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Abstract
The past decade has seen tremendous progress in understanding hepatitis
C virus (HCV) biology and its related disease, hepatitis C. Major advances
in characterizing viral replication have led to the development of
direct-acting anti-viral therapies that have considerably improved patient
treatment outcome and can even cure chronic infection. However, the high
cost of these treatments, their low barrier to viral resistance, and their
inability to prevent HCV-induced liver cancer, along with the absence of an
effective HCV vaccine, all underscore the need for continued efforts to
understand the biology of this virus. Moreover, beyond informing therapies,
enhanced knowledge of HCV biology is itself extremely valuable for
understanding the biology of related viruses, such as dengue virus, which is
becoming a growing global health concern. Major advances have been
realized over the last few years in HCV biology and pathogenesis, such as
the discovery of the envelope glycoprotein E2 core structure, the generation
of the first mouse model with inheritable susceptibility to HCV, and the
characterization of virus-host interactions that regulate viral replication or
innate immunity. Here, we review the recent findings that have significantly
advanced our understanding of HCV and highlight the major challenges
that remain.
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Introduction
Hepatitis C virus (HCV) is a single-stranded, positive-sense RNA 
virus of the Flaviviridae family. Although the inability to culture 
primary HCV isolates in vitro seriously hampered HCV research 
for the 15 years following its isolation in 19891, the generation of 
relevant in vitro systems in the early 2000s offered the first oppor-
tunities to accurately characterize the HCV life cycle. Since then, 
considerable progress has been made to understand HCV biology 
through the generation of increasingly relevant cell culture systems 
and animal models. These advances recently reached a milestone by 
the generation of effective direct-acting anti-viral agents (DAAs)2 
able to cure HCV.
However, a large number of challenges remain to significantly 
decrease HCV spread on a global scale. Indeed, 130 to 150 million 
people worldwide are still chronically infected with HCV (World 
Health Organization), and treatments remain poorly accessi-
ble because of their high costs. Moreover, their low barrier to 
resistance-associated mutations combined with their inability to 
treat challenging patient groups, HCV-induced liver disease, and 
hepatocellular carcinoma (HCC) all underscore the need for novel, 
cost-effective DAAs3–6. Finally, a prophylactic or preventive HCV 
vaccine is still urgently needed to significantly impact HCV spread 
worldwide.
Overall, these challenges strongly highlight that our understanding 
of HCV and its related disease remains incomplete and that efforts 
need to be maintained to expand it. Here, we review the recent 
advances that have greatly contributed to improving our knowl-
edge of hepatitis C and HCV and highlight the fundamental and 
clinical challenges that still need to be faced by the HCV scientific  
community.

A. Hepatitis C virus life cycle
1. Toward a better understanding of the hepatitis C virus 
entry process
HCV enters into hepatocytes through a dynamic, multi-step process 
involving multiple cell host factors7. As the primary attachment of 
viral particles at the hepatocyte surface occurs through interactions 
with lipoprotein receptors, the association between HCV particles 
and lipoproteins is critical for initiating the first step of virus entry8. 
After primary attachment, HCV particles interact with the tet-
raspanin CD81 via the viral E2 glycoprotein9, which, along with E1, 
constitutes a heterodimer complex at the surface of viral particles7. 
E2 interaction with CD81 is thought to induce signaling pathways 
involving epidermal growth factor receptor (EGFR)10,11 and HRas12 
that together lead to the clustering of CD81-viral particle complexes 
with the tight junction protein claudin-1 (CLDN1)13,14. Although 
direct interaction between HCV particles and CLDN1 was not ini-
tially demonstrated, recent evidence supports such interactions15,16. 
Another tight junction protein, occludin (OCLN), is also critical 
for a late step of virus entry17,18, although its precise role during 
this process has not been clearly defined. CD81-CLDN1 clustering 
is thought to induce the internalization of viral particles through 
clathrin-dependent endocytosis19,20. The fusion of the viral particle 
and late endosome membranes, which is thought to be mediated by 
structural rearrangements of the E1E2 heterodimer complex, then 
results in the release of viral RNA into the cytosol.

Uncovering the spatio-temporal dynamics of hepatitis C virus entry. 
A considerable challenge in understanding HCV entry is accu-
rately capturing the spatio-temporal dynamics of this process, as 
it involves a considerable number of host factors and regulators, 
both extracellularly and intracellularly. The recent identification of 
additional factors important for virus entry has only complicated 
this problem. Among those additional factors are the Niemann-Pick 
C1-like 1 (NPC1L1) receptor21, the transferrin-1 receptor22, and 
even more recently, via a proteomic approach, the serum response 
factor-binding protein 1 (SRFBP1)23. Although these new factors are 
thought to be important for late steps of virus entry, for rearrange-
ment of lipoproteins within the viral particle, or for CD81-induced 
signaling pathways, their role in the spatio-temporal dynamics of 
virus entry still needs to be clearly defined.
The elusive hepatitis C virus fusion mechanism. In addition to viral 
entry dynamics, the HCV fusion process remains not fully under-
stood because of the absence of crystal structures of E1 and the E1E2 
protein complex. It was previously thought that E2 glycoproteins 
might harbor a class II fusion protein structure24, thus mediating the 
fusion between the viral and the endosomal membranes in a manner 
similar to flaviviruses. However, very recently, the structural resolu-
tion of the central core of the E2 protein25,26, E2core, revealed that 
E2 harbors a globular, non-extended structure that does not display 
any features of a class II fusion protein. In parallel, this finding has 
been strengthened by evidence that E1 might function as a fusion 
protein27–29, despite unusual N-terminal structural organization30. In 
the future, structural resolution of E1 and E1E2 complexes at pre- 
and post-fusion conformational states should unveil critical features 
of the fusion mechanism. Overall, this process would likely be 
unique in the Flaviviridae family and be mediated by a very origi-
nal, interdependent interplay between E1 and E2.

2. miR-122 and lipid metabolism: key regulators of viral 
replication and assembly
HCV RNA replication occurs in altered, endoplasmic reticulum 
(ER)-derived membrane structures known as the “membranous 
web” (MW). Such structures are known to be critical for RNA rep-
lication and have been observed both in vitro and ex vivo31–34.
The MW is a complex network of altered membrane structures, 
formed through the concerted action of several non-structural 
proteins34. Several lines of evidence suggest that double membrane 
vesicles (DMVs), which represent the major components of the 
MW, could represent the sites of viral RNA replication in infected 
cells. Indeed, the viral proteins NS3 and NS5A and the active viral 
replicase have been found in DMVs, along with vesicle-associated 
membrane protein-associated protein A and cholesterol, host fac-
tors critical for viral RNA replication34,35.
During replication, the RNA-dependent RNA polymerase NS5B 
ensures the production of newly synthetized positive-strand 
RNA31,36,37 following generation of negative-strand RNA. Recently, 
12 different structures of NS5B were crystallized during primed 
initiation or elongation of RNA synthesis, thus providing a unique 
look at the structural basis of HCV RNA replication and the inhibi-
tory mechanism of nucleot(s)ide-analog inhibitors38.
Regulation of hepatitis C virus replication by miR-122. One of 
the unique features of HCV replication is its requirement for the 
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liver-specific microRNA miR-122, which enhances translation and 
replication through binding to the 5′ non-coding region (NCR) of 
HCV RNA39,40. Beyond contributing to the restricted tissue tropism 
of HCV for the liver, miR-122, in concert with Ago2, stabilizes the 
viral RNA41 and prevents its decay by the exoribonuclease Xrn142. 
Recent research suggests a role for another exoribonuclease, Xrn2, 
in miR-122-mediated prevention of viral RNA decay for certain 
HCV genotypes43. However, Xrn2 restriction of HCV RNA replica-
tion is likely a marginal, indirect effect observed with only a few 
genotypes44.
Recently, several reports brought novel insights to the roles and 
impacts of miR-122 sequestration by HCV on viral replication 
and liver homeostasis. By reducing the amount of viral genomes 
engaged in translation, miR-122 was recently shown to increase 
the fraction of viral RNAs available for replication, thus enhancing 
RNA replication and protein synthesis45.
Another study recently reported that through the sequestration of 
miR-122, HCV RNA induces a global de-repression of miR-122 
targets over the human transcriptome46. The authors suggested 
that the miR-122 “sponge effect” by HCV RNA may contribute 
to unbalance liver homeostasis, hence favoring the development of 
liver cancers.
Lipid peroxidation as repressor of hepatitis C virus replication. 
Unlike other viruses, HCV is sensitive to oxidative membrane dam-
age, which usually occurs in stressed tissues. Lipid peroxidation 
affects the conformation of NS3-4A protease and NS5B, restricting 
HCV replication in cell culture and thus facilitating the long-term 
persistence of the virus within infected tissues47.
The inability of non-adapted HCV strains or patient isolates to rep-
licate in cell culture has strongly impacted HCV research over the 
last decades, thus limiting cell culture assays and interpretation to 
a single, non-adapted molecular clone, JFH-1. More importantly, 
the molecular mechanisms restricting replication of non-adapted 
strains in cell culture were unknown. Recently, a genome-wide 
gain-of-function screen found that the cytosolic lipid-binding protein 
SEC14L2 is an HCV host factor that allows detectable replication 
of diverse, non-cell culture-adapted HCV replicons and molecular 
clones in hepatoma cell lines which do not endogenously express 
SEC14L248. Interestingly, the effect of SEC14L2 on viral replica-
tion was indirect, caused by an enhancement of vitamin E-mediated 
inhibition of lipid peroxidation. The discovery of SEC14L2 opens 
new avenues for the generation of non-adapted HCV cell culture 
systems, which could shed light on previously unknown aspects of 
HCV biology and genetic diversity.
Novel insights into hepatitis C virus assembly. HCV particle 
assembly is a complex molecular process involving the recruitment 
of structural proteins and viral RNA at the assembly site, forma-
tion of the nucleocapsid, and the envelopment and maturation of 
the viral particle49. As this process involves a considerable number 
of viral factors, host proteins, and lipid components, the molecular 
mechanisms and factors regulating this process are still not fully 
characterized, limiting the design of DAAs targeting the late steps 
of the HCV life cycle.
p7 is a small, hydrophobic viral protein that associates as multimeric 
complexes to form ion channels essential for viral assembly and 
release50. Nevertheless, the precise molecular mechanism by which 
p7 regulates assembly still needs to be characterized. The recent 
structural resolution of the p7 ion channel has brought new insights 

