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Due to the recent development of a cell culture model, hepatitis C virus (HCV) can be efficiently propagated
in cell culture. This allowed us to reinvestigate the subcellular localization of HCV structural proteins in the
context of an infectious cycle. In agreement with previous reports, confocal immunofluorescence analysis of the
subcellular localization of HCV structural proteins indicated that, in infected cells, the glycoprotein het-
erodimer is retained in the endoplasmic reticulum. However, in contrast to other studies, the glycoprotein
heterodimer did not accumulate in other intracellular compartments or at the plasma membrane. As previ-
ously reported, an association between the capsid protein and lipid droplets was also observed. In addition, a
fraction of labeling was consistent with the capsid protein being localized in a membranous compartment that
is associated with the lipid droplets. However, in contrast to previous reports, the capsid protein was not found
in the nucleus or in association with mitochondria or other well-defined intracellular compartments. Surpris-
ingly, no colocalization was observed between the glycoprotein heterodimer and the capsid protein in infected
cells. Electron microscopy analyses allowed us to identify a membrane alteration similar to the previously
reported “membranous web.” However, no virus-like particles were found in this type of structure. In addition,
dense elements compatible with the size and shape of a viral particle were seldom observed in infected cells.
In conclusion, the cell culture system for HCV allowed us for the first time to characterize the subcellular
localization of HCV structural proteins in the context an infectious cycle.

Hepatitis C virus (HCV) is a small enveloped virus that
belongs to the Hepacivirus genus in the Flaviviridae family (27).
Its genome encodes a single polyprotein precursor of �3,010
amino acid residues, which is synthesized on endoplasmic re-
ticulum (ER)-associated ribosomes. The polyprotein is cleaved
co- and posttranslationally by cellular and viral proteases to
yield at least 10 mature products. HCV genome encodes three
structural proteins: a capsid protein (C) and two envelope
glycoproteins (E1 and E2). These proteins are released from
the N-terminal region of the polyprotein by signal peptidase
cleavages (15). In addition, processing in the C-terminal region
of the capsid protein by a signal peptide peptidase leads to the
generation of a mature capsid protein (32).

In the absence of a robust cell culture model for HCV, the
analyses of the subcellular localization of HCV proteins have
been performed with heterologous expression systems or in the
context of HCV replicons (reviewed in references 15 and 33).
Transient expression of HCV envelope glycoproteins with het-
erologous expression systems has shown that HCV envelope
glycoproteins E1 and E2 assemble as a noncovalent het-
erodimer (11). Due to the presence of retention signals in the
transmembrane domains of HCV envelope glycoproteins (8,

9), the glycoprotein heterodimer is mainly retained in the ER
(17). However, in some expression systems, a fraction of HCV
envelope glycoproteins has also been found to be located in the
intermediate compartment and the cis-Golgi apparatus (12, 29,
37) and at the plasma membrane (3, 13, 24).

When expressed with heterologous expression systems or in
the context of HCV replicons, the subcellular distribution of
the capsid protein seems to be complex. Most of the protein is
cytoplasmic where it is found both attached to the ER and at
the surface of lipid droplets (for a review, see reference 31).
The different extents to which the capsid protein is attached
either to lipid droplets or membranes may be dependent on
the amount of lipid droplets present in various cell types (22).
In some conditions, a minor proportion of the capsid protein
has also been found to be located in the nucleus (43). More
recently, the capsid protein has also been found to colocalize
with mitochondrial markers in Huh-7 cells containing a full-
length HCV replicon (39).

Very recently, a cell culture model has been developed for
HCV (26, 42, 44). This system is based on the transfection of
the human hepatoma cell line Huh-7 with genomic RNA de-
rived from a cloned viral genome. This culture system allows
the production of virus that can be efficiently propagated in cell
culture. Although a large amount of data has been accumu-
lated on most HCV proteins during the past 15 years, the
development of a cell culture system for HCV allows reinves-
tigation of the biological and biochemical properties of HCV
proteins in a more relevant context. Here, we analyzed the
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subcellular localization of HCV structural proteins in Huh-7
cells infected with an infectious HCV clone. Our data show
that, in infected cells, HCV glycoprotein heterodimer is re-
tained in the ER and the capsid protein is detected in associ-
ation with lipid droplets. However, in contrast to previous
reports, no other subcellular localization was found for these
proteins. In addition, no colocalization was observed between
the glycoprotein heterodimer and the capsid protein in HCV-
infected cells. Electron microscopy analyses identified mem-
brane alterations in infected cells; however, dense elements
compatible with the size and shape of a viral particle were
seldom observed in HCV-infected cells.

