLDN1) (17) and occludin (OCLN) (18), and the receptor tyrosine kinases epidermal
growth factor receptor (EGFR) (19), Niemann-Pick C1-like 1 cholesterol absorption
receptor (NPC1L1) (20), syndecan 1 (SDC1) (21), and other lipoprotein receptors (22).
After internalization, membrane fusion between viral and endosomal membranes
induced by low pH leads to release of capsid in the cytosol. In contrast, HCV cell-to-cell
transmission is resistant to anti-E2 neutralizing antibody, which assists dissemination
and maintenance of DAA-resistant viral variants (23, 24). Additionally, HCV cell-to-cell
transmission might be differently controlled by intracellular pH (25). Exosomes are
reported to transfer genomic RNA to uninfected cells to evade antibody neutralization
(26). Moreover, independently from virion production, exosomes were able to initiate
replication in naive Huh7.5.1 cells (27). These observations suggested a virion-free
infection pathway through cell-free transmission. However, the concept of virion-free
infectivity is under debate because cell-free infection by subgenomic RNA-containing
exosomes was not successful (28). Infectious HCV virion assembly requires host apoli-
poproteins (29, 30); however, dependence on host lipoproteins for HCV cell-to-cell
transmission is controversial. One report stated that the lack of apolipoprotein E (ApoE)
expression in a nonhepatic cell line blocked HCV cell-to-cell transmission (31). In
contrast, knockdown of ApoE, ApoB, and microsomal triglyceride transfer protein (MTP)
did not block efficient cell-to-cell transmission (32). Whether HCV assembly parts play
an important role in cell-to-cell transmission has not been clearly determined due to
the lack of a straightforward cell system which enables live-cell distinctions between
donor and recipient cells during HCV cell-to-cell transmission.

In the last decade, the molecular biological study of HCV was advanced rapidly
mainly owing to the establishment of the HCV cell culture system (HCVcc) (33-36).
Detection of HCV infection often requires additional treatment of infected cells, such as
fixation plus immunostaining or cell lysis plus quantitative reverse transcription-PCR
(gRT-PCR) (37, 38). Live-cell detection of HCV infection was achieved by two means: (i)
modification of the HCV genome by a fluorescence gene (38), which is accompanied by
compromised virus fitness and genome stability, and (ii) an HCV-dependent fluores-
cence relocalization (HDFR) cell-based reporter system (39), which requires careful
recognition of distinct fluorescence relocalization because of the high fluorescence
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signal in the cytoplasm. A more convenient and precise detection strategy will be
beneficial in monitoring HCV cell-to-cell transmission in a live-cell manner.

In this study, taking advantage of a naturally occurring trans-splicing intein from
Synechococcus elongatus (40), we devised a new viral infection-activated split-intein-
mediated reporter system (VISI). Huh7.5.1-VISI cells show limited to no cytoplasm
signal, while HCV infection specifically illuminates the nuclei of infected Huh7.5.1-VISI
cells with either green fluorescent protein (GFP) or mCherry. Using VISI-GFP and
VISI-mCherry systems, we revisited HCV cell-to-cell transmission regarding the role of
structural genes and ApoE. We demonstrated that HCV structural genes and the p7
gene are essential for not only cell-free virion production but also cell-to-cell transmis-
sion. Additionally, depletion of ApoE from donor cells but not recipient cells signifi-
cantly reduced HCV cell-to-cell transmission efficiency.

RESULTS

Development of a VISI reporter system for monitoring HCV infection. To avoid
the intensive mitochondrial fluorescent signal of the HDFR system and achieve more
straightforward monitoring of HCV live-cell infection, we established a viral infection-
activated split-intein-mediated cell reporter system (VISI). In the VISI system, we aim to
minimize the mitochondrial fluorescent signal by splitting GFP into two halves (split
site, aa 157/aa 158) (Fig. 1A). The N-terminal half of VISI encodes 3 repeats of simian
virus 40 (SV40) nuclear localization sequences (NLS), N-terminal GFP, and N-intein
(3XNLS-GFPn-INTEINN), while the C-terminal half of VISI expresses C-intein, C-terminal
GFP, one NLS, and C-terminal IPST (INTEINc-GFPc-NLS-IPSc). Expression of HCV NS3-4A
in Huh7.5.1-VISI-GFP cells could theoretically result in cleavage of IPSc, release of
INTEINc-GFPc-NLS from mitochondria, and subsequent translocation into the nucleus.
Inside the nucleus, protein splicing mediated by split intein occurs between 3XNLS-
GFPN-INTEINn and INTEINc-GFPc-NLS, leading to formation of active GFP. Huh7.5.1 cells
stably expressing both halves, named Huh7.5.1-VISI-GFP, show little to no green
fluorescent signal in either the cytoplasm or the nucleus. Expression of HCV NS3-4A in
Huh7.5.1-VISI-GFP cells through lentivirus transduction specifically activated a strong
green fluorescent signal in nuclei (Fig. 1C and D). Western analysis demonstrated
formation of intact GFP in nuclei of Huh7.5.1-VISI-GFP cells expressing NS3-4A (Fig. 1B
and Q). This observation suggested that NS3-4A expression activated translocation of
the C terminus of VISI to the nucleus of Huh7.5.1-VISI-GFP cells where split-intein-
mediated protein splicing resulted in maturation of intact GFP fused with 4 repeats of
NLS and a residue segment from IPS1.

Next, the permissiveness of Huh7.5.1-VISI-GFP cells to authentic HCVcc infection was
examined. Huh7.5.1-VISI-GFP cells were either electroporated with JcR2a-AE1E2 in vitro
transcripts (Fig. 2A) or infected with Jc1 virus at a multiplicity of infection (MOI) of 5 (Fig.
2B to F). At different time points postelectroporation or postinfection, cells and/or
culture supernatants were collected to test HCV genome replication, viral protein
production, and infectious HCV production. Results demonstrated that Huh7.5.1-VISI-
GFP cells supported efficient HCV genome replication (Fig. 2A) and infectious virion
production (Fig. 2B) compared to parental Huh7.5.1 cells. Forty-eight hours after
Lenti-NS3-4A transduction or HCVcc infection, Huh7.5.1-VISI-GFP cells were subjected
to fluorescence-activated cell sorting (FACS) analysis (Fig. 2C). The GFP mean intensity
of lentivirus-transduced or HCVcc-infected cells was observed to be higher than that in
the untreated cells. At 72 h after HCVcc infection, nuclei of infected Huh7.5.1-VISI-GFP
cells were observed with GFP signal (Fig. 2D). Moreover, Western analysis and live-cell
monitoring of GFP signal demonstrated that kinetics of HCV core protein and NS3
expression are positively correlated with that of the intact GFP fusion protein (Fig. 2E
and F), suggesting that the presence of the GFP signal directly indicates the viral
protein expression level. Collectively, these results clearly demonstrated that harboring
the VISI system in Huh7.5.1 cells caused no harm to the HCV life cycle and suggested
that Huh7.5.1-VISI-GFP cells could be used for live-cell monitoring of HCV infection.

