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Abstract
Background: Three percent of the world's population is chronically infected with hepatitis C virus
(HCV) and thus at risk of developing liver cancer. Although precise mechanisms regulating HCV
entry into hepatic cells are still unknown, several cell surface proteins have been identified as entry
factors for this virus. Among these molecules, the tetraspanin CD81 is essential for HCV entry.
Interestingly, CD81 is also required for Plasmodium infection. A major characteristic of tetraspanins
is their ability to interact with each other and other transmembrane proteins to build tetraspanin-
enriched microdomains (TEM).

Results: In our study, we describe a human hepatoma Huh-7 cell clone (Huh-7w7) which has lost
CD81 expression and can be infected by HCV when human CD81 (hCD81) or mouse CD81
(mCD81) is ectopically expressed. We took advantage of these permissive cells expressing mCD81
and the previously described MT81/MT81w mAbs to analyze the role of TEM-associated CD81 in
HCV infection. Importantly, MT81w antibody, which only recognizes TEM-associated mCD81, did
not strongly affect HCV infection. Furthermore, cholesterol depletion, which inhibits HCV
infection and reduces total cell surface expression of CD81, did not affect TEM-associated CD81
levels. In addition, sphingomyelinase treatment, which also reduces HCV infection and cell surface
expression of total CD81, raised TEM-associated CD81 levels.

Conclusion: In contrast to Plasmodium infection, our data show that association of CD81 with
TEM is not essential for the early steps of HCV life cycle, indicating that these two pathogens, while
using the same molecules, invade their host by different mechanisms.
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Background
Approximately 130 million people are infected world-
wide by Hepatitis C Virus (HCV) [1]. Almost 80% of
infected patients develop a chronic hepatitis that can in
the long term evolve either to liver cirrhosis or hepatocel-
lular carcinoma. Unfortunately, no vaccine is currently
available to prevent new infections and the current treat-
ments are not fully efficient [2]. HCV is an enveloped RNA
virus mainly targeting liver cells by a mechanism that has
yet to be elucidated. For a long time, it has been difficult
to study the different steps of the HCV life cycle because
of the difficulties in propagating this virus in cell culture.
However, a major step in investigating HCV entry was
achieved in the development of pseudotyped particles
(HCVpp), consisting of native HCV envelope glycopro-
teins, E1 and E2, assembled onto retroviral core particles
[3-5]. More recently, the development of a cell culture sys-
tem allowing an efficient amplification of HCV (HCVcc)
has also been reported [6-8]. This cell culture system
allows the study of the whole life cycle of HCV and,
together with HCVpp, also permits the characterization of
HCV entry mechanisms.

Although the early steps of viral entry have yet to be eluci-
dated, accumulated data suggest several cell surface-
expressed molecules as entry factors for HCV (reviewed in
[9]). Among these molecules, the tetraspanin CD81 has
been shown to play a key role in HCV entry, acting during
a post-attachment step [10,11]. Like all members of the
tetraspanin family, CD81 is composed of four transmem-
brane domains, a small extracellular loop (SEL) and a
large extracellular loop (LEL), which contains a conserved
CCG amino acid motif involved in the formation of
disulfide bridges [12]. The CD81 LEL is the critical region
for the interaction with the E2 envelope glycoprotein and
for virus entry. The role of CD81 in the species restriction
of HCV has been extensively studied [13-18], and it has
been recently shown that in spite of the absence of in vitro
interaction between murine CD81 (mCD81) LEL and a
soluble form of HCV E2, the ectopic expression of
mCD81 in HepG2 cells restored permissivity to HCVpp
and, in a lesser extent, to HCVcc [15]. These results suggest
that CD81 contributes to, but alone does not define, the
species restriction and additional cellular factors are likely
involved. Moreover, we have recently shown that EWI-
2wint, a new partner of CD81, is able to modulate HCV
entry in target cells suggesting that, in addition to the pres-
ence of specific entry factors in the hepatocytes, the
absence of a specific inhibitor may contribute to the hepa-
totropism of HCV [19].

Members of the tetraspanin family organize and regroup
their associated transmembrane proteins and are involved
in various functions such as cell morphology, motility,
fusion and signalling [12,20]. A major characteristic of tet-

raspanins is their ability to interact with each other and
with other transmembrane proteins, thus building multi-
molecular membrane complexes, collectively referred to
as the tetraspanin enriched microdomains (TEM) or tet-
raspanin webs [21,22]. Membrane cholesterol contributes
to the organization of these domains on the surface of live
cells [23]. Cholesterol is also critical to many pathogens,
including HCV [24] and Plasmodium infection [23]. Inter-
estingly, it has been shown that CD81 is required for Plas-
modium sporozoite entry and differentiation into
hepatocytes [25,26]. Using a monoclonal antibody
(mAb) that specifically recognizes a subset of mouse
CD81 molecules associated with TEMs (MT81w), Silvie et
al. have defined the role of TEM-associated CD81 in mice
Plasmodium infection [23]. The similarities between Plas-
modium and HCV liver infections indicate the importance
of studying the role of TEM-associated CD81 in HCV
infection.

In our study, infection of Huh-7 target cells with highly
infectious HCVcc particles allowed us to isolate a cellular
clone resistant to HCV infection which has lost CD81
expression (Huh-7w7 cells). We then took advantage of
the emergence of these CD81-deficient cells to analyze the
functionality of mCD81 in HCV infection and to study the
role of TEM-associated CD81 in HCV infection.

Results
Generation of Huh-7 cells resistant to HCV infection
In a previous study, we have shown that a HCV JFH-1 full-
length RNA genome encoding mutations in the capsid
and E2 sequences (JFH-1/CS-N6) releases highly infec-
tious HCVcc particles which display a marked cytopathic
effect on target cells [27]. Infection of Huh-7 cells with
these particles led to the selection of few living cells that
were resistant to HCV infection. In order to analyze the
capacity of these cells to resist to HCVcc infection, they
were amplified and treated with interferon α to eliminate
any potential remaining virus. This cell population, called
Resistant 1 (R1), displayed reduced levels of JFH-1 HCVcc
infection compared to parental Huh-7 cells (Figure 1A).
In parallel, we infected the R1 cell population with retro-
viral particles harboring HCV envelope glycoproteins of
genotypes 1a or 2a (HCVpp-1a or HCVpp-2a, respec-
tively) and found reduced levels of HCVpp infection in
comparison to Huh-7 cells (Figure 1B). Both cell lines
were not infected by particles devoid of envelope proteins
(data not shown) and were equally infected with the pos-
itive control VSVpp, which infects virtually all type of cells
(Figure 1B).

To further analyze this cellular resistance to HCV infec-
tion, cellular clones were isolated by limiting dilution and
their sensitivity to HCVcc and HCVpp infection was ana-
lyzed. As shown in Figure 1C, several clones were resistant
Page 2 of 18
(page number not for citation purposes)



BMC Microbiology 2009, 9:111 http://www.biomedcentral.com/1471-2180/9/111
Figure 1 (see legend on next page)
Page 3 of 18
(page number not for citation purposes)



BMC Microbiology 2009, 9:111 http://www.biomedcentral.com/1471-2180/9/111
to infection (clones 3, 7, 8, 10, 12 and 14) while others
exhibited some susceptibility to HCVcc (clones 1, 2, 4, 5,
6 and 16), but greatly reduced when compared to the
parental Huh-7 cells. Interestingly, analysis of the sensitiv-
ity of several clones to HCVpp infection showed similar
reduced infectivity levels (Figure 1D), indicating that the
entry step of HCV life cycle is affected in these cells. The
only major difference was observed for clone 6, which was
barely permissive for JFH-1 infection but highly permis-
sive for HCVpp, suggesting that replication or assembly of
HCVcc is likely affected in these cells.

Ectopic expression of human and mouse CD81 in resistant 
cells restores HCV permissivity
The HCV entry stage is a multistep process involving sev-
eral cellular factors (reviewed in [9]). Among these mole-
cules, the tetraspanin CD81, the Scavenger Receptor class
B type I (SR-BI), and the tight junction protein claudin 1
(CLDN-1) play key roles. Since the absence of one of these
molecules might explain the differences in infectivity of
the R1 cell clones, their expression levels were examined
(Figure 1E). Experiments of surface biotinylation fol-
lowed by immunoprecipitations with specific mAbs
showed that the cell surface expression levels of SR-BI and
CLDN-1 were similar in each clone, whereas CD81 expres-
sion differed among the clones. CD81 cellular expression
levels in R1 cell clones were also tested by anti-CD81 west-
ern-blotting over total cell lysates and similar results were
obtained (data not shown). Interestingly, non permissive
R1 cell clones were also negative for CD81 expression,
indicating that HCV entry defect observed in clones 3, 7,
8, 10, 12 and 14 is likely due to the absence of CD81
expression.