MATERIALS AND METHODS

Cell culture and HCV production. Huh-7 human hepatoma cells (35) were
grown in Dulbecco modified essential medium (Invitrogen) supplemented with
10% fetal bovine serum. The plasmid pJFH1 containing the full-length cDNA of
JFH1 isolate, which belongs to subtype 2a (GenBank accession no. AB047639),
has been described previously (42). To generate genomic HCV RNA, the plas-
mid pJFH1 was linearized at the 3� end of the HCV cDNA by XbaI digestion.
After treatment with mung bean nuclease, the linearized DNA was then purified
and used as a template for in vitro transcription with the MEGAscript kit from
Ambion. In vitro-transcribed RNA was delivered to cells by electroporation as
described previously (25). Viral stocks were obtained by harvesting cell culture
supernatants 1 week posttransfection. Secondary viral stocks of ca. 105 50%
tissue culture infective doses/ml were obtained by additional amplifications on
naive Huh-7 cells. Except for some electron microscopy studies, all of the ex-
periments were done with Huh-7 cells infected with secondary viral stocks. For
immunofluorescence studies, HCV-infected cells were treated with trypsin,
seeded on coverslips, and grown for 3 to 4 days before processing for immuno-
labeling. Virus titration was performed as described previously (26) by immuno-
staining the cells with anti-E2 monoclonal antibody (MAb) 3/11.

Antibodies. Rat MAb 3/11 (19) was produced in vitro by using a MiniPerm
apparatus (Heraeus) as recommended by the manufacturer. Mouse anti-E2
MAb AP33 has been previously described (7). Human anti-E1 MAb 1C4 (Inno-
genetics hybridoma clone IGH398) was obtained from a patient chronically
infected with an HCV subtype 1b strain. This immunoglobulin G1 (IgG1) MAb
has been mapped to the V3 region of E1 (amino acids 235 to 240) and has been
shown to cross-react with E1 peptides from genotypes 1 to 6 (G. Maertens et al.,
unpublished data). Anti-capsid ACAP27 (28) and anti-NS3 (486D39) MAbs
were kindly provided by J. F. Delagneau (Bio-Rad, France). Human anti-E2
MAb CBH5 (21), mouse anti-ERGIC-53 MAb (38), and anti-capsid MAb 6G7
(23) were kindly provided by S. Foung (Stanford University), H. P. Hauri (Uni-
versity of Basel, Basel, Switzerland) and H. B. Greenberg (Stanford University),
respectively. Mouse anti-CD63 MAb TS63 (5) was a gift from E. Rubinstein
(INSERM U602, Villejuif, France). Mouse anti-GM130 and anti-LAMP-1
MAbs were purchased from BD Biosciences. Rabbit antibodies to calnexin,
calreticulin, and protein disulfide isomerase (PDI) were from Stressgen. Mouse
anti-cytochrome c MAb 6H2.B4 was from Pharmingen. Guinea pig polyclonal
antibody to human ADRP was purchased from Progen. Alexa 488-conjugated
goat anti-rabbit, anti-mouse, anti-rat, or anti-human IgG, and isotype-specific
Alexa488-conjugated goat anti-mouse IgG2a and Alexa555-conjugated goat anti-
mouse IgG1 were purchased from Molecular Probes. Cy3-conjugated goat anti-
mouse, anti-rat, or anti-guinea pig IgG were purchased from Jackson Immunore-
search (West Grove, PA).

Indirect immunofluorescence microscopy. Infected Huh-7 cells grown on
12-mm glass coverslips were fixed with 3% paraformaldehyde and then perme-
abilized with 0.1% Triton X-100 in phosphate-buffered saline (PBS). Both pri-
mary and secondary antibody incubations were carried out in PBS containing
10% goat serum for 30 min at room temperature. For double-label immunoflu-
orescence with primary antibodies from different species, Cy3- and Alexa 488-
conjugated secondary antibodies were used. For double-label immunofluores-
cence with anti-C MAb ACAP27 (IgG2a) and another mouse MAb (IgG1),
isotype-specific Alexa 488-conjugated goat anti-mouse IgG2a and Alexa 555-
conjugated goat anti-mouse IgG1 were used. Lipid droplets were stained with oil
red O as described previously (22). Coverslips were mounted on slides by using
Mowiol 4-88 (Calbiochem). Confocal microscopy was performed with an SP2
confocal laser-scanning microscope (Leica) using a �100/1.4 numerical aperture
oil immersion lens. Double-label immunofluorescence signals were sequentially

collected by using single fluorescence excitation and acquisition settings to avoid
crossover. Images were processed by using Adobe Photoshop software.

