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1 Abbreviations 

Apo E Apolipoprotein E 
BB Backbone 
BSA Bovine serum albumin 
CD Cluster of differentiation 
ce Caenorhabditis elegans 
CHO Chinese hamster ovary cells 
CLDN1 Claudin-1 
CoV Corona virus 
DAA Direct-acting antiviral 
DAPI 4,6-diaminidino-2-phenylindole 
dm Drosophila melanogaster 
DMEM Dulbecco´s modified Eagle Medium 
dr Danio rerio, 
EGFR 
FC 
FCS 
FLuc 

Epidermal growth factor 
Flow cytometry 
Foetal calf serum 
Firefly luciferase  

GAGs 
GFP 
GS 

Glycosaminoglycans 
Green fluorescent protein 
Goat serum 

GT Genotype 
HA Haemagglutinin 
HCV 
HCVpp 

Hepatitis C virus 
Hepatitis C virus pseudoparticles 

HCVpp-GFP Hepatitis C virus pseudoparticles tagged 
with green fluorescent protein  

HF High fidelity 
HSPGs 
IF 

Heparan sulphate proteoglycans 
Immunfluorescence 

IFN-α Interferon-α 
IRES 
Jc1-wt  

Internal ribosome entry side 
HCV wild type 

LDL Low-density- lipoproteins 
LDLR Low-density-lipoprotein receptor 
LEL Large extracellular loop 
LPV 
MFI 

Lipo-viro-particle 
Mean fluorescence intensity 

NEAA Non-essential amino acids 
NS Non structural 
NPC1L1 Niemann-Pick C1-like protein 1 
OCLN Occludin 
ORF Open reading frame   
PBS Phosphate buffered saline 
PBS-T Phosphate buffered saline tween 
PCR Polymerase chain reaction 
PEG-IFN Pegylated IFN-α 
PEI Polyethylene imide 
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PFA Paraformaldehyde 
pp 
rER 
RLuc 
RT qPCR 
SD  
SEM 

Pseudoparticles 
Rough endoplasmatic reticulum 
Renilla Luciferase  
Real time quantitative PCR   
Standard deviation 
Standard error of the mean 

SDS-PAGE Sodium dodecylsulphate polyacrylamide 
gel electrophoresis 

SEL Small extracellular loop 
sE2 Soluble HCV glycoprotein E2 
SRB1 Scavenger receptor class B member 1  
SNPs Single nucleotide polymorphisms 
SVR 
TAE 

Sustained virological response 
Tris-acetate-EDTA 

TCID50 Tissue culture infective dose 
UTRs Untranslated regions 
VLDL Very-low-density lipoproteins 
VSV 
VSV*MQ 
WB 

Vesicular stomatitis virus 
VSV expressing GFP 
Western blot 

WGA Wheat germ agglutinin 
xt 
 

Xenopus tropicalis 
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highest prevalence of HCV is found in Africa and Asia, whereas in more developed 

nations like North America, northern and western Europe and Australia it appears at 

a lower prevalence (Shepard et al., 2005). In Germany 160 000 - 320 000 people 

(0.2%-0.4%) are infected chronically with HCV (Suerbaum et al., 2012) (Gower et al., 

2014). The seven distinct HCV genotypes (GT) differ in their global prevalence: GT 1 

accounts for around 46,2% of cases, GT 3 around 30,1%, GT 2 around 9,1% and 

GT4 and GT6 roughly at 8,3% and 5,4% (Messina et al., 2015). The GT distribution 

across regions present significant variations so that GT 1 dominates in East and 

South Asia, Australasia, Europe, and North America, compared to GT 3 occurring 

mostly in south Asia and parts of Scandinavia (Messina et al., 2015). GT 4 is most 

common in Central and North Africa whereas GT 2 dominates in West Africa, GT 5 in 

South Africa, and GT 6 in Sout East Asia (see Fig. below) (Messina et al., 2015). In 

Germany, the distribution of HCV GTs is as follows: 1a with 25%, 1b with 33% and 3 

with 27.4% (Gower et al., 2014; Messina et al., 2015). 

