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Summary  

Julia Bitzegeio  

The species specificity of CD81 Receptor Usage by Hepatitis C Virus 

Hepatitis C virus (HCV) is an enveloped virus with a positive sense single stranded RNA 

genome, belonging to the family of Flaviviridae. Worldwide more than 130 million patients 

are chronically infected with the virus, which leads to the development of chronic hepatitis, 

liver cirrhosis and hepatocellular carcinoma. The current standard therapy is a combination of 

pegylated interferon-α with ribavirin. However, this therapy is associated with severe side 

effects and is effective only in a portion of the patients. Therefore, new specific antiviral 

therapies or an effective vaccine are mandatory, the development however is hampered by the 

lack of an immunocompetent small animal model supporting HCV replication. 

HCV infection has a very narrow host range. Naturally, only hepatocytes of human or 

chimpanzee origin can be infected. Replication has been shown to be blocked at several steps 

of the viral life cycle in cells of small rodents. At the level of cell entry, the factors 

responsible for this narrow species tropism have been identified. HCV entry is a multistep 

process involving at least four entry factors, including the human scavenger receptor class B 

type I (SR-BI), CD81, claudin-1 and occludin. Among these, at least CD81 and occludin are 

used in a highly species-specific manner. For the development of a small animal model a 

deeper understanding of the interaction with the species-specific entry factors is necessary.   

To this end a human hepatoma cell line expressing mouse CD81 was generated. These 

cells were 100-fold less susceptible to HCV infection than cells expressing human CD81. 

However, after HCV was serially passaged on these cells, a virus population was selected, 

which was able to use human and mouse CD81 with the same efficiency. Three envelope 

glycoprotein mutations were selected, which in combination enhanced infection of cells 

expressing mouse CD81 to the level of human CD81 and abolished the species-specific usage 

of CD81. These mutations are distributed on both viral glycoproteins. One exchange has been 

found in the N-terminus of E1 and two mutations reside in the hypervariable region 1 at the 

N-terminus of E2. 

Since cells lacking CD81 expression are resistant to infection with the altered viral 

glycoproteins, the adaptation did not render HCV entry independent of CD81. The efficient 

usage of mouse CD81 as a receptor was further confirmed with neutralizing antibodies 

specific for the mouse receptor. However, an interaction between the adapted viral 
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glycoproteins and a recombinant mouse CD81 protein could not be detected. Also, the 

interaction of the viral glycoproteins with a recombinant form of human CD81 was studied. 

An increased interaction with human CD81 was observed for the mouse CD81 adapted 

envelope proteins and application of these proteins in neutralization assays lead to the 

conclusion that the CD81 binding site became exposed upon introduction of the three adaptive 

mutations. Analysis of functional CD81 usage with neutralizing antibodies and cells 

expressing varying CD81 cell surface levels revealed that the adapted viral glycoproteins 

support an increased CD81 usage and are able to efficiently infect cells with lower CD81 cell 

surface density.  

Further analyses, with neutralizing antibodies targeting SR-BI and claudin-1 or occludin 

specific siRNAs, demonstrated that not only the dependence on CD81 was changed, but upon 

introduction of the three glycoprotein mutations additionally also the dependence on SR-BI 

and OCLN was decreased. An increased sensitivity of the mouse CD81 adapted HCV to 

neutralization with conformation dependent E2-specific antibodies and an enhanced 

susceptibility to a low pH trigger for fusion indicated major conformational changes of virus-

resident E1/E2-complexes.  

As mouse cells do not allow a high level of RNA replication, infection of different mouse 

cells was analyzed with help of HCV pseudoparticles. These are retroviral particles 

harbouring the HCV glycoproteins in their envelope and can be used to specifically address 

the HCV entry pathway. Therefore NIH3T3 cells were generated, which either express all 

four entry factors of human or mouse origin. While wildtype HCV pseudoparticles only 

efficiently infected the cells expressing human entry factors, the adapted HCV 

pseudoparticles were able to infect both cells with the same efficiency irrespective of the 

origin of the receptors. These results indicate that the adapted viral glycoproteins are able to 

overcome the species specific barriers to HCV entry in mouse cells and are no longer 

dependent on human factors for HCV entry.  

These findings further characterize the HCV entry pathway and demonstrate the 

possibility to adapt HCV to less efficient non-human factors, which may contribute to the 

development of an immunocompetent small animal model.   
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Zusammenfassung 

Julia Bitzegeio  

Die Speziesspezifität der Hepatitis C Virus Interaktion mit dem Viruseintrittsfaktor 

CD81 

Das Hepatitis C Virus (HCV) ist ein umhülltes Virus mit einem einzelsträngigen 

Plusstrang RNA Genom und gehört der Familie der Flaviviridae an. Weltweit sind mehr als 

130 Millionen Menschen chronisch mit dem Virus infiziert. Eine Infektion mit HCV kann 

chronische Hepatitis, Leberzirrhose und Leberkrebs auslösen. Die derzeitige Therapie ist eine 

Kombination aus pegyliertem Interferon-α und Ribavirin. Diese Therapie ist mit schweren 

Nebenwirkungen verbunden und darüber hinaus nur in einem Teil der Patienten wirksam. Die 

dringend notwendige Entwicklung spezifischer, antiviraler Therapien oder eines wirksamen 

Impfstoffs werden durch das Fehlen eines immunkompetenten Kleintiermodells erschwert. 

Auf natürliche Weise können nur Hepatozyten des Menschen und des Schimpansen 

infiziert werden. In Zellen von kleinen Nagern ist der HCV Lebenszyklus an verschiedenen 

Schritten blockiert. Mehrere Faktoren die an der Blockierung des HCV Zelleintritts beteiligt 

wurden bereits identifiziert. Der HCV Zelleintritt ist ein komplexer Prozess, der vier zelluläre 

Rezeptoren involviert: SR-BI, CD81, Claudin-1 und Occludin. Von diesen werden CD81 und 

Occludin in einer streng speziesspezifischen Art und Weise genutzt. Zur Entwicklung eines 

Kleintiermodells ist ein tieferes Verständnis der Interaktion mit diesen speziesspezifischen 

Eintrittsfaktoren notwendig. 

Um weitere Erkenntnisse zum speziesspezifischen Viruseintritt zu erlangen wurde 

zunächst ein Derivat der Huh7 Lunet Zelllinie hergestellt, welches murines CD81 anstelle von 

humanem CD81 exprimiert. Eine Infektion dieser Zellen war im Vergleich zu Zellen, die 

humanes CD81 exprimieren um das 100 fache reduziert.  Nach mehrfacher Passagierung des 

HCV auf diesen Zellen konnte eine Viruspopulation isoliert werden, die humanes und 

murines CD81 mit gleicher Effizienz nutzt. Drei Hüllproteinmutationen konnten identifiziert 

werden, die in Kombination die Infektion auf Zellen mit murinem CD81 auf das Niveau von 

humanem CD81 heben und den speziesspezifischen Block durch CD81 aufheben. Diese 

Mutationen sind auf beide Hüllproteine verteilt. Ein Austausch wurde im N-Terminus von E1 

gefunden und zwei Mutationen wurden in der hypervariablen Region 1 am N-Terminus von 

E2 nachgewiesen. 
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Da Zellen, die kein CD81 exprimieren, resistent gegenüber einer Infektion mit dem 

adaptierten Virus sind, kann ausgeschlossen werden, dass diese Virusvariante CD81 

unabhängig ist. Die effiziente Nutzung des murinen CD81 konnte durch neutralisierende 

Antikörper bestätigt werden. Eine Interaktion mit rekombinatem murinem CD81 konnte 

jedoch nicht gezeigt werden. Im Gegensatz dazu wurde eine verstärkte Interaktion mit 

humanem CD81 beobachtet, die wahrscheinlich durch die Exponierung der CD81 Bindestelle 

hervorgerufen wird. Analysen zur funktionellen Nutzung von CD81, mittels neutralisierender 

Antikörper und Zellen, die verschieden CD81-Dichten exprimieren, haben ergeben, dass die 

adaptierten Hüllproteine eine effizientere Nutzung von CD81 erlauben und auch Zellen mit 

geringen CD81-Expressionsniveaus effizient infizieren können.  

Weitere Untersuchungen mit neutralisierenden Antikörpern gegen SR-BI, und Claudin-1 

oder Occludin spezifischen siRNAs konnten zeigen, dass nicht nur die Abhängigkeit von 

CD81 verändert wurde, sondern auch, dass durch die adaptiven Austausche die Abhängigkeit 

von SR-BI und Occludin verringert wurde. Eine erhöhte Sensitivität gegenüber 

konformationsabhängigen E2 spezifischen Antikörpern und eine gesteigerte Suszeptibilität für 

eine durch niedrigen pH ausgelöste Fusion deuten auf große konformationale Veränderungen 

der Hüllproteinkomplexe hin. 

Da Mauszellen keine effiziente HCV RNA-Replikation unterstützen, wurde die Infektion 

verschiedener Mauszellen mit Hilfe von HCV Pseudopartikeln untersucht. Dies sind 

retrovirale Partikel, die die HCV-Hüllproteine in ihre Membran inkorporiert haben und die 

zur spezifischen Untersuchung des HCV Zelleintritts genutzt werden können. Zu diesem 

Zweck wurden NIH3T3-Zellen hergestellt, die alle vier notwendigen zellulären 

Eintrittsfaktoren von entweder humanem oder murinem Ursprung exprimieren. Während 

HCV Pseudopartikel mit Wildtyp-Hüllproteinen nur Zellen mit humanen Rezeptoren effizient 

infizieren konnten, haben die adaptierten HCV Pseudopartikel beide Zelllinien mit gleicher 

Effizienz infiziert.  

Diese Ergebnisse weisen daraufhin, dass HCV mit Hilfe der adaptierten Hüllproteine in 

der Lage ist den Speziesblock des HCV-Zelleintritts zu überwinden und somit nicht länger auf 

die Expression humaner Faktoren angewiesen ist. 

Diese Ergebnisse stellen neue Erkenntnisse zum HCV Zelleintritt dar und zeigen, dass es 

möglich ist, HCV an wenig effiziente, nicht humane Wirtsfaktoren zu adaptieren. Dies kann 

zur Entwicklung eines immunkompetenten Kleintiermodells beitragen.  
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1 Introduction 

1.1 Hepatitis C Virus 

The causative agent for the disease, which was first known as non-A, non-B hepatitis, was 

cloned in 1989 and termed hepatitis C virus (HCV) (Choo et al., 1989). HCV is a major cause 

of chronic liver disease and the major indication of liver transplantations worldwide (Brown, 

2005). Around 130 million people are chronically infected with HCV, representing  2.2% of 

the world population (Alter, 2007). The geographic distribution of HCV infected individuals 

differs between 0.1% and 15-20% of the population in some countries e.g. Egypt. Due to 

sequence diversity the virus can be divided into seven different genotypes (1-7), which differ 

from each other by 31-33% on the nucleotide level (Gottwein et al., 2009; Murphy et al., 

2007; Simmonds, 2004). Among the different genotypes further subtypes (a, b, c, etc.) have 

been described, which show sequence differences between 20 and 25% (Simmonds et al., 

1993). The most common genotype is genotype 1 (Hnatyszyn, 2005). Genotypes 1-3 are 

distributed all over the world, genotypes 4 and 5 are most prevalent in Africa and genotype 6 

is found primarily in Asia (WHO report, 1999). Genotype 7 probably arose in Central Africa 

(Murphy et al., 2007). The high diversity is a result of both the error prone RNA dependent 

RNA polymerase (RdRp), which is lacking a proof-reading function and the high replication 

rate of HCV, thus leading to a high mutation rate (Neumann et al., 1998).  

Acute infection with HCV is relatively mild and stays asymptomatic in most cases. 

Only 20-30% of the patients develop symptoms or clinically evident acute hepatitis C (WHO 

report, 1999). However, around 80% of acute HCV infections result in a chronic 

manifestation, which may lead to hepatitis, liver cirrhosis (10-20%) and hepatocellular 

carcinoma (HCC; 1-4%) (Alter, 2007; Di Bisceglie, 2000). Disease progression is very slow. 

First signs of a mild chronic hepatitis appear on average around 12 years after infection, 

whereas the progression to liver cirrhosis or HCC is diagnosed only after approximately 20 or 

30 years, respectively (Kiyosawa et al., 1990; Tong et al., 1995).  

The main tissue targeted by the virus is the liver, where hepatocytes are the primary 

cell type affected, but also other extrahepatic reservoirs are under debate for susceptibility, 

like the lymphatic organ, the gut or the nervous system (Bürgel et al., 2010;Weissenborn et 

al., 2009; Zignego et al., 2007) 

Transmission of HCV infection occurs through exposure to blood of infected donors, 

e.g. by blood transfusions, transplantations and intravenous drug use (Alter, 2007). Perinatal 
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or sexual blood exposure seems to be a lower risk for infection (Shepard et al., 2005). 

However, since testing became available transfusion-associated HCV infection has been 

strongly decreased in those countries with routine HCV testing of blood donors (Alter, 2007).  

Until today, the standard therapy used to treat HCV infected patients is a combination 

of polyethylene glycol (PEG-) conjugated interferon-α with ribavirin (Manns et al., 2006). 

Interferon-α is a cytokine, inducing cells to resist viral replication. Ribavirin is a nucleoside 

analogue and a broad-spectrum antiviral agent that elicits its antiviral effect against HCV only 

in combination with Interferon- α (Fried et al., 2002). However, even in the combination only 

around a portion of the treated patients respond to this therapy and especially patients infected 

with isolates belonging to genotype 1 and 4 show low responsiveness (Feld and Hoofnagle, 

2005). Therefore, the development of new specific antiviral strategies is mandatory.  

 

1.2 Organization of the viral genome and the viral proteins 

Hepatitis C Virus is an enveloped virus with a positive sense single stranded RNA 

genome, belonging to the family of Flaviviridae and the sole member of the genus 

hepacivirus (Lindenbach, 2007). The RNA genome of HCV is around 9.6 kb in length and is 

flanked by two non translated regions (NTR) at the 5’ and the 3’ end. These regions are 

highly conserved between different genotypes and are essential for replication of the RNA 

genome (Friebe and Bartenschlager, 2002; Friebe et al., 2001; Yi and Lemon, 2003). The 

5’NTR contains an internal ribosomal entry site (IRES), which initiates translation (Otto and 

Puglisi, 2004; Spahn et al., 2001). The genome consists of one large open reading frame 

(ORF), which codes for a single polyprotein of around 3,000 amino acids, which is cleaved 

co- and posttranslationally by cellular and viral proteases into the single viral proteins (Penin 

et al., 2004). 

The structural proteins include core and the two viral glycoproteins E1 and E2 and build 

up the viral particle. The core protein, which is liberated of the polyprotein by a two step 

cleavage, multimerizes and binds the viral RNA genome, finally building the viral 

nucleocapsid (Santolini et al., 1994). The two glycoproteins E1 and E2 mediate receptor 

binding and fusion with the target cell and are described in more detail in section 1.5.1. 
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Figure 1: Genome organization and processing of the polyprotein. A scheme of the viral RNA genome is 

depicted at the top. RNA structures in the 5’ and 3’ NTR are indicated. Translation of the ORF is initiated by the 

IRES located in the 5’NTR and leads to a single polyprotein containing the structural and the non-structural 

proteins. Processing of the polyprotein occurs through cleavage by cellular and viral proteases as indicated by 

the coloured scissors. The two viral glycoproteins E1 and E2 are heavily glycosylated, which is indicated by 

branched structures and NS5A becomes hyperphosphorylated. Processing intermediates as the E2-p7-NS2 

precursor and the NS4B-NS5A intermediate are included. (Adapted from Thomas Pietschmann and 

Bartenschlager et al., 2004)  

 

The small viroporin p7 (Gonzalez and Carrasco, 2003), which is also released by 

cleavage through the signal peptidase, forms an hexameric ion channel and is necessary for 

particle maturation and release (Luik et al., 2009; Steinmann et al., 2007). Together with NS3, 

the NS2 protein in its dimeric form is a cystein protease leading to the autoproteolytical 

cleavage between NS2 and NS3 (Grakoui et al., 1993; Lorenz et al., 2006) and beyond that 

has been shown to be also necessary for the production of infectious viral particles (Jirasko et 

al., 2008; Jones et al., 2007). The proteins NS3 to NS5B built up the replication complex 

necessary for the propagation of the viral genome (Lohmann et al., 1999). NS3 carries out two 

enzymatic functions. On the one hand it contains a serine protease in its N-terminal third, 

which leads together with its cofactor NS4A to the liberation of the remaining viral proteins 

from the polyprotein (Failla et al., 1994). On the other hand the C-terminus of NS3 contains a 

helicase domain, which unwinds double stranded RNA structures in an ATP dependent 

manner (Kwong et al., 2000; Pang et al., 2002). So far, the NS4B protein is not well 
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characterized. However, it has been shown to play a crucial role in inducing membrane 

alterations, which are necessary for the formation of replication complexes (Egger et al., 

2002; Gosert et al., 2003). NS5A is a multiply phosphorylated protein, which is anchored to 

membranes via an amphipatic α-helix and has been shown to bind to the viral RNA (Huang et 

al., 2005). It is hypothesized that NS5A tethers the viral genome to membranes and loads it 

into the viral particles, which are assembled in close proximity to lipid droplets (Miyanari et 

al., 2007). NS5B is the RdRp, which is necessary for the amplification of the viral genome. 

Negative strand synthesis, as well as proceeding synthesis of the positive strand genome are 

accomplished by this enzyme (Behrens et al., 1996; Luo et al., 2000; Oh et al., 1999), which 

is linked to the membrane of the replication complexes via the C-terminal 21 amino acids 

(Yamashita et al., 1998). 

Translation of an additional viral protein upon a ribosomal frame shift in the region of 

core has been described and has been termed alternative reading frame protein (ARFP) 

(Branch et al., 2005). The function of this protein is not yet understood, but RNA elements in 

the coding region have been shown to influence replication (McMullan et al., 2007; Vassilaki 

et al., 2008). 

 

1.3 Tools to study the HCV life cycle in cell culture 

Studying HCV replication in cell culture has been hampered for a long time by the lack 

of appropriate in vitro systems. Patient derived HCV replicates only at low levels in 

conventional tissue culture systems and the use of replication competent primary human or 

chimpanzee hepatocytes as a culture system is restricted (Lanford et al., 1994), since these 

cells are difficult to obtain and culture. 

The development of a self-replicating selectable subgenomic HCV RNA (replicon 

system) made it possible for the first time to study HCV RNA-replication and the formation 

of HCV replication complexes in vitro (Lohmann et al., 1999). The replicon consists of a 

bicistronic RNA, which encodes in the first cistron following the 5’ NTR and the original 

HCV IRES a reporter gene (e.g. the neomycin phosphotransferase). This is succeeded by the 

encephalomyocarditis virus (EMCV) IRES and the ORF coding for the nonstructural proteins 

NS3-NS5B and finally the 3’NTR (Lohmann et al., 1999). The structural proteins as well as 

p7 and NS2 are not needed in this system.  

One of the first tools used to study HCV cell entry and to discover receptors involved in 

this pathway was a soluble and truncated form of the E2 glycoprotein (sE2661), in which the 
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last 85 amino acids, encompassing the hydrophobic transmembrane domain, are deleted 

(Michalak et al., 1997; Spaete et al., 1992). It is not clear to which degree this truncated form 

really reflects the proper folding of E2 in the context of the E1/E2 complexes within the HCV 

envelope.  However, the discovery of CD81 and SR-BI as part of the HCV receptor complex 

was possible by using sE2661 (Pileri et al., 1998; Scarselli et al., 2002). Current approaches to 

solve the structure of the E2 glycoprotein are based on differently truncated forms of the E2 

protein (Krey et al., 2010; McCaffrey et al., 2007). 

A second tool to study the HCV entry process even beyond the attachment of 

glycoproteins to cells was the development of the HCV pseudoparticle (HCVpp) system 

(Bartosch et al., 2003a). These are retroviral particles harbouring the HCV glycoproteins in 

their envelope instead of the retroviral glycoproteins. They are generated by cotransfection of 

293T cells with plasmids coding for the retroviral proteins gag-pol, the HCV glycoproteins 

and a packaging plasmid, which contains the retroviral long terminal repeats (LTRs) and a 

reporter to measure subsequent infection. HCVpps have been and still are a useful tool to 

study the very early events of the HCV life cycle. Two of the receptors, claudin-1 and 

occludin have been identified by the usage of the HCVpp system (Evans et al., 2007; Ploss et 

al., 2009) and the binding and internalization of HCVpps seem to correctly reflect the entry 

process of HCV (Meertens et al., 2008). HCVpps, in contrast to patient or cell culture derived 

HCV particles are not associated with lipoproteins, as they are generated in cells not involved 

in the production of lipoproteins.  

The development of the HCV cell culture system (HCVcc) was a big breakthrough in 

the study of the HCV life cycle. The system is based on the genotype 2a virus JFH1, isolated 

from a Japanese patient suffering from acute fulminant hepatitis. This HCV RNA is able to 

replicate to high levels in cell culture (Kato et al., 2003) and produces infectious virus 

particles that can be passaged in vitro and are infectious in chimpanzees (Lindenbach et al., 

2005; Wakita et al., 2005). With this system the whole viral life cycle is covered and also 

assembly and release can be studied for the first time in vitro. Infectious titers were further 

enhanced through the generation of intergenotypic chimeric viruses (Pietschmann et al., 

2006).  

 

1.4 HCV life cycle 

A brief overview of the viral life cycle is depicted in Figure 2, which can broadly be 

divided into three parts: entry of the virus particle into the host cell, including binding, uptake 
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and fusion, which are followed by translation and replication of the viral genome within the 

host cell and finally assembly and release of new virus particles. The entry pathway is 

described in more detail in section 1.5. 

To enter a cell, the extracellular virus particle (for more details see 1.5.1)  interacts with 

several specific receptors finally resulting in clathrin-dependent endocytosis of the virus into 

early endosomes. Through a low pH trigger, the viral membrane fuses with the host cell 

membrane (Koutsoudakis et al., 2006; Tscherne et al., 2006). This leads to the release of the 

capsid into the cyctosol and after disassembly the translation of the viral genome is initiated 

immediately, as the positive sense RNA directly serves as mRNA. Translation is cap 

independent and initiated by binding of the 40S subunit of the ribosome to the IRES (Otto and 

Puglisi, 2004; Spahn et al., 2001). The polyprotein is translated at the rough ER and then 

cleaved co- and post-translationally by cellular and viral proteases (reviewed in Penin et al., 

2004). The NS4B protein induces the formation of altered intracellular membrane structures 

derived from the ER that surround lipid droplets termed “membranous web” (Egger et al., 

2002; Gosert et al., 2003).  

 

Figure 2: HCV lifecycle. After attachment of the virus particle to the host cell the virus is taken up by receptor 

mediated, clathrin dependent endocytosis. The viral membrane fuses with the host cell membrane in a pH 

dependent step and the nucleocapsid is released into the cytoplasm. Translation of the viral proteins is 

immediately initiated and replication complexes are formed in association with the membranous web, where the 

propagation of the virus genome takes place. Budding of the virus particle presumably takes place at the ER and 

the particle is exported via the secretory pathway. (Adapted from Thomas Pietschmann) 
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The replication complexes located to these sites are formed by the nonstructural proteins and 

the viral RNA and lead to the amplification of the viral genome (Gosert et al., 2003). The 

newly generated genomes serve either as a template for further protein synthesis or as 

genomic RNA which will be incorporated into new virions. 

The process of assembly and release of progeny viruses is the part of the life cycle that 

has been studied least. The analysis of this aspect was only possible since the development of 

the JFH1 cell culture system in 2005 (compare section 1.3) (Lindenbach et al., 2005; Wakita 

et al., 2005). Morphogenesis of virus particles is thought to take place in close proximity to 

lipid droplets (Miyanari et al., 2007). Budding of virions is believed to take place at the ER 

with subsequent egress through the secretory pathway. Besides the structural proteins the p7 

ion channel, NS2 and NS5A have been shown to be involved in this process (Appel et al., 

2008; Jirasko et al., 2008; Jones et al., 2007; Steinmann et al., 2007). As infectious particles 

are tightly associated with lipoproteins, release is probably linked to the metabolism of these 

lipoproteins (Chang et al., 2007; Gastaminza et al., 2008; Huang et al., 2007).  

 

1.5 HCV cell entry 

1.5.1 The virus particle and the glycoproteins 

The viral particle is in its extracellular form tightly associated with lipoproteins, which 

is evidenced by the fact that infectious virus particles show a very low buoyant density in 

sucrose density gradients, with peak fractions at 1,10 g/ml (Bradley et al., 1991). Virions 

isolated from patients have been shown to coprecipitate with lipoproteins (Thomssen et al., 

1992; Thomssen et al., 1993) and infection can be neutralized with antibodies directed against 

apolipoprotein E (ApoE) and apolipoprotein C1 (ApoC1) (Chang et al., 2007; Meunier et al., 

2008).  

The two viral glycoproteins E1 and E2, which show the highest variability among the 

HCV proteins (Simmonds, 2004), are embedded in the virus envelope and mediate the 

specific uptake of the virus into the target cell. Both are type I membrane proteins with a C-

terminal transmembrane domain (TMD) of about 30 amino acids and a large N-terminal 

extracellular domain of about 160 and 334 amino acids, respectively. The functional unit of 

the viral envelope proteins is a noncovalently linked heterodimer (Deleersnyder et al., 1997). 

Signals for heterodimerization and the localization of the glycoproteins in the ER are 

determined by the TMDs (Cocquerel et al., 1999; Cocquerel et al., 1998; Duvet et al., 1998; 

Op De Beeck et al., 2000).  
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Figure 3: The virus particle and the glycoproteins: The virus particle is depicted in association with very low 

density lipoprotein (VLDL) and ApoE. The viral RNA genome is encapsidated by the Core protein and the two 

viral glycoproteins are embedded in the virus envelope (adapted from von Hahn et al., 2010). A schematic view 

of the viral glycoproteins E1 (blue) and E2 (violet) is depicted on the right side. N-glycosylation sites are marked 

by branched structures and the positions are indiated above. Domains involved in the interaction with CD81 are 

marked in green. Hypervariable parts (HVR1, HVR2 and IgVR) are highlighted in yellow (adapted from Helle 

and Dubuisson, 2008).  

 

The structure of the viral glycoproteins is still unknown. Existing models are based on 

the structure of the related tick-borne encephalitis virus (TBEV) E protein (Yagnik et al., 

2000) or haven been obtained by determining the 9 disulfide bonds within E2 (Krey et al., 

2010). 

The two envelope proteins are heavily glycosylated mostly at highly conserved sites. 

Four to five glycosylation sites can be found in E1 and 11 sites in E2 (Goffard and Dubuisson, 

2003). Some of these sites have been shown to play a role in protein folding (Chapel et al., 

2007) others have been shown to influence the entry process, mediated by the glycoproteins 

(Goffard et al., 2005). Furthermore it has been shown that some of the glycans shield 

important neutralizing epitopes and contribute to the evasion of the humoral immune response 

by restricting the binding of E2 specific antibodies (Helle et al., 2007). Very recently it has 

been suggested that several of the glycans in E2 may frame the CD81 binding site and by this 

protect it from neutralizing antibodies (Falkowska et al., 2007; Krey et al., 2010). 

Several hypervariable regions located within the E2 protein have been described (Kato 

et al., 1992). The hypervariable region 1 (HVR1), which is the most variable region in the 

HCV genome, comprises the first 27 amino acids at the N-terminus of E2 and has been shown 

to shield the CD81 binding domain and conserved neutralizing epitopes (Bankwitz et al., 

2010). A strong humoral immune pressure probably drives the rapid evolution of this domain 

(Farci et al., 2000). A second hypervariable region (HVR2) located in the region between the 

residues 459 and 481 has been described and an additional intergenotypic variable region 
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(IgVR) is suggested to lie within the region flanked by residues 570 to 580 (McCaffrey et al., 

2007). It has been suggested that these variable regions are not involved in receptor 

interactions and lie outside a conserved E2 core (McCaffrey et al., 2007). 

 

1.5.2 Receptors involved in HCV entry 

HCV entry (Figure 4) is a complex multistep process involving many host factors. As 

for most viruses, a first unspecific interaction with so-called attachment factors occurs, which 

include the low density lipoprotein (LDL-) receptor and glycosaminoglycans (Agnello et al., 

1999; Barth et al., 2003; Basu et al., 2007). This first interaction may temporarily retain and 

concentrate the virus at the target cell membrane and hence enhance the possibility of 

interaction with the specific and high affinity receptors, which are less abundantly expressed. 

Lectins like DC-SIGN and L-SIGN have also been shown to enhance the binding of virus 

particles to host cells. These are however normally not expressed on hepatocytes, which are 

the typical target cells. These molecules may lead to the binding of virions to dendritic cells, 

which then in turn deliver the viruses to their proper destination (Pohlmann et al., 2003).   

Four receptors have been shown to be essential for the internalization of HCV 

particles. These are the scavenger-receptor class B type I (SR-BI), the tetraspanin molecule 

cluster of differentiation 81 (CD81) and the two tight junction proteins claudin-1 (CLDN1) 

and occludin (OCLN) (Evans et al., 2007; Liu et al., 2009; Pileri et al., 1998; Ploss et al., 

2009; Scarselli et al., 2002). The combination of all four receptors and the level at which they 

are expressed on different cells probably determines the very narrow tissue tropism of HCV 

entry.  

SR-BI is a 509 aa protein with two transmembrane domains, a large extracellular loop 

and intracellular N- and C-termini. SR-BI is involved in the uptake of cholesterol esters into 

the cellular membrane through the interaction with high density lipoproteins (HDL) particles. 

