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Evasion of Superinfection Exclusion and Elimination of Primary Viral
RNA by an Adapted Strain of Hepatitis C Virus

Brian Webster,>® Melanie Ott,> Warner C. Greene®“4

Gladstone Institute of Virology and Immunology,® Biomedical Sciences Graduate Program,” and Departments of Medicine® and Microbiology and Immunology,®
University of California, San Francisco, San Francisco, California, USA

Cells that are productively infected by hepatitis C virus (HCV) are refractory to a second infection by HCV via a block in viral
replication known as superinfection exclusion. The block occurs at a postentry step and likely involves translation or replication
of the secondary viral RNA, but the mechanism is largely unknown. To characterize HCV superinfection exclusion, we selected
for an HCV variant that could overcome the block. We produced a high-titer HC-J6/JFH1 (Jc1) viral genome with a fluorescent
reporter inserted between NS5A and NS5B and used it to infect Huh7.5 cells containing a Jc1 replicon. With multiple passages of
these infected cells, we isolated an HCV variant that can superinfect cells at high levels. Notably, the superinfectious virus rap-
idly cleared the primary replicon from superinfected cells. Viral competition experiments, using a novel strategy of sequence-
barcoding viral strains, as well as superinfection of replicon cells demonstrated that mutations in E1, p7, NS5A, and the poly(U/
UC) tract of the 3’ untranslated region were important for superinfection. Furthermore, these mutations dramatically increased
the infectivity of the virus in naive cells. Interestingly, viruses with a shorter poly(U/UC) and an NS5A domain II mutation were
most effective in overcoming the postentry block. Neither of these changes affected viral RNA translation, indicating that the
major barrier to postentry exclusion occurs at viral RNA replication. The evolution of the ability to superinfect after less than a
month in culture and the concomitant exclusion of the primary replicon suggest that superinfection exclusion dramatically af-

fects viral fitness and dynamics in vivo.

In superinfection exclusion, a cell productively infected with a
specific virus becomes resistant to infection with a homologous
virus. This process has been described for several viruses, includ-
ing human immunodeficiency virus (HIV) (1), Sindbis virus (2),
duck hepatitis B virus (3), and citrus tristeza virus (4), in a broad
range of hosts. Cells infected with or actively replicating hepatitis
C virus (HCV) also become refractory to further HCV infection
(5,6). The superinfection block occurs at the level of translation or
replication of the incoming secondary viral RNA (5-7), which is
similar to the case of the related pestivirus bovine diarrhea virus
(8). The exact mechanism is unclear. Since HCV RNA levels
quickly plateau in infected cells in vitro, a superinfection block at
the level of RNA translation or replication suggests that access to
the necessary host factor(s) is rate limiting. This has clear impli-
cations for HCV treatment. By definition, a rate-limiting host fac-
tor is critical for the replication of the virus and may be a unique
target in future therapies.

Superinfection exclusion itself also has clear implications for
treating HCV infection. Since viral recombination requires a host
cell to be productively replicating two genomes, superinfection
exclusion would be expected to effectively prevent viral recombi-
nation. If, however, HCV could successfully superinfect cells, the
evolution of drug and/or vaccine resistance and transfer of these
characteristics between strains would be greatly enhanced. Viral
variants capable of superinfection could result in an even greater
degree of immune escape variants and drug-resistant strains
within this already variable virus.

In the present study, we sought to determine how various viral
and host factors relate to the exclusion process and whether HCV
can overcome superinfection exclusion. To do this, we used a
modified variant of an HCV fluorescent reporter viral genome
based on the highly infectious HC/J6-JFH1 (Jcl) chimera (9).
These reporter genomes have a fluorescent protein inserted be-

13354 jviasm.org

Journal of Virology p. 13354-13369

tween NS5A and NS5B and are significantly more infectious than
standard HCV reporter strains (10-12). With this fluorescent re-
porter, we unambiguously distinguished multiple infections
within one cell. We used these highly infectious reporter genomes
to select for an HCV that could superinfect cells with high effi-
ciency. By sequence analysis and characterization of the mutations
in the superinfecting strain, we found that a mutation in domain II
of NS5A and a deletion in the poly(U/UC) region of the 3’ un-
translated region (3'UTR) are critical for HCV to overcome
postentry superinfection exclusion. We further showed that the
ability to superinfect is partially restricted by the HCV genotype of
the cells and that this ability generally increases the infectivity of
the virus in vitro.

MATERIALS AND METHODS

Cells and culture conditions. Huh7.5 cells, kindly provided by C. M. Rice
(Rockefeller University) (13), were maintained in Dulbecco modified Ea-
gle medium (DMEM), supplemented with 10% fetal bovine serum, 2 mM
L-glutamine, 100 IU of penicillin/ml, and 100 g of streptomycin/ml (Me-
diatech). Cells were passaged every 3 days or when they became confluent.
For isolation of replicon cell lines, cells were selected with blasticidin
(10 pg/ml; Invitrogen) or G418 sulfate (1 mg/ml; Axenia Biologics) at
2 to 3 days posttransfection. Cell lines transfected with the Conl
SGR/NS>A-GFP replicon were further enriched for the presence of the

Received 26 August 2013 Accepted 25 September 2013
Published ahead of print 2 October 2013
Address correspondence to Warner C. Greene, wgreene@gladstone.ucsf.edu.

Supplemental material for this article may be found at http://dx.doi.org/10.1128
/IV1.02465-13.

Copyright © 2013, American Society for Microbiology. All Rights Reserved.
doi:10.1128/JV1.02465-13

December 2013 Volume 87 Number 24


http://dx.doi.org/10.1128/JVI.02465-13
http://dx.doi.org/10.1128/JVI.02465-13
http://dx.doi.org/10.1128/JVI.02465-13
http://jvi.asm.org

replicon by fluorescent-activated cell sorting (FACS) after a period of at
least 21 days of selection (FACS Aria III; BD Biosciences). Monoclonal
replicon cell lines were obtained by limiting dilution of transfected cells. To
obtain replicon-cured cell lines, the monoclonal Jc1/AE1E2NSA-GFP-Bsd oy
licon cell line was treated with 100 U of recombinant human alpha inter-
feron (IFN-o; R&D Systems)/ml for 2 weeks, followed by a recovery pe-
riod of at least 9 days without IFN-« treatment.

Plasmid construction. The production of the various plasmids and
other DNA fragments used in the study are described in detail in the
supplementary material.

Production of Huh7.5 cell lines by lentiviral transduction. Lentiviral
particles were produced using an HIV-1-based vesicular stomatitis virus G-
pseudotyped lentiviral system, as described (14). Jc1/AE1E2NS?A-FLuc-BSD
replicon cells were transduced with Renilla luciferase-encoding lentivi-
ruses (pSicoR RLuc). The resulting cell line was termed 7.5-RLuc Jcl/
AE1E2NS5A-FLuc-BSD_

RNA synthesis and transfection. In vitro transcription of viral RNA
and electroporation was carried out as described (15, 16), with minor
modifications. Viral RNA or firefly luciferase construct RNA was tran-
scribed using a Megascript T7 kit (Ambion), and capped Renilla luciferase
RNA was transcribed using the mMessage T7 kit (Ambion). All tran-
scripts were purified by lithium chloride precipitation. For production of
virus or supertransfection experiments, 7.5 X 10° Huh7.5 or Jcl/
AE1E2NS5A-GFP-Bsd poplicon cells were electroporated with a total of 10 pg
of viral RNA. In experiments using luciferase constructs to assess viral
translation, 5.63 X 10° Huh7.5 cells were transfected with 5 wg of the
firefly luciferase reporter or 10 wg of the various Jc1/NS*AB-Flue GND
RNAs, mixed with 1 pg of capped Renilla luciferase RNA. In some cases,
poly(A) carrier RNA (Qiagen) was used as a transfection control.

