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Hepatitis C virus (HCV) infection is believed to begin with interactions between cell-free HCV and cell receptors that include
CD81, scavenger receptor B1 (SR-B1), claudin-1 (CLDN1), and occludin (OCLN). In this study, we have demonstrated that HCV
spreading from infected hepatocytes to uninfected hepatocytes leads to the transfer of HCV and the formation of infection foci
and is cell density dependent. This cell-cell contact-mediated (CCCM) HCV transfer occurs readily and requires all these known
HCV receptors and an intact actin cytoskeleton. With a fluorescently labeled replication-competent HCV system, the CCCM
transfer process was further dissected by live-cell imaging into four steps: donor cell-target cell contact, formation of viral punc-
ta-target cell conjugation, transfer of viral puncta, and posttransfer. Importantly, the CCCM HCV transfer leads to productive
infection of target cells. Taken together, these results show that CCCM HCV transfer constitutes an important and effective
route for HCV infection and dissemination. These findings will aid in the development of new and novel strategies for prevent-

ing and treating HCV infection.

pproximately 170 million people, 3% of the world’s popula-

tion, are currently infected with hepatitis C virus (HCV) (1).
The infection frequently leads to hepatitis and liver steatosis and is
considered a leading cause of life-threatening chronic liver dis-
eases, such as liver fibrosis, cirrhosis, and hepatocellular carci-
noma (2). In the United States and Europe, HCV infection has
become the primary cause for liver transplantation (3). Despite
intensive research efforts during the last 2 decades, no HCV vac-
cines have become available (4, 5). The first two HCV-specific
antivirals, the HCV protease NS3/NS4 inhibitors telaprevir and
boceprevir, were approved by the FDA in 2011, yet combinatorial
treatment with these inhibitors and pegylated alpha interferon
and ribavirin has improved the response rate by only 50% to 70%
in HCV genotype 1-infected patients (6, 7). It is evident that a
better understanding of HCV infection and pathogenesis is re-
quired to enable the development of new anti-HCV therapeutic
strategies.

The current prevailing model for cell-free HCV infection
stipulates that tetraspanin CD81, scavenger receptor-B1 (SR-
B1), and tight-junction proteins claudin-1 (CLDN1) and oc-
cludin (OCLN) are required for cell-free HCV entry into cells.
CD81 and SR-B1 directly interact with HCV glycoprotein E2 and
function in the early steps of HCV entry (8-10). In contrast,
CLDNI1 and OCLN have not been found to bind HCV envelope
proteins, but CLDNI1 associates with CD81 and functions with
OCLN to mediate cell-free HCV entry in a postbinding late step
(11-13). HCV is highly capable of evading the immune system,
which leads to establishment of chronic infection in about 80% of
infected people (14). Neutralizing antibodies (nAbs) are the main
effectors of the humoral response against viral infection and one
of the most important defense mechanisms in controlling viral
spreading within a host. However, nAbs often fail to control the
infection, albeit they are generated in chronic HCV patients (15).
Frequent alterations of HCV epitopes have been proposed to con-
tribute to viral escape from recognition and elimination by the
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immune system (16, 17), yet it is highly conceivable that other
mechanisms for evading the immune system are involved.
Cell-cell contact-mediated (CCCM) viral infection and trans-
mission have been demonstrated in several viruses and have been
proposed to be responsible for immune escape of these viruses
(18). Human immunodeficiency virus type 1 (HIV-1) and human
T cell leukemia virus type 1 (HTLV-1) induce the formation of
virological synapses between infected and uninfected cells that
subsequently facilitate CCCM viral infection and transmission
(19, 20). HIV-1 also travels along nanotubes and conduits for up
to 300 wm to infect a distant cell (21). Similarly, herpes simplex
virus (HSV) passes through tight junctions to infect a neighboring
cell (22), and vaccinia virus (VV) induces the formation of actin
tails to project progeny viruses or viruses adhered to the surface of
infected cells to uninfected cells (23). Compared to cell-free infec-
tion, CCCM viral infection and transmission usually occur much
faster and are less sensitive to nAbs. Viruses that utilize CCCM
transfer often capitalize on one or more cellular processes to ac-
complish the transfer, and in most cases, the infected cell deter-
mines the processes that become appropriated. HIV-1 and
HTLV-1 subvert the immunological synapse machinery in the
infected cells and induce cytoskeleton reorganization and polar-
ized viral budding toward uninfected receptor-expressing cells in
astructure named virological synapses (24, 25). HIV-1 also hijacks
the tunneling nanotubes in macrophages and T cells for intercel-
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lular virus transfer (21, 26), while HSV exploits the tight junctions
among epithelial cells for viral spreading (22).

In this study, we established a coculture assay, demonstrated
CCCM HCYV infection in hepatocytes, including primary human
hepatocytes (PHHs), and characterized the roles of known HCV
receptors and cytoskeletal structures in this process. In addition,
we adapted the tetracysteine (Tc)-biarsenical dye labeling strategy
in combination with three-dimensional (3D) live-cell fluores-
cence microscopic imaging and dissected the spatial and temporal
details of the transfer process. We confirmed the transfer of mi-
crometer-sized HCV core protein puncta into target cells in real
time and illustrated the four steps in CCCM HCV transfer: donor
cell (D)-target cell (T) contact, formation of viral puncta-target
cell conjugation, transfer of viral puncta, and posttransfer.

MATERIALS AND METHODS

Cells and reagents. Huh7.5.1 cells were obtained from the laboratory of
Charles Rice of Rockefeller University, New York, NY; HepG2 cells were
from the American Type Culture Collection (Manassas, VA); NKNT3 and
CYNK10 human hepatoma cells were kindly provided by Ira Fox of the
University of Pittsburgh School of Medicine, Pittsburgh, PA. These cells
were maintained in Dulbecco modified Eagle medium (DMEM) supple-
mented with 10% heat-inactivated fetal bovine serum (FBS) and 1% pen-
icillin—streptomycin—L-glutamine. Huh7.5.1 cells stably expressing green
fluorescent protein (GFP) (Huh7.5.1-GFP cells) were expanded from a
single stable clone selected from pEGFP-N3 (Clontech, Mountain View,
CA)-transfected Huh7.5.1 cells in the presence of 400 pg/ml G418 (Santa
Cruz Biotechnologies, Santa Cruz, CA) and maintained in DMEM, as
described above, containing 200 pg/ml G418. Cryopreserved human pri-
mary hepatocytes (CC-2591; Lonza, Walkersville, MD) were plated on
rat-tail type I collagen (BD Bioscience, Bedford, MA)-coated plates and
maintained in hepatocyte culture medium (PHHs; CC-3198; Lonza), as
instructed. The following antibodies were used in the study: mouse anti-
HCV core protein (MA1-080; Affinity Bioreagents, Golden, CO), mouse
anti-CD81 1.3.3.22 (sc-7637; Santa Cruz), mouse anti-SR-B1 (610882;
BD Bioscience), rabbit anti-CLDN1 (51-9000; Zymed/Invitrogen),
mouse anti-OCLN (33-1500; Invitrogen, Carlsbad, CA), rabbit anti-
OCLN (42-2400; Invitrogen), mouse anti-B-actin (A1978; Sigma, St.
Louis, MO), mouse antitubulin (Sigma), mouse normal IgG (Santa Cruz),
monoclonal human anti-E2 clone CBH-5 and isotype-matched control
human anticytomegalovirus (anti-CMV) monoclonal antibody R04
(both kindly provided by Steve Foung of Stanford University, Stanford,
CA), goat anti-mouse IgG-phycoerythrin (PE; Santa Cruz), goat anti-
mouse IgG-Alexa 488 (Invitrogen), goat anti-mouse IgG-Alexa 555 (In-
vitrogen), sheep anti-mouse IgG-horseradish peroxidase (HRP; Sigma),
and donkey anti-rabbit IgG-HRP (Sigma). DAPI (4',6-diamidino-2-phe-
nylindole), cytochalasin D, nocodazole, phalloidin-tetramethyl rhoda-
mine isocyanate (TRITC), polyethylene glycol 8000 (PEG 8000), and the
PKH26 cell labeling kit were purchased from Sigma. The 5-chlorometh-
ylfluorescein diacetate (CMFDA) cell labeling dye, the ReAsH TC tag
labeling kit, and TRIzol and TRIzol LS reagents were from Invitrogen.
Plasmids and siRNAs. pcDNA3-CD81 and pcDNA3-SR-B1 were
constructed by PCR amplification of human CD81 and SR-B1 open read-
ing frames from pOTB1-CD81 and pOTB7-SR-B1 (Open Biosystems,
Lafayette, CO), respectively, followed by cloning into pcDNA3 (Invitro-
gen). pCMV-SPORT-Claudinl was purchased from Open Biosystems.
pJFH1-TCcore was constructed by mutagenesis of pJFH1 (kindly pro-
vided by Takaji Wakita, Japan) as described below. The 3-kb sequence
from the 5’ untranslated region (5" UTR) to nonstructural protein 2
(NS2) on pJFH1 was cloned into pBlueScript KSII (Stratagene, Califor-
nia) using EcoRI and NotI to obtain the intermediate cloning vector pBS-
core-NS2. A full-length (FLNCCPGCCMEP) TC tag (27) was inserted
into the pBS-core-NS2 plasmid right after the third amino acid of the
core protein (28) using a QuikChange mutagenesis kit (XLII; Strat-
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agene) with the forward primer 5'-GAC CGT GCA CCA TGA GCA
CAT TTC TCA ATT GTT GTC CTG GCT GTT GTA TGG AAC CTA
ATC CTA AAC CTC AAA GAA AAA CC-3' and the reverse primer
5'-GGT TTT TCT TTG AGG TTT AGG ATT AGG TTC CAT ACA
ACA GCCAGG ACA ACAATT GAG AAA TGT GCT CAT GGT GCA
CGG TC-3' (the TC tag is shown in bold). The region from the 5' UTR
to NS2 containing the TC-core protein (TCcore) was then cloned back
into the pJFHI plasmid using EcoRI and Notl to obtain pJFHI-
TCcore. All recombinant plasmids were verified by sequencing.
SiGENOME SMARTPool small interfering RNAs (siRNAs) against
human CD81 (siCD81), SR-B1 (siSR-B1), CLDN1 (siCLDNT1), and
OCLN (siOCLN) and scrambled control siRNA (siCtrl) were pur-
chased from Dharmacon (Lafayette, CO).