into the potential mechanism of the action of p751. p7 displays an 
unusual funnel-like architecture as well as a mechanism of cation 
selection mediated by two pairs of amino acids. Overall, this struc-
ture provides a clearer basis for p7-mediated cation conductance 
and insights on developing channel activity inhibition strategies.
Recently, another interesting report demonstrated that HCV’s 
hijacking of host innate immune signaling pathways enhances viral 
assembly. Indeed, indirect activation of the IκB kinase-α (IKK-α), 
a component of the NF-κB signaling cascade, by the 3′ NCR of 
HCV can activate a transcriptional program, leading to the induc-
tion of lipogenic genes and increased formation of core-associated 
lipid droplets52. This provides a strong link between HCV-induced 
innate immune responses, lipid metabolism, and disturbance of 
liver lipid metabolism.

B. Hepatitis C virus humanized mice models: moving 
forward
Owing to the narrow host tropism of HCV, restricted to humans and 
chimpanzees, HCV-host interactions in vivo, HCV-induced patho-
genesis, and the development of anti-viral strategies have all been 
hindered by the lack of a tractable, cost-effective animal model for 
HCV infection53. As murine hepatocytes do not support HCV entry 
and replication, human liver chimeric mice have been a prominent 
model to study HCV infection in vivo over the past few decades54. 
However, this model is limited by donor-to-donor variability, high 
costs, and the immunodeficient background of the recipient mice. It 
was previously reported that CD81 and OCLN represent the mini-
mal set of human factors required for HCV uptake into mouse cells  
in vitro17. Recently, two successive studies reported the first geneti-
cally humanized mouse model through transient expression of human 
CD81 and OCLN or through stable expression of the four canonical 
HCV entry factors (i.e. CD81, SCARB1, CLDN1, and OCLN)55,56. 
Blunting of anti-viral signaling allowed low-level viral replication, 
de novo particle production, and completion of the viral life cycle 
in vivo55. In the future, such a model, as well as its future refinements, 
will be of considerable use to further dissect HCV infection in vivo 
and evaluate vaccine strategies.
Furthermore, an immunodeficient mouse co-engrafted with human 
hepatocytes and human hematopoietic stem cells was found to sup-
port HCV infection and develop T-cell-specific responses57. How-
ever, no viremia or B-cell responses could be observed, highlighting 
the improvements needed in this system. In the future, co-engrafted 
humanized mice able to mount improved immune responses will 
represent a unique platform for characterizing HCV infection  
in vivo, understanding critical immunological events regulating out-
come of infection, and evaluating vaccine candidates.

C. Immunity and pathogenesis
1. Recent insights into the front lines of defense against 
hepatitis C virus
Acute HCV infection is spontaneously cured in 20% to 30% of 
patients, whereas the great majority of them are unable to clear the 
virus and will develop a chronic infection in the face of an ongoing 
innate and adaptive immune response. However, the early immuno-
logical events regulating the outcome of infection are still poorly 
described.
Innate immune responses to hepatitis C virus and viral counter-
measures. The innate immune system represents the first line of 
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defense of host cells against viral infections58. The innate immune 
system detects viral infection largely through germline-encoded 
pattern recognition receptors (PRRs) such as Toll-like receptors 
(TLRs), the retinoic acid-inducible gene I-like receptors (RLRs), 
the nucleotide oligomerization domain-like receptors (NLRs), and 
cytosolic DNA sensors. Activation of these PRRs leads to the secre-
tion of interferons (IFNs), key cytokines responsible for the estab-
lishment of an anti-viral state in cells59.
During HCV infection, TLR3 recognizes HCV double-stranded 
RNA intermediates, thus inducing the production of inflammatory 
cytokines60. In parallel, RIG-I recognizes the poly-U/UC tract of the 
HCV 3′ untranslated region (UTR), hence inducing the production of 
IFNs61. However, recent evidence increasingly suggests that MDA-5 
is also an important inducer of IFN production in HCV-infected 
cells62–64. Single-nucleotide polymorphisms of MDA-5 have been 
found to strongly correlate with the resolution of HCV infection, 
arguing a role for MDA-5 in the natural course of HCV infection65.
It was conventionally thought that the plasmacytoid dendritic cells 
(pDCs), the main IFN producers of the immune system, were able 
to produce IFNs by recognizing infectious particles66. However, a 
recent report showed that viral RNA-containing exosomes secreted 
by HCV-infected cells are the major immuno-stimulatory inducer 
of IFN secretion by pDCs via a TLR7-dependent mechanism67. 
Exosomes also now appear to be an HCV propagation carrier, as 
it has been shown that exosome-associated viral RNA can induce 
a productive infectious cycle in non-infected hepatocytes68,69. How-
ever, in contrast to infection with viral particles, exosome-mediated 
infection is presumably less effective and thus raises the question of 
its biological significance in vivo70.
To overcome the host innate immune system, the HCV NS3-4A 
protease can cleave the host adaptor proteins mitochondrial 
anti-viral-signaling protein (MAVS) and TIR-domain-containing 
adapter-inducing IFN-β (TRIF), thus inhibiting the RIG-I like 
receptors and TLRs-mediated type I and type III IFN signaling 
pathways within infected cells71–73. Recently, HCV NS4B was 
reported to block IFN production by disrupting STING interaction 
with MAVS and TBK174,75. These findings shed new light on the 
molecular mechanisms underlying the persistence of HCV infection.
The control of hepatitis C virus infection by interferon λ .  In HCV-
infected patients, genetic variations in the IFNλ locus are associated 
with spontaneous viral clearance and type I IFN-based treatment 
success76–79. However, the molecular mechanisms underlying the 
close association between IFNλ polymorphisms and the clinical 
outcome of HCV infection remain poorly characterized.
A study recently highlighted an unsuspected molecular mecha-
nism associating IFNλ3 polymorphism with HCV repression 
of the innate anti-viral response. An IFNλ3 mRNA carrying an 
unfavorable polymorphism was highly susceptible to AU-rich 
element-mediated decay and to binding of HCV-induced micro-
RNAs, hence favoring repression of this IFNλ3 polymorphism80. 
Overall, this study provides a potential explanation of why particu-
lar IFNλ3 alleles are better regulators of HCV infection.
In another study, laser capture microdissection was used to isolate 
HCV-infected primary human hepatocytes displaying different 
IFNλ genotypes. Interestingly, hepatocytes from donors with clini-
cally less favorable IFNλ genotypes were more permissive to HCV 
infection and exhibited reduced anti-viral responses compared with 

cells from donors with favorable alleles81. Hence, this represents 
additional, strong evidence that IFNλ alleles can predict the HCV 
permissiveness and innate immune responses of a particular host 
genetic background.
Overall, all these findings highlight the importance of host genetic 
factors and of inducers of the innate immune response in determin-
ing the early events of infection. In the future, the combination of 
high-throughput transcriptomic and single-cell technologies with 
relevant in vivo experimental models could help to better character-
ize the molecular and immunological factors regulating the early 
events of infection and, ultimately, outcome of HCV infection.