Virus production, titration, and infections. For virus production, 1
to 5 days after initial transfection, supernatants were collected from cul-
tures. During serial passage of the superinfecting virus over Jcl/
AE1E2NSA-GFP-Bsd peplicon cells, viral supernatants were collected from 3
to 12 days postinfection. The viral supernatants were clarified by filtration
(0.2-pm pore size; Steriflip; Millipore) and stored at —80°C. HCV virions
in the supernatants were titrated by HCV core antigen enzyme-linked
immunosorbent assay (ELISA), subjected to reverse transcriptase PCR
(RT-PCR), or assessed for viral focus-forming units (FFU).

The HCV core antigen ELISA (CellBiolabs) was carried out according
to the manufacturer’s protocol with a 1:2 dilution of viral supernatant in
Dulbecco phosphate-buffered saline without Ca** or Mg”>* (DPBS; Me-
diatech). For RT-PCR analysis, viral RNA was purified from 200 pl of viral
supernatants by TRIzol extraction (Invitrogen). Reverse transcription
and subsequent quantitative PCR was performed in one step with the
Quantitect probe RT-PCR system (Qiagen). Quantitative PCR was per-
formed on a 7900HT fast real-time PCR system (Applied Biosystems). A
probe-primer set corresponding to the HCV core region was used (17).

Viral FFU were assessed by infecting naive Huh7.5 cells with various
dilutions of viral supernatants, followed by detection of infected cells by
flow cytometry 3 days later, as described (18). HCV-infected cells were
identified by the presence of the virally derived fluorescent reporter or
immunostaining for double-stranded RNA (dsRNA). Viral FFU calcula-
tions were based on counts of 1 to 10% fluorescent protein-positive or
dsRNA-positive cells. Flow cytometry-based counts of viral FFU were in
close agreement to the standard limiting dilution method (19) of assessing
FFU titers (data not shown).

After normalizing to HCV core/ml, HCV genome equivalents/ml, or
FFU/ml, naive or replicon cell lines were infected with clarified superna-
tants overnight. The exception was during serial passage of the superin-
fecting virus over Jc1/AE1E2NS5A-GFP-Bsd replicon cells; in this case, the
virus was not normalized before infection. Infected cells were passaged
approximately every 3 days. When infecting replicon cell lines, antibiotics
(G418 or blasticidin) were removed at the time of infection for the dura-
tion of the culture.
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Magnetic bead transfection and cell isolation. A mixture of a total of
7.5 X 10° Jc1/AE1E2NS5A-CFP-Bsd y51vclonal replicon cells and 7.5-H2B-
EFBP2 cells (17) was transfected with 10 g of Jc1/NS3ABmKO2-Bsd gy
Three days later, the cells were transfected with 10 pg of iron/cell of
FeOLabel-Texas Red paramagnetic beads in serum-free DMEM, accord-
ing to the manufacturer’s protocol (Bulldog Bio). After transfection,
FeOLabel-positive cells were isolated by magnetic separation on an LS
magnetic column (Miltenyi). The FeOLabel-positive cells were immedi-
ately mixed with 3.75 X 10° infection-naive Jc1/AE1E2NSA-GFP-Bsd 5]y
clonal replicon cells and 3.75 X 10° 7.5-H2B-EFBP2 cells. Three days
later, the FeOLabel-negative cells were isolated by negative selection of the
entire mixture of cells on an LS magnetic column.

Sequencing of viral RNA and viral barcode analysis. Supernatants
were collected from infected or viral RNA-transfected cells and clarified
by filtration at 0.2 wm. The supernatants were concentrated by ultrafiltra-
tion in 100-kDa MWCO Amicon-15 or Centricon columns (Millipore). A
total of 30 g of poly(A) carrier RNA (Qiagen) was added, and viral RNA was
isolated from the concentrated supernatant by TRIzol extraction (Invitro-
gen), followed by LiCl precipitation (Ambion) to further purify the RNA.

For direct viral RNA sequencing, cDNA was prepared by random hex-
amer-mediated reverse transcription with a Superscript III first-strand
synthesis kit (Invitrogen). PCR was carried out on eight overlapping re-
gions of the Jc1/NS5AB-mKO2-Bsd ooy sme with the primers in Table S1 in
the supplemental material. The resulting PCR products were cloned into
pCR4 Topo (Invitrogen), and the resulting clones were sequenced. Align-
ment and sequence analysis were performed with the Sequencher 4.9 pro-
gram (Gene Codes).

For viral barcode analysis from Jcl -transfected or -in-
fected cells, cDNA was prepared and amplified by gene-specific primer-
mediated reverse transcription with a Superscript IIT one-step RT-PCR kit
(Invitrogen), using the primers NS5ABmcs1 and Jc1_Amplicon_15R (see
Table S2 in the supplemental material). To generate barcode concatemers,
¢DNA amplicons were subjected to a second nested fusion PCR using
primers Barcode_LIC_Fw_5 and Barcode LIC_Rev_5 (74-nucleotide
[nt] amplicon) or Barcode_LIC_Fw_3 and Barcode_LIC_Rev_3 (86-nt
amplicon). Overlap extension by the polymerase caused long barcode
concatemers to form during PCR due to complementary regions in the 5’
portion of both primers. Concatemeric products containing multiple bar-
codes (750 to 2,000 bp long) were gel purified and cloned into pCR Blunt
II Topo. Inserts were amplified by colony PCR using the primers M13
Forward (—20) and M13 Reverse; the PCR products were cleaned up
using Exonuclease I and FastAP alkaline phosphatase (Fermentas) and
sequenced using the M13 Reverse primer.

Flow cytometry. Cells to be analyzed by flow cytometry were
trypsinized and treated for at least 1 h in 4% paraformaldehyde. For anal-
ysis of dsRNA, the cells were permeabilized in 90% methanol-10% DPBS
for 1 h at —20°C. The cells were stained with anti-dsRNA antibody (J2;
English and Scientific Consulting), followed by staining with a polyclonal
anti-mouse immunoglobulin allophycocyanin antibody (BD Biosciences).
The cells were analyzed for fluorescence on an LSRII flow cytometer equipped
with a high-throughput microplate reader (BD Biosciences).

Luciferase assays. For viral translation studies, after electroporation
cells were plated at 235 X 107 cells/well on a 12-well plate. For superin-
fection studies of 7.5-RLuc Jc1/AE1 E2NSA-FLuc-BSD (o5 37 5 % 103 cells/
well were plated on 24-well plates. At 4 h after electroporation, or at 6 days
postinfection, the cells were washed with DPBS and stored at —80°C.
Firefly and Renilla luciferase luminescence was assessed according to the
manufacturer’s protocol (Dual Luciferase Assay; Promega).

Statistical analysis. Statistical analysis was carried out using Prism 5
software (GraphPad). For Fig. 5B, linear regression and analysis of cova-
riance was used to determine whether the slopes of the exclusion curves
were significantly different. For all other tests, one-way analysis of vari-
ance (ANOVA) with a Bonferroni multiple-comparison correction was
used.

/NSSAB-Barcode
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FIG 1 Construction of highly infectious reporter HCV strains. (A) Schematic diagram of HCV reporter strains. FP represents the fluorophore tag (GFP or
mKO2) and Bsd represents the blasticidin resistance gene. (B and C) Huh7.5 cells were transfected with RNA transcripts of the given strains, including untagged
Jcl. Supernatants were collected from days 1 to 5 after transfection and clarified by filtration. The nonreplicating Jc1-GND (polymerase defective, NS5B
GDD—GND mutation) was used as a transfection control. (B) Titers of infectious HCV particles after transfection. Virus titers were obtained by limiting dilution
assay. Note the higher infectious titers in the Jc1/~**® reporter strains relative to previously described reporter strains. (C) Release of HCV RNA after
transfection. RNA was isolated from supernatants after transfection and HCV RNA was quantified by real-time RT-PCR. Note the higher viral RNA levels in the
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standard errors of the mean (SEM).