Viral RNA preparation and siRNA/plasmid/viral RNA transfec-
tions. pJFH1 and pJFH1-TCcore were linearized by Xbal and used as the
templates to transcribe viral RNAs in vitro using a MEGAscript kit (Am-
bion, CA). The synthesized viral RNA was purified by acidic phenol-
chloroform extraction. Viral RNA transfection into Huh7.5.1 cells, siRNA
transfection of Huh7.5.1 cells, pcDNA3-CD81 transfection of HepG2
cells,and pCMV-CLDNI transfection of NKN'T3/CYNK10 cells were per-
formed with the Lipofectamine 2000 reagent (Invitrogen) according to
the manufacturer’s instructions. Media were replaced at 6 h posttransfec-
tion. 293T cells were transfected with pcDNA3-CD81 and pcDNA3-
SR-B1 using the standard calcium phosphate transfection method, and
media were replaced after an overnight incubation. Transfection efficien-
cies of plasmid DNA were monitored by pPEGFP-N3 transfection and were
80 to 90% for 293T cells, 40 to 50% for HepG2 cells, and 50 to 60% for
NKNT3 and CYNK10 cells.

Virus production and titration. Huh7.5.1 cells were either trans-
fected with viral RNAs (JFH1 or JFH1-TCcore) as described above or
inoculated with JFH1 viral stock (a generous gift from Wenzhe Ho of
Temple University, Philadelphia, PA) at a multiplicity of infection (MOI)
of 0.2 to 1. Supernatants containing HCV virions were collected at 30 to 40
days posttransfection or 5 days postinfection, cell debris was removed by
low-speed centrifugation (1,000 X g, 4°C, 10 min), and the supernatants
were passed through a 0.22-pm-pore-size filter and stored at —70°C. The
filtered culture supernatant was concentrated by the addition of a 1/5
volume of 40% PEG 8000 to make a final concentration of 8%, and virus
was precipitated at 4°C overnight, followed by centrifugation at 3,500 X g
and 4°C for 30 min. The precipitated virus was suspended, titrated as
described below, and stored frozen at —70°C. To titrate the virus stock,
10-fold serially diluted stock was added to Huh7.5.1 cells, and medium
was changed after 2 h. At 72 h postinfection, immunostaining against
HCV core protein was performed. The number of foci formed at the
highest dilution was used to calculate the virus titer, which was expressed
as the number of focus-forming units per milliliter of supernatant (FFU/
ml). The titers of our JFH1 viral stock were usually in the range of 10* to
10° FFU/ml.

Coculture assay and transwell assay. In the coculture assay, Huh7.5.1
cells were infected with HCV for 3 days and used as the donor cells. The
donor cells or the target cells were first labeled with PKH26 or CMFDA
according to the manufacturer’s instructions. Briefly, cells were
trypsinized and labeled with 2 uM PKH26 for 5 min at room temperature,
followed by incubation with 1% FBS—phosphate-buffered saline (PBS) to
stop the labeling reaction and four extensive washes to remove any resid-
ual dye. Alternatively, media containing 1.25 wM (for flow cytometry) or
5 uM (for confocal imaging) CMFDA were directly added to cells growing
in culture dishes. The cells were labeled at 37°C and 5% CO, for 30 min,
followed by a medium change to normal growth medium and an extra 30
min of incubation. The labeled donor cells/target cells were counted (or
trypsinized and counted for CMFDA-labeled cells) and mixed with unla-
beled target/donor cells and seeded to a 24- or 12-well plate at >90%
confluence. Unless stated otherwise, the donor cells/target cells were al-
lowed to coincubate for approximately 20 h, followed by collection for
immunostaining and flow cytometry or confocal analysis. The transwell
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assay was carried out in a similar fashion, except that neither donor nor
target cells were labeled and the donor and target cells were seeded into the
upper and lower chambers of the transwell (Corning, Lowell, MA), re-
spectively.

Flow cytometry. Cells from the coculture assay or the target cells from
the transwell assay were trypsinized and fixed with 4% paraformaldehyde
at room temperature for 10 min, followed by permeabilization with 50
pg/ml saponin at room temperature for 15 min. Staining was performed
with mouse anti-core protein primary antibody (2 pug/ml) at room tem-
perature for 60 min, followed by goat anti-mouse IgG-PE (4 pg/ml, for
the CMFDA-labeled or Huh7.5.1-GFP cell coculture) or goat anti-mouse
IgG-Alexa 488 (2 pg/ml, for the PKH26-labeled coculture) secondary
antibody at room temperature for 60 min. Cells were then suspended in
PBS and subjected to flow cytometry analysis (with a BD FACSCalibur or
BD Accuri C6 flow cytometer). For the detection of CD81 surface expres-
sion, siRNA-transfected Huh7.5.1 cells or pcDNA3/CD81-transfected
HepG2 cells were removed from culture dishes with 0.5 mM EDTA-PBS
and stained with mouse normal IgG (2 pg/ml) or mouse anti-CD81 (2
pg/ml), followed by goat anti-mouse IgG-PE or goat anti-mouse IgG-
Alexa 488. Cells were suspended in PBS and immediately analyzed by flow
cytometry. Between each step, the cells were extensively washed with PBS.

Confocal microscopy. Cells from the coculture assay were fixed with
4% paraformaldehyde on coverslips, permeabilized with saponin, and
blocked in 1% FBS-PBS at room temperature for 30 min. Cells were
stained with mouse anti-core protein primary antibody at room temper-
ature for 60 min, followed by goat anti-mouse IgG-Alexa 488 or -Alexa
555 (2 pg/ml) secondary antibody at room temperature for 60 min. The
nuclei were stained with 0.25 pg/ml DAPI in PBS at room temperature for
15 min. The coverslips were mounted with Fluoromount G medium
(Southern Biotech, Birmingham, AL), and microscopic images were
taken using a Zeiss Axiovert 200 microscope for epifluorescence images or
a Zeiss LSM510 microscope for confocal images. For the detection of
OCLN, siCtrl- or siOCLN-transfected Huh7.5.1 cells were fixed, perme-
abilized, and stained with mouse normal IgG (2.5 pg/ml) or mouse anti-
OCLN (2.5 pg/ml), followed by goat anti-mouse IgG-Alexa 555 second-
ary antibody. For F-actin staining, cells from the coculture assay were
fixed and permeabilized as described above and then stained with 1 ug/ml
phalloidin-TRITC in PBS at room temperature for 30 min. For the visu-
alization of microtubules, cells from the coculture assay were fixed with
—20°C methanol for 3 min and then permeabilized and stained with
mouse antitubulin (2 pg/ml), followed by Alexa 555-conjugated second-
ary antibody. Cells were washed three times with PBS between each step.