To confirm our hypothesis, we ectopically expressed
CD81 in one of the non-permissive Huh-7 R1 cell clones
(clone 7) that we called Huh-7w7 cells. Plasmids express-

ing human CD81 (hCD81), mouse CD81 (mCD81) or
empty expression vector (pcDNA3.1) were stably trans-
fected in Huh-7w7 cells. The CD81 expression level was
next controlled by flow cytometry analysis using 1.3.3.22
anti-hCD81 (Figure 1F, left panel) and MT81 anti-
mCD81 (Figure 1F, right panel) mAbs. Cell surface
expression of hCD81 in Huh-7w7/hCD81 cells was
higher than in parental Huh-7 cells, whereas no hCD81
expression was detectable in Huh-7w7/pcDNA3.1 and
Huh-7w7/mCD81 cells. mCD81 was also highly
expressed in Huh-7w7/mCD81 cells (Figure 1F, right
panel) and expression level was comparable with the one
of Hepa1.6 cells that naturally express mouse CD81 (data
not shown). Huh-7 cells and the complemented Huh-
7w7 populations displayed similar expression levels of
the control tetraspanin CD151 (data not shown).

We next tested the sensitivity of the different cell lines to
HCVcc and HCVpp infection. Control cells expressing the
empty vector pcDNA3.1 were totally resistant to HCV
infection (Figures 1G and 1H). In contrast, Huh-7w7/
hCD81 cells were equally or slightly more infected by
HCVpp than parental Huh-7 cells (Figure 1H). Thus,
ectopic expression of hCD81 fully restores permissivity to
HCVpp harboring HCV envelope glycoproteins from dif-
ferent genotypes indicating that CD81 expression is likely
the only defect for HCV entry in Huh-7w7 cells. However,
the level of infectivity of Huh-7w7/hCD81 cells by HCVcc
was 50%, as compared to the one of Huh-7 cells, indicat-
ing that despite being highly expressed, hCD81 did not
fully restore permissivity to HCVcc. Overexpression of
CD81 (Figure 1F) in Huh-7w7/hCD81 cells may lead
CD81 to oligomerize, as shown for CD9 another tet-
raspanin [28], in less permissive CD81 molecules to
HCVcc infection. The entry efficiency of HCVpp will not
be affected in this context but only driven by CD81

Ectopic expression of CD81 in HCV-resistant Huh-7 cells restores HCV permissivityFigure 1 (see previous page)
Ectopic expression of CD81 in HCV-resistant Huh-7 cells restores HCV permissivity. A, Huh-7 cells and R1 cell 
population infected with JFH-1 HCVcc were processed for double-label immunofluorescence for capsid protein (green) and 
nuclei (blue, Hoechst). B, Cells were infected with virus pseudotyped with HCV envelope proteins from 1a (HCVpp 1a) or 2a 
(HCVpp 2a) or VSV G envelope protein (VSVpp). C, Huh-7 cells and R1 individual cellular clones were infected with HCVcc 
expressing Renilla luciferase. In parallel, Huh-7 cells and some of the clones were infected with HCVpp 1a, HCVpp 2a or VSVpp 
(D). Results are presented as relative percentages to HCVcc (C) and HCVpp (D) infectivity on Huh-7 cells. HCVpp infections 
(D) were also normalized to VSVpp infections on Huh-7 cells. E, Surface biotinylated cell lysates were immunoprecipitated 
with anti-CD81 (5A6), anti-SR-BI (NB400-104H3) or anti-CLDN-1 (JAY.8) mAbs. Proteins were revealed by Western blotting 
with HRP-conjugated streptavidin. F, Flow cytometry analysis of CD81 cell surface expression. Cells were stained using an 
anti-hCD81 (1.3.3.22, left panel) or an anti-mCD81 (MT81, right panel), and secondary antibodies conjugated with PE. Ctrl 
corresponds to Huh-7 cells stained only with secondary antibodies. Cell lines were infected with HCVcc (G) and in parallel 
with HCVpp (H) generated with envelope proteins from different genotypes or virus pseudotyped with feline endogenous 
virus RD114 glycoprotein (Rd114pp). Results are presented as relative percentages to HCVcc (G) and HCVpp (H) infectivity 
on Huh-7 cells. P < 0.05 as calculated by the Mann-Whitney's test; *, statistically not significant difference in HCVpp entry com-
pared to entry into Huh-7 cells.
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expression levels. It has to be noted that differences in
HCVcc and HCVpp entries have already been shown [29].

Interestingly, ectopic expression of mCD81 in Huh-7w7
cells was also able to restore HCV permissivity. As shown
in Figure 1G, the level of permissivity to HCVcc of Huh-
7w7/mCD81 cells was 20% of the one of parental Huh-7
cells. In addition, permissivity of Huh-7w7/mCD81 cells
to HCVpp bearing glycoproteins from different genotypes
was analyzed and showed that mCD81 supports infection
with HCVpp from genotypes 2a and 4, with 29% and 19%
of level of infectivity respectively, as compared to the one
of Huh-7 cells (Figure 1H). In contrast to Flint et al. [15],
we did not observe any significant infectivity for HCVpp
harboring glycoproteins from genotypes 1a and 1b.

It is worth noting that the sensitivity of Huh-7w7/mCD81
cells to HCV infection is solely due to the expression of
mCD81 since anti-hCD81 mAbs (1.3.3.22; Figure 2 and
5A6; not shown) efficiently inhibited HCVcc and HCVpp
infection of Huh-7 and Huh-7w7/hCD81 cells, but did
not significantly affect the infectivity of Huh-7w7/mCD81
cells. These results indicate that no residual expression of
hCD81 is responsible for permissivity since in such a case
infection would be fully inhibited by the anti-hCD81
mAbs. Control experiment performed with irrelevant
antibodies did not inhibit HCV infectivity (data not
shown).

Taken together, these data indicate that HCV infection is
directly related to CD81 expression in Huh-7w7 cells.
Most importantly, mCD81 in the context of such human
hepatocytes is able to some extent to mimic the role of
hCD81 in HCV entry and likely interacts in a similar way
with cellular factors.

Role of TEM-associated CD81 in HCV entry
Tetraspanins associate extensively with each other and
other membrane proteins to form the TEMs. Recently, Sil-
vie et al. have described the MT81w mAb, which specifi-
cally recognizes mouse CD81 associated with other
tetraspanins. This is evidenced by the lack of recognition
of CD81 after cell lysis with detergents that do not pre-
serve tetraspanin-tetraspanin interactions, and by the
complete removal of the CD81 pool recognized by
MT81w following immunodepletion of tetraspanin com-
plexes [23]. CD81 is required for invasion of hepatocytes
by sporozoites of human malaria Plasmodium falciparum
and rodent malaria Plasmodium yoelii parasites [26]. Using
MT81w antibody, Silvie et al. have shown that the subset
of CD81 associated with TEMs contributes to Plasmodium
sporozoite infection [23]. Such an antibody preferentially
recognizing human CD81 associated with TEMs is not
available. However, since Huh-7w7/mCD81 cells are sus-
ceptible to HCVcc and HCVpp-2a infection, we next took

Anti-hCD81 mAb inhibits HCV infection of hCD81 express-ing cells but not of Huh-7w7/mCD81 cellsFigure 2
Anti-hCD81 mAb inhibits HCV infection of hCD81 
expressing cells but not of Huh-7w7/mCD81 cells. 
HCVcc (upper panel) and HCVpp 2a (lower panel) infections 
of cell lines were performed in absence (white histograms) 
or presence (black histograms) of 1.3.3.22 anti-hCD81 mAb 
(3 μg/ml). At 2 days post-infection, cells were lysed and proc-
essed as described in methods. P < 0.05 as calculated by the 
Mann-Whitney's test; *, statistically not significant difference 
in HCVcc infectivity compared to infectivity in absence of 
antibodies.
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advantage of this model and the MT81w mAb to study the
role of TEM-associated CD81 in the early steps of HCV life
cycle.

Using the MT81w anti-mCD81 mAb, we first character-
ized the subpopulation of mCD81 that is associated with
TEMs on the cell surface of Huh-7w7/mCD81 cells (Figure
3A). As shown by flow cytometry analysis, the intensity of
MT81w labeling only reached 32 ± 14%, depending on
the experiment, of the intensity with MT81 in Huh-7w7/
mCD81 cells, indicating that only a fraction of CD81 mol-
ecules is engaged in tetraspanin microdomains on these
cells, as described for Hepa1–6 cells [23]. However, we
cannot exclude that the lower affinity of MT81w may lead
to an underestimate of the ratio of CD81 engaged in
TEMs. The specificity of MT81w to recognize TEM-associ-
ated CD81 in Huh-7w7/mCD81 cells was confirmed by
immunoprecipitation experiments from biotinylated cell
lysates made under different detergent conditions. Tet-
raspanin microdomains are typically disrupted by Triton
X-100, but are retained in less hydrophobic detergents
such as Brij 97 [30]. As shown in Figure 3B, 5A6 and MT81
mAbs precipitated hCD81 and mCD81, respectively,
under both detergent condition. In contrast, MT81w was
able to precipitate mCD81 only from Brij97 lysates pre-
serving tetraspanin-tetraspanin interactions, but not from
Triton X-100 lysates. These results show that expression of
mCD81 in Huh-7w7 cells allowed to reconstitute tet-
raspanin webs that are specifically recognized by the well
characterized MT81w mAb [23].