RESULTS

Viral genomes with reporter proteins between NS5A and NS5B
are highly infectious. A successful model to study HCV superin-
fection exclusion and viral mutations necessary to overcome the
block requires that we (i) use a highly infectious strain in the
selection process and (ii) can to easily distinguish superinfected
from nonsuperinfected cells in infected cultures. Although the Jcl
chimera is highly infectious, without a fluorescent reporter, the
study of superinfection is difficult. Most of the existing non-cul-
ture-adapted Jcl reporter strains were not sufficiently infectious
for our purposes. The first HCV reporter strains were bicistronic
viruses using a separate internal ribosome entry site (IRES) to
translate the reporter protein. These viruses display a defect in
replication kinetics relative to wild-type (WT) HCV (5, 20) (Fig.
1A and B). Strains with a reporter protein inserted into domain IIT
of NS5A do not have a defect in RNA replication. However, an
~1.7-log reduction in release of infectious viruses was observed
due to the role of NS5A domain III in viral assembly (5) (Fig. 1A

13356 jvi.asm.org

reporter strains relative to previously described reporter strains. n = 3 independent viral preparations and quantifications; error bars indicate the

and B). This can be mitigated by cell culture adaptations, such as a
40-amino-acid deletion in NS5A domain II (21). Lastly, reporter
strains with the reporter protein situated between p7 and NS2
produce infectious virions (22), but again with a reduction in
infectivity (23).

To create a more infectious Jcl reporter strain, we used a
monocistronic HCV genome with a reporter gene inserted be-
tween NS5A and NS5B. Flanking NS5A/NS5B cleavage sites
around the reporter gene allowed the viral NS3/4A protease to
release the reporter from the viral polyprotein. The Jc1/N5>AB-GFP
and Jc1/NS3ABMKO2 (K02 [monomeric Kusabira Orange 2 flu-
orescent protein]) strains displayed nearly unaltered virus titers
from the untagged Jcl virus and much higher titers than existing
monocistronic (Je1/NA-STP) or bicistronic (GFP-Jcl) reporter
strains (Fig. 1B; see also Fig. S1 in the supplemental material).
Accordingly, viral RNA in supernatants of Jc1/N***P-transfected
cells was similar to that of untagged Jc1, and ~5-fold higher than
Je1/NSPA-GEP o GEP-Jcl strains (Fig. 1C).
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FIG 2 Isolation of a superinfectious HCV strain. (A) Schematic diagram of the Jc1/AE1E2N54"SF¥ replicon construct. (B) Diagram of the strategy used to isolate
the superinfectious Jc1/N*AB-mKO2-Bsd reporter strain. Briefly, a 1:1 mixture of HCV-naive EBFP2-tagged cells (H2B-EBFP2) and polyclonal Jc1/AE1E2NSA-GFP
replicon-containing cells were transfected with Jc1/NS*AB-mKO2-Bsd RNA Three days later, these cells were labeled with FeOLabel magnetic beads and mixed with
unlabeled H2B-EBFP2 and Jc1/AE1E2NSA-CFP cells to allow the secondary Jc1/N?AB-mKO2-Bsd yipy to spread into the unlabeled cells. The magnetically labeled
cells were removed 3 days later, and the Jc1/NS9AB-mKO2-Bsd_jnfected culture was continuously passaged. (C) Emergence of a superinfectious Jc1/NS3AB-mKO2-Bsd
strain during continuous passage. The blue line indicates the percentage of H2B-EBFP2 “naive” cells determined by flow cytometry; these cells were quickly
eliminated from the culture, likely by the Jc1/N5°AB-mKO2-Bsd virys The orange line indicates the percentage of Jc1/AE1IE2NSA"FP replicon-containing cells
superinfected with Jc1/NS°AB-mKO2Bsd Note that emergence of the superinfectious strain at ~27 days after separation correlates with elimination of the
Jc1/AE1E2NSS4-GFP replicon (green line) from the culture. (D) Serial passage of viral supernatants over replicon-containing cultures to further select for a
superinfectious phenotype. (E) Viral supernatants passaged for 10 rounds display high superinfection rates and the ability to exclude the primary replicon. WT
oradapted (10 rounds of passage over replicon cells) Jc1/N594B-mKO2-Bsd yiyqeq were used to superinfect polyclonal Jc1/AE1E2N554-FP replicon-containing cells.
The percentage of superinfected replicon™ cells and the total percentage of replicon™ cells were measured by flow cytometry at the given time points. n = 3
independent experiments; error bars indicate the SEM.

However, distinguishing infected and uninfected popula-

Emergence of a superinfectious variant of HCV correlates
tions with Jc1/NSPAB-GEP gnd Je1/NSSAB-mKOZ (s difficult by

with the exclusion of the primary replicon. To select for a super-

flow cytometry (see Fig. S1 in the supplemental material). We
found that by fusing a blasticidin resistance gene (Bsd) to
mKO2 (Jc1/NSAB-mKO2-Bsd) 'yye obtained a brighter fluorescent
signal from infected cells, and the virus was still 1-log more
infectious than Jc1/N5°AS™ and GFP-Jcl (Fig. 1B; see Fig. Sl in
the supplemental material). It is not clear why including
the Bsd gene increased the fluorescence intensity; blasticidin
was not added to the culture. We elected to use the
Jc1/NS3AB-mKO2Bsd iy in further experiments as we consid-
ered clear discrimination of infected cells of paramount impor-
tance.

December 2013 Volume 87 Number 24

infectious strain of HCV, we first attempted to superinfect Jc1/
AE1E2NSSA-GFPBsd - olvclonal replicon cells (Fig. 2A) with
viral supernatants. However, viral superna-
tants provide only a single pulse of infection; additionally, cell-free
virus transmission is less efficient than cell-cell transmission (24).
Correspondingly, only a very small number of replicon cells were
superinfected, and the Jc1/N*ABmKO2Bsd gecondary infection was
quickly eliminated from cultures (data not shown).

Therefore, rather than simply passage viral supernatants
onto new cultures, we preserved the most efficient method of
infection, cell-to-cell spread. To do this, cells in the primary

]C 1 /NSSAB—mKOZ—Bsd
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TABLE 1 Sequence analysis of point mutations in round 1 and round 9 supernatant passages of superinfectious virus

HC/J6 derived sequence JFH-1 derived sequence
3'UTR

HCV gene” E1l El E2 E2 p7 NS3 NS4A NS5A NS5A NS5A Bsd poly(U/UC)
Nucleotide no.

Jc1/NS5AB-mKO2-Bsd 1087 1343 1571 1637 2607 5030 5412 7159 7160 7649 8525 10701

H77 reference (AF009606) 1088 1344 1572 1638 2596 5019 5401 7160 7161 7586 N/A N/A
Construct nucleotide G G A T T G A G T G T C
Mutant prevalence*

Round 1 T/g T/c T Alg Clt C T

Round 9 Alg T G C/T C/t A T A C A/IG C T
Round 1 distributiont

Mutant 6/8 3/7 10/10 7/11 7/11 717 9/9
Round 9 distribution

Mutant 8/10 4/4 6/6 3/6 8/12 6/6 6/6 6/6 6/6 3/6 5/5 4/4
Amino acid no.

Jc1/NS5AB-mKO2-Bsd 249 335 411 433 756 1564 1691 2273 2274 2437 2729 N/A

H77 reference (AF009606) 249 335 411 433 752 1560 1687 2273 2274 2415 N/A N/A
Amino acid change Silent A—>S -V Silent V—>A A—>T H-L Silent C—R D—N Y—H N/A

“%, Mutant prevalence in sequenced clones is indicated as follows: X/X (50/50 distribution), X/x (major/minor nucleotide), and X (fixed mutation), (mutation not observed). f,
Mutant distribution is indicated as the number of sequenced clones with/without the mutation. For the poly(U/UC) mutation, a number of round 1 and 9 clones had a deletion in

this region and do not contribute to these numbers.

J1/NS3AB-mROZBsd_transfected culture were labeled with para-

magnetic FeOLabel beads and mixed with an equal number of
cells in the secondary untransfected culture. After allowing the
infection to spread into the secondary culture for 3 days, we re-
moved the cells from the primary culture by magnetic selection
(Fig. 2B). In pilot experiments, we found that 83% of FeOLabel-
transfected cells could be removed by magnetic selection 3 days
after coculture (data not shown).

