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Abstract

Hepatitis C virus (HCV) is hepatotropic and only infects humans and chimpanzees. Consequently, an immunocompetent
small animal model is lacking. The restricted tropism of HCV likely reflects specific host factor requirements. We investigated
if dominant restriction factors expressed in non-liver or non-human cell lines inhibit HCV propagation thus rendering these
cells non-permissive. To this end we explored if HCV completes its replication cycle in heterokaryons between human liver
cell lines and non-permissive cell lines from human non-liver or mouse liver origin. Despite functional viral pattern
recognition pathways and responsiveness to interferon, virus production was observed in all fused cells and was only
ablated when cells were treated with exogenous interferon. These results exclude that constitutive or virus-induced
expression of dominant restriction factors prevents propagation of HCV in these cell types, which has important
implications for HCV tissue and species tropism. In turn, these data strongly advocate transgenic approaches of crucial
human HCV cofactors to establish an immunocompetent small animal model.
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Introduction

HCV is an enveloped virus that at present chronically infects
about 130 million people worldwide [1]. It possesses a positive
strand RNA genome of about 9.6 kb composed of non-translated
regions (NTRs) at the 5'and 3’ termini required for translation
and RNA replication and a single open reading frame encoding a
large polyprotein [2]. One hallmark of HCV is its high degree of
sequence variability which likely contributes to its ability to
establish chronic infections. Different patient isolates are grouped
into 6 major genotypes and more than 100 subtypes within the
genus Hepacivirinae of the family Flaviviridae [3]. Persistent infection
1s associated with a variable degree of liver damage often
progressing in severity over the course of decades. Accordingly,
a large number of patients are at risk of severe sequelae including
life threatening conditions like cirrhosis and hepatocellular
carcinoma [4]. The best available treatment, a combination of
polyethylene glycol (PEG)-conjugated interferon alpha (IFN-o)
and ribavirin, is effective in only a fraction of patients and
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associated with severe side effects [5].
therapeutic vaccine is not available.

HCV displays a distinct and narrow tissue and host species
tropism and naturally infects only humans and chimpanzees. The
latter therefore are the only reliable immunocompetent animal
model. However, their use is limited due to ethical reasons, high
costs and restricted availability [6]. Transgenic mice containing
human liver xenografts have been described and are permissive for
HCV infection [7], and summarized in [8]. However, these
animals are immunodeficient and hence cannot be used to analyze
HCV pathogenesis and immune control or for vaccine develop-
ment [9].

The mechanisms underlying the restricted tropism of HCV are
poorly characterized and likely reflect specific host factor
requirements for viral entry, RNNA replication, assembly and
release. It has been shown that two of the four HCV receptors,
namely CD81 and occludin (OCLN) are used in a highly species-
specific manner and that the rodent orthologs limit viral entry
[10,11]. Furthermore, mouse scavenger receptor class B type I

A prophylactic or
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Author Summary

The barriers preventing viral transmission across species
are only incompletely understood. On one hand, narrow
tropism reflects dependence of viruses on host cell factors
and their species-specific utilization. On the other hand,
host cellular antiviral factors can preclude virus replication.
These may be constitutively expressed or induced by
interferon triggered upon viral infection. Although viruses
have evolved strategies to cope with these “restriction
factors” in their natural hosts, these mechanisms often fail
in alternative host species. Consequently, restriction
factors pose an important barrier to cross-species viral
transmission. We investigated if virus-induced or constitu-
tively expressed dominant restriction factors preclude HCV
propagation in non-liver tissue and in non-human cells.
Using cell fusions between human and mouse cells we
show that HCV completes its replication cycle in these
heterokaryons. Moreover, we show that the mouse cells
analyzed by us are able to sense viral infection and to
respond to exogenous interferon. These results rule out
that constitutive or virus-induced dominant restriction
factors preclude HCV propagation in these cells. These
findings have implications for HCV tissue and species
tropism and they raise hopes for development of
immunocompetent small models for HCV by transgenesis
of essential human factors and without manipulation of
innate immune mechanisms.