To ensure that similar molecular web interactions occur in
Huh-7w7/mCD81 and Huh-7 cells, we next analyzed
TEM composition in immunoprecipitation experiments
of surface biotinylated cell lysates. Since lysis in Brij 97
preserves tetraspanin-tetraspanin interactions, any anti-
tetraspanin mAb can co-immunoprecipitate the entire set
of proteins present in tetraspanin microdomains [31]. The
tetraspanin pattern obtained with Huh-7 cells using 5A6
hCD81 mAb is shown in Figure 3C. The major proteins
co-immunoprecipitated with CD81 have an apparent
molecular mass consistent with that of EWI-2 and EWI-F,
two major partners of CD81 [30,32,33]. The identity of
these proteins was confirmed by direct immunoprecipita-
tion (Figure 3C and data not shown), as previously
described [19]. Interestingly, MT81 and MT81w immuno-
precipitations of mCD81 in Huh-7w7/mCD81 cells gave
a pattern similar to that of hCD81 in Huh-7 cells (Figure
3C). EWI-2 and EWI-F proteins were co-immunoprecipi-
tated with mCD81 in Huh-7w7/mCD81 cells. In addi-
tion, immunoprecipitation with an anti-CD151, another
tetraspanin, co-immunoprecipitated a fraction of mCD81
in Huh-7w7/mCD81 cells as well as hCD81 in Huh-7
cells (Figure 3C, lines TS151). Altogether, in spite of slight
differences in stoichiometry, these results show that

mCD81 in Huh-7w7/mCD81 cells is engaged in similar
web interactions than hCD81 in Huh-7 cells.

We then analyzed the ability of MT81 and MT81w to
inhibit HCVcc and HCVpp infectivity. As shown in Figures
4A and 4B, MT81 mAb, which recognizes the whole pop-
ulation of CD81, efficiently inhibited both HCVcc infec-
tion and HCVpp entry into Huh-7w7/mCD81 cells.
Indeed, MT81 inhibited 80% of HCVcc infection and 95%
of HCVpp infection at low concentrations (3 μg/ml). In
contrast, MT81w was poorly neutralizing since it only
induced an inhibition of 40% and 60% of HCVcc and
HCVpp infection, respectively, at tenfold higher concen-
trations (30 μg/ml). However, it has to be noted that
MT81w mAb might be a low-affinity antibody, as com-
pared to MT81 [23]. The specificity of the observed inhib-
itory effect was ensured by using an irrelevant antibody at
the highest concentration (anti-transferrin receptor anti-
body CD71 at 30 μg/ml, Figure 4 TR30). As expected,
MT81 and MT81w did not affect HCVcc or HCVpp infec-
tivity levels of Huh-7 cells (data not shown).

Together, our results suggest that TEM-associated CD81
molecules might not play a central role in HCV entry.
However, since we cannot exclude a partial recognition of
TEM-associated CD81 molecules by the low affinity
MT81w mAb or that the epitope recognized by this anti-
body is located outside of the E2 binding region, we fur-
ther analyzed the role of TEM-associated CD81 in HCV
entry using other approaches.

Role of cholesterol in HCV infection and the association of 
CD81 with TEM
Cellular cholesterol has been shown to modulate the
organization of tetraspanin microdomains [23] and to be
involved in HCV life cycle [34]. To further analyze the role
of TEM-associated CD81 in HCV infection, we next
assessed the effect of cholesterol depletion on HCV infec-
tion. Huh-7w7/mCD81 cells were treated with increasing
amounts of methyl-beta-cyclodextrin (MβCD), a cyclic
oligosaccharide that selectively removes cholesterol from
the plasma membrane without incorporating into the
membrane [35]. Treatment of Huh-7w7/mCD81 cells
with MβCD prior to infection resulted in a dose-depend-
ent inhibition of HCVcc (Figure 5A) and HCVpp-2a (Fig-
ure 5B) infectivity. In both set of experiments the maximal
inhibition of HCV infection was reached at an MβCD con-
centration of 15 mM, which decreased the cellular choles-
terol content by fivefold (data not shown). Moreover,
inhibition of infection was specifically due to cholesterol
removal from the cell surface, since it was reversed by cho-
lesterol replenishment with MβCD-cholesterol complexes
before HCV infection (Figures 5C and 5D). Such pre-
formed MβCD-cholesterol complexes are known to
replenish cells with cholesterol [36]. It has to be noted
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Recognition of TEM-associated CD81 in Huh-7w7/mCD81 cellsFigure 3
Recognition of TEM-associated CD81 in Huh-7w7/mCD81 cells. A, Flow cytometry analysis of Huh-7w7/mCD81 cells 
stained with the mAbs MT81 and MT81w. Cells stained only with PE-conjugated secondary antibody were used as control 
(dotted line). B, Cell lines were surface biotinylated and lysed in the presence of Brij97 or Triton X-100 before immunoprecip-
itation with MT81, MT81w and 5A6 mAbs. Immunoprecipitates were revealed by western blotting using peroxidase-conju-
gated streptavidin. C, Cell lines were surface biotinylated and lysed in buffer containing 1% Brij97 and divalent ions. 
Immunoprecipitations were then performed with 5A6, MT81, MT81w, 8A12 (anti-EWI-2), TS151 (anti-CD151) or irrelevant 
(CTL) mAbs. Immunoprecipitates were revealed by western blotting using peroxidase-conjugated streptavidin. The molecular 
weights of the prestained molecular ladders are indicated in KDa. The asterisks indicate dimers of CD81.
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Neutralization assay of HCV infection with MT81 and MT81w antibodiesFigure 4
Neutralization assay of HCV infection with MT81 and MT81w antibodies. HCVcc (A) and HCVpp 2a (B) infections 
of Huh-7w7/mCD81 cells were performed in presence of indicated concentrations of MT81 (left panels) or MT81w (right pan-
els) mAbs or in presence of 30 μg/ml of transferrin receptor (right panels, TR30). At 2 days post-infection, cells were lysed and 
processed as described in methods. P < 0.05 as calculated by the Mann-Whitney's test.
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Depletion of cellular cholesterol decreases HCV infection of Huh-7w7/mCD81 cellsFigure 5
Depletion of cellular cholesterol decreases HCV infection of Huh-7w7/mCD81 cells. Huh-7w7/mCD81 cells were 
pretreated with increasing concentrations of MβCD prior to infection with HCVcc (A) or HCVpp 2a (B). Huh-7w7/mCD81 
cells were untreated (NT) or pretreated with 7.5 mM of MβCD (MβCD) and then treated or not with 2.5 mM of preformed 
MβCD-Cholesterol complexes (Chol) (C and D). After treatment, cells were infected with HCVcc (C) or HCVpp-2a or VSVpp 
(D). At 2 days post-infection, cells were lysed and processed as described in methods. P < 0.05 as calculated by the Mann-
Whitney's test; *, statistically not significant difference in HCV infectivity compared to infectivity in absence of drugs.
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that MβCD treatment had no effect on VSVpp entry (Fig-
ure 5D), which is clathrin dependent, indicating that
HCVpp entry inhibition was not due to disruption of
clathrin-enriched domains following cholesterol deple-
tion [37-39]. In addition, cell treatment with MβCD at 15
mM three hours after cell/virus contact did not have any
effect on infection (data not shown), indicating that
membrane cholesterol is required at the entry step and
MβCD is not toxic under our experimental conditions.
Cholesterol depletion and replenishment experiments
were performed on Huh-7 cells and gave similar results
(data not shown).

Altogether, our data confirm the role of cholesterol in
HCV entry and bring to light a similar response of Huh-
7w7/mCD81 and Huh-7 cells to cholesterol depletion
and replenishment in terms of HCV infection.

We next analyzed by flow cytometry the surface expres-
sion of CD81 and its association with TEMs in Huh-7w7/
mCD81 cells treated with MβCD or MβCD-cholesterol
complexes (Figure 6), and expression of CD151 was used
as a control (right panels). MβCD treatment of Huh-7w7/
mCD81 cells reduced MT81 labelling by 58 ± 7% (Figure
6Aa), suggesting that cholesterol depletion induced a
decrease in total cell surface expression of mCD81 in
Huh-7w7/mCD81 cells. Even with cholesterol replenish-
ment, CD81 expression level could not be restored to con-
ditions that would enable HCV infectivity (Figure 6Ac,
MβCD+Chol). Incubation of MβCD-treated cells with
increasing concentrations of preformed MβCD-choles-
terol complexes raised cell surface mCD81 expression
level (Figure 6B). However, a concentration four times
higher than needed to reverse the inhibitory effect of
MβCD on HCV infectivity (10 mM instead of 2,5 mM)
was necessary to reach the cell surface mCD81 expression
level of untreated cells. Interestingly, treatment with
MβCD alone had no effect on TEM-associated mCD81
population in Huh-7w7/mCD81 cells, as determined
using MT81w (Figure 6Ab). Conversely, cholesterol
enrichment of non depleted cells with preformed MβCD-
cholesterol complexes led to a 2 ± 0.6 fold increase of
TEM-associated mCD81 population (Figure 6Af), without
any change in the total CD81 population (Figure 6Ae).
These results confirm the role of cholesterol in TEM
organization. Expression of CD151 under different condi-
tions was not affected (Figure 6A, right panels).

Our results differ from those of Silvie et al. showing that
similar MβCD treatment of Hepa1–6 cells did not lead to
a significant decrease of total CD81 cell surface expression
[23]. However, it has to be noted that the tetraspanin
CD9, expressed in Hepa1–6 cells but not in Huh-7 cells,
has been shown to increase stability of tetraspanin com-
plexes [40].

