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Unexpected Host Range of Hepatitis C
Virus Replicons

Zhu Q, Guo J-T, Seeger C. Replications of hepatitis C
virus subgenomes in nonhepatic epithelial and mouse
hepatoma cells. J Virol 2003;77:9204-9210. (Reprinted
with permission from the American Society for Microbi-

ology (ASM).)

Abstract
The hepatitis C virus (HCV) pandemic affects the health of more

than 170 million people and is the major indication for orthotopic
liver transplantations. Although the human liver is the primary
site for HCV replication, it is not known if extrahepatic tissues are
also infected by the virus nor if nonprimate cells are permissive for
RNA replication. Because HCV exists as a quasispecies, it is con-
ceivable that a viral population may include variants that can
replicate in different cell types and other species. We have tested
this hypothesis and found that subgenomic HCV RNA can repli-
cate in mouse hepatoma and nonhepatic human epithelial cells.
Replicons isolated from these cell lines carry new mutations that
could be involved in the control of tropism of the virus. Our
results demonstrated that translation and RNA-directed RNA rep-
lication of HCV do not depend on hepatocyte or primate-specific
factors. Moreover, our results could open the path for the devel-
opment of animal models for HCV infection.

Comments

Viruses are obligate intracellular parasites that abso-
lutely depend on a functional host cell machinery for their
multiplication. Consequently, studies of the viral life cy-
cle require systems that support virus propagation in cul-
tured cells; unfortunately, these systems are not always
available. The hepatitis C virus (HCV) is a prominent
example how the lack of a suitable cell culture system can
impede scientific progress for many years.> A break-
through was the development of the so-called “replicon
system,” which is based on the autonomous replication of
HCV subgenomes in the human hepatoma cell line Huh-
7.3 These replicons are composed of (1) the HCV 5’
nontranslated region, (2) the selectable marker neomycin
phosphotransferase, which confers resistance against the
cytotoxic drug G418, (3) a heterologous internal ribo-
some entry site (IRES) that allows efficient expression of
the HCV NS3 to NS5B proteins, and (4) the HCV 3’
nontranslated region (Fig. 1). Upon transfection of
Huh-7 cells with replicon RNA molecules and subse-
quent selection, G418-resistant cell clones could be estab-
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lished that carry large amounts of HCV RNA and express
substantial levels of viral proteins. Studies performed in
the past few years have revealed two major determinants
for efficient RNA replication in Huh-7 cells: cell culture
adaptive mutations in the HCV coding region of the rep-
licons and host cell permissiveness.4~4

Most adaptive mutations have been identified in NS3,
NS4B, and NS5A and have been shown to cluster in
certain regions of these proteins. The most prominent hot
spots reside at two distinct positions in NS4B and in the
center of NS5A, where serine residues that are involved in
phosphorylation of this protein are often replaced by non-
phosphorylatable amino acid residues.%° The most potent
effect on RNA replication is mediated by combinations of
mutations in NS3 (e.g., E1202G) with single substitu-
tions in NS4B or NS5A (e.g., S2204I).%5 The second
determinant influencing HCV RNA replication is the
permissiveness of the host cell; that is, the extent to which
a given cell supports replication of this RNA. Only a low
number of cells in a culture appear to be sufficiently per-
missive, and these cells are enriched during G418 selec-
tion. This conclusion is based on the observation that
removal of the replicon from replicon-harboring cells
(e.g., by treatment with interferon-a [IFN-o] or a selec-
tive inhibitor) results in a population of “cured” cells that
support higher levels of HCV RNA replication compared
with naive cells.”

