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Abstract
AIM: To determine if calnexin (CANX), RAB1 and alpha-
tubulin were involved in the production of hepatitis C 
virus (HCV) particles by baby hamster kidney-West Nile 
virus (BHK-WNV) cells. 

METHODS: Using a siRNA-based approach comple-
mented with immuno-fluorescence confocal microscope 
and Western blot studies, we examined the roles of 
CANX, RAB1 and alpha-tubulin in the production of 
HCV particles by permissive BHK-WNV cells expressing 
HCV structural proteins or the full-length genome of HCV 
genotype 1a. Immuno-fluorescence studies in producer 
cells were performed with monoclonal antibodies against 
HCV structural proteins, as well as immunoglobulin 
from the serum of a patient recently cured from an HCV 
infection of same genotype. The cellular compartment 
stained by the serum immunoglobulin was also observed 
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in thin section transmission electron microscopy. These 
findings were compared with the JFH-1 strain/Huh-7.5 
cell model.

RESULTS: We found that CANX was necessary for 
the production of HCV particles by BHK-WNV cells. This 
process involved the recruitment of a subset of HCV 
proteins, detected by immunoglobulin of an HCV-cured 
patient, in a compartment of rearranged membranes 
bypassing the endoplasmic reticulum-Golgi intermediary 
compartment and surrounded by mitochondria. It also 
involved the maturation of N-linked glycans on HCV 
envelope proteins, which was required for assembly 
and/or secretion of HCV particles. The formation of this 
specialized compartment required RAB1; upon expression 
of HCV structural genes, this compartment developed 
large vesicles with viral particles. RAB1 and alpha-tubulin 
were required for the release of HCV particles. These 
cellular factors were also involved in the production of 
HCVcc in the JFH-1 strain/Huh-7.5 cell system, which 
involves HCV RNA replication. The secretion of HCV 
particles by BHK-WNV cells presents similarities with a 
pathway involving caspase-1; a caspase-1 inhibitor was 
found to suppress the production of HCV particles from a 
full-length genome.

CONCLUSION: Prior activity of the WNV subgenomic 
replicon in BHK-21 cells promoted re-wiring of host 
factors for the assembly and release of infectious HCV 
in a caspase-1-dependent mechanism. 

Key words: Membrane rearrangements; Hepatitis C 
virus; Flavivirus replicon; Virus assembly and secretion; 
Host cellular factors
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Core tip: Our system for production of authentic infec-
tious hepatitis C virus (HCV) in non-humanized, non-
hepatic cells involves the rearrangement of inner cellular 
membranes triggered by the replication of flaviviruses. 
The present results suggest that this feature relies on 
the re-wiring of host factors that usually contribute to 
the secretion of glycoproteins to generate an unusual 
secretory pathway. This model offers a new way to 
study the properties of free HCV particles, i.e. , indepen-
dently from lipoproteins.
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INTRODUCTION
Hepatitis C virus (HCV) genotype 1 has accounted for up 
to 70% of HCV infections worldwide and is more often 

resistant than the other genotypes to the combination 
of pegylated interferon plus ribavirin, the standard of 
care until recently[1]. New antiviral drugs specifically 
target either the viral protease NS3, the protein NS5A 
or the RNA polymerase NS5B and are able to clear 
HCV infections in a higher number of individuals with a 
shorter duration of treatment than the standard of care[2]. 
However, a significant proportion of patients requiring 
treatment still cannot be cured[3], does not have access 
to treatment[4] and/or will need the development of a 
vaccine[5]. Experimental models are being developed[6], 
but may not cover all aspects of the pathogenesis of 
hepatitis C, such as the mechanism by which antibodies 
prevent the spread of infection[7].

In an effort to develop alternative systems, we have 
established a model in which infectious HCV production is 
independent from its replicon-mediated RNA replication[8], 
hence circumventing limitations inherent to existing cell 
culture models[9]. For instance, the replication of HCV 
genotype 1 isolates in hepatocellular carcinoma cell lines 
is inefficient or generates adaptive mutations interfering 
with viral fitness in vivo. Briefly, our system relies on 
the amplification provided by a dual bacteriophage RNA 
polymerase plasmid system (referred to as P2B) that 
generates large amounts of HCV RNA transcripts from 
a T7 promoter-driven plasmid in the cytoplasm of baby 
hamster kidney (BHK)-21 cells conditioned by a lineage 
Ⅱ West Nile virus (WNV) subgenomic replicon[8]. We 
observed that the WNV replicon in this cell line created an 
environment permissive for the assembly and release of 
infectious HCV of various genotypes, including virions of 
strains H77 (genotype 1a)[10] or Con1 (genotype 1b)[11]; 
these virions infected human liver slices ex vivo[8]. 

BHK-WNV cells produce infectious HCV particles 
independently from lipoprotein biosynthesis. The fact 
that these particles retain the possibility to interact with 
lipoproteins in vitro[8] is in line with previous results[12-14] 
and supports the view that HCV particles may interact 
with lipoproteins in a second step (e.g.,[15,16]) and not 
necessarily co-assemble with them (e.g.,[17]). Potential 
mechanisms for WNV-conditioned BHK cells producing 
highly infectious HCV virions could relate to common 
genomic features between the Flavivirus and Hepacivirus 
genera within the Flaviviridæ family[18]. In addition, 
several flaviviruses infect hepatocytes[19,20] and may use 
similar host factors as HCV for their production[21-25].

 Our previous results showed that after curing BHK 
cells from the WNV subgenomic replicon, the production 
and release of infectious HCV particles were still 
observed for a while[8]. In addition, although recombinant 
expression of HCV structural genes in cultured cells, 
including in human hepatocytes[26], usually leads to their 
retention in the endoplasmic reticulum (ER)[27], BHK-
WNV cells released infectious HCV particles even in the 
absence of HCV non-structural genes[8]. These findings 
suggested that, while the viral replication machineries 
played no direct role in the secretion process, the reorga-
nization of intracellular membranes induced by the WNV 
subgenomic replicon contributed to the permissiveness 



798 July 8, 2016|Volume 8|Issue 19|WJH|www.wjgnet.com

of BHK cells. 
In mammalian cells, conventional protein traffic from 

the ER to the Golgi complex passes through the mem-
brane clusters of the ER-Golgi intermediate compartment 
(ERGIC), the marker of which is the lectin ERGIC-protein 
of 53 kDa (ERGIC-53). ER-derived cargo is first shuttled 
to the ERGIC in a coat protein (COP) Ⅱ-dependent step 
and subsequently to the Golgi apparatus in a second 
vesicular transport step involving COPⅠ-coated vesicles, 
RAB and ARF GTPases, as well as cytoskeletal networks; 
incoming vesicles can also be recycled to the ER in a 
COPⅠ-mediated process[28]. The ERGIC contributes to 
the concentration, folding, and quality control of newly 
synthesized proteins and is required for the production 
of several viral pathogens[29]. N-linked glycosyl antenna 
are matured by Golgi-resident enzymes along with glyco-
proteins’ progression from the proximal to the distal 
Golgi cisternæ, then across the plasma membrane for 
their secretion, via the trans-Golgi/endosomal network. 