Its role in the HCV entry process has been proposed after the discovery that it is able to bind 

sE2 (Scarselli et al., 2002) and has been further confirmed by the inhibition of HCV entry by 

antibodies specifically targeting SR-BI and siRNA mediated downregulation (Catanese et al., 

2010; Zeisel et al., 2007). Furthermore, it has been shown that ligands of SR-BI can influence 

HCV entry. HDL enhances the infection efficiency (Dreux et al., 2006), whereas it is 

decreased in the presence of oxidized low density lipoprotein (oxLDL) and serum amyloid A 

(SAA) (Lavie et al., 2006; von Hahn et al., 2006).  

 

 



Introduction   10 

 

 

Figure 4: HCV entry pathway. HCV infection of hepatocytes is a multistep process involving many host 

factors. After a first interaction with attachment factors (LDL receptor and GAGs) the virus particle interacts 

with four specific entry factors (SR-BI, CD81, CLDN1 and OCLN) leading to the uptake of the virus particle 

into endosomes via clathrin mediated endocytosis. Within the endosome, the viral membrane fuses with the host 

cell membrane in a pH dependent step and the nucleocapsid containing the viral RNA genome is released into 

the cytoplasm. (Adapted from Moradpour et al., 2007; von Hahn et al., 2010) 

 

CD81 was the first receptor which was discovered to be involved in the HCV entry 

process. As for SR-BI, CD81 was discovered through the interaction with sE2 (Pileri et al., 

1998). CD81 belongs to the large family of tetraspanin molecules, is part of the B-cell 

receptor complex and has been shown to be involved in signal transduction, adhesion, cell 

morphology, proliferation and differentiation in cells of the immune system and other cells 

(reviewed in Levy et al., 1998). Furthermore, it has been shown to play a role in egg sperm 

fusion (Parthasarathy et al., 2009). As CD81 is expressed on most human tissues with the 

exception of red blood cells and platelets (Engel and Tedder, 1994), it cannot account for the 

narrow tissue tropism of HCV infection.  

CD81 is 26 kDa in size and is like all tetraspanin molecules composed of four TMDs, 

a small (SEL) and a large extracellular loop (LEL), an intracellular C- and N-terminal domain 

and a short intracellular loop (Oren et al., 1990). The LELs of all tetraspanin molecules 

contain four highly conserved cysteine residues, two of which lie in a conserved Cys-Cys-Gly 
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motif (Levy et al., 1998). These Cysteine residues build up two disulfide bonds, which 

determine the structure of the LEL and are crucial for binding to the HCV E2 protein 

(Petracca et al., 2000). The region lying in between the four conserved cysteine residues, 

which is coded for by exon 6, shows very high variability among different CD81 orthologs, in 

contrast to the rest of the molecule, which is highly conserved (reviewed in Levy et al., 1998). 

The involvement of CD81 in the HCV entry process has been further validated through 

neutralizing antibodies and gene silencing (Bartosch et al., 2003a; Koutsoudakis et al., 2007). 

Additionally the expression of CD81 in cell lines lacking the endogenous expression of 

CD81, like e.g. HepG2 cells, renders them susceptible for HCV infection (McKeating et al., 

2004).  

The interaction of the viral glycoproteins with the tetraspanin molecule CD81 has been 

thoroughly characterized. It has been shown that residues lying in the LEL of CD81 are 

composing a platform for the interaction with the viral glycoproteins. Especially the residues 

Leu
162

, Ile
182

, Asn
184

 and Phe
186

 have been shown to be crucial for this interaction 

(Higginbottom et al., 2000; Meola et al., 2000). On the side of E2 several domains have been 

shown to interact with CD81, presumably building up a discontinuous conformational epitope 

(Krey et al., 2010). Residues of the E2 protein implicated in the interaction with CD81 are the 

residue 420, a conserved motif of amino acids starting at position Gly
436

, the residues 527-535 

and a domain comprising the residues 612-619 (Drummer et al., 2002; Owsianka et al., 2006; 

Roccasecca et al., 2003; Rothwangl et al., 2008). The putative CD81 binding site is 

highlighted in green in Figure 3. 

The two tight junction proteins CLDN1 and OCLN have both been identified by 

screening a complementary DNA (cDNA) library derived from the HCV permissive cell line 

Huh-7.5 for genes that confer susceptibility to HCVpp infection of otherwise refractory cells 

(Evans et al., 2007; Ploss et al., 2009). Both proteins have four transmembrane domains, two 

extracellular loops, intracellular N- and C-termini and an intracellular loop. The C-terminal 

intracellular domain of OCLN is very large and thus representing a possible platform for 

protein-protein interactions and is modulated by phosphorylation of serine and threonine 

residues (reviewed in Feldman et al., 2005). Tight junctions are involved in sealing adjacent 

epithelial cells to obtain a tight barrier, which regulates the paracellular transit across epithelia 

(Schneeberger and Lynch, 1992). Furthermore, this barrier is essential for establishing cell 

polarity by dividing the plasma membrane into distinct apical and basolateral compartments 

(Rodriguez-Boulan and Nelson, 1989). In the context of hepatocytes, the apical part of the 

membrane is faced towards bile canaliculi, which are involved in bile secretion, and the 
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basolateral membrane is in contact with the blood (Stamatoglou and Hughes, 1994). The 

members of the CLDN family are located within the paracellular space and form homo- and 

heterodimers with CLDNs on adjacent cells. It has been shown that not only CLDN1 but also 

two other members of the Claudin family namely Claudin-6 and Claudin-9 are able to 

function as HCV receptor (Meertens et al., 2008; Zheng et al., 2007). A direct or indirect 

interaction between CLDN1 and the viral glycoproteins has been shown by 

coimmunoprecipitation (Yang et al., 2008), but the exact domain interacting with E1 or E2 

has not been defined. Mutations in both loops of CLDN1 have been shown to reduce HCV 

infectivity, suggesting that they are both involved in mediating virus uptake (Evans et al., 

2007; Haid et al.). Similarily, an interaction between OCLN and the E2 glycoprotein had 

already been shown before it was known that OCLN is part of the receptor complex 

(Benedicto et al., 2008). 

 

1.5.3 HCV entry pathway 

The exact order in which the receptors are engaged in the entry pathway is not clear. 

SR-BI is thought to act in a very early step of the HCV entry process, as only the 

overexpression of SR-BI and not of any other receptor can lead to efficient binding of HCVcc 

to non-permissive hamster cells (Evans et al., 2007). However, studies with neutralizing 

antibodies directed against SR-BI and CD81 suggest that they both act at an early time point 

of entry, probably directly after binding (Zeisel et al., 2007). It has recently been proposed, 

that soluble E1/E2 complexes trigger the relocalization of CD81 to tight junctions in a Rho 

GTPase-dependent step, which probably also involves the actin cytoskeleton (Brazzoli et al., 

2008). This suggests a model similar to Coxsackievirus B entry, where it has been reported 

that upon virus binding to the first receptor (decay accelerating factor; DAF), a signalling 

cascade is initiated which leads to the relocalization of the virus particles to the tight 

junctions, where internalization takes place (Coyne and Bergelson, 2006). After relocalization 

of the virus receptor complex, interaction with the tight junction proteins CLDN1 and OCLN 

could take place and finally could lead to the internalization of the virus particles into 

clathrin-coated endosomes. In other studies however, it has been reported that CD81 and 

CLDN1 interact with each other and that this interaction is not modulated in the presence of 

E1/E2 complexes (Harris et al., 2008). Also arguing against the stepwise interaction is the 

observation that neutralizing antibodies targeting SR-BI, CD81 and CLDN1 neutralize HCV 

infection with similar kinetics (Krieger et al., 2009). As most data obtained for HCV entry 

were generated in vitro with the unpolarized cell line Huh-7.5 it is not clear to which extend 
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the in vivo situation is correctly reflected. In primary human hepatocytes, the localization of 

CLDN1 and OCLN is restricted to tight junctions (Reynolds et al., 2008). In Huh-7.5 cells 

however at least CLDN1 is found also outside the tight junctions (Coller et al., 2009). 

Whether or not HCV entry takes place at tight junctions in vivo still has to be elucidated.  

After receptor interaction, internalization of the viral particle is initiated via clathrin 

mediated endocytosis (Blanchard et al., 2006; Meertens et al., 2006). It has recently been 

suggested that through the ubiquitinylation of the receptor complex by the E3 ubiquitin ligase 

c-Cbl, endosomes containing viral particles move along actin stress fibers into appropriate 

endosomal compartments (Coller et al., 2009). Upon the exposure to low pH, within the early 

endosomes, the viral membrane fuses with the endosomal membrane (Koutsoudakis et al., 

2006; Tscherne et al., 2006). So far it is not clear which region of the viral glycoproteins 

contains the fusion peptide. Putative regions have been found in both glycoproteins (Lavillette 

et al., 2007). However, upon similarities to other flaviviral glycoproteins, E2 is suggested to 

be a class II fusion protein (Krey et al., 2010). Fusion of the viral envelope with the target cell 

membrane within the endosomes leads to the release of the nucleocapsid into the cytoplasm. 

Recently, a second mode of HCV transmission has been described, which suggests 

transfer of HCV through close cell-cell contacts. This alternative route of HCV transmission 

has been shown to be independent of CD81 and not affected by the presence of neutralizing 

antibodies (Timpe et al., 2008; Witteveldt et al., 2009). 

 

1.6 Species specificity of HCV infection 

HCV has a very narrow host range. Only humans and chimpanzees can be infected with 

the virus. Cells of small rodents show several blocks to the HCV replication cycle. The first 

block can be observed already at the level of HCV entry. It has been shown that CD81 and 

OCLN have to be of human or chimpanzee origin to allow efficient entry of the virus (Flint et 

al., 2006; Ploss et al., 2009). In contrast, if SR-BI and CLDN1 are expressed at high levels the 

mouse orthologs of these receptors function well enough to efficiently allow HCV entry 

(Evans et al., 2007; Ploss et al., 2009). However, is has been shown recently, that for CLDN1 

as well as for SR-BI the human receptor ortholog is more efficient than the corresponding 

mouse counterparts, when expressed at lower levels (Catanese et al., 2010; Haid et al., 2010). 

The species specific usage of CD81 is not surprising, as the HCV glycoprotein E2 interacts 

with a region with low conservation among different CD81 species (Levy et al., 1998) and 

crucial residues for the interaction with E2 are not conserved in the context of mouse CD81 
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(Flint et al., 2006; Higginbottom et al., 2000). For OCLN it has been described that two amino 

acid residues at position 223 and 224 in the second extracellular loop are responsible for the 

species tropism (Ploss et al., 2009; Evans presented at the Keystone Meeting on the cell 

biology of virus entry, Taos, NM, 2010).  

In the context of a mouse fibroblast cell line (NIH3T3) it has been shown that the 

overexpression of the four human entry factors is sufficient to allow entry of HCVpp into 

these mouse cells. This showed that beyond binding, also further steps of the entry process 

like endocytosis into clathrin coated vesicles and fusion of the viral and host membrane, are 

supported (Ploss et al., 2009). Upon release of the nucleocapsid into the cytoplasm, translation 

of the viral genome can be initiated very efficiently (McCaffrey et al., 2002). However RNA-

replication seems to function only very inefficiently in mouse cells and poses a second block 

in the HCV life cycle in cells of small rodents. Low level of RNA-replication has been 

reported by using selectable subgenomic replicons, which led to the selection of resistant cell 

clones containing HCV RNA (Uprichard et al., 2006; Zhu et al., 2003). Assembly and release 

of new progeny viruses has so far not been observed in mouse cells, however it is not clear if 

the assembly and release machinery is not functioning in mouse cells or if this is a result of 

the very low RNA-replication in the cells. In general it is unclear, if there are factors missing 

in mouse cells, which are needed for RNA-replication, if certain mouse factors are 

incompatible and not able to substitute the human counterparts, like CD81 and OCLN or if 

mouse cells express restriction factors, which actively inhibit the process of HCV RNA-

replication. 

 

1.7 Animal models to study HCV infection in vivo 

As mentioned before (section 1.1) the HCV standard therapy is successful only in a 

portion of the patients and development of new and more specific therapies is mandatory. 

Beside the low efficacy, the current therapy it is accompanied by severe side effects, which 

leads to discontinuation of the therapy in many cases. Several drugs targeting viral enzymes 

like the protease NS3 and the NS5B RdRp are currently in development (Fillebeen et al., 

2005; Pawlotsky et al., 2007; Reiser et al., 2005; Shipps et al., 2005). However, due to the 

high mutation rate resistances can be developed rapidly (Tomei et al., 2005). Currently it is 

assumed that new antiviral drugs will be used in a combination with standard therapy, instead 

of replacing it (Feld and Hoofnagle, 2005; Manns et al., 2006).  
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The only immunocompetent animal model to study HCV infection in vivo is the 

chimpanzee (Bukh, 2004). Due to high costs, limited availability and ethical concerns, the use 

of chimpanzees as model is very restricted. An immunocompetent small animal model would 

enormously facilitate the in vivo analysis of new antiviral therapies and in particular 

vaccination approaches. As discussed in section 1.6, multiple blocks to HCV replication are 

found in mice and other small rodents hampering the development of a suitable animal model.  

Several strategies can be thought of to develop such a small animal model (reviewed in 

Ploss and Rice, 2009). One approach is to “humanize” a mouse: Chimeric mice have been 

generated by xenotransplantation of human hepatocytes into immunodeficient mice with a 

liver failure (Meuleman and Leroux-Roels, 2008). In several studies it could be shown, that 

HCV replicates to high levels in this system and with this, the important role of CD81 could 

be supported in vivo (Lindenbach et al., 2006; Meuleman et al., 2008). One big drawback of 

this model clearly is that these chimeric mice have no adaptive immune system. Attempts are 

being made to additionally engraft such chimeric mice with a human immune system 

(Legrand et al., 2009). In the context of an Eppstein Barr Virus (EBV) infection it could 

recently be shown that transplantation of components of the human immune system into 

immunodeficient mice can recapitulate many immunological aspects of an EBV infection in 

humans (Strowig et al., 2009). Development of such an animal model for HCV infection 

would be very helpful to enable vaccine development. However, this is technically very 

demanding and not very reproducible due to variations in the transplanted tissue (Legrand et 

al., 2009).   

An alternative approach to overcome these shortcomings would be to develop a 

transgenic mouse, which expresses human factors leading to HCV susceptibility. Factors 

overcoming the block in HCV entry are known, however factors allowing efficient HCV 

RNA-replication in mice still have to be identified and delay the development of this 

approach (reviewed in Ploss and Rice, 2009).  

Furthermore, instead of manipulating the host, the virus could be manipulated in such a 

way that it is able to overcome certain blocks. This can be achieved by adapting the virus to 

the use of normally incompatible host factors. Such approaches have been successfully carried 

out for other viruses like the human immunodeficiency virus (HIV) (Pacheco et al., 2008) and 

have the advantage, that studies would not be limited to one transgenic mouse strain. 
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1.8 Aim of the thesis 

The narrow host range of HCV infection and the lack of an immunocompetent small 

animal model hamper the development of new antiviral therapies or effective vaccines. 

Replication of HCV is blocked at several steps of the viral life cycle in cells of small rodents. 

Amongst others, CD81 has been shown to be responsible for the restriction at the level of 

HCV entry.  

The aim of this study was to adapt HCV to the efficient usage of mouse CD81 and to 

subsequently analyze the adapted virus variant to elucidate the following processes. 

 On the one hand, characterization of the adapted virus should give further insights into 

the HCV entry process and the role of CD81 herein.  

On the other hand a second aspect of this study was to prove whether the modification 

of the viral glycoproteins is sufficient to overcome the species-specific restrictions to HCV 

entry in cells of small rodents. A successful infection of these cells would be a proof of 

concept that it is possible to adapt HCV to less efficient non-human host factors and should 

contribute to the development of a small immunocompetent animal model. 
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2 Materials and Methods 

2.1 Materials 

2.1.1 Cells 

Bacteria: 

E.coli Genotype 

DH5α F– Φ80lacZΔM15 Δ(lacZYA-argF) U169 recA1 endA1 hsdR17 (rK–, mK+) phoA 

supE44 λ– thi-1 gyrA96 relA1  

Stabl2 F– mcrA Δ(mcrBC-hsdRMS-mrr) recA1 endA1 lon gyrA96 thi supE44 relA1 λ– 

Δ(lac-proAB) 

rosetta gami Δ(ara-leu)7697 ΔlacX74 ΔphoA PvuII phoR araD139 ahpC galE galK rpsL F′[lac+ 

lacI
q
 pro] gor522::Tn10 trxB pRARE (CamR, KanR, StrR, TetR) 

 

Mammalian Cell lines (naive): 

Cell line ATCC  Organism description 

AML12 CRL-2254 Mus musculus non-transformed hepatocyte cell line transgenic for 

TGF-α  

HEK293T CRL-11268 Homo sapiens Embryonic kidney cell line expressing the SV40 large 

T-antigen 

Hep-56.1D --- Mus musculus Cell line derived from a primary hepatocellular 

carcinoma (C57BL/6J mice) (Kress et al., 1992) 

Hepa 1-6 CRL-1830 Mus musculus Hepatoma cell line of the BW7756 strain of C57/L mice 

Huh-7.5 --- Homo sapiens Huh7 derived cell line, which originally carried a 

selectable HCV replicon and was cured by IFN-α. This 

cell line has been characterized to be highly permissive 

for HCV RNA replication (Blight et al., 2002) 

Huh7 – 

Lunet 

--- Homo sapiens Huh7 derived cell line, which originally carried a 

selectable HCV replicon and was cured by a HCV 

specific inhibitor. This cell line is highly permissive for 

HCV RNA replication (Friebe et al., 2005) 

Lunet N --- Homo sapiens Derivative of the Huh7-Lunet cell line created by FACS 

sorting and further subcloning selecting cells for low 
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level of CD81 expression and high permissiveness for 

HCV RNA replication (subclone #3 was used 

throughout this project)  

(unpublished and generated by Giorgos Koutsoudakis 

and Thomas Pietschmann) 

NIH/3T3 CRL-1658 Mus musculus Fibroblast cell line derived from a NIH/Swiss mouse 

Lunet 

shCD81.1 

--- Homo sapiens Huh7-Lunet cells stably transduced with pBABE-

shCD81.1 and selected by 5µg/ml zeocin (Invitrogen, 

Karlsruhe Germany) 

(unpublished and generated by Thomas Pietschmann, 

TWINCORE, Hannover, Germany) 

Lunet 

shCD81.2 

--- Homo sapiens Huh7-Lunet cells stably transduced with pBABE-

shCD81.2 and selected by 5µg/ml zeocin 

(unpublished and generated by Thomas Pietschmann 

TWINCORE, Hannover, Germany) 

Lunet 

shCD13.2 

--- Homo sapiens Huh7-Lunet cells stably transduced with pBABE-

shCD13.2 and selected by 5µg/ml zeocin 

(unpublished and generated by Thomas Pietschmann 

TWINCORE, Hannover, Germany) 

 

Newly generated mammalian cell lines: 

Name Stably transduced with resistance 

Lunet N hCD81 pWPI hCD81 BLR 5µg/ml blasticidin 

(Invivogen, San Diego, CA) 

Lunet N mCD81 pWPI mCD81 BLR 5µg/ml blasticidin 

Lunet N rat CD81 pWPI rat CD81 BLR 5µg/ml blasticidin 

Lunet N hamster 

CD81 

pWPI hamster CD81 BLR 5µg/ml blasticidin 

Lunet N hCD81 SR-BI 

high 

pWPI hSR-BI BLR 5µg/ml blasticidin 

NIH/3T3 4xM pWPI mOCLN Gun, pWPI mCD81 Gun, 

pWPI mSR-BI Gun, pWPI mCLDN1 BLR 

0.75 mg/ml G418 

(Invitrogen, Karlsruhe, 
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Germany) 

5µg/ml blasticidin 

NIH/3T3 4xH pWPI hOCLN Gun, pWPI hCD81 Gun, 

pWPI hSR-BI Gun, pWPI  hCLDN1 BLR 

0.75 mg/ml G418 

5µg/ml blasticidin 

2.1.2 Media 

Bacteria: 

LB-Medium: 25g LB-medium (Carl-Roth, Karlsruhe, Germany) per 1l medium. Solid 

medium plates were generated by the addition of 1.5% agar-agar to liquid medium 

For selection, antibiotics were added in the following concentrations: 100 mg/ml Ampicilin 

(Sigma, Steinheim, Germany), 15 mg/ml Kanamycin (Carl-Roth, Karlsruhe, Germany), 12.5 

mg/ml Tetracycline (Carl-Roth, Karlsruhe, Germany), 34 mg/ml Chloramphenicol (Carl-

Roth, Karlsruhe, Germany) 

 

Mammalian Cell lines: 

DMEM complete: Dulbecco’s modified minimal essential medium (Invitrogen, Karlsruhe, 

Germany) supplemented with 2 mM L-glutamine (Invitrogen, Karlsruhe, Germany), non 

essential amino acids (Invitrogen, Karlsruhe, Germany), 100 U/ml penicillin, 100 µg/ml 

streptomycin (Invitrogen, Karlsruhe, Germany) and 10% fetal calf serum (PAA, Cölbe, 

Germany) 

DMEM without methionine and cysteine: DMEM supplied with 10 mM Hepes and 2 mM l-

glutamine 

DMEM/F12 + GlutaMAX-I: DMEM/Ham’s F-12 medium (Invitrogen, Karlsruhe, Germany) 

supplemented with 5µg/ml insulin, 5µg/ml transferring, 5ng/ml selenium, 40 ng/ml 

dexamethasone, 2 mM L-glutamine, non essential amino acids, 100 U/ml penicillin, 100 

µg/ml streptomycin and 10% FCS 

OptiMEM: Defined medium formulation with reduced serum (Invitrogen, Karlsruhe, 

Germany) 

Cryo medium: 90% FCS and 10% DMSO (Carl Roth, Karlsruhe, Germany) 
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2.1.3 Antibodies and antisera 

Primary antibodies: 

Target (clone) Subtype Species Application/ 

Dilution 

Company/ 

Reference 

α-actin monoclonal mouse WB 1:2000 Sigma-Aldrich, Steinheim, 

Germany 

α-CD13 monoclonal mouse Neutralization Becton Dickenson, 

Heidelberg, Germany 

α- hCD81 (1.3.3.22) monoclonal mouse FACS 1:200 

Neutralization 

Ancell, Bayport, MN 

α-hCD81 (5A6) monoclonal mouse FACS 1:200 

Neutralization 

Santa Cruz, Santa Cruz, CA 

α- hCD81 (JS81) monoclonal mouse FACS 1:200 

Neutralization 

Becton Dickenson, 

Heidelberg, Germany 

α- mCD81 (EAT2) monoclonal Armenian 

hamster 

FACS 1:200 Santa Cruz, Santa Cruz, CA 

α- mCD81 (EAT1) monoclonal Armenian 

hamster 

Neutralization Santa Cruz, Santa Cruz, CA 

α-CLDN1 monoclonal mouse WB 1:500 Zymed, San Francisco, CA 

α-CLDN1 polyclonal rat Neutralization Obtained by Thomas 

Baumert, Inserm U748, 

Strasbourg, France 

α-CLDN1 (pur. IgG) polyclonal rat Neutralization (Krieger et al., 2009) 

α-CMV (R04) monoclonal human Neutralization (Hadlock et al., 2000) 

α-E2 (AP33) monoclonal mouse Neutralization (Owsianka et al., 2005) 

α-E2 (CBH4D) monoclonal human Neutralization (Hadlock et al., 2000) 

α-E2 (CBH4G) monoclonal human Neutralization (Hadlock et al., 2000) 

α-E2 (CBH5) monoclonal human Neutralization (Hadlock et al., 2000) 

α-E2 (CBH7) monoclonal human Neutralization (Hadlock et al., 2000) 

α-E2 (CBH23) monoclonal human Neutralization (Hadlock et al., 2000) 

α-E2 (HC-1) monoclonal human Neutralization (Keck et al., 2008) 

α-E2 (HC-11) monoclonal human Neutralization (Keck et al., 2008) 

α-NS5A (9E10) monoclonal mouse TCID50 1:2000 

IF 1:2000 

(Lindenbach et al., 2005) 

α-OCLN monoclonal mouse WB 1:200 Zymed, San Francisco, CA 

α-SR-BI polyclonal rabbit FACS 1:50 Novus Biologicals, Littleton, 

CO 

α-SR-BI polyclonal rat Neutralization (Zeisel et al., 2007) 
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Secondary antibodies: 

target conjugate species Application/ 

Dilution 

Company/ 

Refernce 

α-armeninan hamster IgG PE goat FACS 1:200 Santa Cruz, Santa Cruz, 

CA 

α-mouse IgG HRP goat WB 1:20,000 

TCID50 1:200 

Sigma, Steinheim, 

Germany 

α-mouse IgG APC donkey FACS 1:500 eBioscience, San Diego, 

CA 

α-mouse IgG Alexa 488 goat IF 1:1000 Invitrogen, Karlsruhe, 

Germany 

α-rabbit IgG PE donkey FACS 1:200 eBioscience, San Diego, 

CA 

α-rabbit IgG Alexa 405 goat FACS 1:200 Invitrogen, Karlsruhe, 

Germany 

 

Coupled antibodies: 

target conjugate species Application/ 

Dilution 

Company/ 

Refernce 

α-mCD81 PE Armenian 

hamster 

FACS 1:20 Santa Cruz, Santa Cruz, 

CA 

 

2.1.4 Oligonucleotides 

Name Sequence 5’→3’ 

A-1423-BsiWI GTA GGC CAA GCC GAA CAT GAC 

A-1503-Phe GAA CCC CCA CCA GTA TGG GTG CGC GCG TCC 

A-1554-Thr CTG GGG CCC GTG TCA AAT AAG CTG GTG AGG 

A-2639-Asp GAA GCC ATC GCA GCT AGC TGC GCT CGC AGC 

A-4614 CTG AGC TGG TAT TAT GGA GAC GTC C 

A-9482 GGA ACA GTT AGC TAT GGA GTG TAC C 

A-2A-3089 CGT GGC CCC TAG GGC AGA GCA CCG 

A-986-Phe CAG CCT GGA ACT GCC AGG TAA TGC TGT CAT TG 

A-Con1-1762-MluI GGTCCGAGCTGTGTGACTCATTG 

A-Con1-216-AtoF GTC CGC GAA CTC ATA CAC AAT GCT TGC GTT GGA GCA G 

A-Con1-387-VtoG CGT CCC CCC TGT CCC ATA GGT TCC CCC GTC AAC GCC 

A-Con1-388-TtoG CGT CCC CCC TCC CAC ATA GGT TCC CCC GTC AAC GCC 

A-Con1-405-PtoT GGA TTTT CTG GGA TGA CCC GGT TGA AAA GAG GGA CGT 

AAT CCC G 

A-H77-1920-AscI CCG TAT CAT TTG CAC CCC AGC 

A-H77-216 AtoF CAT CGG CGA ACT CGT ACA CAA TAC TCG AGT TAG GGC 
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A-H77-387-VtoG GCA TTT CCC CCG GTG CCG TGG GTT TCC GCG TCG ACG 

A-H77-388-TtoG CCC CCG CCG ACG TGG GTT TCC GCG TCG ACG CCG G 

A-H77-405-PtoT GCT TGG CGC CTG TTG TAA GGA GAC CAA CAA GCC CAG CCG 

A-hOccludin SpeI mid GGC CAC TAG TCT ATG TTT TCT GTC TAT CAT AGT C 

A-J6-2617 CAG CTA GCT GCG CTC GCA GCG 

A-Jc1-G451R GGG ACA TCG TGA CGA GTT GAA GCT GTG GGT G 

A-JFHI-H405T CTG AGG GCC AGT GCT GAA CAC GCC GGC 

A-JFHI-L216F GCA GCC TCG AAC TGC CAA GTG ATG CTG TCA TTG G 

A-JFHI-V388G GCG CCT CCA CCG GTG GTG GTG CCC GCG 

A-mOccludin SpeI mid GGC CAC TAG TCT AAG GTT TCC GTC TGT CAT AAT C 

A-mSR-BI SpeI CCG GAC TAG TCT ATA GCT TGG CTT CTT GCA GCA CCG T 

A-Spe-mCD81 AGA ACT aGT CAG TAC ACG GAG CTG TTC CGG ATG 

S-59-EcoRI TGT CTT CAC GCA GAA AGC GCC TAG 

S-12868-SbfI GCC CGA GAT GCG CCG CGT GCG GC 

S-1503-Gly CCA TAC TGG TGG GGG TTC TGC CGC GCA GAC 

S-2639-Asp CTA GCT GCG ATG GCT TCC TAT ATT TTG TCA 

S-986-Phe CCT GGC AGT TCC AGG CTG CTG TCC TCC ACG 

S-BamHI-Nco-mCD81 TCT GGA TCC ATG GGG GTG GAG GGC TGC ACC AAA TG 

S-Con1-12865-SbfI CGC CGC GTG CGG CTG CTG GAG ATG G 

S-Con1-216-AtoF GTG TAT GAG TTC GCG GAC ATG ATC ATG CAT ACC CCC GG 

S-Con1-387-VtoG CCT ATG GGA CAG GGG GGA CGA TGG CCA AAA ACA CCC TC 

S-Con1-388-TtoG CCT ATG TGG GAG GGG GGA CGA TGG CCA AAA ACA CCC TC 

S-Con1-405-PtoT CCT CTT TTC AAC CGG GTC ATC CCA GAA AAT CCA GC 

S-H77 531 KpnI CCT ATC CCC AAG GCA CGT CGG CC 

S-H77-216-AtoF GTG TAC GAG TTC GCC GAT GCC ATC CTG CAC ACT CCG 

S-H77-387 VtoG CCC ACG GCA CCG GGG GAA ATG CCG GCC GCA CCA CGG C 

S-H77-388-TtoG CCC ACG TCG GCG GGG GAA ATG CCG GCC GCA CCA CGG C 

S-H77-405-PtoT CTC CTT ACA ACA GGC GCC AAG CAG AAC ATC CAA CTG ATC 

S-hOccludin AscI CCG GGG CGC GCC ATG TCA TCC AGG CCT CTT GAA 

S-J6-1258 GCT CCA TCT ACC CTG GTA CCA TC 

S-J6-2515 CCT ATT CCT GCT CTT AGC GGA CGC 

S-Jc1-G451R CAA CTC GTC ACG ATG TCC CGA ACG CAT GTC C 

S-JFHI-H405T CGT GTT CAG CAC TGG CCC TCa GCA GAA CAT TCA GC 

S-JFHI-L216F CAC TTG GCA GTT CGA GGC TGC GGT TCT CC 

S-JFHI-V388G CCA CCA CCG GTG GAG GCG CTG TTG CAC GTT CC 

A-195 6FAM(6-carboxyfluorescein)-AA GGA CCC AGT CTT CCC GGC AAT 

T-TAMRA(tetrachloro-6-carboxyfluorescein) 

