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Abstract
Hepatitis C virus (HCV) infects more than three million 
new individuals worldwide each year. In a high percent-
age of patients, acute infections become chronic, eventu-
ally progressing to fibrosis, cirrhosis, and hepatocellular 
carcinoma. Given the lack of effective prophylactic or 
therapeutic vaccines, and the limited sustained virologi-
cal response rates to current therapies, new approaches 
are needed to prevent, control, and clear HCV infection. 

Entry into the host cell, being the first step of the viral 
cycle, is a potential target for the design of new antiviral 
compounds. Despite the recent discovery of the tight 
junction-associated proteins claudin-1 and occludin as 
HCV co-receptors, which is an important step towards 
the understanding of HCV entry, the precise mechanisms 
are still largely unknown. In addition, increasing evidence 
indicates that tools that are broadly employed to study 
HCV infection do not accurately reflect the real process in 
terms of viral particle composition and host cell pheno-
type. Thus, systems that more closely mimic natural in-
fection are urgently required to elucidate the mechanisms 
of HCV entry, which will in turn help to design antiviral 
strategies against this part of the infection process.
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INTRODUCTION
Hepatitis C virus (HCV) is an enveloped, positive-polarity 
RNA virus that belongs to the Flaviviridae family and infects 
mainly hepatocytes[1]. The HCV genome encodes a poly-
protein that is processed by host and viral proteases to yield 
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ten mature products, which include three structural pro-
teins [the capsid protein (core) and two envelope glycopro-
teins (E1 and E2)], the p7 protein, and the non-structural 
proteins (NS2, NS3, NS4A, NS4B, NS5A, and NS5B). The 
HCV particle consists of  a nucleocapsid surrounded by 
a lipid bilayer harboring the two envelope glycoproteins, 
which heterodimerize and play a major role in HCV entry[1]. 
Cellular infection begins with the attachment of  the viral 
particle to the host cell and, after interacting with cell sur-
face molecules, the virus is subjected to clathrin-mediated 
endocytosis and its envelope is fused with the endosomal 
membrane, releasing the viral genome into the cytosol[1]. 
These steps involve a set of  attachment factors and cellular 
co-receptors, including highly sulfated heparan sulfate, the 
low-density lipoprotein receptor (LDL-R), the scavenger 
receptor class B type Ⅰ (SR-BI), the tetraspanin CD81, and 
the tight junction (TJ) proteins, claudin-1 and occludin[2-4]. 
These molecules are not exclusively present in hepatocytes; 
therefore, HCV hepatotropism may be determined by 
other factors, such as the absence of  inhibitory proteins[5]. 

In early reports, the soluble E2 envelope protein was 
employed as an approach to search for host cell HCV 
binding factors[6,7]. However, the conformation and func-
tion of  the soluble glycoprotein may differ considerably 
from HCV envelope-anchored E2. In addition, envelope-
anchored E2 is associated with E1[8], which may have ad-
ditional implications in terms of  receptor recognition and 
binding. The study of  HCV entry was boosted by the use 
of  HCV pseudotyped particles (HCVpp)[9], providing an 
infection system exclusively relying on the envelope glyco-
proteins. Since the establishment of  a cell culture-derived 
HCV (HCVcc)[10-12], it has become the most powerful tool 
for studying HCV because it reflects the complete viral 
cycle. The use of  both HCVpp and HCVcc has been of  
crucial importance in the discovery of  new receptors, and 
has enabled high-throughput assays to test molecules for 
their ability to inhibit HCV entry.

INHIBITION OF HCV ENTRY AS A THER-
APEUTIC ALTERNATIVE
HCV infection is the most frequent cause of  liver failure 
worldwide[13,14]. Current therapies based on PEGylated in-
terferon-alpha and ribavirin often fail to clear the infection 
and present a wide spectrum of  systemic side effects[15]; 
therefore, alternative therapeutic options need to be devel-
oped. Among the different steps of  HCV cycle, viral entry 
could be considered as a clinical target, especially in the 
context of  orthotopic liver transplantation, where allograft 
reinfection occurs within hours after reperfusion and is 
followed by an accelerated chronic disease progression[16]. 
To date, several molecules have been found to inhibit 
HCV entry. Matsumura et al[17] showed that phosphoro-
thioate oligonucleotides, previously described as HIV entry 
inhibitors[18], blocked HCV entry in vivo. Other inhibitors 
of  HIV entry, such as cyanovirin-N, have also proved ef-
fective[19]. Furthermore, serum amyloid A, an acute phase 
protein mainly produced by the liver in response to differ-
ent stimuli, including infections, has been demonstrated to 