(SR-BI) and also mouse claudin-1 (CLDNI1) were reported to
support HCV infection with slightly lower efficiency compared to
their human orthologs [12,13]. Importantly, ectopic expression of
all four human entry factors or a combination of mouse SR-BI and
CLDNI1 with human CD81 and OCLN rendered non-human cell
lines permissive for HCV cell entry in tissue culture [10].
Moreover, very recently HCV was adapted in tissue culture to
efficiently utilize mouse CD81 as receptor which permitted viral
entry into mouse cells in the absence of human entry factors [14].
Together, these results indicate that transgenesis or viral
adaptation may be sufficient to overcome the barrier to HCV
cell entry also m vivo.

HCV RNA replication has been observed in human non-
hepatic and murine cell lines. However, the efficiency was very low
and required long-term selection procedures using HCV replicon
constructs expressing dominant antibiotic-selectable markers
[15,16,17,18,19]. Furthermore, assembly and release of new
progeny viruses has so far only been described in cells of human
liver origin and was not observed in mouse cells [20]. Presently, it
is not clear if low replication efficiency and lack of virus production
in these cell types are caused by the absence of crucial viral
cofactors, by genetic incompatibility of essential host factors or
alternatively by expression of dominant restriction factors
interfering with replication and virus production in these cells.

Notably, a number of host-encoded restriction factors which
protect mammalian cells from viral infections, particularly by
retroviruses, have been recognized [21,22]. Well characterized
examples are APOBEC3G [23], TRIM5-a0 proteins [24], and
tetherin [25] that inhibit human immunodeficiency virus 1 (HIV-1)
propagation at various steps of its replication cycle. In case of HCV,
EWI-2wint, a CD81-binding protein, impedes HCV entry by
competing with the viral glycoproteins for interaction with CD81 in
several non-hepatic cells [26]. Moreover, VAP-C which is highly
expressed in various non-hepatic tissues but was not detected in
human liver from chronically infected HCV patients negatively
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regulates HCV RNA replication thus possibly contributing to the
hepatotropism of HCV [27].

Given these findings, we developed frans-complementation
systems to investigate if constitutive or virus-induced expression
of dominant restriction factors precludes HCV propagation in
human non-hepatic tissues or non-human liver cells.

Results

Inefficient replication and virus production in human

non-hepatic and mouse liver cell lines

Given previous reports that HCV replication is inefficient in
human non-liver and mouse liver cells and that virus production
does not occur, we first quantitatively assessed the extent of HCV
RNA replication and virus production in a number of cell lines of
human non-liver origin and in mouse liver cell lines. To this end,
we transfected 293T (human embryonic kidney), HeLa (human
cervix carcinoma), and the mouse liver cell lines Hep56.1D,
AMLI12, and Hepal-6 with Luc;Jcl RNA, a highly efficient
genotype 2a chimeric genome containing a luciferase reporter
gene [28]. Human liver cell lines Huh-7.5 [29] and HuH6 [30]
were transfected as reference. Transient viral RNA replication was
monitored by quantification of luciferase activity between 4 and 72
h post transfection (Figure 1A). A non-replicative mutant genome
with a deletion of the conserved GDD motif within the NS5B
RNA dependent RNA polymerase (AGDD) was used as control.
In parallel we quantified production of infectious virions by
inoculation of the highly permissive human hepatoma cell line
Huh-7.5 with the culture fluid of the transfected cells and
subsequent determination of luciferase activity (Figure 1B). When
we transfected Huh-7.5 cells with Luc-Jcl, luciferase activity rose
to more than 107 relative light units (RLU) per well at 48 h
surpassing reporter activity measured in AGDD-transfected cells
by more than three orders of magnitude. Similarly, transfection of
HuH6 cell yielded high luciferase activity 72 h post transfection,
thus confirming highly efficient RNA replication of this HCV
genome in these human liver cell lines. In contrast, luciferase
activity in transfected human non-liver and non-human cells was
indistinguishable between replication-competent Luc-Jcl and the
AGDD mutant suggesting that RNA replication did not occur or
was too inefficient for detection by this assay. Of note, reporter
gene activity 4 h post transfection was lower in these latter cell
lines compared to Huh-7.5 and HuHG6 cells indicating that either
transfection efficiency had been poor or that RNA translation was
low in these cells. However, when delivering the viral RNA by
lipofection rather than electroporation we reached comparable
levels of luciferase activity between all cell lines and more than
1,000-fold above the background at 4 h post transfection.
Nevertheless, at subsequent time points post transfection there
was again no difference between Luc-Jcl and AGDD (data not
shown), thus excluding that merely low transfection or translation
efficiency was responsible for absent or inefficient RNA replica-
tion. Release of infectious particles was only observed from Huh-
7.5 and HuH6 cells transfected with Luc-Jcl, but not from the
other cell lines tested (Figure 1B). Collectively, these results are in
line with previous observations of a limited HCV RNA replication
efficiency in human non-hepatic and mouse liver cell lines.