S-146 TCT GCG GAA CCG GTG AGT A 

A-219 GGG CAT AGA GTG GGT TTA TCC A 

S-mOccludin AscI CCG GGG CGC GCC ATG TCC GTG AGG CCT TTT GAA AGT CCA 

S-hOccludin AscI CCG GGG CGC GCC ATG TCA TCC AGG CCT CTT GAA 
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S-mSR-BI AscI GGC CGG CGC GCC ATG GGC GGC AGC TCC AGG GCG CGC TGG 

 

2.1.5 Vectors 

Existing plasmids used in this study: 

Name Description 

pHIT60 expression vector coding for Gag and Pol of the murine 

leukemia virus (MLV) driven by the CMV promoter and 

containing the SV40 ori (Soneoka et al., 1995) 

pRV-F-Luc MLV based retroviral packaging plasmid containing a 

Firefly luciferase under the promoter of the U3 region 

pRV-Venus MLV based retroviral packaging plasmid containing a 

Venus-GFP under the promoter of the U3 region 

(unpublished by Kathrin Hüging, AG Pietschmann, 

TWINCORE, Hannover, Germany) 

pcDNA 3.1 Eukaryotic expression plasmid for transient expression 

driven by a CMV promoter (Invitrogen) 

pcDNAΔcE1E2 J6 pcDNA 3.1 containing the HCV glycoproteins E1/E2 from 

genotype 2a J6 isolate; the last 60 amino acids of core 

protein are in front of E1 containing the signal peptide for 

the insertion into the ER  

pCMV ΔR.74 Lentiviral vector system based on HIV-1 for stable gene 

transfer with deletion of the virulence genes env, vif, vpr, 

vpu and nef (Dull et al., 1998) 

pcZ VSV-G-wt Eukaryotic expression plasmid for the expression of the 

VSV glycoprotein (VSV-G) (Kalajzic et al., 2001) 

pFK-JFH1/J6/XbaI/C-846_δg Jc1, construct that encodes chimeric HCV polyprotein 

which consist of codons 1-846 derived from J6/CF 

combined with codons 847 to 3033 of JFH1 (Pietschmann et 

al., 2006) 

pFK-JFH1/Con1/C-842_δg Jc1, construct that encodes chimeric HCV polyprotein 

which consist of codons 1-842 derived from Con1 combined 

with codons 843 to 3033 of JFH1 (Pietschmann et al., 2006) 

pFK-JFH1/H77/C-842_δg Jc1, construct that encodes chimeric HCV polyprotein 

which consist of codons 1-842 derived from H77 combined 

with codons 843 to 3033 of JFH1 (Pietschmann et al., 2006) 

pFK-JFH1_δg Plasmid coding for the full length genome of genotype 2a 

JFH1under the control of a T7 promotor (Wakita et al., 

2005) 

pFK-i389Luc_EI-JFH/J6/C846- δg Jc1, bicistronic luciferase construct that encodes chimeric 

HCV polyprotein which consist of codons 1-846 derived 

from J6/CF combined with codons 847 to 3033 of JFH1 

(Koutsoudakis et al., 2006) 

pFK-i389Venus_EI-JFH/J6/C846- δg bicistronic Venus-GFP reporter construct that encodes 

chimeric HCV polyprotein which consist of codons 1-846 

derived from J6/CF combined with codons 847 to 3033 of 

JFH1 (Koutsoudakis et al., 2007) 
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pFK-i389BlaRubiJFH/J6/C846- δg monocistronic Blasticidin Deaminase reporter construct that 

encodes a fusion protein of the Blasticidin Deaminase with 

ubiquitin and core. Ubiquitin is cleaved of core and results 

in a functional Blasticidin Deaminase and a functional 

chimeric HCV polyprotein, which consist of codons 1-846 

derived from J6/CF combined with codons 847 to 3033 of 

JFH1 (Christiane Brohm unpublished, AG Pietschmann, 

TWINCORE, Hannover, Germany) 

pFK-i389BlaRubiJFH1/NS3-3’- δg monocistronic Blasticidin Deaminase reporter construct that 

encodes a fusion protein of the Blasticidin Deaminase with 

ubiquitin and NS3. Ubiquitin is cleaved of NS3 and results 

in a functional Blasticidin Deaminase and a functional HCV 

polyprotein coding for the JFH1 replicon from NS3 to the 3’ 

end (Sandra Ciesek unpublished, AG Pietschmann, 

TWINCORE, Hannover, Germany) 

HIV-Gag-Pol self-inactivating proviral genome encoding a deletion in the 

3’ LTR U3 region, resulting in inactivation the viral 

promoter during reverse transcription and integration 

(used for HCVpp production as described in Evans et al., 

2007) 

CSGw a HIV-1 based lentiviral vector expressing GFP under the 

control of an internal spleen focus forming virus promoter 

(Demaison et al., 2002) (used for HCVpp production as 

described in Evans et al., 2007) 

pWPI BLR Lentiviral self inactivating expression vector under the 

control of the internal human elongation factor 1α (EF1-α) 

promoter containing an IRES element from EMCV that 

allows internal initiation of translation of Blasticidin S 

Deaminase (Pham et al., 2004; Steinmann et al., 2008) 

pWPI Gun Lentiviral self inactivating expression vector under the 

control of the internal human elongation factor 1α (EF1-α) 

promoter containing an IRES element from EMCV that 

allows internal initiation of translation of GFP-ubiquitin-

neomycin fusion protein (Pham et al., 2004) 

pWPI hCD81 BLR pWPI BLR coding for human CD81 in the first cistron 

(unpublished by Christiane Brohm, AG Pietschmann, 

TWINCORE, Hannover, Germany) 

pWPI hCD81 Gun pWPI Gun coding for human CD81 in the first cistron 

(unpublished by Christiane Brohm, AG Pietschmann, 

TWINCORE, Hannover, Germany) 

pWPI mCD81 Gun pWPI Gun coding for mouse CD81 in the first cistron 

(unpublished by Christiane Brohm, AG Pietschmann, 

TWINCORE, Hannover, Germany) 

pWPI hCLDN1 BLR pWPI BLR coding for human Claudin-1 in the first cistron 

(Haid et al.) 

pWPI mCLDN1 BLR pWPI BLR coding for mouse Claudin-1 in the first cistron 

(Haid et al.) 

pWPI hSR-BI BLR pWPI BLR coding for human SR-BI in the first cistron 

(Dorothea Bankwitz unpublished, AG Pietschmann, 

TWINCORE, Hannover, Germany) 

pWPI hSR-BI Gun pWPI Gun coding for human SR-BI in the first cistron 

(Dorothea Bankwitz unpublished, AG Pietschmann, 
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TWINCORE, Hannover, Germany) 

pGEX-2TK Bacterial expression plasmid with a tac promoter driving 

IPTG inducible expression of GST-tagged recombinant 

proteins (Pharmacia) 

pGEX hCD81 LEL pGEX containing a fusion protein of the human CD81 LEL 

with GST (kindly provided by Shoshana Levy) 

pGEX mCD81 LEL pGEX containing a fusion protein of the human CD81 LEL 

with GST (kindly provided by Shoshana Levy) 

 

Plasmids generated in this PhD-thesis: 

Name Desription Cloning strategy 

pcDNAΔcE1E2 J6/L216F pcDNAΔcE1E2 J6 with 

the L216F mutation in 

E1 

mutatgenesis PCR on pcDNAΔcE1E2 J6 

using the primers T7-long, A-986-Phe, S-

986-Phe and A-1423-BsiWI; Insert and 

Vector were cut with BamHI and AgeI 

pcDNAΔcE1E2 J6/V388G pcDNAΔcE1E2 J6 with 

the V388G mutation in 

E2 

Cut pFK-JFH1/J6/XbaI/V388G/C-846_δg 

with BsiWI and BsmBI and insert into cut 

pcDNAΔcE1E2 J6 cut with the same 

enzymes 

pcDNAΔcE1E2 J6/M405T pcDNAΔcE1E2 J6 with 

the M405T mutation in 

E2 

Cut pFK-JFH1/J6/XbaI/M405T/C-846_δg 

with BsiWI and BsmBI and insert into cut 

pcDNAΔcE1E2 J6 cut with the same 

enzymes 

pcDNAΔcE1E2 

J6/V388G/M405T 

pcDNAΔcE1E2 J6 with 

the V388G and the 

M405T mutations in E2 

Cut pFK-

JFH1/J6/XbaI/V388G/M405T/C-846_δg 

with BsiWI and BsmBI and insert into cut 

pcDNAΔcE1E2 J6 cut with the same 

enzymes 

pcDNAΔcE1E2 

J6/L216G/V388G/M405T 

pcDNAΔcE1E2 J6 with 

the L216F mutation in 

E1 and the V388G and 

the M405T mutations in 

E2 

Cut pFK-

JFH1/J6/XbaI/V388G/M405T/C-846_δg 

with BsiWI and BsmBI and insert into cut 

pcDNAΔcE1E2 J6/L216F cut with the 

same enzymes 

pcDNAΔcE1E2 J6/G451R pcDNAΔcE1E2 J6 with 

the G451R mutation in 

E2 

Cut pFK-JFH1/J6/XbaI/G451R/C-846_δg 

with HpaI and BsmBI and 

pcDNAΔcE1E2J6 with BamHI and 

BsmBI, insert into pcDNAΔcE1E2J6 cut 

with HpaI and BamHI 

pFK-JFH1/J6/XbaI/L216F/C-

846_δg 

pFK-JFH1/J6/XbaI/C-

846_δg containing the 

L216F mutation 

mutatgenesis PCR on pFK-JFH1/J6/XbaI/ 

C-846_δg using the primers S-12868-

Sbf1, A-986-Phe, S-986-Phe and A-1423-

BsiWI; Insert and Vector were cut with 

Sbf1 and BsiWI  

pFK-JFH1/J6/XbaI/V388G/C-

846_δg 

pFK-JFH1/J6/XbaI/C-

846_δg containing the 

V388G mutation 

mutatgenesis PCR on pFK-JFH1/J6/XbaI/ 

C-846_δg using the primers S-J6-1258, 

A-1503-Gly, S-1503-Gly and A-J6-2617; 

Insert and Vector were cut with BsiWI 

and XbaI 

pFK-JFH1/J6/XbaI/M405T/C-

846_δg 

pFK-JFH1/J6/XbaI/C-

846_δg containing the 

M405T mutation 

mutatgenesis PCR on pFK-JFH1/J6/XbaI/ 

C-846_δg using the primers S-J6-1258, 

A-1554-Thr, S-1554-Thr and A-J6-2617; 
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Insert and Vector were cut with BsiWI 

and XbaI 

pFK-JFH1/J6/XbaI/N767D/C-

846_δg 

pFK-JFH1/J6/XbaI/C-

846_δg containing the 

N767D mutation 

mutatgenesis PCR on pFK-JFH1/J6/XbaI/ 

C-846_δg using the primers S-J6-2515, 

A-2639-Asp, S-2639-Asp and A-2A-

3089; Insert and Vector were cut with 

XbaI and NotI 

pFK-JFH1/J6/XbaI/V388G 

/M405T/C-846_δg 

pFK-JFH1/J6/XbaI/C-

846_δg containing the  

mutations V388G and 

M405T 

mutatgenesis PCR on pFK-

JFH1/J6/XbaI/V388G/C-846_δg using the 

primers S-J6-1258, A-1554-Thr, S-1554-

Thr and A-J6-2617; Insert and Vector 

were cut with BsiWI and XbaI 

pFK-JFH1/J6/XbaI/L216F/ 

V388G/M405T/N767D/C-

846_δg 

pFK-JFH1/J6/XbaI/C-

846_δg containing the  

mutations L216F, 

V388G and M405T 

Cut pFK-JFH1/J6/XbaI/L216F/C-846_δg 

with SbfI and BsiWI and insert into cut 

pFK-JFH1/J6/XbaI/V388G/M405T/C-

846_δg cut with the same enzymes 

pFK-JFH1/J6/XbaI/mCD81/C-

846_δg 

pFK-JFH1/J6/XbaI/C-

846_δg containing the  

mutations L216F, 

V388G M405T and 

N767D 

Cut pFK-JFH1/J6/XbaI/N767D/C-846_δg 

with XbaI and NotI and insert into cut 

pFK-JFH1/J6/XbaI/L216F/V388G/ 

M405T/C-846_δg cut with the same 

enzymes 

pFK-JFH1/J6/XbaI/G451R/C-

846_δg 

pFK-JFH1/J6/XbaI/C-

846_δg containing the  

mutation G451R in E2 

mutatgenesis PCR on pFK-JFH1/J6/XbaI/ 

C-846_δg using the primers S-J6-1258, 

A-Jc1-G451R, S-Jc1-G451R  and A-J6-

2617; Insert and Vector were cut with 

BsiWI and XbaI 

pFK-i389Luc_EI-

JFH/J6/L216F/C846- δg 

pFK-i389Luc_EI-

JFH/J6/C846- δg 

containing the  

mutation L216F 

Cut pFK-JFH1/J6/XbaI/L216F/C-846_δg 

with SacI and BsIWI and pFK-

JFH1/J6/XbaI/ C-846_δg with BsiWI and 

SfiI, insert into pFK-i389Luc_EI-JFH/J6/ 

C846- δg cut with SfiI and SacI 

pFK-i389Luc_EI-

JFH/J6/V388G/C846- δg 

pFK-i389Luc_EI-

JFH/J6/C846- δg 

containing the  

mutation V388G  

Cut pFK-JFH1/J6/XbaI/C-846_δg with 

SacI and BsIWI and pFK-

JFH1/J6/XbaI/V388G/C-846_δg with 

BsiWI and SfiI, insert into pFK-

i389Luc_EI-JFH/J6/ C846- δg cut with 

SfiI and SacI 

pFK-i389Luc_EI-

JFH/J6/M405T/C846- δg 

pFK-i389Luc_EI-

JFH/J6/C846- δg 

containing the  

mutation M405T in E2 

Cut pFK-JFH1/J6/XbaI/C-846_δg with 

SacI and BsIWI and pFK-

JFH1/J6/XbaI/M405T/C-846_δg with 

BsiWI and SfiI, insert into pFK-

i389Luc_EI-JFH/J6/ C846- δg cut with 

SfiI and SacI 

pFK-i389Luc_EI-JFH/J6/ 

V388G/M405T/C846- δg 

pFK-i389Luc_EI-

JFH/J6/C846- δg 

containing the  

mutations V388G and 

M405T in E2 

Cut pFK-JFH1/J6/XbaI/C-846_δg with 

SacI and BsIWI and pFK-

JFH1/J6/XbaI/V388G/M405T/C-846_δg 

with BsiWI and SfiI, insert into pFK-

i389Luc_EI-JFH/J6/ C846- δg cut with 

SfiI and SacI 

pFK-i389Luc_EI-

JFH/J6/mCD81/C846- δg 

pFK-i389Luc_EI-

JFH/J6/C846- δg 

containing the  

mutations L216F, 

V388G M405T and 

N767D 

Cut pFK-JFH1/J6/XbaI/L216F/C-846_δg 

with SacI and BsIWI and pFK-

JFH1/J6/XbaI/V388G/M405T/N767D/C-

846_δg with BsiWI and SfiI, insert into 

pFK-i389Luc_EI-JFH/J6/ C846- δg cut 

with SfiI and SacI 
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pFK-i389Luc_EI-

JFH/J6/G451R/C846- δg 

pFK-i389Luc_EI-

JFH/J6/C846- δg 

containing the  G451R 

mutation in E2 

Cut pFK-i389Luc_EI-JFH/J6/C846- δg 

with EcoRI and BsIWI and pFK-

JFH1/J6/XbaI/G451R/C-846_δg with 

BsiWI and MluI, insert into pFK-

i389Luc_EI-JFH/J6/ C846- δg cut with 

MluI and EcoRI 

pFK-i389Venus_EI-

JFH/J6/mCD81/C846- δg 

pFK-i389Venus_EI-

JFH/J6/C846- δg 

containing the  

mutations L216F in E1, 

V388G and M405T in 

E2 and N767D in p7 

Cut pFK-JFH1/J6/XbaI/L216FC-846_δg 

with SacI and BsIWI and pFK-

JFH1/J6/XbaI/V388G/M405T/N767D/C-

846_δg with BsiWI and SfiI, insert into 

pFK-i389Venus_EI-JFH/J6/ C846- δg cut 

with SfiI and SacI 

pFK-i389Venus_EI-

JFH/J6/G451R/C846- δg 

pFK-i389Venus_EI-

JFH/J6/C846-δg 

containing the  G451R 

mutation in E2 

Cut pFK-i389Venus_EI-JFH/J6/C846- δg 

with EcoRI and BsIWI and pFK-

JFH1/J6/XbaI/G451R/C-846_δg with 

BsiWI and MluI, insert into pFK-

i389Venus_EI-JFH/J6/ C846- δg cut with 

MluI and EcoRI 

pFK-JFH1/Con1/mCD81/C-

842_ δg 

pFK-JFH1/Con1/C-

842_ δg containing a 

A216F mutation in E1 

and T388G and P405T 

mutations in E2 

Mutagenesis PCR on pFK-JFH1/Con1/C-

842_ δg with the primers S-Con1-12865 

SbfI, A-Con1-216-AtoF, S-Con1-216-

AtoF, A-Con1-388-TtoG, S-Con1-388-

TtoG, A-Con1-405-PtoT, S-Con1-405-

PtoT and A-Con1-1762-MluI. Insert was 

cut with SbfI and MluI and inserted into 

Vector pFK-JFH1/H77/ C-842_ δg, which 

was cut with MluI and HindIII and 

HindIII and SbfI 

pFK-JFH1/H77/mCD81/C-

842_ δg 

pFK-JFH1/H77/C-842_ 

δg containing a A216F 

mutation in E1 and 

T388G and P405T 

mutations in E2 

Mutagenesis PCR on pFK-JFH1/H77/C-

842_ δg with the primers S-H77-531 

KpnI, A-H77-216-AtoF, S-H77-216-

AtoF, A-H77-388-TtoG, S-H77-388-

TtoG, A-H77-405-PtoT, S-H77-405-PtoT 

and A-H77-1920-AscI. Insert was cut 

with AscI and KpnI and inserted into 

Vector pFK-JFH1/H77/ C-842_ δg, which 

was cut with AscI and AvrII and AvrII 

and KpnI 

pFK-

JFH1/Con1/mCD81/V387G/C-

842_ δg 

pFK-JFH1/Con1/C-

842_ δg containing a 

A216F mutation in E1 

and V387G and P405T 

mutations in E2 

Mutagenesis PCR on pFK-JFH1/Con1/C-

842_ δg with the primers S-Con1-12865 

SbfI, A-Con1-216-AtoF, S-Con1-216-

AtoF, A-Con1-387-VtoG, S-Con1-387-

VtoG, A-Con1-405-PtoT, S-Con1-405-

PtoT and A-Con1-1762-MluI. Insert was 

cut with SbfI and MluI and inserted into 

Vector pFK-JFH1/H77/ C-842_ δg, which 

was cut with MluI and HindIII and 

HindIII and SbfI 

pFK-

JFH1/H77/mCD81/V387G/C-

842_ δg 

pFK-JFH1/H77/C-842_ 

δg containing a A216F 

mutation in E1 and 

V387G and P405T 

mutations in E2 

Mutagenesis PCR on pFK-JFH1/H77/C-

842_ δg with the primers S-H77-531 

KpnI, A-H77-216- AtoF, S-H77-216-

AtoF, A-H77-387-VtoG, S-H77-387-

VtoG, A-H77-405-PtoT, S-H77-405-PtoT 

and A-H77-1920-AscI. Insert was cut 

with AscI and KpnI and inserted into 
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Vector pFK-JFH1/H77/ C-842_ δg, which 

was cut with AscI and AvrII and AvrII 

and KpnI 

pFK-JFH1/mCD81_ δg pFK-JFH1/mCD81_ δg 

containing the mutation 

L216F in E1 and 

V388G and H405T in 

E2 

Mutagenesis PCR on pFK-JFH1_ δg with 

the primers S-Con1-12865, A-JFH1-

L216F, S-JFH1-L216F, A-JFH1-V388G, 

S-JFH1-V388G, A-JFH1-H405T, S-

JFH1-H405T and A-JFH1-. Insert was cut 

with SbfI and AscI and inserted into 

Vector pFK-JFH1_δg, which was cut with 

AscI and AvrII and AvrII and SbfI 

pWPI mCD81 BLR pWPI BLR coding for 

mouse CD81 in the first 

cistron 

RT-PCR on cDNA generated from RNA 

isolated from Hep-56.1D cells with the 

primers S-BamHI-NcoI-mCD81 and A-

SpeI-mCD81. The Insert was cut with 

BamHI and SpeI and inserted into the 

vector cut with the same enzymes 

pWPI hOCLN BLR pWPI BLR coding for 

human Occludin in the 

first cistron 

RT-PCR on cDNA generated from RNA 

isolated from Lunet cells with the primers 

S-hOccludin-AscI and A-hOcclduin-SpeI. 

The Insert was cut with BamHI and SpeI 

and inserted into the vector cut with the 

same enzymes 

pWPI mOCLN BLR pWPI BLR coding for 

mouse Occludin in the 

first cistron 

RT-PCR on cDNA generated from RNA 

isolated from Hep-56.1D cells with the 

primers S-mOccludin-AscI and A-

mOccludin-SpeI-mid. The Insert was cut 

with AscI and SpeI and inserted into the 

vector cut with the same enzymes 

pWPI hOCLN Gun pWPI Gun coding for 

human Occludin in the 

first cistron 

Cut pWPI hOCLN BLR with AscI and 

SpeI and inserted into pWPI Gun cut with 

the same enzymes  

pWPI mOCLN Gun pWPI Gun coding for 

mouse Occludin in the 

first cistron 

Cut pWPI mOCLN BLR with AscI and 

SpeI and inserted into pWPI Gun cut with 

the same enzymes 

pWPI mSR-BI BLR pWPI BLR coding for 

mouse SR-BI in the 

first cistron 

PCR on a cDNA purchased from Origene 

with the primers S-mSR-BI-AscI and A-

mSR-BI-SpeI. The Insert was cut with 

AscI and SpeI and inserted into the vector 

cut with the same enzymes 

pWPI mSR-BI Gun pWPI Gun coding for 

mouse SR-BI in the 

first cistron 

Cut pWPI mSR-BI BLR with AscI and 

SpeI and inserted into pWPI Gun cut with 

the same enzymes 

pWPI hCLDN1 Gun pWPI Gun coding for 

human Claudin-1 in the 

first cistron 

Cut pWPI hCLDN1 BLR with AscI and 

SpeI and inserted into pWPI Gun cut with 

the same enzymes 

pWPI mCLDN1 Gun pWPI Gun coding for 

mouse Claudin-1 in the 

first cistron 

Cut pWPI mCLDN1 BLR with AscI and 

SpeI and inserted into pWPI Gun cut with 

the same enzymes 

2.1.6 siRNAs  

• silencer select negative control #2 siRNA (Ambion, Inc, Foster City, CA) 

• OCLN ON-TARGETplus SMARTpool (Dharmacon, Lafayette, CO) 
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2.1.7 Buffers and Solutions 

2 M sodium acetate (NaAc): Dissolve 272,16 g sodium acetate (Carl-Roth, Karlsruhe, 

Germany) in 800 mL H2O, pH 4.5 adjusted by use of concentrated acetic acid, add up to 1 L 

H2O. 

3 M Sodium acetate (NaAc): Dissolve 408,24 g sodium acetate (Carl-Roth, Karlsruhe, 

Germany) in 800 mL H2O, pH 5.2 adjusted by use of concentrated acidic acid and add up to 1 

L with H2O. 

Bradford reagent: 100 mg Coomassie Brilliant Blue G250 (Carl-Roth, Karlsruhe, Germany) 

solved in 50 ml 95% ethanol; add 100 ml 85% phosphoric acid (Carl-Roth, Karlsruhe, 

Germany); ad 1 l with H2O; filter; store at 4°C 

Carbazole substrate: 0.32% (w/v) of 3-amino-9-ethylcarazole (Sigma, Steinhein, Germany) 

in N,N-dimethylformamide (Carl-Roth, Karlsruhe, Germany) was diluted at a ratio of 1:3.3 

with 15 mM acetic acid, 35 mM sodium acetate (Carl-Roth, Karlsruhe, Germany), pH 8.0, 

and 0.4% H2O2. 

Coomassie destaining solution: 5% methanol (v/v) (Carl-Roth, Karlsruhe, Germany); 5% 

acetic acid (v/v) 

Coomassie staining solution: 0.6 g/l Coomassie brilliant blue R250 (Carl-Roth, Karlsruhe, 

Germany) dissolved in 50% methanol/10% acetic acid, filtered 

Cytomix: 120 mM KCl; 0.15 mM CaCl2; 10 mM potassium phosphate buffer (pH 7.6); 25 

mM Hepes (pH 7.6); 2 mM EGTA; 5 mM MgCl2; pH of the solution was adjusted to pH 7.6 

with KOH; before use, ATP (pH 7.6) and glutathione were freshly added to a final 

concentration of 2 mM and 5 mM, respectively. 

Ligase buffer (10x): 400 mM Tris-HCl; 100 mM MgCl2; 100 mM DTT, 5 mM ATP (Sigma, 

Steinheim, Germany). 

Loading dye for DNA/RNA (Orange G): (10x Puffer) 16,5 mL 0,15 M Tris/HCl, pH 7,5; 

30 mL Glycerol; 3,5 ml H2O + Orange G (0,25 g auf 100 mL, Sigma, Steinheim, Germany). 

FACS assay buffer: 1x PBS; 2% FCS (w/v) (PAA, Cölbe, Germany); 1% PFA (w/v) 

Luciferase assay buffer: 25 mM glycyl glycine; 15 mM potassium phosphate-buffer (pH 

7.8); 15 mM MgSO4; 4 mM EGTA; before use, addition of 1 mM DTT and 2mM ATP 

Luciferase lysis buffer: 1% Triton X-100; 25 mM glycyl glycine; 15 mM MgSO4; 4 mM 

EGTA; storage at 4 °C; before use, addition of 1 mM DTT 

Luciferase substrate solution: 1:5 dilution of 1 mM luciferin solution with 25 mM glycyl 

glycine solution 
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McIlivain buffer: Solution A: 0.1 M Citric acid; Solution B: 0.2M Disodium hydrogen 

phosphate (both Carl –Roth, Karlsruhe, Germany) to obtain buffer with different pH values 

solution A and B are mixed in different ratios. For pH5 9.7 ml B are mixed with 10.3 ml A. 

For pH7 3.53 ml A are mixed with 16.47 ml B. 

PBS (10x): 80 mM Na2HPO4; 20 mM NaH2PO4; 1.4 M NaCl 

Protein sample-buffer (2x): 200 mM Tris/HCl (pH 8.8); 5 mM EDTA; 0.1% 

bromophenol-blue (v/v); 10% sucrose (w/v); before use add 3.3% sodium dodecyl sulfate 

(SDS) (w/v) and 2% ß-mercaptoethanol (v/v).  

Protein sample buffer old (6x): 600 mM Tris/HCl (pH 8.8); 15 mM EDTA; 0.3% 

bromophenolblue; 30% (w/v) sucrose; before use add 9% SDS and 6% β-ME 

RIPA-Buffer: 0.3 M NaCl, 20 mM Tris HCl pH8, 1% sodiumdesoxycholat ; 0.1% SDS, 1% 

Triton-X-100 

SDS-PAGE resolving gel buffer: 1.5 M Tris/HCl pH 8.8; 0.4% (w/v) SDS 

SDS-PAGE stacking gel buffer: 1M Tris/HCl pH 6.8; 0.8% (w/v) SDS 

SSC (20x): 3 M NaCl; 0.3 M sodium citrate 

TAE (50x): 242 g Tris; 100 ml 0.5 M Na2EDTA (pH 8.0) and 57.1 ml glacial acetic acid. The 

volume was adjusted to 1 liter. 

TGS (10x): 250 mM Tris; 1.92 M glycine; 1% SDS 

Transcription buffer RRL (5x): 400 mM Hepes (pH 7.5); 60 mM MgCl2; 10 mM 

spermidine; 200 mM DTT 

Western blot blocking buffer: 1x PBS; 0.5% (w/v) Tween 20; 2-5% milk powder 

Western blot semi-dry buffer: 48 mM Tris; 39 mM glycine; 0.00375% SDS; 20% methanol 

Western blot wash buffer: 1x PBS; 0.5% (w/v) Tween 20 
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2.2 Preperation, analysis and manipulation of DNA and RNA 

2.2.1 Transformation of E.coli 

100 µl of chemocompetent bacteria thawed on ice were mixed with 1 µl of plasmid DNA. 