Western blotting. Cell lysates were prepared at 48 h posttransfection
or 72 h postinfection using a standard radioimmunoprecipitation assay
buffer (50 mM Tris-HCI, pH 8.0, 0.5% NP-40, 2 mM EDTA, 137 mM
NaCl, 10% glycerol) and separated on a 12% (for HCV core protein or
CLDN) or 8% (for SR-B1 or OCLN) polyacrylamide-SDS gel. The pro-
teins were transferred onto nitrocellulose membranes, probed with ap-
propriate primary antibodies (1 pg/ml for mouse anti-HCV core protein
and rabbit anti-CLDN1 antibodies, 2 pg/ml for mouse anti-SR-B1 and
rabbit anti-OCLN antibodies, 0.5 pg/ml for anti-B-actin antibody) and
HRP-conjugated secondary antibodies (0.5 pg/ml), and visualized by the
use of homemade enhanced chemiluminescence reagents.

RNA extraction and qRT-PCR for HCV RNA. RNA was isolated from
cells or cell debris-free culture supernatants (50 to 200 wl) using the
TRIzol or TRIzol LS reagent, respectively, according to the manufacturer’s
instructions and used for quantitative real-time reverse transcription-
PCR (qRT-PCR) amplification with a TagMan one-step RT-PCR kit (Ap-
plied Biosystems, Foster City, CA) and HCV-specific primers and probe,
which were described previously (29). qRT-PCR was performed on a
C1000 Touch thermal cycler (Bio-Rad, CA), and signal detection was with
a CFX96 real-time system (Bio-Rad). The PCR program was as follows:
48°C for 30 min, 95°C for 10 min, and then 40 cycles at 95°C for 15 s and
60°C for 1 min. Serially diluted in vitro-transcribed JFH1 RNA was in-
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cluded as a standard in parallel and used to calculate the absolute level of
HCV RNA.

ReAsH labeling of JFH1-TCcore and live-cell imaging. Culture su-
pernatants were collected from JFH1-TCcore-transfected Huh7.5.1 cells
at day 42 posttransfection, concentrated 30-fold by using PEG 8000 pre-
cipitation, and titrated as described above. Huh7.5.1 cells were infected
with the concentrated JEH1-TCcore virus (MOI = 0.15) and labeled with
ReAsH according to the instructions provided in the TC tag detection kit
(Invitrogen). These labeled cells were then used as donor cells. Specifi-
cally, at day 3 postinfection, cells were washed once with Opti-MEM me-
dium (Invitrogen) and labeled with the ReAsH dye (final concentration, 1
M) in Opti-MEM medium. Cells were incubated at 37°C for 30 min and
then washed twice with 1X 2,3-dimercapto-1-propanol (BAL) wash buf-
fer (supplied in the kit; Invitrogen) in Opti-MEM medium for 5 min each
time. The wash buffer was removed, and the cells were washed once with
PBS, trypsinized, and mixed at a 1:1 ratio with the Huh7.5.1-GFP target
cells. The mixed cells were seeded onto polylysine-coated 35-mm glass-
bottom dishes to 90% confluence, and the media were replaced with
DMEM without phenol red at 2 h postseeding. Live-cell imaging was set
up after the medium change. Images were taken starting at 9 h postseeding
and continued for 18 h. All images were acquired with a Zeiss LSM 510
confocal microscope fitted with a X20 air objective and a thermostatic
stage incubator set at 37°C in 5% CO,. ReAsH-labeled TCcore was visu-
alized with filter sets with excitation at 561 nm and emission at 620/80 nm,
and the GFP in the target cells was detected using filter sets with excitation
at 488 nm and emission at 528/45 nm. A 13-slice by 0.9-pum Z stack was
taken at each selected field every 18 min using LSM 510 LUO software.
Images were later processed and analyzed with the Image] 1.45s program.
Unless otherwise specified, all red/green fluorescence images were Z pro-
jections (maximum intensity projection) from the original stack, and all
differential interference contrast (DIC) images were the most focused
slice from the Z stack (the 7th slice).

Data analysis. Where appropriate, values are expressed as the mean *+
standard deviation of triplicate experiments. All statistical analyses were
done by one-way and two-way analyses of variance followed by post hoc
tests (with the Bonferroni correction or Dunnett’s test). A P value of
<0.05 was considered statistically significant, a P value of <0.01 was con-
sidered highly significant, and a P value of <0.001 was considered strongly
significant. All data are representative of multiple repeated experiments.

RESULTS

Formation of HCV infection foci in a cell density-dependent
manner. We repeatedly noticed that during the production and
titration of HCV JFH1 virus in Huh7.5.1 cells, more distinct in-
fection foci (clustered HCV-infected cells, usually with 10 to 50
cells) were present at the lower MOI (Fig. 1a, right) and fewer foci
were present at the higher MOI and gave rise to approximately 80
to 90% HCV core protein-positive cells (Fig. 1a, middle). Forma-
tion of these infection foci at the lower MOI could result from
division and proliferation of HCV-infected cells. Alternatively, it
could be due to the close proximity of uninfected cells to HCV-
infected cells and subsequent CCCM HCV transfer to the neigh-
boring uninfected cells, resulting in infection. To distinguish these
two possibilities, we infected Huh7.5.1 cells with JFH1 virus at a
lower MOI, removed the excess virus, and then replated the cells at
different cell densities. Following 3 days of continued culturing,
the cells were processed for analysis of expression of the HCV core
protein, a marker widely used for HCV infection. We reasoned
that if infection focus formation resulted from proliferation of
HCV-infected cells, there would be no correlation between the
number of infection foci and cell density; if infection focus forma-
tion resulted from CCCM HCV transfer, there would be a positive
correlation between the number of foci formed and cell density.
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FIG 1 Formation of HCV infection foci and density-dependent HCV transfer.
(a) Huh7.5.1 cells were inoculated with culture medium (—HCV), JFH]1 virus
at a high MOI of 0.4 (+HCV), or JFH1 virus at a low MOI of 4 X 10™*
(+HCV), cultured for 3 days, and immunostained for HCV core protein
(green), followed by DAPI counterstaining (blue, for nuclei). (b to e) Huh7.5.1
cells were inoculated with culture medium (—HCV) or HCV JFH1 stock
(+HCV) at an MOI of 0.05. At day 1 postinfection, the infected cells were
replated at different densities, which gave rise to 30%, 50%, 70%, 85%, and
100% confluence at 3 days postreplating, at which time the cells were harvested
and analyzed by Western blotting against HCV core protein (b), immunostained
for HCV core protein (green) and DAPI (blue) (representative images) (c),
counted for core protein-positive cells under a fluorescence microscope (d), or
analyzed by flow cytometry for core protein-positive cells (correlation coefficient
[R] = 0.9883, which was derived from a standard two-variable mathematical re-
gression analysis: cell confluence versus percentage of core-positive cells) (e). Rel.,
relative values (core expression in relation to the loading control B-actin and the
value of HCV-infected cells at the 100% confluence was set as 1).

To ensure the validity of the data, we assessed HCV core protein-
positive cells by Western blotting for HCV core protein, immu-
nofluorescence staining for HCV core protein followed by immu-
nofluorescence microscopic imaging, manual counting of HCV
core protein-positive cells under an immunofluorescence micro-
scope, or flow cytometry analysis. Western blotting showed that
the level of HCV core protein expression exhibited a gradual in-
crease with a higher cell density (Fig. 1b). Immunostaining of
these cells for HCV core protein followed by immunofluorescence
microscopic imaging showed an apparent increase in the number
and intensity of core protein-positive cells with increased cell den-
sity (Fig. 1¢). The formation of core protein-positive cell foci ap-
peared to occur only at higher cell densities. Manual quantitation
of core protein-positive cells showed a positive correlation be-
tween the number of core protein-positive cells and cell density
(Fig. 1d). The positive correlation was further quantified by flow
cytometry analysis of core protein-positive cells (Fig. 1le), and a
two-variable linear regression analysis gave rise to a correlation
coefficient of 0.9883. In addition, we further showed that this pos-
itive correlation between the percentage of infected cells and cell
density was dependent on the MOJ; i.e., as the MOl increased, the
correlation between the two parameters decreased (data reviewed
but not shown). Taken together, these results suggest that HCV is
capable of infecting target cells via a cell-to-cell mechanism, i.e.,
CCCM HCYV infection and transmission.