In conclusion, cellular cholesterol depletion mediated by
MβCD strongly affects HCV infection, but it has no effect
on TEM-associated mCD81 in Huh-7w7/mCD81 cells.
Again, these data do not support a key role for TEM-asso-
ciated CD81 molecules in HCV infection.

Finally, we ensured that MβCD-induced inhibition of
HCV entry did not lead to a reduced expression level of
another HCV entry factor. We analyzed the expression lev-
els of SR-BI, CLDN-1 and LDL receptor (LDL-R), three
other major actors of HCV entry [9]. The tetraspanin
CD151 was used again as a control. Since no antibody
against extracellular loops of CLDN-1 is available for flow
cytometry, we performed our analyses by immunoprecip-
itation of surface biotinylated cell lysates. As shown
above, treatment of Huh-7w7/mCD81 cells with MβCD
was accompanied by a reduced expression level of CD81,
as detected by MT81 (Figure 7). We also found a reduced
immunoprecipitation of CD81 by MT81w after MβCD
treatment. Cholesterol depletion prior to lysis in Brij 97
likely led to a harsher effect of the detergent leading to a
partial dissociation of tetraspanin complexes recognized
by MT81w. Interestingly, treatment of Huh-7w7/mCD81
cells with MβCD did not lead to a reduction of cell surface
expression of SR-BI, CLDN-1 or LDL-R. It has to be noted
that SR-BI and CLDN-1 seemed even more expressed after
MβCD treatment (Figure 7). This increased expression of
SR-BI after MβCD treatment was confirmed by flow
cytometry (data not shown) and has been previously
described by others [24,41-43]. It has also been suggested
that CLDN-1 might be in membrane domains resistant to
MβCD treatment [44,45]. Altogether, our results show
that MβCD-induced inhibition of HCV entry was solely
due to reduced levels of cholesterol and CD81.

Role of ceramide in TEM-associated CD81 and in HCV 
infection
Beyond cholesterol, sphingolipids are also known to be
important for the organization of the plasma membrane.
Among them, sphingomyelin can be converted into cera-
mide by sphingomyelinase (Smase), and increasing cera-
mide concentration can lead to lipid microdomain
reorganization [46]. We have previously reported that
ceramide enrichment of the plasma membrane of Huh-7
cells following sphingomyelin hydrolysis by sphingomy-
elinase strongly inhibits HCV entry and reduces CD81 cell
surface expression level by 50% [47]. Since sphingomye-
lin influences CD81 cell surface expression as well as HCV
infection, we sought to determine the effect of the Smase
treatment on TEM-associated CD81 population. Huh-
7w7/mCD81 cells were pre-treated with Smase, washed
and then infected with HCVcc or HCVpp-2a. Similarly to
Huh-7 cells, Huh-7w7/mCD81 cells were affected by
Smase treatment, resulting in 70–80% and 50–60% inhi-
Page 10 of 18
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Cholesterol depletion affects total CD81 cell surface expressionFigure 6
Cholesterol depletion affects total CD81 cell surface expression. A, Flow cytometry analysis of CD81 and CD151 
expression on the cell surface of Huh-7w7/mCD81 cells. Upper panels: cells were treated with 7.5 mM of MβCD (MβCD) or 
left untreated (NT). Middle panels: cells were treated with 7.5 mM of MβCD (MβCD) followed by 2.5 mM of MβCD-Choles-
terol (MβCD + Chol). Lower panels: cells were treated with 2.5 mM of MβCD-Cholesterol (Chol) or left untreated (NT). B, 
Cells were treated with 7.5 mM of MβCD (MβCD) followed by increasing concentrations (in mM) of MβCD-Cholesterol 
(MβCD + Chol) and total cell surface CD81 expression compared to untreated cells (NT) was measured using MT81 mAb.
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bition of HCVcc and HCVpp-2a infection, respectively
(Figure 8A).

In order to determine whether these inhibitions were
associated with changes in cell surface expression of
CD81, we analyzed by flow cytometry the CD81 surface
expression level after Smase treatment (Figure 8B). Inter-
estingly, Smase treatment of Huh-7w7/mCD81 cells led
to a significant reduction (52 ± 18%) in MT81 labelling
and conversely to significant increase (277 ± 74%) in
MT81w labelling, indicating that the treatment induced a
reduction of total mCD81 expression and an increased
association of CD81 with TEM. As expected, Smase treat-
ment did not affect the expression of the control tet-
raspanin CD151 (Figure 8B).

We next ensured that Smase-induced inhibition of HCV
entry was not also associated with reduced expression
level of another HCV entry factor. As described above, we
analyzed the expression levels of SR-BI, CLDN-1 and LDL-
R after treatment of Huh-7w7/mCD81 cells with Smase.
As shown above (Figure 8B), treatment with Smase was
accompanied by a reduced expression level of CD81, as
detected by MT81 (Figure 7). In accordance with our pre-
vious results (Figure 8B), we also found an increased
immunoprecipitation of CD81 by MT81w after Smase
treatment. Interestingly, expression level of SR-BI, CLDN-
1 or LDL-R were not affected following treatment of cells
with Smase (Figure 7).

Thus, Smase treatment of Huh-7w7/mCD81 cells resulted
in HCV entry inhibition and increase of TEM-associated
mCD81 population. In agreement with previous data,
these results indicate that TEM-associated CD81 does not
play a major role in HCV entry. Smase treatment resulted
also in a significant decrease of cell surface expression of
CD81 on Huh-7 cells (data not shown), as described pre-
viously [47]. The similarity of Huh-7 and Huh-7w7/
mCD81 cells responses to Smase treatment tends to show
that results obtained with Huh-7w7/mCD81 cells can be
extrapolated to Huh-7 cells.

Discussion and conclusion
We have previously shown that mutations (CS-N6) in the
structural proteins of the JFH-1 genome increase the pro-
duction and infectivity of HCVcc particles, leading to an
accelerated cytopathic effect [27]. Interestingly, infection
of Huh-7 cells with such particles led us to isolate cellular
clones exhibiting different levels of permissivity to HCVcc
and HCVpp. For most of them, reduced HCV infection
levels were directly related to their reduced expression
level of CD81, while other entry molecules such as SR-BI
and CLDN-1 were not modified. Our observation is in
accordance with previously published data [29,48-50].
Ectopic expression of CD81 in Huh-7w7 cells, one of the
resistant cell clones, restored HCV permissivity indicating
that CD81 deficiency alone was responsible for the resist-
ance to HCV infection in these cells. In agreement with
previous studies [29,48,51], we did not observe any varia-
tion in HCV genome replication in Huh-7w7 cells in com-
parison to Huh-7 cells (data not shown), suggesting that
CD81 is not involved in this step of the viral cycle. Mas-
ciopinto et al. showed that CD81 and HCV envelope glyc-
oproteins could be detected in exosomes of mammalian
cells, suggesting that HCV may intracellularly interact
with CD81 allowing its export [52]. They pointed out a
possible role of CD81 in assembly and release of HCV
particles. However, our results indicate that CD81 does
not participate to HCV assembly or release of new viral
particles, since the supernatant of Huh-7w7 cells trans-
fected with full-length HCV RNA infected naïve Huh-7

Cholesterol depletion and ceramide enrichment do not reduce cell surface expression of other HCV entry factorsFigure 7
Cholesterol depletion and ceramide enrichment do 
not reduce cell surface expression of other HCV 
entry factors. Huh-7w7/mCD81 cells were treated with 7.5 
mM MβCD, with 0.5 unit Smase/ml or left untreated (NT) 30 
min at 37°C. Cells were then surface biotinylated and lysed 
in buffer containing 1% Brij97 and divalent ions. Immunopre-
cipitations were performed with indicated mAbs. Immuno-
precipitates were revealed by western blotting using 
peroxidase-conjugated streptavidin.
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cells to a level comparable to that of the supernatant from
transfected Huh-7 cells. Thus, Huh-7w7 cells constitute a
new tool allowing to investigate the involvement of CD81
in HCV entry and offering a new single-cycle replication
system, as already used by others [29].

The molecular determinants of HCV-CD81 interaction
have been analyzed by several groups by using biochemi-
cal assays (reviewed in [53]). However, Flint et al have
highlighted the limitation of these approaches since vari-
ous mutated CD81 sequences previously reported to abro-

gate E2-CD81 interaction, were able to restore
permissivity in HepG2 cells [15]. In our study, we show
that ectopic expression of human and mouse CD81 pro-
teins in human hepatoma cells devoid of CD81 conferred
susceptibility to infection by HCVcc and HCVpp at vari-
ous levels. Interestingly, mCD81 protein supports infec-
tion by HCVcc and HCVpp bearing glycoproteins from
genotypes 2a and 4 suggesting that, in accordance with
other studies [15,17], CD81 is not the sole determinant of
species susceptibility to HCV. Other additional cellular
factors likely modulate HCV entry. In addition, interac-

Ceramide enrichment of the plasma membrane of Huh-7w7/mCD81 cells inhibits HCV entry and increases association of CD81 with TEMsFigure 8
Ceramide enrichment of the plasma membrane of Huh-7w7/mCD81 cells inhibits HCV entry and increases 
association of CD81 with TEMs. A, Huh-7w7/mCD81 cells were pretreated (+Smase) or not (-Smase) with Smase prior to 
infection with HCVcc or HCVpp 2a. At 2 days post-infection, cells were lysed and processed as described in methods. P < 0.05 
as calculated by the Mann-Whitney's test. B, Huh-7w7/mCD81 cells pretreated (+Smase) or not (-Smase) with Smase were 
stained with MT81 (left panel), MT81w (middle panel) or TS151 (right panel) mAbs. Cells stained only with PE-conjugated sec-
ondary antibody were used as control (dotted line).
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tion/organization levels and stoichiometry between entry
factors and plasma membrane lipids may regulate species
susceptibility to HCV.