2. Adaptive immunity: impact of T-cell dysfunctions in 
chronic hepatitis C virus infection
Failure of the innate immune system to control early events of 
infection induces the development of an adaptive immune response 
against HCV, highlighted by the generation of an HCV-specific T-cell 
response and the production of HCV neutralizing antibodies82. 
However, the immune mechanisms underlying the failure of the 
cytotoxic and humoral responses in resorbing viral infection and 
leading to a state of chronic infection are not well understood.
Recently, several reports shed light on the impacts of T-cell 
dysfunction during HCV infection as well as on the molecular 
mechanisms contributing to such dysfunctions, which can favor 
the inhibition of long-term adaptive immune responses and thus 
the maintenance of chronic infection.
During chronic infection, continuous antigenic stimulation can 
enhance the expression of inhibitory receptors on cytotoxic T-cells 
(CTLs), leading to impaired CTL functions. A recent report sup-
ported this argument in identifying a novel inhibitory receptor, pros-
taglandin E2, overexpressed on the CTL surface during lymphocytic 
choriomeningitis virus infection83. Blocking of prostaglandin E2 
and programmed cell death 1 signaling improved CTL responses 
and favored better immune control of chronic viral infection. This 
evidence strongly suggests that similar mechanisms are at play dur-
ing HCV infection and likely contribute to sustain chronic infection. 
Another study also recently highlighted how T-cell function may 
be impaired during HCV infection. HCV E2 protein and a short 
E2-coding RNA fragment were found to inhibit distal and proxi-
mal T-cell receptor-mediated signaling, respectively84. By affecting 
T-cell activation, HCV E2 protein and RNA may contribute to a 
global state of T-cell dysfunction and impaired adaptive immune 
responses favoring chronic infection. Consistently, CD8+ T-cell 
responses have been shown to be restored in patients following DAA-
based, IFN-free therapy. The suppression of viral replication could 
disrupt the global state of T-cell dysfunction and reinstate T-cell 
function, which might be critical for the success of the therapy85.
Interesting findings have also been reported regarding the impact 
of maternal immune tolerance during pregnancy on HCV-specific 
T-cell functions. Impaired T-cell responses induced by pregnancy 
have been shown to limit T-cell-mediated selective pressure on 
HLA-I epitope, hence stimulating the loss of escape mutations and 
the emergence of fitter virus86. Indeed, T-cell selective pressure was 
shown to be restored after childbirth along with the predominance 
of escape mutations. This suggests that maternal immune tolerance 
allows viruses with enhanced fitness to be vertically transmitted 
into a new host.
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T-cell function can also be seriously impaired by extensive regula-
tory T (Treg) cell expansion during HCV infection. Indeed, a recent 
report analyzed the HCV-specific T-cell response following HCV 
challenge of non-human primates previously infected with a subin-
fectious dose of HCV. Although subinfection induced the develop-
ment of an HCV-specific T-cell response, subsequent challenge led 
to expansion of Treg cells that suppressed an effective T-cell and 
recall response87. Hence, individuals who were repeatedly exposed 
to HCV may be more prone to develop chronicity through exposure- 
induced immune suppression and strong Treg cell expansion.

D. Curing and preventing hepatitis C: where are we 
going?
1. Direct-acting anti-viral agents: promises and challenges
Over the last 3 years, a combination of DAAs involving NS3-4A 
inhibitors, NS5A inhibitors, and NS5B nucleos(t)ide or non-
nucleos(t)ide inhibitors has demonstrated their strong potency 
to induce a sustainable virologic response close to 90% to 100% 
against the most prevalent HCV genotypes2,88, thus allowing HCV 
patients to be cured. However, several challenges will likely appear 
in the future, as most of these drugs have a low barrier to resist-
ance, with the exception of NS5B nucleos(t)ide inhibitors. Indeed, 
resistance-associated mutations to several DAAs have already been 
characterized in NS3-4A, NS5A, and NS5B as well as natural 
polymorphisms observed in certain genotypes and subtypes3.
However, strategies are currently being developed to increase the 
resistance barrier of DAAs. Daclatasvir (DCV) interferes with 
NS5A functions and is a very potent HCV inhibitor, but mutations 
within NS5A can arise fairly easily, rendering HCV resistant to 
DCV’s anti-viral activity89. However, recent findings demonstrated 
that this resistance is overcome when DCV is used in combina-
tion with an NS5A inhibitor analogue, commonly inactive against 
both wild-type and resistance NS5A variants. This synergistic 
effect underscores the importance of inter-protein communication 
between NS5A molecules in the mechanisms of action of DCV. 
Moreover, this finding emphasizes that progress in understanding 
viral protein functions is critical to enhance resistance barriers of 
DAAs and to develop rational DAA combination therapy for effec-
tive clinical treatment90.
Moreover, another critical challenge lies in the fact that curing HCV 
patients does not mean they are cured of liver disease or protected 
against the development of potential HCC. However, our under-
standing of the HCV-induced mechanisms leading to liver disease 
and cancer remains somewhat limited. Hence, a strong emphasis on 
these mechanisms will be required in the upcoming years to develop 
original therapies preventing the development of such diseases and 
face the need of protecting HCV-cured patients against them.
The appearance of HCC in chronically infected patients is likely 
to be stimulated by the immune tolerance induced by continuous 
antigen stimulation and T-cell dysfunction. Hence, the preven-
tion of HCV-induced HCC requires an improved understanding of 
the immunological events favoring both the maintenance of HCV 
chronic infection and the appearance of HCV-induced liver cancers. 
A better profiling of the dysfunctions of the adaptive immune 
responses during HCV infection could provide innovative immu-
notherapy strategies that could reduce the risk of HCC in chroni-
cally infected patients or HCV-cured patients. Moreover, the recent 
success of immunotherapies against lung and melanoma cancers91 

also highlights the need for improved knowledge about liver cancer 
immune evasion mechanisms, which could open avenues for treat-
ing HCV-free patients who develop HCV-induced HCC.

2. The quest for an effective hepatitis C virus vaccine
Despite the clinical efficacy of the DAAs, the great majority of 
HCV-infected patients worldwide do not have access to these treat-
ments because of their high cost. One solution lies in the develop-
ment and production of novel, cost-effective DAAs or antibodies 
that could cure HCV patients. This possibility is supported by data 
from recent studies that demonstrated that passively administered 
anti-HCV envelope92 and anti-CLDN1 antibodies can cure human 
liver chimeric mice of chronic HCV infection93.
In parallel, a cost-effective, prophylactic, and therapeutic HCV vac-
cine is still urgently needed to significantly impact the number of 
HCV cases worldwide. However, such research has been extremely 
challenging over the past two decades. The incomplete knowledge 
of the adaptive immune response to HCV and exposure-induced 
immune suppression limits the design of T-cell-based vaccines. 
Additionally, the high E1E2 genetic variability has hampered the 
generation of broadly potent immunogens. Several past and recent 
reports have found that the generation and use of broadly neutral-
izing antibodies (bNAbs) targeting E1E2 can lead to efficient, pan-
genotypic neutralization of HCV in vitro94,95 and even HCV clearance 
in vivo92. However, such bNAbs are usually poorly induced in 
chronically infected patients. Hence, the generation of immunogens 
able to trigger an effective bNAb response in patients has emerged 
as a considerable barrier to the generation of a potent HCV vaccine. 
An important obstacle in the development of such immunogens 
likely lies in our poor understanding of the structural and functional 
basis of HCV neutralization, E1E2 conformational plasticity, and 
epitope accessibility. The recent structural resolution of an E2core 
structure25,26 represents a considerable advancement for elucidating 
the mechanisms of HCV neutralization. However, on the surface 
of viral particles, it is likely that E2 takes on other conformational 
states, as E2core is only a partial structure and E2 conformation is 
dependent on its association with E1. In the future, novel insights 
into E1E2 structures and conformational changes will provide 
important avenues for the generation of an effective vaccine.

Competing interests
The authors declare that they have no competing interests.

Grant information
Work in the laboratory is supported in part by grants from the 
National Institutes of Health (1R21AI117213, 2R01 AI079031, 
1 R01 AI107301, 1 R56 AI106005) and a Research Scholar Award 
(to AP) from the American Cancer Society (RSG-15-048-01-MPC). 
QD is a recipient of a postdoctoral fellowship from the New Jersey 
Commission for Cancer Research (DHFS16PPC007). We apolo-
gize to all colleagues whose work could not be cited because of 
space constraints.

Acknowledgements
We would like to thank Jenna Gaska for her helpful discussion and 
comments on drafts of this article.