 

 

Fig. 2 HCV genotype prevalence and distribution (Messina et al., 2015). (“This article is available under the 
terms of the Creative Commons Attribution License (CC BY) (which may be updated from time to time) and 
permits use, distribution and reproduction in any medium”) 

Whilst Hepatitis C can also be transmitted parenterally, sexually or perinatally, the 

most frequent cause of transmission is through intravenous drug injections with 

reused or shared injection equipment (Koch-Institut, 2012). Before 1992, when 

general blood screening for transfusion or transplantation was not obligatory, 

transmission via blood, tissue and organ transfer was another source for HCV 

infection (Klevens et al., 2012), as well as inadequately sterilized equipment in some 

health care settings (WorldHealthOrganization, 2015). The risk for sexual 
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included flu-like and neuropsychiatric symptoms, autoimmune diseases and 

hemolytic anemia (Manns et al., 2006).  

Since 2011, the first two DAAs, telaprevir and boceprevir, both NS3/4A protease 

inhibitors, were added to the IFN-α ribavirin therapy for HCV GT 1 patients. For the 

other HCV GTs, the PEG-IFN plus ribavirin treatment was kept as the standard of 

care. Although telaprevir and boceprevir lead to a rapid drop of viral load and 

increased the SVR from about 40% up to 70%, these protease inhibitors only cure 

GT 1 infections (Jacobson et al., 2011; Poordad et al., 2011) and are not suitable as 

monotherapy due to the high risk of resistant virus selection (Sarrazin & Zeuzem, 

2010). Furthermore, this triple-therapy can cause severe side effects and drug to 

drug interactions. The most common side effects for telaprevir are rashes, severe 

anemia and gastrointestinal irritations; for boceprevir, severe anemia and sense of 

taste irritations were observed (Bacon et al., 2011; McHutchison et al., 2010; 

Poordad et al., 2011). Additionally, there are still some patient groups like coinfected 

HIV patients that are excluded from this triple therapy. Generally, the major goal for 

the future of HCV therapy is an IFN-free, oral drug with short treatment duration, due 

to the many side effects and contraindications of IFN. Simeprevir could fulfil the one 

daily oral expectation. As a second generation NS3/4A protease inhibitor, simeprevir 

was introduced in 2014. Its primary use is for GT 1, but when used in combination 

with PEG-IFN and ribavirin, SVR12 – meaning SVR at 12 weeks after treatment – 

shows success rates of 80-81% (Manns et al., 2014). Another second-generation 

protease inhibitor is faldaprevir, which produces SVR rates of up to 72%-84% with 

patients from GT 1, and gave patients which did not respond to the aforementioned 

drugs another chance of cure (Sulkowski et al., 2013). 

The first IFN-free drug was introduced in 2014 with the NS5B inhibitor sofosbuvir. It 

acts against all GTs, and the triple therapy with IFN, ribavirin, boceprevir and 

telaprevir was replaced with a new triple therapy: Patients with GT 1, 4, 5 or 6 

infections were treated with a combination of sofosbuvir, PEG-IFN and ribavirin, while 

patients with GT 2 and 3 were treated with only sofosbuvir and ribavirin for 12 or 24 

weeks respectively (Lawitz et al., 2013). Sofosbuvir appears to be safe and well 

tolerable with a high SVR of over 90%. The only severe side effects are influenza-like 

illness, fatigue, anemia, and neutropenia (Lawitz et al., 2015). The combination of 

two DAAs, NS5B inhibitor sofosbuvir and NS5A inhibitor ledipasvir lead to a 

promising outcome even without ribavirin and IFN (Afdhal et al., 2014). 
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The second generation protease inhibitor grazoprevir in combination with the potent 

NS5A inhibitor elbasvir - with or without ribavirin - seems to be a successful option for 

patients with chronic kidney disease (Lawitz et al., 2014). HCV therapies are under 

permanent development, and new IFN-free therapies and several NS3/4A protease 

inhibitors are currently arriving on the scene. Nonetheless, the absence of a 

preventive vaccine, the sustained number of non-responsive patients to current 

treatments, the high costs of new DAAs limiting their accessibility for many patients 

and the final goal to find a pill for all patients with SVR of 100% has not yet been 

reached, so that the search for new treatments remains essential.  

 

2.4 Molecular virology of HCV 

HCV is classified in the family Flaviviridae and belongs to the hepacivirus genus. 