Efficient trans-complementation of HCV assembly and
release in heterokaryons between human liver cell lines
To explore if one or more steps of the HCV life cycle are
mhibited by expression of host factors that dominantly restrict
HCV, we first developed a system to measure dominant
restrictions of HCV assembly and release. To this end Huh-7.5
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Figure 1. HCV RNA replication and virus production in transfected human and mouse cell lines. (A) Different human and mouse cell lines
were transfected with Luc-Jc1 or a replication-deficient construct Luc-Jc1AGDD. HCV RNA replication was determined 4, 24, 48, 72 h post transfection
using luciferase assays and is expressed as relative light units. (B) In parallel, cell-free culture fluid of transfected cells was harvested 48 h post
transfection and infectivity was determined by inoculation of naive Huh-7.5 cells with cell supernatants and subsequent luciferase assays at 72 h post
inoculation. Mean values of quadruplicate measurements of a representative experiment with 3 independent repetitions are shown. The grey
horizontal bar represents the background luciferase activity determined in mock infected Huh-7.5 cells.

doi:10.1371/journal.ppat.1002029.g001

cells were transfected with an assembly-defective subgenomic
JFHI replicon carrying a luciferase reporter gene but lacking the
essential viral assembly factors core, El, E2, p7 and NS2.
Subsequently, these cells were co-cultured with Huh-7.5 packaging
cells constitutively expressing the aforementioned viral proteins
[31]. After induction of cell fusion between these cell types by
PEG, trans-complementation between replicon and constitutively
expressed viral proteins should selectively restore virus production
in heterokaryons resulting from fusion of replicon with packaging
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cells (Figure 2A). Heterokaryon formation was monitored by co-
localization of NS5A and E2 proteins, expressed from the replicon
and the packaging cell, respectively. Finally, virus production was
quantified by collecting the culture fluid of the co-cultured cells
48 h after fusion induction and by inoculation of highly permissive
Huh-7.5 cells and subsequent luciferase assays. In case of PBS-
treated co-cultured cells we did not observe cells simultaneously
expressing E2 and NS5A proteins indicating that this kind of
treatment did not induce formation of heterokaryons (Figure 2B).
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Figure 2. Trans-complementation of HCV assembly and release in heterokaryons between human liver cells. (A) Schematic overview of
the experimental procedure of PEG-mediated cell fusion. The JFH1 luciferase reporter replicon Luc-NS3-5B was transfected into naive Huh-7.5 cells.
The next day cells were washed with PBS and co-cultured with naive Huh-7.5 cells or Huh-7.5 packaging cells constitutively expressing core, E1, E2, p7
and NS2 (Huh-7.5[CE1][E2p7NS2]). After 24 h of incubation, fusion was induced by treating co-cultivated cells with 40% PEG for 5 min at 37°C.
Treatment with PBS instead of PEG served as control. After 48 h cell-free supernatant was used to inoculate naive Huh-7.5 cells following
determination of infectivity by luciferase assay. (B) For the detection of cell fusion and heterokaryon formation, cells were immunostained using
monoclonal antibodies directed against structural protein E2 and non-structural protein NS5A. Simultaneous expression of both proteins within cells
is indicative of heterokaryon formation (compare white arrows). (C) Fusion of Huh-7.5 cells transfected with a subgenomic reporter replicon to either
Huh-7.5 naive or Huh-7.5 packaging cells using PEG or PBS as a negative controls. Production of infectious particles was quantified by inoculation of
naive Huh-7.5 cells followed by luciferase readout 72 h post-infection. Mean values of 4 independent experiments and the standard deviations of the
means are given. The grey horizontal bar represents the background luciferase activity determined in mock infected Huh-7.5 cells.
doi:10.1371/journal.ppat.1002029.g002
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In contrast, when co-cultured cells were treated with PEG we
readily detected cells expressing both E2 and NS5A proteins thus
indicating that cell fusion between the different cell types had
occurred. Importantly, cell fusion between these cells efficiently
restored virus production and resulted in transduction of luciferase
activity to naive Huh-7.5 cells inoculated with culture fluids
collected from PEG-treated co-cultures of replicon and Huh-
7.5[CE1][E2p7NS2] packaging cells (Figure 2C). Notably, PBS
treatment of these co-cultures as well as PEG treatment of co-
cultures between replicon and naive Huh-7.5 cells did not permit
transduction of luciferase activity. Together these results indicate
that the #rans-complementation assay described above permits
rescue of HCV particle production in heterokaryons between
human liver cells in a cell fusion-dependent fashion.