Page 6 of 10

F1000Research 2016, 5(F1000 Faculty Rev):131 Last updated: 17 JUL 2019



References

1. Choo QL, Kuo G, Weiner AJ, et al.: Isolation of a cDNA clone derived from a 
blood-borne non-A, non-B viral hepatitis genome. Science. 1989; 244(4902): 
359–62. 
PubMed Abstract | Publisher Full Text 

2. Gutierrez JA, Lawitz EJ, Poordad F: Interferon-free, direct-acting antiviral 
therapy for chronic hepatitis C. J Viral Hepat. 2015; 22(11): 861–70. 
PubMed Abstract | Publisher Full Text 

3. Poveda E, Wyles DL, Mena A, et al.: Update on hepatitis C virus resistance to 
direct-acting antiviral agents. Antiviral Res. 2014; 108: 181–91. 
PubMed Abstract | Publisher Full Text 

4. Hilgenfeldt EG, Schlachterman A, Firpi RJ: Hepatitis C: Treatment of difficult to 
treat patients. World J Hepatol. 2015; 7(15): 1953–63. 
PubMed Abstract | Publisher Full Text | Free Full Text 

5. Petta S, Craxì A: Current and future HCV therapy: do we still need other anti-
HCV drugs? Liver Int. 2015; 35(Suppl 1): 4–10. 
PubMed Abstract | Publisher Full Text 

6. Horner SM, Naggie S: Successes and Challenges on the Road to Cure 
Hepatitis C. PLoS Pathog. 2015; 11(6): e1004854. 
PubMed Abstract | Publisher Full Text | Free Full Text 

7. Douam F, Lavillette D, Cosset FL: The mechanism of HCV entry into host cells. 
Prog Mol Biol Transl Sci. 2015; 129: 63–107. 
PubMed Abstract | Publisher Full Text 

8. Popescu C, Riva L, Vlaicu O, et al.: Hepatitis C virus life cycle and lipid 
metabolism. Biology (Basel). 2014; 3(4): 892–921. 
PubMed Abstract | Publisher Full Text | Free Full Text 

9. Pileri P, Uematsu Y, Campagnoli S, et al.: Binding of hepatitis C virus to CD81. 
Science. 1998; 282(5390): 938–41. 
PubMed Abstract | Publisher Full Text 

10. Lupberger J, Zeisel MB, Xiao F, et al.: EGFR and EphA2 are host factors for 
hepatitis C virus entry and possible targets for antiviral therapy. Nat Med. 
2011; 17(5): 589–95. 
PubMed Abstract | Publisher Full Text | Free Full Text 

11. Diao J, Pantua H, Ngu H, et al.: Hepatitis C virus induces epidermal growth 
factor receptor activation via CD81 binding for viral internalization and entry. 
J Virol. 2012; 86(20): 10935–49. 
PubMed Abstract | Publisher Full Text | Free Full Text 

12. Zona L, Lupberger J, Sidahmed-Adrar N, et al.: HRas signal transduction 
promotes hepatitis C virus cell entry by triggering assembly of the host 
tetraspanin receptor complex. Cell Host Microbe. 2013; 13(3): 302–13. 
PubMed Abstract | Publisher Full Text 

13. Evans MJ, von Hahn T, Tscherne DM, et al.: Claudin-1 is a hepatitis C virus 
co-receptor required for a late step in entry. Nature. 2007; 446(7137): 801–5. 
PubMed Abstract | Publisher Full Text 

14. Harris HJ, Davis C, Mullins JG, et al.: Claudin association with CD81 defines 
hepatitis C virus entry. J Biol Chem. 2010; 285(27): 21092–102. 
PubMed Abstract | Publisher Full Text | Free Full Text 

15. Douam F, Dao Thi VL, Maurin G, et al.: Critical interaction between E1 and E2 
glycoproteins determines binding and fusion properties of hepatitis C virus 
during cell entry. Hepatology. 2014; 59(3): 776–88. 
PubMed Abstract | Publisher Full Text 

16. Hopcraft SE, Evans MJ: Selection of a hepatitis C virus with altered entry factor 
requirements reveals a genetic interaction between the E1 glycoprotein and 
claudins. Hepatology. 2015; 62(4): 1059–69. 
PubMed Abstract | Publisher Full Text | Free Full Text 

17. Ploss A, Evans MJ, Gaysinskaya VA, et al.: Human occludin is a hepatitis C virus 
entry factor required for infection of mouse cells. Nature. 2009; 457(7231): 882–6. 
PubMed Abstract | Publisher Full Text | Free Full Text 

18. Benedicto I, Molina-Jiménez F, Bartosch B, et al.: The tight junction-associated 
protein occludin is required for a postbinding step in hepatitis C virus entry 
and infection. J Virol. 2009; 83(16): 8012–20. 
PubMed Abstract | Publisher Full Text | Free Full Text 

19. Farquhar MJ, Hu K, Harris HJ, et al.: Hepatitis C virus induces CD81 and 
claudin-1 endocytosis. J Virol. 2012; 86(8): 4305–16. 
PubMed Abstract | Publisher Full Text | Free Full Text 

20. Blanchard E, Belouzard S, Goueslain L, et al.: Hepatitis C virus entry depends on 
clathrin-mediated endocytosis. J Virol. 2006; 80(14): 6964–72. 
PubMed Abstract | Publisher Full Text | Free Full Text 

21. Sainz B Jr, Barretto N, Martin DN, et al.: Identification of the Niemann-Pick 
C1-like 1 cholesterol absorption receptor as a new hepatitis C virus entry 
factor. Nat Med. 2012; 18(2): 281–5. 
PubMed Abstract | Publisher Full Text | Free Full Text 

22. Martin DN, Uprichard SL: Identification of transferrin receptor 1 as a hepatitis C 
virus entry factor. Proc Natl Acad Sci U S A. 2013; 110(26): 10777–82. 
PubMed Abstract | Publisher Full Text | Free Full Text 

23. Gerold G, Meissner F, Bruening J, et al.: Quantitative Proteomics Identifies 
Serum Response Factor Binding Protein 1 as a Host Factor for Hepatitis C 
Virus Entry. Cell Rep. 2015; 12(5): 864–78. 
PubMed Abstract | Publisher Full Text 

24. Krey T, d'Alayer J, Kikuti CM, et al.: The disulfide bonds in glycoprotein E2 of 
hepatitis C virus reveal the tertiary organization of the molecule. PLoS Pathog. 
2010; 6(2): e1000762. 
PubMed Abstract | Publisher Full Text | Free Full Text 

25. Kong L, Giang E, Nieusma T, et al.: Hepatitis C virus E2 envelope glycoprotein 
core structure. Science. 2013; 342(6162): 1090–4. 
PubMed Abstract | Publisher Full Text | Free Full Text 

26. Khan AG, Whidby J, Miller MT, et al.: Structure of the core ectodomain of the 
hepatitis C virus envelope glycoprotein 2. Nature. 2014; 509(7500): 381–4. 
PubMed Abstract | Publisher Full Text | Free Full Text 

27. Lavillette D, Pécheur E, Donot P, et al.: Characterization of fusion determinants 
points to the involvement of three discrete regions of both E1 and E2 
glycoproteins in the membrane fusion process of hepatitis C virus. J Virol. 
2007; 81(16): 8752–65. 
PubMed Abstract | Publisher Full Text | Free Full Text 

28. Falson P, Bartosch B, Alsaleh K, et al.: Hepatitis C Virus Envelope Glycoprotein 
E1 Forms Trimers at the Surface of the Virion. J Virol. 2015; 89(20): 10333–46. 
PubMed Abstract | Publisher Full Text | Free Full Text 

29. Perin PM, Haid S, Brown RJ, et al.: Flunarizine prevents hepatitis C virus 
membrane fusion in a genotype-dependent manner by targeting the potential 
fusion peptide within E1. Hepatology. 2016; 63(1): 49–62. 
PubMed Abstract | Publisher Full Text | Free Full Text 

30. El Omari K, Iourin O, Kadlec J, et al.: Unexpected structure for the 
N-terminal domain of hepatitis C virus envelope glycoprotein E1. 
Nat Commun. 2014; 5: 4874. 
PubMed Abstract | Publisher Full Text | Free Full Text 

31. Lohmann V: Hepatitis C virus RNA replication. Curr Top Microbiol Immunol. 2013; 
369: 167–98. 
PubMed Abstract | Publisher Full Text 

32. Egger D, Wölk B, Gosert R, et al.: Expression of hepatitis C virus proteins 
induces distinct membrane alterations including a candidate viral replication 
complex. J Virol. 2002; 76(12): 5974–84. 
PubMed Abstract | Publisher Full Text | Free Full Text 

33. Rouillé Y, Helle F, Delgrange D, et al.: Subcellular localization of hepatitis C 
virus structural proteins in a cell culture system that efficiently replicates the 
virus. J Virol. 2006; 80(6): 2832–41. 
PubMed Abstract | Publisher Full Text | Free Full Text 

34. Romero-Brey I, Merz A, Chiramel A, et al.: Three-dimensional architecture 
and biogenesis of membrane structures associated with hepatitis C virus 
replication. PLoS Pathog. 2012; 8(12): e1003056. 
PubMed Abstract | Publisher Full Text | Free Full Text 

