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End stage liver disease caused by chronic infection with the hepatitis C virus (HCV) is a leading indication
for liver transplantation, yet outcomes are poor since the liver graft is rapidly re-infected by HCV. Anti-
bodies against the essential HCV receptor CD81 have been shown to inhibit HCV cell entry in vitro and
in vivo and may represent an attractive treatment option. However, several CD81 variants exist at low
levels in human populations.

We aimed to investigate to what extent these variants function as HCV receptors and would be ame-
nable to therapeutic interventions with CD81 antibodies. We used lentiviral expression to introduce
wildtype or variant CD81 in the CD81low Lunet N4 cell line. HCV replication cycle steps and neutralization
by CD81 antibodies were then investigated using full length HCV reporter viruses (HCVcc) as well as HCV
pseudoparticles (HCVpp).

We found that all tested CD81 variants support cell entry by HCVpp and HCVcc with an efficiency sim-
ilar to wildtype CD81. Other replication cycle steps, namely intracellular RNA replication and release of
new particles, were also unaffected by the presence of CD81 variants. Importantly, four neutralizing anti-
bodies directed against the CD81 LEL (5A6, JS81, 1D6 and 1.3.3.22) retained their ability to inhibit HCV
infection when wildtype CD81 on target cells was replaced with any of the CD81 variants.

These data indicate that CD81 variants that exist in the human population are fully functional as HCV
receptors and their presence would not diminish the efficacy of therapeutic regimens that include CD81-
antibodies.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

About 160 million individuals worldwide are currently chroni-
cally infected with the hepatitis C virus (HCV) and thus at risk
for the development of cirrhosis, end-stage liver disease and hepa-
tocellular carcinoma (Lavanchy, 2011). Individuals undergoing
orthotopic liver transplantation (OLT) for complications of HCV
infection pose a particular clinical problem: graft re-infection with
HCV occurs in nearly all cases and long-term outcomes are unsat-
isfactory (Ciesek and Wedemeyer, 2012). Prevention of graft re-
infection, as it is routinely achieved in the case of hepatitis B, is a
major clinical goal, but will likely require efficient pharmacological
means of preventing viral entry into hepatocytes. However, as yet
such compounds are not available or even in advanced
development.

HCV has a narrow host range and primarily infects and repli-
cates in human hepatocytes (Burgel et al., 2010). One reason for
this is that all stages of HCV́s replication cycle depend on various
cellular host factors. For example, HCV cell entry requires at least
four host factors on the hepatocyte surface: the tetraspanin
CD81, scavenger receptor class B type I (SR-BI) and the tight junc-
tion components claudin 1 (CLDN1) and occludin (OCLN) (von
Hahn et al., 2010). Additional cellular factors are also involved,
but seem to be ubiquitously present since it appears that the pres-
ence of the above four determines whether a cell allows HCV entry
or not (Ploss et al., 2009).

The essential HCV entry factor human CD81 (hCD81) is ex-
pressed in all nucleated cells and belongs to the tetraspanin super
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family (Bitzegeio et al., 2010). It carries six structural domains:
Four are transmembrane domains and two are extracellular loops
containing a small (SEL) and a large (LEL) extracellular loop.
CD81 plays a vaguely defined role in many cell processes including
cell morphology, signal transduction, adhesion and proliferation
and differentiation of cells of the immune system (Levy et al.,
1998). It has been shown previously that HCV infection is sensitive
to neutralization with anti-CD81 antibodies in vitro and in vivo
(Meuleman et al., 2008). Therefore CD81 is considered to be an
attractive therapeutic target as it offers a prospect of preventing
HCV infection after OLT by blocking cell entry.