Cell surface labeling. Huh-7 cells infected by JFH1 virus or transfected with
the plasmid phCMV-E1E2 (3) or phCMV-E1E2(LAL) (6), as well as control
Huh-7 cells were used for cell surface labeling. Cells were incubated for 1 h on
ice with the primary antibody. MAb 3/11 was used to detect E2 glycoprotein
expressed at the cell surface. Experiments with a rabbit polyclonal anti-calnexin
antiserum were carried out as a control for the lack of permeabilization of cell
membranes. Cells were then washed three times with cold PBS, fixed with 3%
paraformaldehyde. Alexa-488-conjugated goat anti-rat or rabbit secondary anti-
body incubation was carried out in PBS containing 10% goat serum for 30 min
at room temperature.

Endoglycosidase digestions. Huh-7 cells infected by JFH1 virus or 393T cells
transfected with the plasmid phCMV-E1E2 (3) were lysed with 0.5% Igepal
CA-630 in TBS (50 mM Tris-Cl [pH 7.5], 150 mM NaCl). Cell lysates were used
for immunoprecipitation with anti-E2 MAb AP33 as previously described (16).
Immunoprecipitated proteins were eluted from protein-A Sepharose in 30 �l
of dissociation buffer (0.5% sodium dodecyl sulfate [SDS] and 1% 2-mercapto-
ethanol) by boiling for 10 min. The protein samples were then divided into equal
portions for digestion with either endo-�-N-acetylglucosaminidase H (endo H)
or peptide:N-glycosidase F (PNGase F) and an undigested control. Digestions
were carried out for 1 h at 37°C in the buffer provided by the manufacturer.
Proteins were then analyzed by Western blotting.

Western blotting. After separation by SDS-polyacrylamide gel electrophoresis
(PAGE), protein preparations were transferred to nitrocellulose membranes
(Hybond-ECL; Amersham) by using a Trans-Blot apparatus (Bio-Rad) and
revealed with a specific MAb, followed by the addition of goat anti-mouse or
anti-rat immunoglobulin conjugated to peroxidase (Jackson Immunoresearch).
The proteins of interest were revealed by enhanced chemiluminescence detec-
tion (ECL; Amersham) as recommended by the manufacturer.

Electron microscopy. For ultrastructural analysis, cells were fixed in 4% para-
formaldehyde and 1% glutaraldehyde in 0.1 M phosphate buffer (pH 7.2) for
48 h. Cells were then washed in phosphate buffer, harvested, and postfixed with
1% osmium tetroxide for 1 h. They were then dehydrated in a graded acetone
series, and cell pellets were embedded in Epon resin, which was allowed to
polymerize for 24 h at 60°C. Ultrathin sections were cut on an ultramicrotome
(Reichert, Heidelberg, Germany), collected on copper grids and stained with 1%
uranyl acetate–1% lead citrate. The grids were then observed with a 1010 XC
electron microscope (JEOL, Tokyo, Japan).

RESULTS

The glycoprotein heterodimer is located in the ER of HCV-
infected cells. Efficient viral replication of JFH1 isolate was
obtained by amplification on naive Huh-7 cells with virus titers
of ca. 105 50% tissue culture infective doses/ml. This allowed
us to reinvestigate the subcellular localization of HCV struc-
tural proteins in the context of an infectious cycle. The subcel-
lular distribution of HCV envelope glycoproteins was exam-
ined by confocal immunofluorescence microscopy. To define
the intracellular localization of E1 and E2 during HCV infec-
tion, we looked for antibodies that recognize the glycoproteins
of the JFH1 strain in immunofluorescence analyses. Huh-7
cells were either mock infected or infected with HCV, grown
on glass coverslips, fixed with paraformaldehyde, and pro-
cessed for indirect immunofluorescence with various anti-E1
or anti-E2 antibodies. A large panel of antibodies that were
raised against HCV glycoproteins of genotype 1 was screened.
However, only anti-E1 MAb 1C4 and anti-E2 MAbs 3/11,
AP33, and CBH5 were found to specifically label HCV-in-
fected Huh-7 cells, but not naive cells in indirect immunoflu-
orescence. Immunoblot analysis confirmed that MAb 1C4 rec-
ognizes the glycoprotein E1 and that MAbs 3/11 and AP33
recognize the glycoprotein E2 of the JFH1 strain (Fig. 1A and
data not shown).