35. Paul D, Hoppe S, Saher G, et al.: Morphological and biochemical characterization 
of the membranous hepatitis C virus replication compartment. J Virol. 2013; 
87(19): 10612–27. 
PubMed Abstract | Publisher Full Text | Free Full Text 

36. Ishido S, Fujita T, Hotta H: Complex formation of NS5B with NS3 and NS4A 
proteins of hepatitis C virus. Biochem Biophys Res Commun. 1998; 244(1): 
35–40. 
PubMed Abstract | Publisher Full Text 

37. Lohmann V, Körner F, Koch J, et al.: Replication of subgenomic hepatitis C virus 
RNAs in a hepatoma cell line. Science. 1999; 285(5424): 110–3. 
PubMed Abstract | Publisher Full Text 

38. Appleby TC, Perry JK, Murakami E, et al.: Viral replication. Structural basis for 
RNA replication by the hepatitis C virus polymerase. Science. 2015; 347(6223): 
771–5. 
PubMed Abstract | Publisher Full Text 

39. Jopling CL, Yi M, Lancaster AM, et al.: Modulation of hepatitis C virus RNA 
abundance by a liver-specific MicroRNA. Science. 2005; 309(5740): 1577–81. 
PubMed Abstract | Publisher Full Text 

40. Conrad KD, Niepmann M: The role of microRNAs in hepatitis C virus RNA 
replication. Arch Virol. 2014; 159(5): 849–62. 
PubMed Abstract | Publisher Full Text 

41. Shimakami T, Yamane D, Jangra RK, et al.: Stabilization of hepatitis C virus RNA 
by an Ago2-miR-122 complex. Proc Natl Acad Sci U S A. 2012; 109(3): 941–6. 
PubMed Abstract | Publisher Full Text | Free Full Text 

42. Li Y, Masaki T, Yamane D, et al.: Competing and noncompeting activities 
of miR-122 and the 5’ exonuclease Xrn1 in regulation of hepatitis C virus 
replication. Proc Natl Acad Sci U S A. 2013; 110(5): 1881–6. 
PubMed Abstract | Publisher Full Text | Free Full Text 

43. Sedano CD, Sarnow P: Hepatitis C virus subverts liver-specific miR-122 to 
protect the viral genome from exoribonuclease Xrn2. Cell Host Microbe. 2014; 
16(2): 257–64. 
PubMed Abstract | Publisher Full Text | Free Full Text 

44. Li Y, Yamane D, Lemon SM: Dissecting the roles of the 5’ exoribonucleases 
Xrn1 and Xrn2 in restricting hepatitis C virus replication. J Virol. 2015; 89(9): 
4857–65. 
PubMed Abstract | Publisher Full Text | Free Full Text 

45. Masaki T, Arend KC, Li Y, et al.: miR-122 stimulates hepatitis C virus RNA 
synthesis by altering the balance of viral RNAs engaged in replication versus 

Page 7 of 10

F1000Research 2016, 5(F1000 Faculty Rev):131 Last updated: 17 JUL 2019

http://www.ncbi.nlm.nih.gov/pubmed/2523562
http://dx.doi.org/10.1126/science.2523562
http://www.ncbi.nlm.nih.gov/pubmed/26083155
http://dx.doi.org/10.1111/jvh.12422
http://www.ncbi.nlm.nih.gov/pubmed/24911972
http://dx.doi.org/10.1016/j.antiviral.2014.05.015
http://www.ncbi.nlm.nih.gov/pubmed/26244069
http://dx.doi.org/10.4254/wjh.v7.i15.1953
http://www.ncbi.nlm.nih.gov/pmc/articles/4517154
http://www.ncbi.nlm.nih.gov/pubmed/25529081
http://dx.doi.org/10.1111/liv.12714
http://www.ncbi.nlm.nih.gov/pubmed/26087286
http://dx.doi.org/10.1371/journal.ppat.1004854
http://www.ncbi.nlm.nih.gov/pmc/articles/4472668
http://www.ncbi.nlm.nih.gov/pubmed/25595801
http://dx.doi.org/10.1016/bs.pmbts.2014.10.003
http://www.ncbi.nlm.nih.gov/pubmed/25517881
http://dx.doi.org/10.3390/biology3040892
http://www.ncbi.nlm.nih.gov/pmc/articles/4280516
http://www.ncbi.nlm.nih.gov/pubmed/9794763
http://dx.doi.org/10.1126/science.282.5390.938
http://www.ncbi.nlm.nih.gov/pubmed/21516087
http://dx.doi.org/10.1038/nm.2341
http://www.ncbi.nlm.nih.gov/pmc/articles/3938446
http://www.ncbi.nlm.nih.gov/pubmed/22855500
http://dx.doi.org/10.1128/JVI.00750-12
http://www.ncbi.nlm.nih.gov/pmc/articles/3457153
http://www.ncbi.nlm.nih.gov/pubmed/23498955
http://dx.doi.org/10.1016/j.chom.2013.02.006
http://www.ncbi.nlm.nih.gov/pubmed/17325668
http://dx.doi.org/10.1038/nature05654
http://www.ncbi.nlm.nih.gov/pubmed/20375010
http://dx.doi.org/10.1074/jbc.M110.104836
http://www.ncbi.nlm.nih.gov/pmc/articles/2898367
http://www.ncbi.nlm.nih.gov/pubmed/24038151
http://dx.doi.org/10.1002/hep.26733
http://www.ncbi.nlm.nih.gov/pubmed/25820616
http://dx.doi.org/10.1002/hep.27815
http://www.ncbi.nlm.nih.gov/pmc/articles/4587996
http://www.ncbi.nlm.nih.gov/pubmed/19182773
http://dx.doi.org/10.1038/nature07684
http://www.ncbi.nlm.nih.gov/pmc/articles/2762424
http://www.ncbi.nlm.nih.gov/pubmed/19515778
http://dx.doi.org/10.1128/JVI.00038-09
http://www.ncbi.nlm.nih.gov/pmc/articles/2715771
http://www.ncbi.nlm.nih.gov/pubmed/22318146
http://dx.doi.org/10.1128/JVI.06996-11
http://www.ncbi.nlm.nih.gov/pmc/articles/3318669
http://www.ncbi.nlm.nih.gov/pubmed/16809302
http://dx.doi.org/10.1128/JVI.00024-06
http://www.ncbi.nlm.nih.gov/pmc/articles/1489042
http://www.ncbi.nlm.nih.gov/pubmed/22231557
http://dx.doi.org/10.1038/nm.2581
http://www.ncbi.nlm.nih.gov/pmc/articles/3530957
http://www.ncbi.nlm.nih.gov/pubmed/23754414
http://dx.doi.org/10.1073/pnas.1301764110
http://www.ncbi.nlm.nih.gov/pmc/articles/3696786
http://www.ncbi.nlm.nih.gov/pubmed/26212323
http://dx.doi.org/10.1016/j.celrep.2015.06.063
http://www.ncbi.nlm.nih.gov/pubmed/20174556
http://dx.doi.org/10.1371/journal.ppat.1000762
http://www.ncbi.nlm.nih.gov/pmc/articles/2824758
http://www.ncbi.nlm.nih.gov/pubmed/24288331
http://dx.doi.org/10.1126/science.1243876
http://www.ncbi.nlm.nih.gov/pmc/articles/3954638
http://www.ncbi.nlm.nih.gov/pubmed/24553139
http://dx.doi.org/10.1038/nature13117
http://www.ncbi.nlm.nih.gov/pmc/articles/4126800
http://www.ncbi.nlm.nih.gov/pubmed/17537855
http://dx.doi.org/10.1128/JVI.02642-06
http://www.ncbi.nlm.nih.gov/pmc/articles/1951381
http://www.ncbi.nlm.nih.gov/pubmed/26246575
http://dx.doi.org/10.1128/JVI.00991-15
http://www.ncbi.nlm.nih.gov/pmc/articles/4580159
http://www.ncbi.nlm.nih.gov/pubmed/26248546
http://dx.doi.org/10.1002/hep.28111
http://www.ncbi.nlm.nih.gov/pmc/articles/4688136
http://www.ncbi.nlm.nih.gov/pubmed/25224686
http://dx.doi.org/10.1038/ncomms5874
http://www.ncbi.nlm.nih.gov/pmc/articles/4175578
http://www.ncbi.nlm.nih.gov/pubmed/23463201
http://dx.doi.org/10.1007/978-3-642-27340-7_7
http://www.ncbi.nlm.nih.gov/pubmed/12021330
http://dx.doi.org/10.1128/JVI.76.12.5974-5984.2002
http://www.ncbi.nlm.nih.gov/pmc/articles/136238
http://www.ncbi.nlm.nih.gov/pubmed/16501092
http://dx.doi.org/10.1128/JVI.80.6.2832-2841.2006
http://www.ncbi.nlm.nih.gov/pmc/articles/1395453
http://www.ncbi.nlm.nih.gov/pubmed/23236278
http://dx.doi.org/10.1371/journal.ppat.1003056
http://www.ncbi.nlm.nih.gov/pmc/articles/3516559
http://www.ncbi.nlm.nih.gov/pubmed/23885072
http://dx.doi.org/10.1128/JVI.01370-13
http://www.ncbi.nlm.nih.gov/pmc/articles/3807400
http://www.ncbi.nlm.nih.gov/pubmed/9514871
http://dx.doi.org/10.1006/bbrc.1998.8202
http://www.ncbi.nlm.nih.gov/pubmed/10390360
http://dx.doi.org/10.1126/science.285.5424.110
http://www.ncbi.nlm.nih.gov/pubmed/25678663
http://dx.doi.org/10.1126/science.1259210
http://www.ncbi.nlm.nih.gov/pubmed/16141076
http://dx.doi.org/10.1126/science.1113329
http://www.ncbi.nlm.nih.gov/pubmed/24158346
http://dx.doi.org/10.1007/s00705-013-1883-4
http://www.ncbi.nlm.nih.gov/pubmed/22215596
http://dx.doi.org/10.1073/pnas.1112263109
http://www.ncbi.nlm.nih.gov/pmc/articles/3271899
http://www.ncbi.nlm.nih.gov/pubmed/23248316
http://dx.doi.org/10.1073/pnas.1213515110
http://www.ncbi.nlm.nih.gov/pmc/articles/3562843
http://www.ncbi.nlm.nih.gov/pubmed/25121753
http://dx.doi.org/10.1016/j.chom.2014.07.006
http://www.ncbi.nlm.nih.gov/pmc/articles/4227615
http://www.ncbi.nlm.nih.gov/pubmed/25673723
http://dx.doi.org/10.1128/JVI.03692-14
http://www.ncbi.nlm.nih.gov/pmc/articles/4403451