Production of infectious HCV from heterokaryons
between human liver cell lines and human non-hepatic
or mouse liver cell lines

Next, we applied this system to investigate if packaging cell lines
from human non-hepatic or mouse liver cells would also rescue
HCYV particle production when fused with Huh-7.5 replicon cells.
To this end we created several novel packaging cell lines by using
two lentiviral vectors transducing core, E1 and E2, p7, NS2
proteins, respectively [31] (Table S1). Transgene expression was
confirmed by western blot (data not shown) and by using a
commercial core specific ELISA as well as an E2-specific ELISA
for detection of representative proteins derived from the individual
vectors (Figure 3A and 3B and Figure S1). Core protein expression
was readily detected and was very similar between all individual
packaging cell lines (Figure 3A). Similarly, E2 protein expression
was well detectable (Figure 3B) with high E2 protein levels in
HeLa and 293T, intermediate amounts in Huh-7.5 and Hep56.1D
and comparatively low quantities in AML12, Hepal-6 and HuH6
packaging cells. Importantly, after co-culture with Huh-7.5 cells
transfected with the luciferase replicon and induction of
heterokaryons by PEG all packaging cell lines tested efficiently
rescued production of infectious HCV particles as is evident from
transduction of high levels of luciferase activity to the inoculated
naive Huh-7.5 cells (Figure 3C). Since neither PBS treatment of
these co-cultures, nor cell fusion between Huh-7.5 replicon cells
and the naive non-liver or non-human cell lines permitted
transduction of luciferase, we concluded that virus production
required cell fusion and expression of viral proteins core, E1, E2,
p7 and NS2 in the packaging cell lines. Together, these data
indicate that infectious HCV particles are produced upon fusion
between human liver cells expressing a subgenomic HCV replicon
with various human non-liver cells or mouse liver cells providing
the remaining viral proteins in frans.

To firmly establish that infectious particles produced from these
heterokaryons enter Huh-7.5 target cells in the same way as
authentic HCV particles and that luciferase expression in the
inoculated cells resulted from genuine infection rather than non-
specific transfer of reporter gene activity, we investigated if the
released particles infect target cells in a CD81-dependent manner.
Huh-7.5 cells were inoculated with cell culture fluids harvested
from heterokaryon-cultures in the presence of CD81-specific
antibodies or control antibodies against CD13, an irrelevant
protein expressed on the surface of Huh-7.5 target cells. As
depicted in Figure 4, anti-CD81 antibodies reduced reporter
activity in inoculated cells by more than 80% to almost
background levels (Figure 4).

Taken together, these results show that formation of hetero-
karyons between Huh-7.5 replicon cells and human hepatic,
human non-hepatic and mouse hepatoma packaging cell lines
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rescued virus production and that produced infectious particles
utilize CD81 during infection. Therefore, these data indicate that
HCV replication, assembly and release are not repressed in these
non-permissive cell lines in a dominant negative fashion.