Standard plasmids and pFK plasmids were transformed in E.coli DH5α and retroviral 

plasmids were transformed in E.coli stabl2. The mixture was incubated for 20 minutes on ice 

followed by a heat shock through 2 minute incubation at 42°C. Subsequently, 500 µl of LB-

medium without any antibiotics were added and the culture was gently rotated at 37°C for 45 

minutes. Afterwards the bacteria were spun down, plated on LB agar containing the 

appropriate antibiotic for selection and incubated over night at 37°C. 

2.2.2 Plasmid DNA isolation 

Overnight cultures of bacteria in LB medium containing the respective selection antibiotic 

were inoculated with a single colony. Preperation of Plasmid DNA was achieved by the 

principle of alkaline lysis. Small (4 ml, mini) and medium (80 - 100 ml, midi) scale 

preperations were purified with the the Nucleospin Plasmid Kit from Machery Nagel and 

large scale (200 – 500 ml, maxi) preperations were performed with the Nucleobond PC 500 

Kit (Machery Nagel, Düren, Germany). The principles of the kits are the same. Bacteria from 

overnight cultures were pelleted by centrifugation and resuspended in an EDTA and RNase 

containing buffer (A1 or S1), in which EDTA complexes bivalent ions (Mg
2+

, Ca
2+

) 

contributing to the stability of the bacterial cell wall and RNase degrades the bacterial RNA. 

The suspension is then further lysed in a SDS and NaOH containing buffer (A2 and S2), 

where SDS functions as detergent and disintegrates the phospholipid and protein components 

of the cell wall and NaOH denatures proteins as well as the chromosomal and plasmid DNA. 

Addition of a third buffer (A3 and S3) neutralizes the pH of the suspension again, which leads 

to the separation of denatured proteins, higher molecular RNA, denatured chromosomal DNA 

and cell debris. Due to the circularity of the smaller plasmid DNA molecules, these are not 

fully seperated from each other and can revert to their native supercoiled structure upon 

neutralization of the pH. The unsoluble components are then cleared by centrifugation and in 

case of maxi preperations, the supernatant is further cleared with a filter. In a next step the 

solution is loaded onto an anion exchange resin, which contains a silica membrane to which 

DNA can bind in presence of a chaotrop salts. After several washing steps with adequate 

wash buffers, the DNA is eluted from the column with a slightly alkaline TE buffer (mini and 
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midi scale) or a high salt buffer (maxi scale) from which the DNA is precipitated with 

Isopropanol and dissolved also in TE buffer. 

2.2.3 Quantification of DNA and RNA with absorption spectroscopy 

By photometric measurement of the optical densitiy at 260 and 280 nm wavelength the 

concentration and the purity of an aqueous nucleic acid solution can be determined. With help 

of a Nanodrop (Peqlab, Erlangen, Germany) the extinction at 260 nm (OD260nm) and 280 nm 

(OD280nm) wavelength was measured. The TE buffer used for elution was used as reference. 

The quotient OD260nm/OD280nm is an indication for the purity of the nucleic acid solution. At 

high purity a value between 1.8 and 2.0 is reached. Lower values suggest a contamination 

with proteins and values higher than 2.2 suggest e.g. remainders of phenol. 

2.2.4 Total RNA isolation from eukaryotic cells or tissue 

Isolation of RNA from cells or tissue was performed with the Nucleospin RNA II kit 

(Machery Nagel, Düren, Germany) according to the manufacturers recommendations. 

Samples containing RNA were lysed in a lysis buffer containing large amounts of chaotropic 

salts, which inactivate RNases. RNA was bound to a silica membrane and contaminating 

DNA was removed by DNase digestion. Salts, proteins and other cellular components were 

removed by several washing steps and the RNA was finally eluted und low ionic strength 

conditions. 

2.2.5 Generation of cDNA 

A complementary DNA (cDNA) from mRNA isolated from cell lysates (2.2.4) was generated 

by reverse transcription. 1 µg of template RNA was incubated in the presence of an oligo dT 

primer for 10 min at 65°C to destroy secondary structures and allow annealing of the primer. 

Afterwards the Reverse Transcription reaction (first strand synthesis) was started by the 

addition of the appropriate buffer, dNTPs and the Transcriptor Reverse Transcriptase (Roche, 

Basel, Germany), which can transcribe a DNA strand complementary to a RNA strand. The 

reaction was incubated for 30 min at 55°C. The cDNA is complementary to spliced mRNAs 

from the isolated cellular RNA, as the oligo dT primer only binds to polyadenylated mRNAs 

and no other RNA species present in the cell.  

2.2.6 Polymerase Chain reaction (PCR) 

For many cloning attempts a defined DNA sequence must be multiplied from a complex 

template DNA. Sense and anti-sense oligonucleotide primers were designed to flank the target 

sequence and may contain further nucleotides containing a restriction site to permit 
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subsequent cloning steps. After denaturing the target DNA by heating to 95°C, the primers 

annealed to the complementary sequence on the single stranded DNA at temperatures 

between 42 and 59°C. The polymerase, which remains stable throughout the whole procedure 

then enlongated the bound primers at 68°C by the addition of dNTPs to the 3’ end. 

Afterwards a second cycle started again with the heat denaturing of the double stranded DNA. 

By this an exponential multiplication of the target DNA was achieved.  

A typical reaction is prepared as follows: 

500 ng DNA 

200 µM dNTPs (Roche) (1µl of a 10 mM Stock) 

1 µl sense primer (100 pM Stock) 

1 µl anti-sense primer (100 pM Stock) 

5 µl PCR-buffer (10x supplied with the polymerase) 

0.2 µl FideliTaq Polymerase (0.2 U, USB, Cleveland, Ohio) 

H2O added to a final volume of 50 µl 

 

Appropriate annealing temperatures are determined by the melting temperature of the primer 

and the time of elongation is dependent on the size of the amplified DNA stretch. 1kb DNA is 

amplified within one minute. A typical amplification cycle is depicted below: 

 

Step Temperature Length 

1. Initial denaturation 95°C 60 sec 

2. Denaturation 95°C 30 sec 

3. Annealing 48°C 30 sec 

4. Elongation 68°C 1 min/1kb DNA 

5. Final elongation 65°C 5min 

6. End 8°C ∞ 

14x – 29x 

 

2.2.7 Site directed mutagenesis 

Point mutations in a nucleotide sequence were introduced by overlap PCR (Ho et al., 1989)  

by the usage of two overlapping mutagenesis primers both coding for the mutation to be 

introduced in sense and anti-sense direction and two primers flanking the region of the 

mutation. Two PCRs were run. The first PCR was performed with a flanking sense primer 

annealing upstream of the mutation site and the anti-sense mutagenesis primer and the second 

PCR with a flanking primer downstream to the point mutation and the sense mutagenesis 

primer. Afterwards a third PCR is carried out, where the first two PCR products serve as 

template and the flanking primers are used for amplification. The resulting PCR product 

contains the introduced mutation and can be cloned into an appropriate vector. 
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2.2.1 Analysis of DNA with restriction enzymes 

Digestion of DNA was performed with restriction enzymes (New England Biolabs (NEB), 

Frankfurt, Germany). To control the identity of specific plasmids, control restrictions in a 

total volume of 20 µl were carried out. Digestions for cloning were carried out in a total 

volume of 100 µl. Reactions were performed in the presence of 1x restriction buffer (NEB 1-

4) and the amount of enzyme added to the reaction was calculated according to the activity of 

the enzyme on DNA of the bacteriophage λ. One unit is defined as the amount of enzyme 

needed to cut a single restriction site of 1 µg λ DNA within one hour.  

2.2.2 Dephosphorylation of DNA 

After linearization of plasmid DNA for further cloning, the DNA was dephosphorylated by 

calf intestine phosphatise (CIP) to circumvent religation of the vector. To this end, 2 U of CIP 

were added to the restriction reaction and the mixture was incubated for 30 minutes at 37°C. 

2.2.3 Agarose gel electrophoresis 

Seperation of DNA fragments according to their size was achieved by agarose gel 

electrophoresis. DNA is negatively charged and due to this runs in an electrical field towards 

the positive pole. 1-2% gels were prepared in 1x TAE buffer, containing 1 µg/ml 

Ethidiumbromide (EtBr) (Carl-Roth, Karlsruhe, Germany), which intercalates into the DNA 

and by this stains the DNA fragments.  DNA samples were mixed with 6x DNA loading 

buffer (Orange G) and loaded on the gel, which was run with 5-10V/cm in 1x TAE buffer. To 

determine the length of the separated DNA fragments, a molecular weight marker (Lambda-

DNA/Eco130I/StyI – or a 100 bp DNA - Ladder Plus marker; Fermentas, St. Leon Rot, 

Germany) was run simultaneously on the gel. Separated DNA was documented by UV 

radiation at 312 nm wavelength and a video supported system. 

If necessary, DNA fragments were seized from the agarose gel and purified with the 

Nucleospin Extract II kit (Machery Nagel, Düren, Germany) according to the manufacturers 

recommendations.  

2.2.4 Ligation of DNA-fragments 

Ligation of DNA fragments with matching nucleotide overhangs or blunt ends was achieved 

by mixing 2µl of purified vector and 6µl of purified insert together with 1 µl 10x ligation 

buffer and 1 µl T4 DNA Ligase (Fermentas, St. Leon-Rot, Germany). In case of two inserts to 

be ligated into the vector, 1 µl of vector and 3.5 µl of each insert were added to the reaction. 

The mixture was incubated at RT for 1h or overnight at 16°C.  
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2.2.5 DNA sequencing analysis 

After cloning with PCR products, the correctness was determined via sequencing. For this 

purpose, DNA with a concentration of 0.15 µg/ml and the appropriate primers (2 pM) were 

send to MWG (Martinsried, Germany). The integrity of the sequence was analyzed with 

Vector NTI 11 software (Invitrogen, Karlsruhe, Germany). 

2.2.6 RNA in vitro transcription 

In a first step, the DNA plasmid was linearized with an enzyme recognizing a single 

restriction site at the 3’end of the viral genome. This was carried out in most cases with MluI 

or in rare exceptions with AseI (both NEB). The linearization guarantees the correct ending of 

the viral genome and further supports the action of the ribozyme of the Hepatitis δ virus 

which is located directly at the 5’end of the HCV genome and cleaves the RNA. After 

linearization, the DNA was extracted with two rounds of phenol (TE saturated) and one 

extraction step with chloroform. Precipitation of the DNA was achieved through the addition 

of 2.5 volumes of 100% ethanol at -20°C for at least 20 minutes. Next, the DNA was pelleted 

by centrifugation for 20 min with 18,000g at 4°C, was washed with 80% ethanol and solved 

in RNase free water (63µl). The in vitro transcription reaction was then started through the 

addition of 20 µl 5x RRL buffer (2.1.7) 12.5 µl rNTPs (Roche, Mannheim, Germany) (each 

ribonucleoside triphosphate at a concentration of 25 mM) 100 U of RNasin (2.5 µl; Promega, 

Mannheim, Germany) and 80 U of T7 RNA polymerase (4 µl, Promega, Mannheim, 

Germany). After 2h incubation at 37°C another 40 U (2 µl) of T7 RNA polymerase were 

added. After a total of 4 h of transcription, the reaction was stopped through the addition of 

7.5 µl DNase Q (7.5U, Promega, Mannheim, Germany) and a final incubation for 30 minutes 

at 37°C.  

RNA purification was then performed by extraction with acidic saturated phenol on ice and a 

subsequent extraction with chloroform. The RNA was finally pelleted with 0.7 volumes of 

isopropanol at RT to prevent the precipitation of non-incorporated nucleotides and a last wash 

step with 70% ethanol. The pelleted RNA was solved in RNase free water and the 

concentration was determined with absorption spectroscopy (2.2.3) and the integrity of the in 

vitro transcripts was determined by agarose gel electrophoresis.  

2.2.7 RNA quantification by RT-PCR 

Quantitative real time PCR (RT-PCR) is a method for amplification of nucleic acids, which 

allows additional quantification of the newly generated DNA. Quantification is assessed by 

fluorometric measurements during the amplification process. The fluorescence increases with 
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the amount of DNA. For quantification, a probe was used, which carries a quencher at its one 

end and has a fluorescent dye at the other end. The polymerase cleaves the probe during DNA 

synthesis and by this releases the fluorescent dye, which can then be measured as an increase 

in fluorescence. To measure HCV specific RNA, two microliters of the RNA sample were 

applied for quantitative RT-PCR analysis employing a one-step RT-PCR LightCycler 480 

RNA Master Hydrolysis Probes kit (Roche, Mannheim, Germany) and the JFH1-specific 

probe A-195 (2.1.4 TIB Molbiol, Berlin, Germany) and the primers S-146 and A-219 (2.1.4; 

MWG-Biotech). Measurement was conducted at the LightCycler 480 (Roche, Mannheim, 

Germany).  

2.2.8 Cloning of adaptive mutations 

Total RNA was extracted from a dense 10cm dish of Lunet N mCD81 cells infected with the 

adapted virus as described in 2.2.4. CDNA synthesis was carried out with the Expand RT 

PCR kit (Roche), by using the primer A9482. For amplification of the 5’ half of the virus 

genome, the Expand long template PCR kit (Roche) and the primers S59-EcoRI and A4614 

were applied according to the manufacturers recommendations. The PCR product was 

digested with EcoRI and SpeI and inserted into the vector pFK-i389-Luc-EI/NS3-3’/JFH1-dg. 

Sequence analysis was carried out with primers covering the 5’ half of the HCV genome.   
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2.3 Expression, analysis and purification of proteins 

2.3.1 Cell culture 

Handling of eukaryotic cells has been carried out under a sterile working bench. 

2.3.1.1 Culture of permanent cell lines 

Eukaryotic cells were cultured in the respective culture medium (2.1.1) at 37°C in an H2O 

saturated and 5% CO2 containing atmosphere. Culturing devices were ventilation flasks with 

25, 75 or 150 cm
2
 or dishes with 6, 10 or 15 cm diameter. Corresponding to the growth rate, 

the cells were subcultured every 2-4 days. To this end, the adherent cells were washed once 

with sterile 1xPBS and incubated with a 1x Trypsin/EDTA solution (Invitrogen, Karlsruhe, 

Germany) for 5-10 min at 37°C. Afterwards, the cells were resuspended in complete culture 

medium and seeded in lower density in a new culturing device.  

2.3.1.2 Storage of cells 

For cryoconservation, cells were harvested and the suspension was spun down at 700 rpm for 

5 min (Heraeus Multifuge 3.SR). The sedimented cells were resuspended in cryo medium 

(2.1.2) and stored for one day at -80°C and afterwards were transferred to -150°C. 

2.3.1.3 Thawing cryconserved cells 

Kryoconserved cells were thawed rapidly at 37°C and transferred to 10 ml of complete 

culturing medium. The cells were spun down at 700 rpm (Heraeus Multifuge 3.SR) for 5 min 

and afterwards taken up in fresh culturing medium and transferred to the respective culturing 

device. 

2.3.1.4 Determining the cell density 

The cell density of cells in suspension was determined with help of a Neubauer counting 

device. 10 µl of cell suspension were transferred to the counting device and the cells in 16 

quadrants were counted. As the volume between coverslip and counting device above of the 

16 quadrants accounts for 0.1 µl, the cell density was determined by multiplying the counted 

cells with the factor 10
4
 to obtain the cell density per ml.  

2.3.2 Transfection of cells with Plasmid DNA 

The methods of DNA transfection described in this section are based on the principle of 

cationic transfection. Cationic lipids interact with the negatively charged DNA and with their 

hydrophobic regions with the cellular membranes. This results in the uptake of DNA into 



Materials and Methods   38 

 

cells. Within the cells the DNA is released from the lipid complexes and can enter the 

nucleus, where transcription takes place.  

2.3.2.1 Lipofectamine 2000: 

Cells were seeded 24h prior to transfection in appropriate well formats. DNA and transfection 

reagent were incubated for 5 min at RT in separate vials containing OptiMEM medium, were 

then mixed and after another 20 min incubation step were added to the cells growing in 

medium without Penicilin and Streptomycin. Four h after transfection, the medium was 

changed to DMEM complete and normally 48 h after transfection the reaction was stopped. 

The concentrations and amounts of DNA and Lipofectamine 2000 (Invitrogen, Karlsruhe, 

Germany) used were chosen according to the recommendations of the manufacturer. 

2.3.2.2 Demrie C: 

Sixµl Demrie C (Invitrogen, Karlsruhe, Germany) reagent were mixed with 1 ml OptiMEM, 

vortexed and afterwards 2.7 µg RNA were added. The mixture was incubated for 30 min at 

RT and then added to cells grown in 6-well format. Four hours post transfection 1.5 ml of 

DMEM complete were added. 

2.3.2.3 Polyethyleneimide PEI: 

15 µg of DNA and 45 µl of the transfection reagent PEI (1 mg/ml, Carl Roth, Karlsruhe, 

Germany) were added to 1 ml OptiMEM in separate tubes and mixed afterwards. After 20 

min incubation, the mixture was applied to 293T cells seeded on 10 cm dishes at a density of 

3x10
6
 cells/dish. Twenty four h after transfection the transcription of CMV promoter driven 

cassettes was enhanced through the addition of 25 mM Na-butyrat ( (120 µl of the 500 mM 

stock solution in 6 ml) and 48 h after transfection, the reaction was stopped.  

2.3.3 RNA transfection by electroporation 

To generate cell culture derived HCVcc, Huh-7.5 or Lunet N cells were transfected by 

electroporation. Dense cell monolayers in 15 cm dishes were trypsinized and washed with 

PBS and subsequently resuspended in Cytomix (2.1.7) containing 2 mM ATP and 5 mM L-

glutathione in a concentration of 1.5x10
7
 cells/ml (Huh-7.5) or 1x10

7
 cells/ml (Lunet N). 5 µg 

of in vitro transcribed HCV RNA was mixed with 400 µl cell suspension in cytomix and 

subjected to electroporation with the Gene Pulser System (Bio-Rad, München, Germany with 

975 µF and 270 V in a cuvette with 4 mm width. After electroporation, cells were 

immediately transferred to DMEM complete (10-18 ml) and seeded in appropriate cell culture 

dishes. 
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2.3.4 Protein quantification by Bradford assay 

Measuring the concentration of proteins by Bradford is based on the dye Coomassie Brillant 

blue G-250 (Carl-Roth, Karlsruhe, Germany), which in acidic solution complexes with 

proteins and by this changes the absorption maximum from 470 nm wavelength to 595 nm. 

Twenty µl of protein sample is mixed with 980 µl Bradford reagent and incubated at RT for 

5-10 min. Subsequently, the adsorption was measured at 595 nm. To determine the exact 

concentration, the adsorption was compared with a standard curve obtained by serial dilutions 

of the BSA protein starting with a concentration of 5 mg/ml. Measurements were performed 

in duplicates. 

2.3.5 SDS-polyacrylamide gel electrophoresis (SDS-PAGE) 

Proteins can be separated according to their size by denaturing gel electrophoresis. To this 

end, proteins were first heated in a reducing SDS and β-Mercaptoethanol containing buffer for 

5 minutes at 98°C. The high temperature and the β-Mercaptoethanol break down hydrogen 

bonds and disulfide bridges, respectively. SDS binds with two molecules to each amino acid 

and by this gives the protein a constant loading. To generate the resolving gel, a solution with 

12% acryl amide (stock 30% amide/bisacrylamide 29/1) concentration was induced to 

polymerase with TEMED (Invitrogen, Karlsruhe, Germany)  (0.1%) and ammonium 

persulphate (APS (Carl-Roth, Karlsruhe, Germany); 0.1% of a saturated solution) and 

immediately poured into gel casts. The stacking gel, which leads to the focusing of the protein 

samples at the border between the stacking gel and the resolving gel, contained 5% acryl 

amide stock solution. After loading of the heated protein samples, gel electrophoresis was 

performed in 1x TGS buffer (2.1.7) with 45 mA/gel. To estimate the size of the proteins, a 

marker with proteins of defined size was loaded next to the samples. Proteins were then 

detected either by Western Blot analysis (2.3.6) or staining of the gel with Coomassie (2.1.7). 

2.3.6 Western blot 

For Western Blot analysis, the proteins separated by SDS-PAGE (2.3.5) were transferred by 

electrophoresis to a polyvinylidenfluorid (PVDF; GE Healthcare, Braunschweig, Germany) 

membrane, which allows to immunostain specific proteins. For this purpose blotting chambers 

for semidry blotting were used. First two sheats of Whatman paper (Carl-Roth, Karlsruhe 

Germany) soaked in Semidry Blot buffer (2.1.7) were placed on the anode butt and then the 

membrane, which was activated in methanol and soaked in semi-dry blot buffer, was placed 

on top. Next, the polyacryleamide gel and finally again two whatman paper soaked in semidry 

blot buffer were placed upon the others. Membrane and filter papers were fitted to the size of 
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the gel. After placing the cathode butt on top, the electrotransfer was performed with 1 mA/ 

1 cm
2
 gel size for 1 h. The successful transfer was observed by the transfer of the coloured 

marker.  

To avoid unspecific antibody binding, the membrane was then first incubated for 1 h at RT in 

blocking solution (2.1.7) and then the membrane was agitated with the primary antibody 

diluted in 5% milk in PBS for 1 h at RT or at 4°C over night. After three washing steps with 

washing buffer, the membrane was incubated in 5% milk containing the secondary antibody, 

which recognizes the primary antibody and is coupled to horseradish peroxidise (HRP) for 1 h 

at RT. Unbound antibody was again removed through three washing steps and with the 

peroxidise enzyme, the proteins could be detected using the ECL plus dection system (GE 

Healthcare, Braunschweig, Germany). HRP catalyses the oxidation of luminal, which 

generates chemiluminescence that can be detected with a sensitive camera (ChemiStar, 

INTAS, Göttingen, Germany).  

2.3.7 Gene silencing by siRNAs 

SiRNA mediated silencing was achieved by reverse transfection of cells. 200 µl of OptiMEM 

medium were placed in a 12-well to which 150 pmol of siRNA were added. After 5 minutes 

incubation, 1.5 µl of transfection reagent Lipofectamine RNAimax (Invitrogen, Karlsruhe, 

Germany) were added and the mixture was incubated for 20 minutes at RT. Meanwhile, Lunet 

N hCD81 cells were harvested in a medium without antibiotics and 6x10
4
 cells were seeded 

on top of the transfection mix. 48 h after transfection the silencing efficiency was analyzed by 

Western Blot 2.3.6). 

2.3.8 Immunofluorescence microscopy (IF) 

By indirect immunofluorescence microscopy (IF), subcellular localization of proteins can be 

detected with specific antibodies. To this end cells were cultured on sterile glass cover slips in 

24-well plates. For fixation, the cells were washed with PBS and then incubated in 3% 

paraformaldehyde (PFA, Carl-Roth, Karlsruhe, Germany) for 10 min at RT. After a washing 

step with PBS, the cells were permeabilized with 0.5% Triton X-100 in PBS for 5 min at RT 

and then, after washing away the Triton, the cells were stained with the first antibody diluted 

in PBS containing 5% goat serum (Sigma, Steinheim, Germany) and incubated for 1 h at RT 

or at 4°C over night. Afterwards the cells were washed three times with PBS and then stained 

with the secondary antibody directed against the primary antibody and coupled to a 

fluorophore again in PBS containing 5% goat serum. This second staining had to be protected 

from light, as the fluorophores are unstable in light. Cell nuclei were stained with DAPI 
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(4’,6’-diamidino-2-phenylindole dihydrochloride) (Invitrogen, Karlsruhe, Germany) diluted 

1:3000 (1:300 in H2O, 1:10 in PBS) for 1 min followed by a PBS wash. Before mounting the 

coverslips onto glass slides with Fluoromount – G (Southern Biotechnology Associates, 

Birmingham, Al), cells were washed three times in PBS and once in H2O to remove salts. 

Microscopy was performed using a Fluorescence microscope (Olympus IX81, Göttingen, 

Germany).  

2.3.9 Determination of cell surface expression by Flow cytometry analysis  

With flow cytometry (or fluorescence activated cell sorting, FACS) cells can be detected on a 

single cell level, while they are passing a laser beam within a liquid flow. Certain parameters 

of the cells, as e.g. the size, the granularity and the fluorescence can be quantified. To detect 

the fluorescence, cells either express fluorescent proteins or they are stained with antibodies 

coupled to a fluorophore. Every cell passing the laser beam disperses the light of the laser and 

the fluorescent molecules are excitated. The dispersed light gives information about the size 

and the granularity of the cell and fluorescence gives information about the expression of a 

certain protein. 

In case of antibody staining, adherent cells were detached from cell culture plates by 

Trypsin/EDTA and washed once with PBS. Subsequently, the cells were stained with the 

primary antibody diluted in PBS for 20 min on ice, washed with PBS and then stained with 

the secondary antibody diluted in PBS. After a last washing step with PBS, the cells were 

resuspended in FACS buffer and subjected to flow cytometry with the BD FACS Calibur 

(Becton Dickenson, Heidelberg, Germany) and the BD Cellquestpro (Becton Dickenson, 

Heidelberg, Germany) software. If cells were expressing fluorescent proteins, the cells were 

detached, washed and resuspended in FACS buffer and immediately analyzed. Final analysis 

was performed with the FlowJo Software (Tree Star, Stanford, CA). 

2.3.10 Cell sorting by Flow cytometry (FACS) 

Special Flow cytometry devices not only have the capability to detect fluorescent cells, but 

also can sort the selected populations. Around 1x10
7 

cells were stained as described above 

(2.3.9) and filtered to remove clumped cells. Instead of PBS the cells were stainend and sorted 

in MACS buffer (Milteny Biotec, Bergisch Gladbach, Germany). Finally, the cells were 

sorted by the BD FACS Aria device (Becton Dickenson, Heidelberg, Germany) and the FACS 

Diva Software (Becton Dickenson, Heidelberg, Germany) at the sorting unit of the MHH. The 

sorted cells were collected in 100% FCS and then seeded in appropriate wells containing 

prewarmed medium. 
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2.3.11 Luciferase assay 

To measure the luciferase activity, cells were washed once with PBS and subsequently lysed 

with lysis buffer (350 – 1000 µl/6-well, 250 µl/12-well and 35 µl/96-well) and frozen at -

80°C to support cell lysis. After thawing, the lysates were resuspended by pipetting up and 

down and measured either with the single sample luminometer (Lumat LB9507, Berthold, 

Freiburg, Germany) or the plate luminometer (Lumat LB CENTRO, Berthold, Freiburg, 

Germany). For analysis of single samples, 100 µl cell lysate were mixed with 360 µl of assay 

buffer and measured for 20 seconds after the addition of 200 µl of luciferase substrate 

solution. All samples were measured in duplicates.  In case of the plate luminometer, 20 µl of 

cell lysate were mixed with 70 µl assay buffer and then measured after the addition of 42 µl 

luciferase substrate solution. In 96-well format, all experiments were carried out in triplicates. 

2.3.12 Quantitative detection of core protein 

HCV core protein was quantified with help of the commercial core-specific ELISA (Wako 

Chemicals, Neuss, Germany) according to the instructions of the manufacturer. To determine 

the amount of core protein in the cell lysates, the cells were lysed with luciferase lysis buffer 

48 h after transfection with HCV RNA. Core protein released into the cell culture supernatant 

was determined after filtering the supernatant through a 0.45 µm pore size filter. Samples 

were either diluted in PBS or DMEM medium prior to measurement. Cell lysates of cells 

transfected with Jc1/wt were generally diluted 1:1000 and cell culture supernatants were 

diluted 1:500. 

2.3.13 Purification of GST-tagged proteins from bacteria 

To express and purify GST-tagged fusion proteins containing disulfide bonds, E.coli rosetta 

gami were transformed with pGEX plasmids. This bacterial strain supports disulfide bonding 

and expresses tRNAs for rare codons to enhance the expression. An overnight preculture of 

50 ml was inoculated by a glycerol stock tested for the expression of the appropriate protein. 

The next day these bacteria were used to initiate a 1 l culture of bacteria, which was then 

grown to an OD592 of 0.8 at 37°C and induced to express the proteins by addition of 1 mM 

IPTG (Sigma) at RT. Bacteria were first lysed with 1 mg/ml Chicken egg lysozyme (Sigma) 

and 500 U benzonase (USB, Cleveland, Ohio) in PBS at RT for 30 min and then centrifuged 

at maximum speed for 20 min  in a second step the pellets were lysed with 0.5% NP40 in PBS 

(lysis buffer) again at RT for 30 min, followed by centrifugation at maximum speed for 20 

min. The supernatant was incubated with 2 ml of a 1:1 slurry glutathione agarose (Sigma, 

Steinheim, Germany) in lysis buffer for 2 h at RT under gentle agitation. Afterwards, the 
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agarose was washed three times with 25 ml lysis buffer to remove unbound protein. The 

bound GST fusion proteins were eluted twice with 100 mM L-glutathione (Sigma, Steinheim, 

Germany) in PBS after 30 min of incubation at 4°C and dialysed over night in PBS. Protein 

concentration was determined by Bradford.   

2.3.14 Metabolic 35S-labelling of HCV glycoproteins 

293T cells were seeded in 6 cm dishes and transiently transfected with plasmids encoding 

viral glycoproteins variants, or as a negative control, the empty vector pcDNA by 

Lipofectamine 2000 (2.3.2). Thirty six h after transfection, the cells were washed three times 

with PBS and then incubated in DMEM without methionine and cysteine for 1 h to starve the 

cells. Afterwards, the medium was exchanged to DMEM without methionine and cysteine 

containing 100 µCi 
35

S (Perkin Elmer, Rodgau, Germany) per ml (2 ml/6 cm dish). Following 

the overnight incubation, the cells were washed three times with PBS and then lysed with 1% 

Triton X-100 on ice for 30 min. 

