Lo L

P

1\

=y

Efficient hepatitis C virus cell culture system:
What a difference the host cell makes
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he availability of a cell culture

system is a critical prerequisite

to study the replication cycle of

a virus and to devise strategies
for prophylactic and therapeutic inter-
ventions. Such a system depends on two
elementary components: an infectable
host cell supporting production of infec-
tious virus progeny and a virus that is
capable of replicating and assembling
infectious particles in these cells. From a
technical point of view this is relatively
easy to achieve, but what if the virus
does not replicate in cultured cells?
There are several examples of medically
very important viruses that cannot or
can only poorly be propagated in cell
culture, hepatitis C virus (HCV) being
one prominent example. All attempts to
culture this pathogen have been faced
with major roadblocks that could be
overcome only step-by-step. The most
recent achievement is a virus production
system that is based on the transfection
of the human hepatoma cell line Huh-7
with genomic HCV RNA derived from
a cloned viral genome (1). Although it
was a major step forward, the system
was in need of improvement because of
limited virus yields and limited spread in
cell culture. In a recent issue of PNAS,
a study by Zhong et al. (2) showed that
improvement can be achieved by using
particularly permissive cells derived from
the human hepatoma cell line Huh-7,
yielding virus titers that are ~50-fold
higher and resulting in a more efficient
spread of the infection. This is an im-
portant observation that broadens the
scope of the HCV cell culture system
(1) but at the same time raises the im-
portant question of what makes this sys-
tem more efficient.

Host Cell Permissiveness and Cell
Culture Adaptations

Numerous examples in the literature
document that infection of primary hu-
man liver cells and several cell lines with
serum-derived HCV is possible and that
the viral genome can be kept in some

of these cell lines for up to 2 years
(reviewed in ref. 3). Nevertheless, in all
cases, HCV replication did not exceed
copy numbers of 0.01-0.1 RNA ge-
nomes per cell, limiting the usefulness of
these systems. Moreover, infectivity of
serum-derived virus is variable, and the
sequences of the genomes used for inoc-
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ulation usually are unknown. However,
only when virus production from cloned
genomes is possible, the full power of
reverse genetics, in which distinct muta-
tions introduced into the viral genome
can be analyzed for their impact on rep-
lication and virus production, can be
used. For these reasons, much effort
was invested to generate HCV by trans-
fection of cultured cells with cloned
viral genomes; however, until very re-
cently (1), convincing success had not
been reported. A first major obstacle
toward an efficient cell culture system
was overcome with the invention of the
HCV replicon system (4). It is based on
the efficient and autonomous replication
of viral “minigenomes” into which a

A single point mutation
is involved in higher
permissiveness for
hepatitis C virus
RNA replication.

selectable marker was inserted. Soon
thereafter, it was found that the effi-
ciency of replicon RNA amplification
was determined by cell culture adaptive
mutations within the viral proteins and
by selection for particular cells that are
highly permissive (3). The latter conclu-
sion is based on the observation that
removal of the replicon from a cell
clone by treatment with IFN or a selec-
tive drug frequently results in cell clones
that support higher levels of HCV RNA
replication as compared to naive Huh-7
cells. The underlying reason for the
higher permissiveness is largely un-
known, but for one particular cell clone,
designated Huh7.5 (5), a single point
mutation in the dsSRNA sensor retinoic
acid-inducible gene-I (RIG-I) was found
to be involved in higher permissiveness
for HCV RNA replication (6). Activa-
tion of RIG-I by dsRNA, such as HCV
RNA, results in the phosphorylation and
nuclear translocation of IFN regulatory
factor-3 (IRF-3), activating innate anti-
viral defenses. This defect, together with
the overall very low expression of the
exogenous dsRNA sensor Toll-like re-

PNAS

ceptor 3 in Huh-7 cells (7), could ex-
plain why HCV replicates so efficiently
in Huh7.5 cells. This is the reason why
Zhong et al. (2) generated a Huh7.5-
derived cell line and used it for their
study.