We also elected to mix an equal number of replicon-nega-
tive “naive” cells with the replicon cells to act as a reservoir of
virus that could spread into the replicon cells. 7.5-H2B-EBFP2
cells (containing a histone H2B-enhanced blue fluorescent
protein proviral insertion) were used as “naive” cells (17) (Fig.
2B). Cell percentages do not sum to 100% since only ~80% of the
Jc1/AE1E2NS*A-GFP-Bsd eplicon cells are positive for green fluores-
cent protein (GFP™), which is typical of fluorescently tagged
JFH-1 based replicons under antibiotic selection (25).

Our initial plan was to gradually decrease the ratio of naive to
replicon cells through multiple rounds of coculture and magnetic
separation in order to gradually increase the selection pressure to
superinfect. A similar strategy was used to isolate protease inhib-
itor-resistant HCV strains (26). However, we found that multiple
rounds of coculture, followed by magnetic selection, were unnec-
essary for two reasons. First, after the first round of this viral
“passage” between cultures, the naive 7.5-H2B-EBFP2 cells were
gradually eliminated from the culture, likely due to HCV infec-
tion-induced death from the Jc1/NSPABmMKO2-Bsd yiriis Second, a
low-level but stable superinfection, as measured by the percentage
of replicon-positive cells that were also Jcl/NSAB-mKO2Bsd 15567
tive, was established in the replicon-containing cells (Fig. 2C).

By simply continuing to passage the cells in this culture, we
observed the emergence of a Jc1/NS>ABmKOZBsd yarjant that super-

13358 jvi.asm.org

infected replicon cells to high levels beginning 31 days after mag-
netic separation, as measured by the large increase in GFP™
mKO2" cells. Remarkably, emergence of the superinfecting strain
correlated with the disappearance of replicon-positive cells in the
culture (Fig. 2C), suggesting that the secondary virus was exclud-
ing active replication of the primary replicon.

Sequence analysis of the superinfectious Jcl strain reveals
adaptive mutations and deletions. We hypothesized that the su-
perinfectious Jcl strain acquired novel mutations that correlate
with superinfectivity. The sequence of the superinfectious strain’s
genome was analyzed by isolating RNA from viral supernatants
from the continuously passaged culture 42 days after magnetic
separation. The RNA was reverse transcribed and PCR amplified
in eight segments spanning the entire Jc1/NSABmKO2-Bsd gongme,
The primers used for amplification are given in Table S1 in the
supplemental material (the extreme 5'- and 3’-terminal regions
were not amplified). We then cloned the PCR products and se-
quenced them. To determine which mutations had been acquired
by the superinfectious strain (“round 17; Table 1), we hoped to
specifically sequence the Jc1/NS*ABmKO2-Bsd rather than the Jcl/
AE1E2NSA-GFPBsd ooy ome. Packaging of defective HCV genomes
occurred when E1E2 is expressed in trans, although with a 100-
fold reduction in infectivity compared to cis-packaging (27). For-
tunately, few of the clones had sequences derived from the Jcl/
AE1E2NSA-GFP-Bsd replicon,  Jc1/AE1E2NSA-CFP-Bsd gequences
would manifest as a deletion in E1/E2 or a GFP-Bsd insertion in
NS5A domain III. No clones had NS5A-GFP-Bsd sequence, and
only 2/16 clones had the AE1E2 sequence.

We hypothesized that further selection pressure for superin-
fectivity would lead to fixation of the mutations acquired in round
1, as well as the acquisition of further adaptive mutations. The
superinfectious virus could now be directly passaged over Jcl/
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TABLE 2 Sequence analysis of deletions in round 1 and round 9 supernatant passages of superinfectious virus®

mKO2-Bsd deletion

Poly(U/UC) deletion

Poly(U) tract length (nt)

Clone Round 1 Round 9 Round 1 Round 9 Round 1 Round 9
1 7733-8623 8586-8798 10716-10739 10716-10739 40 63
2 7733-8623 8586—8795 10716-10739 1071610739 41 45
3 7677-8822 8586-8795 10716-10739 10716-10739 65 50
4 7677-8822 8589-8798 10716-10739 10716-10739 41 45
5 ND 8589-8798 10716-10739 10716—-10739 45 36
6 ND 8525-8562, 8584—8799 10716-10739 — 39 35
7 ND — 10716-10739 — 50 —
8 ND — 10716-10739 — 54 —
9 ND — 10716-10739 — 50 —
10 ND — 10716-10739 — 41 —
11 ND — 10716-10739 — 52 —
12 ND — 10716-10739 — 50 —
13 ND — 10716-10739 — 63 —
14 ND — 10716-10739 — 65 —
15 ND — — — — —
16 ND — — — — —
17 ND — — — — —
18 ND — — — — —
Median 50 45

“ND, no deletion; —, not a sequenced clone.

AE1E2NSA-GFPBsd peplicon cells, by serial passage of viral super-
natants (Fig. 2D and E). This was not possible with wild-type
(WT) Jc1/NSPAB-mKO2-Bsd g3 co the secondary virus does not per-
sist due to superinfection exclusion. The superinfectious virus was
passaged for nine rounds over Jc1/AE1E2NS*A-GFP-Bsd peplicon
cells to provide further selection pressure for the ability to super-
infect. The viral RNA was again sequenced, expanding the se-
quenced region to the full 5'- and 3’-terminal regions (see Table
S1 in the supplemental material). Again, only 1/7 clones had the
AE1E2 sequence, and none had the NS5A-GFP-Bsd sequence
(alignments are provided of round 1 and round 9 sequences in
data sets S1 and S2, respectively, in the supplemental material).

Point mutations present in at least 50% of clones sequenced in
either round 1 or 9 are shown in Table 1. We observed seven
nonsynonymous mutations leading to an amino acid change and
three silent mutations in the viral coding sequence. The distribu-
tion of deletions in the various clones analyzed is shown in Table 2.
In round 1, deletions spanning much of the mKO2-Bsd region
were observed in 4 of 18 clones. In passaging viral supernatants,
cultures were selected for high numbers of mKO2" replicon™
cells, whereas blasticidin was not used for selection. Correspond-
ingly, in round 9, 5/5 clones had deletions in the Bsd gene, but no
clones had deletions in mKO2. A specific deletion of 24 nucleo-
tides (nt) in the poly(U/UC) region of the 3"UTR was observed in
all clones analyzed.

Viral adaptive mutations increase HCV superinfectivity.
How do these point mutations and poly(U/UC) deletion affect
superinfectivity? To examine this, we introduced the seven amino
acid substitutions in the viral coding sequence and a 21-nt dele-
tion in the poly(U/UC) into the parental J¢1/NSAB-mKO2Bsd ¢y
struct (the observed deletions in mKO2-Bsd were not intro-
duced). Our initial studies showed that the NS5A D2437N
mutation in the protease cleavage site between NS5A and mKO2-
Bsd was detrimental to superinfectivity (data not shown). This is
not surprising, since this is a change from a highly conserved—
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but not essential (28)—acidic residue in the P6 position of
the NS5A/mKO2-Bsd cleavage site. Correspondingly, this mu-
tation was analyzed separately. The mutant and parental WT
Jc1/NSPAB-mKO2-Bsd  yiryses were used  to superinfect Jcl/
replicon cells. The viral input was normalized
as the amount of HCV core per infection, which did not apprecia-
bly vary across the mutant strains after viral production (data not
shown). The Mut7 virus, carrying the poly(U/UC) deletion and 6
of 7 of the amino acid substitutions, was ~15-fold as superinfec-
tious as the WT strain (Fig. 3B). Note that including the NS5A
D2437N mutation leads to a defect in superinfectivity.