translation. Cell Host Microbe. 2015; 17(2): 217–28. 
PubMed Abstract | Publisher Full Text | Free Full Text 

46. Luna JM, Scheel TK, Danino T, et al.: Hepatitis C virus RNA functionally 
sequesters miR-122. Cell. 2015; 160(6): 1099–110. 
PubMed Abstract | Publisher Full Text | Free Full Text 

47. Yamane D, McGivern DR, Wauthier E, et al.: Regulation of the hepatitis C virus 
RNA replicase by endogenous lipid peroxidation. Nat Med. 2014; 20(8): 927–35. 
PubMed Abstract | Publisher Full Text | Free Full Text 

48. Saeed M, Andreo U, Chung HY, et al.: SEC14L2 enables pan-genotype HCV 
replication in cell culture. Nature. 2015; 524(7566): 471–5. 
PubMed Abstract | Publisher Full Text | Free Full Text 

49. Lindenbach BD: Virion assembly and release. Curr Top Microbiol Immunol. 2013; 
369: 199–218. 
PubMed Abstract | Publisher Full Text | Free Full Text 

50. Steinmann E, Penin F, Kallis S, et al.: Hepatitis C virus p7 protein is crucial for 
assembly and release of infectious virions. PLoS Pathog. 2007; 3(7): e103. 
PubMed Abstract | Publisher Full Text | Free Full Text 

51. OuYang B, Xie S, Berardi MJ, et al.: Unusual architecture of the p7 channel from 
hepatitis C virus. Nature. 2013; 498(7455): 521–5. 
PubMed Abstract | Publisher Full Text | Free Full Text 

52. Li Q, Pène V, Krishnamurthy S, et al.: Hepatitis C virus infection activates an 
innate pathway involving IKK-α in lipogenesis and viral assembly. Nat Med. 
2013; 19(6): 722–9. 
PubMed Abstract | Publisher Full Text | Free Full Text 

53. Billerbeck E, de Jong Y, Dorner M, et al.: Animal models for hepatitis C. Curr Top 
Microbiol Immunol. 2013; 369: 49–86. 
PubMed Abstract | Publisher Full Text 

54. von Schaewen M, Ploss A: Murine models of hepatitis C: what can we look 
forward to? Antiviral Res. 2014; 104: 15–22. 
PubMed Abstract | Publisher Full Text | Free Full Text 

55. Dorner M, Horwitz JA, Donovan BM, et al.: Completion of the entire hepatitis C 
virus life cycle in genetically humanized mice. Nature. 2013; 501(7466): 237–41. 
PubMed Abstract | Publisher Full Text | Free Full Text 

56. Dorner M, Horwitz JA, Robbins JB, et al.: A genetically humanized mouse model 
for hepatitis C virus infection. Nature. 2011; 474(7350): 208–11. 
PubMed Abstract | Publisher Full Text | Free Full Text 

57. Washburn ML, Bility MT, Zhang L, et al.: A humanized mouse model to study 
hepatitis C virus infection, immune response, and liver disease. Gastroenterology. 
2011; 140(4): 1334–44. 
PubMed Abstract | Publisher Full Text | Free Full Text 

58. Akira S: Pathogen recognition by innate immunity and its signaling. Proc Jpn 
Acad Ser B Phys Biol Sci. 2009; 85(4): 143–56. 
PubMed Abstract | Free Full Text 

59. Akira S, Uematsu S, Takeuchi O: Pathogen recognition and innate immunity. 
Cell. 2006; 124(4): 783–801. 
PubMed Abstract | Publisher Full Text 

60. Li K, Li NL, Wei D, et al.: Activation of chemokine and inflammatory cytokine 
response in hepatitis C virus-infected hepatocytes depends on Toll-like 
receptor 3 sensing of hepatitis C virus double-stranded RNA intermediates. 
Hepatology. 2012; 55(3): 666–75. 
PubMed Abstract | Publisher Full Text | Free Full Text 

61. Saito T, Owen DM, Jiang F, et al.: Innate immunity induced by composition-
dependent RIG-I recognition of hepatitis C virus RNA. Nature. 2008; 454(7203): 
523–7. 
PubMed Abstract | Publisher Full Text | Free Full Text 

62. Cao X, Ding Q, Lu J, et al.: MDA5 plays a critical role in interferon response 
during hepatitis C virus infection. J Hepatol. 2015; 62(4): 771–8. 
PubMed Abstract | Publisher Full Text 

63. Hiet MS, Bauhofer O, Zayas M, et al.: Control of temporal activation of hepatitis 
C virus-induced interferon response by domain 2 of nonstructural protein 5A. 
J Hepatol. 2015; 63(4): 829–37. 
PubMed Abstract | Publisher Full Text 

64. Israelow B, Narbus CM, Sourisseau M, et al.: HepG2 cells mount an effective 
antiviral interferon-lambda based innate immune response to hepatitis C virus 
infection. Hepatology. 2014; 60(4): 1170–9. 
PubMed Abstract | Publisher Full Text | Free Full Text 

65. Hoffmann FS, Schmidt A, Dittmann Chevillotte M, et al.: Polymorphisms in 
melanoma differentiation-associated gene 5 link protein function to clearance 
of hepatitis C virus. Hepatology. 2015; 61(2): 460–70. 
PubMed Abstract | Publisher Full Text | Free Full Text 

66. Liu Y: IPC: professional type 1 interferon-producing cells and plasmacytoid 
dendritic cell precursors. Annu Rev Immunol. 2005; 23: 275–306. 
PubMed Abstract | Publisher Full Text 

67. Dreux M, Garaigorta U, Boyd B, et al.: Short-range exosomal transfer of viral 
RNA from infected cells to plasmacytoid dendritic cells triggers innate 
immunity. Cell Host Microbe. 2012; 12(4): 558–70. 
PubMed Abstract | Publisher Full Text | Free Full Text 

68. Bukong TN, Momen-Heravi F, Kodys K, et al.: Exosomes from hepatitis C 
infected patients transmit HCV infection and contain replication competent 
viral RNA in complex with Ago2-miR122-HSP90. PLoS Pathog. 2014; 10(10): 
e1004424. 
PubMed Abstract | Publisher Full Text | Free Full Text 

69. Ramakrishnaiah V, Thumann C, Fofana I, et al.: Exosome-mediated transmission 
of hepatitis C virus between human hepatoma Huh7.5 cells. Proc Natl Acad 
Sci U S A. 2013; 110(32): 13109–13. 
PubMed Abstract | Publisher Full Text | Free Full Text 

70. Longatti A, Boyd B, Chisari FV: Virion-independent transfer of replication-
competent hepatitis C virus RNA between permissive cells. J Virol. 2015; 89(5): 
2956–61. 
PubMed Abstract | Publisher Full Text | Free Full Text 