In the present work, we studied the potential invo-
lvement of components of this secretory machinery in 
the production of HCV particles by BHK-WNV cells and 
compared this model with the JFH-1 strain/Huh-7.5 
cells model. We show that, upon expression of an HCV 
genome of genotype 1a in these cells, a subpopulation of 
HCV proteins were recruited through calnexin (CANX) to a 
cytoplasmic compartment of rearranged membranes. The 
small GTPase RAB1 was involved in the formation of this 
compartment. The secretion of HCV particles produced 
from a full-length genome required also the N-linked 
glycosylation of HCV envelope glycoproteins and alpha-
tubulin (α-TUB), a component of microtubules and, sur-
prisingly, the activity of cysteine protease caspase-1. As 
our understanding of the HCV virus life cycle has recently 
widened to alternative routes of transmission, elucidating 
mechanisms at work in BHK-WNV cells could shed some 
light on the production of HCV in vivo. 

MATERIALS AND METHODS
Cell cultures
BHK-21 cells were grown in E-MEM supplemented with 
10% fetal bovine serum (FBS; HyClone, United States), 
Glutamax-I (Gibco, Life Technologies, United States); 
BHK cells harboring WNV lineage Ⅱ SG-replicon encod-
ing Renilla luciferase[30], herein called BHK-WNV cells, 
were propagated in D-MEM supplemented with 10% 
FBS, Glutamax-I and 5 µg/mL blasticidin. Huh-7.5 cells 
were maintained in D-MEM supplemented with 10% 
FBS, Glutamax-I, non-essential amino acid mix (Gibco, 
Life Technologies, United States). 

Plasmid constructs
A previously described system of two plasmids (P2B 
= dual phage RNA polymerases plasmid system for 
generation of T7 RNA polymerase in the cytoplasm) 
was used to amplify the cytoplasmic transcription of 
a plasmid encoding HCV bicistronic particles (HCVbp) 
under the control of bacteriophage T7 DNA-dependent 

RNA polymerase’s cognate promoter[8]; a sequence 
encoding an HDV antigenomic ribozyme[31] was added 
at its C termini; as a consequence, HCV transcripts were 
uncapped and have correct 5’- and 3’-ends. p90 HCVcon-
FLlongpU[10] and pH-SGNeo (L + I) encoding a SG-
replicon of the same strain with cell-culture adaptive 
mutations[32] were used as templates to construct HCVbp-
coding plasmids. pHCV STp7 is a pcDNA3.1(+)-based 
plasmid (Life Technologies, United States) encoding the 
structural genes (core, E1, E2) plus p7 of HCV genotype 
1a linked to the human cytomegalovirus (CMV) imme-
diate early promoter. HCVbp-4cys are HCVbp particles 
with a sequence encoding a tetracysteine tag[33] inserted 
in the part of their genome encoding NS5A[8]. 

Antibodies and cellular markers
Anti-E2 (ALP98 and AP33)[34], and anti-E1 (A4) mono-
clonal antibodies were used for Western blot (WB) 
analysis. Conformational AP33 monoclonal antibody, 
human serum from an HCV patient (genotype 1a) that 
recognizes conformational HCV core and E2 protein 
subspecies by WB and anti-HCV core peptides 9-21 (C1) 
or 7-50 (Thermo Scientific, United States) monoclonal 
antibodies were used for confocal microscopy analysis. 
Neutralizing monoclonal antibody E16 recognizes WNV 
E by WB[35]. Antibodies against various cellular proteins 
are as followed: ERGIC-53 (Alexis Biochemicals, United 
States), GDI (Life Technologies, United States); RAB1 
and atlastin (Santa Cruz Biotechnology, United States); 
CANX and GM130 (Abcam, United States); and calre-
ticulin (Cell Signaling Technology, United States). For 
immunofluorescence analysis, the secondary antibodies 
used were Alexa Fluor 488-, 594- or 635-conjugated 
goat anti-mouse and anti-human antibodies, and Alexa 
Fluor 594-, 635- or -680 conjugated goat anti-rabbit 
antibodies from Molecular Probes (Life Technologies, 
United States). Mito Tracker Orange CMTMRos, TC-
ReASH Ⅱ In-Cell Tetracysteine Tag detection kit and 
Paclitaxel (Taxol) Oregon Green® 488 Conjugate were 
obtained from Molecular Probes (Life Technologies, 
United States). Nuclei were counterstained with DAPI 
(blue). The cells were observed with a laser-scanning 
confocal microscope and the pictures were deconvoluted. 
Bar scales = 5 µm.

Production of HCV particles in mammalian cells
One day before transfection, BHK-WNV cells were seeded 
at a density of 6 × 106 cells per 162 cm2 flask. Plasmids 
encoding the HCV sequence under the control of the 
CMV early promoter or the bacteriophage T7 promoter 
were transfected using Lipofectamine® LTX with PlusTM 

Reagent according to the manufacturer’s protocol (Life 
Technologies, United States). Culture medium after 
transfection was D-MEM supplemented with 10% FBS, 
non-essential amino acid mix, Glutamax-I, 25 mmol/
L Hepes and 3.7 g/L sodium bicarbonate. Cells were 
incubated at 37 ℃ for 3 d in an incubator with a 95% 
air/5% CO2 atmosphere saturated in humidity. Culture 
media were harvested, centrifuged at 30000 × g for 30 
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min at 4 ℃ to remove cell debris; then clarified super-
natants (SN) were filtered with 0.45 µm PVDF membrane 
(Millipore, United States) and centrifuged at 100000 × 
g for 3 h at 4 ℃. Pellets were suspended in ice-cold Tris-
buffered saline solution (TBS; Quality Biologicals, United 
States) containing protease inhibitor cocktail (Roche, 
United States). HCVcc (Huh-7.5-produced JFH-1) was 
obtained by electroporating IVT RNA into Huh-7.5 cells 
as described[36]; the SN was concentrated, and aliquots 
of the virus stock were stored at -80 ℃. 