inhibit HCV entry[20,21]. Moreover, the milk thistle (Silybum 
marianum)-derived silymarin and its purified flavonolignans 
have been recently shown to inhibit HCV infection both 
in vitro and in non-responder patients[22,23], blocking viral 
entry and transmission[24]. Therefore, increasing evidence 
suggests that blocking the entry step of  HCV infection 
may be a good therapeutic alternative. 

The genetic diversity of  HCV contributes to its evasion 
from the host immune response[25], challenging the develop-
ment of  effective vaccines and virus-targeted inhibitors[26-28]. 
Nonetheless, this problem could be overcome by developing 
antiviral strategies aimed at blocking essential host factors 
for viral infection. To this end, multiple strategies have been 
pursued to inhibit HCV entry at different levels, including 
viral attachment, post-binding events, and fusion with the 
endosomal membrane[4,29]. One of  these approaches consists 
of  interfering with the interaction between the viral particle 
and cell surface co-receptors by the use of  glycosamino-
glycans, natural ligands, recombinant proteins, or blocking 
antibodies (Table 1). Notably, it has been demonstrated 
that antibodies against CD81 can prevent HCV infection 
of  human liver-uPA-SCID mice[16], probably by inhibiting 
the E2-CD81 binding process[6,16,30]. As a more realistic and 
economical alternative, small molecules with similar proper-
ties could be used instead of  blocking antibodies. In search 
of  these compounds, several high-throughput screenings 
have been performed recently to identify molecules with the 
ability to inhibit HCV infection at the entry step[31-33]. Im-
portantly, the possible cytopathic effects of  these inhibitors 
should be assayed prior to starting clinical trials and consid-
ering them as potential therapeutic options. Chockalingam 
et al[32] developed a cell protection screen where cytotoxicity 
and inhibition of  infection were evaluated simultaneously. 
As a more practical approach, Gastaminza et al[31] performed 
the screening with a set of  drugs that had already been clini-
cally approved.

The study of  HCV infection and the search for in-
hibitory molecules are usually carried out with the use of  
HCVpp or HCVcc, and a highly permissive cell line, such 
as Huh7 and its derivatives. However, several conflicting 
results have arisen when attempting to validate the data 
in a more pathophysiologically relevant context (Table 1). 
A soluble form of  CD81 was shown to prevent infection 
of  Huh7.5 cells by HCVcc; however, it was not effec-
tive when primary human hepatocytes (PHH) were chal-
lenged with serum-derived virus[34]. Moreover, infection of  
hepatoma-derived cell lines with HCVpp and HCVcc does 
not seem to depend on LDL-R[35-37], whereas it has been 
demonstrated to participate in the infection of  PHH with 
HCV from human plasma[38]. These facts stress the impor-
tance of  being cautious with results obtained from HCV 
surrogates and cell lines, which should be validated in vivo 
whenever possible or at least in systems that more closely 
mimic real infection.

CELL POLARIZATION, TJ-ASSOCIATED 
PROTEINS, AND HCV ENTRY
In contrast to “simple” polarized cells, which present the 
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Table 1  Inhibition of infectivity by the blockade of hepatitis C virus co-receptors in different systems

typical epithelial columnar phenotype with individual baso-
lateral and apical domains, hepatocytic polarity is very pe-
culiar and complex[39]. The plasma membrane of  polarized 
hepatocytes is divided into several basolateral and apical 
poles, the latter forming a continuous network of  bile can-
aliculi (BC) into which bile is secreted[40]. BC are delimited 
by TJs, which maintain cell polarity by separating apical 
from basolateral domains and form the intercellular barrier 
between bile and blood[41]. Claudin-1 was the first TJ-as-
sociated protein to be described as a HCV co-receptor[42]. 
Soon after, occludin was also shown to participate in HCV 
entry[43-45]. Despite these discoveries clearly pointing to a 
role of  TJs in HCV cell entry, recent works have reported 
conflicting data about how cell junctions and polarity in-
fluence HCV infection. Perturbation of  cellular junctions 
by calcium depletion promotes opposing effects depend-
ing on the system employed, e.g. it decreases viral entry in 