71. Li XD, Sun L, Seth RB, et al.: Hepatitis C virus protease NS3/4A cleaves 
mitochondrial antiviral signaling protein off the mitochondria to evade innate 
immunity. Proc Natl Acad Sci U S A. 2005; 102(49): 17717–22. 
PubMed Abstract | Publisher Full Text | Free Full Text 

72. Li K, Foy E, Ferreon JC, et al.: Immune evasion by hepatitis C virus NS3/4A 
protease-mediated cleavage of the Toll-like receptor 3 adaptor protein TRIF. 
Proc Natl Acad Sci U S A. 2005; 102(8): 2992–7. 
PubMed Abstract | Publisher Full Text | Free Full Text 

73. Ding Q, Huang B, Lu J, et al.: Hepatitis C virus NS3/4A protease blocks IL-28 
production. Eur J Immunol. 2012; 42(9): 2374–82. 
PubMed Abstract | Publisher Full Text 

74. Ding Q, Cao X, Lu J, et al.: Hepatitis C virus NS4B blocks the interaction of 
STING and TBK1 to evade host innate immunity. J Hepatol. 2013; 59(1): 52–8. 
PubMed Abstract | Publisher Full Text 

75. Nitta S, Sakamoto N, Nakagawa M, et al.: Hepatitis C virus NS4B protein targets 
STING and abrogates RIG-I-mediated type I interferon-dependent innate 
immunity. Hepatology. 2013; 57(1): 46–58. 
PubMed Abstract | Publisher Full Text 

76. Thomas DL, Thio CL, Martin MP, et al.: Genetic variation in IL28B and 
spontaneous clearance of hepatitis C virus. Nature. 2009; 461(7265): 798–801. 
PubMed Abstract | Publisher Full Text | Free Full Text 

77. Ge D, Fellay J, Thompson AJ, et al.: Genetic variation in IL28B predicts hepatitis 
C treatment-induced viral clearance. Nature. 2009; 461(7262): 399–401. 
PubMed Abstract | Publisher Full Text 

78. Suppiah V, Moldovan M, Ahlenstiel G, et al.: IL28B is associated with response 
to chronic hepatitis C interferon-alpha and ribavirin therapy. Nat Genet. 2009; 
41(10): 1100–4. 
PubMed Abstract | Publisher Full Text 

79. Tanaka Y, Nishida N, Sugiyama M, et al.: Genome-wide association of IL28B 
with response to pegylated interferon-alpha and ribavirin therapy for chronic 
hepatitis C. Nat Genet. 2009; 41(10): 1105–9. 
PubMed Abstract | Publisher Full Text 

80. McFarland AP, Horner SM, Jarret A, et al.: The favorable IFNL3 genotype 
escapes mRNA decay mediated by AU-rich elements and hepatitis C virus-
induced microRNAs. Nat Immunol. 2014; 15(1): 72–9. 
PubMed Abstract | Publisher Full Text | Free Full Text 

81. Sheahan T, Imanaka N, Marukian S, et al.: Interferon lambda alleles predict 
innate antiviral immune responses and hepatitis C virus permissiveness. Cell 
Host Microbe. 2014; 15(2): 190–202. 
PubMed Abstract | Publisher Full Text | Free Full Text 

82. Larrubia JR, Moreno-Cubero E, Lokhande MU, et al.: Adaptive immune response 
during hepatitis C virus infection. World J Gastroenterol. 2014; 20(13): 
3418–30. 
PubMed Abstract | Publisher Full Text | Free Full Text 

83. Chen JH, Perry CJ, Tsui YC, et al.: Prostaglandin E2 and programmed cell death 
1 signaling coordinately impair CTL function and survival during chronic viral 
infection. Nat Med. 2015; 21(4): 327–34. 
PubMed Abstract | Publisher Full Text | Free Full Text 

84. Bhattarai N, McLinden JH, Xiang J, et al.: Conserved Motifs within Hepatitis C 
Virus Envelope (E2) RNA and Protein Independently Inhibit T Cell Activation. 
PLoS Pathog. 2015; 11(9): e1005183. 
PubMed Abstract | Publisher Full Text | Free Full Text 

85. Martin B, Hennecke N, Lohmann V, et al.: Restoration of HCV-specific CD8+ 
T cell function by interferon-free therapy. J Hepatol. 2014; 61(3): 538–43. 
PubMed Abstract | Publisher Full Text 

86. Honegger JR, Kim S, Price AA, et al.: Loss of immune escape mutations during 
persistent HCV infection in pregnancy enhances replication of vertically 
transmitted viruses. Nat Med. 2013; 19(11): 1529–33. 
PubMed Abstract | Publisher Full Text | Free Full Text 

87. Park S, Veerapu NS, Shin EC, et al.: Subinfectious hepatitis C virus exposures 
suppress T cell responses against subsequent acute infection. Nat Med. 2013; 
19(12): 1638–42. 
PubMed Abstract | Publisher Full Text | Free Full Text 

88. Sarrazin C: The importance of resistance to direct antiviral drugs in HCV 
infection in clinical practice. J Hepatol. 2016; 64(2): 486–504. 
PubMed Abstract | Publisher Full Text 

89. Fridell RA, Qiu D, Wang C, et al.: Resistance analysis of the hepatitis C virus 
NS5A inhibitor BMS-790052 in an in vitro replicon system. Antimicrob Agents 
Chemother. 2010; 54(9): 3641–50. 
PubMed Abstract | Publisher Full Text | Free Full Text 

90. Sun JH, O'Boyle DR 2nd, Fridell RA, et al.: Resensitizing daclatasvir-resistant 
hepatitis C variants by allosteric modulation of NS5A. Nature. 2015; 527(7577): 
245–8. 
PubMed Abstract | Publisher Full Text 