CCCM HCV transfer to Huh7.5.1 and PHHs. To characterize
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FIG 2 CCCM HCV transfer among Huh7.5.1 cells. Huh7.5.1 cells were in-
fected with JFH1 virus at an MOI of 0.01, cultured for 3 days, and cocultured
with GFP-expressing Huh7.5.1 target cells (a, panels i, v, and ix), CMFDA-
labeled Huh7.5.1 target cells (a, panels ii, vi, and x), or PKH26-labeled
Huh7.5.1 target cells (a, panels iii, vii, and xi). Alternatively, JFHI-infected
cells were labeled with CMFDA (a, panels iv, viii, and xii) and cocultured with
unlabeled Huh7.5.1 target cells. The donor cell/target cell ratio was 1. After 20
h of coculturing, the cell mixture was subjected to immunostaining against
HCV core protein, followed by confocal imaging (newly transferred target cells
are marked by arrowheads) (a) or flow cytometry analysis (b). Nuclei were
counterstained with DAPL. ***, P < 0.001.
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CCCM HCV infection, we devised a coculture assay that involved
incubation of HCV-infected Huh7.5.1 donor cells with uninfected
Huh7.5.1 cells for a certain period of time and determination of
the number of core protein-positive target cells from CCCM HCV
transfer by immunostaining. CCCM viral transmission requires
different lengths of coincubation for different viruses and is often
dependent on the ratio of donor cells (D) to target cells (T) (18,
30). Therefore, we started the coculture assay with a D/T ratio of
1:1 and a coincubation time of 20 h for HCV. To distinguish target
cells from donor cells, several cell-labeling strategies were ex-
ploited. First, we established a GFP-expressing Huh7.5.1 stable
cell line with more than 95% GFP-positive cells, as determined by
flow cytometry (data reviewed but not shown), and used cells of
this cell line as the target cells in the coculture assay. Incubation of
these cells with HCV-infected Huh7.5.1 cells gave rise to core pro-
tein-positive and GFP-positive target cells (Fig. 2a, panelsi, v, and
ix, arrowheads). We also labeled naive Huh7.5.1 cells with a thiol-
reactive cell-tracking dye, CMFDA (31), and used these cells as the
target cells in the coculture assay. Incubation of CMFDA-labeled
cells with HCV-infected Huh7.5.1 cells showed core protein-pos-
itive and CMFDA-positive target cells (Fig. 2a, panels ii, vi, and x,
arrowheads). Similar results were obtained using a membrane-
labeling dye, PKH26, to label the target cells (Fig. 2a, panels iii, vii,
and xi, arrowheads). We also labeled HCV-infected cells with
CMFDA and used them as the donor cells and naive Huh7.5.1 cells
as the target cells for the coculture assay. The results showed core
protein-positive and CMFDA-negative target cells (Fig. 2a, panels
iv, viii, and xii, arrowheads). Quantitation analysis by flow cytom-
etry showed a comparable level of CCCM HCV transfer, i.e., about
20% of the target cells, among the different labeling strategies (Fig.
2b). Noticeably, in both the GFP and CMFDA labeling strategies,
the target cells exhibited less intense core protein staining than the
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FIG3 CCCM HCV transfer between Huh7.5.1 cells and PHHs. Human PHHs
were cocultured with JFH1-infected CMFDA-labeled Huh7.5.1 cells at a 1:1
ratio for 20 h. The mixed culture was immunostained for HCV core protein
and subjected to confocal imaging (a) or flow cytometry (b). The human
primary hepatocytes with CCCM HCV transfer are marked with an arrowhead
in panel a. *, P < 0.05.

donor cells (Fig. 2a), potentially explained by the directionality of
HCV transfer. To ascertain that CCCM HCV transfer occurred in
PHHs, we performed the coculture assay with CMFDA-labeled
HCV-infected Huh7.5.1 cells as the donor cells and PHHs as the

A New Route of HCV Infection and Transmission

target cells. The results showed core protein-positive and CMFDA-
negative PHH targets (Fig. 3a, arrowheads), which were equiva-
lent to approximately 20% of the total target cell population, as
determined by flow cytometry (Fig. 3b). Taken together, these
results confirmed CCCM HCV transfer in both human hepatoma
cells and primary hepatocytes.

CCCM HCYV transfer versus cell-free HCV infection. The
core protein-positive target cells that were detected following 20 h
of coculturing (Fig. 2 and 3) could also result from infection of
target cells with cell-free HCV from HCV-infected donor cells. To
address this possibility, we determined the kinetics of CCCM
HCV transfer and compared it to that of cell-free HCV infection.
We labeled uninfected Huh7.5.1 target cells with PKH26 and per-
formed the coculture assay ata D/T ratio of 1:1 for 0, 3, 6,9, and 20
h. Flow cytometry analysis showed that core protein-positive and
PKH26-positive target cells began to emerge within 3 h of coincu-
bation and gradually increased in number up to 20 h (Fig. 4a). In
parallel, we set up a transwell assay (Fig. 4b), in which HCV-
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FIG 4 CCCM HCV transfer versus cell-free virus infection. (a) JEH1-infected Huh7.5.1 donor cells were cocultured with PKH26-labeled Huh7.5.1 target cells
at a 1:1 ratio for 0, 3, 6, 9, or 20 h, followed by immunostaining for HCV core protein and flow cytometry analysis. The HCV core protein-positive and
PKH26-positive cells in the upper right quadrant represent cells with CCCM HCV transfer; they were expressed as the percentage of the total number of cells and
shown in the upper right quadrant in each dot plot. (b) JFHI-infected Huh7.5.1 donor cells were seeded on top of a 0.4-pm virus-permeable membrane in a
transwell insert, and Huh7.5.1 target cells were seeded in the lower chamber of the transwell. The cells were cultured for 20 h with the same total number of cells
used in the coculturing assay. The cells in the lower chambers were collected, immunostained for core protein, and analyzed by flow cytometry. (c¢) CCCM HCV
transfer kinetics in coculturing and transwell assays at the same 1:2 ratio of D/T. (d) Similar transwell experiments were performed as described for panel b, except
that extended culturing times were used. The HCV RNA in the upper and lower chambers was determined by qRT-PCR (left y axis, bar graph), whereas the
percentage of core protein-positive cells in the lower chamber was determined by immunostaining for core protein, followed by flow cytometry (right y axis,
dotted line). vge, viral genome equivalents. (e) Cell-free HCV infection kinetics. Huh7.5.1 cells were infected with HCV JFH1 (MOI = 1); cells were harvested
at the indicated times, and core protein-positive cells were determined by immunostaining for core protein, followed by flow cytometry. (f) Similar coculturing
experiments were performed as described for panel a with different ratios of donor cells/target cells. ***, P < 0.001; NS, not significant.
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infected Huh7.5.1 donor cells were seeded on a 0.4-p.m-pore-size
permeable membrane on the transwell insert in the upper cham-
ber and uninfected Huh7.5.1 cells were seeded in the lower cham-
ber of the transwell. The 0.4-pm-pore-size permeable membrane
functions as a physical barrier to separate the donor cells from the
target cells and therefore allows only cell-free HCV to diffuse from
the upper chamber of the transwell insert into the lower chamber
of the transwell to infect cells and at the same time excludes
CCCM HCV infection. As the surface area of the insert is only half
of that of the bottom of the lower chamber, a D/T ratio of 1:2 was
used to achieve a comparable cell confluence between the upper
and lower chambers. The cells in the lower chamber were har-
vested at the same time points as those in the coculture assay, i.e.,
0, 3, 6, and 20 h, and stained for HCV core protein expression.
Compared to the results of the coculture assay, the transwell assay
gave rise to very few core protein-positive target cells in the lower
chamber of the transwell during the same time points (Fig. 4c).
Therefore, the core protein-positive target cells detected within 20
h of coculturing (Fig. 2 and 3) likely resulted from CCCM HCV
infection and not from cell-free infection. To ascertain that cell-
free HCV can freely diffuse through the membrane on the insert,
the transwell assay was extended to 48 and 72 h. HCV-infected
cells in the lower chamber were similarly determined using core
protein immunostaining. Core protein-positive cells in the lower
chamber began to emerge only at 24 h and increased at 48 h and 72
h (Fig. 4d, line graph); the kinetics was very similar to that of the
cell-free HCV infection of Huh7.5.1 cells by direct inoculation
(Fig. 4e), which was routinely performed in the laboratory. These
results not only support the notion that cell-free HCV infection
takes a longer time than CCCM HCV infection but also confirm
that cell-free HCV is capable of passing through the membrane
and infecting target cells in the lower chamber. In addition, qRT-
PCR was performed to compare the HCV RNA levels between the
upper and lower chambers at 24, 48, and 72 h. No differences of
HCV RNA levels were found (Fig. 4d, bar graph), further confirm-
ing that HCV can diffuse through the 0.4-pm-pore-size perme-
able membrane on the insert and that CCCM infection and not
cell-free infection is solely responsible for the newly infected target
cells in the 20-h coculture assay. Next, we determined whether
CCCM HCYV transfer was dependent on the D/T ratio. We per-
formed the coculture assay with the same coincubation time (20
h) and the same total number of donor and target cells but with
different D/T ratios. The results showed that the percentage of
core protein-positive target cells increased with increasing D/T
ratios (Fig. 4f), suggesting that a higher D/T ratio likely provided
more opportunities for the target cells to be in contact with the
HCV-infected donor cells. The increase in HCV CCCM transfer
over the D/T ratio appeared to be modest, likely due to an already
higher number (density) of starting cells in the coculturing assay.
In addition, our subsequent imaging data showed that CCCM
HCV transfer did not necessarily occur between one donor cell
and one target cell. Furthermore, in this coculturing experiment,
the same total number of cells was maintained when the D/T ratio
was increased. Thus, an increase in the D/T ratio does not neces-
sarily translate to a proportional increase in the contact between
donor cells and target cells. In other words, there would be more
cell-cell contact and CCCM transfer among the donor cells them-
selves at a higher D/T ratio. However, this type of CCCM transfer
was not accounted for in our experimental setting. Taken to-
gether, these results showed that CCCM HCV infection occurred
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FIG 5 Expression of CD81, SR-B1, CLDN1, and OCLN and CCCM HCV
transfer. Huh7.5.1 cells were transfected with 100 nM siRNAs specific for
CD81, SR-B1, CLDN1, and OCLN. Preexperiments were performed to deter-
mine which siRNA concentration allowed maximal knockdown. At 48 h post-
transfection, cells were collected for analysis of CD81 expression by flow cy-
tometry (a), SR-B1, CLDN1, and OCLN expression by Western blotting (WB)
(b), and OCLN expression by immunofluorescence staining and imaging (c).
At 48 h posttransfection, the siRNA-transfected cells were labeled with PKH26
and then cocultured with JFH1-infected Huh7.5.1 cells at a 1:1 ratio for 20 h.
The mixed cells were then immunostained for HCV core protein and analyzed
by flow cytometry for target cells with CCCM HCV transfer (d). (e) Huh7.5.1
cells that were transfected with all four siRNAs for CD81, SR-B1, CLDN1, and
OCLN (50 nM each) were evaluated for CCCM HCYV transfer. siRNA control
and isotype staining controls were included in each set of experiments, as
indicated. **, P < 0.01; ***, P < 0.001.