Notably, the efficiency of virus production between heterokary-
ons was substantially different (Figure 3C). This could be due to
various reasons, including dissimilar expression levels of transgenes
(HCV core to NS2 proteins), fusion efficiency, and abundance of
replication co-factors or restriction factors. Regarding the latter,
kinetic and extent of response to pathogen associated molecular
patterns (PAMPs) and subsequent induction of antiviral mecha-
nisms may substantially influence virus production. Therefore, to
investigate why heterokaryons between human Huh-7.5 replicon
cells and mouse AML12 packaging cells produced more than 20-
fold lower infectious virus particles than heterokaryons between
Huh-7.5 replicon cells and human HuH6 packaging cells or mouse
Hep56.1D packaging cells (Figure 3C), we compared fusion
efficiency and responsiveness to viral PAMPs between these
packaging cell lines. The relative number of fused cells displaying
both replicon-expressed NS5A and at the same time E2 from the
lentiviral transduction was similar between these packaging cell
lines (Figure S2). Therefore, we can exclude that dissimilar fusion
was responsible for these marked differences in virus production.
Responsiveness of packaging cell lines to viral PAMPs was
measured by inoculation with a recombinant La Crosse virus
lacking the non-structural protein NSs (rLACVdelNSs;[32]).
Subsequently, mRNA levels of ISG56 and IFN-f were determined
by quantitative RT-PCR as a measure of antiviral signaling. As
expected, Huh-7.5 packaging cells which carry a defective RIG-I
protein [33], that is essential for detection of viral PAMPs, did not
upregulate ISG56 or IFN- mRNA levels (Figure 5). Notably, also
HuH6 packaging cells responded poorly and only marginally up-
regulated ISG56 and IFN-BmRNA levels upon La Crosse virus
challenge. In contrast both mouse packaging cell lines strongly and
rapidly increased transcription of ISG56 and IFN-B thus
indicating that they efficiently detect viral PAMPs. Given that
Hep56.1D packaging cells fused with Huh-7.5 replicon cells
readily produce infectious particles despite of vigorous responsive-
ness to viral PAMPS, these findings exclude that rapid and
efficient recognition of viral PAMPs in mouse packaging cell lines
precludes production of infectious virus particles in the hetero-
karyons.

Both human and mouse IFN-a inhibit virus production in
human-mouse heterokaryons

HCV propagation in tissue culture is strongly inhibited by
interferon, albeit by as far incompletely defined anti-viral
mechanisms. To exclude that Hep56.1D packaging cells sustain
virus production due to the inability to respond to IFN, we used
mouse interferon alpha (IFN-a) to establish that these cells are not
refractory to IFN and that our cell fusion assay efficiently detects
dominant restriction factors — in this case IFN induced — that
prevent efficient HCV virus production. First we confirmed that
mouse IFN-o induces an antiviral state only in mouse cells and not
in human cells incubated with recombinant mouse IFN-o.. Since
Hep56.1D cells cannot be infected with HCV, we chose an
interferon-sensitive vesicular stomatitis reporter virus (Luc-VSV)
which efficiently infects mouse cells to assess responsiveness of
these cells to mouse and human IFN-o. To evaluate sensitivity of
Huh-7.5 cells to IFNs of human or mouse origin we employed the
HCV reporter virus Luc-Jcl. Importantly, infection of Huh-7.5
cells by Luc-Jcl was only inhibited by human IFN but not affected
by mouse IFN (Figure 6A). In turn infection of Hep56.1D cells by
Luc-VSV was only inhibited by mouse IFN but not by human IFN
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Figure 3. Production of infectious HCV from heterokaryons between human liver cells and human non-hepatic or mouse liver cells.
(A) HCV packaging cell lines constitutively expressing core, E1, E2, p7 and NS2 were created using two lentiviral vectors expressing core, E1 and E2,
p7, NS2, respectively (Materials and Methods, and see also Table S1). Core protein expression in the individual packaging cell lines as determined by a
commercial core-specific ELISA. (B) Lysates of given packaging cell lines were normalized for equal total protein content, serially diluted and
incubated with Galanthus nivalis lectin coated culture plates to capture glycosylated proteins. Bound viral E2 protein was detected using an
E2-specific monoclonal antibody (AP33). In each case, lysates of the parental cell line served as negative control. The OD value was plotted against the
reciprocal dilution of the cell lysate. Relative expression of E2 protein between different cell lysates was determined by linear regression analysis as
described in Material and Methods. The reciprocal dilution of the cell lysate required to reach an OD value of 0.5 for each lysate is given. Raw data of
the ELISA are depicted in Figure S1. (C) Huh-7.5 cells transfected with the JFH1 replicon Luc-NS3-5B RNA were fused to the indicated naive or
packaging cell lines using PEG. Forty eight hours later cell-free media of these cultures were collected and used to inoculate naive Huh-7.5 cells. Viral
infectivity was quantified using luciferase assays. Mean values of 3 independent experiments and the standard deviations of the means are given. The
grey horizontal bar represents the background luciferase activity determined in mock infected Huh-7.5 cells. Note that in case of heterokaryons
involving AML12 and Hepal-6 packaging cells, culture fluids were concentrated 20-fold to enhance sensitivity of the assay.
doi:10.1371/journal.ppat.1002029.g003