2.3.15 Immunoprecipitation (IP) of HCV glycoproteins or HCV particles 

For precipitation of radioactively labelled HCV glycoproteins (2.3.14) per IP 50 µl of a 1:1 

slurry of glutathione agarose (Sigma, Steinheim, Germany) or 25 µl of a 1:1 slurry of protein 

G sepharose beads (Amersham Bioscience, Freiburg, Germany) were washed twice in 1% 

Triton X-100 in PBS for equilibration and then were incubated for 2 h at 4°C in the presence 

of 10 µg GST protein or 60 µl of AP33 in 1% Triton X-100 in PBS on a rotating wheel. 

Afterwards, the beads were washed with 1% Triton X-100 in PBS and incubated for 1 h at 

4°C with lysates of unlabelled 293T cells, to block unspecific binding sites on the beads.  

Simoultaneously, the 293T cell lysates were incubated for 2 h with naked glutathione 

sepharose and protein G sepharose to pull out proteins binding unspecifically to the beads. 

Subsequently, the preabsorbed cell lysates were loaded onto the blocked beads coupled to 

either GST fusion proteins or AP33 antibody and incubated over night at 4°C on a rotating 

wheel. Finally, the beads were washed three times with lysis buffer and then resolved in 2x 

protein sample buffer. The proteins were resolved by 12% SDS-PAGE. The gel was dried 

onto a whatman paper and subjected to autoradiography. To enhance the weak radioactive 

signals, the gel was stored with the film in an amplifying screen at -80°C.  

To measure binding of HCV particles to recombinant CD81 GST fusion proteins, 10 µg of 

GST fusion protein were coupled to glutathione agarose as described above. Afterwards, 

proteins coupled to beads were incubated with 500 µl of the respective Jc1 derivates 

normalized for the same amount of core protein over night at 4°C. The next day, beads were 
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washed five times with 1xPBS and taken up in 225 µl of PBS. 100 µl of the sample were used 

to determine the amount of precipitated core protein (2.3.12), 100 µl were analyzed for the 

RNA copy number (2.2.7) and the remaining 25 µl were mixed with 25 µl 2x SDS sample 

buffer and subjected to SDS-PAGE to control binding of GST fusion proteins. 
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2.4 Working with viruses 

2.4.1 Generation of stable cell lines by lentiviral gene transfer 

Stable cell lines were generated by transduction with lentiviral pseudoparticles harbouring the 

gene of interest in their genome. To this end, the lentiviral plasmid pWPI was used. This was 

transfected together with a plasmid coding for the VSV glycoprotein and a plasmid coding for 

lentiviral gag and pol into 293T via Lipofectamine 2000 or PEI (2.3.2) in a ratio of 1:3:1. In 

general, 1.2x10
6
 cells were seeded per 6 cm dish for Lipofectamine transfection and 3x10

6
 

cells were seeded per 10 cm dish for transfection via PEI. Forty eight h after transfection, the 

supernatant was harvested and passaged through 0.45-µm-pore-size filters. If necessary, the 

supernatants harbouring the pseudoparticles were concentrated via ultrafiltration with Amicon 

Ultra centrifugal filter units (molecular weight cut off 100 kDa, Millipore, Schwalbach, 

Germany). Cells being transduced were seeded in 12-wells and 24 h after transduction, 

selection of resistant cells was started with the respective antibiotic. 

To generate cells lines stably expressing all four HCV entry factors, the cells were first stably 

transduced with the lentiviral construct coding for OCLN in the backbone of pWPI Gun and 

selected for G418 resistance for several cell passages. Afterwards, the cells were transduced 

simultaneously with lentiviral constructs coding for CD81 and SR-BI both in the backbone of 

pWPI Gun. The cells were grown for several passages and then cells expressing both CD81 

and SR-BI were sorted by FACS using the antibody 5A6 or EAT2 to detect CD81 expression 

and the polyclonal antibody for SR-BI. Due to transduction with pWPI Gun, the cells express 

a weak GFP signal. For sorting, the fluorophores Alexa405, PE and APC were chosen. 

Finally, the cells were transduced with the lentiviral construct coding for CLDN1 in the 

backbone of pWPI BLR and selected for blasticidin resistance. Expression of the four entry 

factors was verified by flow cytometry (CD81 and SR-BI) and Western Blot analysis 

(CLDN1 and OCLN). 

2.4.2 Preparation of HCV stocks 

Huh-7.5 or Lunet cells were electroporated with RNA genomes as described in 2.3.3. For 

generation of virus stocks, the cells of one electroporation reaction were taken up in 10 ml of 

DMEM complete and seeded on a 10 cm dish. For experiments with time kinetics, cells of 

one electroporation were taken up in 16 ml of medium and 2 ml of this suspension was seeded 

per 6-well. For generation of Jc1 or Jc1-Luc stocks, the supernatant was harvested at 48 and 
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72 h after transfection and passed through a 0.45-µm-pore-size filter. Virus stocks were used 

directly or stored at -80°C. 

2.4.3 HCV infection of cells 

For standard infection experiments, Huh-7.5 or Lunet cells were seeded in 12-well or 6-well 

plates at a density of 0.6x10
4 

cells/12-well or 2.5x10
5 

cells/6-well. Twenty four h after 

seeding, the cells were inoculated with 250 or 500 µl of virus stock, respectively under gentle 

agitation for 4 h at 37°C. Afterwards, the virus containing supernatant was replaced by 

complete medium and the infection was stopped after 48 or 72 h, depending on the 

experiment and the read out. 

For neutralization assays, target cells were seeded at a density of 0.7x10
4
 cells/96-well one 

day prior to infection. Luciferase reporter virus containing supernatants were incubated for 30 

min at RT in the presence of neutralizing antibodies or proteins and then used to infect cells 

(100µl/96-well). Four h after infection, 100µl of DMEM complete medium was added per 

well and the infection was stopped after 72 h with 35 µl lysis buffer.  

2.4.4  HCV histochemistry and determination of virus titers  

To determine virus titers, the protocol described by Lindenbach et al. (2005) was slightly 

modified. 1x10
4
 Huh-7.5 cells or 0.7x10

4
 Lunet cells were seeded per 96-well 24 h prior to 

infection. Six wells were infected simultaneously with the same dilution of filtered cell 

culture supernatants of HCV transfected or infected cells. Usually, the first dilution was a 

1:10 dilution followed by 1:6 dilutions. 72 h after infection, the cells were washed once with 

PBS and then fixed in ice-cold methanol for 20 min at -20°C. Afterwards, the cells were 

washed with PBS and then permeabilized with 0.5% Triton X-100 in PBS for 5 min at RT. 

The first antibody detecting the HCV NS5A protein (9E10) was diluted 1:2000 in PBS and 

was incubated on the cells for 1 h. Then the cells were washed again three times with PBS and 

stained with the secondary antibody (goat α-mouse coupled to HRP, Sigma) 1:200 in PBS for 

45 min at RT. To detect the HCV positive cells, the wells were first washed again three times 

with PBS and then the HRP activity was detected by the addition of 30 µl Carbazole 

substrate/96-well  for 15 min at RT. Afterwards, the substrate was replaced with water and the 

wells were analyzed by light microscopy for positive cells. The 50% tissue culture infectious 

dose (TCID50) was calculated based on the methods described by Spearman and Kärber. By 

this, the concentrations of a virus solution that is needed to infect 50% of a given number of 

wells is determined (Spearman, 1908).  
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2.4.5 Density gradient centrifugation 

Supernatant containing HCV particles was harvested 48 h after electroportation of Huh-7.5 

with the indicated viral RNA. 1ml of virus stock was mixed with 2ml of a 60% (w/v) 

iodixanol stock solution (Optiprep Axis Shield, Oslo, Norway) and layered under a 0-30% 

iodixanol gradient. Gradients were centrifuged at 154,000 x g for 14 - 18 h at 4°C and 

afterwards, 0.5 - 1ml fractions were collected from bottom to top. The density of the different 

fractions was determined via refractometry, the distribution of infectivity in the single 

fractions was determined in a limiting dilution assay (2.4.4) and the amount of particles was 

assessed by quantification of RNA copies (2.2.7). 

2.4.6 Induction of plasmamembrane fusion 

Lunet N hCD81 cells were seeded at a density of 2.5x 10
5
 cells/6-well one day prior to 

infection. First, cells were pretreated with Concanamycin A (ConA; 5 nM) for 1 h at 37°C. 

Afterwards, cells were infected with F-Luc Jc1 variants in the presence of ConA for 2 h at 

4°C. Cells were washed twice with cold PBS and were either directly incubated in citric acid 

buffer (McIllivaine’s buffer system pH7 or 5) for 5 min at 37°C or alternatively, were first 

shifted to 37°C for 1 h under continued presence of ConA, and then incubated with citric acid 

buffer as described above. In both approaches, cells were maintained for another 3 h in 

medium containing 5 nM ConA and then the medium was replaced. Cells were lysed 48 h 

after infection and the luciferase signal was measured. 

2.4.7 Preperation of MLV or HIV based HCV pseudoparticles 

Murine leukemia virus (MLV)-based pseudotypes, carrying different HCV glycoprotein 

variants or VSV-G in their envelope, were generated by transfection of 293T cells. 1.2x10
6
 

293T cells were seeded in 6 cm dishes. One day after seeding, the cells were cotransfected 

with envelope protein expression construct or an empty-vector control, the MLV Gag-Pol 

expression construct pHIT60, and firefly luciferase transducing vector or Venus GFP 

transducing vector by using Lipofectamine 2000 (2.3.2) in a ratio of 1:1:1. The medium was 

replaced 6 h after transfection, and the supernatants containing the pseudoparticles were 

harvested 48 h later. The supernatants were passaged through a 0.45-µm-pore-size filter and 

either used directly for infection or first concentrated ca. 10-fold by ultrafiltration with 

Amicon Ultra centrifugal filter units (molecular weight cut off 100 kDa, Millipore, 

Schwalbach, Germany). For infection with pseudoparticles coding for Venus-GFP, target cells 

were seeded at a cell density of 2x10
4
 per well of a 48-well plate 24 h prior to inoculation. 

Cells were inoculated for 4 h with retroviral pseudoparticles and cells were cultured an 
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additional 48 h prior to harvesting and fixation in 1% paraformaldehyde (PFA) w/v. Venus 

GFP-expression as marker for productively infected cells was quantified using a FACS-

Calibur flow cytometer (Becton Dickinson, Heidelberg, Germany) and the Flow Jo software 

package. Infection with pseudoparticles harbouring a Firefly luciferase reporter were carried 

out in 12-well format. Cells were seeded at a density of 1x10
5
 cells/12-well 24 h prior to 

infection. Infection was carried out as described for Venus GFP coding pseudoparticles. 

Infection was stopped after 72 h with 250 µl luc lysis buffer per 12-well. The reporter activity 

was determined as described in 2.3.11. 

Human immunodeficiency virus (HIV) based pseudoparticles were generated similar to MLV 

based pseudoparticles. 293T cells were cotransfected with constructs coding for the envelope 

proteins, a construct coding for HIV gag pol (HIV-gag-pol) and a reporter genome coding for 

GFP (CSGw) in a ratio of 2:1:1. Infection was carried out as explained for MLV based 

pseudoparticles.  
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3 Results 

3.1 Adaptation of Jc1 to mouse CD81 

3.1.1 Generation and Characterization of human hepatoma cells expressing 

different CD81 orthologues 

To study the species specific usage of CD81 in the course of HCV infection a Huh7 

derived cell clone lacking endogenous expression of CD81 had been generated previously in 

the lab. The Huh7-Lunet cell, which is a subclone of the hepatoma cell line Huh7, was 

selected for the ability to support a high level of HCV RNA replication (Friebe et al., 2005). 

However these cells could not be efficiently infected, as they express either very low or 

intermediate levels of CD81 on the cell surface (Koutsoudakis et al., 2006). These cells were 

sorted by fluorescence activated cell sorting (FACS) for a population lacking CD81 

expression and were subsequently subcloned in a limiting dilution assay. Several clones could 

be isolated which display hardly any CD81 expression on their cell surface and which were 

designated Lunet N. Further analysis revealed that clone N#3 shows hardly any expression of 

endogenous CD81 on the cell surface but allows high levels of HCV RNA replication, 

comparable to the parental Lunet cells. This cell clone was finally designated Lunet N and 

selected to be used throughout this study. 

To confirm the previously reported contribution of CD81 to the species specificity of 

HCV entry (Flint et al., 2006) human and mouse CD81 were cloned into a lentiviral vector 

coding additionally for the blasticidin deaminase, which was used for the generation of stable 

cell lines. The new cell lines were designated Lunet N hCD81 and Lunet N mCD81 

respectively. FACS analysis of the three cell lines with antibodies specific for either human or 

mouse CD81 verified that both receptors were expressed efficiently on the cell surface (Figure 

5). Furthermore, it could be shown by flow cytometry that the expression of the different 

CD81 orthologues does not alter the cell surface expression of SR-BI (Figure 5A lower panel) 

and finally, western blot analysis demonstrated that the three cell clones express similar levels 

of CLDN1 and OCLN (Figure 5B).  
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Figure 5: Expression of HCV entry factors in Lunet N cells expressing human or mouse CD81. (A) Lunet 

N, Lunet N hCD81 and Lunet N mCD81 cells were analyzed by flow cytometry for the cell surface expression 

of CD81 and SR-BI using a FACS Calibur. Human CD81 was stained with a mouse monoclonal antibody (clone 

5A6) and a secondary antibody specific for mouse IgG coupled to APC. Mouse CD81 was stained with a 

monoclonal antibody derived from armenian hamster (clone EAT2) coupled directly to PE and SR-BI was 

stained with a polyclonal rabbit serum and a secondary antibody coupled to Alexa 488. Depicted are histograms 

including mock stained cells. If possible cells were stained only with the secondary antibody, as a control. (B) 

Western Blot analysis was used to show the expression of the two tight junction proteins CLDN1 (lower panel) 

and OCLN (upper panel). β-actin (middle panel) was stained as a loading control. 

 

To analyze how the expression of the different CD81 orthologues influences infection 

and RNA replication of HCV, the newly generated cell lines were transfected and infected 

with the HCV genotype 2a chimeric virus Jc1. Jc1 is a chimeric virus, which replicates to 

very high titers in cell culture (Pietschmann et al., 2006). The structural proteins from core to 

NS2 are derived from the J6 isolate and the nonstructural proteins are derived from the 

genotype 2a virus isolate JFH1. To monitor RNA replication, the three different cell lines 

were transfected via electroporation with a bicistronic reporter virus, coding for the firefly 

luciferase in the first cistron (Figure 6A). At different time points after transfection, the 

infection was stopped and the reporter activity of the firefly luciferase was detected. No 

significant differences in reporter activity could be observed between the different cell lines at 

the analyzed time points, indicating that the expression of CD81 did not influence HCV RNA 

replication in these cells (Figure 6A).  
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Figure 6: Replication and infectivity in Lunet N cells expressing different CD81 orthologues. (A) Schematic 

representation of viral genomes used in these experiments (adapted from Thomas Pietschmann). (B) The 

indicated derivatives of Lunet N cells were transfected with Jc1 Luc and seeded in 6-well plates (1.6x106cells/6-

well). The cells were lysed at 4, 24, 48 and 72h after electroporation and the reporter activity of the firefly 

luciferase was determined. (C) Jc1/wt was titrated in a limiting dilution assay (TCID50) on the different Lunet N 

cells seeded in 96-well plates. Grey dashed horizontal bar indicates the background of the limiting dilution assay. 

 

In a second step, infectivity of HCV was tested on the different cell lines. To this end 

Jc1/wt virus was titrated in a limiting dilution assay on Lunet N, Lunet N hCD81 and Lunet N 

mCD81 cells (Figure 6B). In very rare cases, using high virus titers single infected Lunet N 

cells could be detected, which was probably a result of a very low level of residual CD81 

expression on these cells (compare also Figure 13). Expression of either mouse or human 

CD81 rendered these cells susceptible to HCV, however with clearly different efficiencies, as 

it has been described previously (Flint et al., 2006). Cells expressing human CD81 could be 

infected around 100-fold more efficiently than cells expressing mouse CD81.  

 

3.1.2 Adaptation of Jc1 to mouse CD81 

The generation of a human cell line, which allows efficient HCV RNA replication, but 

expresses mouse CD81 instead of human CD81, enabled the adaption of HCV to the usage of 
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mouse CD81. Figure 7A schematically describes the approach used for the adaptation of Jc1 

to mouse CD81. In a first step Lunet N mCD81 cells were transfected with wildtype Jc1 

RNA. To control the level of transfection, cells in a separate well were fixed 24 h after 

electroporation and an immune fluorescence (IF) staining for the viral protein NS5A was 

conducted (Figure 7B). Over 90% of the cells appeared to be positive for HCV.  

The cells were passaged several times, to allow the virus to obtain potential mutations, 

which might alter receptor usage. After three cell passages a first attempt was conducted to 

test for changes in the mouse receptor usage. The supernatant of passage three was harvested 

and used to infect untransfected Lunet N mCD81 cells. However, only very few cells could be 

infected with this supernatant and no spreading of the virus population could be observed, 

even after subsequent passaging of these cells (Figure 7B top panel). To facilitate spreading of 

HCV to naive cells, an alternative approach was chosen, in which the transfected cells were 

mixed with untransfected cells in a ratio of 1:1. This mixed cell population was kept in cell 

culture for several passages and the approximate percentage of HCV positive cells was 

continually controlled by IF (Figure 7B middle panel). After nine cell passages the virus had 

spread within this mixed cell population to more than 95% of the cells.  

At this time point a second attempt to carry out supernatant passages was conducted. 

Supernatant from this ninth passage was used to infect Lunet N mCD81 cells. 24 h after 

infection around 15% (Figure 7B lower panel) of the cells were infected and after passaging 

the cells for three further rounds the virus had spread to more than 95% of the cells. Three 

following supernatant passages with subsequent cell passages were carried out. After each 

supernatant passage the virus could infect cells expressing the mouse receptor more 

efficiently, as can be followed in Figure 7B.  

Supernatant from all steps of the adaptation process was harvested and by titrating the 

viruses on Lunet N mCD81, Lunet N hCD81 and Lunet N cells the progress of adaptation was 

analyzed. At no time point of the adaptation Lunet N cells could be infected efficiently, 

demonstrating that the virus was still dependent on the expression of CD81 for entry.  
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Figure 7: Adaptation of Jc1 to mouse CD81. (A) Schematic illustration of the adaptation procedure. Lunet N 

mCD81 cells were transfected with Jc1/wt RNA and cultured for several passages (a). Cells transfected or 

infected with HCV are shown in red, whereas cells lacking HCV are shown in yellow. In a first approach (b) 

supernatant was harvested from the transfected cells and naive untransfected Lunet N mCD81 cells were infected 

and further passaged. In a 2nd approach (c) the transfected cells were mixed in a ratio of 1:1 with untransfected 

Lunet N mCD81 cells, kept in cell culture for nine passages and then four supernant passages (d) were carried 

out subsequentially. (B) After each cell and supernatant passage cells were seeded on cover slips to determine 

the amount of HCV positive cells. Immunofluorescence was carried out with the HCV specific NS5A antibody 

9E10 and a secondary anti mouse antibody coupled to Alexa 488. Pictures were analyzed by fluorescence 

microscopy. The different steps of the adaptation are named as illustrated in (A).  
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Twenty four h post transfection the more than 100-fold difference in infectivity on human and 

mouse CD81 was observed again (Figure 8). When the transfected Lunet N mCD81 cells 

were mixed with the untransfected cells, titers strongly dropped on both CD81 orthologues, 

however the strong difference between the two receptors was still detectable. IF analysis 

indicated that after nine passages in the mixed population, the virus had spread to more than 

95% of the cells. As the difference in CD81 usage was reduced to less than 10-fold, a first 

change in receptor utility was indicated. Titration of supernatants collected after the first 

supernatant passage revealed that to this time point a virus population had been selected, that 

could use mouse CD81 as efficiently as human CD81 and this phenotype was kept in the 

following three supernatant passages. After the fourth supernatant passage the RNA was 

isolated from the infected cells and cloned by reverse transcription into a vector backbone to 

allow sequencing. The region spanning from Core to NS3 was analyzed and 6 mutations were 

detected in at least 4 out of 6 clones (Table 1). Three of the most prominent nucleotide changes 

were located in the viral glycoproteins E1 and E2. One mutation was found in the first TMD 

of p7 and the remaining two mutations were found in the region of NS3. The mutations in 

NS3 were silent, leading to no aminio acid exchange, and were not analyzed further in this 

project.  

 

 

 

Figure 8: Adaptation of Jc1 to mouse CD81. Supernatants collected during different steps of the process of 

adaptation (Figure 7) were titrated on Lunet N cells expressing either no, human or mouse CD81. The dashed 

line indicates the background of the assay. (Epo = supernatant was collected 24h after transfection; mix P1/P9 = 

number of cell passages after the mixture of transfected and untransfected Lunet N mCD81 cells; SP1-4 = 

supernatant passage). Grey dashed horizontal bar indicates the background of the limiting dilution assay. 
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Amino acid  Protein Exchange Frequency 

216 

388 

405 

767 

1119 

1211 

E1 

E2 

E2 

p7 

NS3 

NS3 

Leu → Phe  

Val → Gly 

Met → Thr 

Asn → Asp 

(silent) 

(silent) 

6/6 

6/6 

4/6 

4/6 

6/6 

6/6 

 

Table 1: Mutations found in the adaptation of Jc1 to mouse CD81. RNA from the fourth supernatant passage 

of the adaptation of Jc1 to mouse CD81 (Figure 8) was extracted, transcribed into cDNA and cloned into a 

vector for further analysis (2.2.8). Subsequently, six clones were sequenced. Mutations occurring in at least four 

out of six analyzed clones are shown. Depicted are the amino acid positions in the polyprotein affected by the 

mutations, the protein affected, the amino acid exchange and the frequency of the mutation in the six analyzed 

clones.   

 

3.1.3 Identification of mutations adapting HCV to the usage of mouse CD81 

The four amino acid exchanges in the viral glycoproteins and p7 (Table 1) were cloned 

on their own or in different combinations by site directed mutagenesis into the backbone of 

Jc1. RNA from the different constructs was electroporated into Huh-7.5 cells and 48 h later 

the supernatant was collected. In a first step, to monitor RNA replication and particle release, 

the amount of core protein within the cell lysates and the cell supernatant was determined 

(Figure 9). No significant difference could be observed for any of the constructs, indicating 

that the mutations do not influence RNA replication or particle release. 

 

 

Figure 9: Adaptive mutations have no influence on RNA replication or particle release. 48 h after 

transfection of RNA carrying the respective mutations the supernatant was collected and filtered. Afterwards, the 

cells were lysed and the amount of core protein was determined in the cell lysates and the cell culture 

supernatant with a core specific ELISA. The total amount of Core protein in the cell lysates is depicted in (A) 

and the percentage of core protein released into the cell culture supernatant relative to the total amount of core 

protein is depicted in (B). 
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Figure 10: Combination of three glycoprotein mutations abolishes the difference in infectivity on human 

and mouse CD81. (A) Viral supernatants harvested 48h after electroporation of Huh-7.5 cells were normalized 

for the amount of core protein with a core protein specific ELISA and were titrated in a limiting dilution assay 

on Lunet N mCD81 or Lunet N hCD81 cells. (B) The difference between infectivity on human and mouse CD81 

is depicted as fold infectivity of human CD81 compared to mouse CD81. The grey dashed line marks the value 

where there is no difference in infectivity. 

 

To determine the influence of the selected mutations on receptor usage, the infectivity 

of the different virus variants on human and mouse CD81 was measured by titrating the virus 

supernatants normalized for the amount of particles on either Lunet N hCD81 or Lunet N 

mCD81 cells. For Jc1/wt the previously described difference in infectivity of more than 100-

fold could be observed (Figure 10). This difference was reduced upon introduction of the 

mutations found in the viral glycoproteins E1 and E2. The mutation L216F in E1 and the 

mutation V388G in E2 both slightly enhanced infectivity on mouse CD81 and concomitantly 

reduced infectivity on human CD81. The second mutation in E2 (M405T) also enhanced 

infectivity on mouse CD81, but did not negatively influence the usage of human CD81. The 

mutation N767D in p7 had no effect on the infectivity of either human or mouse CD81. 

Combining the two mutations in the E2 protein had no influence on the infectivity on human 

CD81 and enhanced infectivity on mouse CD81 to higher levels than each mutation on its 

own. However, only when all three mutations within the viral glycoproteins or all four 

mutations including the mutation in p7 were combined the infectivity on mouse CD81 was 

raised to the levels of the infectivity on human CD81 (Figure 10). The influence on species 

specificity of CD81 usage is depicted in Figure 10B. To reproduce the phenotype selected in 

the process of adaptation, all three mutations in the glycoproteins must be combined. Jc1, 

containing these three mutations, has been designated Jc1/mCD81. 
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Figure 11: CD81 expression in Lunet N cells stably transduced with rat or hamster CD81. Lunet N cells 

were stably transduced by lentiviral gene transfer with constructs coding for rat or hamster CD81. CD81 

expression was analyzed by flow cytometry. Rat CD81 was detected with the antibody clone EAT2 directed 

against mouse CD81 (A). Hamster CD81 was detected with the antibody clone 1.3.3.22 directed against human 

CD81 (B). 

 

To test if the adaptive mutations in the viral glycoproteins are specific for mouse 

CD81 or if they generally increase infectivity on different CD81 species from small rodents, 

CD81 of hamster and rat origin was cloned into the same lentiviral vector as human and 

mouse CD81 and used to stably transduce Lunet N cells. The expression of the two molecules 

was again analyzed by flow cytometry, using both the antibody directed against human and 

mouse CD81, as there is no antibody available specifically detecting rat or hamster CD81 

(Figure 11). These cells were then challenged in parallel with the other Lunet N cell lines with 

either Jc1/wt or Jc1/mCD81. As can be observed in Figure 12, the adaptive mutations were 

not specific for mouse CD81 but also increased titers on hamster and rat CD81 around 200-

fold.  

 

Figure 12: Adaptive mutations also increase titers on other CD81 species from small rodents. Lunet N cells 

were transduced with lentiviral vectors coding for rat and hamster CD81. Jc1 and Jc1/mCD81 stocks were 

generated by electroporation of Huh-7.5 cells. Cell supernatants were collected 48h after transfection and titrated 

on the indicated cell lines in a limiting dilution assay (TCID50). Grey dashed horizontal bar indicates the 

background of the limiting dilution assay. 
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Figure 13: Infection of Lunet N cells in the presence of neutralizing antibodies. Lunet N cells 

(0.6x104cells/12-well) were infected with wildtype (A) or  bicistronic firefly reporter viruses (B) coding for Jc1 

or Jc1/mCD81 in the presence of anti-CD13 or anti-CD81 (clone 5A6) antibody at concentrations of 5µg/ml. 

Grey dashed horizontal bar indicates the background of the luciferase assay. 

 

In Figure 12 a low infectivity of Jc1/mCD81 was observed on Lunet N cells. To 

analyze if infection is possible due to residual expression of human CD81 on these cells or 

due to an independence of Jc1/mCD81 on CD81, Lunet N cells were infected with a high dose 

of HCV viruses in the presence or absence of antibodies directed against CD81. Rare 

infection events could be observed with both Jc1/wt and Jc1/mCD81, these however could be 

inhibited through CD81 specific antibodies, indicating that Jc1/mCD81 is still dependent on 

CD81 (Figure 13A). The same results were obtained with luciferase reporter viruses. In the 

presence of control antibodies low infectivity, slightly above the background of the assay, 

could be measured with both Jc1 and Jc1/mCD81, which was neutralized by CD81 specific 

antibodies (Figure 13B). 

Having shown that the adaptive mutations are not specific for mouse CD81 but also 

increase infectivity on CD81 species other than mouse, it was further explored if these 

adaptive mutations are only functional in the context of the glycoproteins of the J6 isolate or 

if they can be transferred to other genotypes. As JFH1 is the only virus which efficiently 

produces virus particles in cell culture, previously described chimeric viruses (Pietschmann et 

al., 2006) were used to study the transfer of the adaptive mutations to other genotypes. In 

Figure 14A a protein alignment of the N-terminus of E1 and E2 of the analyzed isolates is 

depicted. The adaptive mutations were transferred directly at the same amino acid position as 

in Jc1. RNA of the different virus variants was transfected into Huh-7.5 cells and the 

supernatant was titrated on the different Lunet N cells. For both chimeric genotype 1 viruses 

the difference in receptor usage between human and mouse CD81 could be confirmed. Upon 
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introduction of the adaptive mutations the difference in infectivity was again reduced. 

However, in both cases the adaptive mutations reduced infectivity on human CD81, whereas 

infectivity on mouse CD81 was not as strongly affected. These results indicate that the 

selected mutations specifically enhance infectivity of the genotype 2a J6 isolate on cells 

expressing mouse CD81 and cannot be transferred to other genotypes.  

 

 

Figure 14: Transfer of adaptive mutations to other HCV genotypes. (A) Protein alignment of the N-terminal 

amino acids of the E1 protein (upper panel) and the E2 protein (lower panel) from the different genotypes 

analyzed within this project (J6, Con1 and H77). Position of the mouse CD81 adaptive mutations are marked by 

dark grey boxes and the HVR1 in E2 is highlighted by a light grey box. (B+C) 48 h after transfection of Huh-7.5 

cells supernatants were harvested with the indicated genomes and titrated on Lunet N, Lunet N hCD81 or Lunet 

N mCD81 cells. Grey dashed horizontal bar indicates the background of the limiting dilution assay. 
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3.2 Characterization of the mouse CD81 adapted glycoproteins  

In previous studies during long-term passaging of HCV in cell culture, different 

adaptive mutations have been selected (Kaul et al., 2007; Zhong et al., 2005), which can 

influence the usage and the interaction with the HCV entry factors. When passaging the JFH1 

virus in cell culture, a point mutation from glycin to arginine at position 451 within the E2 

protein was detected (Zhong et al., 2005) and this mutation was shown to influence receptor 

usage and the conformation of the viral glycoproteins (Grove et al., 2008). To discriminate 

phenotypes, which arose specifically due to the adaptation to mouse CD81 from phenotypes 

which arose due to long-term passaging of the virus in cell culture, Jc1/mCD81 was compared 

in the following experiments with Jc1/wt and Jc1/G451R. As is shown in Figure 15, 

introduction of the G451R point mutation into Jc1 does not influence the species specific 

usage of CD81. 