more readily than cell-free infection and was dependent on direct
cell-cell contact.

Indispensable roles of CD81, SR-B1, CLDN1, and OCLN in
CCCM HCV transfer. CD81, SR-B1, CLDN1, and OCLN have
been shown to be involved in cell-free HCV infection (32-35). As
an alternative route to cell-free infection, CCCM viral infection
and transmission often require viral entry receptors that were
originally defined for cell-free infection (30, 36, 37). Thus, we
determined the roles of these four major HCV receptors in CCCM
HCV transfer. First, we knocked down expression of each receptor
individually with siRNA in Huh7.5.1 cells and used these cells as
target cells in the coculture assay. A maximal knockdown of each
receptor by siRNA was predetermined using different methods
based on the availability of antibodies: 80% for CD81 by flow
cytometry (Fig. 5a), 50% for SR-B1 and CLDN1 by Western blot-
ting (Fig. 5b), and 70% for OCLN by both Western blotting and
confocal imaging (Fig. 5b, arrow, and c). We labeled these siRNA-
transfected Huh7.5.1 cells and used them to perform a 20-h co-
culture assay with HCV-infected Huh7.5.1 donor cells. Compared
to the siRNA control, knockdown of CD81, SR-B1, CLDN1, and
OCLN led to decreases in CCCM HCV transfer by 72%, 68%,
46%, and 63%, respectively (Fig. 5d). In addition, we also used
siRNA to knock down all four receptors simultaneously in the
target cells and performed the coculture assay. Comparable
knockdown efficiencies were achieved for each of these receptors
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TABLE 1 Expression of HCV receptors in different cell lines and their
permissiveness to cell-free HCV infection

Expression Cell-free HCV
Cell CD81*  SR-BI° CLDN°  OCLN® infection®?
Huh7.5.1 ++ +++ +++ +++ +++
293T +++ + - +++ -
HepG2 - ++ +++ ++ -
CYNK10 ++ ++ + ++ -
NKNT3 ++ ++ + ++ -

“ —, no expression or infection; +, low expression or infection; + +, medium
expression or infection; + + +, high expression or infection.

b Determined by immunostaining and flow cytometry.

¢ Determined by Western blotting.

4 Determined by cell-free JFHI infection and immunostaining for core expression at 3
days postinfection.

without apparent cytotoxicity or genotoxicity (data reviewed but
not shown). Interestingly, CCCM HCV transfer was almost com-
pletely abolished in target cells with decreased levels of all four
receptors (Fig. 5e). Taken together, these data suggest that CD81,
SR-B1, CLDN1, and OCLN are all indispensable for CCCM HCV
transfer and provide evidence that they may function in a coordi-
nated manner.

To further analyze the roles of these receptors in CCCM HCV
transfer, we took advantage of a panel of human cell lines that
constitutively express varied levels of HCV receptors and deter-
mined the relationships between HCV receptor expression and
cell-free HCV infection or CCCM HCV transfer. The human hep-
atoma cell lines HepG2, NKNT3, and CYNK10 were used. HepG2
cells lack CD81 expression but express medium to high levels of
the other three major HCV receptors (38—41). NKNT3 and
CYNKI10 cells both express very low levels of CLDN1 but have
medium to high levels of the other HCV receptors (42, 43). We
also included the HCV-susceptible Huh7.5.1 cell line and the non-
hepatoma fibroblast cell line 293T as controls. Huh7.5.1 cells ex-
pressed all four HCV receptors at a moderate to high level, while
293T cells expressed very high levels of CD81 and OCLN but a low
level of SR-B1 and no CLDN1. Expression of all four receptors in
these cells was confirmed (Table 1 and data reviewed but not
shown). Of all cell lines, only Huh7.5.1 cells were susceptible to
cell-free HCV infection (Table 1 and data reviewed but not
shown). When each cell line was cocultured with HCV-infected
Huh?7.5.1 cells,no CCCM HCV transfer was detected in cells other
than Huh7.5.1 cells at 24 h after coculturing (Table 1 and data
reviewed but not shown). These results confirmed the important
roles of all four HCV receptors in both cell-free and CCCM HCV
infection. We then introduced into the cells the receptor(s) that
was not expressed and/or expressed at a lower level by ectopic
expression and assessed the possibility of CCCM HCV suscepti-
bility in those cells. Ectopic expression of CD81 in HepG2 cells
(Fig. 6a) gave rise to little CCCM HCV transfer from HCV-in-
fected Huh7.5.1 cells (Fig. 6b). Similarly, ectopic expression of
CLDNI1 in NKNT3 cells (Fig. 6¢) gave rise to little CCCM HCV
transfer from HCV-infected Huh7.5.1 cells (Fig. 6d); ectopic ex-
pression of CLDN1 in CYNK10 cells gave rise to little CCCM HCV
transfer from HCV-infected Huh7.5.1 cells (data reviewed but not
shown); ectopic expression of both SR-B1 and CLDN1 in 293T
cells (Fig. 6e) gave rise to little CCCM HCV transfer from HCV-
infected Huh7.5.1 cells (Fig. 6f). Taken together, these results sug-
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gest that expression of all four major HCV receptors, CD81, SR-
B1, CLDNI, and OCLN, is essential but not sufficient for CCCM
HCV infection.