HCV is an enveloped virus with a positive-orientated single-stranded RNA genome 

and was discovered as non-A non-B hepatitis in 1989 (Choo et al., 1989). Only 

humans and (experimentally) chimpanzees can be infected with HCV. Seven GTs 

have been identified with more than 30% sequence divergence and several subtypes 

with more than 20% sequence divergence (Simmonds, 2004). Quasispecies occur in 

chronically infected HCV patients because of the high mutation rate of the viral RNA 

polymerase (Cuevas et al., 2009) (Ribeiro et al., 2012; Smith et al., 2014). The 9,6 kb 

HCV genome includes 5' and 3' untranslated regions (UTRs) surrounding the open 

reading frame (ORF). The conserved UTRs are structured domains with an internal 

ribosome entry site (IRES) and are important for translation as well as replication of 

the HCV RNA (Friebe & Bartenschlager, 2002; Tsukiyama-Kohara et al., 1992). 

Consequently, the ORF is translated cap-independently into a polyprotein with the 

help of the IRES recruiting cellular ribosomes to the viral RNA (Hoffman & Liu, 2011). 

Co- and post-translational processing mediated by host and viral proteases (NS2-3 

and NS3-4A proteases) modulate the polyprotein into structural and non-structural 

(NS) gene products. While the structural gene products (including the capsid forming 

core, envelope proteins E1 and E2) constitute the virus particle, the NS gene 

products p7, NS2, NS3, NS5A, and NS5B are part of the HCV replication and 

assembly complex, as depicted in Fig. 4.  
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cyclophilin A (Watashi et al., 2003) and microRNA122 (Jopling et al., 2005) are 

involved.  

After replication, the RNA can be translated again or used for the assembly of new 

HCV virions. Therefore, NS5A proteins interact with core on the surface of lipid 

droplets, which shifts the RNA out of replication into virus assembly (Appel et al., 

2008). P7-NS2 recruits the viral E1 and E2, together with NS3-NS4A (Phan et al., 

2009), which shifts the viral core protein from the surface of cellular lipid droplets to 

the assembling virus (Counihan et al., 2011). HCV particles assemble by budding 

into the ER. Afterwards, the emerged virus particles are released via the secretory 

pathway protected from exposure to low pH by p7, a viroporin that neutralizes the pH 

during maturation and egress of the virus particle (Clarke et al., 2006; Wozniak et al., 

2010). In close interaction with apo-E containing VLDL or HDL particles, the HCV 

particles follow the VLDL pathway and undergo a lipidation that yields in formation of 

the LPV (Gastaminza et al., 2008). Subsequently, the nascent virus particle is 

released into the blood stream or transferred directly from cell to cell (Brimacombe et 

al., 2011). 

 

2.6 HCV entry  

HCV entry into the hepatocyte is a complex process requiring several cellular 

components and viral glycoproteins. The hepatocyte is polarized so that the 

basolateral side faces the sinusoids with a high probability of substance exchange. 

The apical side with the bile canaliculi forms the excretion pathway for liver 

metabolites. Hepatocytes are interconnected between basolateral and apical sides 

via tight junctions. HCV circulates in the blood stream and has direct contact to the 

basolateral side of the hepatocytes. The initial attachment of HCV is facilitated by low 

affinity interaction of virion associated apo E with low-density-lipoprotein receptor 

(LDLR), and with glycosaminoglycans (GAGs) present on the heparan sulphate 

proteoglycans (HSPGs) (Agnello et al., 1999; Albecka et al., 2012; Barth et al., 2003).  

In addition to the attachment receptors there are four surface molecules that are 

indispensable for HCV entry: CD81 (Pileri et al., 1998), scavenger receptor class B 

member 1 (SRBI) (Scarselli et al., 2002), claudin-1 (CLDN1) (Evans et al., 2007), and 

occludin (OCLN) (Ploss et al., 2009). CD81 and SRBI are located at the basolateral 
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side of hepatocytes while OCLN -1 and CLDN-1 form compartments of the tight 

junctions between the basolateral and apical sides.  

 

Fig. 6 HCV entry into the hepatocyte. 1. The LVPs arrive in the blood stream and bind with low affinity to HSPG 
and LDL-R. 2. HCV gylcoproteins E2 bind to the cell surface entry factors, namely SCARB1, CD81, CLDN1, 
OCLN, which render HCV entry possible. HCV internalises with CD81 in a clathrin-dependent manner at the tight 
junctions into the cell. NPC1L1 transporter and transferrin receptor 1 are involved in post-attachment steps. 
(Kindly provided by Thomas Pietschmann (Gerold & Pietschmann, 2014).) Credit for the figure to S. Karger AG 
Basel, who provided permission for use in this thesis. 

 

HCV engages its entry factors in a systematic sequential order. After the lipoprotein-

associated HCV particles have attached to the surface of hepatocytes, they interact 

with SRB1 leading to a conformation change in E2, which exposes the CD81-binding 

determinants (Bankwitz et al., 2010; Dao Thi et al., 2012; Scarselli et al., 2002). 