The clinical course of HCV infection is highly variable between
individual hosts: up to 80% of acutely HCV infected patients devel-
op a chronic infection while 20% clear infection spontaneously.
Among those who remain chronically infected some remain
asymptomatic for life while others require liver transplantation
or die from the complications of chronic infection (Di Bisceglie,
2000). Two genetic variations in the interleukin-28B gene are asso-
ciated with spontaneous or treatment-induced resolution of infec-
tion (Ge et al., 2009; Tanaka et al., 2009). Very recently, it was
shown that a different nearby deletion variant (ss469415590) that
creates a novel gene (interferon lambda 4) may be even more
strongly predictive and in fact mechanistically responsible for the
observed phenotype (Prokunina-Olsson et al., 2013). Additionally,
we recently identified three coding non-synonymous SNP’s in PPIA,
the gene encoding for the essential HCV replication factor cyclophi-
lin A, which are associated with resistance to HCV infection in vitro
(von Hahn et al., 2012). However, additional genetic factors must
clearly be involved in determining the course of hepatitis C.

Several genetic variants in the CD81 gene have been described
in humans, but it is unknown if all of these CD81 variants facilitate
HCV entry. Even more important, it has never been investigated if
anti-CD81 antibodies can neutralize HCV infection if one of the
CD81 variants is present.

The aim of this study was to investigate the impact of intraspe-
cies genetic variation in the essential HCV entry factor CD81. By
using the Lunet N4 cell line, which has very low endogenous
CD81 and re-introduction of CD81 variants by lentiviral transduc-
tion we could show that all seven known coding non-synonymous
SNP’s were able to support HCV entry in vitro. Importantly, SNP’s in
the coding region of the CD81 gene did not appear to have an effect
on neutralization by several CD81 antibodies or cell-to-cell-trans-
mission of HCV. These data suggest that it is not necessary to test
patients for CD81 SNP’s before potential treatment with CD81
antibodies.
2. Materials and methods

2.1. DNA constructs

Variants were created by standard polymerase chain reaction
mutagenesis into the wildtype hCD81 open reading frame con-
tained in the lentiviral pWPI vector (pWPI-BLA) (von Hahn et al.,
2012). Restriction sites for PmeI and SpeI were used. Detailed clon-
ing strategies are available upon request. All modified hCD81 se-
quences were confirmed by direct sequencing (Eurofins MWG
Operon, Ebersberg, Germany). The constructs encoding the HCV
E1/E2 proteins for pseudotypes of H77 (genotype 1a) or J6 (geno-
type 2a) and the full length reporter virus genome Luc-Jc1 have
been described previously (Ciesek et al., 2011b).
2.2. Cell culture and cell lines

Lunet N4 subclones and Huh-7.5 cells were maintained in
Dulbeccos modified eagle medium (DMEM, Invitrogen, Karlsruhe,
Germany) supplemented with 10% fetal bovine serum, L-glutamine,
non-essential amino acids, penicillin and streptomycin. Cells har-
boring the hCD81 variants were kept in the presence of 5 lg/ml
Blasticidin.

2.3. Pseudotyping of lentiviral particles and transduction of target cells

Pseudoparticles were generated as previously described (Ciesek
et al., 2011b). Briefly three plasmids were cotransfected into 293T
cells. These encoded (I) a gutted lentiviral genome containing
either a firefly luciferase reporter (CSFlucW2) or any of the CD81
variants described above, (II) HIV gag-pol and (III) either the HCV
glycoproteins E1 and E2 of strain H77 or J6 or the G protein of
Vesicular Stomatitis Virus (VSV-G). Supernatants were collected
at 48 h post transfection, passed through a 0.45 lm-pore-size filter
and added to the target cells for 6 h. Luciferase assay was per-
formed 72 h post transduction.

2.4. Cell culture grown HCV (HCVcc) infection

Huh-7.5 cells were electroporated with an in vitro generated
RNA transcript of the HCV genome F-Luc Jc1 containing a firefly
luciferase reporter gene as previously described (Ciesek et al.,
2011a). For infection experiments supernatant at 48 h was passed
through a 0.45 lm pore size filter and used to infect target cells.
500 ll containing virus supernatant with a viral titer of 1 � 104

in TCID50 (MOI 0.05–0.1) was used to inoculate target cells for
5 h. Quantification of HCV infection was performed by measuring
luciferase activity. To assess RNA replication separate from cell
entry, luciferase activity was measured in electroporated instead
of infected cells.