January 2017 Volume 91 Issue 2 e01720-16

Journal of Virology

jviasm.org 3


http://jvi.asm.org

Zhao et al.

N (NLS)*-GFPn-INTEINn(32KD) INTEINc-GFPc-NLS-IPS(23KD)

\ /
/

mitochondria

splicingii

HCV NS3-4A
B Huh7 5.1-VISI-GFP D NS3 DAPI

Lenti-
NS3-4A

35KD

GFP * (36KD)
GFPn (32KD)

25KD GFPc (23KD)
Lenti -
gg&g - NS3-4A
N Tubulin

Control NS3-4A
C N C N

Mock

Huh7.5.1-VISI-GFP

GFP DAPI Merge
GFP*

- EERR

LaminA/C

- IR
NS3-4A

Tubulin

Huh7.5.1

FIG 1 Construction strategy of VISI system. (A) Schematic diagram of VISI system: fusion proteins of N-terminal and
C-terminal halves of VISI are located in nucleus and associated with mitochondria, respectively; upon lentiviral
transduction or HCV infection, NS3-4A cleavage activates transportation of the C-terminal piece from mitochondria
to the nucleus where intact reporter protein (GFP*) is generated through split-intein splicing. GFP* represents
reconstituted GFP which contains 4XNLS and IPS residues. The Huh7.5.1 cell line which contains the GFP-reported
VISI system was named Huh7.5.1-VISI-GFP. (B and C) At 72 h postransduction, total cell lysates and cytosolic and
nuclear fractions from Huh7.5.1-VISI-GFP cells were prepared for Western analysis. Detection of tubulin and lamin
A/C served as fractionation control. Proteins are specified on the right of each panel. Positions of molecular mass
standards are indicated on the left. (D) HCV NS3-4A expression in Huh7.5.1-VISI-GFP cell line activates GFP signal.
Huh7.5.1-VISI-GFP cells were transduced with lentivirus mediating expression of HCV NS3-4A; an immunofluores-
cence assay of Huh7.5.1-VISI-GFP cells by using a specific NS3 antibody was conducted at 72 h posttransduction;
GFP (autofluorescence in green) and NS3 (indirect immunofluorescence in red) were visualized. Nuclei were stained
with DAPI (blue).
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Evaluation of anti-HCV drugs in Huh7.5.1-VISI-GFP cells. Huh7.5.1-VISI-GFP cells
indicate HCV infection by autofluorescence. The VISI system could offer a more con-
venient method for HCV drug screening and evaluation. To test the specificity of the
HCV infection-activated fluorescent signal and check whether Huh7.5.1-VISI-GFP cells
are suitable to evaluate anti-HCV drug activity, HCV-infected Huh7.5.1-VISI-GFP cells
were treated with interferon (IFN) and simeprevir, respectively (Fig. 3A and B). At 24, 48,
and 72 h after anti-HCV treatment, Huh7.5.1-VISI-GFP cells were subjected to immu-
nofluorescence assays (Fig. 3A). IFN and simeprevir inhibition of HCV replication, as
indicated by cytoplasmic NS3 staining, is well correlated with the autofluorescence
located in the nuclei (Fig. 3B). In HCV-infected Huh7.5.1-GFP cells, inhibition of HCV
replication by simeprevir did not reduce GFP signal (Fig. 3C). Additionally, simeprevir
dose responses measured by GFP signal and NS3 signal showed no significant differ-
ence (Fig. 3D). This observation clearly indicated that activation of GFP signal in nuclei
was HCV infection specific and that Huh7.5.1-VISI-GFP cells represented a convenient
test system to evaluate anti-HCV drug.
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FIG 2 Comparison of Huh7.5.1 and Huh7.5.1-VISI-GFP cell line in HCV genome replication, virus production, and viral protein expression. (A and B) The
Huh7.5.1-VISI-GFP cell line supports efficient HCV genome replication and virus production. (A) Huh7.5.1 and Huh7.5.1-VISI-GFP cells were electroporated with
JcR2a-AE1E2 RNA; luciferase activity was determined at the different time points postelectroporation. (B) Huh7.5.1 and Huh7.5.1-VISI-GFP cells were infected
with HCVcc at an MOI of 5; the infectivity of HCV was measured by the TCID,, test at the different time points postinfection. Data represent the means from
three independent assays; error bars represent standard deviations from the means. (C) Huh7.5.1-VISI-GFP cells were either transduced with Lenti-NS3-4A or
infected with HCVcc; FACS analysis based on GFP intensity was performed 48 h posttreatment. (D) Activation of GFP signal in Huh7.5.1-VISI-GFP cell line by HCV
infection. Immunofluorescence analysis of Huh7.5.1-VISI-GFP cell line at 72 h after Jc1 infection (MOI of 1). GFP autofluorescence (green) was visualized
specifically in NS3-positive cells (red); nuclei were stained with DAPI (blue). (E) HCV viral protein expression in Huh7.5.1 and Huh7.5.1-VISI-GFP cells. At different
time points after HCV infection, cells were collected and lysed in SDS-PAGE sample buffer; expression levels of HCV protein (core and NS3), GFP, and tubulin
were detected by using Western analysis. Proteins are specified on the right of each panel. Positions of molecular mass standards are indicated on the left.
Numbers indicate relative band intensity. (F) Huh7.5.1-VISI-GFP cells were infected with Jc1 RNA; fluorescence and bright-field images were taken at different
time points after infection and merged.