Gene knockdown in BHK-WNV cells using siRNAs
CANX, melanocortin 5 receptor (MC5R), α-TUB were 
analyzed for their effects on HCV release. BHK-WNV cells 
were treated with the corresponding siRNA (2 siRNAs 
per target gene; Dharmacon, United States) for 2 d, 
re-seeded and transfected the next day with HCV-
coding plasmid. Cells and supernatants were harvested 
48 h later, and analyzed by WB. To verify the effects of 
these genes on HCV release, CANX and α-TUB cDNAs 
were synthesized from BHK-WNV mRNA, and cloned 
into pTracer-CMV/Bsd (Invitrogen, United States). The 
corresponding pTracer plasmid was co-transfected with 
HCV-coding plasmid in siRNA-treated BHK-WNV cells to 
show the specificity of their knockdown.

Effect of RAB1 on HCV production by BHK-WNV cells
To study co-localization of HCV and RAB1 in the producer 
cells, BHK and BHK-WNV cells were transfected with 
HCVbp-coding plasmid, and the following day, re-seeded 
on 8-well chambered coverglass (5 × 103 cells/well). Two 
days later, cells were fixed and permeabilized as above, 
then incubated with serum from an HCV-infected patient 
(HCV genotype 1a) and anti-RAB1 antibodies. BHK-
WNV cells were then treated with siRNA against RAB1 (2 
siRNA per target gene; Dharmacon, United States) for 2 d, 
re-seeded, and the following day were transfected with 
HCVbp-coding plasmid. Cells and SN were harvested 3 d 
after transfection; cell lysates and particles released into 
SN were analyzed by WB. 

Electron microscopy
BHK-WNV cells seeded in a 6-well plate (2.5 × 105 
cells) were transfected with HCVbp-coding plasmid. 
Three days later, cells were fixed in 2% glutaraldehyde 
in 0.1 mol/L sodium cacodylate for 1 h at RT, then at 
4 ℃, overnight. Cells were subsequently processed for 
transmission electron microscopy (TEM) as described[37]. 

Effects of siRNAs on HCVcc production and release in 
Huh-7.5 cells
Cells were treated with the siRNAs (CANX, α-TUB, RAB1A, 
RAB1B, or non-target) for 48 h; the same number of 
cells was reseeded on 24-well plates, and the next 
day was inoculated with HCVcc at MOI 0.5. Cells were 
harvested daily, total RNA was extracted using lysis 
buffer of TaqMan Gene Expression Cells-to-ct kit 
(Life Technologies, United States) and HCV RNA was 
analyzed by RT-TaqManTM PCR with a StepOne Plus 

thermocycler (Applied Biosystems, United States).

IF experiments
For live staining after inoculation with HCVbp-4cys, 
Huh-7.5 cells were incubated with two cell-permeant 
reagents: The arsenical ReASH-ethane dithiol (Life 
Technologies) that fluoresces upon binding a tetra-
cysteine tag[33], and Oregon Green 488 paclitaxel 
bis-acetate (TubulinTracker Green Reagent; Life Tech-
nologies, United States) that binds to polymerized 
alpha tubulin. Immuno-fluorescence studies on fixed 
cells were performed on stacks of images (a dozen cells 
per IF condition); co-localization was analyzed using 
Coloc 2 Plugin (http://imagej.net/Coloc_2) with ImageJ 
software (https://imagej.nih.gov/ij/).

Experimental reproducibility
Unless specified otherwise, all shown results are re-
presentative of at least three independent experiments.

RESULTS
Identification of a compartment possibly linked to the 
assembly of HCV particles in the cytoplasm of BHK-
WNV cells
To gain insight regarding the mechanisms by which BHK-
WNV cells produce HCV particles, we transfected the 
cells with either of three different plasmids based on 
HCV genotype 1a (HCV1a): (1) HCV structural and p7 
genes[38] linked to a CMV promoter (Str + p7); (2) HCV 
subgenomic replicon (SG repl); or (3) full-length HCV 
genome (FL) linked to the bacteriophage T7 promoter; 
for (2) and (3), the cells were also co-transfected with 
the P2B (dual phage RNA polymerases) plasmid system 
for generation of T7 RNA polymerase in the cytoplasm. 
The cells were then permeabilized and incubated with 
monoclonal antibodies (mAbs) against HCV1a core (C1), 
E1 (A4) and E2 (AP33) or a control mAb. Like in hepatic 
cells expressing a HCV genome[22], we observed that the 
three HCV1a mAbs stained a large and heterogeneous 
area in the cytoplasm of BHK-WNV cells expressing the 
structural genes, while the control mAb did not stain 
these cells (Figure 1A). AP33 is a neutralizing mAb that 
targets a linear epitope within a flexible region of E2[34] 
and, as expected, did not stain cells not expressing HCV1a 
structural genes (Figure 1A). In contrast, a neutralizing IgG 
from the serum of a patient (HCV1a sIgG) who had been 
cured from hepatitis C of this genotype[8] stained a more 
limited and heterogeneously shaped compartment of 
the cytoplasm of BHK-WNV cells expressing a full-length 
genome of HCV1a, which was also stained by AP33 but 
not by control human sIgG (Figure 1A); of note, HCV1a 
sIgG did not stain BHK-WNV cells expressing a HCV1a 
subgenomic replicon. A mitochondrion-specific stain-
ing surrounded this compartment (Figure 2A). By WB, 
beside non-specific bands (NS), HCV1a sIgG specifically 
recognized bands with apparent molecular weights of 
21 kDa and 75 kDa (Figure 1B) whose sizes coincided 
with those reported for HCV core and E2, both known to 
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display most HCV epitopes recognized by human B cell 
(http://www.iedb.org/). 