CD81 belongs to the tetraspanin family of which mem-
bers have the distinctive feature of clustering dynamically
with numerous partner proteins and with one another in
membrane microdomains. Within this web, the associa-
tions of tetraspanins with their nontetraspanin partner
molecules have been referred to as primary, and tet-
raspanin can interact with each other through their asso-
ciated partner [12]. In contrast to primary complexes,
tetraspanin-tetraspanin interactions are not stoichiomet-
ric and palmitoylation is necessary for the maintenance of
these interactions [28,40,54,55]. It is still unknown
whether all tetraspanins expressed in a certain cell are
associated with each other. Importantly, tetraspanins
associate indirectly with additional proteins. Function-
ally, these interactions cluster in TEM, enabling lateral
dynamic organization in the membrane and the cross-talk
with intracellular signalling and cytoskeletal structures
[21]. In our study, generation of a human cell line express-
ing mCD81 (Huh-7w7/mCD81 cells) permissive to HCV
infection allowed us to analyze the role of TEM-associated
CD81 in HCV infection. This study could be performed
with two recently described mAbs: MT81, which recog-
nizes total mCD81; and MT81w, which specifically recog-
nizes a fraction of mCD81 associated with other
tetraspanins [23]. It is worth noting that such a tool allow-
ing the detection of hCD81 associated with TEMs is not
available. We first determined the inhibitory effect of both
mAbs on HCVcc and HCVpp infection: MT81 strongly
inhibited HCV infection, whereas MT81w led to a weak
inhibition of infection at saturing concentrations. This
reduced capacity of MT81w mAb to inhibit HCV infection
suggests that TEM-associated CD81 molecules, recognized
by this mAb, are not the exclusive site of infection. In
accordance with these results, ceramide enrichment of
plasma membrane leading to an increased association of
CD81 with TEMs highly inhibits HCV infection. While
palmitoylation is not the only mechanism by which tet-
raspanins interact with each other, it has been shown to
play an essential role in TEM organization [28,40,54,55].
The ability of palmitoylation-defective CD81 to support
infection by HCVpp [10] is again consistent with a minor
role of TEM-associated CD81 in HCV entry. We cannot
exclude that the epitope recognized by MT81w mAb on
CD81 is not involved in HCV interaction. The partial inhi-
bition of MT81w might also be the reflect of a partial rec-
ognition of the TEM-associated CD81 fraction, as
previously suggested by Silvie et al. [23].

The entire HCV life cycle is associated with cholesterol
metabolism in host cells (reviewed in [34]), and lipid
composition of the plasma membrane seems very impor-

tant for the HCV entry step. In our study, we showed that
cholesterol depletion by treatment with MβCD strongly
reduced HCV entry into target cells, and conversely cho-
lesterol replenishment by MβCD-cholesterol complexes
restored the infection levels. These results point out again
the importance of cell membrane cholesterol in HCV
entry, likely in the fusion process as has been previously
suggested [56]. Very recently, we have shown that increas-
ing the levels of ceramide in the plasma membrane induce
a massive endocytosis of CD81 leading to a strong inhibi-
tion of HCV infection [47]. Interestingly, in the present
study, we showed that following Smase treatment of Huh-
7w7/mCD81 cells, expression of CD81 is inversely related
to association of CD81 with tetraspanin webs. These
results suggest that ceramide might specifically modify the
levels of interaction or the cell surface distribution of
TEM. In this regard, it has been shown that gangliosides
play an important role in the organization of CD82-
enriched microdomains [57]. Ceramide enrichment may
also induce clustering of CD81 leading to an increased
binding of MT81w mAb. In accordance with this hypoth-
esis, it has been shown that high levels of ceramide induce
large-scale clustering/capping of death receptors (e.g. Fas/
CD95) required to initiate efficient formation of death-
induced signalling complex [58,59]. Alternatively,
MT81w may recognize an epitope of CD81 that is more
exposed following ceramide enrichment. Further analyses
are necessary to evaluate these hypotheses.

HCV and Plasmodium are two major pathogens targeting
the liver. Both use the glycosaminoglycans for their initial
attachment on the surface of hepatocytes [11,60-64], and
lipidic transfer properties of scavenger receptor class B
type I regulate infection of both pathogens [9,65,66].
CD81 is required for HCV and Plasmodium life cycle. Anti-
bodies to CD81 or CD81 silencing strongly reduce the
infection of hepatic cells and CD81-deficient mouse hepa-
tocytes are resistant to infection by Plasmodium [26].
Using CD81/CD9 chimeras, it has been recently shown
that CD81 LEL plays a critical role in sporozoite infection
and a stretch of 21 amino acids is sufficient to confer sus-
ceptibility to infection [66]. In contrast to HCV infection,
it seems that CD81 does not act directly as a receptor but
is rather involved indirectly, likely by modulating the
activity of an associated protein. This hypothesis is sup-
ported by the fact that CD81 associated to multiple pro-
teins in the tetraspanin web plays a major role in
sporozoite infection, since modulation of cellular choles-
terol levels, which changes tetraspanin microdomain
organization, has been shown to also modify the extent of
CD81-dependent sporozoite infection [23]. In contrast, in
our study, we demonstrated that TEM-associated CD81 is
not used by HCV, indicating that these two pathogens,
while using the same molecules, invade their host by dif-
ferent mechanisms.
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Methods
Antibodies
5A6 (anti-CD81 kindly provided by S. Levy); ACAP27
(anti-HCV core, kindly provided by JF Delagneau); MT81
(anti-CD81), MT81w (anti-TEM associated CD81), 8A12
(anti-EWI-2) and TS151 (anti-CD151) mAbs were used in
this study. The anti-Claudin-1 (JAY.8) was from Zymed,
the anti-SR-BI (NB400-104H3) was from Novus, the anti-
LDL receptor was from Progen, the anti-transferrin recep-
tor antibody was from Biolegend (Ozyme) and the anti-
hCD81 (1.3.3.22) was from Santa Cruz Biotechnology.
Alexa488-conjugated goat anti-mouse was from Jackson
Immunoresearch.

Production of HCVcc and infection assays
Production of HCVcc and infection assays were performed
as described [19]. To generate HCVcc expressing Renilla
luciferase, we used the FL-J6/JFH-5'C19Rluc2AUbi
genome [67] kindly provided by C.M. Rice (The Rockfeller
University, New York). We replaced the region encoding
the J6/JFH-1 HCV polyprotein with the CS-N6 JFH-1
sequence [27]. HCVcc were produced as previously
described [7,27,67]. HCVcc were added to Huh-7 cells
seeded the day before and incubated for 2 h at 37°C. The
supernatants were then removed and the cells were incu-
bated in DMEM 10% FBS at 37°C. At 40–48 h post-infec-
tion, cells were lysed and processed to measure the Renilla
luciferase activities as indicated by the manufacturer
(Promega). Luciferase activities were normalized for pro-
tein concentration in each cell lysate. In each figure,
results are reported as the mean ± S.D. of three independ-
ent experiments.

Generation of R1 cell population and resistant cellular 
clones
Huh-7 cells were infected (m.o.i. = 1) with JFH-1/I2/CS-
N6 particles [27] 4 h at 37°C and then maintained for sev-
eral weeks. Survival cells were amplified and treated with
200 UI/ml of IFN α. After six successive treatments with
IFN α, cells were analysed by immunofluorescence and
western blotting and subcloned by limiting dilution. The
cells were seeded in 96-well plates at 1 cell/well in DMEM
10% FCS. Individual cell clones were amplified and
named Huh-7w with a number corresponding to the
clone.

Cell transfection
Huh-7w7 cells were transfected using ExGen500 (Euro-
gentec) with plasmids expressing human CD81
(pcDNA3.1/hCD81), murine CD81 (pcDNA3.1/mCD81)
[30] or the empty vector. Polyclonal populations were
obtained by selection for 4 weeks with 600 μg/ml of Neo-
mycin (Invitrogen).

Antibody neutralization assay
Neutralization assays were performed by co-incubating
HCVcc/HCVpp and antibodies with target cells 3 h at
37°C. Cells were further incubated for 48 h with DMEM
10% FCS before measuring the luciferase activities.

Cholesterol depletion/replenishment and 
sphingomyelinase (Smase) treatment
Cholesterol depletion was carried out by incubating cells
with different concentrations of methyl-β-cyclodextrin
(MβCD, Sigma) in serum-free medium at 37°C for 20
min. Cholesterol replenishment of cholesterol-depleted
cells was achieved by incubating cells with 1:10 (mol/
mol) complex of cholesterol and MβCD (cholesterol
water soluble, Sigma) using a 2.5 mM final cholesterol
concentration in serum-free medium at 37°C for 15 min.
Cholesterol levels in MβCD-treated cells were determined
using Amplex Red Cholesterol Assay kit (Molecular
Probes). Smase treatments were performed as previously
described [47].