2.5. Luciferase assay

Infected or transfected cells were washed twice with phos-
phate-buffered saline and lysed in 1000 ll/well (6-well plate) or
350 ll/well (12-well plate) luciferase lysis buffer (1% Triton
X-100, 25 mM glycylglycine, 15 mM MgSO4, 4 mM EGTA and
1 mM DTT, pH 7.8). Firefly luciferase activity was measured as de-
scribed previously using a luminometer (Lumat LB9508; Berthold,
Freiburg, Germany) (Ciesek et al., 2011a).

2.6. Antibodies

For neutralisation studies we used the following CD81 antibod-
ies: 1D6 (AbD serotec, Düsseldorf, Germany), 5A6 (Santa Cruz
Biotechnology, Santa Cruz, USA), 1.3.3.22 (Ancell, Bayport, USA)
and JS81 (Becton Dickinson, Heidelberg, Germany).

2.7. Flow cytometery

Lunet N4 and Huh-7.5 cells were stained with an anti-CD81
antibody (clone JS-81, Becton Dickinson, Heidelberg, Germany)
and secondary anti-mouse antibody labeled with FITC (Invitrogen,
Paislay, UK). For measurement BD FACS Canto flow cytometer (Bec-
ton Dickinson, Heidelberg, Germany) was used. FlowJo software
(Tree Star, Ashland, OR) was used for data analysis.

2.8. Detection of cell-to-cell transmission

To investigate cell-to-cell transmission of HCV in adjacent cells,
we performed an agarose overlay assay where transmission from
HCV positive donor cells to HCV negative target cells in co-culture
was assessed (Ciesek et al., 2011b). Target cells with CD81 variants
were transduced with the pTRIP-tagRFP-NLS-IPS1 reporter con-
struct (Jones et al., 2010). This construct contains a fusion protein
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of the red fluorescent protein tagRFP, an SV40 nuclear localization
sequence (NLS) and the C-terminal part of the interferon beta pro-
moter stimulator protein 1 (IPS1). IPS1 contains a recognition site
for the HCV NS3/4 protease and a transmembrane segment that is
lodged in the outer mitochondrial membrane. In uninfected cells
the tagRFP reporter is tethered to the mitochondrial membrane
resulting in a cytosolic distribution of fluorescence. If cells are in-
fected with HCV, NS3/4A cleaves the tagRFP-NLS fusion from its
mitochondrial anchor and the reporter relocates to the nucleus.
Donor and target cells were mixed 1:1 and seeded at 4 � 104 cells
per well. The cell mixture was immediately overlaid with medium
containing 1% agarose in order to prevent virus spread through the
cell-free route. Thus all infection events observed in target cells are
assumed to be due to cell-to-cell spread. Cell-to-cell-spread to tar-
get cells indicated by nuclear localization of tagRFP was monitored
through fluorescent microscopy. The percentage of HCV positive
target cells was determined after 96 h of co-culture.

2.9. Statistical analysis

The in vitro experiments were repeated on separate occasions.
Each repetition was performed in multiple replicates. Unless stated
Fig. 1. Non-synonymous SNP’s in CD81. (A) Schematic representation of CD81 with the p
coding region. (B) Topological overview of seven SNP’s in human CD81 investigated in t
otherwise the mean ± standard deviation of the replicates from one
representative experiment is shown with the number of replicates
indicated. Numerical data was analyzed using Excel (Microsoft,
Redmond, WA, USA).

3. Results

3.1. Coding non-synonymous SNP’s in the CD81 gene are present in
human populations

Seven coding non-synonymous SNP’s in the CD81 gene causing
amino acid changes have been reported in the dbSNP database
(http://www.ncbi.nlm.nih.gov/SNP) (Fig. 1). Six out of these are
located in the CD81 LEL that also contains the HCV E2 binding
site. Only the V211M variant is located in the fourth transmem-
brane domain. There is incomplete information on the frequency
of CD81 SNP’s in the human population. In the 1000 genomes
project (http://www.1000genomes.org/) the rs149336067,
rs184960624 and rs148404749 variants have each been detected
in one out of 2000 alleles in Tuscan, Utah, Yoruba residents,
respectively. The other variants were not detected in the 1000
genomes panel.
osition of seven amino acid changes caused by known non-synonymous SNP’s in the
his study.
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3.2. Generation and characterization of Lunet N cell lines with CD81
variants