To further characterize the cytoplasmic compartment 
stained by HCV1a sIgG, thin sections of BHK-WNV cells 
expressing HCV genome of genotype 1a were observed 
by TEM. The sub-compartment was easily identified 
due to the presence of mitochondria in its periphery 
(Figure 2B)[39]. As previously, it was comprised of large 
vesicles containing viral-like particles - not observed 
in cells expressing an HCV1a subgenomic replicon, i.e., 
without structural genes - as well as membranous 
web with vesicle packets, both typical of membrane 
rearrangements triggered by WNV replication[8]. This 
time, we also observed a mix of rearranged cellular 
organelles (ER, Golgi cisternæ) with a few additional 
viral-like particles (Figure 2B). Altogether, these results 
support the view that HCV particles assembled in BHK-
WNV cells were specifically recognized by sIgG from a 
cured patient.

CANX recruits a subset of HCV proteins into a 
compartment of BHK-WNV cells for the release of HCV 
particles 
Classically, the secretion of glycoproteins involves lectins 
of the ER, CANX and calreticulin (CRT), microtubule-
dependent ER-to-Golgi vesicular traffic[40,41], maturation 
of their carbohydrates in the Golgi apparatus and the 
secretion machinery of the trans-Golgi network[42]. We 

had previously observed that brefeldin A prevented the 
secretion of HCV by BHK-WNV cells, while it did not 
affect that of exosomes[8]. Brefeldin A is an inhibitor of 
GBF1 that activates small-sized GTPase ARF1 and, in 
turn, COPI-dependent traffic[43]. The effect of brefeldin 
A was consistent with HCV particles being released 
via a classical secretion path. Two components of the 
classical secretion path, CANX and microtubules, have 
been previously implicated in HCV life cycle in other 
systems[27,44,45]. Since what appeared to be the assembly 
compartment displayed major membrane rearrange-
ments, we explored whether a classical secretion path 
was involved in the production of HCV particles by BHK-
WNV cells. 

In BHK-WNV cells expressing an HCV1a genome, 
most CANX was unexpectedly detected in the same 
compartment as HCV proteins stained by HCV1a sIgG 
(Figure 3A, left panels). After a treatment of BHK-
WNV cells by CANX siRNA, which decreased the level 
of CANX (Figure 3A, right panels, and Figure 3C, top 
panels), HCV1a sIgG staining was no longer localized 
in this compartment but, instead, displayed a scattered 
pattern in the cytoplasm (Figure 3A, right panels). The 
effect of knocking down CANX and α-TUB expression 
on HCV production was analyzed. Figure 3B shows WB 
analysis of E2 glycoprotein in particles purified from 
the supernatants and cell lysates as a marker for HCV 
production. Treatment of BHK-WNV cells by control or 
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Figure 1  Immunodetection of hepatitis C virus proteins of genotype 1a expressed in baby hamster kidney-West Nile virus cells. A: A plasmid encoding Str + 
p7 of HCV strain H77 (genotype 1a) from an early human cytomegalovirus promoter or a system of plasmids (P2B) expressing a subgenomic replicon or genome (FL) 
of same genotype in the cytoplasm (8) were transfected in BHK-WNV cells; after 2 d, IF study was performed with monoclonal antibodies (green) targeting core 9-21 
(C1), envelope E1 (A4) and E2 (AP33) (28) glycoproteins of strain H77 (all IgG1a), or anti-rabbit IgG mouse Ab (mAb) of same isotype; and with human serum IgG (red) 
obtained from a patient recently cured from an infection of same genotype (HCV) or uninfected (control). Nuclei were counterstained with DAPI (blue) and cells were 
observed with a laser-scanning confocal microscope; B: BHK-WNV cells were either mock transfected (-) or transfected with a system of plasmids expressing the 
genome of H77 strain (+); after 3 d, cell lysates were prepared and human anti-HCV IgG tested in (a) were used as a Western blot probe. The scale on the left shows 
molecular weight markers. HCV: Hepatitis C virus; BHK-WNV: Baby hamster kidney-West Nile virus; Str + p7: Structural and p7 genes.
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MC5R siRNA did not alter the production or release of 
HCV (Figure 3B). In contrast, siRNA-mediated down-
regulation of CANX or α-TUB significantly reduced the 
secretion of HCV (Figure 3B). Albeit incomplete, the 
siRNA effect on CANX expression was sufficient to abolish 
BHK-WNV permissiveness for HCV production (Figure 3C, 
top panels). 

Hsp70 or Hsp90 were chosen as controls since they 
associate with exosomes[46,47], which are particulate 
materials secreted by BHK cells yet distinct from HCV 
particles[8]. After a treatment of BHK-WNV cells with α-TUB 
siRNA, the releases of Hsp70- and HSp90-containing 
particles in the supernatant decreased (Figure 3B and C, 
bottom panels), in accordance with the requirement 
for a functional cellular traffic to release exosomes and 
consistent with an accumulation of Hsp70 in the producer 
cells. In contrast, HCV E2 did not accumulate in BHK-
WNV cells (Figure 3B). 

To evaluate whether inhibition of HCV release could 
result from an off-target effect, CANX and α-TUB cDNAs 
cloned from BHK-WNV cells were inserted into mam-
malian expression plasmids. In BHK-WNV cells treated 
by CANX siRNA, expression of recombinant CANX gene 
partially restored both CANX levels (Figure 4) and HCV 

secretion (Figure 3C, middle panels). A similar result was 
observed with α-TUB cDNA expressed in α-TUB siRNA-
treated BHK-WNV cells (Figure 3C, middle panels). 
The release of WNV particles upon expression of WNV 
structural genes was minimally affected by either siRNA 
treatment (Figure 3C, bottom panels). These results 
show that HCV production in BHK-WNV cells specifically 
involved CANX and α-TUB. 

N-glycans of HCV envelope proteins are required for the 
non-classical secretion of HCV particles by BHK-WNV 
cells
Together with CANX, CRT usually ensures the proper 
conformation of nascent glycoproteins in the ER lumen. 
However, CRT expression was lower in BHK-WNV cells 
than in parental cells (Figure 5A) and did not co-localize 
with HCV proteins detected by the immune sIgG (Figure 
5B). An additional C-type lectin, ERGIC-53, transports 
properly folded glycoproteins from the ER to the Golgi 
apparatus. Its expression was also slightly lower in BHK-
WNV cells (Figure 5A) and did not co-localize with this 
pool of HCV proteins (Figure 5B). 