The second observation on which
their study is built stems from the recent
isolation of an HCV genome designated
JFH-1 (for Japan fulminant hepatitis)
that replicates to very high levels in
Huh-7 cells without requirement for cell
culture adaptive mutations (8). This is
an important prerequisite for establish-
ment of a complete cell culture system
because these mutations were found to
interfere with virus production.t Conse-
quently, transfection of the full-length
JFH-1 genome into Huh-7 cells leads to
the production of virus particles infec-
tious for Huh-7 cells in an E2- and
CDS81-dependent manner (1).

Virus Production in Huh7.5.1 Cells

Taking advantage of the JFH-1 genome
and a highly permissive Huh7.5-derived
cell line designated Huh7.5.1, Zhong et
al. (2) made the perplexing observation
that transfected cells released up to 103
focus-forming units (ffu) per ml, as de-
termined by the average number of
HCV protein (NS5A)-positive foci de-
tected by immunofluorescence analysis
of cells infected with the highest virus
dilution. This number is ~50-fold higher
as compared to a previous study that
also used the same JFH-1 isolate but
naive Huh-7 cells as well as another
Huh-7 cell clone (1). The difference ap-
pears to be due at least in part to the
higher permissiveness of Huh7.5.1 cells,
but what renders these cells more
permissive, and which stage(s) of the
replication cycle is affected? Different
scenarios can be envisioned: Huh7.5
cells (from which Huh7.5.1 are derived)
have a defect in the RIG-I pathway,
making them less responsive to intra-
cellular dsRNA, generated during virus
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replication and inducing an antiviral
program (6). The reduced efficiency of
the host cell’s innate defenses could
explain the higher permissiveness. Alter-
natively, Huh7.5.1 cells may display a
higher density of virus (co)receptors
allowing attachment and entry to pro-
ceed with greatly enhanced efficiency.
Also, virus assembly and egress could
be more efficient in this particular
host cell.

Possible Role for Cell Culture Adaptation
of JFH-1

Apart from that, there is an additional
possibility emerging from a careful
analysis of the kinetics through which
infectious virus is released from JFH-1-
transfected Huh7.5.1 cells (2). In spite
of efficient RNA replication, release of
infectious particles was low up to day 11
after electroporation (=50 ffu/ml).
However, a sharp rise in release of in-
fectivity was observed thereafter, first
detected ~14 days after transfection and
reaching peak titers in the range of 5 X
10* ffu/ml at 21 days after transfection.
This kinetic would be compatible with
the emergence of cell-culture-adapted
JFH-1 variant(s) carrying mutations that
enhance formation and release of infec-
tious virus and thereby accelerate
spread of infection in the culture. In
agreement with this assumption, infec-
tion of Huh7.5.1 cells with virus har-
vested from cells 19 or 24 days after
transfection resulted in high-titer release
of infectivity within 3 days after infec-
tion, indicating that adapted variants
were already present in the inoculum.
Although the route of inoculation (RNA
transfection versus infection) may have a
strong impact on the kinetics of release
of infectious HCV particles, the possibil-
ity of cell culture adaptation has not
been considered, and no sequence anal-
ysis of progeny virus was performed.
However, this is an important prerequi-
site to understand the reason for the
efficiency of this virus system. Cell cul-
ture adaptation has been described for
numerous other viruses, and it would
well explain the delayed kinetics of
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high-titer HCV release from transfected
cells and the rapid subsequent virus
spread.

Characteristics of Cell Culture-
Grown HCV

Building on the efficiency of their
culture system, Zhong et al. (2) demon-
strate passage of the virus in Huh7.5.1
cells without loss of virus titer, and they
confirmed previous observations that
JFH-1 infection can be neutralized by
antibodies directed against CD81 (1, ),
a molecule that appears to be critically
involved in the infection process (9).
Moreover, infectivity could be partially
neutralized by using a monoclonal anti-
body directed against envelope protein

Infectivity could be
partially neutralized by
using a monoclonal
antibody against
envelope protein 2.

2, confirming the studies performed
with HCV pseudoparticles and showing
that E2 is important for infection (10,
11). Cell culture-grown infectious virus
had a surprisingly homogenous density
of ~1.105 g/ml, which is at variance
with the heterogeneity of densities de-
scribed for virus present in patient sera.
This finding may be due to the lower
association of culture-grown HCV with
lipoproteins and antibodies.