To study the impact of variations in CD81 on HCVcc and HCVpp
we used a cell line with low endogenous CD81 called Lunet N4
(Bitzegeio et al., 2010; Witteveldt et al., 2009). This cell line
expresses very low levels of CD81 and thus is not susceptible to
infection with HCVcc or HCVpp. We introduced the seven SNP’s
into lentiviral CD81 expression constructs and used these to trans-
duce Lunet N4 cells. Transduction efficiency was assessed by flow
cytometry and more than 95% transduction rates were confirmed
in all cases (Fig. 2). Moreover, each of the cell lines expressed
Fig. 2. Characterization of novel Lunet N4 cell lines with CD81 variants. (A–I) Surface exp
cell lines express the entry factor CD81 while Lunet N4 have a very low surface express
CD81 in comparable quantity on their surface. The cell line
expressing wildtype human CD81 served as a control. To ensure,
that surface expression is similar to naïve cells, we additionally
analyzed CD81 surface expression on naïve Huh7.5 cells and could
not detect any differences to the transduced Lunet cells.

3.3. Impact of human CD81 variants on HCVcc and HCVpp entry
in vitro

To evaluate the effects of CD81 SNP’s on HCV entry, we used
HCV pseudoparticles (HCVpp) and cell culture derived Luc-Jc1
virus (HCVcc). To determine the impact of SNP’s in the CD81 gene
ression of CD81 in different cell lines was determined by FACS analysis. All generated
ion of CD81. As a control we used naïve Huh-7.5 cells.
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on HCVcc entry, the different cell lines were infected with HCVcc
for 5 h and after 48 h luciferase activity was quantified as a mea-
sure of RNA replication. As shown in Fig. 3 all CD81 SNP’s facilitate
HCVcc entry similar to wildtype CD81 (Fig. 3A). To investigate the
effects of these CD81 SNP’s on HCV entry alone we next used HCV
pseudoparticles. HCVpp only test the entry step in the HCV life cy-
cle without any interference from effects on HCV replication. Here
we did not observe any inhibitory or stimulatory effect of the CD81
variants compared to wildtype CD81 on HCVpp bearing the HCV-
glycoproteins E1E2 of genotype 1 (H77) or genotype 2 (J6,
Fig. 3B). Thus, coding CD81 SNP’s are unlikely to also have an effect
of HCV entry in vivo.
3.4. No impact of CD81 SNP’s on HCV replication and release of new
viral particles

To investigate if CD81 SNP’s have an impact on later steps in the
HCV replication cycle, e.g. RNA replication and release of new viral
particles we transfected the cell lines expressing the different
CD81 variants with HCVcc and measured HCV replication by lucif-
erase activity after 4, 24, 48 and 72 h post transfection. To investi-
gate the release of new infectious particles the supernatant of
electroporated cells was taken after 48 h, filtered through a
0,45 lm pore size filter and passed onto naïve Huh-7.5 cells.
Medium was changed after 5 h, cells were lysed after 48 h and
Fig. 3. Effect of different CD81 SNP’s on the HCV entry. (A) Lunet N4 cells
expressing human CD81 variants were inoculated with supernatant containing Jc1-
Luc reporter virus. Luciferase activity was assayed 48 h post infection. Mean values
and the standard deviation of three independent experiments are shown. (B) HCV
pseudotypes bearing the J6 (upper part) or H77 (lower part) glycoproteins were
used to infect Lunet N4 expressing different CD81 SNP’s. Pseudotypes with the
glycoprotein of the vesicular stomatitis virus (VSV-G) served as control. One of
three independent experiments is shown. Mean values of quadruplicate measure-
ment including the standard deviation are given.
luciferase assay was performed. Even if there were slightly differ-
ences in HCV RNA replication or release of new particles in vitro
all CD81 variants allow HCV RNA replication and particle release.
Thus, genetic polymorphisms in the CD81 gene do not have any
strong impact on virus replication (Fig. 4A) or de novo production
of viral progeny (Fig. 4B).
3.5. Neutralisation with CD81 antibodies is not altered by coding non-
synonymous SNP’s in CD81