HCV-infected cells stained with MAbs 1C4, 3/11, or AP33
displayed a pattern of specific fluorescence in a network of
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cytoplasmic membranes and the nuclear envelope (Fig. 2). A
very similar pattern of staining was also observed with MAb
CBH5 (not shown). As expected, since they assemble as a
heterodimer during their folding (11), E1 and E2 glycoproteins
colocalized (Fig. 2). Interactions between E1 and E2 of JFH1
strain were confirmed by coimmunoprecipitation (data not
shown). To further define the intracellular localization of HCV
glycoprotein heterodimer in infected cells, double-label immu-
nofluorescence experiments were carried out with an anti-E2
MAb. HCV-infected cells grown on glass coverslips were in-
cubated with MAb 3/11, together with antibodies specific for
various intracellular compartments. Within the secretory path-
way, E2 colocalized predominantly with proteins of the ER, in-
cluding calnexin (Fig. 2, calnexin), calreticulin, and PDI (not
shown). In contrast to other studies (29, 37), E2 did not colocalize
with the marker of the intermediate compartment ERGIC-53
(Fig. 2, ergic53) or with the Golgi marker GM130 (Fig. 2,
GM130). In addition, E2 did not colocalize with markers of the
endocytic pathway, such as EEA-1, a protein localized in early
endosomes; CD63, a marker of multivesicular endosomes (not

shown); or LAMP-1, a marker of late endosomes and lyso-
somes (Fig. 2, lamp-1). It is worth noting that we did not detect
any change in the subcellular localization of HCV glycoprotein
heterodimer when analyzed at different times posttransfection
(48, 72, and 96 h) or postinfection (48 and 72 h). These findings
demonstrate that the glycoprotein heterodimer localizes pre-
dominantly to the ER in HCV-infected cells, and they are in
agreement with previous data obtained in the context of the
expression of the full-length HCV polyprotein (17).

The glycoprotein heterodimer is not expressed at the plasma
membrane of HCV-infected cells. Recently, it has been shown
that, in some transient expression systems, a fraction of HCV
envelope glycoproteins can also be detected at the plasma
membrane (3, 13, 24). We therefore investigated whether
HCV glycoprotein heterodimer can leave the ER and be ex-
ported to the plasma membrane in the context of HCV-in-
fected cells.

To determine whether a fraction of HCV glycoprotein het-
erodimer has left the ER compartment, we analyzed whether
the glycans associated with HCV glycoprotein E2 have been
modified by Golgi enzymes by evaluating their sensitivity to
endo H treatment. Resistance to digestion with endo H is
indicative that glycoproteins have moved from the ER to at
least the medial and trans-Golgi, where complex sugars are
formed. PNGase F treatment, which removes all types of N-
linked glycans, was used as a control of deglycosylation. As
shown in Fig. 1B, the glycoprotein E2 remained endo H sen-
sitive in HCV-infected cells, whereas a faint endo H-resistant
band was observed for E2 expressed in cells transfected with a
plasmid expressing HCV envelope glycoproteins. As previously
observed (14), due to the presence of a residual N-acetyl-
glucosamine at each glycosylation position after endo H treat-
ment, the endo H-treated E2 migrated slightly more slowly
than the PNGase F-treated protein. An additional slightly
slower migrating band was detected for both PNGase F- and
endo H-treated proteins (Fig. 1B). Such a partial resistance to
PNGase F treatment has already been observed for truncated
forms of HCV glycoprotein E2, as well as for E1 expressed in
HCV pseudotyped particles (36).

Cell surface expression was determined by surface labeling
using the anti-E2 MAb 3/11. Although an E2 staining was
clearly detected in HCV-infected cells treated with Triton
X-100 (Fig. 3, compare panels A and B), no E2 protein was
detected at the cell surface (Fig. 3C). Interestingly, E2 was
detected at the plasma membrane of Huh-7 cells transfected
with a plasmid expressing HCV envelope glycoproteins of ge-
notype 1a (Fig. 3E). It is worth noting that there was a corre-
lation between the level of expression and cell surface detec-
tion (data not shown). In addition, as previously observed (6,
10), the level of expression of E2 at the cell surface was higher
when the charged residues in the transmembrane domain of
E2 were mutated (Fig. 3F). When expressed from a plasmid,
the expression level of HCV envelope glycoproteins of JFH1
isolate was approximately 15 times higher than in the context
of HCV-infected cells; however, they were not detected above
background at the cell surface (data not shown), indicating that
there might be some differences between isolates or subtypes
for cell surface expression. Altogether, these data indicate that
HCV glycoprotein heterodimer does not accumulate at the
plasma membrane in HCV-infected cells.