Application of Huh7.5.1-VISI cells for live-cell visualization of HCV cell-to-cell
transmission. It has been well established that HCV infects hepatocytes through two
different routes: (i) cell-free particle-mediated transmission and (i) neutralizing
antibody-resistant cell-to-cell transmission. The impact of HCV structural proteins or p7
deletions on HCV cell-to-cell transmission, however, has not been clearly resolved.
Difficulty in differentiation between infected cell clusters from authentic cell-to-cell
transmission and those from cell division is a major reason. To this end, we sought to
use Huh7.5.1-VISI cells to revisit HCV cell-to-cell transmission. To achieve a clear-cut
distinction between infection donor and recipient cells in cell-to-cell transmission
assays, a Huh7.5.1-VISI-mCherry cell line was further generated using a previously
described strategy. Similarly to Huh7.5.1-VISI-GFP cells, HCV infection lights the nuclei
of Huh7.5.1-VISI-mCherry cells with a red fluorescent signal (Fig. 4B), and Huh7.5.1-VISI-
mCherry cells are permissive to HCV replication and infectious virus production (Fig.
4A). Next, we combined Huh7.5.1-VISI-GFP cells and Huh7.5.1-VISI-mCherry cells to
monitor HCV cell-to-cell transmission. Huh7.5.1-VISI-GFP cells were electroporated with
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FIG 3 GFP signal activated by HCV infection could be eliminated by anti-HCV drugs. (A) Specific anti-HCV drugs (IFN-a/simeprevir) can terminate
the GFP signal activated by established HCV infection. HCV infection was established by passaging of Huh7.5.1-VISI-GFP infected cells; these
infected cells were treated with either IFN-a (1,000 IU/ml) or simeprevir (HCV NS3 inhibitor, 2 uM) for 24 h, 48 h, and 72 h. The immunofluo-
rescence assay was conducted as described above. (B) HCV infection was established by passaging Huh7.5.1-GFP infected cells; these infected cells
were treated with simeprevir for 72 h. The immunofluorescence assay was conducted as described above. (C) Statistical analysis of relative
percentage of GFP-positive cells at different time points after anti-HCV treatment shows that the HCV-infected Huh7.5.1-VISI-GFP cells could
reflect a real-time antiviral effect of anti-HCV drugs. (D) Statistical analysis of relative percentages of GFP-positive cells and NS3-positive cells at
72 h after simeprevir treatment with different dosages. Percentages of HCV-infected cells counted by GFP autofluorescence or NS3 immunoflu-
orescence are shown. Data represent the means from three independent experiments; error bars represent standard deviations from the means.

Jc1 in vitro transcripts and then individualized and mixed with Huh7.5.1-VISI-mCherry
cells at a ratio of 1:30. Cells were cultured in the presence of AR3A antibody to
neutralize cell-free infectivity (Fig. 5A). Antibody-containing medium was replaced
every 24 h. After 72 h of incubation, green fluorescent cells denoting donor cells and
red fluorescent cells indicating recipient cells were examined (Fig. 5B and C). Addition-
ally, culture supernatant was subjected to a 50% tissue culture infective dose (TCIDs,)
test to rule out the presence of residual cell-free infectivity (Fig. 5D). Results demon-
strated that AR3A antibody neutralization led to no detectable cell-free infectivity.
Without neutralizing antibody or with control antibody, donor cell-free foci were
observed, whereas with neutralizing antibody AR3A, only cell-to-cell transmission-
based foci (specified by red recipient cells surrounding green donor cells) were ob-
served (Fig. 5C). A representative cell-to-cell transmission-based focus is composed of
4 donor cells and 27 recipient cells (Fig. 5B). Moreover, antibody neutralization of
cell-free infectivity did not significantly change the focus size. Overall, these results
showed that the combination of Huh7.5.1-VISI-GFP cells and Huh7.5.1-VISI-mCherry
cells offered a clear-cut method to monitor HCV cell-to-cell transmission.
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FIG 4 Establishment of Huh7.5.1-VISI-mCherry cell line to monitor HCV infection. (A) The Huh7.5.1-VISI-mCherry cell
line supports efficient HCV genome replication and virus production. (Left) Huh7.5.1 and Huh7.5.1-VISI-mCherry
cells were electroporated with JcR2a-AET1E2 RNA; luciferase activity was determined at the different time points
postelectroporation. RLU, relative light units. (Right) Huh7.5.1 and Huh7.5.1-VISI-mCherry cells were infected with
HCV; infectivity of HCV was measured by the TCID,, test at different time points postinfection. Data represent the
means from three independent assays; error bars represent standard deviations from the means. (B) Activation of
mCherry signal in Huh7.5.1-VISI-mCherry cell line by HCV infection. Immunofluorescence analysis of Huh7.5.1-VISI-
mCherry cell line at 72 h after Jc1 infection (MOI of 1). mCherry autofluorescence (red) was visualized specifically
in NS3-positive cells (green); nuclei were stained with DAPI (blue).