 

 

Figure 15: Introduction of the mutation G451R into Jc1 has no influence on the species specific usage of 

CD81. Supernatants from Huh-7.5 cells transfected with Jc1/wt, Jc1/mCD81 or Jc1/G451R were collected after 

48 h and titrated in a limiting dilution assay on Lunet N hCD81 or Lunet N mCD81 cells. Grey dashed horizontal 

bar indicates the background of the limiting dilution assay. 

 

3.2.1 Interaction with CD81 

To characterize the interaction of the adapted viral glycoproteins with CD81, different 

approaches were applied. As it has been shown that the viral glycoprotein E2 interacts with 

the LEL of CD81, it was possible to use recombinant proteins which comprise the LEL of 

CD81 fused to a GST tag. The CD81 LEL has four highly conserved cysteine residues, which 

build up two disulfide bridges and thereby determine the conformation of this region. To 

allow the generation of disulfide bonds, the proteins had to be purified from special bacterial 

strains. For this purpose the strain E.coli Rosetta gami was chosen. This strain allows 



Results   61 

 

disulfide bond formation due to a mutation in the thioredoxin reductase (trxB) gene. A two-

step purification was established (compare section 2.3.13) and the purified proteins were used 

in different assays.  

 

 

 

Figure 16: Glycoprotein precipitation with recombinant CD81 LEL proteins: 293T cells were transfected 

with pcDNAΔcE1E2 J6 with the indicated mutations or with an empty vector. 36 h after transfection the cells 

were labelled over night with 35S and lysed the following day in PBS with 1% Triton X-100. 60 µl of AP33 

antibody from hybridoma supernatant were coupled to Protein A sepharose and 10 µg of GST fusion proteins 

were coupled to glutathione agarose and were incubated after washing with the labelled cell lysates over night. 

After intensive washing the beads with PBS/1%Triton X-100, the beads were taken up in SDS sample buffer and 

the samples were separated on the SDS-PAGE. (A) The SDS-Page was stained with Coomassie. Arrows indicate 

the size of CD81 LEL proteins fused to GST or GST alone. (B) SDS-Page was developed for 24 h (AP33, lanes 

1-4) or 120 h (GST fusion proteins, lanes 5-16) on a film. Arrows indicate the viral glycoproteins E1 and E2 
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In a first set of experiments the interaction between the CD81 LEL of human and mouse 

origin with the viral glycoproteins was analyzed. E1/E2 complexes bearing the different 

mutations were transiently expressed in 293T cells and radioactively labelled. On the 

following day the cells were lysed with 1% Triton and the glycoprotein complexes were 

precipitated with the human and mouse CD81 LEL coupled to glutathione beads. 

As a control, the monoclonal antibody AP33, which recognizes a linear epitope directly 

adjacent to the HVR1 in E2 (aa 412 – 423), was coupled to protein A sepharose and was 

incubated with cell lysates to control protein expression. To prove a similar coupling of GST 

fusion proteins to the glutathione agarose the SDS-PAGE was stained with Coomassie (Figure 

15A). The CD81 LEL fusion proteins could be detected at a size of 33 kDa in lanes 9-16. 

Similar amounts of human and mouse CD81 LEL fusion proteins were coupled to the beads. 

GST alone appeared at a size of 25 kDa and again similar amounts of the recombinant protein 

could be identified on the SDS-PAGE. The bands of the light and the heavy chain of the 

AP33 antibody could not be detected here.  

As it is shown in Figure 16B (lane 2-4) similar amounts of the two viral glycoproteins 

E1 and E2 could be precipitated with the antibody AP33, suggesting that the different 

glycoprotein variants were expressed at the same level. Using the human CD81 LEL, all three 

glycoprotein variants could be precipitated (Figure 16 lane 6-8). However, the signals of E1 

and E2 for the virus variants J6/mC81 (lane 7) and J6/G451R (lane 8) appeared stronger than 

the band of J6/wt (lane 6). In the approach using mouse CD81 LEL (lanes 9-12) or GST 

(lanes 13-16) for precipitation, no bands corresponding to E1 or E2 could be detected. Even 

after longer exposure of the radioactive gel, no specific bands could be observed (data not 

shown). This suggests that by this method, no interaction between mouse CD81 LEL and the 

viral glycoproteins could be detected irrespective if the glycoproteins are able to allow entry 

via the mouse receptor or not.  

In a second approach to analyze the interaction of viral glycoprotein variants resident 

in virus particles with the CD81 LEL, virus particles produced in cell culture were captured 

by the GST fusion proteins. To this end, CD81 LEL proteins and as a control GST alone were 

coupled to glutathione agarose and were incubated with virus supernatants normalized for the 

amount of particles. The coupling of GST fusion proteins to the glutathione agarose was again 

controlled by SDS-Page and subsequent Coomassie staining (Figure 17A). The pull down of 

the virus particles was determined with two different methods. The amount of core protein 

and the quantity of viral RNA genomes coupled to the glutathione agarose was determined. 
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As can be observed in Figure 17, both readouts lead to the same general result. Only with the 

CD81 LEL of human origin, virus particles from all three variants could be precipitated 

efficiently. Precipitation with mouse CD81 LEL did not lead to higher signals than the GST 

control. When comparing the different virus variants differences in pull down efficiencies 

could be observed. Both virus variants bearing mutations (Jc1/mCD81 and Jc1/G451R) could 

be pulled down around three fold more efficiently than Jc1/wt (3-fold more in RNA readout 

(Figure 17A); 2.5 – 5 fold more in core protein readout (Figure 17B)). This indicates that both 

virus variants have a higher affinity to human CD81 LEL compared to Jc1/wt. These data 

confirm the observations made in Figure 16. Although the variant Jc1/mCD81 is able to infect 

cells expressing mouse CD81 efficiently, an interaction between mouse CD81 LEL and this 

virus variants could not be measured with any of the here applied techniques. 

 

 

Figure 17: hCD81 LEL pulls down virus variants bearing adaptive mutations more efficiently. Cell culture 

supernatant of Huh-7.5 cells transfected with Jc1/wt, Jc1/mCD81 or Jc1/G451R was harvested 48 h after 

electroporation and normalized for the amount of core protein with a core protein specific ELISA. These 

supernatants were incubated over night with CD81 LEL GST fusion proteins coupled to glutathione agarose and 

after extensive washing with PBS, the agarose beads were dissolved in 225µl PBS and separated into three 

samples. (A) 25µl of each sample was seperated on a SDS-Page and afterwards stained with Coomassie. (B) 

100µl of the beads in PBS were used to determine the amount of physical particles bound to the agarose beads 

with a core protein specific ELISA. The total amount of core protein in each sample was determined. (C) RNA 

bound to the remaining glutathione agarose was purified and afterwards, the amount of HCV specific RNA was 

determined and the total amount of RNA bound to the beads was measured. 
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An alternative strategy was chosen to specifically address the accessibility of the 

CD81 binding site within the viral glycoprotein complexes. Infection of the three different 

virus variants was neutralized with the recombinant CD81 LEL fusion proteins. Bicistronic 

firefly luciferase reporter viruses were incubated with a serial dilution of the recombinant 

proteins for 30 min to allow binding of the CD81 LELs to the viral glycoproteins. Afterwards, 

these supernatants were used to infect Lunet N hCD81 cells. Several batches of purified 

proteins were tested in their ability to neutralize infection. In the GST control no 

neutralization of any of the three virus variants was observed. Both Jc1/mCD81 and 

Jc1/G451R could be very efficiently neutralized by the human CD81 LEL, while Jc1/wt was 

not neutralized. These results may indicated that the CD81 binding site is well protected in the 

context of Jc1/wt but conformational changes upon the introduction of the cell culture derived 

adaptive mutations lead to an exposure of this domain, which also helps to explain the higher 

affinity to human CD81 observed in Figure 16 and Figure 17. These observations were 

constant with all batches of purified proteins. However, in three out of five batches infection 

in the presence of the mCD81 LEL resulted in no neutralization of any virus variant as for the 

GST control, whereas in two out of five purifications it showed a strong neutralization activity 

on all three virus variants.  

 

 

Figure 18: Neutralization with recombinant CD81 proteins. Jc1/wt, Jc1/mCD81 or Jc1/G451R firefly 

luciferase viruses were incubated prior to infection of Lunet N hCD81 cells (0.7x104cells/96-well) with serial 

diulations of recombinant CD81 LEL GST fusion proteins for 30 min at RT.  Infection was stopped 72 h after 

infection and the reporter activity of the firefly luciferase was determined. Depicted is the neutralization with 

two different batches of purified proteins relative to cells infected with the respective virus variants in the 

absence of protein (A+B) 
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It was not clear which factors influence the outcome of neutralization. Even after three 

additional dialysis steps this neutralizing ability still could be observed and the results 

obtained with mouse CD81 LEL have to be interpreted with precaution. 

In a second set of experiments the functional usage of human CD81 by the different 

virus variants was analyzed. To test how the different virus variants respond to lower amounts 

of accessible CD81 molecules on the cell surface, infection was carried out in the presence of 

different commercially available monoclonal antibodies directed against human CD81. As it 

is shown in Figure 19 all three viruses could be neutralized in a dose dependent manner by the 

two antibodies 5A6 (Figure 19, A) and 1.3.3.22 (Figure 19, B). While Jc1/wt and Jc1/G451R 

were both neutralized down to the background level of the assay, Jc1/mCD81 was only 

partially neutralized. At the highest concentrations of the antibodies, the difference in 

neutralization efficiency was for both of the here depicted antibodies around 10-fold. As 

control an antibody directed against CD13, a protein dispensable for HCV entry, was used in 

parallel for neutralization (Figure 19C).  

 

 

Figure 19: Neutralization with CD81 specific antibodies. Jc1/wt, Jc1/mCD81 or Jc1/G451R firefly luciferase 

viruses were neutralized with monoclonal antibodies directed against the human CD81 LEL. Lunet N hCD81 

cells were seeded in 96-well plates (0.7x104cells/96-well). 24h after seeding the cells were infected with viruses 

normalized for the amount of core protein in the cell culture supernatant and incubated with serial dilutions of 

the indicated antibodies ((A): 5A6, (B): 1.3.3.22). The anti-CD13 antibody was used as a control (C).  

 

To further strengthen that Jc1/mCD81 is still dependent on CD81 for the entry process 

and is able to efficiently use mouse CD81 as a receptor, Jc1/mCD81 infection was carried out 

on Lunet N mCD81 cells in the presence of antibodies directed against mouse or human 

CD81. Different antibodies directed against mouse CD81 have been tested for their capability 

to neutralize infection of Jc1/mCD81 on Lunet N mCD81 cells. However, only the clone 

EAT1 was able to neutralize infection (Figure 20A). Neutralization with this antibody was 

very efficient and infectivity of Jc1/mCD81 was reduced to the background of the assay, 

clearly indicating that this virus variant is dependent on mouse CD81 to infect Lunet N 
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mCD81 cells. To rule out the possibility that this antibody cross reacts with human CD81 the 

ability of this antibody to neutralize infection on cells expressing human CD81 was analyzed 

as well (Figure 20B). On Lunet N hCD81 cells only the antibody directed against human 

CD81 was able to efficiently neutralize infection. The control antibody directed against CD13 

showed no neutralization on either cell line.  

 

 

Figure 20: Functional usage of mouse CD81. Infection of the bicistronic firefly reporter virus Jc1/mCD81 was 

neutralized with serial dilutions of antibodies specific for mouse or human CD81 on Lunet N mCD81 (A) or 

Lunet N hCD81 (B) cells (0.7x104cells/96-well). Infection was stopped after 72 h and the firefly luciferase signal 

was detected. Depicted is the percentage of entry efficiency compared to cells infected in the absence of 

antibodies. 

 

The neutralization with antibodies directed against human CD81 suggested that Jc1/mCD81 

could use human CD81 more efficiently compared to the other two virus variants. To 

specifically address the hypothesis that this virus variant needs less CD81 expressed on the 

cell surface to enter cells, an assay established previously was carried out to determine the 

relative CD81 level needed for infection (Koutsoudakis et al., 2007). It was shown before that 

HCV needs a critical quantity of CD81 cell surface expression to efficiently infect cells. 

Infection rises within a narrow range of CD81 expression to a plateau value, where a higher 

CD81 density gives no further benefit. It was shown that this observation is independent of 

the virus titers. Lower virus titers lead to a lower amount of infected cells, however the 

critical CD81 density needed for infection remains constant (Koutsoudakis et al., 2007). 

These experiments had been carried out with Jc1/wt and the question was, if possibly one of 

the mutants shows an altered CD81 threshold density for infection. To this end, naive Lunet 

cells with two different populations concerning the CD81 expression, one with a very low 

expression level and one with an intermediate expression level (Figure 21D, grey line), were 

mixed in a ratio of 1:1 with Lunet N hCD81 cells showing a very high CD81 expression to 

obtain a mixed population of cells with a very broad CD81 expression. These cells were then 
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infected with bicistronic reporter viruses coding for Venus GFP in the first cistron and 

containing the different mutations in the viral glycoproteins. As described earlier, the 

percentage of infected cells was determined relative to the CD81 density displayed on the cell 

surface, which was determined by antibody staining. Figure 21A depicts a representative dot 

plot, where the GFP intensity is plotted against the CD81 cell surface level. The grey 

rectangles have been used to gate the cells at the different CD81 densities and to calculate the 

number of HCV infected cells compared to uninfected cells. The cells were infected with 

virus stocks normalized for the amount of Core protein (Figure 21B&C). It can be observed in 

both experiments that Jc1/mCD81 has a higher specific infectivity than the two other virus 

variants, which can be concluded from the slightly higher plateau which is reached in the high 

CD81 densities. Besides the higher specific infectivity, it is also visible that infection with 

Jc1/mCD81 starts rising at lower CD81 densities. In Figure 21B this shift is more pronounced 

as in the experiment depicted in Figure 21C. No clear difference for the other two viruses can 

be observed, although they also differ slightly in the height of the plateau they reach.  

In this context other experiments with Lunet N cells, lacking endogenous CD81 cell 

surface expression, within the lab have led to the suspicion that when culturing Lunet cells 

with different CD81 densities together, the differences in CD81 density do not remain 

constant, but rather influence each other. Therefore, especially in regard with the previously 

described experiments, this assumption was tested. To this end, the two cell lines Lunet and 

Lunet N hCD81 cells were seeded together or alone and harvested 72 h later. The samples 

with individually seeded cell lines were separated into different samples after harvesting and 

either stayed as such or were mixed with each other. Afterwards, the cells were stained for the 

CD81 cell surface expression and analyzed by flow cytometry (Figure 21D). When comparing 

freshly mixed cells with cell populations mixed before seeding, it can be observed that in the 

latter sample the CD81 density is shifted to higher CD81 densities. This is not only due to the 

fact that one of the cell lines grows faster than the other, but one can clearly recognize, that 

also the densities at the peaks have changed. This suggests that when mixing two cell lines 

with different CD81 levels, the low level CD81 expressing cells are influenced by the high 

level CD81 expressing cell lines to express higher levels of CD81. This fact should be kept in 

mind, when interpreting the results depicted in Figure 21A-C. However, as the different virus 

variants were used to infect the same mixture of cells, it is still possible to compare the 

different virus variants, but one should be careful to draw conclusions about the absolute 

CD81 cell densities needed for infection. Nevertheless, these results further support the 

hypothesis that Jc1/mCD81 can efficiently infect cells with lower CD81 cell surface density. 
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Figure 21: CD81 threshold level needed for infection with different virus variants: (A) naive Lunet cells 

were mixed with Lunet N hCD81 cells in a ratio of 1:1 (Lunet mix) and were infected 24 h after seeding with 

Venus Jc1 reporter viruses. 72 h after infection the cells were harvested, fixed and stained for CD81 with the 

CD81 specific antibody 5A6 and a secondary antibody coupled to APC. The Venus GFP signal was plotted 

against the CD81 expression. The grey squares mark the gates for analysing the percentage of HCV infected 

cells at a given CD81 density. (B+C) mixed Lunet cells were infected with Venus Jc1 reporter viruses bearing 

the adaptive mutations and normalized for the amount of Core protein. The percentage of HCV infected cells at a 

given CD81 cell surface expression was calculated as described in (A). Depicted are two representative 

experiments carried out in duplicates (D) naive Lunet cells, Lunet N hCD81 cells or a mixture of both in a ratio 

of 1:1 (Lunet mix 72 h)  were seeded in 6 wells. 72 h after seeding the cells were harvested. Naive Lunet cells 

were mixed with Lunet N hCD81 cells in a ratio of 1:1 after harvesting (Lunet mix fresh). Cells were stained for 

CD81 with the human CD81 specific antibody 5A6 and analyzed by flow cytometry. Depicted is a histogram 

overlay of the differently seeded and mixed cells. 

 

Finally, Lunet cells stably transduced with two different shRNAs directed against CD81 or as 

a control against CD13 were infected with firefly reporter viruses (Figure 22). Whereas 

infection of Jc1/wt and Jc1/G451R was reduced down to 10 or 70%, infectivity of Jc1/mCD81 

was only reduced to 25% or not affected at all, depending on the knock down efficiency of the 

different shRNAs. This significant difference further indicates that Jc1/mCD81 is using 

human CD81 more efficiently than Jc1/wt or Jc1/G451R.  
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Figure 22: Jc1/mCD81 is less dependent on CD81 expression. (A) Lunet cells stably transduced with two 

different shRNAs specific for CD81 (shCD81.1 or shCD81.2) or a control shRNA directed against CD13 

(shCD13.2) were analyzed for CD81 cell surface expression by flow cytometry using the CD81 specific 

antibody 5A6.  (B) The different Lunet cell derivatives were seeded in 12-well plates (6x104cells/well) and were 

infected with Jc1/wt, Jc1/mCD81 or Jc1/G451R bicistronic Firefly luciferase viruses. The reporter activity was 

determined 72 h post infection and the infectivity of the different virus variants is depicted relative to the 

infectivity of the Lunet shCD13.2 control cells, which was set as 100%. 

 

3.2.2 Characterization of the interaction with SR-BI, CLDN1 and OCLN 

In addition to CD81, also the usage of the other factors involved in the HCV entry 

process was analyzed. To examine the interaction with SR-BI, two different approaches were 

chosen. First, neutralizing antibodies directed against SR-BI were serially diluted with cell 

supernatants containing firefly luciferase reporter viruses. Purified IgGs specific for SR-BI 

are efficiently inhibiting Jc1/wt infection down to about 5% (Figure 23A). In contrast, the 

other two virus variants Jc1/mCD81 and Jc1/G451R are not significantly affected in their 

infectivity even at the highest concentrations used. Unspecific purified control IgGs were used 

in parallel for neutralization and had no influence on infection on any of the three virus 

variants.  

 

Figure 23: Adaptive mutations are less sensitive to SR-BI neutralization. Lunet N hCD81 cells 

(0.7x104cells/96-well) were infected with Jc1/wt, Jc1/mCD81 and Jc1/G451R firefly luciferase reporter viruses 

in the presence of serial dilutions of purified IgGs from a polyclonal rat serum directed against SR-BI (A) or 

purified IgG from a control rat (B). Infection was stopped after 72 h and the reporter activity of the firefly 

luciferase was determined. Depicted is the percentage of entry efficiency compared to cells infected in the 

absence of antibodies. 
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For JFH1/G451R it had been shown that it is not affected by an increased expression of SR-

BI on the cell surface, while infection of JFH1/wt is clearly enhanced (Grove et al., 2008). To 

analyze if a similar phenotype can also be observed for Jc1/mCD81 and Jc1/G451R, Lunet N 

hCD81 cells were generated, which overexpress SR-BI (Figure 24A). Although only a two-

fold increase in cell surface expression of SR-BI could be achieved, this led to a four-fold 

increase in Jc1/wt infection, whereas infection with Jc1/mCD81 and Jc1/G451R was in both 

cases only around 1.5-fold increased (Figure 24B).  

 

 

Figure 24: Infection of cells overexpressing SR-BI. (A) Lunet N hCD81 cells were stably transduced with a 

lentiviral construct coding for human SR-BI. Cells overexpressing SR-BI or parental cells were stained with a 

polyclonal antibody directed against SR-BI and analyzed by flow cytometry. (B) Lunet N hCD81 or Lunet N 

hCD81 SR-BI high cells (2.5x105cells/6-well) were infected in duplicates with bicistronic Firefly-luciferase 

reporter viruses and the reporter activity was determined 72 h after infection. Depicted is the fold infectivity of 

Lunet N hCD81 SR-BI high cells relative to the parental Lunet N hCD81 cells.  

 

As for SR-BI, also the usage of CLDN1 was analyzed by neutralization with CLDN1 specific 

polyclonal antibodies (Figure 25). No significant differences between the three virus variants 

could be observed for both a polyclonal rat serum specific for CLDN1 or purified IgGs 

(Figure 25). In both approaches the inhibition of HCV entry was only moderate. With the 

lowest dilution of the polyclonal serum or the highest concentration of the purified antibodies 

still 10-20% of the viruses were able to enter the cells. Neutralization with both antibodies 

suggested that all three virus variants are able to use CLDN1 with the same efficiency. As a 

control, an unrelated rat serum or IgGs purified from a control serum were used for 

neutralization. 

.  
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Figure 25: No difference in CLDN1 usage. Lunet N hCD81 cells were infected with Jc1/wt, Jc1/mCD81 and 

Jc1/G451R firefly luciferase reporter viruses in the presence of serial dilutions of either purified IgG from a 

polyclonal rat serum directed against CLDN1 (A) purified IgG from a control rat (B), a polyclonal serum 

directed against CLDN1 (C) or a control serum from an untreated rat (D). Infections were carried out in 

triplicates and the reporter activity of the firefly luciferase was determined after 72 h. Depicted is the percentage 

of entry efficiency compared to cells infected in the absence of sera or antibodies. 

 

In the case of OCLN no neutralizing antibody or serum has been established so far and 

all commercially available antibodies are directed against the large C-terminal intracellular 

domain. To investigate the dependence of the different virus mutants on OCLN as an essential 

entry factor, a siRNA mediated knock down of the protein was established. The cells were 

reverse transfected with either an irrelevant control siRNA or the same concentration of a 

pool of OCLN specific siRNAs. Fourty eight h after silencing the knock down efficiency was 

determined by Western Blot analysis (Figure 26A).  

The silenced cells were infected with Firefly reporter viruses containing the respective 

mutations (Figure 26C). Infection with Jc1/wt and Jc1/G451R was efficiently inhibited by the 

OCLN siRNA. Infectivity was reduced down to 20% in the OCLN silenced cells compared to 

control silenced cells. In contrast the infection with Jc1/mCD81 was significantly less 

inhibited (p< 0.001) by OCLN silencing. Infectivity still reached around 50% of the control 

silenced cells.  
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Figure 26: Jc1/mCD81 shows a reduced dependency on OCLN. Lunet N hCD81 cells were reverse 

transfected with a pool of siRNAs directed against OCLN or a scrambled siRNA as control in 12-well format. 

48 h after transfection the efficiency of OCLN knock down was measured with Western Blot analysis (A) using 

an OCLN specific antibody. The blot was also stained for actin as a control. The silenced cells were infected in 

triplicates with the indicated firefly luciferase reporter viruses. Infection was stopped after 48 h and the reporter 

activity in the cell lysates was measured (B) Depicted is the percentage of infection efficiency relative to control 

siRNA silenced cells. 

 

Taken together it seems that both Jc1/mCD81 and Jc1/G451R have a reduced dependency on 

SR-BI, but Jc1/mCD81 has additionally a reduced dependency on CD81 and OCLN. Only the 

requirement for CLDN1 as entry factor seems to be unaltered upon the introduction of the 

adaptive mutations. 

 

3.2.3 E2 integrity 

Neutralization with the recombinant human CD81 LEL suggested that conformational 

changes induced by the adaptive mutations leads to the exposure of the CD81 binding domain 

and may be an explanation for the altered receptor usage.  

To specifically address this question, the different virus variants were neutralized with 

monoclonal antibodies directed against conformational epitopes within the E2 protein. Several 

such antibodies are available. These clones of human monoclonal antibodies directed against 

the E2 protein have been generated by the isolation of B-cells from patients either infected 

with genotype 1a or 1b. The antibodies could be grouped into three different subtypes 

recognizing different domains of the E2 protein, which were determined by competing 

binding assays. Antibodies directed against the domain A in E2 are known to be inefficient in 

HCV neutralization, but antibodies directed against domain B or C are both known to 

efficiently neutralize HCV infection across all genotypes (Keck et al., 2004). However, it was 

shown that domain C antibodies are not as efficient in neutralization of genotype 2a viruses. 

Next to the ability to neutralize HCV infection, these antibodies have also been described to 

inhibit the interaction between the E2 protein and CD81. In addition, the mouse monoclonal 
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antibody AP33, which recognizes a linear epitope within E2 directly adjacent to the HVR1 

has been shown to be very potent in HCV neutralization. Neutralization with one 

representative antibody of each group and the AP33 antibody, as well as a control antibody 

directed a glycoprotein of the CMV virus is depicted in Figure 27.     

 

 

Figure 27: Neutralization with E2 specific antibodies. Lunet N hCD81 cells were infected with the firefly 

luciferase viruses Jc1/wt, Jc1/mCD81 and Jc1/G451R in the presence of a serial dilution of E2 specific 

antibodies. (A-C) human monoclonal antibodies directed against E2 (CBH4D, CBH5 and CBH23); (D) mouse 

monoclonal antibody AP33 and (E) human monoclonal antibody directed against a CMV glycoprotein (R04) 

Infections were carried out in triplicates and stopped after 72 h. Depicted is the infectivity relative to infections 

in the absence of neutralizing antibodies. 

 

Surprisingly, none of the here depicted and also of the other analyzed antibodies showed any 

neutralization of Jc1/wt even at the highest concentrations tested. This was expected for the 

antibodies directed against domain A, as they are known to have no neutralizing potential. 

The anti-domain A antibody used here is also not able to neutralize Jc1/mCD81 or 

Jc1/G451R. The other antibodies however do neutralize the two virus variants. Antibodies 

directed against domain B and the AP33 antibody both neutralize the two mutants very 

efficiently to background levels at the highest concentrations chosen in the assay, whereas 

antibodies directed against domain C are not as efficient in neutralization. When comparing 

neutralization of the Jc1/mCD81 virus variant with the Jc1/G451R mutant, it became obvious 

that both virus variants are neutralized by the antibody, but Jc1/mCD81 is neutralized more 

efficiently than Jc1/G451R. As assumed, the control antibody directed against a CMV 



Results   74 

 

glycoprotein (Figure 27E) had no influence on the infectivity of any of the virus variants. It 

seems that in the context of Jc1/wt these neutralizing and immunogenic epitopes were hidden 

and not accessible for the antibodies. Upon introduction of the adaptive mutations the 

structure of the E2 protein is somehow altered so that these epitopes are directly exposed. 

There may be slight differences in the structural changes introduced by the different mutations 

in the two virus variants, implying that they have a similar, but not absolutely the same 

phenotype.  

In a second approach, the question was adressed if these potential conformational changes 

lead to an altered response to a low pH trigger. It has been shown earlier that viruses, which 

normally enter the cell through endocytosis and fuse with the cellular membranes within the 

endosomes triggered by acidification, can be induced to fuse directly at the plasma membrane 

through an extracellular pH shift. This has been shown e.g. for bovine viral diarrhea virus 

(BVDV), belonging also to the Flaviviridae familiy (Krey et al., 2005). In the case of HCV, 

this entry route has been examined previously, however induction of plasma membrane fusion 

was only possible after an additional incubation step at 37°C for 1 h in-between virus binding 

and the pH shift to pH 5 (Tscherne et al., 2006). This suggests that first a conformational 

change within the glycoproteins has to occur before the virus can be induced to fuse, probably 

after the interaction with one of the cellular receptors. As Jc1/mCD81 and Jc1/G451R both 

have been suggested to have an altered glycoprotein conformation and show altered receptor 

dependencies, it was assessed if these virus variants might respond differently to the pH 

treatment.   

To block entry via the normal route through the endosomes, Concanamycin A (ConA) 

was added to the cells prior to infection and throughout the infection. This drug inhibits the V-

ATPase in the endosomes and thereby acidification of the endosomes, which is necessary for 

virus entry. To allow virus binding but no further steps of the entry process, the cells were 

inoculated with the virus and incubated 4°C. After washing away unbound virus particles, the 

cells were shifted either directly to pH 5 or pH 7 and incubated afterwards at 37°C or the cells 

with the bound virus were first incubated at 37°C for 1 h and then the pH shift was carried 

out. After additional incubation of the cells in the presence of ConA, the cells were washed 

and further incubated without the drug. The results of these two approaches are presented in 

Figure 28A and B. The observations made by Tscherne et al. (2006) could be reproduced. 

Jc1/wt cannot be induced efficiently to fuse directly at the plasma membrane, however after 

the additional incubation step in-between virus binding and pH shift around 20% of the bound 

viruses can be induced to fuse. In contrast, Jc1/mCD81 and Jc1/G451R could be induced to 
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fuse with the target cell directly after virus binding as efficiently as after the additional 

incubation step. Again in both approaches around 20% of the bound viruses could be induced 

to fuse via an extracellular pH shift. This suggests that the two virus variants Jc1/mCD81 and 

Jc1/G451R do not need priming like Jc1/wt before they can be induced to fuse with the host 

membrane and this again implies that the two mutants have a slightly changed conformation 

of the viral glycoproteins and rely on altered receptor interactions for the entry pathway. 