FIG. 1. Expression of HCV proteins in HCV-infected cells. (A) Anal-
ysis of the expression of HCV proteins C, E1, E2, and NS3 by Western
blotting. Lysates of naive (�) or HCV-infected (�) cells were separated
by SDS-PAGE and revealed by Western blotting with MAbs ACAP27
(anti-C), 1C4 (anti-E1), 3/11 (anti-E2), and 486D39 (anti-NS3). The sizes
of protein molecular mass markers are indicated on the right (in kilodal-
tons). (B) Analyses of the glycans associated with HCV glycoprotein E2.
Lysates of HCV-infected cells Huh-7 cells (JFH1) or 293T cells trans-
fected with a plasmid expressing HCV envelope glycoproteins (phCMV-
E1E2) were immunoprecipitated with anti-E2 MAb AP33. The immuno-
precipitates were treated or not treated with endo H or PNGase F.
Proteins were then separated by SDS-PAGE and revealed by Western
blotting with the anti-E2 MAb 3/11.
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Intracellular localization of the capsid protein in HCV-
infected cells. To detect the capsid protein, we used the 6G7
(23) and ACAP27 (28) antibodies, two mouse MAbs that rec-
ognize two different epitopes located at amino acids 29 to 39

and amino acids 40 to 53, respectively. Consistent with the high
levels of sequence conservation among core proteins from dif-
ferent genotypes, both MAbs gave positive signals in Huh-7
cells infected with JFH1 virus (Fig. 4 and data not shown).

FIG. 2. Confocal immunofluorescence analysis of the intracellular distribution of HCV glycoproteins. Infected cells grown on coverslips were
fixed and processed for double-label immunofluorescence for E1, E2, and the following cellular markers: calnexin, a chaperone of the ER; GM130,
a Golgi matrix protein; ERGIC-53, a marker of the ER-to-Golgi intermediate compartment; or LAMP-1, a marker of late endosomes and
lysosomes. Anti-E2 mouse MAb AP33 was used for the colocalization with E1. For the other experiments, E2 was revealed with the rat MAb 3/11.
Representative confocal images of individual cells are shown with the merge images in the right column. Bar, 20 �m.
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Immunoblot analysis confirmed that they recognize the core
protein of the JFH1 strain (Fig. 1 and data not shown). The
capsid protein migrated as a single species with an apparent
molecular mass of 21 kDa, which most likely corresponded to
the processed form of the capsid protein from which the signal
sequence of E1 has been removed.

HCV-infected cells incubated with either anti-C protein
MAbs displayed very similar patterns of bright fluorescence
strictly limited to the cell cytoplasm and frequently concen-
trated in the perinuclear region (Fig. 4 and data not shown). In
contrast, naive Huh-7 cells were not stained, indicating the
specificity of the labeling (data not shown). In the perinuclear
region, the staining pattern often displayed ring-like structures
(Fig. 4). Double-label immunofluorescence experiments were
performed in order to define the intracellular localization of
the C protein. We did not observe, in contrast to E2, any
colocalization between C and markers of the ER, such as
calnexin (Fig. 4), calreticulin, or PDI (data not shown). In
contrast to another report analyzing the subcellular localiza-
tion in a cell line inducibly expressing HCV structural proteins
(29), the perinuclear area containing the C protein was not
localized in the Golgi complex and did not colocalize with the
marker of the intermediate compartment (Fig. 4). In addition,
no colocalization was observed with markers of the endocytic
pathway, such as EEA-1 or Lamp-1 (data not shown).

Expression with heterologous expression systems or in the
context of a full-length HCV replicon has shown that HCV

capsid protein can associate with lipid droplets (1, 22, 37). We
therefore analyzed whether the C protein expressed in HCV-
infected cells would colocalize with lipid droplets. When lipid
droplets were labeled with oil red O, an association between
the C protein and lipid droplets was clearly observable. How-
ever, in contrast to previous reports, a fraction of the C protein
was not directly associated with the lipid droplets, and the
pattern of labeling was consistent with this fraction of the C
protein being localized in a membranous compartment that is
associated with the lipid droplets (see zoomed inset in Fig. 4).
It is worth noting that we did not detect any change in the
subcellular localization of the C protein when analyzed at
different times posttransfection (48, 72, and 96 h) or postin-
fection (48 and 72 h).

To confirm the association of C with lipid droplets, double-
label immunofluorescence experiments were carried out with
an antibody to ADRP, which is a marker of the cytosolic pool
of lipid droplets. In most infected cells, C and ADRP displayed
an extensive colocalization (Fig. 4). At a higher magnification,
C and ADRP were often concentrated on different parts of
single lipid droplet-like ring structures (Fig. 4 ADRP, inset). In
addition, no competition between both proteins for the asso-
ciation to lipid droplets was observed, as judged by the relative
levels of ADRP and C immunoreactive signals in individual
cells (not shown).