Treatment of producer cells with deoxynojirimycin 
(DNJ), which prevents the binding of nascent glyco-

HCV
Mito tracker

Large vesicles

5 µm

100 nm 50 nm

A B

C

Figure 2  Transmission electron microscopy view of a hepatitis C virus compartment forming in baby hamster kidney-West Nile virus cells cells. BHK-WNV 
cells were transfected with a mix of HCVbp-expressing and P2B plasmids (8). A: IF analysis showing a compartment recognized by human serum HCV IgG (green) 
surrounded by mitochondria (red); nucleus is counterstained with DAPI (blue). The white square delimits an area similar to that displayed in the next panel; B: Thin 
section observed by transmission electron microscopy: White arrowheads: Electron-dense viral particles in large vesicles; black arrowheads: Nascent viral particles in 
traffic vesicles; white dotted line: Limit of mitochondria surrounding the compartment containing viral particles (cf. area within white square in previous panel); C: Left 
panel: Example of large vesicle that develops in the cytoplasm of permissive BHK-WNV cells upon expression of full-length HCV genome; Right panel: Magnification 
of viral particles. HCV: Hepatitis C virus; BHK-WNV: Baby hamster kidney-West Nile virus.
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Figure 3  Involvement of calnexin and alpha-tubulin in the release of hepatitis C virus particles by baby hamster kidney-West Nile virus cells. A: BHK-WNV 
cells were treated, or not, with CANX siRNA and, three days later, transfected with the HCV-coding and P2B plasmids. Two days later, IF was performed with anti-HCV 
serum of Figure 1 (green) and anti-CANX antibody (red) followed by confocal microcopy analysis; nucleus were counterstained with DAPI (blue); B: Top panels: BHK-
WNV cells were treated with the indicated siRNA for 2 d, then transfected with a plasmid encoding full length HCV (HCVbp) in the cytoplasm. Contents in E2 envelope 
protein of both supernatant (SN) and cell lysate (Cells) were analyzed 2 d later by Western blot (WB); Bottom panel: Densitometry analysis; C: Left panels: BHK-
WNV cells were treated with the indicated siRNA for 2 d and content in CANX was analyzed by WB; Hsp90 was used as a control; Middle panel: BHK-WNV cells were 
treated with siRNA targeting CANX or a-TUB transcript for 2 d; cells were then reseeded and transfected the next day with the HCV-coding plasmid together with a 
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Alpha-tubulin; HCV: Hepatitis C virus; BHK-WNV: Baby hamster kidney-West Nile virus; C: Control siRNA. 
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proteins to CANX[42], modified the glycosylation and 
stability of HCV envelope proteins in BHK-WNV cells 
(Figure 5C, bottom panel), which was accompanied by a 
lower amount of HCV particles released (Figure 5C, top 
panels). As expected, DNJ treatment resulted in decreased 
resistance of carbohydrates on E1 to a digestion by endo-
β-N-acetylglucosaminidase H (Endo-H). In contrast, 
O-glycosylation[48] inhibitors PAG and ALL did not display 
any effect on HCV production or E1 glycosylation (Figure 
5C, middle panels). A similar pattern was observed with 
BHK cells bearing a Dengue 2 subgenomic replicon 
(Figure 6). Therefore, the decreased production of HCV 
in the presence of DNJ resulted from a lack of maturation 
of N-linked glycosyl antenna on HCV envelope proteins, 
consistent with the effect of CANX siRNA observed.

RAB1 and conformational HCV protein subspecies co-
localize within a compartment of reorganized ER and 
Golgi components
We looked for additional cellular factors that could 
contribute to the secretion of HCV particles. RAB1 exerts 
a key control on the ER-to-Golgi traffic. In parental 
BHK-21 cells, RAB1 was spread in the cytoplasm, but co-
localized with HCV proteins expressed after transfection 
(Figure 7A). The WNV subgenomic replicon enhanced 
RAB1 staining, coalescing into a few membranous-
like spots within which most HCV proteins detected by 
HCV1a sIgG were localized (Figure 7B). Treatment of 
BHK-WNV cells with RAB1 siRNA greatly reduced HCV 
protein expression (Figure 7D); concomitantly, fewer 
HCV particles were released (Figure 7D). 

Although maturation of HCV envelope glycoproteins 
did not involve a classical secretory pathway, some 
carbohydrate residues at the surface of released HCV 
particles became resistant to a treatment by Endo-H[42]. 
This indicates that the ER-to-Golgi machinery as well 
as the Golgi apparatus contributed to HCV production 
in BHK-WNV cells. Interestingly, in these cells, the 

expression of RAB1 GDP dissociation inhibitor (GDI)[49] 
was enhanced and co-localized with HCV proteins in a 
pattern reminiscent of RAB1’s (Figure 8). In addition, 
the expression of Atlastin 1, a high molecular weight 
GTPase that is involved in maintenance of the ER com-
partment[50] and fusion of ER tubules[51], as well as in ER-
to-Golgi trafficking[52], was up-regulated in BHK-WNV 
cells compared to parental BHK-21 cells (Figure 9). 
We detected its presence within the CANX-enriched 
compartment formed in BHK-WNV cells (Figure 10), as 
well as that of p115/USO1[53], required for membrane 
fusion of ERGIC vesicles with the Golgi apparatus. We also 
detected the presence of GM130/GOLGA2 (Figure 11), 
which contributes to the progression of glycoproteins 
between Golgi cisternæ[41], which in turn correlates with 
the maturation of their carbohydrate residues[54]. 

Similarities between HCV productions in BHK-WNV and 
Huh-7.5 cells 
We next tested whether host factors assisting HCV 
production in BHK-WNV cells also play a role in the 
JFH-1 strain of genotype 2a/Huh-7.5 hepatocarcinoma 
cell paradigm. Mock transfection and non-target siRNA 
slightly decreased HCV production in Huh-7.5 cells 
infected with HCVcc. All other siRNAs tested further 
decreased the amount of HCV RNA, the inhibition 
ranging between 1 and 3 logs; HCV particle release in 
the supernatant was diminished as well (Figure 12A). 

The human HCV serum used in BHK-WNV cells was 
of a different genotype than JFH-1; hence, for our IF 
studies we used a different antibody recognizing HCV 
core 7-50 peptide. There was not obvious co-localization 
of the staining it elicited in Huh-7.5 cells inoculated 
with HCVcc and that of the studied cellular factors. It 
has been reported that the localization of HCV proteins 
changed with time[55]. Therefore, we examined Huh-7.5 
cells infected with the JFH-1 strain for over two weeks. 
HCV core staining was more widely spread within the 
cytoplasm and several hot spots were observed, similar 
to HCV proteins detected with the immune human serum 
in BHK-WNV cells. Core preferentially co-localized with 
CANX and RAB1 (Figure 12B); it did less so with tubulin. 