Production of HCVpp and infection assays
HCVpp were produced as described previously [3,68]
with plasmids kindly provided by B. Bartosch and F.L.
Cosset (INSERM U412, Lyon, France). The plasmids
encoding HCV envelope glycoproteins of genotypes 1b
(UKN1B-5.23), 2b (UKN2B-1.1), 3a (UKN3A-1.28) and 4
(UKN4-11.1) were kindly provided by J. Ball (Notting-
ham University, UK) [69]. The genotype 1a plasmid
(strain H) has been described previously [3] and the gen-
otype 2a plasmid (strain JFH-1) was kindly provided by T.
Pietschmann and R. Bartenschlager (University of Heidel-
berg, Germany). Plasmids encoding the vesicular stomati-
tis virus glycoprotein G and feline endogenous virus
RD114 glycoprotein [70] were used for the production of
VSVpp and RD114pp, respectively. In each experiment,
pseudotyped particles produced in the absence of enve-
lope proteins were used as controls. The mean lumines-
cence activity of such particles represented less than 2% of
the activity measured for HCVpp. In cholesterol depletion
and Smase experiments, particles were produced in
DMEM containing 2% lipoprotein-depleted serum
(LPDS) [71]. At 40–48 h post-infection, cells were lysed
and processed to measure the Firefly luciferase activities as
indicated by the manufacturer (Promega). Luciferase
activities were normalized for protein concentration in
each cell lysate. In each figure, results are reported as the
mean ± S.D. of three independent experiments.

Detection of cell surface biotinylated proteins
Cells were biotinylated with 0.2 mg/mL EZ-link-Sulfo-
NHS-LC-biotin (Pierce) in Hanks buffered saline solution
(Invitrogen) for 30 minutes at 4°C. After 3 rinses with PBS
0.6% Bovine Serum Albumin (BSA, Euromedex), cells
were lysed in lysis buffer (1% Brij97 in D-PBS with Ca and
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Mg or 1% Triton X-100 in D-PBS with 2 mM EDTA) con-
taining protease inhibitors (Complete, Roche). Lysates
were precleared for 2 h at 4°C with protein A-sepharose
(Amersham Biosciences), then incubated for 2 h at 4°C
with specific mAbs immobilized onto protein A-sepha-
rose beads. After rinsing with the lysis buffer, complexes
were eluted with non-reducing Laemmli buffer, resolved
by SDS-PAGE and immunoblotted with peroxidase-con-
jugated Streptavidin (Vector).

Statistical analyses
The Mann-Whitney's test, based on ranks, was used to
compare the results to the reference. The reported p-values
were asymptotic and two-sided. We considered a differ-
ence as significant for any p-value < 0.05. The tests were
performed with the software SPSS 14.0.2.

Flow cytometry analysis
Cells were rinsed with PBS 2% Bovine Serum Albumin
(PBS/BSA) and incubated for 1 h at 4°C with anti-human
CD81 (1.3.3.22), anti-murine CD81 (MT81, MT81w) or
anti-human CD151 (TS151) mAbs. After rinsing with
PBS/BSA, cells were stained with phycoerythrin (PE)
labeled goat anti-mouse or anti-rat (BD Pharmingen) for
45 min at 4°C. After rinsing, cells were detached with PBS
2 mM EDTA and fixed with Formalin Solution (Sigma).
Cells stained only with the secondary antibodies were
used as negative control. Labelled cells were analyzed
using a FACS Beckman EPICS-XL MCL.

Authors' contributions
VRP, ML, DD, JD, CW and LC conceived and designed the
experiments. VRP, ML, DD, JC, AP, JP, CW and LC per-
formed the experiments. CL performed the statistical anal-
yses. ER, JD, CW and LC contributed to reagents/
materials/analysis tools. VRP, ML and LC wrote the paper.

Authors' information
JD is an international scholar of the Howard Hughes Med-
ical Institute.

Acknowledgements
We thank Sophana Ung and Valentina D'Arienzo for their technical assist-
ance. We thank Birke A. Tews, Kevin Friede and François Helle for critical 
reading of the manuscript. We are grateful to S. Levy, T. Wakita, J-F. Delag-
neau, F-L. Cosset, B. Bartosch, R. Bartenschlager, T. Pietschmann, J. Ball and 
C.M. Rice for providing us with reagents. We thank the Microscopy-Imag-
ing-Cytometry Platform of the Lille Pasteur Campus for access to the 
instruments and technical advice. This work was supported by the "Institut 
Fédératif de Recherche-142" (IFR142) and by grants from the CNRS and 
the "Agence Nationale de Recherches sur le Sida et les hépatites virales" 
ANRS. VRP was supported by a fellowship from the "Institut Pasteur de 
Lille/Région Nord Pas-de-Calais". ML and DD were supported by a fellow-
ship from the ANRS. JC was supported by the Pasteur Institute of Lille and 
the University of Florida.

References
1. Lemon SM, Walker C, Alter MJ, Yi M: Hepatitis C Virus.  In Fields

Virology Volume 1. Fifth edition. Edited by: Knipe DM, Howley PM. Phil-
adelphia: Lippincott Williams & Wilkins; 2007:1253-1304. 

2. Manns MP, Wedemeyer H, Cornberg M: Treating viral hepatitis
C: efficacy, side effects, and complications.  Gut 2006,
55(9):1350-1359.

3. Bartosch B, Dubuisson J, Cosset F-L: Highly infectious hepatitis C
pseudo-viruses containing functional E1E2 envelope protein
complexes.  J Exp Med 2003, 197(5):633-642.

4. Drummer HE, Maerz A, Poumbourios P: Cell surface expression
of functional hepatitis C virus E1 and E2 glycoproteins.  FEBS
Lett 2003, 546(2–3):385-390.

5. Hsu M, Zhang J, Flint M, Logvinoff C, Cheng-Mayer C, Rice CM, McK-
eating JA: Hepatitis C virus glycoproteins mediate pH-
dependent cell entry of pseudotyped retroviral particles.
Proc Natl Acad Sci USA 2003, 100(12):7271-7276.

6. Lindenbach BD, Evans MJ, Syder AJ, Wolk B, Tellinghuisen TL, Liu CC,
Maruyama T, Hynes RO, Burton DR, McKeating JA, et al.: Complete
replication of hepatitis C virus in cell culture.  Science 2005,
309(5734):623-626.

7. Wakita T, Pietschmann T, Kato T, Date T, Miyamoto M, Zhao Z,
Murthy K, Habermann A, Krausslich HG, Mizokami M, et al.: Produc-
tion of infectious hepatitis C virus in tissue culture from a
cloned viral genome.  Nat Med 2005, 11(7):791-796.

8. Zhong J, Gastaminza P, Cheng G, Kapadia S, Kato T, Burton DR, Wie-
land SF, Uprichard SL, Wakita T, Chisari FV: Robust hepatitis C
virus infection in vitro.  Proc Natl Acad Sci USA 2005,
102(26):9294-9299.

9. Dubuisson J, Helle F, Cocquerel L: Early steps of the hepatitis C
virus life cycle.  Cell Microbiol 2008, 10(4):821-827.

10. Bertaux C, Dragic T: Different domains of CD81 mediate dis-
tinct stages of hepatitis C virus pseudoparticle entry.  J Virol
2006, 80(10):4940-4948.

11. Koutsoudakis G, Kaul A, Steinmann E, Kallis S, Lohmann V, Piet-
schmann T, Bartenschlager R: Characterization of the early
steps of hepatitis C virus infection by using luciferase
reporter viruses.  J Virol 2006, 80(11):5308-5320.

12. Boucheix C, Rubinstein E: Tetraspanins.  Cell Mol Life Sci 2001,
58(9):1189-1205.

13. Allander T, Forns X, Emerson SU, Purcell RH, Bukh J: Hepatitis C
virus envelope protein E2 binds to CD81 of tamarins.  Virology
2000, 277(2):358-367.

14. Flint M, Maidens C, Loomis-Price LD, Shotton C, Dubuisson J, Monk
P, Higginbottom A, Levy S, McKeating JA: Characterization of hep-
atitis C virus E2 glycoprotein interaction with a putative cel-
lular receptor, CD81.  J Virol 1999, 73(8):6235-6244.

15. Flint M, von Hahn T, Zhang J, Farquhar M, Jones CT, Balfe P, Rice CM,
McKeating JA: Diverse CD81 proteins support hepatitis C virus
infection.  J Virol 2006, 80(22):11331-11342.

16. Higginbottom A, Quinn ER, Kuo CC, Flint M, Wilson LH, Bianchi E,
Nicosia A, Monk PN, McKeating JA, Levy S: Identification of amino
acid residues in CD81 critical for interaction with hepatitis C
virus envelope glycoprotein E2.  J Virol 2000, 74(8):3642-3649.