When E2 binds to CD81, the virus-receptor complex is laterally translocated to tight 

junctions by actin-dependent movement (Brazzoli et al., 2008). The remodelling of 

cortical actin depends on several signal transduction pathways like Rho GTPases, 

epidermal growth factor (EGFR) (Diao et al., 2012; Lupberger et al., 2011b), and the 

downstream GTPase Ras (Zona et al., 2013). The CD81-virus-complex interacts with 

CLDN1 and induces clathrin-mediated endocytosis (Farquhar et al., 2012). It is 

possible that additional factors, such as ephrin receptor type A2 and EGFR, modulate 

the interactions between CD81 and CLDN1 (Lupberger et al., 2011c). After CD81 

binding, transferrin receptor 1 then supports HCV uptake (Martin & Uprichard, 2013). 

Although the exact role of OCLN in HCV entry is still unknown, it has also been found 

to be essential for HCV entry (Sourisseau et al., 2013). The same situation applies to 

NPC1L1, which is important for the late virus-uptake, the exact time and function of 

which is still undetermined (Sainz et al., 2012). The CD81-CLDN-1-virus complex is 
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The protein is 239 amino acids long and has a molecular weight of 26 kDa (Oren et 

al., 1990). The juxtamembrane domains can get palmoitoylated and support the 

interaction with other tetraspanins and cholesterol (Charrin et al., 2003). In contrast to 

other tetraspanins, CD81 is not glycosylated but it forms, like all tetraspanins, homo- 

and heterodimers and interacts laterally with partner proteins in membrane 

microdomains, termed tetraspanin webs (Boucheix & Rubinstein, 2001; Charrin et al., 

2002; Rubinstein et al., 1996). In the tetraspanin web, tetraspanins interact for 

example with integrins (Berditchevski, 2001), adhesion molecules and intracellular 

signalling molecules (Stipp et al., 2001), but they cannot induce cell signalling 

themselves. However, tetraspanins coordinate the signalling important for cell 

development, such as regulation of growth, activation, and mortality. Integrin α4β1 

represents one of those interaction partners (Mannion et al., 1996), as well as the 

immunoglobulin family member EWI-2, which plays a role in HCV entry (Montpellier 

et al., 2011). Essential regions in CD81 required for interaction with the co-factors 

EWI-2/EWI-2 wint, are transmembrane domains 3 and 4, as well as both extracellular 

domains (Montpellier et al., 2011).  

 

2.8 The role of CD81 in HCV entry. 

CD81 is a key determinant for HCV entry. Studies with HCV pseudoparticles 

(HCVpp) (Bartosch et al., 2003) and HCV cell culture derived particles (HCVcc) 

(Wakita et al., 2005) determined that cells lacking CD81 are not susceptible to HCV 

and that CD81 is necessary for host cell entry of all HCV GTs (McKeating et al., 

2004).  

The tetraspanin CD81 fulfills multiple functions during HCV uptake, as shown in Fig. 

8. The LEL of CD81 binds directly to the glycoprotein E2 after a conformational 

change in the hypervariable region of E2 mediated by SRB1, to unmask the CD81 

binding region. The E2 binding site comprises amino acid 163, Ile (182), Phe (186), 

Asn (184), and Leu (162) in the LEL of CD81 (Higginbottom et al., 2000). For the 

glycoprotein E2, the critical highly conserved regions for CD81 binding have not been 

completely identified, but Trp (420), Tyr (527), Trp (529), Gly (530), and Asp (535) 

are potentially involved (Owsianka et al., 2006). Following CD81-E2 binding, 

intracellular signalling of the Rho family GTPases Rac1, RhoA and Cdc42 allows the 

actin-dependent lateral translocation of the HCV-CD81-complex (Brazzoli et al., 
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2008). This lateral translocation allows the CD81-virus complex to interact with 

CLDN1.Together, the HCV-CD81 complex associates with CLDN-1 and internalises 

into early endosomes (Krieger et al., 2010). 

After clathrin-mediated endocytosis and endosomal acidification, the endosomal 

membrane fuses with the virus envelope. This fusion requires priming of the HCV E2 

glycoprotein. Specifically, CD81-E2 binding and low pH induce a conformational 

change in the HCV E2 protein, which drives the endosomal fusion (Sharma et al., 

2011).  