HCV structural genes and p7 gene are essential for HCV cell-to-cell transmis-
sion. HCV cell-to-cell transmission is resistant to antibody neutralization and is sug-
gested to be mediated by an exosome carrying replication-competent genome RNA.
The structure module of the HCV genome (core gene, E1E2 gene, and p7 gene) is
essential for cell-free infectious virion production. However, the role of these genes in
HCV cell-to-cell transmission was controversial. Therefore, we examined the role of
these genes in HCV cell-to-cell transmission using the VISI system. We generated a
panel of Jc1 deletion mutants: core deletion, ETE2 deletion, and p7 deletion (Fig. 6A).
Subgenomic JFH1 and Jc1 in vitro transcripts without core, E1E2, or p7 were used to
electroporate Huh7.5.1-VISI-GFP donor cells. At 48 h postelectroporation, NS5 expres-
sion suggested that deletion of core, E1E2, or p7 did not affect HCV replication (Fig. 6B).
In culture supernatant, HCV genome RNA was detected for all deletion mutants (Fig.
6E), suggesting that exosome-mediated RNA secretion does occur. However, only
wild-type Jc1 released efficient core protein and infectious cell-free virions (Fig. 6C and
D). After electroporation, individualized donor cells were also mixed with Huh7.5.1-
VISI-mCherry recipient cells and cocultured as described above. At 72 h postcoculture
in the presence of neutralizing antibody, cell-to-cell transmission was observed by
fluorescence microscopy (Fig. 6G). The numbers of donor cells and recipient cells of
each HCV-positive focus were counted (Fig. 6F). Results showed that comparable
numbers of donor cells were observed for all. However, positive cell-to-cell transmission
was observed only for Jc1 but not for any of the other deletion mutants. We addition-
ally modified coculture conditions by mixing donor and recipient cells at a ratio of 1:1
and seeded a total of 1E7 cells, which still produced no single red recipient cell from
these deletion mutants. These data clearly demonstrated that structural genes and the
p7 gene were required for successful HCV cell-to-cell transmission.
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FIG 5 Live-cell monitoring of HCV cell-to-cell transmission. (A) Schematic diagram of HCV cell-to-cell transmission system. Huh7.5.1-VISI-GFP cells electroporated
with the HCV genome were used as donor cells; Huh7.5.1-VISI-mCherry cells were used as recipient cells. Donor cells were mixed at a 1:30 ratio with recipient
cells. To neutralize cell-free transmission, HCV-neutralizing antibody AR3A or control antibody (HCV anti-E2 monoclonal antibody) was added to cocultures. After
incubation for 96 h, images were taken under a fluorescence microscope. (B to D) Huh7.5.1-VISI-mCherry cells were cocultured with Huh7.5.1-VISI-GFP cells
electroporated with Jc1 RNA in the presence of neutralizing (AR3A) or control (control) antibody or without antibody (Mock). (B) Numbers of HCV-positive donor
cells (Huh7.5.1-VISI-GFP cells) or HCV-positive recipient cells (Huh7.5.1-VISI-mCherry cells) per focus after coculture for 96 h were counted. In the scatter plot,
green triangles represent number of HCV-positive donor cells per focus; red dots represent number of HCV-positive recipient cells per focus; horizontal lines
represent the median for 40 randomly selected foci. Statistical significance was determined by Student’s t test. (C) HCV cell-to-cell transmission phenomena
were observed by fluorescence microscopy after coculture for 72 h. The green fluorescence represents HCV-positive donor cells, and the red fluorescence
represents HCV-positive recipient cells. The foci indicated by yellow arrows indicate virus spreading by cell-to-cell transmission with centered donor cells; the
foci indicated by white arrows indicate virus spreading by cell-free transmission without donor cells. (D) Infectivity of supernatants from cocultures was
determined by TCID,, titration on Huh7.5.1 cells. Means and standard deviations from three independent assays are shown (ND, not detected).

To rule out the possibility that VISI modification of Huh7.5.1 cells changes the cell
permissiveness to HCV cell-to-cell transmission, we further used parental Huh7.5.1 cells
as both donor and recipient cells (Fig. 7). Subgenomic JFH1 and Jc1 in vitro transcripts
without core, E1E2, or p7 were used to electroporate Huh7.5.1 cells. Individual electro-
porated cells were cocultured with naive Huh7.5.1 cells at a ratio of 1:30. After coculture
for 72 h, cells were fixed and subjected to immunohistochemistry assays by using
NS5A-specific antibody. The results showed that structural gene deletion, p7 deletion
mutants, and subgenomic JFH1 produced foci with a mean cell number of only 4, which
is equivalent to the number of divided donor cells found by using Huh7.5.1-VISI-GFP
and Huh7.5.1-VISI-mCherry cells. Collectively, these results strongly indicated that
structural proteins and p7 were essential not only for cell-free infectious virion pro-
duction but also for cell-to-cell transmission.
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FIG 6 Essential role of HCV structural proteins and p7 in HCV cell-to-cell transmission. (A) Schematic representation of wild type (WT) and deletion
constructs. Huh7.5.1-VISI-GFP cells were electroporated with wild-type or deletion mutant HCV RNA. (B) Western analysis of Huh7.5.1-VISI-GFP cell
lysates harvested at 0 h or 48 h after electroporation. Expression levels of HCV proteins (E2, core, and NS5A) and tubulin were detected by using
Western analysis. Proteins are specified on the right of each panel. Positions of molecular mass standards are indicated on the left. (C)
Supernatants were harvested at 24 h, 48 h, and 72 h postelectroporation; extracellular infectivity was determined by TCID,, titration on Huh7.5.1
cells. Means and standard deviations from three independent assays are shown (ND, not detected). (D) The relative core protein level of
supernatants harvested at 48 h was determined by enzyme-linked immunosorbent assay. Results are presented relative to supernatants from cells
electroporated with the wild-type HCV genome and expressed as means and standard deviations from three independent assays. The dashed line

represents the detection limit. (E) The HCV RNA secretion level of supernatants harvested at 48 h and 72 h postelectroporation was determined
by RT-PCR. Means and standard deviations from three independent assays are shown. The dashed line represents the detection limit. (F and

(Continued on next page)
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FIG 7 Confirmation of essential role of HCV structural proteins and p7 in HCV cell-to-cell transmission.
Huh7.5.1 cells were cocultured with Huh7.5.1 cells electroporated with wild-type or mutant HCV RNA in
the presence of neutralizing antibody. After coculture for 96 h, cells were fixed with methanol and
probed with HCV NS5A specific antibody to visualize HCV-positive foci. (A) Numbers of HCV-positive cells
per focus were counted by using bright-field microscopy. In the scatter plot, each black dot represents
the number of HCV-positive cells per focus and horizontal lines represent the median for 40 randomly
selected foci. (B) Bright-field microscope images of representative HCV-positive foci formed in the
presence of AR3A neutralizing antibody.