Page 8 of 10

F1000Research 2016, 5(F1000 Faculty Rev):131 Last updated: 17 JUL 2019

http://www.ncbi.nlm.nih.gov/pubmed/25662750
http://dx.doi.org/10.1016/j.chom.2014.12.014
http://www.ncbi.nlm.nih.gov/pmc/articles/4326553
http://www.ncbi.nlm.nih.gov/pubmed/25768906
http://dx.doi.org/10.1016/j.cell.2015.02.025
http://www.ncbi.nlm.nih.gov/pmc/articles/4386883
http://www.ncbi.nlm.nih.gov/pubmed/25064127
http://dx.doi.org/10.1038/nm.3610
http://www.ncbi.nlm.nih.gov/pmc/articles/4126843
http://www.ncbi.nlm.nih.gov/pubmed/26266980
http://dx.doi.org/10.1038/nature14899
http://www.ncbi.nlm.nih.gov/pmc/articles/4632207
http://www.ncbi.nlm.nih.gov/pubmed/23463202
http://dx.doi.org/10.1007/978-3-642-27340-7_8
http://www.ncbi.nlm.nih.gov/pmc/articles/3925669
http://www.ncbi.nlm.nih.gov/pubmed/17658949
http://dx.doi.org/10.1371/journal.ppat.0030103
http://www.ncbi.nlm.nih.gov/pmc/articles/1924870
http://www.ncbi.nlm.nih.gov/pubmed/23739335
http://dx.doi.org/10.1038/nature12283
http://www.ncbi.nlm.nih.gov/pmc/articles/3725310
http://www.ncbi.nlm.nih.gov/pubmed/23708292
http://dx.doi.org/10.1038/nm.3190
http://www.ncbi.nlm.nih.gov/pmc/articles/3676727
http://www.ncbi.nlm.nih.gov/pubmed/23463197
http://dx.doi.org/10.1007/978-3-642-27340-7_3
http://www.ncbi.nlm.nih.gov/pubmed/24462693
http://dx.doi.org/10.1016/j.antiviral.2014.01.007
http://www.ncbi.nlm.nih.gov/pmc/articles/4068254
http://www.ncbi.nlm.nih.gov/pubmed/23903655
http://dx.doi.org/10.1038/nature12427
http://www.ncbi.nlm.nih.gov/pmc/articles/3858853
http://www.ncbi.nlm.nih.gov/pubmed/21654804
http://dx.doi.org/10.1038/nature10168
http://www.ncbi.nlm.nih.gov/pmc/articles/3159410
http://www.ncbi.nlm.nih.gov/pubmed/21237170
http://dx.doi.org/10.1053/j.gastro.2011.01.001
http://www.ncbi.nlm.nih.gov/pmc/articles/3066273
http://www.ncbi.nlm.nih.gov/pubmed/19367086
http://www.ncbi.nlm.nih.gov/pmc/articles/3524297
http://www.ncbi.nlm.nih.gov/pubmed/16497588
http://dx.doi.org/10.1016/j.cell.2006.02.015
http://www.ncbi.nlm.nih.gov/pubmed/22030901
http://dx.doi.org/10.1002/hep.24763
http://www.ncbi.nlm.nih.gov/pmc/articles/3272326
http://www.ncbi.nlm.nih.gov/pubmed/18548002
http://dx.doi.org/10.1038/nature07106
http://www.ncbi.nlm.nih.gov/pmc/articles/2856441
http://www.ncbi.nlm.nih.gov/pubmed/25463548
http://dx.doi.org/10.1016/j.jhep.2014.11.007
http://www.ncbi.nlm.nih.gov/pubmed/25908268
http://dx.doi.org/10.1016/j.jhep.2015.04.015
http://www.ncbi.nlm.nih.gov/pubmed/24833036
http://dx.doi.org/10.1002/hep.27227
http://www.ncbi.nlm.nih.gov/pmc/articles/4176518
http://www.ncbi.nlm.nih.gov/pubmed/25130193
http://dx.doi.org/10.1002/hep.27344
http://www.ncbi.nlm.nih.gov/pmc/articles/4315306
http://www.ncbi.nlm.nih.gov/pubmed/15771572
http://dx.doi.org/10.1146/annurev.immunol.23.021704.115633
http://www.ncbi.nlm.nih.gov/pubmed/23084922
http://dx.doi.org/10.1016/j.chom.2012.08.010
http://www.ncbi.nlm.nih.gov/pmc/articles/3479672
http://www.ncbi.nlm.nih.gov/pubmed/25275643
http://dx.doi.org/10.1371/journal.ppat.1004424
http://www.ncbi.nlm.nih.gov/pmc/articles/4183590
http://www.ncbi.nlm.nih.gov/pubmed/23878230
http://dx.doi.org/10.1073/pnas.1221899110
http://www.ncbi.nlm.nih.gov/pmc/articles/3740869
http://www.ncbi.nlm.nih.gov/pubmed/25505060
http://dx.doi.org/10.1128/JVI.02721-14
http://www.ncbi.nlm.nih.gov/pmc/articles/4325714
http://www.ncbi.nlm.nih.gov/pubmed/16301520
http://dx.doi.org/10.1073/pnas.0508531102
http://www.ncbi.nlm.nih.gov/pmc/articles/1308909
http://www.ncbi.nlm.nih.gov/pubmed/15710891
http://dx.doi.org/10.1073/pnas.0408824102
http://www.ncbi.nlm.nih.gov/pmc/articles/548795
http://www.ncbi.nlm.nih.gov/pubmed/22685015
http://dx.doi.org/10.1002/eji.201242388
http://www.ncbi.nlm.nih.gov/pubmed/23542348
http://dx.doi.org/10.1016/j.jhep.2013.03.019
http://www.ncbi.nlm.nih.gov/pubmed/22911572
http://dx.doi.org/10.1002/hep.26017
http://www.ncbi.nlm.nih.gov/pubmed/19759533
http://dx.doi.org/10.1038/nature08463
http://www.ncbi.nlm.nih.gov/pmc/articles/3172006
http://www.ncbi.nlm.nih.gov/pubmed/19684573
http://dx.doi.org/10.1038/nature08309
http://www.ncbi.nlm.nih.gov/pubmed/19749758
http://dx.doi.org/10.1038/ng.447
http://www.ncbi.nlm.nih.gov/pubmed/19749757
http://dx.doi.org/10.1038/ng.449
http://www.ncbi.nlm.nih.gov/pubmed/24241692
http://dx.doi.org/10.1038/ni.2758
http://www.ncbi.nlm.nih.gov/pmc/articles/4183367
http://www.ncbi.nlm.nih.gov/pubmed/24528865
http://dx.doi.org/10.1016/j.chom.2014.01.007
http://www.ncbi.nlm.nih.gov/pmc/articles/4104123
http://www.ncbi.nlm.nih.gov/pubmed/24707125
http://dx.doi.org/10.3748/wjg.v20.i13.3418
http://www.ncbi.nlm.nih.gov/pmc/articles/3974509
http://www.ncbi.nlm.nih.gov/pubmed/25799228
http://dx.doi.org/10.1038/nm.3831
http://www.ncbi.nlm.nih.gov/pmc/articles/4505619
http://www.ncbi.nlm.nih.gov/pubmed/26421924
http://dx.doi.org/10.1371/journal.ppat.1005183
http://www.ncbi.nlm.nih.gov/pmc/articles/4589396
http://www.ncbi.nlm.nih.gov/pubmed/24905492
http://dx.doi.org/10.1016/j.jhep.2014.05.043
http://www.ncbi.nlm.nih.gov/pubmed/24162814
http://dx.doi.org/10.1038/nm.3351
http://www.ncbi.nlm.nih.gov/pmc/articles/3823809
http://www.ncbi.nlm.nih.gov/pubmed/24270546
http://dx.doi.org/10.1038/nm.3408
http://www.ncbi.nlm.nih.gov/pmc/articles/4196667
http://www.ncbi.nlm.nih.gov/pubmed/26409317
http://dx.doi.org/10.1016/j.jhep.2015.09.011
http://www.ncbi.nlm.nih.gov/pubmed/20585111
http://dx.doi.org/10.1128/AAC.00556-10
http://www.ncbi.nlm.nih.gov/pmc/articles/2935007
http://www.ncbi.nlm.nih.gov/pubmed/26536115
http://dx.doi.org/10.1038/nature15711


91. Jiang T, Zhou C: The past, present and future of immunotherapy against tumor. 
Transl Lung Cancer Res. 2015; 4(3): 253–64. 
PubMed Abstract | Publisher Full Text | Free Full Text 

92. de Jong YP, Dorner M, Mommersteeg MC, et al.: Broadly neutralizing antibodies 
abrogate established hepatitis C virus infection. Sci Transl Med. 2014; 6(254): 
254ra129. 
PubMed Abstract | Publisher Full Text | Free Full Text 

93. Mailly L, Xiao F, Lupberger J, et al.: Clearance of persistent hepatitis C virus 
infection in humanized mice using a claudin-1-targeting monoclonal antibody. 

Nat Biotechnol. 2015; 33(5): 549–54. 
PubMed Abstract | Publisher Full Text | Free Full Text 

94. Giang E, Dorner M, Prentoe JC, et al.: Human broadly neutralizing antibodies to 
the envelope glycoprotein complex of hepatitis C virus. Proc Natl Acad Sci U S A. 
2012; 109(16): 6205–10. 
PubMed Abstract | Publisher Full Text | Free Full Text 

95. Law M, Maruyama T, Lewis J, et al.: Broadly neutralizing antibodies protect 
against hepatitis C virus quasispecies challenge. Nat Med. 2008; 14(1): 25–7. 
PubMed Abstract | Publisher Full Text 

Page 9 of 10

F1000Research 2016, 5(F1000 Faculty Rev):131 Last updated: 17 JUL 2019

http://www.ncbi.nlm.nih.gov/pubmed/26207213
http://dx.doi.org/10.3978/j.issn.2218-6751.2015.01.06
http://www.ncbi.nlm.nih.gov/pmc/articles/4483476
http://www.ncbi.nlm.nih.gov/pubmed/25232181
http://dx.doi.org/10.1126/scitranslmed.3009512
http://www.ncbi.nlm.nih.gov/pmc/articles/4312107
http://www.ncbi.nlm.nih.gov/pubmed/25798937
http://dx.doi.org/10.1038/nbt.3179
http://www.ncbi.nlm.nih.gov/pmc/articles/4430301
http://www.ncbi.nlm.nih.gov/pubmed/22492964
http://dx.doi.org/10.1073/pnas.1114927109
http://www.ncbi.nlm.nih.gov/pmc/articles/3341081
http://www.ncbi.nlm.nih.gov/pubmed/18064037
http://dx.doi.org/10.1038/nm1698


 

Open Peer Review

  Current Peer Review Status:

Editorial Note on the Review Process
 are written by members of the prestigious  . They are commissioned andF1000 Faculty Reviews F1000 Faculty

are peer reviewed before publication to ensure that the final, published version is comprehensive and accessible.
The reviewers who approved the final version are listed with their names and affiliations.

The reviewers who approved this article are:
Version 1

The benefits of publishing with F1000Research:

Your article is published within days, with no editorial bias

You can publish traditional articles, null/negative results, case reports, data notes and more

The peer review process is transparent and collaborative

Your article is indexed in PubMed after passing peer review

Dedicated customer support at every stage

For pre-submission enquiries, contact   research@f1000.com

 Volker Lohmann
Department of Infectious Diseases, Molecular Virology, University of Heidelberg, Heidelberg, Germany

 No competing interests were disclosed.Competing Interests:

1

 Glenn Randall
Department of Microbiology, University of Chicago, Chicago, Illinois, USA

 No competing interests were disclosed.Competing Interests:

2

Page 10 of 10

F1000Research 2016, 5(F1000 Faculty Rev):131 Last updated: 17 JUL 2019

https://f1000research.com/browse/f1000-faculty-reviews
http://f1000.com/prime/thefaculty