 

 

Fig. 8 The role of CD81 in HCV entry. CD81 has multiple functions during HCV entry: it mediates binding of 
HCV to the hepatocyte surface (1). This binding induces Rho-type GTPases and leads to the lateral translocation 
of the virus-receptor complex to the entry site (2). There, CD81 coordinates endocytosis of HCV and internalizes 
together with the virus particles (3). Lastly, CD81 primes the HCV surface glycoproteins for pH-dependent 
membrane fusion in the endosome (4). (Adapted from and kindly provided by Gisa Gerold). 

In summary, CD81 is necessary for HCV binding, membrane translocation, 

endocytosis and fusion. Although the essential role for CD81 in virus entry has been 

confirmed, it is insufficiently studied how CD81 coordinates the sequential events 

during HCV entry. 

 

2.9 Aim of the project: 

As CD81 plays an important role in HCV entry, it is a potential target for therapeutics 

blocking HCV entry in a post-transplant setting. While the LEL of CD81 is critical for 

HCV E2 binding, it is still not fully understood which additional domains of CD81 are 

required for productive infection of HCV. As tetraspanins mediate their functions 
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through protein-protein interactions, we hypothesise that domains outside of the LEL 

are required for the interaction with additional host factors, and thus for HCV uptake. 

In line with this Montpellier et al demonstrated, using a CD81-CD82 chimera, that 

transmembrane domain 3 and 4 of CD81 contribute to the interaction of EWI-2/Ewi-

2wint with CD81 and influence HCV infection (Montpellier et al., 2011). To test our 

hypothesis and to map critical regions of CD81, chimeras of CD81 with other 

members of the tetraspanin protein family were generated. Previous studies showed 

that the backbone (BB) of closely related species is functional for HCV entry (Flint et 

al., 2006). Thus, we chose to also include chimeras with BBs derived from 

tetraspanins with less sequence homology. Specifically, the BB of human CD81 was 

replaced with that of CD81 orthologues from Xenopus tropicalis, Danio rerio, 

Drosophila melanogaster or Cenorabditis elegans. Additionally, chimera with the BB 

of related human tetraspanins i.e. CD9, CD82 and TSN32 were produced. All 

chimeras contained a C-terminal haemagglutinin (HA) epitope tag for antibody 

detection. These chimeras were expressed in CD81-negative hepatoma cells, 

characterised by flow cytometry, immunofluorescence microscopy, and Western blot 

to determine expression levels and localisation. Whether the CD81-chimeras could 

function as HCV entry factors was analyzed by HCV cell culture infection assays. 

Finally, we investigated if binding between CD81-chimeras and soluble E2 is still 

possible. A further understanding of the entry process and the role of CD81 may 

reveal new molecular targets for the intervention of HCV therapy especially for post-

transplanted patients. As a whole, this study will help to understand the functional 

and structural domains of the entry factor CD81. 
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3 Materials and methods 

3.1 Materials 

3.1.1 Chemicals and reagents 

Name Vendor 

4,6-diamidino-2-phenylindole (DAPI) Invitrogen, Karlsruhe, Germany 

3-Amino-9-ethylcarbazole Sigma-Aldrich, St Louis, USA 

β-mercaptoethanol Sigma-Aldrich, St Louis, USA 

Blasticidin Invivogen, San Diego, USA 

Bovine serum albumin (BSA) Life technologies, NY, USA 

Coelenterazine p.j.k, Kleinblittersdorf, Germany 

DNA ladder mix gene ruler Thermo Scientific, Massachusetts, USA 

DNA sample buffer, 6x Thermo Scientific, Massachusetts, USA 

dNTPs Roche, Mannheim, Germany 

Dulbecco´s modified Eagle Medium 

(DMEM) 

Life technologies, Paisley, UK 

Foetal calf serum (FCS) PAA, Cölbe, Germany 

Goat serum 5% (GS) Sigma-Aldrich, St Louis, USA 

Hepes buffer solution (1 M) Life technologies, NY, USA 

L-glutamine Life technologies, NY, USA 

Na-Butyrate Merck, Darmstadt, Germany 

Nonidet® P-40 substitute (NP-40) Sigma-Aldrich, St Louis, USA 

Non-Essential amino acids (NEAA) Life technologies, NY, USA 

N,N-dimethylformamid Sigma-Aldrich, St Louis, USA 

Opti-MEM Invitrogen, Paisley, UK 

Page Ruler Prestained Protein Ladder Thermo Scientific, Massachusetts, USA 

Passive Lysis Buffer, 5x Promega, Mannheim, Germany 

PCR buffer, 10x usb, High Wycombe, UK 

Penicillin/Streptomycin (P/S) Life technologies, NY, USA 

Polyethylene imide (PEI) Polyplus 

ProLong®Gold antifade Life technologies, NY, USA 

Protease inhibitor P8340 Sigma-Aldrich, St Louis, USA 
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Protein-A/G UltraLink® Resin Thermo Scientific, Massachusetts, USA 