17. Masciopinto F, Freer G, Burgio VL, Levy S, Galli-Stampino L, Bendinelli
M, Houghton M, Abrignani S, Uematsu Y: Expression of human
CD81 in transgenic mice does not confer susceptibility to
hepatitis C virus infection.  Virology 2002, 304(2):187-196.

18. Meola A, Sbardellati A, Bruni Ercole B, Cerretani M, Pezzanera M,
Ceccacci A, Vitelli A, Levy S, Nicosia A, Traboni C, et al.: Binding of
hepatitis C virus E2 glycoprotein to CD81 does not correlate
with species permissiveness to infection.  J Virol 2000,
74(13):5933-5938.

19. Rocha-Perugini V, Montpellier C, Delgrange D, Wychowski C, Helle
F, Pillez A, Drobecq H, Le Naour F, Charrin S, Levy S, et al.: The
CD81 partner EWI-2wint inhibits hepatitis C virus entry.
PLoS ONE 2008, 3(4):e1866.

20. Levy S, Shoham T: The tetraspanin web modulates immune-
signalling complexes.  Nat Rev Immunol 2005, 5(2):136-148.

21. Levy S, Shoham T: Protein-protein interactions in the tet-
raspanin web.  Physiology (Bethesda) 2005, 20(4):218-224.

22. Rubinstein E, Le Naour F, Lagaudriere-Gesbert C, Billard M, Con-
jeaud H, Boucheix C: CD9, CD63, CD81, and CD82 are compo-
nents of a surface tetraspan network connected to HLA-DR
and VLA integrins.  Eur J Immunol 1996, 26(11):2657-2665.
Page 16 of 18
(page number not for citation purposes)

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16905701
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16905701
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12615904
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12615904
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12615904
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12832074
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12832074
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12761383
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12761383
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15947137
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15947137
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15951748
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15951748
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15951748
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15939869
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15939869
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18081727
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18081727
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16641285
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16641285
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16699011
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16699011
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16699011
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11577978
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11080483
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11080483
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10400713
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10400713
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10400713
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16943299
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16943299
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10729140
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10729140
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10729140
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12504561
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12504561
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12504561
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10846074
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10846074
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10846074
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18382656
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18382656
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15688041
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15688041
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16024509
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16024509
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8921952
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8921952
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8921952


BMC Microbiology 2009, 9:111 http://www.biomedcentral.com/1471-2180/9/111
23. Silvie O, Charrin S, Billard M, Franetich JF, Clark KL, van Gemert GJ,
Sauerwein RW, Dautry F, Boucheix C, Mazier D, et al.: Cholesterol
contributes to the organization of tetraspanin-enriched
microdomains and to CD81-dependent infection by malaria
sporozoites.  J Cell Sci 2006, 119(Pt 10):1992-2002.

24. Kapadia SB, Barth H, Baumert T, McKeating JA, Chisari FV: Initiation
of Hepatitis C Virus Infection Is Dependent on Cholesterol
and Cooperativity between CD81 and Scavenger Receptor B
Type I.  J Virol 2007, 81(1):374-383.

25. Silvie O, Greco C, Franetich JF, Dubart-Kupperschmitt A, Hannoun L,
van Gemert GJ, Sauerwein RW, Levy S, Boucheix C, Rubinstein E, et
al.: Expression of human CD81 differently affects host cell
susceptibility to malaria sporozoites depending on the Plas-
modium species.  Cell Microbiol 2006, 8(7):1134-1146.

26. Silvie O, Rubinstein E, Franetich JF, Prenant M, Belnoue E, Renia L,
Hannoun L, Eling W, Levy S, Boucheix C, et al.: Hepatocyte CD81
is required for Plasmodium falciparum and Plasmodium yoe-
lii sporozoite infectivity.  Nat Med 2003, 9(1):93-96.

27. Delgrange D, Pillez A, Castelain S, Cocquerel L, Rouille Y, Dubuisson
J, Wakita T, Duverlie G, Wychowski C: Robust production of
infectious viral particles in Huh-7 cells by introducing muta-
tions in hepatitis C virus structural proteins.  J Gen Virol 2007,
88(Pt 9):2495-2503.

28. Yang XH, Kovalenko OV, Kolesnikova TV, Andzelm MM, Rubinstein
E, Strominger JL, Hemler ME: Contrasting effects of EWI pro-
teins, integrins, and protein palmitoylation on cell surface
CD9 organization.  J Biol Chem 2006, 281(18):12976-12985.

29. Russell RS, Meunier JC, Takikawa S, Faulk K, Engle RE, Bukh J, Purcell
RH, Emerson SU: Advantages of a single-cycle production
assay to study cell culture-adaptive mutations of hepatitis C
virus.  Proc Natl Acad Sci USA 2008, 105(11):4370-4375.

30. Charrin S, Le Naour F, Labas V, Billard M, Le Caer JP, Emile JF, Petit
MA, Boucheix C, Rubinstein E: EWI-2 is a new component of the
tetraspanin web in hepatocytes and lymphoid cells.  Biochem J
2003, 373(Pt 2):409-421.

31. Charrin S, Manie S, Billard M, Ashman L, Gerlier D, Boucheix C,
Rubinstein E: Multiple levels of interactions within the tet-
raspanin web.  Biochem Biophys Res Commun 2003, 304(1):107-112.

32. Charrin S, Le Naour F, Oualid M, Billard M, Faure G, Hanash SM,
Boucheix C, Rubinstein E: The major CD9 and CD81 molecular
partner. Identification and characterization of the com-
plexes.  J Biol Chem 2001, 276(17):14329-14337.

33. Stipp CS, Kolesnikova TV, Hemler ME: EWI-2 is a major CD9 and
CD81 partner and member of a novel Ig protein subfamily.  J
Biol Chem 2001, 276(44):40545-40554.

34. Ye J: Reliance of host cholesterol metabolic pathways for the
life cycle of hepatitis C virus.  PLoS Pathog 2007, 3(8):e108.

35. Yancey PG, Rodrigueza WV, Kilsdonk EP, Stoudt GW, Johnson WJ,
Phillips MC, Rothblat GH: Cellular cholesterol efflux mediated
by cyclodextrins. Demonstration Of kinetic pools and mech-
anism of efflux.  J Biol Chem 1996, 271(27):16026-16034.

36. Christian AE, Haynes MP, Phillips MC, Rothblat GH: Use of cyclo-
dextrins for manipulating cellular cholesterol content.  J Lipid
Res 1997, 38(11):2264-2272.

37. Laude AJ, Prior IA: Plasma membrane microdomains: organi-
zation, function and trafficking.  Mol Membr Biol 2004,
21(3):193-205.

38. Pichler H, Riezman H: Where sterols are required for endocy-
tosis.  Biochim Biophys Acta 2004, 1666(1–2):51-61.

39. Sun X, Yau VK, Briggs BJ, Whittaker GR: Role of clathrin-medi-
ated endocytosis during vesicular stomatitis virus entry into
host cells.  Virology 2005, 338(1):53-60.

40. Charrin S, Manie S, Oualid M, Billard M, Boucheix C, Rubinstein E:
Differential stability of tetraspanin/tetraspanin interactions:
role of palmitoylation.  FEBS Lett 2002, 516(1–3):139-144.

41. Han J, Hajjar DP, Tauras JM, Nicholson AC: Cellular cholesterol
regulates expression of the macrophage type B scavenger
receptor, CD36.  J Lipid Res 1999, 40(5):830-838.

42. Sun Y, Wang N, Tall AR: Regulation of adrenal scavenger recep-
tor-BI expression by ACTH and cellular cholesterol pools.  J
Lipid Res 1999, 40(10):1799-1805.

43. Yu L, Cao G, Repa J, Stangl H: Sterol regulation of scavenger
receptor class B type I in macrophages.  J Lipid Res 2004,
45(5):889-899.

44. Lambert D, O'Neill CA, Padfield PJ: Depletion of Caco-2 cell cho-
lesterol disrupts barrier function by altering the detergent

solubility and distribution of specific tight-junction proteins.
Biochem J 2005, 387(Pt 2):553-560.

45. Lambert D, O'Neill CA, Padfield PJ: Methyl-beta-cyclodextrin
increases permeability of Caco-2 cell monolayers by displac-
ing specific claudins from cholesterol rich domains associ-
ated with tight junctions.  Cell Physiol Biochem 2007,
20(5):495-506.

46. Bollinger CR, Teichgraber V, Gulbins E: Ceramide-enriched
membrane domains.  Biochim Biophys Acta 2005, 1746(3):284-294.

47. Voisset C, Lavie M, Helle F, Op De Beeck A, Bilheu A, Bertrand-
Michel J, Terce F, Cocquerel L, Wychowski C, Vu-Dac N, et al.: Cera-
mide enrichment of the plasma membrane induces CD81
internalization and inhibits hepatitis C virus entry.  Cell Micro-
biol 2008, 10(3):606-617.

48. Akazawa D, Date T, Morikawa K, Murayama A, Miyamoto M, Kaga M,
Barth H, Baumert TF, Dubuisson J, Wakita T: CD81 expression is
important for the permissiveness of Huh7 cell clones for het-
erogeneous hepatitis C virus infection.  J Virol 2007,
81(10):5036-5045.