Since the original description in 1999, the replicon
system has been improved substantially. Transient repli-
cation assays as well as full length genomes replicating
transiently and stably in Huh-7 cells have become avail-
able.’"-12 However, two major limitations existed: the lack
of virion production and the restriction of HCV replicons
to Huh-7 cells. The latter limitation has now been over-
come by Zhu and coworkers, who reported the successful
propagation of HCV replicons in Hela cells and the
mouse hepatoma cell line Hepal-6.¢ Their experimental
approach was based on the assumption that the replica-
tion-enhancing mutations observed in Huh-7 cells (e.g.,
§2204I) reflect an adaptation to a particular host cell en-
vironment and that further mutations might be required
to adapt replicons to other cell lines. Thus, when using
complex mixtures of replicon RNAs with a high genetic
heterogeneity, the chances to select for an adapted variant
should be much higher compared with the use of rather
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Fig. 1. Comparison of the HCV genome organization (upper panel) with the structure of a subgenomic selectable replicon (lower panel). The 5’
and 3’ nontranslated regions are indicated with small bars and sequences encoding the neomycin phosphotransferase (neo) or the HCV polyprotein
with thick bars. Translation of the neo gene is directed by the HCV IRES, whereas the proteins required for RNA replication (NS3 to NS5B) are
translated under control of the IRES from another virus (the encephalomyocarditis virus). Functions ascribed to HCV proteins that are required for RNA
replication are indicated below the replicon scheme. The positions of amino acid substitutions mentioned in the text are indicated above. The role
of NS5A in RNA replication is as yet unknown. C, core protein; E1 and E2, envelope glycoproteins; NTPase, nucleoside triphosphatase.

uniform replicon RNA that is generated by iz vitro tran-
scription from cloned HCV templates.

Zhu and coworkers reasoned that because of the high
error rate of the viral replicase, HCV replicons exist
within a single cell as a swarm of sequence variants in
which (on a statistical basis) each RNA molecule differs
from the other at least at one position. Therefore, they
isolated total RNA from Huh-7 cell clones that carried
stably replicating HCV replicons. These total RNA prep-
arations were used to screen various cell lines, including
BHK (baby hamster kidney cells), Vero (kidney epithelial
cells from the African green monkey), HeLa (human cer-
vix carcinoma cells), and Hepal-6 (hepatoma cells from
the mouse) by means of RNA transfection and subse-
quent G418 selection. Only in Hela cells was a low num-
ber of G418-resistant colonies obtained. Analysis of seven
stable cell clones revealed that 90% of the cells expressed
viral proteins at a given time point, with replicon RNA
copy numbers in the range of 3,000 molecules per cell.

Although these properties are comparable to Huh-7
replicon cell clones, distinct differences have been de-
scribed in this and a subsequent study by the same
group.'” First, although replicon RNA copy numbers in
Huh-7 cells very much depend on host cell growth, this
does not appear to be the case for HeLa cells. This obser-
vation argues for some fundamental differences in host
cell requirements of HCV replicons in Hela versus
Huh-7 cells; however, the discrepancy could also be ex-
plained by a much less pronounced inhibition of HelLa
cell growth by cell-to-cell contact. Second, the I1Cs, ob-
served for IFN-a was approximately tenfold lower in
HeLa cells compared with Huh-7 cells (0.1 IU/ml vs. ~1
[U/ml, respectively).'” Third, treatment of HeLa cells car-
rying HCV replicons with IFN-a led to apoptosis in more

than 30% of cells. However, the induction of cell death
could be prevented when replicons were blocked with an
NS5B-specific inhibitor prior to addition of IFN-a, sug-
gesting that viral RNA or protein stimulated an innate
cellular response that sensitized cells towards apoptosis.'”
In contrast, Huh-7 replicon cells treated in a similar fash-
ion did not undergo programmed cell death.

To determine whether or not HCV replicons in HeLa
cells had acquired cell type—specific adaptive mutations,
Zhu and coworkers compared the number of G418-resis-
tant colonies obtained after transfection of Hela cells
with total RNAs isolated from HeLa or Huh-7 cells har-
boring selectable replicons.'® As summarized in Table 1,
replicon RNA isolated from HeLa cells yielded signifi-
cantly more colonies upon transfection of naive HelLa
cells compared with naive Huh-7 cells. In contrast, repli-
con RNA:s isolated from Huh-7 cells were more efficient
when introduced into naive Huh-7 cells as compared with
naive Hela cells. Because the number of G418-resistant
colonies is a measure of the efficiency of RNA replication,
these data indicated the selection for cell type—specific
replicon variants that multiplied more efficiently in HeLa

Table 1. Increase of the Number of G418-Resistant Replicon
Cell Clones by Prior Passage of Replicon RNA in
the Same Cell Line

Transfected Into

Source of
Replicon RNA Huh-7 Hela Hepal-6
Huh-7 166* 4 <1
Hela 20 160 <1
Hepal-6 40 132 3

*Number of G418-resistant colonies obtained per ng replicon RNA that was
present in total RNA of a given replicon-harboring cell clone and used for
transfection. Data are taken from Table 2 of Zhu and coworkers.16
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cells. Nucleotide sequence analysis revealed that the major
cell culture adaptive mutations present in Huh-7 cells
(E1202G and S2204I) were maintained in replicons iso-
lated from Hela cells, but several additional mutations
were found that so far had not been observed in Huh-7
cells. Most notable was an amino acid substitution in the
N-terminus of NS4B (V1749A), because it was conserved
in replicon RNAs isolated from two independent HeLa
replicon cell clones.