Huh7 cells[46] but increases it in “simply” polarized Caco-2 
cells[47]. Furthermore, junctional accumulation of  claudin-1 
has been shown to either improve[48] or hinder[49] infection 
of  Huh7.5 and polarized HepG2 cells, respectively. Collec-
tively, these data suggest that the HCV entry process may 
vary considerably depending on the polarization state of  
the target cells. 

Several studies have questioned the importance of  TJ 
integrity in the function of  claudin-1 and occludin as HCV 
co-receptors. For example, HCV infection is not affected 
after knocking down other TJ-associated proteins, such as 
ZO-1 and JAM-A[45], and claudin-1’s association with CD81 
at the basolateral membrane of  HepG2 cells, but not at 
the TJ, defines HCV entry[50.51]. Furthermore, fluorescent 
HCV particle internalization generally occurs outside of  
cell-cell junctions[52], and VEGF induces a reduction of  
junctional occludin concomitant with an increase of  HCV 
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Host Viral particle Ref.

Co-receptor Blocking agent Cell lines PHH In vivo HCVpp HCVcc Serum

Heparan sulfate Heparin x Y [87]

x Y [30,88,89] 
x1 Y [90]

LDL-R Anti-LDL-R x N [36]

x Y [38]

Soluble LDL-R x Y [38]

LDLs/VLDLs x N [9,37,91]

x N [37]

x Y [38]

CD81 Anti-CD81 x Y [9,36,92]

x Y [30,88,89] 
x Y [9,92]

x Y [34]

x Y [34]

x Y [16]

CD81-LEL x Y [9,36]

x Y [34]

x N [34]

Knockdown x Y [37]

x Y [89]

x Y [34]

SR-BI Anti-SR-BI x N [36]

x Y [35,93]

x Y [30,89] 

BLT-4 x N/Y2 [91,93]

ITX 5061/7650 x Y [94]

x Y [94]

oxLDLs x Y [37]

x Y [37]

Knockdown x N/Y2 [37]

x Y [89]

Claudin-1 Anti-claudin-1 x Y [30,56] 

x Y [30,56] 

x Y [56]

x Y [56]

Knockdown x Y [42,43,95] 

x Y [42,43,95]

Occludin Knockdown x Y [43-45]

x Y [43-45]

x: Experimental system employed; Y: Inhibition of infection; N: No inhibition of infection; 1HCV-core immortalized PHH; 2Only in the presence of high 
density lipoproteins. HCVpp: Hepatitis C virus pseudotyped particles; HCVcc: Cell culture-derived hepatitis C virus.

Benedicto I et al . Cellular polarization, lipoproteins, and HCV 



infectivity[53]. Moreover, claudin-1 and occludin mutants lack-
ing domains that are important for their correct junctional 
localization and function are still capable of  rendering cells 
susceptible to HCVpp entry[42,54,55]. Finally, HCV infection 
of  HepG2 cells is negatively regulated by cell polarity[49,53], 
but is not affected by TNF-α- and IFN-γ-mediated TJ dis-
ruption[49], and claudin-1 blocking antibodies inhibit HCV 
infection without perturbing TJs[30,56]. Taken together, these 
data strongly suggest that the role of  claudin-1 and occlu-
din in viral entry is relevant, but not necessarily when these 
proteins are part of  functional TJs, which may indeed be a 
barrier for HCV infection. Interestingly, it has recently been 
demonstrated that hepatitis A virus infects HepG2-derived 
cells from the basolateral domain and that TJ-dependent 
polarization restricts infection[57].