 

 

Figure 28: Induction of pH dependent plasma membrane fusion. Lunet N hCD81 cells seeded in 6-well 

plates (2.5x105 cells/6-well) were treated with Concanamycin A (ConA; 5nm) for 1 h at 37°C and then infected 

with F-Luc Jc1 variants in the presence of ConA for 2 h at 4°C. After 2 h, cells were washed twice with cold 

PBS followed by incubation in citric acid buffer (pH 7 or 5) for 5 min at 37°C. Cells were kept for another 3h in 

medium containing 5nM ConA, and then the medium was replaced. Cells were lysed after 48h and the luciferase 

signal was measured. (A) Direct induction of plasma membrane fusion: pH shift with citric acid buffer was 

conducted directly after infection at 4°C. Depicted is the relative entry compared to cells not treated with ConA 

and washed with citric acid buffer with pH7. (B) Induction of plasma mebrane fusion 1h after virus binding: 

Cells were treated and infected as described with an additional 1 h incubation at 37°C in medium containing 

ConA after virus binding and prior to the pH-shift. Depicted is again the relative entry compared to cells not 

treated with ConA and washed with citric acid buffer with pH7. 

 

It has been described for several virus mutants that they are more sensitive to 

neutralization by glycoprotein specific antibodies and this phenomenon was often 

accompanied by a shift of virus infectivity in the density profile (Bankwitz et al., 2010; Grove 

et al., 2008). To analyze if this holds true for the mutants analyzed in this study Jc1/wt, 

Jc1/mCD81 and Jc1/G451R viruses were loaded on iodixanol density gradients and 

fractionated after ultracentrifugation. The infectivity and the amount of particles were 

determined for each fraction. The results are depicted in Figure 29. No shifts in the density 

profile of either the infectivity or the physical particles could be observed.  
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Figure 29: Biophysical properties of virus particles: Cell culture supernatants were harvested 48 h after 

transfection of the indicated virus genomes and were layered under a linear iodixanol gradient. 10 fractions were 

collected after ultracentrifugation. The density of each fraction was determined by refractometry. The infectivty 

(A) and the HCV RNA copy numbers (B) in each fraction were determined by the limiting dilution assay and 

quantitative RT-PCR, respectively. The specific infectivity (C) was calculated for each fraction and is expressed 

as infectivity relative to RNA copy numbers. 
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3.3 HCV infection of mouse cells 

3.3.1 RNA replication in mouse cells 

As it has been shown that Jc1/mCD81 can use mouse CD81 with the same efficiency 

as human CD81, the next step was to elucidate if these mutations are sufficient to overcome 

the species barriers to HCV entry and thus allow infection of mouse cells.  

Mouse cells have been shown to have several blocks to the life cycle of the HCV 

(compare section 1.6). Not only the entry process is inhibited, but also RNA replication has 

been shown to be strongly reduced and so far there is no evidence existing that particle 

assembly and egress can be achieved in mouse cells. Some groups have reported a low level 

of RNA replication in mouse hepatocyte cell lines, which could be monitored in colony assays 

with reporter viruses encoding a resistance gene as a reporter (Uprichard et al., 2006; Zhu et 

al., 2003). To comfirm theses results and to elucidate if reporter viruses could be used to 

measure infection events in mouse cell lines, a first step was to analyze the potential of 

several mouse cell lines to support HCV replication. Three different mouse cell lines all 

originating from hepatocytes were chosen for this analysis: Hepa 1-6 cells and AML12 cells, 

which both have been shown to allow a low level of HCV replication in colony assays 

(Uprichard et al., 2006; Zhu et al., 2003), and Hep56.1-D cells. AML12 are desribed to have a 

phenotype very close to primary mouse hepatocytes (Wu et al., 1994). In a first attempt, the 

three different cell lines were transfected by electroporation with a subgenomic bicistronic 

replicon coding for the firefly luciferase in a first cistron and the reporter activity was 

measured after different time points to monitor the replication. As a negative control, the cells 

were also transfected with a subgenomic replicon with a deletion of three amino acids in the 

active site of the RNA dependent polymerase NS5B (ΔGDD), which abrogates RNA 

replication. Huh-7.5 cells were efficiently transfected with both subgenomic constructs as can 

be deduced from the high reporter activity 4 h after transfection (Figure 30). The expression 

of the reporter is even higher after 24 h and reaches a plateau value for the functional 

subgenomic replicon afterwards. The ΔGDD mutant however shows a strong decline in 

reporter activity after the 4 h value, which indicates that the cells have been efficiently 

transfected with this construct, however, as the RNA cannot be propagated due to the 

mutation in the polymerase, the genomic load within the cells drops immediately and with this 

also the reporter activity.  

The differences in the reporter activity at the 4 h time point indicated that not all of the 

cell lines have been transfected with the same efficiency (Figure 30A). The highest signals 
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were measured for Hep56-1D cells and only very inefficient transfection could be obtained 

for AML12 cells (approx. 20-fold lower than Hep56-1D). For Hepa 1-6 and AML12 cells the 

signal of the firefly luciferase shows the same drop over time irrespective of the transfected 

construct indicating that with the subgenomic replicon coding for the firefly luciferase no 

replication could be measured either due to the fact, that there is no replication possible in 

these cell lines or that this reporter genome is not sensitive enough. In the Hep56-1D cells 

however, a small deviation of the two curves representing the wt and the mutant subenomic 

replicon could be detected. At the 48 h time point an approximately 10-fold difference in reporter 

activity could be measured, which indicates a low level of replication in these cell lines. These results 

could be reproduced in several experiments.  

 

Figure 30: Characterization of RNA replication in mouse cell lines. Huh-7.5, AML12, Hepa1-6 and Hep-

56.1D cells were transfected with a subgenomic replicon coding for the Firefly luciferase or a mutant lacking 

three amino acids in the active site of NS5B. 4, 24, 48 and 72 h after transfection the cells were lysed and the 

reporter activity was determined. Depicted are the relative light units (RLU) measured in a 6-well. Cells were 

either transfected by electroporation (A) or by Lipofectamine 2000 (B). For electroporation cells were suspended 

in Cytomix at a concentration of 1.5x107 cells/ml and transfected with 10µg of the indicated RNA genomes. 

After electroporation cells were seeded in 6-well plates at a concentration of 6x105 cells/6-well. Lipofectamine 

2000 transfection was carried out in 6-well format according to the recommendations of the manufacturer. 

 

In a second attempt the cells were transfected with the same constructs via 

Lipofectamine 2000 transfection and the reporter activity was determined again at the 

indicated time points (Figure 30B). In this case, transfection was more efficient as indicated 

by the high 4 h values. This transfection method leads to cell stress as indicated by the drop at 

24 h even in the case of Huh-7.5 cells. However, even at the higher transfection efficiencies 

no difference between the subgenomic replicon and the ΔGDD mutant could be observed in 

the three mouse cell lines. 
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The ability to support HCV replication was not only studied in mouse cell lines but 

also in primary mouse hepatocytes. To this end isolated primary mouse cells were transfected 

with either the wt or the ΔGDD subgenomic replicon coding for the firefly luciferase with 

three different methods, as it was not clear how the cells could be efficiently transfected. The 

cells were either electroporated with the indicated RNA or two different transfection reagents, 

which lead to the uptake of the nucleic acids via so called lipofection, were tested. As control, 

all these methods have been used in parallel to transfect Huh-7.5 cells, proving that these 

methods in principle are able to deliver HCV RNA into cells.  

 

 

Figure 31: Characterization of RNA replication in primary mouse hepatocytes. Primary mouse hepatocytes 

(right panel) or as a control Huh-7.5 cells (left panel) were transfected by different methods with the subgenomic 

replicon coding for the firefly luciferase or a control replicon with a deletion in the active site of NS5B (ΔGDD). 

For electroporation cells were suspended in Cytomix at a concentration of 1.5x107 cells/ml and transfected with 

10µg of the indicated RNA genomes. After electroporation cells were seeded in 6-well plates at a concentration 

of 6x105 cells/6-well. Transfection with Dimrie C and Lipofectamine 2000 was carried out as described by the 

manufacturer for a 6-well format. Huh-7.5 cells were seeded at a density of 2.5x105 cells/6-well and primary 

mouse hepatocytes at a density of 5x105cells/6-well 24h prior to transfection. At the indicated time points cells 

were lysed and the reporter activity of the firefly luciferase was determined.  

 

As can be seen in Figure 31B with all of the three approaches the Huh-7.5 cells could be 

successfully transfected and RNA replication was initiated, albeit with different efficiencies. 

Only small differences in transfection efficiencies could be observed and at 72 h after 

transfection, the same values of HCV replication were reached in all samples. A clear 

difference to the control transfections with the ΔGDD mutant could be measured.  In the case 

of primary mouse hepatocytes however, no RNA replication could be measured after any of 

the different approaches used to transfect HCV RNA (Figure 31A). Efficient transfection of 

the primary mouse hepatocytes could only be achieved with Lipofectamine 2000 as can be 
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concluded from the reporter activity 4 h after transfection. But also in this case the curves of 

the wildtype and the mutant subgenomic replicon showed a similar decline in reporter activity 

suggesting again that with the firefly luciferase reporter virus, no replication can be measured 

in these cells. The previous experiments failed to support the findings that mouse hepatocytes 

allow low level HCV RNA replication, with the exception of Hep56-1D cells. Thus a second, 

more sensitive approach was chosen to measure HCV RNA replication. Instead of bicistronic 

genomes encoding the firefly luciferase in the first cistron (depicted in Figure 30A) 

subgenomic replicons or full length viruses were chosen which encode the blasticidin 

deaminase in the same cistron in front of the viral proteins, and which is cleaved of the core 

protein via a ubiquitin cleavage site (depicted in Figure 32). The cells were electroporated 

with the indicated genomes and subsequently cultured in the presence of blasticidin to select 

for cells supporting HCV RNA replication. At the time point when the mock transfected cells 

had all died under the selection pressure of blasticidin or visible colonies resistant to the 

blasticidin selection had grown, the assay was stopped and the presence of cell colonies was 

detected after Coomassie blue staining. In the here depicted experiment (Figure 32) all five 

cell lines have been treated with the same blasticidin concentration of 5 µg/ml. Next to the 

mouse hepatocyte cell lines also a fibroblast cell line (NIH3T3) has been included to this 

experiment, as this cell line was used in following experiments and has also been shown to 

support HCV RNA replication at low levels (Uprichard et al., 2006). As control, Huh-7.5 cells 

were transfected with the indicated RNA genomes in parallel (Figure 32), efficient replication 

could be measured after transfection with the subgenome and the full length virus, while all of 

the mock transfected cells had died under the chosen conditions. In the case of NIH3T3, Hepa 

1-6 and AML12 cell lines again no replication could be measured, as no surviving cell clones 

could be observed in the wells after four weeks of selection. To exclude that the blasticidin 

concentration chosen for selection was too high and thus a low level of HCV replication could 

not be measured, subsequent experiments with lower blasticidin concentrations were carried 

out.  However, in subsequent experiments using lower concentrations no replication could be 

measured either. Hep56-1D cells in contrast showed clear cell clones in the samples 

transfected with subgenomic or full length reporter viruses, but also fewer and smaller 

colonies in the mock transfected cells. These results again suggest that Hep56-1D cells may 

allow a low level of HCV replication, supporting the findings with the firefly luciferase 

subgenomic replicons (Figure 30). In further experiments, the blasticidin concentration to 

select Hep56-1D cells was increased to 10 µg/ml blasticidin, to avoid the generation of 
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resistant colonies in the mock transfected sample. However, under these conditions, no HCV 

replication could be measured, indicating that this concentration was too high.  

 

 

 

Figure 32: RNA replication in mouse cell lines: colony assay. NIH3T3, Hepa 1-6, Hep-56.1D, AML12 or as a 

control Huh7,5 cells were transfected by electorporation with a subgenomic replicon or full length genomes 

encoding the blasticidin deaminase in front of the core protein joined via a ubiquitin. 24 h after transfection the 

medium was changed and the cells were selected with 5 µg/ml blasticidin for cells supporting HCV replication. 

When all mock transfected cells had died or cell colonies were visible samples were stopped and the cell 

colonies were stained with Coomassie staining solution. The structure of the reporter genomes used in this assay 

is depicted in the top of the figure (adapted from Thomas Pietschmann). 

 

3.3.2 Virus cell entry into mouse cells 

As no efficient HCV RNA replication could be measured in any of the available 

mouse cell lines, the HCV pseudoparticle system (Bartosch et al., 2003a) had to be used to 

analyze the HCV entry process in mouse cell lines as a surrogate system. By use of this 

system, it had been shown recently that mouse cell lines overexpressing all four human entry 

factors allow efficient infection with HCV glycoproteins (Ploss et al., 2009).  

In a first set of experiments, it was analyzed if the adaptive mutations transferred to 

the pseudoparticle system show the same phenotype as in the context of the full length virus. 

To this end, the mutations on their own or in combination were cloned into E1/E2 J6 
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expression vectors and used to generate Murine Leukemia Virus (MLV) based 

pseudoparticles. The retroviral particles obtained by this method were harvested, filtrated and 

used to infect Lunet N, Lunet N mCD81 or Lunet N hCD81 cells. The infection efficiency in 

the different cells lines was measured via the reporter activity of the firefly luciferase (Figure 

33A). Next to the relative light units, also the species specificity of the different retroviral 

particles was calculated by deviding the infection efficiency on human CD81 by the infection 

efficieny on mouse CD81 (Figure 33B). When looking at the reporter signal (Figure 33A) the 

results with the pseudoparticle system do not completely reflect the results obtained with the 

full length viruses (compare Figure 10A). The increase in infectivity of HCVpps harbouring 

the single amino acid exchanges are not as pronounced as for the full length viruses, however 

the difference in infectivity on human and mouse CD81 shows a similar pattern as for the full 

length viruses (compare Figure 10B and Figure 33B) . Both the mutations L216F and V388G 

lower the infectivity on human CD81, however in the case of the pseudoparticle system do 

not strikingly increase the infectivity on mouse CD81. Also the M405T mutation shows no 

big influence on the infectivity on mouse CD81, but even increases infectivity on human 

CD81. The difference in infectivity on the two receptor orthologs is decreased when the two 

mutations in the HVR1 of the E2 protein are combined and lost when all three glycoprotein 

mutations are combined. The combination of all three mutations within the pseudoparticle 

system lowers infectivity on human CD81 around 10-fold which is contradictory to the HCV 

cell culture system, where the three glycoprotein mutations even slightly enhanced infectivity 

on human CD81.  

 

Figure 33: Adaptive mutations transferred to the HCV pseudoparticle system. The three glycoprotein 

mutations L216F, V388G and M405T were transferred alone or in combination into the HCV pseudoparticle 

system. 293T cells were cotransfected with three plasmids coding for the HCV glycoproteins, the MLV 

structural proteins (pHIT60) and a packaging vector harbouring the Firefly Luciferase as reporter (pRV F-Luc). 

Cell supernatants were harvested and filtrated after 48 h and used to infect Lunet N, Lunet N mCD81 or Lunet N 

hCD81 cells seeded in 12-well plates (6x104 cells/well) in duplicates (A). The reporter activity was measured 

72 h after infection. In part A the relative light units determined per 12-well are depicted. The species specificity 

is depicted as the infectivity on human CD81 divided by the infectivity on mouse CD81 (B). The grey dashed 

line marks the value where there is no difference in infectivity. 
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However, in both the pseudoparticle system and the HCV cell culture system, the combination 

of all three glycoprotein mutations abolishes the difference between the infectivity on human 

and mouse CD81. Thus the pseudoparticle system does not completely reflect the whole 

phenotype of the mouse CD81 adapted virus, however can be used as surrogate system to 

infect cells allowing no HCV replication.  

It could be shown recently that NIH3T3 cells overexpressing all four human entry 

factors are able to allow entry to pseudoparticles harbouring the HCV glycoproteins. In 

contrast, the same cells overexpressing all four mouse factors were not able to support 

HCVpp entry (Ploss et al., 2009). To analyze if the three selected glycoprotein mutations were 

sufficient to overcome both the species tropism of CD81 and OCLN, similar experiments 

were carried out using NIH3T3 cells. As depicted in Figure 34 NIH3T3 cells overexpressing 

all four entry factors of human (NIH3T3 4xH) or mouse origin (NIH3T3 4xM) were 

successfully generated, by selecting cells for the expression of CLND1 and OCLN and sorting 

for the cell surface expression of CD81 and SR-BI.  

 

Figure 34: Characterization of NIH3T3 cells overexpressing the four entry factors. NIH3T3 cells were 

stably transduced via lentiviral gene transfer with the four entry factors of human or mouse origin. The cells 

were selected for the expression of OCLN and CLDN1 by G418 or blasticidin respectively and sorted for the 

expression of CD81 and SR-BI. As control, the cells were stably transduced with empty vectors coding for the 

blasticidin and G418 resistance. The expression of SR-BI, mouse and human CD81 was controlled by flow 

cytometry (A) using a SR-BI specific polyclonal rabbit serum and the monoclonal antibodies 1.3.3.22 directed 

against human CD81 and EAT2 directed against mouse CD81. And the expression of CLDN1 and OCLN was 

controlled by western blot analysis using specific monoclonal antibodies (B). 
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NIH3T3 cells have endogenous levels of CD81 and SR-BI, however, neither CLDN1 

nor OCLN could be detected in these cells. The increase in SR-BI expression was only weak. 

A high signal for human CD81 could be achieved in the NIH3T3 4xH cells and also the signal 

for mouse CD81 could be increased in NIH3T3 4xM cells. Both CLDN1 and OCLN of 

human or mouse origin were successfully expressed in NIH3T3 4xH and 4xM cell 

respectively. It is not clear whether the expression of mouse OCLN is really lower than in the 

cells overexpressing the human factors, or if only the antibody has a decreased affinity to 

mouse OCLN. 

The different NIH3T3 cell lines and as a control Lunet N hCD81 cells were infected 

with concentrated MLV based pseudoparticles harbouring the HCV glycoproteins and 

expressing Venus GFP as a reporter. As can be seen in Figure 36 and Figure 35, Lunet N 

hCD81 cells could be successfully infected by the Venus GFP reporter pps, again with a 

lower infectivity for the adapted HCV glycoproteins. As expected NIH3T3 control cells could 

only be infected with VSV-G pps as no expression of CLDN1 and OCLN was detectable in 

these cells. Both HCVpps harbouring the J6/wt or the J6/mCD81 glycoproteins could infect 

NIH3T3 4xH cells with similar efficiencies. In contrast the NIH3T3 4xM cells were infected 

only very inefficiently with J6/wt pps (around 5-fold less), whereas the adapted HCVpps 

infected these cells as efficient as NIH3T3 4xH cells, suggesting that the adapted viral 

glycoproteins can now use both mouse CD81 and mouse OCLN very efficiently as a receptor.   

To control the specificity of the HCVpps and to exclude the possibility that the 

concentrated HCVpps are unspecifically taken up by the cells, infection on Lunet N hCD81 

and NIH3T3 4xM cells was additionally carried out in the presence of neutralizing antibodies 

directed against human or mouse CD81, respectively (Figure 36B and Figure 35B). Infection 

of HCVpps but not VSVpps was strongly reduced in the presence of anti human or anti mouse 

CD81 antibodies on Lunet N hCD81 or NIH3T3 cells, respectively (Figure 36B and Figure 

35B). Again J6/wt pps could be neutralized more efficiently than the J6/mCD81 pps on Lunet 

N hCD81 cells, reflecting the results obtained with the HCV cell culture system. 
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Figure 35: Infection of NIH3T3 cells 4xH and 4xM with HCV pseudoparticles. NIH3T3 cells and Lunet N 

hCD81 cells were seeded in 48-well plates (2x104 cells /well) and infected in duplicates with 20-fold 

concentrated MLV based pseudoparticles coding for Venus GFP as a reporter. Depicted are representative dot 

plots obtained by flow cytometry, which have been used for calculation in Figure 36. The percentage of infected 

cells was determined by the FlowJo Software and the expression of Venus GFP.  
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Figure 36: Infection of NIH3T3 cells 4xH and 4xM with HCV pseudoparticles. NIH3T3 cells and Lunet N 

hCD81 cells were seeded in 48-well plates (2x104 cells /well) and infected in duplicates with 20-fold 

concentrated MLV based pseudoparticles coding for Venus GFP as a reporter. (A) Infectivity was calculated as 

percentage relative to VSVpp positive cells in the relative cell line. (B) Lunet N hCD81 and NIH3T3 4xM cells 

were additionally infected in the presence of 5µg/ml 5A6 or EAT1, respectively. The percentage relative to 

untreated infections was calculated for J6/wt, J6/mCD81 and VSV-G.  

 

Having shown that mouse fibroblast, which overexpress all four entry factors of 

mouse origin, can be infected, the final question was, if it is also possible to infect hepatocyte 

derived mouse cell lines or even primary mouse hepatocytes with the adapted viral 

glycoproteins. To this end, the endogenous receptor expression in the hepatocyte derived 

mouse cell lines, already described in 3.3.1, was examined. As depicted in Figure 37B the 

expression of mouse CD81 and SR-BI was analyzed by flow cytometry. All three analyzed 

cell lines showed high levels of SR-BI cell surface expression (Figure 37A) and also the 

expression of mouse CD81 could be detected in all three cell lines. Hep561-D cells only 

showed a moderate shift for the expression of CD81 while AML12 cells showed a high level 

of cell surface expressed CD81. For CLDN1 only very faint signals could be detected by 

Western Blot analysis and no signal was obtained for the expression of OCLN (Figure 37B).  

Again using the MLV based pseudoparticle system, these cells were challenged with 

pps coding for the firefly luciferase as a reporter and harbouring either no, the J6/wt, 

J6/mCD81 and as a positive control the VSV glycoprotein (Figure 38). VSV-Gpps were 

efficiently infecting all three cell lines, with an around 10-fold reduced infectivity in Hepa 1-6 

cells, indicating that all three cell lines support infection with MLV based pps. However, no 

signal above the control infection, performed with retroviral particles lacking an envelope 

protein could be detected with HCVpps harbouring either wt or adapted glycoproteins, 

indicating that these cells could not be infected with HCVpps. 
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Figure 37: Characterization of endogenous receptor expression in hepatocyte derived mouse cell lines. (A) 

AML12, Hepa1-6 and Hep56-1D cells were analyzed for the expression of mouse CD81 and SR-BI by flow 

cytotmetry using the mouse CD81 specific monoclonal antibody EAT2 coupled to PE and a polyclonal rabbit 

serum directed against SR-BI and a rabbit specific secondary antibody coupled to PE. (B) .Mouse cell lines and 

NIH3T3 4xM cells as control were seeded in 6-well plates and lysed with 200 µl RIPA buffer. 30µl were loaded 

on the SDS-PAGE. The expression of CLDN1 and OCLN was determined by specific monoclonal antibodies 

and Western Blot analysis 

 

 

Figure 38: Naive mouse cell lines cannot be infected with HCV pseudoparticles. Lunet N hCD81, Hepa 1-6, 

Hep56-1D and AML12 cells were seeded in 12-wells and infected with pps expressing the Firefly luciferase and 

harbouring no viral glycoprotein (pcDNA), HCV glycoproteins (J6/wt or J6/mCD81) or the VSV glycoprotein 

(VSV-G).  The reporter acitivity of the Firefly luciferase was measured 72 h after infection and is depicted as 

relative light units/12-well.   
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Similar experiments as for the hepatocyte derived cell lines were also carried out with 

primary mouse hepatocytes. Receptor expression was analyzed after one day of culturing, as 

this was the time point when infection with pseudoparticles was carried out. High levels of 

both CD81 and SR-BI could be detected on the cell surface by flow cytometry (Figure 39A), 

however, again only a very faint signal could be detected for CLDN1 expression by Western 

Blot analysis and no signal was obtained with the OCLN specific antibody for the primary 

mouse hepatocytes (Figure 39B). As a positive control the expression of CLDN1 and OCLN 

was compared again with NIH3T3 4xM cells.  

 

 

Figure 39: Characterization of endogenous receptor expression in primary mouse hepatocytes. Freshly 

isolate primary mouse hepatocytes were seeded in 6cm dishes at a density of 1x106 cells/dish (A) To analyze the 

expression of CD81 and SR-BI cells were trypsinized and subsequently analyzed by flow cytometry using the 

mouse CD81 specific monoclonal antibody EAT2 coupled to PE and the polyclonal rabbit serum directed against 

SR-BI and a rabbit specific secondary antibody coupled to PE. (B) 6cm dishes were lysed with 200 µl RIPA 

buffer and 30µl of the cell lysate were loaded on a SDS-PAGE for subsequent Western Blot analysis with 

CLDN1 and OCLN specific monoclonal antibodies. Actin was detected as a loading control. 

 

As MLVpps are only able to infect dividing cells (Miller et al., 1990) and primary 

mouse hepatocytes do not divide in cell culture, another pseudoparticle system had to be used 

for infection. Lentiviral viruses such as HIV have been shown to be able to infect non-

proliferating cells (Weinberg et al., 1991) and thus have been used to infect primary mouse 

hepatocytes in this study. Concentrated lentiviral pps were generated and used for infection on 

either Lunet N hCD81 cells as a positive control or on primary mouse hepatocytes. Lunet N 

hCD81 cells could be very efficiently infected with these pseudoparticles. More than 40% of 

the cells were infected using J6/wt glycoproteins and around 10% with the adapted J6/mCD81 

glycoproteins. However, also the background with pps lacking an envelope was around 10-

fold higher than for MLV based pseudoparticles (compare Figure 35). Infection of primary 

mouse hepatocytes was only possible with VSV-Gpps and the efficiency on primary mouse 
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hepatocytes was strongly reduced in comparison to the Lunet N hCD81 cells (20% and 100%, 

respectively). With the HCVpps no signals above background could be obtained, indicating 

that also with the adapted HCV glycoproteins infection of primary mouse hepatocytes is not 

possible, probably due to the low expression level of the two tight junction proteins CLDN1 

and OCLN. 

 

 

Figure 40: Infection of primary mouse hepatocytes with HCVpp. primary mouse hepatocytes and Lunet N 

hCD81 cells were infected with HCVpps harbouring either the J6 wt glycoproteins or the mouse CD81 adapted 

mutants. As a control cells were infected with pps harbouring no glycoprotein (pcDNA) or VSV-G. (A) Cells 

were gated in the FSC and SSC. (B) Infected cells were detected via the GFP expression. 
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4 Discussion 

HCV infection of species other than humans and the chimpanzee is restricted at 

several steps of the viral life cycle. Restriction at the level of HCV entry is well characterized 

and has been shown to be mainly due to the selective usage of human or chimpanzee CD81 

and OCLN as receptors (Flint et al., 2006; Ploss et al., 2009). By adapting HCV to the less 

functional receptor molecule mouse CD81, the interaction between the viral glycoproteins and 

the receptor and the role of this receptor in the entry process was further characterized. 

Additionally, the question was addressed if it is possible to enhance mouse receptor usage and 

to enable the infection of mouse cells in the absence of human entry factors, by modifying the 

viral glycoproteins. 

The generation of a human hepatoma cell line designated Lunet N, which allows high 

HCV RNA replication, but lacks the endogenous expression of CD81 made it possible to 

analyze the species specific CD81 usage with cell culture grown HCV. These data are in line 

with a previously published study using HCV pseudoparticles (Flint et al., 2006). 

Furthermore, this cell line enables the adaptation of HCV on cells stably expressing mouse 

CD81 instead of human CD81. 

The adaptation of HCV to mouse CD81 was a complex process, which needed at least 

15 cell passages and four subsequent supernatant passages. It could be shown that the adapted 

virus population used both human and mouse CD81 with the same efficiency instead of being 

able to use only the mouse receptor efficiently, which would have been an alternative 

solution. In the sequenced part of the viral genome (from core to NS3), three interesting 

mutations have been detected. All single mutations within the viral glycoproteins showed 

minor effects on the species specific usage of CD81. However, the combination of all three 

glycoprotein mutations completely eliminated the difference in infectivity of Lunet N cells 

expressing either human or mouse CD81. The necessity of three mutations to overcome the 

CD81 species tropism explains the complexity of the adaptation process. These mutations are 

distributed on both glycoproteins and have been shown to solely influence the entry process, 

but have no influence on RNA replication or particle release. The first mutation (L216F) is 

located within the N-Terminus of E1 and the other two mutations are both within the HVR1 at 

the N-terminus of the E2 protein. A fourth mutation has been found in p7 (N767D). The 

mutation L216F in E1 and the V388G mutation were found in all of the six analyzed clones 

making it likely that these mutations arose first in the adaptation process. Interestingly, both 
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mutations not only enhanced infectivity on mouse CD81, but also slightly decreased 

infectivity on human CD81. The fact that the M405T and the N767D mutation were found 

both in only four out of six clones suggests that these mutations were selected at a later time 

point. As the two mutations were not found exclusively in the same clones, the p7 mutation 

most likely is not a bystander mutation coselected together with the M405T mutation. In a cell 

culture adaptation of the JFH1 genome (Kaul et al., 2007), a very similar mutation in p7 has 

been observed two amino acids upstream of the p7 mutation found in Jc1. In this study, a 

change of asparagin to aspartate at position 565 was selected and was shown to enhance 

release of virus particles. However, no influence on particle release could be observed for 

Jc1/N767D. It might be possible that the already very high replication level of Jc1 and the 

efficient particle release shed the effect of this mutation, but a random selection cannot be 

excluded. 