Encouraged by these observations, Zhu and coworkers
investigated whether or not this or other additional mu-
tations would expand the tropism of such replicons be-
yond Huh-7 and HeLa cells. A panel of 10 different cell
lines of human, monkey, rat, hamster, and mouse origin
was transfected with total RNA isolated from Hela rep-
licon cells. However, transfection of only the mouse cell
line Hepal-6 yielded G418-resistant colonies. Sequence
analysis revealed that replicons isolated from these mouse
cells had preserved the majority of mutations found in
HeLa cells that were used as the replicon RNA source, and
only a few additional mutations were detected.

In an attempt to generate cloned versions of cell type—
adapted replicons, a panel of selectable replicon con-
structs was made that carried various combinations of
mutations identified by sequence analysis of HeLa cell-
derived replicons. Two of these constructs yielded a low
number of G418-resistant colonies in HeLa cells but not
in Hepal-6 cells. Interestingly, in both cases the replicons
contained the novel NS4B mutation (V1749A) in differ-
ent combinations with other mutations. Unfortunately,
no replicon was tested that carried this NS4B mutation
alone or only in combination with the highly adaptive
ones (E1202G and S2204I). Nevertheless, these data sug-
gest that the NS4B mutation contributes to the expanded
tissue tropism. However, the fact that no colonies were
obtained in the mouse liver cell line Hepal-6 indicates
that this mutation is HeLa cell-specific.

Given the low number of colonies obtained with HelLa
cells and the negative results obtained with Hepal-6 cells,
Zhu and coworkers wondered if they had missed replicon
variants that carry more efficient cell type—specific adap-
tive mutations but represent a very minor species in the
replicon RNA population present in these cells. There-
fore, they constructed replicon complementary DNA li-
braries derived from Huh-7, HeLa, and Hepal-6 replicon
cells and transfected replicon RNA pools with a complex-
ity of 2,000 variants into the different cell lines. This
approach enabled them to establish replicon RNA-con-
taining clones of Hepal-6 cells. It will be interesting to see
which replicon variant was able to establish sustained
RNA replication in these mouse cells.
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In conclusion, the study by Zhu and coworkers repre-
sents an important extension of the HCV replicon sys-
tem. Although transient replication assays are not yet
possible with HeLa and Hepal-6 cells, and the number of
G418-resistant colonies obtained even with cell culture—
adapted replicons is low, the availability of such alterna-
tive replicon cell clones is critical for a better
understanding of the HCV life cycle. Because cell lines
can deviate quite substantially in their morphologic and
physiologic state from cells 7 vivo, the availability of mul-
tiple replicon cell lines avoids possible pitfalls that can be
encountered when working with only one particular cell
line. Moreover, this study clearly shows that HCV RNA
replication does not depend on liver cell-specific factors
but rather can replicate in nonliver tissues. This observa-
tion corroborates earlier studies describing low-level
HCYV replication in infected nonhepatic cell lines like
Daudi (B cell) or Molt-4 and MT-2 (T cell). Finally, the
finding that HCV replicons can replicate in mouse cells
and that replication in such nonhuman cells may be
achieved by certain adaptive mutations offers some hope
for the development of a mouse model for HCV infec-
tion. Although this is probably still a long way to go, the
first step has been made.

RALF BARTENSCHLAGER
Department of Molecular Virology
University of Heidelberg
Heidelberg, Germany
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Interfering With Capsid Formation: A
Practicable Antiviral Strategy Against
Hepatitis B Virus?

Deres K, Schroder CH, Paessens A, Goldmann S, Hacker
HJ, Weber O, Kramer T, et al. Inhibition of hepatitis B
virus replication by drug-induced depletion of nucleocap-
sids. Science 2003;299:893—896. (Reprinted with per-
mission from the American Association for the
Advancement of Science.)