It has been shown that a fraction of the C protein expressed
with heterologous systems can be located in the nucleus (43).
However, we did not detect such a subcellular localization in
HCV-infected cells (Fig. 4). Other reports have also proposed
that a fraction of the C protein could be associated with mi-
tochondria (39) and/or an Apo-AII-positive compartment (1).
However, double-label immunofluorescence experiments in
HCV-infected Huh-7 cells did not confirm the colocalization of
the C protein with Apo-AII or mitochondria (data not shown).
The detection of the capsid protein in the nucleus or the
mitochondria as observed in other reports is potentially due to
protein overexpression, to saturation of fluorescence signals,
or to the absence of particle formation.

Altogether, our results show that the capsid protein is local-
ized at the surface of lipid droplets and in a membranous
compartment that is associated with the lipid droplets.

Relative intracellular localization of HCV glycoprotein
heterodimer, capsid protein, and NS3. HCV nonstructural
proteins NS3 to NS5B are the viral components of HCV rep-
lication complex (2), and they have been shown to colocalize in
Huh-7 cells containing a subgenomic replicon (20). In addition,
due to the presence of NS4B, the expression of HCV nonstruc-
tural proteins induces the formation of a virus-induced struc-
ture designated the membranous web (18). HCV structural
and nonstructural proteins have been shown to colocalize with
the membranous web (18), suggesting that the replication and
assembly factories might be located within the same virus-
induced organelle. We therefore analyzed whether HCV gly-
coprotein heterodimer would colocalize with the C protein and
whether the localization of structural proteins would overlap
that of nonstructural proteins. We chose to use an anti-NS3
antibody to detect one of the components of the replication
complex. Immunofluorescence with the anti-NS3 MAb was
positive on HCV-infected cells (Fig. 5) and negative on control
cells (data not shown). Immunoblot analysis confirmed that the

FIG. 3. Cell surface expression of HCV glycoprotein E2. Naive (B
and D) or infected (A and C) Huh-7 cells grown on coverslips were
labeled with the anti-E2 MAb 3/11. A set of cells was fixed with 3%
paraformaldehyde and processed for immunofluorescence labeling after
permeabilization with Triton X-100 (A and B). Cell surface labeling (C,
D, E, and F) was carried out on ice with MAb 3/11 before the fixation with
3% paraformaldehyde and the incubation with Alexa488-labeled second-
ary antibody. Huh-7 cells transfected with a plasmid expressing wild-type
HCV envelope glycoproteins (phCMV-E1E2; panel E) or HCV envelope
glycoproteins containing a mutation of the charged residues in the trans-
membrane domain of E2 [phCMV-E1E2(LAL); panel F] were used as
controls of cell surface expression of E2. All images were acquired and
processed with the same settings. Bar, 50 �m.
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anti-NS3 MAb recognizes the NS3 protein of the JFH1 strain
(Fig. 1A).

Double-label immunofluorescence experiments with anti-C
and anti-E2 antibodies did not show any colocalization be-

tween C and E2 (Fig. 5). This is in agreement with the colo-
calization of E2 with ER markers and the absence of colocal-
ization between the C protein and ER makers (Fig. 2 and 4).
In contrast, a partial colocalization was observed between the

FIG. 4. Confocal immunofluorescence analysis of the intracellular distribution of the capsid protein. Infected cells grown on coverslips were
fixed and processed for double-label immunofluorescence for C (green) and the following cellular markers (red): ERGIC-53, a marker or the
ER-to-Golgi intermediate compartment; GM130, a Golgi matrix protein; calnexin, a chaperone of the ER; or ADRP, a marker of the cytosolic
pool of lipid droplets. Lipid droplets were stained with oil red O. Representative confocal images of individual cells are shown with the merge
images in the right column. Insets display zoomed views of the indicated area. Bar, 20 �m.
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C protein and NS3 and between E2 glycoprotein and NS3 (Fig.
5). NS3 displayed an ER-like pattern of immunofluorescence,
which colocalized partially with E2. In addition, in a number of
cells NS3 labeling was often more intense in the perinuclear
area, where it partially colocalized with the C protein (Fig. 5).
Interestingly, when lipid droplets were labeled with oil red O,
the NS3 protein was also found around lipid droplets (Fig. 5).