Huh-7.5 cells were then inoculated with HCVbp-4cys 
particles (encoding a tetra-cysteine tag on NS5A) of 
genotype 1a produced in BHK-WNV cells (Figure 12C). 
In a live-cell immunofluorescence study, the pattern of 
NS5A-4cys was reminiscent of that observed with the 
same construct expressed in BHK-WNV cells[8]. However, 
this pattern was different from the staining of NS5A 
(without a tag) detected with an in-house antibody 
against a 48 aa-long peptide[8], suggesting that distinct 
NS5A protein species were observed with two detection 
methods; each species could differentially affect HCV 
particle assembly and secretion. Interestingly, in Huh-7.5 
cells, NS5A-4cys closely associated with microtubules 
(Figure 12C)[56]. 

With minor differences, these results suggest that 
cellular factors involved in permissiveness of BHK-WNV 
cells are also required for long term HCV production in 
Huh-7.5 cells. 

CA
NX

Co
nt

ro
l

CANX

KDa

98

62

49

38

28

17

Figure 4  Baby hamster kidney-West Nile virus cells treated with the 
indicated siRNA (on top). After 2 d, cells from both conditions were reseeded 
and transfected the next day with either a control plasmid or plasmid expressing 
CANX cDNA, respectively in control or CANX siRNA-treated BHK-WNV cells. 
The following day, content in CANX was analyzed by Western blot in cell 
lysates. CANX: Calnexin; BHK-WNV: Baby hamster kidney-West Nile virus.
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Caspase-1 is required for the release of HCV particles 
via interplay with viral non-structural genes
Caspase-1 is a cysteine protease and the common 
denominator of some twenty NLR/ALR inflammasome 

complexes identified so far and that contribute to host 
defenses against infections[57]. Cleavage sites for cas-
pase-1 are present on HCV E2, NS2 and NS3 (http://web.
expasy.org/peptide_cutter/). They are well conserved 
between genotypes, but those on E2 and NS2 are 
generally missing in genotypes 6 and 2, respectively. 
Additional sites on E1, NS3, NS4B or NS5A are found 
only in particular HCV strains/isolates. Overall, an aver-
age of 3 (2 to 5) cleavage sites are found in HCV poly-
proteins. 

The HCV strain H77 polyprotein displays cleavage 
sites for caspase-1 at aspartate residues 728 (E2), 989 
(NS2) and 1302 (NS3), but none for other caspases. This 
prompted us to test whether this protease could interfere 
with the production of HCV particles by BHK-WNV cells. 
We tested the effect of an inhibitor preferentially target-
ing caspase-1 (ZYVAD-FMK) on the production of this 
strain of HCV by BHK-WNV cells. While neither production 
of envelope E1 protein nor its release by parental BHK 
cells changed with the inhibitor, the release of HCVbp 
particles by BHK-WNV cells was dramatically reduced 
(Figure 13A). This was associated with a different pro-
cessing of the core protein, with a predominant size of 21 
kDa in treated vs 23 kDa in untreated cells (Figure 13A). 
This observation is reminiscent of the shorter core protein 
in HCVcc released by Huh7.5.1 cells, compared to that of 
HCV progenies produced in human liver slices or primary 
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Figure 5  Calnexin and N-linked glycosylation are involved in the release of hepatitis C virus particles via a non-classical secretion path in baby hamster 
kidney-West Nile virus cells. A: BHK-21 and BHK-WNV cells were transfected with the HCV expression plasmid system. IF was performed three days later with anti-
ERGIC-53 (green) and anti-CRT (red) antibodies, followed by confocal microscopy analysis; B: Same protocol as in (A) with BHK-WNV cells transfected with the HCV-
coding plasmids; C: Twelve hours after transfection with the HCV expression plasmid mix, parental BHK cells or BHK-WNV cells were treated, or not, with N- (DNJ) or O- 
(PAG, ALL) glycosylation inhibitors; materials released in SN (top and middle panels) or cell lysates (bottom panel) were collected, incubated with or without Endo-H 
and analyzed by Western blot. HCV: Hepatitis C virus; BHK-WNV: Baby hamster kidney-West Nile virus; ERGIC-53: Endoplasmic reticulum-Golgi intermediate 
compartment-protein of 53 kDa; CRT: Calreticulin; SN: Supernatants; DNJ: Deoxynojirimycin; Endo-H: Endo-β-N-acetylglucosaminidase H.
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hepatocytes[58]. In contrast, no clear effect of the inhibitor was observed on HCV production with BHK-WNV cells 
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expressing only HCV structural genes, with or without p7 
(Figure 13B). 

DISCUSSION
A classical secretion pathway has been implicated in 
the release of HCV virions[59] that are associated with 
apolipoprotein E (apoE) in Huh-7.5 cells[60] or other cell 
types[61]. In spite of a fully functional secretion pathway, 
parental BHK-21 cells, which do not express apoE, 
released only trace amounts of HCV particles[8]. Lack 
of apoE was overcome by the prior reorganization of 
intracellular trafficking by the replication of WNV (or 
dengue virus) for the production of infectious HCV 
particles (Figure 14). Epitopes detected by IgG from a 
patient cured of an infection of same genotype as the 
HCV strain used in this study (H77), are likely to be 

amongst those displayed on native HCV virions. This 
pool of HCV protein isoforms/conformers represented 
only a fraction of the HCV structural proteins stained by 
monoclonal antibodies. It overlapped with a compart-
ment of rearranged membranes. The presence of virus 
particles in this compartment supports the hypothesis 
that it could be the HCV assembly site in permissive BHK-
WNV cells. 