ApoE depletion in donor cells but not recipient cells is important for efficient
cell-to-cell transmission. The HCV life cycle is intimately associated with the lipopro-
tein assembly pathway, and ApoE was consistently found to be important for infectious
cell-free virion production. However, whether ApoE is involved in cell-to-cell transmis-
sion is under debate. Therefore, we applied Huh7.5.1-VISI cells to reexamine the role of
ApoE in HCV cell-to-cell transmission. ApoE expression was stably knocked down in
both Huh7.5.1-VISI-GFP donor cells and Huh7.5.1-VISI-mCherry recipient cells, and
knockdown efficiency was checked by Western analysis (Fig. 8A). Huh7.5.1-VISI-GFP
cells with or without ApoE knockdown were electroporated with Jc1 in vitro transcripts.
Individual electroporated donor cells were cocultured with Huh7.5.1-VISI-mCherry re-
cipient cells. After coculture for 72 h, cell-to-cell transmission was examined by auto-
fluorescence. Our data showed that the ApoE expression level was not important for
proliferation of HCV-infected donor cells. Depletion of ApoE from donor cells led to a
significantly decreased cell-to-cell transmission efficiency, whereas ApoE expression
knockdown in recipient cells has no significant effect (Fig. 8B and C). This result

FIG 6 Legend (Continued)

Journal of Virology

G)Huh7.5.1-VISI-mCherry cells were cocultured with Huh7.5.1-VISI-GFP cells electroporated with wild-type or deficient-type HCV RNA in the
presence of neutralizing antibody. (F) Numbers of HCV-positive donor cells (Huh7.5.1-VISI-GFP cells) or HCV-positive recipient cells (Huh7.5.1-
VISI-mCherry cells) per focus after coculture for 96 h were counted. In the scatter plot, green triangles represent number of HCV-positive donor
cells per focus; red dots represent number of HCV-positive recipient cells per focus; horizontal lines represent the median for 40 randomly selected
foci. (G) HCV cell-to-cell transmission phenomena were observed by fluorescence microscopy after coculture for 72 h. The green fluorescence

represents HCV-positive donor cells, and the red fluorescence represents HCV-positive recipient cells.
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FIG 8 Effect of ApoE on HCV cell-to-cell transmission. (A) ApoE knockdown efficiency in Huh7.5.1-VISI-GFP cells and Huh7.5.1-VISI-mCherry cells.
Tubulin was used as a loading control. Proteins are speaﬁed on the right of each panel. Positions of molecular mass standards are indicated on
the left. (B and C) sh-NT Huh7.5.1-VISI-mCherry cells (sh-NT-m) or sh-ApoE Huh7.5.1-VISI-mCherry cells (sh-ApoE-m) were cocultured with
electroporated sh-NT Huh7.5.1-VISI-GFP cells (sh-NT-G) or sh-ApoE Huh7.5.1-VISI-GFP cells (sh-ApoE-G) in the presence of neutralizing antibody.
(B) After coculture for 96 h, numbers of HCV-positive donor cells or HCV-positive recipient cells per focus were counted. In the scatter plot, green
triangles represent number of HCV-positive donor cells per focus; red dots represent number of HCV-positive recipient cells per focus; horizontal
lines represent the median for 40 randomly selected foci. Statistical significance was determined by Student’s t test (***, P < 0.001; ns, not
significant). (C) HCV cell-to-cell transmission phenomena were observed by fluorescence microscopy after coculture for 96 h. The green
fluorescence represents HCV-positive donor cells, and the red fluorescence represents HCV-positive recipient cells.

suggested that ApoE expression in donor cells was important for efficient HCV cell-to-
cell viral spread.

DISCUSSION

The aim of this study was to establish an optimized live-cell visualization system to
monitor HCV infection and to use this system to analyze the functional role of the
complete virion assembly machinery in HCV cell-to-cell transmission. We devised a
simple viral infection-activated split-intein-mediated reporter system in Huh7.5.1 cells
and showed that Huh7.5.1 cells harboring the VISI-GFP or VISI-mCherry system do not
affect cell permissiveness to authentic HCVcc infection. Through both immunofluores-
cence and Western analysis, we observed excellent correlations between fluorescent
signal intensity and HCV protein expression kinetics. Combining Huh7.5.1-VISI-GFP and
Huh7.5.1-VISI-mCherry cells, we achieved live-cell monitoring of HCV cell-to-cell trans-
mission with clear-cut recognition of donor and recipient cells. Deletion of core, E1E2,
and p7 separately or deletion of core to NS2 resulted in a smaller but significant
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amount of genome secretion; however, none of these deletions supported functional
HCV cell-to-cell transmission. Rab27a overexpression conferred more efficient exosome
secretion but still did not support cell-to-cell transmission of the HCV subgenome (data
not shown). Additionally, we confirmed that ApoE is important for efficient HCV
cell-to-cell transmission, as ApoE knockdown in donor but not recipient cells resulted
in significantly reduced HCV cell-to-cell transmission efficiency. In general, our data do
not support the concept of virion assembly-independent HCV transmission. In agree-
ment with our findings, adaptive assembly-enhancing mutations conferred significantly
increased cell-to-cell transmission (41).

To achieve live-cell visualization of HCV infection at the cell culture level, strategies
modifying either the virus genome or permissive cells have been applied successfully
(37-39, 42). Amendment of the HCV genome by inserting a fluorescent reporter gene
into NS5A, often with adaptive mutations, enabled easy detection of infected cells but
was accompanied by attenuated virus fitness. Moreover, the reporter intensity of the
genetically modified HCV genome could not be guaranteed during virus passaging. The
HCV-dependent fluorescence relocalization (HDFR) system offered a novel avenue to
live-cell monitoring of HCV infection, avoiding direct viral genome modification. How-
ever, application of the HDFR system requires careful recognition of fluorescence
relocalization for its high fluorescence signal in the cytoplasm. The VISI system opti-
mized the HDFR system by minimizing the cytoplasmic fluorescence, which helped
identification of HCV-infected cells. This new live-cell detection system could enable
successful sorting of HCV-infected living cells. SEC14L2 was recently identified to enable
serum-derived HCV replication in cell culture (43). The VISI system might facilitate direct
selection of cells replicating HCV isolates from clinical samples and assist efficient
development of a more versatile HCVcc toolbox.

HCV infects hepatocytes through two distinct entry mechanisms: cell-free particle
spread and cell-to-cell direct transmission. It was well established that cell-free particle
assembly is intimately associated with the host lipoprotein pathway (29). Various
apolipoproteins, including ApoB, ApoE, ApoAl, and ApoC, are identified on the surface
of affinity-purified HCV lipoviral particles (LVP) (10, 44). After prior attachment to the
cell surface mediated through virion surface ApoE binding to heparan sulfate pro-
teoglycan (HSPG), cell-free HCV LVP enter hepatocytes, which is dependent on sequen-
tial engagement of several coreceptors, including CD81, SRBI, NPC1L1, and tight
junction-associated proteins claudin-1 and occludin. In contrast, HCV cell-to-cell trans-
mission is less well defined due to controversial observations. Besides the disagreement
on the role of CD81 in HCV cell-to-cell transmission (45, 46), the requirements for
complete HCV assembly machinery (from both virus and host sides) are under debate.