CD81 is thought to be an attractive target for HCV therapy, since
cellular targets are likely to have higher barrier to resistance and
drugs targeting cellular targets are often effective in all HCV geno-
types. On the other hand it is possible, that genetic variations in the
host protein might influence the efficiency of antibodies directed
against CD81. Until now, it is unclear if SNP’s in CD81 would influ-
ence the antiviral efficacy of CD81 antibodies. Several antibodies
are able to block HCV infection in vitro and in vivo by binding to
the LEL of CD81. We here investigated if the CD81 antibodies
JS81, 1.3.3.22, 1D6 and 5A6 are able to inhibit HCVpp and HCVcc
entry when one of the seven CD81 variants were present instead
of wildtype CD81. Cell lines were inoculated with increasing con-
centrations of CD81 antibodies (0.05–5 lg/ml) 1 h before infection
with HCV. After 1 h, cells were infected with HCVcc again in the
presence of the different CD81 antibodies for 5 h. Cells were lysed
after 48 h and luciferase assay was performed. Neutralization of
HCV infection in a concentration dependent manner was observed
for all cell lines. While treatment with CD81 antibodies JS81 or
1.3.3.22 led to complete neutralization at a concentration of
5 lg/ml (Fig. 5), CD81 antibodies 1D6 and 5A6 were only able to
Fig. 4. Effects of CD81 SNP’s on HCV RNA replication and release of new viral
particles. (A) Lunet N4 cells expressing different CD81 variants were electroporated
with Jc1-Luc RNA transcripts. HCV RNA replication was quantified by measuring
luciferase activity after 4, 24, 48 and 72 h. Mean values of three independent
experiments are shown. (B) To asses efficiency of viral particle production the
different cells were transfected with Jc1 wildtype RNA transcripts and after 48 h
supernatant containing viral particles were filtered and transferred to naïve Huh7.5
cells. Luciferase activity was measured after 48 h.



Fig. 5. Effect of CD81 SNP’s on HCV neutralization with CD81 antibodies. (A–D) For neutralisation experiments cells were pretreated with CD81 antibodies. After 30 min
target cells were washed three times with PBS and exposed to 500 ll supernatant containing Jc1-Luc reporter virus and the CD81 antibody in the same concentration as
during pretreatment. After 5 h cells were washed and then kept in medium without antibody. Luciferase activity was measured after 48 h.
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block 60–70% of infection. However, we could not detect any dif-
ference in sensitivity to any specific antibody between any of the
CD81 variants. Thus in the presence of any of the CD81 SNP’s
HCV infection remains sensitive to neutralization with the tested
anti-CD81 antibodies JSS81, 1.3.3.22, 1D6 and 5A6. Thus SNP’s in
the coding region of CD81 can be neglected when patients are trea-
ted with regimens containing these CD81 antibodies.
3.6. Variants in the essential HCV entry factor CD81 have no effect on
cell-to-cell transmission

It has been shown, that in vitro HCV can be transmitted either as
cell free virions or in a direct cell-to-cell manner. To investigate if
any of the CD81 variants has an influence on cell-to-cell spread of
HCV, we performed an agarose overlay assay. As ‘‘donor cells’’ we



Fig. 6. All CD81 variants allow cell-to-cell spread of HCV. To investigate cell-to-cell-
transmission a fully H77/JFH1 infected population of non-fluorescent Huh7.5 cells
was put in co-culture with uninfected target cells (Lunet cells expressing CD81
variants as well as a tagRFP-NLS-IPS reporter (see methods section). Percentage of
infected target cells as indicated by nuclear localization of tagRFP per well at 96 h of
co-culture is shown.
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used Huh7.5 cells infected with HCVcc (H77/JFH chimera) at a high
multiplicity of infection. It was confirmed that >99% of donor cells
were HCV positive by HCV NS5A immunofluorescence staining.
Donor cells were co-cultured with Lunet ‘‘target’’ cells expressing
the different CD81 variants and a reporter construct where HCV
infection can be detected as the single cell level by relocation of
the monomeric fluorescent protein tagRFP from a mitochondrial
(uninfected) to a nuclear (infected) localization (Jones et al.,
2010). As shown in Fig. 6, all Lunet cells expressing CD81 variants
allowed cell-to cell spread to a comparable extent. This indicates,
that CD81 SNP’s do not affect efficiency of HCV cell-to-cell
transmission.
4. Discussion