The three glycoprotein mutations have all been found in regions, which so far have not 

been implicated in the interaction with CD81. The role of the E1 protein in the course of the 

viral life cycle is not well defined. Up to now, it has not been shown to be involved in any 

receptor interactions. For other members of the flavivirus family and for alphaviruses, it was 

shown that the upstream glycoprotein functions as a chaperone for the downstream fusion 

protein (Andersson et al., 1997; Lorenz et al., 2002). Thus, mutations in E1 could potentially 

influence the folding of E2 and by this modulate receptor interactions, although E1 might not 

directly interact with the cellular receptors. In case of HCV, the fusion protein has not been 

determined. Putative fusion peptides have been mapped in both glycoproteins (Lavillette et 

al., 2007). However, similarities to class II fusion peptides would favour E2 as the fusion 

protein (Krey et al., 2010).  The two mutations V388G and M405T both are located in the 

HVR1 of E2, a region which has been shown to be even impedimental for CD81 binding, 

shielding the CD81 binding domain and having no impact on the functional usage of human 

CD81 (Bankwitz et al., 2010; Roccasecca et al., 2003). It might be possible that the selected 

mutations are not directly located within a region interacting with CD81 and by this modulate 

the affinity to the receptor, but rather influence the conformation of the viral glycoproteins 

and the accessibility of the CD81 binding site.  

Additionally, it could be shown that the adapted virus variant not only specifically 

enhanced the infectivity on cells expressing mouse CD81, but also increased infectivity on 

cells expressing other CD81 species from other small rodents like rat and hamster, which 

makes a pure affinity maturation of the viral glycoproteins to mouse CD81 unlikely. On all 

CD81 species analyzed, infectivity could be increased around 100-fold. In the context of 
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Lunet N cells, hamster and rat CD81 show a stronger reduction in receptor function compared 

to mouse CD81. Due to that reason, the infectivity on cells expressing rat and hamster CD81 

could not be restored to the level of human CD81 by Jc1/mCD81. The ability of the different 

CD81 species to support HCV infection in the context of Lunet N cells slightly differs from 

the results obtained by Flint et al. (2006). In this study, a similar level of receptor function of 

rat and mouse CD81, and even a slightly increased ability of hamster CD81 to support HCV 

pseudoparticle infection, had been reported for HCVpps harbouring the J6 glycoproteins. 

Here, the cells have not been generated side by side, and as only non-tagged wildtype proteins 

were used, quantification of the cell surface expression of the receptor molecules is difficult. 

Most antibodies specific for CD81 are directed against the LEL. Thus, it is difficult to 

compare the expression levels. Rat and mouse CD81 are detected by the same antibody clone; 

however hamster CD81 only shows some cross reactivity with an antibody directed against 

human CD81 (unpublished). It is possible that the different CD81 species were not expressed 

to the same levels at the cell surface and therefore the results from Flint et al. (2006) could not 

be reproduced precisely. Furthermore, the hamster CD81 has been cloned from a different 

hamster strain, which shows two amino acid exchanges compared to the published sequence 

of hamster CD81 from BHK cells. Nevertheless, in all cases infectivity of Jc1 could be 

enhanced through the introduction of the adaptive mutations, indicating that the selected 

adaptive mutations are not specifically enhancing mouse CD81 usage. 

Receptor interactions and entry properties of Jc1/mCD81 were characterized with 

several methods. However, as long-term passaging of a virus in cell culture can already 

change properties of the virus (Dhillon et al., 2010; Zhong et al., 2005), Jc1/mCD81 was 

compared with another glycoprotein mutant (Jc1/G451R), which has been selected in long 

term passaging of a genotype 2a virus (Zhong et al., 2005). This allowed to distinguish 

phenotypes which occur due to long-term passaging in cell culture from phenotypes which 

arose specifically due to the adaptation to mouse CD81. The G451R mutation has been shown 

to alter the usage of CD81 and SR-BI and to influence neutralization with E2 specific 

antibodies, accompanied by a shift of infectivity in a sucrose density gradient (Grove et al., 

2008). This mutation is located in close proximity to one of the epitopes (G
436

WLAGLFY) 

described to be involved in the interaction with CD81 (Drummer et al., 2006), but probably 

does not alter the CD81 binding interface directly. Although this mutation has been shown to 

modulate receptor usage in the context of JFH1, it shows no enhanced usage of mouse CD81 

as an entry factor. 
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The physical interaction with CD81 was analyzed by the usage of recombinant CD81 

LEL proteins of either human or mouse origin. An increased binding to the human CD81 LEL 

of glycoprotein complexes overexpressed in 293T cells or glycoprotein complexes displayed 

on the surface of viral particles could be shown for Jc1/mCD81 as well as Jc1/G451R. 

However, these studies failed to show a direct binding between any of the glycoprotein 

variants and the mouse CD81 LEL. Interpretation of the data obtained with the mouse CD81 

LEL has to be done very carefully, as variable results have been obtained with different 

batches of purified proteins. The interaction studies with glycoprotein complexes expressed in 

293T cells or displayed on viral particles were all done with batches that showed no 

neutralization of HCV infection. The correct folding of the LEL, that enables the binding of 

the E2 protein, depends on two disulfide bridges (Petracca et al., 2000). In principle, the lack 

of interaction could depend on a false conformation of the mouse CD81 LEL, which would 

hamper the analysis of this interaction. In all neutralization experiments carried out with 

mouse CD81 LEL, irrespective if there was neutralization measured or not, a difference 

between the three virus variants could never be detected. This might be a weak suggestion 

that the interaction with mouse CD81 LEL has not changed through the introduction of the 

different mutations. It could be shown by others that the CD81 molecule from African green 

monkey (agm) origin functions efficiently as receptor for HCV infection, but also in this case 

the viral glycoproteins failed to interact with the agm CD81LEL (Flint et al., 2006), 

suggesting that a measurable interaction with the CD81 LEL does not always reflect the usage 

of the CD81 species. 

An increased affinity of the mouse CD81 adapted viral glycoproteins to mouse CD81 

could have been an explanation for the enhanced usage of this receptor. As the virus has been 

shown to have an altered dependency on CD81, a weak or very instable interaction of the 

adapted glycoproteins with mouse CD81 may be sufficient to initiate infection and this weak 

contact may not be detected above background levels in the assays used to analyze this. The 

interaction with viral glycoprotein complexes was measured after expression of E1/E2 in 

293T cells, as these cells allow a high level of protein expression. 293T cells express 

endogenous CD81, which could directly interact with the glycoprotein complexes expressed 

in these cells and may block binding to mouse CD81 LEL, as the viral glycoproteins still 

might have a higher affinity to human CD81. Expression of the glycoprotein complexes in 

cells lacking the endogenous expression of CD81 would overcome this problem, however the 

Lunet N cells, which would fulfil these request, do not allow such high protein expression 

levels of the glycoproteins and the detection of the viral glycoproteins would be limited due to 
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other reasons. In a second approach, in which virus particles were captured with recombinant 

CD81 LELs and no competing human CD81 was present, again no interaction with mouse 

CD81 LEL could be detected. 

Surprisingly, although the human CD81 LEL was able to capture viral glycoprotein 

complexes and virus particles, it was not able to neutralize infection with Jc1/wt efficiently. 

These discrepancies can be explained by the fact, that for neutralization all or many of the 

CD81 binding sites on the viral particle have to be blocked and for capturing a virus particle 

lower numbers of interacting molecules might already be sufficient. Increased affinity of the 

adapted glycoproteins to the human CD81 LEL was observed and consequentially, 

Jc1/mCD81 and Jc1/G451R could be very efficiently neutralized with the human CD81 LEL, 

probably due to the fact that more binding sites for CD81 on the virus particle were occupied. 

Moderate inhibition of a J6/JFH1 chimeric virus with high concentrations of recombinant 

human CD81 LEL has been reported previously (Lindenbach et al., 2005). It is possible that 

in the protein preparations used in this study, a mixed population of correctly and incorrectly 

folded proteins coexisted. Therefore, the potential to neutralize virus infection was lower, as 

the concentration of functional proteins might have been overestimated. In contrast to mouse 

CD81 LEL, the phenotype observed in neutralization with human CD81 LEL was constant 

and therefore the conclusion can be drawn that upon introduction the of the different 

mutations in the viral glycoproteins, the affinity to human CD81 is increased and the CD81 

binding site is exposed on the surface of the virus particles. 

Besides the recombinant CD81 LELs, interaction with full-length CD81 molecules has 

been analyzed in several cases with cell surface expressed CD81 and soluble E2 (Flint et al., 

1999; Pileri et al., 1998). As in the case of the Jc1/mCD81 mutations in E2 as well as in E1 

are necessary to reflect the adapted phenotype, soluble E2 could not be applied to analyze the 

interaction between the adapted viral glycoproteins and CD81.  

As an efficient infection of Lunet N cells lacking the expression of CD81 was not 

possible with either of the virus variants and the very rare infection events observed on these 

cells with Jc1/mCD81 could be neutralized with antibodies directed against human CD81, the 

possibility that Jc1/mCD81 is independent on CD81 can be excluded. 

The functional usage of human and mouse CD81 by the different virus variants was 

analyzed by neutralizing infection with specific antibodies directed either against human or 

mouse CD81. It could be shown that Jc1/mCD81 was less sensitive to antibodies directed 

against human CD81 compared to Jc1/wt and Jc1/G451R. On the one hand this could indicate 
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that Jc1/mCD81 uses CD81 with a higher efficiency and a reduced number of CD81 

molecules on the cell surface is sufficient to allow efficient infection. On the other hand, the 

results could indicate that the site on CD81 to which the viral glycoproteins bind has shifted 

and the virus could now interact with other, perhaps more conserved residues on CD81. As 

the exact epitopes which are targeted by the monoclonal antibodies directed against human 

CD81 are not known, this possibility cannot be excluded completely, but seems to be unlikely 

as the same phenotype was observed with several different antibodies. HCV has been shown 

to depend on a critical level of cell surface expressed CD81 molecules for efficient infection 

(Koutsoudakis et al., 2007). Attempts to determine the level of CD81 cell surface expression 

needed for infection with the different virus variants suggested that Jc1/mCD81 indeed can 

efficiently infect cells with a lower CD81 level, compared to Jc1/wt and Jc1/G451R. When 

infecting cells with different CD81 densities, two phenomena could be observed. With 

Jc1/mCD81, cells with slighltly lower CD81 density could be infected efficiently and overall 

higher infection efficiencies were observed with this virus variant. These two aspects 

probably are not independent of each other, but the efficient usage of lower CD81 densities 

might lead to an increased specific infectivity of these virus particles.  

Besides CD81, the functional usage of the other three entry factors was analyzed. 

While Jc1/wt is very efficiently neutralized by antibodies directed against SR-BI, the 

infectivity of both virus variants Jc1/mCD81 and Jc1/G451R seemed to be hardly affected, 

indicating that both virus variants are possibly independent of SR-BI. Overexpressing SR-BI 

in Huh-7.5 cells has been described to enhance infectivity of HCV (Grove et al., 2007) and as 

the G451R mutant has been suggested to be SR-BI independent, infectivity of this mutant has 

been reported not to be affected by the increased expression of SR-BI (Grove et al., 2008). 

Although only a twofold overexpression of SR-BI in Lunet N hCD81 cells was achieved, 

infectivity of Jc1/wt was significantly increased. In contrast, infectivity of Jc1/mCD81 or 

Jc1/G451R was hardly affected, reproducing the results from Grove et al. and indicating the 

same decreased SR-BI dependence of Jc1/mCD81 and Jc1/G451R. A complete independence 

of SR-BI as an entry factor could not be proven due to the lack of a completely SR-BI 

negative cell line. 

Concerning CLDN1 dependence, no differences in receptor utility could be shown 

comparing the three characterized virus variants. As CLDN1 has been shown to interact with 

CD81 and OCLN in HCV permissive cell lines (Harris et al., 2010), it theoretically might be 

possible that CLDN1 is involved in building up the receptor complex and does not directly 

interact with the viral glycoproteins. If this would be the case, mutations within the 
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glycoproteins should not be able to modulate the CLDN1 function in the entry process. 

However, it might also be possible that the mutations analyzed in this study do not influence 

the binding of the viral glycoproteins to CLDN1. 

Surprisingly, in the case of OCLN it could be shown that Jc1/mCD81 is less affected 

by a reduction of OCLN expression in comparison to Jc1/wt and Jc1/G451R, suggesting that 

the mouse CD81 adapted virus shows also an altered dependency on OCLN. An interaction 

between the E2 protein and OCLN has been reported (Benedicto et al., 2008), but as the 

binding site in the glycoprotein complex has not been mapped so far, it cannot be speculated 

on how the three mutations modulate this interaction. 

As there is no structure of the viral glycoproteins available, only indirect prove of 

conformational changes induced by the different mutations can be given, e.g. with the help of 

neutralizing antibodies directed against conformational epitopes in the viral glycoproteins. 

The efficient neutralization of Jc1/mCD81 and Jc1/G451R with recombinant human CD81 

LEL already suggested an altered conformation of the viral glycoproteins upon introduction 

of the adaptive mutations, which leads to the exposure of the CD81 binding site. This 

interpretation was further supported by neutralization with different E2 specific antibodies. 

Comparing the different antibodies, it became obvious that the antibody directed against a 

linear epitope (clone AP33) and antibodies directed against domain B within E2 neutralize 

both virus variants (Jc1/mCD81 and Jc1/G451R) with similar efficiencies. However, 

antibodies directed against domain C show differing neutralization capacities. Both viruses 

are neutralized by these antibodies, but Jc1/mCD81 is significantly more susceptible to 

neutralization with antibodies directed against domain C than Jc1/G451R. This indicates that 

both glycoprotein complexes have an altered conformation; these conformations however 

differ from each other. 

Interestingly, none of the E2 specific antibodies was able to efficiently neutralize 

Jc1/wt. Although the conformational antibody clones were isolated from patients infected 

with either genotype 1a or 1b isolates, they have been shown to neutralize HCV infection 

across all genotypes very efficiently with minor differences in neutralization capacities among 

the different genotypes (Owsianka et al., 2008). The two antibodies AP33 and CBH5 have 

been shown recently to moderately neutralize infection of Jc1/wt by around 50% (Ploss et al., 

2010). In comparison, infection of Jc1/mCD81 and Jc1/G451R by these two antibodies is 

neutralized by around 99%. These strong differences in neutralization efficacies indicate that 

the J6 glycoprotein complex has a very tight conformation, protecting conserved neutralizing 
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epitopes and the CD81 binding domain and may differ in these aspects from other HCV 

isolates.  

As there is no immune pressure by neutralizing antibodies in cell culture, opening of 

glycoprotein structures and exposure of critical binding sites might be a simple way to 

facilitate receptor interactions and by this increase the infectivity of viruses in cell culture. 

Both Jc1/mCD81 and Jc1/G451R have obtained this phenotype during long-term passaging in 

cell culture and the opening of the E1/E2 complex may be a basis for the usage of mouse 

CD81 as a receptor. However, as only Jc1/mCD81 is able to efficiently use mouse CD81 and 

furthermore shows an altered dependency on human CD81, this is not sufficient to explain the 

change in receptor usage. 

It has been suggested that lipoprotein association of the viral particles reduces the 

efficacy of neutralizing antibodies (Thomssen et al., 1993). Several times mutations affecting 

neutralization with E2 specific antibodies have been shown to be accompanied with a shifted 

infectivity to higher densities. This has been shown for the G451R mutation in the context of 

JFH1 (Grove et al., 2008) and a Jc1 variant lacking the HVR1 (Jc1/ΔHVR1) (Bankwitz et al., 

2010). However, in the case of Jc1/mCD81 and Jc1/G451R, no significant shift in the density 

profile compared to the parental virus could be observed, indicating that there is no mandatory 

correlation between susceptibility to glycoprotein specific, neutralizing antibodies and 

lipoprotein association.   

Another feature both adapted viruses share, is that both can be induced to fuse with 

cellular membranes immediately by a low pH trigger, while the parental Jc1 virus needs to be 

primed by an unknown mechanisms before fusion can be induced by a low pH wash 

(Tscherne et al., 2006). This might indicate that Jc1/wt has to interact first with one of the 

cellular receptors, inducing an essential conformational change, which then in turn allows the 

virus to become susceptible to a low pH trigger. The two virus variants Jc1/mCD81 and 

Jc1/G451R might not need this interaction, because the altered conformation of the viral 

glycoproteins may allow direct interaction with factors involved in downstream events of the 

entry process. Although clear evidence is missing, SR-BI is believed to be one of the first 

factors with which the virus interacts in the course of the entry pathway (Evans et al., 2007). 

In principle, it could be possible that the early interaction with SR-BI is necessary to open the 

structure of the viral glycoproteins, which then leads to the exposure of both the CD81 

binding site and also the conserved neutralizing epitopes. The open structure then allows the 

virus to interact with further entry factors and makes it susceptible to a low pH trigger. As the 
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two virus variants already exist in a conformation which exposes conserved neutralizing 

epitopes and the CD81 binding site, these virus variants may no longer depend on the 

interaction with SR-BI and thus can be induced to fuse at the plasma membrane immediately 

after binding. The interaction of E2 with SR-BI has been suggested to be mediated by the 

HVR1 (Bartosch et al., 2003b). Jc1/ΔHVR1 has been shown to have a similar phenotype 

concerning SR-BI dependence and neutralization by E2 specific antibodies as Jc1/mCD81 and 

Jc1/G451R (Bankwitz et al., 2010) and also could be very efficiently induced to fuse 

immediately after virus binding with cellular membranes by a low pH wash (unpublished).   

The efficient usage of mouse CD81 as an entry factor may be due to a combination of 

the observed phenotypes. Introduction of the three glycoprotein mutations seems to alter the 

conformation of E1/E2 leading to an opening of the structure, which exposes the CD81 

binding site and facilitates conformational changes. This opened structure may allow the 

interaction with less efficient receptors as CD81 from mouse origin or other small rodents and 

is accompanied by a reduced dependency on SR-BI as a receptor. However, opening of the 

viral glycoproteins does not necessarily evoke an altered dependency on CD81 as only the 

mouse CD81 adapted virus shows an enhanced usage of human and mouse CD81 and an 

altered dependency on OCLN.  

The results obtained with the Jc1/G451R mutant differ partly from a previous 

characterization of the G451R mutation in the context of JFH1, where it was shown that the 

G451R mutation, among other phenotypes, features an altered dependency on CD81 and 

shows a shift of infectivity to higher density fractions in sucrose density centrifugation (Grove 

et al., 2008). These discrepancies may be due to the different virus isolates used in the two 

studies. Both isolates are from genotype 2a, however the E2 protein is among the most 

variable parts of the genome (Simmonds, 2004) and although the glycine at position 451 is 

conserved among different virus isolates and even genotypes, the surrounding regions could 

influence the phenotype. Other phenotypes described for the G451R mutant, e.g. a reduced 

dependency on SR-BI and a higher susceptibility to neutralizing antibodies, could be 

confirmed also in the context of Jc1.  

As it was not possible to measure efficient RNA replication in mouse cells, probably 

due to further blocks of the viral life cycle in cells of small rodents, entry into mouse cells had 

to be studied with a surrogate system; the HCV pseudoparticle system. Concerning the 

species specificity, the adaptive mutations have also been shown to be functional in this 

system. However, in contrast to the HCVcc system, the introduction of the three glycoprotein 
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mutations reduced the infectivity of HCVpps on human hepatoma cells in comparison to the 

J6 wildtype glycoproteins. A possible explanation for this phenomenon could be that the 

adapted glycoproteins are not as efficiently incorporated into the envelope of the 

pseudoparticles as the wildtype proteins. The HCV glycoproteins have ER retention signals 

(Duvet et al., 1998) and only very small populations are transported to the plasma membrane, 

as the virus is believed to bud at the ER. MLV gag protein is thought to recruit viral 

glycorproteins in late endosomes and other compartments of anterograde transport, explaining 

the low efficiency of HCV pseudoparticles in comparison to e.g. VSV pseudoparticles 

(Sandrin and Cosset, 2006). Differences in the localization of the HCV glycoprotein variants 

could explain differences in the incorporation and infectivity of different HCVpps.  

Surprisingly, upon infection of mouse fibroblast cell lines stably expressing all four 

entry factors of human origin, the difference between the two HCVpp variants is diminished 

or even lost. When infecting NIH3T3 cells, expressing either all four human or mouse entry 

factors, with HCVpps harbouring the J6/wt glycoproteins, results from Ploss et al. (2009) 

could be reproduced, who reported a strong decrease in infectivity on the cells expressing the 

mouse factors. Interestingly, this difference in infectivity was lost after incorporation of the 

mouse CD81 adapted glycoproteins into HCVpps. Pseudoparticles harbouring the adapted 

glycoproteins could infect both cell lines with the same efficiency irrespective of the species 

of the four entry factors, indicating that these mutations not only overcome the species 

specific restrictions of CD81 but also of OCLN. These findings may be explained by the fact 

that the modified viral glycoproteins are not only less dependent on CD81 for infection and 

adapted to the usage of mouse CD81, but also show a reduced dependency on OCLN. The 

difference in infectivity of the wildtype glycoproteins on cells expressing the entry factors of 

either human or mouse origin was not as pronounced as it had been reported before (Ploss et 

al., 2009). Using the J6 pseudoparticles, only a fivefold difference in infectivity on the two 

cell lines could be reported. For the species specific usage of CD81, slight differences 

between the different genotypes have been observed (Flint et al., 2006) and similar 

differences could be imagined in the case of OCLN. The species specificity of OCLN usage 

has so far been analyzed only with genotype 1a (H77) pseudoparticles (Ploss et al., 2009). 

Infection of mouse cells was only possible upon the overexpression of all four entry 

factors. Primary mouse hepatocytes and hepatocyte derived cell lines show detectable levels 

of CD81 and SR-BI expression. However, in case of the two tight junction proteins CLDN1 

and OCLN only very low levels of expression or no expression at all was detected, thus 

explaining the difficulties to infect these cells. Primary mouse hepatocytes are known to 



Discussion   100 

 

rapidly dedifferentiate upon culturing in vitro, marked by a strong decrease in the expression 

of typical hepatocyte marker proteins, among them also CLDN1 and OCLN. The NIH3T3 cell 

lines generated in this study show high expression of all four entry factors and it may be that 

this high expression contributes to the efficient infection. High expression level of the entry 

factors might mask differences, which appear when the receptors are expressed at more 

physiological levels, as it has been shown for CLDN1 and SR-BI (Catanese et al., 2010; Haid 

et al., 2010). Species specific differences for CLDN1 could not be observed when CLDN1 

was expressed at high levels in 293T cells, but appeared when expressed in the human 

hepatoma cell line Huh6, which is devoid of endogenous CLDN1 (Haid et al., 2010).  

Using the HCVpp system, only the entry of HCV can be studied, however if infection 

of hepatocytes with HCVpps would be possible in vivo, this as such could already be used as 

an animal model to study inhibitors blocking the entry process of HCV. Furthermore, 

vaccines developed to elicit an antibody response to the viral glycoproteins could be tested by 

infecting mice with HCVpps. The fact that the two tight junction proteins could rarely be 

detected in cultured primary mouse hepatocytes makes it difficult to prove if the adapted viral 

glycoproteins are sufficient to overcome the species specific entry block in vivo. Cell surface 

levels of HCV entry factors expressed in mouse livers have to be determined.  

In addition to a low receptor expression, the presence of a restriction factor could 

inhibit infection of primary mouse hepatocytes. Efficient infection of mouse cells has so far 

been shown only in the context of NIH3T3 cells. Hepatocyte derived mouse cell lines 

expressing all four human entry factors could be infected only very inefficiently (Ploss et al., 

2009), which might suggest that further factors are involved in determining the efficiency of 

the entry process. Human cells of non hepatic origin have been shown to express a restriction 

factor (EWI-2wnt), which negatively modulates HCV entry (Rocha-Perugini et al., 2008). 

Recent data however indicate that mouse hepatocytes fused to permissive human cells support 

the whole HCV life cycle, which suggests that mouse cells rather lack necessary factors 

supporting efficient replication, than express dominant negative restriction factors (Frentzen, 

Hüging and Pietschmann unpublished). 

In principle, it could be shown that HCV can be adapted to the usage of less 

compatible factors from species other than human or chimpanzee, which might be a possible 

approach to overcome also other blocks of different steps in the viral life cycle and would be a 

possibility to develop a small animal model for analyzing HCV infection in vivo. As there are 

several blocks of the viral life cycle in cells from small rodents, overcoming the barriers of 
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HCV entry is not sufficient (reviewed in Ploss and Rice, 2009). Factors responsible for low 

RNA replication and particle assembly in small rodents still have to be identified, hampering 

the development of such a small animal model. Using an adapted virus for the development of 

a small animal model has the clear disadvantage that analysis would be limited to the usage of 

only one specific adapted virus isolate, as the adaptive mutations found in this study could not 

be transferred to other genotypes. In case of interferon-α treatment, it has been shown, that the 

success of treatment clearly depends on the genotype of the patient isolate (Feld and 

Hoofnagle, 2005), a fact which could not be studied with one specific virus. However, the 

advantage of a mouse adapted virus over other approaches to develop an animal model is that 

the virus would be independent of human factors. Analysis would not be limited to a specific 

transgenic mouse strain but infection with HCV could be studied in several different mouse 

strains and mouse models.  
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7 Abbreviations  

aa: amino acid  GAG: Glycosaminoglycans  

Ab: antibody  GFP: green fluorescent protein  

APC: Allophycocyanin  h: hour 

Apo E: Apolipoprotein E  H2O: Water 

Apo C1: Apolipoprotein C1  HCC: hepatocellular carcinoma  

APS: Ammonium Persulfat  HCV: Hepatitis C Virus 

ARFP: Alternative Reading Frame Protein HCVcc: HCV cell culture produced particles 

ATP: Adenosine triphosphate  HCVpp: HCV pseudoparticles  

bp: base pair  HDL: high density lipoprotein  

BAA:  HIV: Human immunodeficiency virus  

BVDV: Bovine viral diarrhea virus  HRP: Horseradish peroxidase  

CD: Cluster of differentiation  HVR1: Hypervariable region 1  

cDNA: complementary DNA  HVR2: Hypervariable region 2  

CIP: Calf intestine alkaline phosphatase IF: Immunofluorescence 

CLDN1: Claudin-1  IFN-α: Interferon-alpha 

CMV: Cytomegali Virus  IgG: Immunoglobulin G 

CO2: Carbon dioxide igVR: intergenotypic variable region  

ConA: Concanamycin A  IP: Immunoprecipitation 

C-Terminus: Carboxy terminus  IRES: Internal ribosome entry site  

DAPI: 4’,6’-diamidino-2-phenylindole 

dihydrochloride  
JFH: Japanese Fulminant Hepatitis kb: 

Kilobases  

DC-SIGN: Dendritic Cell-Specific Intercellular 

adhesion molecule-3-Grabbing Non-integrin  
kDa: Kilodalton 

L: Litre  

DMEM: Dulbecco’s modified essential 

medium  
LB: lysogeny broth

LD: Lipid droplet

DMSO: dimethylsulfoxide  LDL: Low density lipoprotein  

DNA: desoxyribonucleic acid  LDLR: Low density lipoprotein receptor  

dNTP: desoxyribonucleotide triphosphate LEL: large extracellular loop  

DTT: Dithiothreitol  
EBV: Eppstein Barr virus E. coli: Escherichia 

coli 

L-SIGN: liver/lymph node-specific intracellular 

adhesion molecules-3 grabbing non-integrin  
LTR: long terminal repeat 

EDTA: ethylenediaminetetraacetic acid Luc: luciferase 

EF1- α: Human elongation factor 1-alpha M: Molar 

ELISA: Enzyme-linked immunosorbent assay mg, μg, ng, pg: Mili-, micro-, nano-, picogram 

EMCV: Encephalomyocarditis virus  min: minute 

ER: Endoplasmic reticulum  ml: millilitre 

EtBr: Ethidium bromide  MLV: Murine leukaemia virus  

FACS: Fluorescence activated cell sorting mRNA: messenger RNA 

FCS: Fetal calf serum NaOH: Sodium hydroxide  

g: Gravitational constant  NEB: New England Biolabs  

NaCl: Sodium chloride  Neo: Neomycine phosphotransferase  
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NP40: Nonidet P40  TMD: transmembrane domain  

NS: nonstructural  
N-Terminus: Amino terminus 

U: Unit 

vATPase: vacuolar Adenosine triphosphatase

NTR: non-translated region  VSV: Vesicular Stomatitis Virus  

OCLN: occludin  
OD: optical density 

VSV-G: Vesicular Stomatitis Virus 

glycoprotein 

ORF: Open reading frame  w/v, v/v: Weight/volume, volume/volume 

oxLDL: oxidized low density lipoprotein WB: Western Blot 

PBS: Phosphate buffered saline  WHO: World Health Organization  

PCR: Polymerase chain reaction  wt: Wildtype 

PE: Phycoerythrin  α-: Anti- 

PEG: Polyethylene glycol   

PEI: polyethylene imide  

PFA: paraformaldehyde  

pH: potentiometric hydrogen ion concentration 

PVDF: Polyvinyl difluoride  

RdRp: RNA dependent RNA polymerase 

RLU: Relative light unit  

RNA: ribonucleic acid 

RNAi: RNA interference  

rNTP: ribonucleotide triphosphate  

rpm: rounds per minute  

RT: Room temperature  

RT-PCR: Real time PCR  

SDS: Sodium dodecyl sulphate  

SDS-PAGE: SDS-polyacrylamide gel electrophoresis

sec: Second  

sE2: soluble E2  

SEL: short extracellular loop  

shRNA: short hairpin RNA  

siRNA: short interfering RNA  

SR-BI: Scavenger receptor class B type I 

TAE: tris, acetic acid, EDTA buffer  

TBEV: tick borne encephalitis virus  

TCID50: Tissue culture infectious dose 50 

TE: Tris-EDTA 

TGS: Tris gycine SDS buffer  
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