Abstract

Chronic hepatitis B virus (HBV) infection is a major cause of liver
disease. Only interferon-a and the nucleosidic inhibitors of the
viral polymerase, 3TC and adefovir, are approved for therapy.
However, these therapies are limited by the side effects of inter-
feron and the substantial resistance of the virus to nucleosidic
inhibitors. Potent new antiviral compounds suitable for mono-
therapy or combination therapy are highly desired. We describe
nonnucleosidic inhibitors of HBV nucleocapsid maturation that
possess in vitro and in vivo antiviral activity. These inhibitors have
potential for future therapeutic regimens to combat chronic HBV
infection.

Comments

Persistent hepatitis B is still the major cause of liver cell
carcinoma worldwide. Public perception of first-world
hepatitis is dominated by hepatitis C virus (HCV), while
infection with the hepatitis B virus (HBV) is thought to
be predominantly restricted to Asia and Africa. However,
even in the first world, despite the availability of a safe and
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Fig. 1. Intracellular life cycle of the hepatitis B virus. After infection,
the covalently closed circular DNA form of the virus within the nucleus
encodes for the viral messenger RNAs. (A) Multiplication of genomic
information is achieved by synthesis of the pregenomic messenger RNA
(PG). (B) After being exported to the cytoplasm, the PG serves as the
template for translation of the viral pol and the capsid proteins. (C) PG,
pol, and a cellular protein kinase assemble to an immature capsid. (D)
Inside the capsid, pol converts the encapsidated RNA into a partially
double-stranded (pds) DNA genome. (E) These DNA-containing capsids
can be transported through the nuclear pore complex (NPC) into the
nucleus, which leads to amplification of the nuclear viral DNA early in
infection. (F) Later, when viral surface proteins are synthesized, these
capsids can be enveloped and secreted as progeny virus. The HAPs
inhibit the assembly of the capsids (C). Thus all steps downstream
should be inhibited, as it was shown for genome maturation (D).
According to the HBV life cycle, HAP treatment should additionally block
nuclear transport of the viral genome (E) and virus secretion (F).

effective vaccine and various therapeutic modalities, prev-
alence of hepatitis B is still between 0.2 and 0.5 %.!
HBYV shows some homology to retroviruses in that it
contains a DNA genome but replicates by way of an RNA
intermediate known as a pregenome (PG). The PG is syn-
thesized within the nucleus of the infected hepatocyte by
cellular RNA polymerase II? using the viral DNA genome
as the template (Fig. 1A; for review, see Seeger and Ma-
son?). After being exported into the cytoplasm, the PG
encodes for the viral capsid protein (also termed core pro-
tein) and the viral polymerase (pol) (Fig. 1B). Next, pol
specifically interacts with the PG* while the capsid pro-
teins interact with each other, resulting in spontaneous
assembly to capsids (core particles).> Capsid assembly is
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combined with the encapsidation of a pol-PG complex®
and a cellular protein kinase,” which has not yet been
unequivocally identified (Fig. 1C). Inside the lumen of
the capsids, pol first converts the PG into minus-strand
DNA by reverse transcription, followed by synthesis of an
incomplete plus-strand DNA (Fig. 1D). The DNA-con-
taining capsids can either mediate the transport of the
viral genome into the nucleus® (Fig. 1E) or they can be
enveloped with the viral surface proteins, resulting in se-
cretion of progeny virus® (Fig. 1F). At least the nuclear
transport involves phosphorylation of the capsid pro-
teins. 1011

HBV—in contrast to HIV and HCV, which, among
others, harbor an essential protease—shows only the poly-
merase as its genuine enzymatic activity. Thus, nucleo-
s(t)ide analogues (NAs), which affect cither the reverse
transcriptase or the DNA-dependent polymerase activity
of pol, are successfully used to interrupt HBV multiplica-
tion. A similar reduction of the viral load can be achieved
by using interferon-a, a treatment that has been estab-
lished for more than 20 years. Both treatments, however,
show only limited success. In only 30% of all patients—
approximately— can sustained response be achieved if vi-
rologic parameters such as a significant reduction of viral
load and HBeAg elimination and/or disease-related pa-
rameters such as normalized alanine aminotransferase lev-
els and improved liver histology are chosen as markers.
Although successful interferon-a therapy improves sur-
vival and quality of life, virus eradication occurs only in
rare cases.'>!3 The same is true for NAs, although long-
term experience with NAs is very limited. In addition,
resistance is likely to occur with all NAs, as has been
documented for lamivudine and adefovir dipivoxil.