HCV structural proteins and the p7 ion channel protein are essential for infectious
virion morphogenesis and secretion (47); however, HCV genome replication and release
are not dependent on these proteins. Consistently, Dreux and colleagues reported that
HCV-infected Huh7.5.1 cells or HCV subgenomic replicon (SGR) cells selectively package
the viral genome into CD63- and CD81-coated exosomes, which triggers plasmacytoid
dendritic cells (pDC) to produce IFN-a through cell-to-cell contact (48). Our data
showed that deletion of structural proteins individually or collectively does not block
the genome secretion pathway. This observation confirmed that a virus assembly-
independent pathway for genome RNA secretion, possibly through exosomes, exists.

Exosomes are extracellular vesicles originating as intraluminal vesicles during the
process of multivesicular body (MVB) formation and are released upon MVB fusion with
the cellular plasma membrane. A link between exosomes and HCV was first suggested
by electron microscopy analysis of HCV virion samples for the similarity in morphology
of exosomes and observed virion structure (7). Exosomes prepared by ultracentrifuga-
tion were further reported to transmit HCV infection productively (49). However, these
observations are not conclusive as morphological and biophysical characteristics of
exosomes are very comparable to those of cell-free infectious HCV LVP. To avoid
infectious HCV virion assembly, Ramakrishnaiah and colleagues prepared exosomes
from SGR cells and found that these exosomes had mediated viral genome transmis-
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sion and replication in HCV-permissive naive Huh7.5.1 cells (27). However, this finding
was challenged by another report in which Longatti and colleagues found that SGR
cell-derived exosomes were not able to transmit HCV RNA to target cells directly to
initiate RNA replication (28). Our data based on individual structural protein deletion
confirmed that a complete set of structure proteins and p7 is essential for cell-free
infectivity, although genome release is less dependent on them. Moreover, Longatti
and colleagues succeeded in demonstrating that subgenomic HCV RNA can be trans-
ferred to naive permissive cells through cell-to-cell contact to establish viral RNA
replication, suggesting that a virion-independent transfer of replication-competent
RNA between permissive cells did occur with extremely low efficiency. In our assay, not
a single cell with a red nucleus designating successful cell-to-cell transmission was
detected, suggesting that structural genes and p7 are essential viral factors for suc-
cessful cell-to-cell transmission of the HCV genome. The divergence between our
findings and those of Longatti et al. could be due to the following reasons: (i) the
double-resistant selection strategy applied in cell-to-cell transmission is much more
sensitive than our live-cell monitoring assay and (ii) this selection strategy recovers a
significant amount of cell colonies led by DNA transfer due to cell-cell fusion.

ApoE is a well-characterized important determinant of HCV cell-free infectious virion
production. However, the role of ApoE in HCV cell-to-cell transmission is unclear
because of contradictory observations. One report showed that lack of ApoE in 293T
cells completely prevents HCV cell-to-cell transmission, suggesting an essential role
(31), whereas another report using Huh7.5.1 cells described that knockdown of ApoE is
not involved in this type of HCV transmission because of the observation of successful
cell-to-cell transmission, albeit with smaller focus size (32). Recently, another report
confirmed that knockdown of ApoE in Huh7.5 cells significantly decreased focus size,
and this effect is caused only by ApoE expression depletion in infection donor cells (50),
which is in agreement with our finding. For HCV cell-to-cell transmission, ApoE was
found to be an important but not an essential factor in Huh7.5 or Huh7.5.1 cells, which
is in contrast to the finding derived from 293T cells. Besides ApoE, Huh7.5 and Huh7.5.1
cells express other exchangeable apolipoproteins which could also support infectious
HCV virion assembly (51); this might explain why the complete block of cell-to-cell
transmission from 293T cells was not reproduced in Huh7.5 and Huh7.5.1 cells. An ApoE
expression level in uninfected cells is required for HCV cell-free transmission to main-
tain the ApoE level on infectious HCV virions (52). However, in the cell-to-cell trans-
mission system, the ApoE level in recipient cells is not important. This difference
suggested that ApoE exchange equilibrium is not required for short-range dissemina-
tion of HCV infectivity through cell-to-cell contact.

In conclusion, we developed a clear-cut viral infection-activated split-intein-
mediated reporter system (VISI) in Huh7.5.1 cells. Huh7.5.1-VISI cells show limited to no
cytoplasm signal, while HCV infection illuminates the nuclei of infected Huh7.5.1-VISI
cells with a different fluorescent signal. Combining VISI-GFP and VISI-mCherry systems,
we monitored HCV cell-to-cell transmission. We demonstrated that HCV structural
genes and the p7 gene are essential for not only cell-free virion production but also
cell-to-cell transmission. Additionally, in agreement with the most recent report by
Gondar et al. (50), depletion of ApoE from donor cells but not recipient cells signifi-
cantly reduced HCV cell-to-cell transmission efficiency. Our data indicate that the
complete HCV virion assembly machinery determined by viral and host factors is critical
for both HCV cell-free and cell-to-cell transmission, although the pH dependencies of
these two transmission pathways might be different.

MATERIALS AND METHODS

Cell lines and antibodies. Human hepatocyte-derived cell line Huh7.5.1 and its derivatives were
cultured in Dulbecco’s modified minimal essential medium (DMEM,; Invitrogen) supplemented with 2 mM
L-glutamine, nonessential amino acids, 100 U penicillin per ml, 100 ug streptomycin per ml, and 10% fetal
calf serum (complete DMEM). Cells were routinely passaged twice a week at a split ratio of 1:7. Rabbit
anticore was generated in-house. Mouse anti-NS5A and anti-NS3 were kindly provided by J. Zhong's lab
at the Institut Pasteur of Shanghai. AR3A antibody was kindly provided by M. Law. The following
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TABLE 1 Primers used in this study?