Attempts to infect cell lines other
than Huh-7 were not successful. How-
ever, as deduced from the low G418-
transduction efficiency achieved with
selectable replicons and the inability to
detect transient HCV RNA replication,
these cells have a very limited permis-
siveness. Therefore, the negative results
could be due to a block of infection or
merely reflect the limited amplification
of viral RNA and protein that is, how-

6. Sumpter, R., Jr., Loo, Y. M., Foy, E., Li, K., Yon-
eyama, M., Fujita, T., Lemon, S. M. &

Gale, M., Jr. (2005) J. Virol. 79, 2689-
2699.
7. Li, K., Foy, E., Ferreon, J. C., Nakamura, M., Ferreon,

A. C, Ikeda, M., Ray, S. C., Gale, M., Jr., & Lemon,
S. M. (2005) Proc. Natl. Acad. Sci. USA 102, 2992—
2997.

8. Kato, T., Date, T., Miyamoto, M., Furusaka, A.,
Tokushige, K., Mizokami, M. & Wakita, T. (2003)
Gastroenterology 125, 1808-1817.

9. Pileri, P., Uematsu, Y., Campagnoli, S., Galli, G., Falugi,
F., Petracca, R., Weiner, A. J., Houghton, M., Rosa, D.,
Grandi, G., et al. (1998) Science 282, 938-941.

9740 | www.pnas.org/cgi/doi/10.1073/pnas.0504296102

ever, a prerequisite for detection of in-
fected cells. Nevertheless, HCV could
also be propagated in naive Huh-7 cells
upon inoculation with virus that was
produced in Huh7.5.1 cells. Interest-
ingly, virus release from naive cells was
greatly delayed, and no infectivity could
be detected in supernatant of infected
Huh-7 cells up to 6 days after inocula-
tion. Thereafter, titers of released infec-
tivity increased ~500-fold reaching
levels comparable to Huh7.5.1 cells that
were inoculated in parallel. Whether this
is linked to a less efficient infection, for
instance, because of lower expression
level of (co)receptor molecules or a
dsRNA-induced antiviral response oper-
ating in naive Huh-7 cells and delaying
spread of virus infection, is not known.
If it is an innate immune response that
initially controls HCV replication, it
appears to be overcome at a later time
point, which could be explained by the
accumulation of viral proteins interfer-
ing with this antiviral program in in-
fected cells. A prime candidate effector
is the NS3/4A protease shown to block
the dsRNA-induced phosphorylation

of IRF-3 (12). Alternatively, HCV
genomes replicating in infected naive
Huh-7 cells may have acquired muta-
tions facilitating virus formation and
spread in these cells. Unfortunately, pas-
sage of the virus using only naive Huh-7
cells was not done. If adaptation plays a
role one would expect a much faster
kinetic of virus release and spread upon
secondary infection.

Conclusions

In summary, the study by Zhong et al.
(2) describes a simple and robust HCV
cell culture system. Key to the improve-
ment over the previous study was the
use of a highly permissive Huh-7 cell
clone enhancing titres of (eventually
adapted) viruses and spread of infection.
Although several questions remain un-
answered, this new system illustrates
that HCV research has entered an era
of classical virology.

Note Added in Proof. While this Commen-
tary was under consideration, Lindenbach

et al. (13) described the complete replication
of chimeric HCV in Huh7.5 cells.

10. Bartosch, B., Dubuisson, J. & Cosset, F. L. (2003) J.
Exp. Med. 197, 633-642.

11. Hsu, M., Zhang, J., Flint, M., Logvinoff, C., Cheng-
Mayer, C., Rice, C. M. & McKeating, J. A. (2003)
Proc. Natl. Acad. Sci. USA 100, 7271-7276.

12. Foy, E., Li, K., Sumpter, R.,Jr., Loo, Y. M., Johnson,
C. L., Wang, C,, Fish, P. M., Yoneyama, M., Fujita,
T., Lemon, S. M., et al. (2005) Proc. Natl. Acad. Sci.
USA 102, 2986-2991.

13. Lindenbach, B. D., Evans, M. J. Syder, A. J., Wolk,
B., Tellinghuisen, T. L., Liu, C. C., Maruyama, T.,
Hynes, R. O., Burton, D. R., McKeating, J. A. &
Rice, C. M. (June 9, 2005) Science, 10.1126/
science.1114016.

Bartenschlager and Pietschmann