Roles of intact actin but not the microtubule cytoskeleton in
CCCM HCV transfer. To determine the roles of cytoskeleton in
CCCM HCV transfer, we performed the coculturing experiments
in the presence of the actin polymerization inhibitor cytochalasin
D (44, 45). The effects of cytochalasin D on actin polymerization
were confirmed by immunofluorescence staining of F actin. As
expected, in the absence of cytochalasin D treatment, all of the
F-actin filaments were along the boundaries of adjacent cells,
where they made contact with each other (Fig. 7a). When the cells
were treated with 0.625 WM cytochalasin D, F-actin filaments were
polymerized on the tips of filopodia instead of being expressed at
cell-cell contacts. When the cytochalasin D concentration was fur-
ther increased to 2.5 pM or 10 uM, F-actin filaments formed
aggregates in the cytoplasm and filopodia were not present. In
parallel experiments, a significant decrease in CCCM HCV trans-
fer occurred in the coculture treated with 0.625 wM cytochalasin
D and a complete abrogation of CCCM HCV transfer was appar-
ent in the cocultures treated with 2.5 wM and 10 uM cytochalasin
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FIG 6 No CCCM HCYV transfer from Huh7.5.1 cells to cells of other hepatoma
and nonhepatoma cell lines. HepG2 cells were transfected with pcDNA3-
CD81, NKNTS3 cells were transfected with pCMV-CLDN1, and 293T cells were
transfected simultaneously with both pcDNA3-SR-B1 and pCMV-CLDN. At
48 h posttransfection, the transfected cells were collected for analysis of CD81
expression in HepG2 cells by flow cytometry (a), CLDN1 expression in
NKNTS3 cells by Western blotting (c), or SR-B1 and CLDN1 expression in
293T cells by Western blotting (e). Simultaneously, these receptor-expressing
HepG2, NKNT3, or 293T cells were labeled with PKH26 or CMFDA and
cocultured with JFH1-infected Huh7.5.1 cells at a 1:1 ratio for 20 h. The mixed
cultures were immunostained for HCV core protein and analyzed by flow
cytometry for target cells with CCCM HCV transfer (b, d, and f). Naive
Huh7.5.1 cells and pcDNA3-transfected 293T, HepG2, and NKNT3 cells were
included as controls in these experiments. hCD81, human CD81; hSR-B1,
human SR-B1; NS, not significant.
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FIG 7 Actin and microtubule cytoskeletons and CCCM HCV transfer. JFH1-infected Huh7.5.1 donor cells were mixed with CMFDA-labeled target Huh7.5.1
cellsata 1:1 ratio and seeded. At 2 h postseeding, cytochalasin D (a and b) or nocodazole (c and d) was added to the cultures at the indicated concentrations and
the cells were cultured for an additional 18 h. Cytochalasin D (Cyto D)-treated cocultures were stained with phalloidin-TRITC followed by DAPI (a), while
nocodazole-treated cocultures were immunostained with a mouse antitubulin antibody followed by goat anti-mouse IgG-Alexa 555 and DAPI (c). Both
cytochalasin D-treated (b) and nocodazole-treated (d) cocultures were immunostained for HCV core protein and analyzed by flow cytometry to determine the
percentage of core protein-positive target cells. The percentage of core protein-positive target cells within the initial 2-h postseeding period was determined and
subtracted from that after the 20-h coculturing. *, P < 0.05; **, P < 0.01; NS, not significant.

D (Fig. 7b). We also performed similar experiments in the pres-
ence of the microtubule-depolymerizing agent nocodazole (46,
47) and determined its effects on CCCM HCV transfer. As ex-
pected, nocodazole treatment disrupted the microtubule cyto-
skeleton in a dose-dependent manner, as determined by antitubu-
lin immunofluorescence staining, beginning with a gradual loss of
the microtubule network, followed by more diffuse tubulin stain-
ing patterns in the cytoplasm (Fig. 7c). However, nocodazole-
induced disruption of microtubules did not lead to significant
changes in the level of CCCM HCV transfer (Fig. 7d). The inhibi-
tion of CCCM HCV transfer by cytochalasin D treatment (Fig. 7b)
was not due to the cytotoxicity of cytochalasin D (48; our unpub-
lished data) or any adverse effects of cytochalasin D on cell-free
HCYV infection (data reviewed but not shown). Therefore, these
results suggest that an intact actin network but not the microtu-
bule cytoskeleton may be required for CCCM HCV transfer.
Live-cell imaging of the CCCM HCV transfer process in
Huh?7.5.1 cells from conjugate formation to transfer. To directly
dissect the spatial and temporal details of CCCM HCV transfer,
we attempted to construct a fluorescently labeled HCV clone to
characterize viral transfer in live cells. We first attempted to gen-
erate GFP-labeled HCV by introducing GFP in frame with the
HCV core protein gene in JFH1 but were unsuccessful (data re-
viewed but not shown). This was likely due to the large size of the
foreign GFP protein and subsequent alterations in HCV assembly.
We therefore turned to the TC tag-biarsenical dye labeling system
that has successfully been used to label and study several viruses in
live cells (reviewed in reference 49), including HCV (28, 50).
Compared to the GFP-core protein fusion protein strategy, this
system requires insertion of only a short nucleotide sequence en-
coding a peptide of 12 amino acids, including the tetracysteine
(TC) tag (-CCXXCC-), into the viral genome without affecting
virus translation, replication, assembly, production, and infectiv-
ity (28, 49, 50). The presence of the TC tag allows the tagged HCV
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core protein in the cells or in HCV to be detected live by micro-
scopic imaging through its covalent binding to the cell mem-
brane-permeant nonfluorescent biarsenical compound and its
ensuing fluorophore. We constructed the HCV-TC clone in the
context of JFH1, subsequently referred to as JFH1-TCcore (Fig.
8a). We transfected Huh7.5.1 cells with an equal amount of in
vitro-transcribed full-length JFH1 RNA or JFH1-TCcore RNA
and monitored HCV replication and production using qRT-PCR.
Compared to JFH1, JFH1-TCcore showed a slightly delayed viral
replication (Fig. 8b) and virus production (Fig. 8¢c) and a 2- to
4-fold lower maximal level of virus production (Fig. 8c). Never-
theless, labeling of JFH1-TCcore-transfected and -infected cells
with the biarsenical compound did not alter the HCV-TCcore
infectivity (data reviewed but not shown) (50). We then deter-
mined the labeling specificity of the biarsenical compound
(ReAsH) and the subcellular localization of the TC-tagged core
protein. Huh7.5.1 cells were transfected with in vitro-transcribed
full-length JFH1 or JFH1-TCcore RNA and stained with ReAsH
and then HCV core protein using an anti-HCV core protein anti-
body. ReAsH labeled only JFH1-TCcore-transfected cells and not
JFH1-transfected cells (Fig. 8d). There appeared to be a complete
overlap of ReAsH labeling with HCV core protein staining, con-
firming that ReAsH specifically bound to the TC tag and that the
tag did not alter the subcellular localization of HCV core protein.
Taken together, these results demonstrate the feasibility of using
the JFH1-TCcore and ReAsH labeling system to track HCV core
protein in live cells.

We performed live-cell imaging to track CCCM HCV transfer
with the JFH1-TCcore system. We infected Huh7.5.1 cells with
JFH1-TCcore for 3 days and then labeled the cells with ReAsH. We
used ReAsH-labeled cells as donor cells and Huh7.5.1 cells stably
expressing GFP (Huh7.5.1-GFP cells) as target cells and per-
formed the coculturing assay under live confocal imaging. Red
(ReAsH)/green (GFP) fluorescence and DIC images in the se-
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FIG 8 Characterization of recombinant JFH1-TCcore HCV. (a) JEH1-TCcore recombinant HCV clone. A TC tag-containing 12-amino-acid peptide was
inserted after the third amino acid of the HCV JFH1 core protein. (b and ¢) Huh7.5.1 cells were transfected with an equal amount of in vitro-transcribed
full-length HCV JEH1 RNA or HCV JFH-TCcore RNA. Transfection medium was replaced with fresh culture medium, and the cells were extensively washed 6
h after transfection. RNA was isolated from the cells and the culture supernatants at the indicated time points and was subjected to qRT-PCR to monitor HCV
replication in the cells (b) and HCV production in the culture supernatants (c), respectively. (d) ReAsH labeling specificity of TCcore in JFH1-TCcore
RNA-transfected Huh7.5.1 cells. Huh7.5.1 cells were transfected with JFH1 or JEH1-TCcore RNA. At 3 days posttransfection, the cells were first labeled with
ReAsH and then immunostained for detection of the HCV core protein and stained with DAPI for detection of the nucleus.