Some arguments are consistent with the involvement 
of a conventional secretion pathway in the production 
of HCV particles by BHK-WNV cells; other arguments 
suggest otherwise. On one hand, an involvement of the 
ERGIC implies a requirement for RAB1, which was the 
case for the formation of the assembly compartment, 
as well as for the production of HCV particles. In accor-
dance, RAB1 and p115/USO1 were co-enriched in this 
compartment[43,62]. GBF1, an additional component of 
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Figure 8  Parental or baby hamster kidney-West Nile virus cells were transfected to express hepatitis C virus genome in the cytoplasm and IF experiment 
was performed and analyzed as described throughout the manuscript. HCV: Hepatitis C virus; BHK-WNV: Baby hamster kidney-West Nile virus; GDI: GDP 
dissociation inhibitor.
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Figure 9  Parental or baby hamster kidney-West Nile virus cells were transfected to express hepatitis C virus genome in the cytoplasm and IF experiment 
was performed and analyzed as described throughout the manuscript. HCV: Hepatitis C virus; BHK-WNV: Baby hamster kidney-West Nile virus.
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Figure 10  Endoplasmic reticulum-Golgi membrane remodelers (RAB1, p115 and atlastin) are recruited into the hepatitis C virus assembly compartment in 
baby hamster kidney-West Nile virus cells. Three days after transfection of BHK-WNV cells with the HCV expression plasmid system, IF was performed with anti-
HCV serum (green) and anti-p115 (red), RAB1, Atlastin-1 or CANX (white) antibodies. Mitochondria were labeled with Mito-Tracker-Orange-CMTMRos (red). HCV: 
Hepatitis C virus; BHK-WNV: Baby hamster kidney-West Nile virus; CANX: Calnexin.
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the ERGIC that activates small-sized GTPase ARF1 and, 
in turn, COPI-dependent traffic[43], was also involved in 
the production of HCV particles[8]. On the other hand, 
another feature of the ERGIC, the lectin ERGIC-53, was 
excluded from the assembly compartment. As observed 
in TEM, the latter directly brought together membranes 

from the ER and the Golgi apparatus, which was con-
sistent with an enrichment of this compartment in, 
respectively, Atlastin 1[50-52] and GM130/GOLGA2[41], both 
reported to reorganize and/or maintain membranes of 
their organelle. In addition, an enrichment in both RAB1 
and its GDI, like what was observed in the assembly 

HCV GM130 Merge

Figure 11  This experiment was performed with baby hamster kidney-West Nile virus cells transfected to express hepatitis C virus genome in the cytoplasm 
and IF experiment was performed and analyzed as described throughout the manuscript (anti-GM130 monoclonal antibodies have been reported to cross-
react with an unidentified protein of lower molecular weight). HCV: Hepatitis C virus.
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compartment, has been reported to initiate a cascade 
of events involving GBF1, ARF1 and phosphatidylinositol 

4-kinase Ⅲ alpha (PI4KⅢα)[43], which may increase the 
local proportion of phosphatidylinositol 4-phosphate[63] 
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and subvert endocytic trafficking[64]. In Huh-7.5 cells, 
this role is normally devoted to HCV NS5A that brings 
together PI4KⅢα and TBC1D20, an activator of RAB1[65]. 
Therefore, replication of the genomic RNA of flaviviruses 
in BHK-21 cells may pre-position components - or their 
equivalent - HCV establishes by itself in the cells in 
which it usually replicates. Although excluding ERGIC as 
we know it in the classical secretion pathway, such re-
organization of the secretion machinery in BHK-21 cells 
(Figure 14) could explain why a BFA treatment inhibited 
HCV particle production.

Finally, if CANX was required for the production of 
HCV particles, most of it shuttled a pool of HCV protein 
subspecies to the assembly compartment of BHK-WNV 
cells, instead of co-localizing with CRT for the proper 
folding of glycoproteins. How CANX really assists these 
cells to produce HCV virions is not fully understood. CANX 
still probably requires binding N-linked glycans on the 
HCV envelope proteins. The reported slow dissociation 
rate between CANX and HCV envelope proteins[27] could 
contribute to unusual involvements of CANX, such as 
what is observed with proteins targeted to mitochondria-
ER associated membranes (MAMs) for the formation 
of inflammasome and autophagy compartments[66]. 
HCV has previously been shown to target MAMs in hepa-
tocytes[67]. However, mitochondria were excluded from 
the assembly compartment in BHK-WNV cells. And, upon 
expression of HCV structural genes, this coincided with 
the appearance within the assembly compartment of 
large vesicles containing particles[8]. 

Oxidative stress, inflammation and/or infection can 
lead to the appearance in the cytoplasm of large vesicles, 
often indiscriminately referred to as multivesicular 
bodies, releasing extracellular particles of very different 
compositions depending on their origin. They are formed 
by the fusion of late endosomal vesicles with membranes 
from lysosomal and/or autophagosomal compartments, 
or originating from the periphery of the ER-Golgi complex 
assembling - independently from a COPⅡ- and COP
Ⅰ-mediated membrane transport - into a compartment 
of unconventional protein secretion[68]. Unconventional 
pathways are used by intracellular pathogens reorga-
nizing the vesicular traffic to secrete proteins (e.g.,[69]). 
The reorganization of the secretion machinery required 
for the production of HCV particles by BHK-WNV cells 
displayed similar features. 

Knocking down α-TUB expression not only resulted in 
a lesser release of HCV particles, but also of particulate 
materials containing Hsp70 and Hsp90, a feature of 
exosomes. Such extracellular vesicles have been shown 
to participate in the transfer of viral materials[46]. Recently, 
exosomes have also been implicated in the propagation/
dissemination of HCV genome, proteins and replication 
complexes, although in the former case with a weaker 
effectiveness than lipoprotein-associated virions[70,71]. 
However, the production of HCV particles by BHK-WNV 
cells cannot be reduced to the secretion of exosomes. We 

had previously shown that, albeit overlapping, the peaks 
of particles containing HCV structural and heat-shock 
proteins released by BHK-WNV cells did not coincide after 
ultracentrifugation on a density gradient[8]. In addition, 
while the secretion of HCV particles was blocked, the 
release of heat-shock proteins was insensitive to a 
treatment by brefeldin A (BFA), an inhibitor of GBF1[8]. 
In this work, the secretions of Hsp70 and Hsp90-con-
taining particles and HCV particles displayed different 
patterns. Therefore, the dual effect of α-TUB siRNA on 
the secretions of exosomes and HCV particles probably 
reflects separate needs for microtubules taking place at 
different steps. For exosomes, it could relate to effects 
on the BFA-insensitive trans-Golgi network, which is 
consistent with an accumulation of hsp70 inside producer 
cells following knockdown of α-TUB expression. Conver-
sely, the production of HCV particles could be inhibited 
at the level of a GBF1/ARF1-dependent traffic, within the 
assembly compartment, or later during their secretion. 