We next analyzed the contribution of the Mut7 mutations to
superinfectivity by reverting each of the mutations to WT and
used the resulting viruses to infect Jc1/ AE1E2NS>A-GFP-Bsd replicon
cells. The E1 A335S, p7 V756A, and NS5A C2274R mutations
appeared to be the most important (Fig. 3B) since their reversion
to WT caused a decrease in superinfectivity. To ensure that the
superinfectious phenotype of these viruses was not limited to
the same polyclonal Jc1/AE1E2NS*A-GFPBsd replicon cell line
used for initial selection of the virus, infections were also car-
ried out in a separately transfected and isolated monoclonal
Jc1/AE1E2NS9A-GEP-Bsd peplicon cell line. No difference in super-
infection was observed between the polyclonal and monoclonal
replicon cell lines. Viral strains lacking the E1 A335S, p7 V756A,
and NS5A C2274R mutations were also less capable of superin-
fecting monoclonal Jc1/AE1E2NS5A-GEP-Bsd replicon cells when vi-
ral input was normalized to infectious titer (Fig. 4).

The various mutant strains of Jc1/NSPAB-mKO2Bsd yare then
used to infect naive Huh7.5 cells and genotype 1b replicon cells.
Interestingly, mutant viral strains with higher superinfectivity in
Jc1/AE1E2NSSA-GFP-Bsd replicon cells had higher infectivity in na-
ive Huh7.5 cells (Fig. 3B and C). Superinfection studies were also
performed in the Conl SGR/N****“*" genotype 1b replicon cell
line (Fig. 3A and D). This replicon, containing the NS5A S11791
adaptive mutation (29), displayed low levels of GFP™ cells even

AEIEZNSSA—GFP»Bsd
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FIG 3 Contribution of identified mutations to the superinfectious phenotype. (A) Schematic diagram of the genotype 1b Conl SGR/N%**"S*¥ replicon. Neo®

indicates the neomycin resistance gene. (B) Recapitulation of the superinfectious phenotype with seven mutations. Mutations were introduced into the WT
J1/NSAB-mRO2-Bsd qpstruct, and viral supernatants were produced by transfection of these variants into Huh7.5 cells. Supernatants were normalized to the
quantity of HCV core (determined by ELISA) and Jc1/AE1E2N%4 S replicon-containing cells were superinfected. The percent superinfection was assessed by
flow cytometry 3 days later. To ensure that the superinfectious phenotype was not limited to a particular Jc1/AE1E2N94-G¥® replicon cell line, superinfections
were performed in polyclonal and monoclonal replicon cells (replicon cell lines were isolated separately). Note that the NS5A D2437N mutation had a
detrimental effect on superinfectivity and was thus excluded from the majority of variants analyzed. (C) Superinfectivity correlates with a higher degree of
infectivity in naive cells. The same viruses used in panel A were used to infect naive Huh7.5 cells. (D) Superinfection is reduced in a genotype 1b replicon cell line.
Polyclonal Jc1/AE1E2NS*4-GFF and Con1 SGR/N%*"SFP replicon cells were superinfected with the given viral variants. (E) Both NS3 A1564T and NS4A H1691L
increase superinfectivity alone but not when the mutations were combined. # = 4 independent viral preparations and infections; error bars indicate the SEM.

after G418 selection. Hence, Conl SGR/N*SP replicon cells
were enriched once by FACS sorting for GFP™ cells before exper-
imental use, as in previous studies (30). As anticipated, higher
superinfectivity in Jc1/AE1E2NSAGFP-Bsd peplicon cells correlated
with higher superinfectivity in Conl SGR/N***"“*F replicon cells.
Unexpectedly, the superinfectivity of adapted strains was gener-
ally lower in the Con1 SGR/N%4"C*F replicon cells. One possibility
for this result is that the superinfectious virus may have evolved to
specifically superinfect cells replicating genotype 2a HCV RNA.
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We were intrigued that reverting either the NS3 A1564T or the
NS4A H1691L mutation led to an increase in superinfectivity (Fig.
3B). We therefore reverted both mutations together to the WT
sequence and superinfected Jc1/AE1E2NSSA-GFP-Bsd poplicon cells
with this virus (Fig. 3E). Surprisingly, reverting both mutations
did not lead to a further increase in superinfectivity; instead, su-
perinfectivity was lower than in the single revertants. We therefore
conclude that the NS3 A1564T and NS4A H1691L mutations in-
crease superinfectivity in isolation but not in conjunction.
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FIG 4 Superinfection spread in replicon cells demonstrates the importance of E1 A335S, p7 V756A, and NS5A C2274R mutations. Jc1/AE1E2NS>A-GFP
monoclonal replicon-containing cells were superinfected at a multiplicity of infection of 0.1 (7.5 X 10* FFU/ml), and cultures were continuously passaged for 22
days-postinfection. The superinfection rate (%mKO2™ of GFP™ cells) was analyzed at various time points by flow cytometry. Note that the superinfectious
phenotype is still present even when viral input is normalized by infectious titer rather than HCV core; a long period of viral spread, however, is required to
observe this phenotype. The data are representative of three independent viral preparations and experiments.

Adaptive mutations promote superinfectivity in a nonre-
porter Jcl strain. Is the increase in infectivity and superinfec-
tivity afforded by the Mut7 and Mut6 mutations limited to the
Je1 /NSSAB-mKO2-Bed . 7] NSSAB-Barcode yonrter strains of the vi-
rus? We introduced the Mut7 and Mut6 virus mutations (Fig. 3B)
into a nonreporter Jcl strain to ensure this was not the case. In-
deed, when analyzing viral infectivity in supernatants of trans-
fected Huh7.5 cells, we observed a 1- and 1.5-log increase in in-
fectivity for the Mut7 and Mut6 virus, respectively, compared to
WT Jcl (Fig. 5A).

Analysis of superinfection of replicon-containing cells is diffi-
cult in the absence of a reporter for the secondary virus, since the
Jc1/AE1E2NS9A-GFP-Bsd poplicon causes the cells to immunostain
positive for viral proteins (excepting E1 and E2) and dsRNA. It
would be possible to use an NS3-NS5B subgenomic replicon and
stain for a viral protein such as NS2 to measure superinfection.
However, because the highly superinfectious virus excluded the
primary replicon from cells (Fig. 2C and E), we were able to use
this exclusion as an indirect means of measuring superinfec-
tion efficiency in nonreporter Jcl strains. We superinfected
Jc1/AE1E2NS*A-GFP-Bsd b lvclonal replicon cells with Mut6, Mut7,
and WT nonreporter Jcl, as well as with the superinfecting
Jc1/NSSAB-mKO2-Bsd or0in (rounds 10, 11, and 13). The primary
replicon (%GFP™ cells) was rapidly excluded when cells were su-
perinfected with Mut7 or Mut6 Jc1 compared to WT Jcl or unin-
fected cells (Fig. 5B). Similarly, we superinfected 7.5-RLuc Jc1/
AE1E2NSAFLueBsd bolyclonal replicon cells with Mut6, Mut7,
and WT nonreporter Jcl. These cells express firefly luciferase
(FLuc) from the viral replicon and a Renilla luciferase (RLuc)
cellular control from a lentiviral proviral insertion. As demon-
strated by the decrease in the FLuc/RLuc ratio, the primary
replicon replication level was lower when cells were superin-
fected with Mut7 or Mut6 Jcl compared to WT Jcl or unin-
fected cells (Fig. 5C).

Tracking viral variants using sequence barcodes. We sought
to further analyze how these adaptive mutations affected viral dy-
namics and superinfectivity when the highly fit Mut7 and each of
the seven single revertant strains were allowed to compete with
each other. By coinfecting Huh7.5 cells with different viral strains,
the strain capable of superinfecting at higher efficiency should
eventually dominate due to superinfection and exclusion of the
less-fit strain from host cells.

However, to compare each combination of Mut7, the single
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revertants, and wild-type Jc1 would require 72 separate coinfec-
tions. A more straightforward means of performing these com-
parisons would be to simply coinfect with all nine of these viruses
simultaneously and analyze which viral genome(s) dominate at a
later time point in the culture. The difficulty with this approach
arises in identifying which of the nine viral strains dominates. It is
not possible to use different fluorescent tags (e.g., EBFP2, GFP,
mKO?2) in each of the viral strains; nine fluorescent proteins that
are resolvable by flow cytometry do not exist. In addition, the
different sizes and amino acid sequences of the fluorescent pro-
teins could confound analysis by altering the fitness of the virus
(e.g. Jc1/NSPAB-mKO2-Bsd jo Jags fit than Jcl/NSPAB-mMKO2, Fig. 1).