Various experimental strategies have therefore been in-
vestigated to block the hepadnaviral life cycle at points
other than viral polymerase. In addition to numerous in-
vestigations using antisense oligonucleotides or ri-
bozymes, these approaches include the generation of
capsid mutants that contain nuclease digesting the encap-
sidated PG'# or dominant negative capsid protein mu-
tants,'>1¢ which are unable to support PG packaging and
genome maturation, as well as peptides interfering with
capsid assembly.'” However, all of these studies are still at
the very early experimental level.

Based on a previous work of this group'® in which the
authors identified the nonnucleosidic compound Bay 41-
4109 to be effective in the HBV transgenic mouse model,
Deres and colleagues'® next analyzed the mode of action.
In addition to Bay 41-4109, they included the congeners
Bay 38-7690 and Bay 39-5493 in their investigation and
compared them with the established NA lamivudine.
They found that all three nonnucleosidic inhibitors, also
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referred to as  heteroaryldibydropyrimidines (HAPs),
showed a dramatic inhibition of HBV replication in
HBV-producing cell lines. By titrating the HAPs to the
stably HBV-producing cell line HepG.2.2.15%° and mea-
suring the amount of HBV DNA, the authors showed
that the HAPs had a twofold- to tenfold-lower ICsy than
lamivudine (20-150 vs. 300 nM), which is currently the
most frequently used NA in hepatitis B treatment. Only
the (—)-enantiomers and not the (+)-enantiomers
showed this antiviral effect, implying a very specific inter-
action between drug and target.

Exploring the mode of inhibition, they confirmed that
the decreased number of synthesized HBV genomes cor-
responded with a decrease in viral polymerase activity, as
would be expected. In contrast, the amount of viral RNAs
remained unchanged. Up to this point, the results could
be explained by classical NA activity; however, in contrast
to NA, HAP treatment decreased the number of capsids
and the amount of capsid protein in stably HBV express-
ing cells. This observation implied an inhibition of trans-
lation, yet there was no inhibition of capsid protein
synthesis. Pulse chase experiments showed that the
amount of newly synthesized capsid protein was similar in
Bay 39-5493—treated and untreated cells. In addition,
this assay showed that unassembled capsid proteins have a
much shorter half-life (only 3 hours) than the assembled
particles, which was calculated to be more than 24 hours.
Although no answer is provided in this article, it appears
that the difference in half-life is not caused by protease-
mediated degradation of the non-assembled capsid pro-
tein, which may have been induced by HAPs treatment.
More likely, the different turnovers are intrinsic proper-
ties of assembled capsid and unassembled capsid protein;
this explains why intranuclear capsids show such a strong
accumulation in persistently HBV-infected human liver
cells. A conclusive explanation for these observations is
that the HAPs prevented capsid formation and that the
nonassembled capsid proteins were subjected to rapid
degradation.

An obvious next step was to ask whether or not the
HAPs directly interact with the capsid protein. To address
this question, the authors expressed the core protein in
Escherichia coli and performed in vitro capsid assembly
assays. Using this experimental strategy, they could show
that the block of capsid formation correlated with revers-
ible 77 vitro binding of the HAPs to the capsid protein.

In conclusion, Deres et al. showed consistent and ex-
citing evidence that the inhibition of capsid assembly be-
comes a real and reachable target in HBV drug treatment,
although it is difficult to fully assess whether or not all
three HAPs have the same effect given the limited infor-
mation provided in the article.
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The major question remains as to whether or not the
HAPs will “do their job” in an 7z vivo model of hepatitis B
and ultimately in patients with hepatitis B. The previous
work of Weber and colleagues'® has already showed that
at least Bay 41-4109 works in HBV-transgenic mice;
however, in these mice no reduction of viral covalently
closed circular DNA—the key problem in HBV treat-
ment— can be studied. Since the HAPs (or at least Bay
39-5493) were shown not to interact with the duck hep-
atitis B virus (DHBYV) capsid, it is unlikely that they
would work in the commonly used DHBV duck model
system. However, the DHBV capsid is not closely related
to the HBV capsid. Consequently, one may ask why the
authors have not tested the woodchuck hepatitis virus
capsid, which shows a much closer homology to the HBV
capsid sequence and would allow evaluation in an exper-
imental animal system.

MICHAEL KANN, M.D.
Institute of Medical Virology
University of Giessen

Giessen, Germany
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