The mechanisms by which claudin-1 and occludin par-
ticipate in HCV entry have not been clearly established. In 
both cases, an extracellular loop of  the protein has been 
shown to be indispensable for infection[42,44,55,58]. Several re-
ports have shown that occludin precipitates with HCV E2 
in infected, transfected, or replicon-containing cells[43,55,59], 
but its direct interaction with viral particles or envelope gly-
coproteins has not been demonstrated. Additionally, it has 
been shown that occludin interacts with dynamin Ⅱ, a well 
known regulator of  endocytosis[55]. This observation, along 
with data obtained from cell-cell fusion experiments[45], 
suggests that occludin might participate in late steps of  
the HCV entry process. Interestingly, occludin endocytosis 
has been implicated in group B coxsackievirus infection, 
although not by directly interacting with the virus[60]. On the 
other hand, kinetic studies with blocking antibodies have 
shown that claudin-1 mediates an HCV entry step closely 
linked to CD81[30]. Indeed, it has been described that baso-
lateral pools of  claudin-1 are associated with CD81 in polar-
ized HepG2 cells[50,51], and that disrupting this interaction, 
either by site directed mutagenesis or claudin-1 blocking 
antibodies, neutralizes HCV infection by reducing E2 asso-
ciation with the cell surface[30,51]. However, Cukierman et al[54] 
generated a mutant version of  claudin-1 which, in spite of  
maintaining its interaction with CD81, no longer localized 
to cell-cell contacts and lost HCV receptor properties. This 
result suggests that, besides favoring E2 binding to the host 
cell, additional mechanisms involving claudin-1 participation 
in HCV entry may exist. Nevertheless, as these experiments 
were carried out in the non-hepatic, non-polarized HEK 
cell line, data should be carefully interpreted. This is a good 
example of  how cell polarity may influence the results ob-
tained, especially when studying features of  TJ-associated 
proteins in a hepatocellular context.

LIPID METABOLISM AND HCV ENTRY
Cell polarization is crucial for the correct localization and 
function of  TJ-associated proteins with HCV receptor ac-
tivity, which could in turn be important for viral entry[41,61]. 
In addition, polarization may affect other steps of  the HCV 
cycle, such as assembly and egress. Indeed, it has been 
shown that assembly of  RNA enveloped viruses in MDCK 

cells is closely related to cell polarization[62]. It is also note-
worthy that polarization is tightly linked to lipoprotein secre-
tion[63,64], especially because some low density natural HCV 
particles have been found to be complexed with ApoB and/
or ApoE-positive triglyceride-rich lipoproteins[65-67]. This 
association is believed to take place during viral egress[68] 
because HCVcc virions were found to be secreted in a 
manner that parallels the formation of  VLDLs[69-71]. Thus, 
cell polarization may influence lipoprotein secretion, which 
is important for the generation of  correctly assembled 
HCV progeny. Indeed, non-polarized Huh7-derived cells 
have been shown to be unable to secrete authentic, ApoB-
containing VLDLs[72]. In addition, when HCVcc generated 
in these cells was subjected to isopycnic gradient ultracentri-
fugation, it was found to have higher average buoyant den-
sity than viral particles obtained from PHH[72]. Interestingly, 
the density profile of  serum-derived viral particles obtained 
from HCVcc-infected animals was significantly lower than 
that of  the initial HCVcc inoculum[73]. In both reports, spe-
cific infectivity of  PHH and serum-derived HCV particles 
was shown to be greatly increased compared to standard 
HCVcc, and these properties were lost after passaging the 
virus again in Huh7.5 cells. These findings strongly suggest 
that HCVcc generated in Huh7-derived cells probably pres-
ents a defective lipoprotein association, which may in turn 
affect viral infection.

The lipoprotein composition and distribution within 
the viral particle may thus be important for the mechanisms 
underlying HCV entry[74]. Indeed, several reports have 
shown that lipoprotein lipase and hepatic triglyceride lipase 
alter both the physiological characteristics and the infectiv-
ity of  HCV[75-77]. This notion is supported by the fact that 
LDL-R participates in the first steps of  the entry process[38], 
and that viral particle density is inversely correlated to infec-
tivity in vivo[66]. Additionally, the virus-host interaction could 
be affected in a context of  a lipoprotein-defective viral par-
ticle because of  changes in the exposure and accessibility 
of  E2 to cellular co-receptors. In fact, this could explain the 
differences observed between HCVcc and serum-derived 
HCV infection in terms of  inhibition by the soluble CD81 
large extracellular loop[34]. Moreover, in contrast to serum-
derived HCV[38], infection with HCVcc and HCVpp seems 
to be LDL-R independent[35-37], probably because of  differ-
ences in lipoprotein composition.