Treatment of BHK-WNV cells with a caspase-1 inhibi-
tor abolished the release of HCV particles. Caspase-1 
has been shown to activate IL-1β and IL-18 proinflam-
matory cytokine precursors[57]. It has long remained 
unknown how their matured species translocate across 
the plasma membrane. Recent results support the idea 
that their secretion involves a cytosolic compartment 
containing vesicles and their exocytosis[72]. It could 
be the mechanism by which a caspase-1-dependent 
secretory pathway contributed to the production of HCV 
particles by BHK-WNV cells. However, inhibition of HCV 
production with the caspase inhibitor occurred only in 
the context of a full-length genome, suggesting the 
existence of interaction(s) between caspase-1 and HCV 
non-structural genes, here NS2 and/or NS3. Although 
the catalytic activity of NS2 is dispensable, this viral 
cysteine protease is required for the production of HCV 
particles[73], as is the helicase/serine protease NS3[74]. 
Therefore, the cleavage(s) of NS2/3 by caspase-1, in 
addition, could prevent the maturation of non-structural 
proteins required for RNA replication and/or remove 
interactions, either of them or both being detrimental to 
the formation and secretion of HCV particles.

At variance with the JFH-1/Huh-7.5 cell model[59,75], 
infectious HCV particles released by BHK-WNV cells did 
not require lipoproteins or exosomes. It is still unclear 
whether discrepancies between models[9] could not also 
relate to active HCV replication in a non-physiological 
environment[76], differences between viral genotypes[12] 
and/or differential processing of some HCV proteins[58]. 
Nevertheless, host factors involved in BHK-WNV cells 
were also required in Huh-7.5 cells that, over time, 
developed a cytoplasmic compartment[26] enriched in 
HCV core, CANX and RAB1. Infectious HCV particles are 
assembled in the cytoplasm of Huh-7.5 cells[13] before 
their association to lipoproteins[8,77] or exosomes[75,78]. 
The associations to lipoprotein particles and extracellular 
particles have been proposed as mechanisms to regulate 
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vertebrate Hedgehog dispersion during development[79]. 
In addition, ApoE[25,80] and extracellular particles[47] are 
suspected to contribute also to the pathogenesis of 
viruses unrelated to HCV. Therefore, rather than having 
evolved a unique mechanism of viral propagation, HCV 
may have instead subverted existing cellular processes. It 
could involve intrinsic properties of its envelope proteins, 
since HCV E1 interacts with apoE[81] and possibly lipids[82], 
which is believed to help the virus escape from immune 
recognition[83]. 

The release of HCV particles by BHK-WNV cells, 
instead, involved an unusual, if not unconventional sec-
retion pathway. The present data suggest that their 
mechanism of assembly and egress could be a mean 
by which HCV circumvents intracellular defenses. These 
infectious particles are not those usually observed as 
such in infected patients. Therefore, as for other HCV 
particles produced in vitro[9], we are not sure of their 
relationship to the normal viral cycle. Are they merely a 
precursor for the main HCV species, which will eventually 
associate to lipoproteins, or do they represent different 
viral species of higher buoyant density? In patients, 
the proportion of circulating HCV particles associated to 
lipoproteins varies between individuals and during the 
course of infection. Denser viral species can amount up 
to half of the circulating HCV genome[84]; they are usually 
opsonized by IgG in the serum of infected patients, 
making the study of free virions difficult. At least during 
the assembly process in BHK-WNV cells, HCV particles 
exposed epitopes that were recognized by neutralizing 
sIgG from a patient previously chronically infected by 
HCV of same genotype. We propose that the BHK-WNV 
cell model could be useful to study the structure of free 
HCV virions and their immunological properties.
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COMMENTS
Background
The production of infectious hepatitis C virus (HCV) particles by model human 
hepatocellular carcinoma Huh-7.5 cells is believed to involve a classical secretion 
pathway; it has also been reported to involve lipoproteins and exosomes. The 
authors previously demonstrated that the intracellular environment generated by 
a West-Nile virus (WNV) subgenomic replicon rendered non-human, non-hepatic 
mammalian cells [here referred to as baby hamster kidney-WNV (BHK-WNV) 
cells] permissive for assembly and release of infectious HCV particles of various 
genotypes wherein the HCV genome is generated in the cytoplasm independently 
of its replication machinery. HCV production did not require ongoing activity of 
the WNV replicon, but instead was associated with persisting replicon-induced 
changes in the cellular environment. Since secretion of HCV particles by BHK-
WNV cells neither involved lipoproteins nor exosomes, could it still follow a 
conventional pathway? Activity of the small GTPase ARF1 and the maturation of 
carbohydrates on envelope proteins of released HCV particles were both required 
for the production of infectious HCV by permissive BHK-WNV cells, suggesting 
that, indeed, it followed a classical secretion pathway. The authors, therefore, 
examined the possibility that the endoplamic reticulum (ER)-bound lectin calnexin 
(CANX), the small GTPase RAB1 and microtubule-associated alpha-tubulin, 
which all contribute to the secretion of several glycoproteins by BHK-21 cells, 
were involved in the production of HCV particles by BHK-WNV cells. Surprisingly, 
the results show that secretion of HCV particles went through a re-organized 
and re-wired pathway bypassing the conventional ER-to-Golgi intermediary 
compartment and involving components of the inflammasome.

Research frontiers
The structure of HCV virions/progenies remains elusive. The fact that infectious 
HCV particles are produced independently from lipoprotein biosynthesis, yet 
retain the possibility to interact with lipoproteins in vitro supports the view that, 
in vivo, HCV particles may interact with lipoproteins in a second step and not 
necessarily co-assemble with them. This has probably important consequences 
regarding the way HCV interacts with producer cells and the immune system. 

Innovations and breakthroughs
The authors’ results suggest that the HCV production made possible by the 
prior WNV replication in BHK cells could be related to that observed in human 
hepatocytes. It is unclear whether this reflects an organization of HCV production 
more complex than expected in hepatocytes or the existence of additional route(s) 
of HCV secretion. 

Applications
Although no immediate application of these findings is foreseen, the production of 
free HCV virions could pave the way for identifying the most important epitopes 
for HCV neutralization and the development of an effective vaccine.

Terminology
Subgenomic replicon: Fragment of a viral RNA genome encoding the non 
structural genes required for its own replication in the cytoplasm, but not the 
structural genes required for the formation of virions.

Peer-review
In this manuscript, the authors aimed to examine whether the cellular factors 
including CANX, RAB1 and alpha-tubulin were involved in the production of 
HCV particles by BHK-WNV cells. Moreover, it brings an interesting contribution 
to the current literature.
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