Ultrastructural aspects of HCV-infected cells. To identify
ultrastructural modifications induced by JFH1 replication and
the potential presence of viral particles, we investigated Huh-7
cells containing replicative JFH1 genome by electron micros-
copy. In a first set of experiments, we used Huh-7 cells trans-
fected with JFH1 genomic RNA to have virtually all of the cells
containing a replicative virus (Fig. 6). We then confirmed our

observations on HCV-infected cells (data not shown). Lipid
droplets were often observed in cells containing replicative
JFH1 genome (Fig. 6A); however, there is no evidence that
lipid droplets accumulate more in HCV-infected cells than in
control naive Huh-7 cells. A membranous web composed of
small vesicles was also found in many Huh-7 cells containing
replicative JFH1 genome (Fig. 6B) but not in naive cells (data
not shown). Figure 6C shows a membranous web at higher
magnification. This structure was similar to the membranous
web previously identified in U-2 OS human osteosarcoma-
derived cell lines inducibly expressing the HCV polyprotein
and in Huh-7 cells harboring a subgenomic HCV replicon (18,
20). Virus-like particles were never found in the membranous
web. Some electron-dense elements compatible in size and

FIG. 5. Relative intracellular localization of HCV proteins C, E2, and NS3 analyzed by confocal immunofluorescence. Infected cells grown on
coverslips were fixed and processed for double-label immunofluorescence for C and E2 (top row), NS3 and C (middle row), or NS3 and E2 (bottom
row). Lipid droplets were stained with oil red O. Representative confocal images of individual cells are shown with the merge images in the right
column. Insets display zoomed views of the indicated area. Bar, 20 �m.
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shape with virus-like or core particles were sometimes found in
small cisternae of Huh7 cells containing replicative JFH1 ge-
nome (Fig. 6D). These particles were smaller and more regular
than the glycogen particles that are abundantly present in the
Huh7 cells, but they were rare and their relationship with viral
structures remains to be determined.

DISCUSSION

The recent development of a cell culture model for HCV
(26, 42, 44) allows the production of virus that can be efficiently
propagated in cell culture. This cell culture system has allowed
us to reinvestigate the subcellular localization of HCV struc-
tural proteins in the context of an infectious cycle. Here, we
showed that, in infected cells, HCV glycoprotein heterodimer
is retained in the ER and the capsid protein is detected in
association with lipid droplets. In contrast to previous reports,
the glycoprotein heterodimer and the capsid protein were not
detected in other subcellular localizations. Interestingly, elec-

tron microscopy analyses identified membrane alterations in
infected cells. However, dense elements compatible with viral
particles were seldom observed in HCV-infected cells.

HCV glycoprotein heterodimer is retained in the ER in in-
fected cells. This is in agreement with several studies with heter-
ologous expression systems containing HCV envelope glycopro-
teins or in the context of the full-length HCV polyprotein (11, 14,
17). Indeed, ER localization signals have been identified in the
transmembrane domains of E1 and E2 (8, 9). Other studies have,
however, shown that a fraction of HCV envelope glycoproteins
can also be found in the ERGIC and in the cis-Golgi apparatus
(29, 37). The presence of HCV glycoprotein heterodimer in these
compartments is potentially due to protein overexpression, to
saturation of fluorescence signals, or to the absence of particle
formation. Indeed, such localization in the ERGIC and in the
cis-Golgi apparatus was not observed in HCV-infected cells.

HCV glycoprotein heterodimer is not exported to the
plasma membrane in infected cells. In some conditions of
expression, a small fraction of HCV envelope glycoproteins

FIG. 6. Membrane alterations in Huh-7 cells containing replicative JFH1 genome visualized by electron microscopy. (A) Cell containing several
lipid droplets (arrows). Bar, 2 �m. (B) Low-power overview showing a membranous web (arrow). Bar, 2 �m. (C) Higher magnification of the
membranous web. Bar, 0.5 �m. (D) Small cisternae containing electron-dense elements compatible in size and shape with virus-like or core
particles (arrows). Bar, 0.2 �m. Inset displays zoomed view of the indicated area.
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has been shown to accumulate at the plasma membrane, and
this led to the development of a system to pseudotype retro-
viral particles with HCV envelope proteins that has proven
crucial for studying HCV entry (3, 13, 24, 36). However, cell
surface expression of HCV glycoprotein heterodimer is not
observed in HCV-infected cells, and export at the plasma
membrane with the heterologous system might be due to the
accumulation of small amounts of glycoproteins escaping the
ER retention machinery due to saturation of this mechanism.
It is worth noting that in the case of JFH1 envelope glycopro-
teins expressed from a plasmid, the glycoproteins were not
detected at the cell surface, suggesting that there might also be
some differences between isolates or subtypes for the subcel-
lular localization of the envelope glycoproteins.