Therefore, it is necessary to study HCV entry in systems 
that more accurately mimic the viral cycle in a pathophysi-
ological context, from viral particle generation to target cell 
infection. The interplay between HCV and hepatocytes 
seems to be closely related to their particular phenotype 
(Figure 1); therefore, data obtained from models that do 
not reflect hepatocellular polarization and lipoprotein secre-
tion should be cautiously interpreted.

TOWARDS A MORE PHYSIOLOGICALLY 
RELEVANT MODEL
The use of  HCVpp and HCVcc has meant a great advance 
in HCV research. Their adaptability to high-throughput 

2686 June 14, 2011|Volume 17|Issue 22|WJG|www.wjgnet.com

Benedicto I et al . Cellular polarization, lipoproteins, and HCV 



analysis has enabled genome-wide screening for host pro-
teins involved in the HCV cycle at different stages. In ad-
dition, they provide a valuable tool for testing the possible 
antiviral activity of  large chemical libraries of  compounds. 
However, it is important to bear in mind the limitations of  
these in vitro models, as both viral particles and target cells 
differ notably from serum-derived HCV and polarized he-
patocytes, respectively. Thus, results obtained with HCVpp 
and HCVcc should be validated in systems that more 
closely mimic real HCV infection before establishing firm 
conclusions. To this end, significant work is being done 
by Molina and colleagues, who have already confirmed a 
role for LDL-R and CD81 in serum-derived HCV infec-
tion of  PHH[34,38]. This model is considered an accurate in 
vitro system, as cells can be maintained in a differentiated 
phenotype to retain their polarity and drug metabolizing 
capacities. In addition, they can be infected with serum-
derived HCV of  any genotype and, in contrast to what is 
observed in hepatoma cell lines (e.g. Huh7 cells and deriva-
tives), the innate immune response is fully preserved[78]. 
However, production of  measurable titers of  progeny virus 
in this system has not been achieved[79], indicating that the 
model fails to reflect the entire HCV cycle. Recently, it has 
been shown that HCVcc infection of  PHH results in the 
robust production of  infectious viral particles, which were 
in turn able to efficiently infect naïve PHH[72]. This pri-
mary cultured-derived HCV (termed HCVpc), compared 
to HCVcc, exhibited lower average buoyant density and 
higher specific infectivity, reminiscent of  what is seen for 
virus recovered from the blood of  animals infected with 
HCVcc[72,73]. Therefore, HCVpc infection of  PHH emerges 
as a valuable tool for studying the complete HCV cycle in 
a more relevant context. Nevertheless, this system presents 
the drawbacks of  working with PHH, such as restricted 
availability, the difficulty of  studying long-term infections, 
and the heterogeneity of  samples and results. Interestingly, 
Matrigel-embedded 3D cultures of  Huh7 cells display a 
hepatocyte-like polarization and are susceptible to HCVcc 
infection. Progeny viruses generated by these cultures, simi-
larly to HCVpc, also present a shift towards lower densities 
(our unpublished observations). This result suggests that if  
hepatocellular polarity is achieved, it is possible to generate 
viral particles that more closely mimic real HCV, even when 
cell lines are used as the source of  virus.