This study is the first to describe how HCV infection could be af-
fected by genetic variation in the essential HCV entry factor CD81
in vitro. To enable us and others to address this topic we used the
Lunet N4 cell line, which has a very low level of endogenous CD81.
Upon reintroduction of the wildtype variant of CD81 this cell line
becomes again permissive to all stages of the HCV replication cycle.
All seven CD81 SNP’s in the coding region of CD81 are able to facil-
itate HCVcc and HCVpp entry in vitro independent of HCV geno-
type. Moreover, we show that these SNP’s have no influence on
antiviral treatment with CD81 antibodies in vitro.

HCV entry is a complex multi-step process and multiple host
factors are involved (Sandmann and Ploss, 2013; von Hahn et al.,
2010). Nowadays, numerous host factors essential for HCV entry
have been detected yet our understanding what each factor con-
tributes, how they interact with the virus and with one another
and how these interactions are orchestrated is still limited. Varia-
tion within a host species is thought to account for variation in the
clinical course of hepatitis C. However, we here show that all tested
CD81 variants allow HCV entry and thus likely play no or only a
minor role in the course of disease.

Furthermore, understanding the impact of variants of the hu-
man species is key to predicting treatment response and may in
the future be used to individualize treatment strategies. One fa-
mous example for variations in host genes with impact on the
treatment of HCV infection is IL-28B/IFNL4: recently it has been
shown by different groups that variants of the IL-28B/IFNL4 gene
are strongly associated with the course of an acute HCV infection
in addition to the response to antiviral interferon-based treatment
(Ge et al., 2009; Prokunina-Olsson et al., 2013; Suppiah et al., 2009;
Tanaka et al., 2009; Thomas et al., 2009).
The essential HCV entry factor CD81 is characterized by high
variability with a high number of genetic variants (http://
www.ncbi.nlm.nih.gov/snp). We have assessed the frequency of
the seven known coding non-synonymous SNP’s and found that
all of them facilitate HCV entry in vitro. All of these SNP’s are rare
(allele frequency <1%) and we believe that this makes a major clin-
ical impact of these variants unlikely. However, further studies
with larger cohorts would be necessary to determine the correct
frequency of CD81 SNP’s in vivo or to rule out any clinical impact
that these variants might have that is not mirrored in the available
in vitro systems.

Today, CD81 may be a very promising target for antiviral ther-
apy – especially to block HCV entry and thus reinfection after OLT,
since it is expected, that targeting cellular host factors works for all
HCV genotypes and has a higher barrier to drug resistance in
comparison to drugs targeting directly the virus and its enzymes
(Lupberger et al., 2011; von Hahn et al., 2011). Until now it was
unknown if these CD81 antibodies are effective in humans with a
SNP in the coding region of CD81. In this study we were able to
show that HCV infection of all cell lines expressing seven different
CD81 SNP’s remains sensitive to treatment with four commercially
available CD81 antibodies. While CD81 antibodies JS81 and
1.3.3.22 completely neutralize all CD81 variants, treatment with
CD81 antibodies 1D6 and 5A6 only led to partial neutralization
of HCV infection. However, we believe that these SNP’s can be ne-
glected when an antiviral therapy including these CD81 antibodies
is planned.

In conclusion, we here reported on seven CD81 SNP’s present in
human populations that all facilitate HCV entry in vitro. Impor-
tantly, from a pharmacogenomic perspective, the reported SNP’s
are not expected to result in altered sensitivity of HCV to neutral-
ization with any of four different CD81 antibodies.
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