49. Tscherne DM, Evans MJ, von Hahn T, Jones CT, Stamataki Z, McKeat-
ing JA, Lindenbach BD, Rice CM: Superinfection exclusion in cells
infected with hepatitis C virus.  J Virol 2007, 81(8):3693-3703.

50. Zhong J, Gastaminza P, Chung J, Stamataki Z, Isogawa M, Cheng G,
McKeating JA, Chisari FV: Persistent hepatitis C virus infection
in vitro: coevolution of virus and host.  J Virol 2006,
80(22):11082-11093.

51. Koutsoudakis G, Herrmann E, Kallis S, Bartenschlager R, Pietschmann
T: The level of CD81 cell surface expression is a key determi-
nant for productive entry of hepatitis C virus into host cells.
J Virol 2007, 81(2):588-598.

52. Masciopinto F, Giovani C, Campagnoli S, Galli-Stampino L, Colom-
batto P, Brunetto M, Yen TS, Houghton M, Pileri P, Abrignani S: Asso-
ciation of hepatitis C virus envelope proteins with exosomes.
Eur J Immunol 2004, 34(10):2834-2842.

53. Helle F, Dubuisson J: Hepatitis C virus entry into host cells.  Cell
Mol Life Sci 2008, 65(1):100-112.

54. Berditchevski F, Odintsova E, Sawada S, Gilbert E: Expression of the
palmitoylation-deficient CD151 weakens the association of
alpha 3 beta 1 integrin with the tetraspanin-enriched micro-
domains and affects integrin-dependent signaling.  J Biol Chem
2002, 277(40):36991-37000.

55. Yang X, Claas C, Kraeft SK, Chen LB, Wang Z, Kreidberg JA, Hemler
ME: Palmitoylation of tetraspanin proteins: modulation of
CD151 lateral interactions, subcellular distribution, and
integrin-dependent cell morphology.  Mol Biol Cell 2002,
13(3):767-781.

56. Lavillette D, Bartosch B, Nourrisson D, Verney G, Cosset FL, Penin
F, Pecheur EI: Hepatitis C virus glycoproteins mediate low pH-
dependent membrane fusion with liposomes.  J Biol Chem 2006,
281(7):3909-3917.

57. Odintsova E, Butters TD, Monti E, Sprong H, van Meer G, Berditch-
evski F: Gangliosides play an important role in the organiza-
tion of CD82-enriched microdomains.  Biochem J 2006,
400(2):315-325.

58. Cremesti A, Paris F, Grassme H, Holler N, Tschopp J, Fuks Z, Gulbins
E, Kolesnick R: Ceramide enables fas to cap and kill.  J Biol Chem
2001, 276(26):23954-23961.

59. Grassme H, Cremesti A, Kolesnick R, Gulbins E: Ceramide-medi-
ated clustering is required for CD95-DISC formation.  Onco-
gene 2003, 22(35):5457-5470.

60. Barth H, Schnober EK, Zhang F, Linhardt RJ, Depla E, Boson B, Cosset
FL, Patel AH, Blum HE, Baumert TF: Viral and cellular determi-
nants of the hepatitis C virus envelope-heparan sulfate inter-
action.  J Virol 2006, 80(21):10579-10590.

61. Basu A, Kanda T, Beyene A, Saito K, Meyer K, Ray R: Sulfated
homologues of heparin inhibit hepatitis C virus entry into
mammalian cells.  J Virol 2007, 81(8):3933-3941.

62. Frevert U, Sinnis P, Cerami C, Shreffler W, Takacs B, Nussenzweig V:
Malaria circumsporozoite protein binds to heparan sulfate
proteoglycans associated with the surface membrane of
hepatocytes.  J Exp Med 1993, 177(5):1287-1298.

63. Morikawa K, Zhao Z, Date T, Miyamoto M, Murayama A, Akazawa D,
Tanabe J, Sone S, Wakita T: The roles of CD81 and gly-
cosaminoglycans in the adsorption and uptake of infectious
HCV particles.  J Med Virol 2007, 79(6):714-723.
Page 17 of 18
(page number not for citation purposes)

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16687736
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16687736
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16687736
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17050612
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17050612
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17050612
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16819966
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16819966
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16819966
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12483205
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12483205
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12483205
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17698659
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17698659
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17698659
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16537545
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16537545
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16537545
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18334634
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18334634
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18334634
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12708969
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12708969
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12705892
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12705892
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11278880
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11278880
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11278880
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11504738
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11504738
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17784784
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17784784
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8663188
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8663188
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8663188
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9392424
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9392424
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15204627
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15204627
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15519308
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15519308
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15936793
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15936793
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15936793
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11959120
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11959120
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11959120
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10224152
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10224152
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10224152
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10508199
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10508199
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14967816
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14967816
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15500448
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15500448
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15500448
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17762176
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17762176
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17762176
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16226325
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16226325
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17979982
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17979982
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17979982
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17329343
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17329343
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17329343
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17287280
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17287280
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16956932
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16956932
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17079281
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17079281
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15368299
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15368299
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17914604
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12110679
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12110679
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12110679
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11907260
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11907260
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11907260
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16356932
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16356932
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16859490
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16859490
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11287428
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12934106
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12934106
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16928753
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16928753
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16928753
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17287282
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17287282
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17287282
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8478608
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8478608
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8478608
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17457918
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17457918
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17457918


BMC Microbiology 2009, 9:111 http://www.biomedcentral.com/1471-2180/9/111
Publish with BioMed Central   and  every 
scientist can read your work free of charge

"BioMed Central will be the most significant development for 
disseminating the results of biomedical research in our lifetime."

Sir Paul Nurse, Cancer Research UK

Your research papers will be:

available free of charge to the entire biomedical community

peer reviewed and published immediately upon acceptance

cited in PubMed and archived on PubMed Central 

yours — you keep the copyright

Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp

BioMedcentral

64. Pancake SJ, Holt GD, Mellouk S, Hoffman SL: Malaria sporozoites
and circumsporozoite proteins bind specifically to sulfated
glycoconjugates.  J Cell Biol 1992, 117(6):1351-1357.

65. Rodrigues CD, Hannus M, Prudencio M, Martin C, Goncalves LA,
Portugal S, Epiphanio S, Akinc A, Hadwiger P, Jahn-Hofmann K, et al.:
Host scavenger receptor SR-BI plays a dual role in the estab-
lishment of malaria parasite liver infection.  Cell Host Microbe
2008, 4(3):271-282.

66. Yalaoui S, Zougbede S, Charrin S, Silvie O, Arduise C, Farhati K,
Boucheix C, Mazier D, Rubinstein E, Froissard P: Hepatocyte per-
missiveness to Plasmodium infection is conveyed by a short
and structurally conserved region of the CD81 large extra-
cellular domain.  PLoS Pathog 2008, 4(2):e1000010.

67. Tscherne DM, Jones CT, Evans MJ, Lindenbach BD, McKeating JA,
Rice CM: Time- and temperature-dependent activation of
hepatitis C virus for low-pH-triggered entry.  J Virol 2006,
80(4):1734-1741.

68. Op De Beeck A, Voisset C, Bartosch B, Ciczora Y, Cocquerel L, Keck
Z, Foung S, Cosset FL, Dubuisson J: Characterization of func-
tional hepatitis C virus envelope glycoproteins.  J Virol 2004,
78(6):2994-3002.

69. Lavillette D, Tarr AW, Voisset C, Donot P, Bartosch B, Bain C, Patel
AH, Dubuisson J, Ball JK, Cosset FL: Characterization of host-
range and cell entry properties of the major genotypes and
subtypes of hepatitis C virus.  Hepatology 2005, 41(2):265-274.

70. Sandrin V, Boson B, Salmon P, Gay W, Negre D, Le Grand R, Trono
D, Cosset FL: Lentiviral vectors pseudotyped with a modified
RD114 envelope glycoprotein show increased stability in
sera and augmented transduction of primary lymphocytes
and CD34+ cells derived from human and nonhuman pri-
mates.  Blood 2002, 100(3):823-832.

71. Hatch FT: Practical methods for plasma lipoprotein analysis.
Adv Lipid Res 1968, 6:1-68.
Page 18 of 18
(page number not for citation purposes)

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1607393
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1607393
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1607393
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18779053
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18779053
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18779053
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18389082
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18389082
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18389082
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16439530
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16439530
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14990718
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14990718
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15660396
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15660396
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15660396
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12130492
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12130492
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12130492
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=4179999
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/publishing_adv.asp
http://www.biomedcentral.com/

	Abstract
	Background
	Results
	Conclusion

	Background
	Results
	Generation of Huh-7 cells resistant to HCV infection
	Ectopic expression of human and mouse CD81 in resistant cells restores HCV permissivity
	Role of TEM-associated CD81 in HCV entry
	Role of cholesterol in HCV infection and the association of CD81 with TEM
	Role of ceramide in TEM-associated CD81 and in HCV infection

	Discussion and conclusion
	Methods
	Antibodies
	Production of HCVcc and infection assays
	Generation of R1 cell population and resistant cellular clones
	Cell transfection
	Antibody neutralization assay
	Cholesterol depletion/replenishment and sphingomyelinase (Smase) treatment
	Production of HCVpp and infection assays
	Detection of cell surface biotinylated proteins
	Statistical analyses
	Flow cytometry analysis

	Authors' contributions
	Authors' information
	Acknowledgements
	References