lected fields were taken every 18 min throughout the 18-h  tacted target Huh7.5.1-GFP cells (Fig. 9a, labeled T1, T2, and T3)
coculturing period. A single HCV-infected ReAsH-labeled during this time period (see Movie S1 in the supplemental mate-
Huh7.5.1 donor cell (Fig. 9a, labeled D) had three recorded rial). For each transfer event, the donor cell either accumulated
sequential transfer events (yellow arrowheads) to three con- large numbers of viral puncta on the contact surface between the
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FIG 9 Live-cell imaging of CCCM HCV transfer. JFH1-TCcore-infected ReAsH-labeled Huh7.5.1 donor cells (red) and Huh7.5.1-GFP target cells (green) were
cocultured and imaged live for 18 h. (a) CCCM HCV transfer from one ReAsH-positive TCcore-positive donor cell (labeled D) to three GFP-positive target cells
(labeled T1, T2, and T3 and outlined) sequentially over 18 h of coculturing. The ReAsH, GFP, and DIC overlay is shown in the upper panels, from which the boxed
area was magnified and examined in the middle (ReAsH only) and the lower (ReAsH and GFP overlay) panels. HCV transfer from the donor cell (D) to target
cells T1 (iandii) and T2 (iii), and T3 (vi) is indicated by yellow arrowheads. The yellow arrow (v) indicates T3’s filopodia toward D after viral transfer. Times are
shown in hours:minutes. (b) Concurrent HCV transfer from one donor cell (red) to two target cells (green). Orthogonal views are shown, and the positions of
the perpendicular planes are indicated as notches. (c) 3D reconstruction of a transfer event between a donor cell and one target cell observed in panel b. This
transfer event occurred at a time later than that shown in panel b. (d) Transfer of a viral punctum (circled in the lower panels) into a target cell: (i) donor cell-target
cell in contact before conjugate formation; (ii) formation of viral puncta-target cell conjugation; (iii) transfer of viral puncta; and (iv) posttransfer. The lower
panels are 3D reconstructions of the boxed area in the corresponding upper panels. (e) Tracking of transfer events in 13 donor cells in one imaging field; each line
represents one donor cell-target cell pair.
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donor cell and the target cell (Fig. 9a, D and T1 above panels i and
ii) or produced filopodia containing viral puncta at the contact
site (Fig. 9a, D and T2 above panel IIl and D and T3 above panel
iv) prior to the transfer. Simultaneous transfer of HCV from one
single donor cell to multiple target cells was also recorded (Fig. 9b;
see Movies S2 and S3 in the supplemental material). The orthog-
onal view (Fig. 9b) and 3D reconstruction of the transfer process
(Fig. 9¢; see Movies S3 and S4 in the supplemental material) con-
firmed that the transferred viral puncta were located inside the
target cell, as the viral puncta were visualized as yellow rather than
red. The sizes of the pretransfer viral puncta were estimated to be
approximately 0.5 pm to 2 pm, suggesting that the puncta con-
tained more than a single virus. The number of core protein
puncta that were transferred from one donor cell to one target cell
could reach up to 100 during the 18-h coculturing period. Track-
ing the transfer of a single viral puncta revealed four distinct steps
in the CCCM HCV transfer process: donor cell-target cell contact,
viral puncta-target cell conjugate formation, transfer of viral
puncta, and posttransfer (Fig. 9d). The transfer began with con-
tact initiated between the donor and target cells (Fig. 9d, panel 1).
Viral puncta were formed within the donor cell and transitioned
to the contact site between the donor and the target cells (Fig. 9d,
panel i). This was followed by formation of viral puncta-target cell
conjugates (Fig. 9d, panel ii). The transfer took place when the
viral puncta were localized in the target cell (Fig. 9d, paneliii). The
viral puncta likely dissipated into a few smaller puncta in the target
cell (Fig. 9d, panel iv) and presumably disappeared as viral un-
coating took place. A single transfer event was estimated to take
approximately 18 min to complete. To further understand the
transfer process, we analyzed the transfer events in the entire
tracked field (450 pm by 450 pwm). There were a total of 33
ReAsH-positive donor cells and 160 Huh7.5.1-GFP target cells in
the field at the beginning of tracking (time zero). During the 18 h
of tracking, 13 cells (13/33 = 39%) formed conjugates with target
cells, 7 donor cells showed transfer (7/33 = 21%), and a total of 8
transfer events occurred (Fig. 9¢). Each of these processes was
confirmed with 3D reconstruction, as shown in Fig. 9c and d. The
average duration of viral puncta-target cell conjugation between a
donor cell and a target cell was calculated to be 408 min, and the
average time for the actual transfer was calculated to be 171 min.
The latter was much longer than the 18 min for a single transfer
event, as estimated above; this is because more than one viral
punctum was transferred between one donor cell and one target
cell. Taken together, these results provide the temporal and spatial
details of CCCM HCV transfer and demonstrate the high effi-
ciency of this transmission route.

CCCM HCYV transfer and productive HCV infection. To de-
termine whether CCCM HCV transfer leads to productive HCV
infection, we took advantage of a neutralizing HCV antibody
(CBH-5) that has been shown to be very effective in blocking free
HCV infection (51, 52). We first confirmed that CBH-5 blocked
free HCV infection by over 99% at a concentration of 5 wg/ml
(data reviewed but not shown). We then performed the above-
mentioned coculture HCV transfer assay in the presence of 5
pg/ml CBH-5 or a control isotope-matched antibody (R04) (51,
52) and determined the percentage of HCV core protein-positive
target cells at 24, 48, and 72 h of coculturing. The percentage of
HCV core protein-positive target cells increased over time (Fig.
10a and b). Compared to the results obtained with the R04 con-
trol, CBH-5 treatment showed a slightly lower but still significant
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percentage of HCV core protein-positive cells and significant in-
creases in the percentage of HCV core protein-positive cells over
time. In addition, the mean fluorescence intensity of the core pro-
tein-positive cells exhibited increases over time in both R04- and
CBH-5-treated cocultures (Fig. 10c). The increases in the percent-
age and the mean fluorescence intensity of HCV core protein-
positive target cells over an extended period of time in the pres-
ence of the neutralizing HCV antibody CBH-5 suggest that
CCCM HCV transfer leads to productive HCV infection and rep-
lication. Culture supernatants were collected from cocultures that
were treated with each of the antibodies and tested for their infec-
tivity. Very few HCV core protein-positive cells were detected
with CBH-5-treated culture supernatants at each time point (Fig.
10d), confirming the HCV-neutralizing activity of the CBH-5 an-
tibody.

To further ascertain the productive nature of CCCM HCV
transfer, we set up CCCM HCV transfer using stable GFP-express-
ing Huh7.5.1 as the target cells in the coculture experiments. Fol-
lowing the initial 20-h coculturing in the presence of 5 wg/ml
CBH-5 antibody, we used fluorescence-activated cell sorting
(FACS) to sort out the GFP-positive target cells and then moni-
tored HCV replication in these sorted cells. FACS yielded more
than 97% GFP-positive cells, of which about 2% were HCV core
protein-positive cells (Fig. 10e and f). Similarly, the percentage of
HCV core protein-positive and GFP-positive cells showed in-
creases over an extended period of time up to 7 days. In parallel,
there was a significant increase of HCV RNA in these cells between
day 4 and day 7 (Fig. 10g) and the infectivity of the culture super-
natants between day 4 and day 7 (Fig. 10h). Similar results were
also obtained by selective elimination of the HCV-infected
Huh7.5.1 donor cells from the coculturing and monitoring of
HCV infection and replication in the remaining target cells (data
reviewed but not shown). Taken together, these results support
the notion that CCCM HCV transfer leads to productive infection
and replication.

DISCUSSION

Despite significant advances since the establishment of the JFH1-
based HCV cell culture system in 2005 (53-55), the process of
HCV transmission and spreading in the liver following infection
remains poorly understood. The liver is one of the organs with an
extremely high cell density (2 X 10° to 3.0 X 10> hepatocytes/cm”
[56]), which provides HCV with numerous cell-cell contact sites.
In chronically HCV-infected liver, viral replication and the intra-
hepatic HCV RNA level are very low (7 to 64 genomic equivalents
per cell) (57, 58), and nAbs and other immunological responses
are often present (59). However, even with the presence of those
nAbs that are capable of neutralizing cell-free infectivity in vitro
(15), the prevalence of infected hepatocytes in the livers of chron-
ically infected patients is normally high (57, 60). Our data show
that cell-cell contact facilitates HCV spreading among hepatocytes
(Fig. 1 and 2), including PHHs (Fig. 3). We further show that
CCCM HCV infection is a rapid process compared to cell-free
HCV infection (Fig. 4). Previous studies have shown that discrete,
localized infectious foci and a gradient dispersion of the viral ge-
nome around the center of the foci are observed in patient liver
biopsy specimens (58, 60, 61) and that CCCM HCV infection is
relatively less sensitive to nAbs and neutralizing patient sera than
cell-free HCV infection (62). Taken together, it is highly conceiv-
able that CCCM HCV occurs in vivo, and it could even be more
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FIG 10 CCCM HCYV transfer leads to productive HCV infection. (a to d) Infected Huh7.5.1 cells were cocultured with GFP-expressing Huh7.5.1 cells at a 1:4
ratio in the presence of 5 ug/ml neutralizing antibody CBH-5 or a control antibody, R04. The coculture was replated every 24 h, and fresh antibodies were added.
Meanwhile, aliquots of cells were collected for core protein staining, followed by flow cytometry analysis for GFP-positive/core protein-positive cells (a to ¢); the
supernatants were also collected and used to infect uninfected Huh7.5.1 cells, and their infectivity was determined by immunostaining and flow cytometry
analysis for HCV core protein-positive cells at 3 days postinfection (d). (a) Representative kinetics of GFP-positive/core protein-positive cells; (b) data from
multiple repeats; (c) difference in mean fluorescence intensity (dMFI) of core protein staining of GFP-positive cells from multiple repeats. (e to h) Infected
Huh?7.5.1 cells were cocultured with GFP-expressing Huh7.5.1 cells at a 1:4 ratio in the presence of 5 ug/ml neutralizing antibody CBH-5. GFP-expressing target
cells were sorted out from the cocultures at day 1 (D1) and further cultivated for an extended period of time. Core protein-positive cells in the purified
GFP-positive cell population were determined at day 4 (D4) and day 7 (D7) by immunostaining for the core protein. (e) Representative kinetics of GFP-positive/
core protein-positive cells; (f) data from multiple repeats. D1#, cocultured cells prior to sorting. In addition, cells and their culture supernatants were collected
at day 4 and day 7 and assayed for HCV RNA in the cell by qRT-PCR (g) or for the infectivity of the supernatant (h), respectively, as described for panel d. **, P <

0.01; ¥**, P < 0.001; NS, not significant.

favorable than cell-free infection, given the compact nature of the
liver. Thus, CCCM HCV transmission should be considered in
designing any future anti-HCV vaccines and therapeutics.