We elected to instead label each viral strain with a 12-nt RNA
sequence tag, or barcode (31), inserted between NS5A and NS5B
to create Jc1/NS>AB-Barcode giraing (Fig. 6). The barcodes were var-
ied using silent mutations; thus, the amino acid sequence is the
same for each barcode, and no differential effects on viral fitness
should occur. Each barcode differs from every other barcode at
three or more positions, allowing clear discrimination of barcodes
even in the instance of point mutations.

Identification of viral barcodes was performed by isolation of
viral RNA from supernatants, and initial RT-PCR amplification of
a 538-nt amplicon. The barcode tags were then reamplified using
anested PCR comprisinga 74-nt or an 86-nt amplicon. The nested
PCR approach was used to reduce the possibility of PCR contam-
ination due to the small size of the second amplicon and the low
input of viral RNA. To reduce sequencing effort and expense, the
barcodes were concatenated using complementary fusion adap-
tors at the 5" end of the primers (32). Overlap extension of the
adaptors during the nested PCR fused the barcodes into long con-
catemers, which were then cloned and Sanger sequenced. On av-
erage, 6.1 barcodes/sequencing read were obtained using the 86-nt
amplicon, and 7.1 barcodes/sequencing read were obtained using
the 74-nt amplicon. The higher barcode yield with the 74-nt am-
plicon was likely due to the shorter nucleotide span between con-
catenated barcodes (41 nt compared to 59 nt) but was still below
the theoretical ~14 barcodes possible for an 800-nt sequencing
read (see notes in the supplemental results). On average, 62.7 bar-
codes were sequenced for each experimental data point, totaling
2,258 barcodes (Fig. 7A to C). When using defined mixtures of the
nine viral RNAs, the barcode sequencing approach was quite ac-
curate at measuring the relative proportion of each, as shown in
Fig. 7A, columns 1 and 2.
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FIG 5 The highly infectious and superinfectious phenotype of the Mut7 and Mut6 viruses is not limited to the Jc1/NS*AB-mKO2-Bsd reporter strain. (A) Infectivity
of supernatants from Mut7 and Mut6 Jcl-transfected cultures is ~10-fold higher than WT Jcl-transfected cultures. Untagged Jc1 (WT, Mut7, or Mut6) viral
supernatants produced by transfection of Huh7.5 cells were assessed for infectivity using the limiting dilution assay on naive Huh7.5 cells. (B) Exclusion of the
Jc1/AE1E2NS*A-GFP primary replicon is enhanced in Mut7- and Mut6-superinfected cultures. Polyclonal Jc1/AE1E2N%4S® replicon-containing cells were
superinfected with untagged Jc1 (WT, Mut7, or Mut6) or the adapted superinfecting strain (rounds 10, 11, and 13) viral supernatants. Exclusion of the primary
replicon was assessed by flow cytometry. (C) Exclusion of the Jc1/AE1E2NS9AFLueBsd primary replicon is enhanced in Mut7- and Mut6-superinfected cultures.
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fected cultures compared to WT Jcl-superinfected or nonsuperinfected cultures. n = 3 independent viral preparations and infections; error bars indicate * the

SEM. *, P < 0.05; ***, P < 0.001; ****, P < 0.0001 (one-way ANOVA or analysis of covariance).

Superinfection dynamics in multiply infected cultures. A vi-
ral strain with a more superinfectious phenotype should eventu-
ally dominate in a mixed infection due to superinfection and con-
comitant exclusion of the less-fit primary viral strain. Mut7, each
of the seven single revertants (not including NS5A D2437N), and
WT Jcl/NSoAB-Barcode giraing were used simultaneously in the
mixed infections. Initially, we transfected equal amounts each vi-
ral RNA simultaneously into Huh7.5 cells in an attempt to estab-
lish each strain on an equal standing and allowed the viral strains
to spread throughout the culture (Fig. 7A). The relative propor-
tions of each viral strain in the culture were assessed from 3 to 21
days posttransfection by barcode sequencing of viral RNA from
cell-free supernatants. Note that adaptation of the viral genomes
may occur on this time scale; the barcode prevalence simply dem-
onstrates overall viral fitness and superinfection ability given a
particular initial genotype.

By 3 days posttransfection, >70% of the cells in the transfected
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culture were HCV RNA positive (data not shown). Viral compe-
tition and dominance at this point reflects the ability to success-
fully superinfect neighboring infected cells and exclude the pri-
mary viral genome. As expected, the WT virus was quickly
excluded from the culture, since it superinfects with low effi-
ciency. Likewise, viral strains lacking the p7 V756A and NS5A
C2274R were also excluded; these mutations were shown to be
important when superinfecting replicon-containing cells (Fig. 3).
The strain lacking the E1 A335S mutation was not as effectively
excluded. Much of the viral spread and superinfection was via
cell-to-cell transmission under these conditions, and require-
ments for viral entry are less strict under these conditions (33).
Although the p7 V756A mutation was found to be important in
both viral competition experiments (Fig. 7) and superinfection of
replicon cells (Fig. 3), a postentry block to HCV replication has
been clearly established (5, 7, 34). Given that p7 is dispensable for
RNA replication but important for viral assembly, it is likely that
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pCR Blunt IT Topo. Colony PCR was then performed, followed by sequencing.

Ladder

p7 V756A is providing a fitness advantage by increasing the num-
ber of infectious viral particles, rather than allowing HCV to over-
come the postentry superinfection block.

Of note, the strain lacking the poly(U/UC) deletion was also
excluded from the culture; this mutation was not found to be
important when superinfecting cells containing a WT replicon
(Fig. 3). However, under the mixed infection conditions, the strain
lacking the poly(U/UC) deletion is competing to superinfect cells
containing highly fit HCV strains. In addition, the barrier to super-
infection is likely greater in these experiments due to 5-fold-higher
HCV RNA accumulation in acutely infected compared to replicon-
positive cells (data not shown). This mutation apparently provides an
advantage under these more stringent conditions.

In addition to cotransfecting each of the nine viral RNAs, we
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coinfected cells simultaneously with a mixture of each of the nine
viral strains. This experiment was performed by normalizing each
of the viral strains by viral genome input (Fig. 7B), or by infectious
titer (Fig. 7C). Note that the viral RNA input under these condi-
tions was determined by quantitative RT-PCR of viral superna-
tants prior to mixing and is not precisely defined as in Fig. 7A.
Importantly, both of the coinfection studies agree with the
cotransfection studies; strains lacking p7 V756A, NS5A C2274R,
the poly(U/UC) deletion, and the WT strain were excluded from
the culture.

HCV strains with a poly(U/UC) deletion and the NS5A
C2274R mutation overcome the postentry superinfection block.
We next focused our efforts on defining the specific mutations
that could act at the postentry step where superinfection exclusion
typically occurs (5, 6). The E1, E2, and p7 mutations affect viral
entry or assembly and are thus unlikely to play a role. The NS3 and
NS4A mutations did not greatly increase superinfectivity and are
also unlikely candidates. In contrast, the NS5A C2274R mutation
proved important for superinfection (Fig. 3B to D) and increased
the amount of viral protein in infected cells (Fig. 8B and C). In
addition, we observed that while the poly(U/UC) deletion was
dispensable when superinfecting WT replicon-containing cells
(Fig. 3), the deletion was important in competition studies with
other highly superinfectious strains (Fig. 7). Furthermore, we ob-
served that the median length of the poly(U/UC) tract decreased
as the superinfectious virus was passaged over replicon cells (Table
2). Overall, HCV protein levels also increased in cells transfected
with viral RNA carrying deletions in the poly(U/UC) (Fig. 8C), a
finding consistent with studies demonstrating that a shorter
poly(U/UC) increases HCV infectivity in vitro (35, 36). These re-
sults suggest that the deletion in the poly(U/UC) region and the
NS5A C2274R mutation are key to allowing the virus to overcome
postentry superinfection exclusion.