Introduced
Primer Sequence (5'-3') restriction site
NLS-GFPn-F GTACCTGCAGGATGGATCCAAAGAAAAAGAGAAAAGTTGATCCAAAAAAGAAAAGAAAGGTTGATC Sbfl
CAAAGAAAAAGAGAAAAGTTGTGAGCAAGGGCGAG
GFPn-R CTCTCTAGACTGCTTGTCGGC Xbal
INTEINN-F GAGTCTAGATGTTTGGCGGCAG Xbal
INTEINNn-R CTCACTAGTTTACGCCGTCGC Spel
INTEINc-F ATACCTGCAGGATGGTCAAAATTG Sbfl
INTEINc-R CGCTCTAGAGTTGAAACAGTTG Xbal
GFPc-F GAGTCTAGAAAGAACGGCATC Xbal
GFPc-R TCCGCCACCCTTGTACAGCTC
IPS(GFP)-F CTGTACAAGGGTGGCGGAGGTTCTGGAGATCCAAAGAAAAAGAGAAAAGTTTCCGAGGGCACCTTTG
IPS-R CGCACTAGTTTAGTGCAGAC Spel
NLS-Cherry(n)-F GTACCTGCAGGATGGACCCAAAGAAAAAGAGAAAAGTTGATCCAAAAAAGAAAAGAAAGGTTGATCCAA Sbfl
AGAAAAAGAGAAAAGTTGTGAGCAAGGGCGAG
Cherry(n)-R AGATCTAGAGTCCTCGGGGTAC Xbal
Cherry(c)-F ATATCTAGAGGCGCCCTGAAG Xbal
Cherry(c)-R CTCCAGAACCTCCGCCACCCTTGTACAGCTCGTCCATG
IPS(cherry)-F GAGCTGTACAAGGGTGGCGGAGGTTCTGGAGATCCAAAGAAAAAGAGAAAAGTTTCCGAGGGCACCTTTG

aF and R, sense and antisense primers, respectively; n and ¢, N- and C-terminal parts, respectively. Underlining indicates restriction sites.

commercial antibodies have been used: goat anti-human ApoE (ab947; Abcam), mouse antitubulin
(Santa Cruz), and mouse anti-GFP (AEO12; ABclone).

Plasmid construction. Plasmids encoding full-length HCV chimera Jc1, JcR2a (a Jc1-derived con-
struct carrying a Renilla luciferase gene), and Jc1 with deletion of core gene, E1E2, and p7 were kindly
provided by R. Bartenschlager’s lab at Heidelberg University. The coding sequences of GFPn (aa 1 to
157)/GFPc (aa 158 to 238) from pEGFP-N1 (GenBank accession no. U55762.1) were amplified with the
primer pairs GFPn-F/GFPn-R and GFPc-F/GFPc-R (Table 1), respectively; the primer pairs intein-N-F/intein-
N-R and intein-C-F/intein-C-R were used to amplify the coding sequences of intein-N (aa 1 to 113)/
intein-C (aa 1 to 38) from Sel-intein (synthetic DNA fragment; GenBank accession no. CP000100.1). The
coding sequence of IPS1 (aa 462 to 540; GenBank accession no. AB232371.1) was amplified by primer pair
IPS-F/IPS-R.

The 3 nucleus localization signals (NLS; DPKKKRKV) were added to the coding sequence of GFPn by
using long primer NLS-GFPn-F and GFPn-R. The PCR product of NLS-GFPn was digested with Sbfl and
Xbal. The INTEINn fragment was PCR amplified by using the INTEINn-F and INTEINn-R primer pair and
digested with Xbal and Spel. Digested NLS-GFPn and INTEINn were inserted into the Sbfl- and Spel-
doubly digested pWPI-BIr vector, resulting in pWPI-blr-NLS-GFPn-INTEINN.

INTEINc was PCR amplified by using the INTEINc-F and INTEINc-R primer pair. The PCR product was
double digested with Sbfl and Xbal. The GFPc fragment was PCR amplified by using the GFPc-F and
GFPc-R primer pair; the IPS1 sequence was PCR amplified by using the IPS-F and IPS-R primer pair.
GFPc-IPS1 was obtained by overlap PCR by using the GFPc-F and IPS-R primer pair and was double
digested with Xbal and Spel. Digested INTEINc and GFPc-IPS1 were inserted into the Sbfl- and Spel-
doubly digested pWPI-puro vector, resulting in pWPI-puro-INTEINc-GFPc-NLS-IPS.

The same strategy was applied to generate mCherry plasmids (GenBank accession no. KP238582.1).
The coding sequences of mCherryn (aa 1 to 159)/mCherryc (aa 160 to 236) were amplified with the
primer pairs Cherryn-F/Cherryn-R and Cherryc-F/Cherryc-R (Table 1), respectively.

Generation of Huh7.5.1-VISI by lentiviral transduction. Briefly, lentivirus encoding VISI N-terminal
and C-terminal halves was used to establish Huh7.5.1-VISI-GFP and Huh7.5.1-VISI-mCherry cell lines. 293T
cells were cotransfected with the following vectors: first, transfer vector, carrying the puromycin or
blasticidin resistance gene and the N-terminal half or C-terminal half of VISI; second, the HIV-1 packaging
plasmid (psPAX2); third, a vesicular stomatitis virus glycoprotein (VSVg) expression vector (pMD2.G).
Huh7.5.1-VISI-GFP and Huh7.5.1-VISI-mCherry cell lines were selected by both puromycin and blasticidin
pressure.

For stable knockdown of ApoE expression in Huh7.5.1-VISI-GFP and Huh7.5.1-VISI-mCherry cell lines,
lentiviruses carrying short hairpin RNA (shRNA) that were used to establish cell lines sh-NT and sh-ApoE
and 293T cells were cotransfected with the following vectors: first, transfer vector pAPM, carrying the
puromycin resistance gene and an shRNA sequence targeting the 3’ untranslated region of ApoE or
control shRNA (sh-NT); second, the HIV-1 packaging plasmid (psPAX2); third, a VSVg expression vector
(PMD2.G). The following shRNA targeting sequences were used: shmirAPOE, 5'-TGCTGTTGACAGTGAGC
GCGGACCCTAGTTTAATAAAGATTAGTGAAGCCACAGATGTAATCTTTATTAAACTAGGGTCCATGCCTACTGCC
TCGGA-3'; sh-NT, 5'-TGCTGTTGACAGTGAGCGCTCTCGCTTGGGCGAGAGTAAGTAGTGAAGCCACAGATGTA
CTTACTCTCGCCCAAGCGAGATAGTGAAGCCACAGATGTA-3'.