The capsid protein is detected in association with lipid drop-
lets in infected cells. This is in agreement with other studies
using heterologous expression systems or in the context of a
full-length HCV replicon (1, 22, 37). However, in contrast to
these studies, a fraction of the C protein was not directly
associated with the lipid droplets, and this suggests a localiza-
tion of the C protein in a membranous compartment that is
associated with the lipid droplets, in addition to the localiza-
tion of another fraction of the C protein at the surface of lipid
droplets. Lipid droplets consist of a core of triglycerides and
cholesterol esters surrounded by a monolayer of phospholipids
and a proteinaceous coat (34). The most likely mechanism by
which triglycerides and cholesterol esters end up in cytosolic
lipid particles is that they first accumulate between the leaflets
of the ER lipid bilayer and, after reaching a critical size, a lipid
droplet would bud off the cytosolic side of the ER membrane
(40). However, some droplets can remain physically connected
to the ER membrane (4). From our immunolocalization study,
it can be suggested that the C protein localizes at the site of
lipid droplet formation. Although the C protein was not found
to colocalize with the markers of ER membranes in HCV-
infected cells, its localization at the potential site of lipid drop-
let formation suggests that the C protein does not associates
with the rough ER but might attach to a subcompartment of
the ER, which is potentially the smooth ER. We can also not
exclude that this subcompartment corresponds to cytoplasmic
raft microdomains that have been recently reported to contain
the C protein (30).

The absence of colocalization between the C protein and
classical markers of the ER compartment contrasts with some
reports indicating that the C protein interacts with rough ER
membranes (for a review, see reference 31). Interestingly, it
has been reported that the traffic between rough ER mem-
branes, the site of capsid protein synthesis, and lipid droplets is
regulated by signal peptide peptidase cleavage in the C-termi-
nal region of the capsid protein (32). It is therefore likely that
in the context of HCV-infected cells, transport of the C protein
to the site of lipid droplet assembly is rapid due to rapid
cleavage by the signal peptide peptidase. It has also been
previously reported that the different extents to which the
capsid protein is associated with lipid droplets or rough ER
membranes may be dependent on the amount of lipid droplets
present in various cell types (22). Since HCV-infected cells
accumulate lipid droplets, they provide the conditions for a
shift toward accumulation of the C protein in association with
lipid droplets.

The significance of the association of HCV capsid protein to
a lipid droplet related compartment is not understood. Since
the capsid protein is a major component of the viral particle,
one might expect that this interaction plays a role in some step
of virion morphogenesis. It is possible that the sites of lipid
droplet formation provide a platform for nucleocapsid assem-
bly by concentrating viral and/or cellular components that are
necessary for the assembly of the nucleocapsid and/or by ex-
cluding those that inhibit this process. Interestingly, NS3 ap-
pears to partially colocalize with C in this compartment.

The glycoprotein heterodimer and the capsid protein do not
colocalize in HCV-infected cells. Since the glycoprotein hetero-
dimer and the capsid protein are the protein components of
HCV particle, one would expect that these proteins would
accumulate at the same site for virion assembly. Indeed, pro-
duction of infectious virus particles likely requires spatially and
temporally coordinated interactions of components that make
up an infectious virion. The absence of colocalization between
the glycoprotein heterodimer and the capsid protein would
suggest that particle assembly is a two-step process involving
nucleocapsid assembly, followed by a budding process occur-
ring in two separate compartments. However, in the absence of
sufficient data, it would be premature to generate a model of
HCV particle assembly. To have a better idea of HCV mor-
phogenesis, one would need to analyze the subcellular local-
ization of HCV structural proteins in living cells. This would
help elucidate the dynamics of the protein interactions be-
tween different cellular compartments.

Some viruses require membrane surfaces on which to assem-
ble their replication complex. Such interactions have been well
documented for positive-strand RNA viruses (41). In the case
of HCV, a structure called membranous web has been previ-
ously identified in cell lines inducibly expressing the HCV
polyprotein (18). In addition, such structures have also been
shown to contain HCV RNA replication complex in cells har-
boring subgenomic replicons (20). Interestingly, a membra-
nous web composed of small vesicles was also found in HCV-
infected cells. However, these structures did not contain any
virus-like particles, suggesting that HCV particle assembly
does not occur in the membranous web.

The recent development of a cell culture model for HCV has
allowed us to investigate for the first time the subcellular lo-
calization of HCV structural proteins in the context of a rep-
licative and assembly competent virus. Interestingly, our data
indicate that investigating the properties of HCV proteins ex-
pressed in heterologous systems do not necessarily reflect
those that they have in the context of an infectious cycle. In
conclusion, the cell culture system for HCV warrants reinves-
tigation of the biochemical and biological properties of HCV
proteins in order to better understand their functional signif-
icance in the context of active viral replication and morpho-
genesis.
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