We analyzed the effects of the adaptive mutations on overcom-
ing the postentry superinfection block by “supertransfecting” Jc1/
AE1E2NSSA-GFP-Bsd 1oy clonal replicon cells with equal amounts
of various mutant Jc1/NS>AB-mKO2-Bsd p A, Supertransfection (as
opposed to superinfection) of replicon-containing cells focuses
specifically on the postentry block, since virion assembly and entry
do not play a role. In addition to the 21-nt deletion of the poly(U/
UC) in the superinfection studies, viral genomes carrying a 36-nt
poly(U/UC) deletion were used (Fig. 8A). Progressively shorten-
ing the poly(U/UC) tract caused a corresponding increase in su-
pertransfection (Fig. 9A). By including the NS5A C2274R muta-
tion in the context of the poly(U/UC) deletions, a slight increase in
supertransfection was observed. However, when the other Mut7
mutations were included (E1 A335S, E2 1411V, p7 V756A, NS3
A1564T, and NS4A H1691L), we detected no additional increase
in supertransfection (Fig. 9A). When these same viral RNAs were
used to transfect naive Huh7.5 cells, we observed that a shorter
poly(U/UC) increased the transfection efficiency but not to the
same extent, due to the high permissivity of naive cells (Fig. 9B).

By superinfecting Jc1/AE1E2NS4-CFP-Bsd bolvclonal replicon
cells with these mutant strains, we again observed that a shorter
poly(U/UC) allowed the secondary virus to better-overcome su-
perinfection exclusion (Fig. 9C). Furthermore, there appeared to
be a synergistic effect of the shorter poly(U/UC) and the NS5A
C2274R mutation on superinfection efficiency. However, we did
not observe an effect of the poly(U/UC) deletion on superinfec-
tion in the context of the Mut7 mutations. This is likely to result
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infections; error bars indicate the SEM.

from the highly infectious phenotype that results from the E1 and
p7 mutations, which may allow for sufficiently high entry of the
secondary virus to mask the effect of the poly(U/UC) deletion.

Translation of superinfectious viral RNA is unaffected by
poly(U/UC) length or the NS5A C2274R mutation. Results from
prior studies have been inconsistent on whether superinfection
exclusion is mediated in part by a block in translation of secondary
viral RNA (5, 6, 37). Since the poly(U/UC) deletion and the NS5A
C2274R mutation appear to be key players in overcoming the
postentry superinfection block, we chose to assess the effect of
these mutations on HCV IRES-mediated translation. RNAs en-
coding firefly luciferase (FLuc) driven by the HCV IRES were
transfected into Jc1/AE1E2NS>A-GFP-Bsd by onoclonal replicon cells,
as well as a replicon-cured variant of this cell line (cured by IFN-«
treatment). 5’-7-Methyl-guanosine-capped and 3’-polyadenyl-
ated Renilla luciferase (RLuc) RNA was cotransfected as a trans-
fection control, and luciferase activity was assessed 2 h posttrans-
fection. Deletions in the poly(U/UC) tract of the 3'UTR did not
appear to have any effect on translation, although including the
3'UTR did greatly enhance translation (Fig. 10A). Furthermore,
no difference was observed in replicon-containing and replicon-
cured cells.
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We assessed the effect of a shorter poly(U/UC) and the NS5A
C2274R mutation on HCV IRES-mediated translation in a
more relevant context by introducing these mutations into
Jc1/NSABTLuC GND constructs. The NS5B GND mutation en-
sures that viral RNA replication cannot occur (38); therefore,
FLuc luminescence will only reflect viral RNA translation. Viral
RNA translation was not increased as a result of the mutations; if
anything, the 21-nt deletion decreased translation (Fig. 10B). In-
terestingly, viral RNA translation was ~2-fold greater in replicon
cells than in replicon-cured cells. We did not observe this effect
with the minimal 5"UTR-FLuc-3"UTR constructs, suggesting that
replicons enhance HCV IRES-mediated translation specifically in
the context of the full-length viral sequence. Combined with this
observation, the failure of the poly(U/UC) deletion and NS5A
C2274R mutations to enhance HCV IRES-mediated translation
suggests that postentry superinfection exclusion does not result
from a block in secondary viral RNA translation.

DISCUSSION

In this study, we used highly infectious, Jc1/~%**® fluorophore-
tagged HCV genomes to select for a variant of HCV capable of
high levels of superinfection. We found that the emergence of
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superinfectivity increases the fitness of the virus generally and
that superinfectious viruses can exclude the primary infection.
The superinfectious phenotype of a virus also depends on the
primary infection; the virus we isolated was far more capable of
superinfecting genotype 2a compared to genotype 1b replicon-
containing cells. We identified specific adaptive mutations that
allow HCV to overcome the postentry barrier to superinfection,
namely, a deletion in the poly(U/UC) tract and a C2274R muta-
tion in NS5A. Lastly, we demonstrate that these adaptive muta-
tions do not alter translation of HCV RNA and that superinfection
exclusion generally is not caused by a block in the translation of
the secondary viral RNA.

We demonstrate that Jc1/N%*P-tagged genomes display infec-
tious titers more closely resembling untagged Jc1 than the com-
monly used bicistronic and NS5A domain-III fusion-tagged Jcl
reporter genomes (Fig. 1B) (5, 15, 20). Similar Jc1/~5°*P fluoro-
phore—tagged genomes were recently described by Horwitz et al.
(11). In Horwitz et al., a Ypet tag was inserted between NS5A and
NS5B bracketed by short NS3/4A cleavage sites (DTTVCC/SM);
we used longer cleavage sites (SEEDDTTVCC/SMSYS). In con-
trast to those findings, we observed incomplete cleavage between
NS5A and the fluorophore tag (data not shown). Further, after 11
passages of infected cells (Fig. 2C), we observed that only 4/18
(22%) of the sequenced viral genomes have deletions in the fluo-
rophore tag (Table 2), while Horwitz et al. observed that ~50% of
infected cells lose fluorophore-derived fluorescence after only six
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passages. However, our publications agree on the main finding
that high-titer Jc1 reporter strains can be obtained by insertion of
the reporter between NS5A and NS5B.

We also devised a novel strategy of investigating viral dynamics
in cultures infected with multiple HCV strains simultaneously.
Previous studies have sequence barcoded up to 6,200 yeast (39, 40)
or viral (39, 40) strains for competition experiments and analyzed
the barcodes by deep sequencing (Bar-seq) or microarrays. As we
were competing a relatively small number of viral strains (nine),
we identified the barcodes using an approach based on the prin-
ciples of serial analysis of gene expression (SAGE) (41). The se-
quence barcodes were fused into concatemers in a simple two-step
PCR, cloned, and identified by Sanger sequencing. This approach
provides a labor and cost advantage over barcode microarrays and
Bar-seq when comparing the fitness of a relatively small number
of HCV strains (42). Furthermore, since discrete, countable tags
are sequenced, direct comparison between multiple time points or
conditions in a single experiment are possible (Fig. 7A). Microar-
rays can only directly compare two conditions. Our serial analysis
of barcode expression (SABE) approach may be useful in compar-
ing the fitness of a small number of HCV strains with different
combinations of drug resistance mutations in response to drug
treatment. When comparing many viral strains, the number of
barcode sequences required scales up rapidly; Bar-seq is more ap-
propriate under these conditions, since the cost of Sanger se-
quencing will quickly become prohibitive.
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FIG 9 NS5A C2274R and A 3"UTR mutations increase “supertransfection” in
replicon-containing cells. (A) “Supertransfection” is greatly enhanced by
poly(U/UC) deletions and slightly enhanced by the NS5A C2274R mutation.
Jc1/AE1E2N94-CFP polyclonal replicon cells were transfected with WT and
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sessed by flow cytometry as the percentage of replicon-positive cells (GFP™")
that were also positive for the secondary Jc1/NS3ABmKO2Bsd yiryg (mKO2™) 2
days posttransfection. n = 4 independent transfections. (B) Transfection
rates in naive cells are also enhanced by the poly(U/UC) deletion and NS5A
C2274R mutation. Naive Huh7.5 cells were transfected with WT and mu-
tant Jc1/NSSAB-mKO2Bsd ransceripts and transfection rates (% mKO2™") were
assessed by flow cytometry 2 days later. n = 4 independent transfections. (C)
Superinfection rates are also enhanced by the poly(U/UC) deletion and NS5A
C2274R mutation. Jc1/AE1E2NS*4"CF¥ polyclonal replicon cells were infected
with WT and mutant J¢1/NS%AB-mKO2-Bsd ] supernatants (normalized to the
amount of HCV core per infection). Superinfection rates were assessed by flow
cytometry 3 days later. n = 3 independent viral preparations and infections;
error bars indicate the SEM.
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The Jc1/NSABmKOZBsd yira] genomes were highly infectious

and produced bright orange fluorescence in infected cells, permit-
ting simple analysis of the dynamics of HCV superinfection in
replicon-containing cells. These two characteristics allowed us, in
the space of a few weeks, to select for a strain of HCV that could
superinfect genotype 2a replicon-containing cells. Notably, the
superinfectious HCV strain had two key characteristics: it dis-
played higher infectivity overall, even in naive cells, and it ex-
cluded the primary replicon in the space of 9 to 15 days.