In vitro transcription and RNA transfection. /n vitro transcripts generated with pFK-based
plasmids were transfected into cells by electroporation as described previously (9). The concentra-
tion of purified RNA was determined by photometry, and the integrity of the transcripts was verified
by agarose gel electrophoresis. Transcripts were stored as 10-ug aliquots at —80°C for further use.
For RNA transfection, subconfluent Huh7.5 cell monolayers were detached from the culture dish by
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trypsinization, washed once with phosphate-buffered saline (PBS), and resuspended at a concen-
tration of 1.5 X 107 cells per ml in Cytomix containing 2 mM ATP and 5 mM glutathione. Ten
micrograms of in vitro transcript was mixed with 400 ul of the cell suspension and transfected by
electroporation at 960 mF and 270 V using a GenePulser system (Bio-Rad) and a cuvette with a gap
width of 0.4 cm (Bio-Rad). Immediately after electroporation, cells were resuspended in complete
DMEM and seeded as required.

Cytosol and nuclear fractionation. Huh7.5.1 cells were grown in a 6-well plate and washed one
time with cold PBS at 72 h postinfection. Cells were treated with 300 ul hypotonic buffer (10 mM HEPES,
pH 7.6, 1.5 mM MgCl,, 10 mM KCl, T mM EDTA, proteinase inhibitors) and incubated on ice for 10 min.
After that, the cell suspension was centrifuged at 3,000 rpm for 5 min at 4°C; the resulting supernatants
were recovered as cytoplasmic fraction. The nuclear pellets were washed with hypotonic buffer twice and
lysed with 100 wl high-salt buffer (20 mM HEPES, pH 7.6, 0.5 M NaCl, 1.5 mM MgCl,, T mM EDTA,
proteinase inhibitors) by vigorous vortexing for 10 s. After incubation on ice for 20 min and centrifuga-
tion at 13,000 rpm for 15 min at 4°C, supernatants were collected as nuclear fraction.

Immunofluorescence staining. For NS3 immunostaining, cells grown on glass coverslips were fixed
in formaldehyde (3% [wt/vol] in PBS) after prior washing with PBS and incubated in blocking reagents
(3% bovine serum albumin [BSA] in PBS). After overnight incubation at 4°C with monoclonal antibody
against NS3 and 1 h of incubation at room temperature with Alexa Fluor 594-conjugated secondary
antibody to mouse antibody (Invitrogen), cell nuclei were stained with 4',6-diamidino-2-phenylindole
(DAPI). Images were taken and analyzed with a Leica TCS-SP5 (Leica Microsystems) confocal microscope.

Quantification of HCV infectivity. Infectivity titers were determined by using a limiting dilution
assay. In brief, Huh7.5.1 cells were seeded into 96-well plates. Cells were infected and fixed 3 days after
infection. For immunohistochemistry, we used a 1:100 dilution of an antibody reacting specifically with
the JFH1 NS5A. Bound antibody was detected with a 1:300 dilution of a peroxidase-conjugated
secondary antibody against mouse IgG (Sigma-Aldrich).

FACS assay. Huh7.5.1-VISI-GFP cells were infected with HCVcc or HCV NS3-4A-expressed lentivirus.
Cells were washed in PBS and treated with 0.005% trypsin at 48 h postinfection. Harvested cells were
washed in PBS twice and then resuspended with FACS buffer (PBS-2% fetal bovine serum [FBS]). GFP
signal was analyzed with a BD Fortessa flow cytometer.

Western blot analysis. Samples for Western blotting were denatured in Laemmli buffer (125 mM
Tris-HCl, 2% [wt/vol] SDS, 5% [vol/vol] 2-mercaptoethanol, 10% [vol/vol] glycerol, 0.001% [wt/vol]
bromophenol blue, pH 6.8) and separated by SDS-12% polyacrylamide gel electrophoresis. Proteins were
transferred onto a polyvinylidene difluoride (PVDF) membrane. The membrane was blocked overnight in
PBS supplemented with 0.5% Tween (PBS-T) and 5% dried milk (PBS-M) at 4°C prior to 1 h of incubation
with primary antibody diluted in PBS-M. The membrane was washed 3 times with PBS-T and incubated
for 1 h with horseradish peroxidase-conjugated secondary antibody diluted 1:10,000 in PBS-M. Bound
antibodies were detected after being washed 3 times with the enhanced chemiluminescence (ECL)
reagent (PerkinElmer).

Cell-to-cell transmission assays. Huh7.5.1-VISI-GFP cells were electroporated with in vitro tran-
scripts of Jc1 wild type, deletion mutant, or subgenomic JFH1 (sgJFH1). These cells were individualized
and mixed with Huh7.5.1-VISI-mCherry cells at a ratio of 1:30. One thousand Huh7.5.1-VISI-GFP cells plus
30,000 Huh7.5.1-VISI-mCherry cells were plated in single wells of 96-well plates. Cells were cultured in the
presence of HCV-neutralizing antibody AR3A at 50 wg/ml to block completely cell-free infectivity.
Antibody-containing medium was replaced every 24 h. After coculture for 96 h, HCV cell-to-cell
transmission efficiency was evaluated by examining the number of GFP or mCherry glowing cells.

Statistical analysis. Differences between samples were analyzed using the two-tailed, unpaired
Student t test available in the GraphPad Prism 5 software package. P values of less than 0.05 (indicated
by asterisks) were considered statistically significant. The following categories were used: ***, P = 0.001;
** P =0.01;* P = 0.05

Accession number(s). Newly determined sequences are available in GenBank under the following
accession numbers: KY067203 (for NLS-GFPn-INTEINn), KY067204 (INTEINc-GFPc-NLS-IPS), KY067205
(NLS-mCherry-INTEINN), and KY067206 (INTEINc-mCherry-NLS-IPS).
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