(Figure 6B). Together these results confirm that both cell lines are (Figure 6C). In this context production of infectious HCV particles
responsive to IFNs and that induction of the antiviral state by IFN was strongly repressed by both mouse and human IFN-o

1s species-specific in both cell lines. Next we explored if both mouse suggesting that both mouse and human IFN-a induced antiviral
and human IFN induce restriction factors in Huh-7.5 replicon or effector mechanisms that efficiently control HCV particle
Hep56.1D packaging cells which prevents virus production in production.

fused heterokaryons. To this end, Huh-7.5 replicon or Hep56.1D Finally, to explore the importance of the time point of IFN-
packaging cells were pre-incubated with either human or mouse treatment for virus production in the heterokaryon fusion assay
IFN-o, subsequently these cells were co-cultured and fused by between Hep56.1D packaging cells and Huh-7.5 replicon cells, we
PEG, before production of virus particles was measured by applied mouse IFN-a for 4 h at different time points before co-
transduction of luciferase activity to naive Huh-7.5 cells culture, during co-culture or after induction of cell fusion by PEG
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Figure 4. Neutralization of virus particles released from heterokaryons by CD81- specific antibodies. Huh-7.5 cells were inoculated with
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doi:10.1371/journal.ppat.1002029.g004

(Figure 6D). Interestingly, mouse IFN-o. repressed virus produc-
tion with comparable efficiency irrespective of the time point of
addition arguing that the antiviral response induced via mouse
IFN-a is relatively sustained thus suppressing virus production at
least up to 80 h post treatment.

Completion of entire virus replication cycle in human-
mouse heterokaryons

It is well established that a high burden of viruses can saturate
and ultimately overcome endogenous host cell restrictions. To
exclude that a high viral load in transfected Huh-7.5 cells may
have precluded detection of restrictions present in human non-
liver or mouse liver cells simply by saturation of such factors, we
wished to confirm our findings using a second independent
approach based on HCV infection rather than transfection. To
this end we used a Huh-7-derived cell line designated Lunet N
which lacks endogenous CD81 expression [34]. As a consequence,
Lunet N cells cannot be infected by HCV unless human CD81 is
reintroduced [14]. When these cells are fused with cells expressing
human CD81 but not the complete set of viral entry factors, only
fused cells display all necessary entry factors thus rendering only
the heterokaryons susceptible. Following this rationale, we co-
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cultured Lunet N cells either with 293T or HeL.a cells which both
express human CD81 but which are non-permissive to HCV cell
entry due to lack of at least one essential HCV entry factor [10,35]
(Table S2). In parallel we fused Lunet N cells with naive
Hep56.1D, AMLI2 or Hepal-6 cells or derivates of these cell
lines expressing human CD81. Prior to co-cultivation, cell lines
were stained by two different fluorescent CellTrackers to allow
discrimination of cell types and detection of successful cell fusion
[36]. Formation of heterokaryons between cells was subsequently
induced by a transient transfection of a plasmid encoding a
fusogenic viral glycoprotein of the prototype foamy virus [37]
(Figure 7A). This method of cell fusion inductio