Interestingly, the superinfectious phenotype was weaker in ge-
notype 1b replicon-containing cells. This was not explained by
higher levels of replication of the Con1 replicon; previous studies
have demonstrated that Conl is far less efficient at establishing
replication than JFH-1-based replicons, but the steady-state RNA
levels are equivalent (43, 44). Our results agree in both respects.
The Conl SGR/NS4GP was >2-log less efficient at establishing
replication compared to Jc1/AEIE2NS*A"GFP-Bsd byt the RNA lev-
els in GFP™ cells were equivalent between replicons (data not
shown). Therefore, the lower superinfection rates of adapted Jcl
in Con1 SGR/N®**"STP replicon cells may be due to differences in
the construction of the replicons. Conl SGR/N***"STF s a bicis-
tronic replicon with a neomycin selection cassette, containing
only NS3-NS5B. Jc1/AE1E2NSSA-GFP-Bsd - () the other hand, is
monocistronic with a blasticidin selection cassette, also expressing
core, truncated E1E2, p7, and NS2. These differences could mod-
ify the intracellular environment in a way that affects superinfec-
tion exclusion. Alternatively, and more provocatively, the adapted
Jc1 may have been selected to specifically superinfect cells accord-
ing to the genotype of the primary strain.

The importance of a blockade to viral entry in the process of
superinfection exclusion has been controversial, since initial stud-
ies found no defect in entry of HIV particles pseudotyped with an
HCV envelope (5). However, both increased and decreased ex-
pression of viral entry receptors can occur upon HCV infection,
potentially enhancing or blockading HCV entry into infected cells
(6, 45-48). Regardless of any effects on viral receptors, when a
secondary replicon is “supertransfected” into cells already con-
taining an HCV replicon, it replicates very poorly, clearly showing
that postentry superinfection exclusion exists (7, 34). This posten-
try replication block may directly result from blocking replication
of secondary viral RNA, or indirectly, by preventing translation of
secondary viral RNA.

Initial analysis of the adaptive mutations acquired in the super-
infectious strain suggested that the E1 A335S, p7 V756A, and
NS5A C2274R mutations contributed significantly to the pheno-
type. Viral competition experiments using Jc1/NS*AB-Barcode graing
demonstrated the importance of the p7 V756A and NS5A C2274R
mutations and the poly(U/UC) deletion. However, mutations in
El1, E2, or p7 are unlikely to allow the virus to overcome postentry
superinfection exclusion, since these proteins only affect viral en-
try or assembly. The contribution of the E1 and p7 mutations to
the superinfectious phenotype is likely a result of simply enhanc-
ing viral assembly and fusion, and increasing the number of sec-
ondary viral genomes in previously infected cells. Indeed, by “su-
pertransfecting” viral transcripts into replicon-containing cells,
thus focusing specifically on the postentry superinfection block,
we found the NS5A C2274R mutation and poly(U/UC) deletions
to be most crucial in overcoming the postentry block. Notably,
when competition studies were carried out, an adapted Jc1 strain
lacking the poly(U/UC) deletion established high levels of initial
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infection (day 3; Fig. 7B and C) but was excluded from the culture
after viral spread and superinfection occurred (day 18). In con-
junction with the “supertransfection” studies, the poly(U/UC) de-
letion appears quite important in allowing HCV to establish RNA
replication in infected or replicon-containing cells.

Interestingly, neither the NS5A C2274R mutation nor the
poly(U/UC) deletions affected viral RNA translation. It has previ-
ously been shown, using small FLuc reporter RNAs equivalent to
those used in Fig. 10A, that HCV IRES-mediated translation is
enhanced in vivo by 49- to 138-nt poly(U/UC) tracts independent
of length (49). Our results agree with this finding and further
demonstrate that deletions of the poly(U/UC) tract do not affect
HCV IRES-mediated translation in full-length viral RNAs and in
the context of a separate replicon. Further, we found that transla-
tion of full-length HCV transcripts, but not short reporter RNAs,
was enhanced in replicon-containing cells. This agrees with pre-
vious findings that HCV IRES-mediated translation is enhanced
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in replicon-containing cells (37) but disagrees with results indi-
cating that translation of a secondary subgenomic viral RNA is
decreased in replicon-containing cells (5). However, Schaller et al.
used a bicistronic construct in which translation of luciferase was
driven by the HCV IRES and the viral polyprotein by EMCV IRES.
In our study, all translation was driven by the native HCV IRES,
which may be more reflective of natural HCV translation. Pre-
sumably, NS5A C2774R and the poly(U/UC) deletions allow HCV
to overcome the postentry superinfection block by modulating
HCV RNA replication.

Of note, superinfectious viruses also rapidly excluded the pri-
mary replicon or virus after superinfection (Fig. 7, Fig. 5). This
phenomenon would act to further prevent co-occupancy of the
same cell with multiple viral genomes and thus interstrain recom-
bination. The mechanism by which the superinfectious virus ex-
cludes the primary replicon is unclear. We recently described a
mechanism of intracellular competition between HCV strains
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whereby mitosis of host cells leads to a genetic bottleneck in HCV
diversity (17). The higher replicative capacity of the superinfec-
tious strain may induce a bias in this intracellular competition
in dividing cells, leading to eventual exclusion of the primary
virus.

A number of prior studies focusing on the culture adaptation
of JFH-1 and JFH-1-based chimeric strains identified the same
adaptive mutations found in the present study. These mutations
include, for example, p7 V756A (21), NS5A C2274R (50-52), and
ashorter poly(U/UC) (35, 36). The typical approach to cell culture
adaptation in HCV is to infect cells in long-term cultures, with
intermittent serial passages of viral supernatants. It is likely that
these culture conditions are also selecting for superinfectivity; our
results indicate that superinfectious HCV strains exclude non-
adapted strains and quickly dominate a culture. Thus, superinfec-
tivity appears to correlate highly with overall viral fitness. Selec-
tion for superinfectivity in a natural patient setting, and possible
exclusion of the primary strain, remains to be established. Trans-
plantation of HCV-infected liver grafts into infected patients sug-
gests that exclusion of the donor or recipient strain happens
within as little as 1 day (53). It may be interesting in the future to
infect mice with humanized livers with WT Jcl and superinfect
with Jcl Mut7 to determine whether superinfection and viral
dominance also occurs in vivo.

The postentry block to HCV superinfection has been postu-
lated to result from sequestration of a limiting host factor(s) by the
primary virus (6), as evidenced by a plateau in HCV RNA and
protein levels shortly after infection. We found that the NS5A
C2274R and poly(U/UC) deletion are key players in allowing a
secondary virus to overcome the postentry superinfection block.
In future studies, it will be interesting to determine whether the
variants of these HCV proteins and RNA have a greater affinity for
certain host proteins. Such host proteins would likely serve as
rate-limiting factors in the HCV life cycle and, as such, would be
excellent targets for antiviral therapies.
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