Animal models are essential to validate in vitro data, 
because not only hepatocytes, but also the liver as a whole, 
may determine the mechanisms of  HCV cell entry. In-
deed, the liver sinusoidal endothelial cell-expressed protein, 
L-SIGN, has been shown to bind serum-derived HCV[80] 
and mediate trans-infection of  Huh7 cells by HCVpp[81,82]. 
Additionally, co-culture of  PHH with liver sinusoidal en-
dothelial cells significantly increases the expression of  the 
HCV co-receptor LDL-R[83]. Regarding in vivo obtained 
data, CD81 is the only co-receptor that has been demon-
strated to participate in HCV infection using the human 
liver-uPA-SCID mouse model[16]. This system, albeit con-
stituting a useful tool, is limited by the fact that the animals 
lack a functional immune system. This may be important, 

not only for the outcome of  the infection, but also for 
the entry process itself, because DC-SIGN, expressed on 
dendritic cells, has been shown to capture and transmit 
HCVpp to Huh7 cells[81,82]. More recently, peripheral blood 
B cells have been shown to exert a similar function[84]. 
To date, chimpanzees are the only immunocompetent in 
vivo system for studying HCV infection, but their use is 
limited by ethical concerns, restricted availability, require-
ment of  special facilities, and very high costs[85]. In search 
of  a small, HCV susceptible and immunocompetent 
animal model, it has been proposed to combine human 
liver chimeric models with mice harboring a human he-
matolymphoid system[85], although this approach depends 
on the availability of  human primary cells. Thus, the ideal 
model would be an immunocompetent mouse susceptible 
to HCV infection without the need of  harboring human 
cells. Given that HCV species tropism is restricted to hu-
man and primates[58,85], an alternative strategy consists of  
using an HCV variant able to infect murine cells. Bitzegeio 
et al. adapted HCVcc to mouse CD81 and identified three 
envelope glycoprotein mutations which together enhanced 
infection of  cells with mouse or other rodent receptors by 
approximately 100-fold[86], thus overcoming the species-
specific restriction of  HCV cell entry. Another possible 
approach would be to employ genetically engineered mice 
bearing the human entry factors that confer species speci-
ficity[44]. However, mouse hepatocytes fail to initiate viral 
replication[85]; therefore, these models would not be able to 
mimic the entire HCV cycle.

CONCLUSION
During HCV infection, hepatocytes almost exclusively con-
stitute both the target and the virus-producer cells. Thus, 
it is mandatory to perform HCV studies in systems that 
closely mimic the complex nature of  hepatocyte pheno-
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Figure 1  Interplay among cell polarization, lipoprotein secretion, and 
hepatitis C virus particle assembly, release, and entry into host cells. The 
correct polarization of hepatocytes, implying the presence of functional bile can-
aliculi delimited by TJs, may be important for the proper maturation and secre-
tion of lipoproteins. This process is tightly associated with the composition and 
assembly of hepatitis C virus (HCV) lipoviroparticles and their exit from infected 
cells. Finally, HCV entry may be affected by the lipoprotein composition of the 
viral particle, the hepatocellular polarization of target cells, and the localization 
of the TJ-associated proteins claudin-1 and occludin.
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type. These models should enable the generation of  viral 
particles that resemble the ones found in vivo, and repro-
duce the hepatocyte physiology as accurately as possible. 
Only the combination of  these two factors will provide the 
necessary information to establish firm conclusions. Never-
theless, the choice of  employing HCVpp, HCVcc, HCVpc, 
or serum-derived HCV to infect cell lines, PHH, or animals 
should depend on the stage of  the research process: the in 
vitro systems are more adequate for high throughput screen-
ings and the in vivo models are essential for validating the 
data. Once the mechanisms of  HCV entry are deciphered 
in detail, this step of  the viral cycle could be an effective 
target for the development of  antiviral compounds. These 
inhibitors should ideally be effective for a broad range of  
HCV genotypes and subtypes, and even for other viruses, 
such as HIV, that might share some entry mechanisms and 
co-infect some patients. Thus, blocking cellular factors 
might be a good therapeutic alternative in the fight against 
viral genetic variability. However, targeting host molecules 
could alter their physiological functions and result in harm-
ful side effects. In addition, this approach does not rule 
out the possible emergence of  viral variants that would be 
able to circumvent the specific effect of  the entry inhibitor. 
Moreover, HCV cell-to-cell transmission may bypass the 
inhibition of  cell-free virus entry and allow viral spread. 
Therefore, clinical strategies based on broad-spectrum 
compounds or the combination of  different therapeutic 
molecules should be developed to simultaneously interfere 
with several steps of  the viral cycle to efficiently control 
infection with the minimal side effects.
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