CD81, the first discovered HCV receptor, was identified by
screening for HCV E2 binding (33) and is believed to mediate
HCV cell-free entry in both an early E2-binding step and a late
postbinding step in association with CLDN1 (8, 12, 13). SR-BI1,
another E2-binding HCV receptor, also mediates cell-free HCV
attachment and entry in an early step in this multistep entry pro-
cess (63—66). The other two, CLDN1 and OCLN, are both tight-
junction proteins recently identified to be HCV coreceptors by
screening for cellular determinants able to confer HCV pseu-
dotyped particle (HCVpp) entry into nonsusceptible cells (32,
34). To determine the role of each of these four HCV receptors in
CCCM HCYV infection, we first used an siRNA strategy to knock
down the expression of each of them individually in Huh7.5.1
target cells and found between 46% and 72% decreases in CCCM
HCV infection, suggesting a fundamental role of each of them in
this process (Fig. 5). Furthermore, simultaneous knockdown of all
of them almost completely abolished CCCM HCV infection, sug-
gesting that they mediate CCCM HCV infection in a combinato-
rial mechanism. To further understand the roles of the four recep-
tors in CCCM infection, we performed the coculture assay using
CD81-negative HepG2 cells, NKNT3 and CYNK10 cells express-
ing low levels of CLDN1, and 293T cells expressing low levels of
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SR-B1 and no CLDN1 (Table 1 and data reviewed but not shown).
All these cell lines are refractory to both cell-free and CCCM HCV
infection (Table 1 and data reviewed but not shown). However,
ectopic expression of the receptor(s) that was missing or expressed
atalow level did not render these cells susceptible to CCCM HCV
infection (Fig. 6). These results together suggest that all four HCV
receptors are important for CCCM HCV infection. Consistent
with our findings, previous studies have shown that SR-B1 antag-
onists and an anti-CLDN1 serum inhibit CCCM HCV infection
(67). However, the roles of CD81 in CCCM HCV infection appear
to be controversial in the literature. Using soluble CD81 and anti-
CD81 antibody, one group has shown that CCCM HCV infection
can be either CD81 dependent or CD81 independent (62). The
same group later used a different HCV strain and concluded that
CD81 is important for CCCM HCV infection (67). On the other
hand, the other group used CD81 binding-deficient E2 mutant-
containing JFH1 virus and showed that CD81 is not necessary for
CCCM HCYV infection (68). It is clear that the roles of CD81 in
CCCM HCYV infection merit further investigation.

CCCM infection has been shown in many different animal
viruses, and its role in immune evasion and rapid viral dissemina-
tion has recently gained more attention (18). CCCM viral trans-
mission in animal cells could occur in a variety of ways. Among the
known ways are through virological synapses (HIV-1 and HTLV-
1), nanotubules (HIV-1), viral transfer across tight junctions
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(HSV), and viral induction of actin tails (VV) (18). Interestingly,
all the CCCM transmission routes described above involve actin
and/or microtubule cytoskeletons. In addition, CCCM spreading
has also been found to be very common in plant virus infection
and usually involves targeting of a virus-encoded movement pro-
tein(s) (MP) to a plant-specific organelle, plasmodesmata (PD),
which are narrow tunnels in the cell wall for intercellular commu-
nication (69). Movement strategies for CCCM viral spreading dif-
fer by virus and MP. In tobacco mosaic virus infection, MP binds
and chaperons genomic RNA in the virus replication complexes
(VRCs) and targets the whole VRC to PD for CCCM viral spread-
ing (70). In the grapevine fanleaf virus infection, MP recruits the
PD receptor plasmodesma-located protein to PD to mediate the
formation of tubules through which the assembled virions tra-
verse PD (so-called tubule-forming virus) (71). Interestingly, in
virtually all CCCM plant virus infections, movement of MPs,
VRCs, virions, or other essential cellular cofactors to and/or
through PD requires an intact cytoskeleton, particularly the acto-
myosin motor system (70-73). Thus, we determined the roles of
actin and/or microtubule cytoskeletons in CCCM HCYV infection.
The actin cytoskeleton has been shown to be involved in interac-
tion with multiple steps of cell-free HCV infection, including viral
entry (44, 74) and replication (75, 76). In agreement with these
findings, our studies have shown that an intact actin network was
required for CCCM HCV transfer, as treatment with actin poly-
merization inhibitor cytochalasin D in the coculturing assay pre-
vented CCCM HCYV transfer (Fig. 7a and b). Based on the known
function of cytochalasin D and our finding that HCV secretion
from infected cells was not affected by the treatment (data re-
viewed but not shown), we speculate that cytochalasin D likely
inhibits the transfer process at the donor cell-target cell contact
sites or the uptake of viral puncta by the target cells. On the other
hand, we showed that treatment of the cells with a microtubule-
depolymerizing agent, nocodazole, at a concentration which we
showed to be sufficient to disassemble microtubules (Fig. 7c) (46)
had few effects on CCCM HCV transfer (Fig. 7d). Contrary to our
studies, other studies have found that nocodazole treatment in-
hibits microtubule-dependent transport of the HCV replication
complex, initiation of productive HCV infection, and, as a result,
HCV RNA replication (75, 77, 78). Moreover, two recent reports
have shown that postassembly the vesicular HCV core protein
puncta traffic via microtubules and that trafficking is inhibited by
nocodazole treatment (28, 50). It is important to point out that all
the above-mentioned studies used much higher concentrations of
nocodazole that were mostly 10 to 20 times higher than the con-
centration that we used in our studies. The extremely high con-
centrations of nocodazole used in those studies could be the main
reason for the discrepancies.

It is believed that cell-free HCV is released from infected cells
through the secretion pathway (79). After translation and process-
ing on the endoplasmic reticulum (ER) membrane, mature HCV
core protein is relocated to the surface of lipid droplets (80). When
the RNA genome from the replication complex on the membra-
nous web and the envelope proteins (E1/E2) on the ER are com-
plete, viral assembly/envelopment takes place on the ER outer
membrane in close proximity to the lipid droplets, toward the ER
lumen (50). These intracellular viruses become infectious upon
envelopment and are thought to be loaded into secretory vesicles
that egress via the ER-trans Golgi network secretory pathway and
are released from the plasma membrane (28). However, the fusion
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of HCV-loaded vesicles with the plasma membrane (the actual
release process) has never been captured with fluorescence or elec-
tron microscopy. Our live-cell imaging studies showed that dur-
ing CCCM HCV transmission, large amounts of mobile viral
puncta moved to the contacted surfaces between the donor and
target cells and formed conjugates with the target cell, followed by
transfer of the entire viral puncta (Fig. 9). These core protein
puncta are micrometer sized and are unlikely to be single viral
particles but are more likely to be vesicles loaded with virus parti-
cles (100 to 1,000 virions/punctum, on the basis of size) (28, 50).
The transfer of a single core protein punctum took 18 min (Fig.
9d), and the transfer process lasted 171 min, on average (Fig. 9e).
Moreover, the transfer events could occur at multiple donor cell-
target cell contact sites (Fig. 9a, panel ii) or concurrently between
one donor and multiple targets (Fig. 9b). Therefore, during the
entire CCCM transfer process, a great number of viral puncta,
which correspond to an even greater number of viral particles, can
be delivered into the target cell, in contrast to the cell-free infec-
tion, in which one virion enters one target cell at a time. It is not
guaranteed that each of the viral particles in each of the transferred
puncta proceeds through the downstream viral life cycle in the
target cell, yet the high input of CCCM viral transfer certainly
leads to productive infection of the target cell (Fig. 10).

In summary, we showed that HCV infection occurs through
CCCM transmission, resulting in efficient and productive infec-
tion and replication. In addition, we demonstrated the require-
ment of HCV receptors in CCCM infection and the involvement
of the actin cytoskeleton in this process. Furthermore, the three-
dimensional live-cell microscopic imaging showed the kinetics
and process of transfer of intact core protein puncta from donor
cells to target cells. These findings will add to our understanding of
HCV infection and transmission and provide new avenues for the
development of novel anti-HCV therapeutics.
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