Roti®-Safe Gel Stain Carl Roth, Karlsruhe, Germany 

 Gibco® RPMI 1640  
 

Life technologies, Paisley, UK 

Wheat germ agglutinin (WGA), Alexa 

Fluor® 647 conjugate 

Invitrogen, Paisley, UK 

 

3.1.2 Buffers, solutions, media 

Name Vendor 

Acetatos 
 

75 ml Na-acetate (0.5 M), 30 ml acetic 
acid (0.5 M), adjust to 1000 ml with H2O 

Bradford Dye 5x concentrated 100 mg Coomassie Brilliant Blue G250, 
50 ml ethanol (95%), 100 ml conc. 
phosphoric acid, adjusted with H2O to 
200 ml 

Carbazole 1.6 g 3-Amino-9-ethylcarbazole, 500 ml 
N,N-dimethylformamid 

Cytomix, pH 7.6 
 
 
 
 
 

120 mM KCl, 0.15 mM CaCl2, 10 mM 
potassium-phosphate buffer (pH 7.6), 25 
mM hepes, 2 mM EGTA, 5 mM MgCl2, 2 
mM ATP, 5 mM glutathione 
 

DMEM-complete 10% FCS, 1% L-glutamine, 1% NEAA, 
1% penicillin/streptomycin in DMEM 

DMEM-complete + Bla DMEM-complete with blasticidin 
(1:1000) 

Medium for cryoconservation 10% DMSO in FCS 

FACS buffer 1% FCS in Phosphate buffered saline 
(PBS) 

FACS fixation buffer 1% FCS in PBS, 0,5% 
paraformaldehyde  

Firefly luciferase assay buffer 25 mM glycyl-glycine (pH 7.8), 15 mM 
KPO4 (pH 7.8), 15 mM MgSO4, 4 mM 
EGTA, 1 mM DTT, 2 mM ATP 

Firefly luciferase lysis buffer 1% triton x-100, 25 mM glycyl-glycine 
(pH 7.8), 15 mM MgSO4, 4 mM EGTA, 1 
mM DTT 

Firefly luciferase substrate 1:5 dilution of 1 mM luciferin-solution 
with 25 mM glycyl-glycine 

Substrate for TCID50 staining 5 ml Acetatos, 1.5 ml Carbazol, 20 μl 
H202 

Luciferin solution 0.09 g D-luciferin, 321 ml glycyl-glycine 
(25 mM) 

Luc-Lysis buffer Passive lysis buffer 1:5 in H20 

FACS-permeabilization buffer 1% FCS, 0.1% Saponin in PBS 
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IP-lysis buffer 50 mM hepes (pH 7.4), 150 mM NaCl, 1 
mM CaCl2, 1% glycerol in H2O  

Phosphate buffered saline (PBS) 400 g NaCl, 10 g KCl, 89 g Na2HPO4-
2H2O, 12 g KH2PO4, 4 l H2O 

PBS-Tween (PBS-T) 0.5% tween 20 in PBS 

PBS-Triton 0.1% triton x-100 in PBS 

RPMI- complete 1% L-glutamin, 1% 
penicillin/streptomycin, 1% Hepes, 10% 
FCS 

SDS-PAGE resolving gel 12% acrylamide/bisacrylamide, 25% 
resolving gel buffer, 0.1% temed, 0.1% 
APS in H2O 

SDS-PAGE resolving gel buffer, pH 8.8 1.5 M tris, 0.4% SDS in H2O 

SDS-PAGE running buffer 10x 40 g SDS, 121.2 g tris, 576.4 g glycine, 
adjust to 4 l H2O 

SDS-PAGE non-reducing sample buffer 
2x 

10 ml tris (1.5 M, pH 6.8), 12 ml SDS 
(10%), 30 ml glycerol, 1.8 mg 
bromophenolblue, ad 100 ml H2O 

SDS-PAGE reducing sample buffer 2x 10 ml tris (1.5 M, pH 6.8), 12 ml SDS 
(10%), 30 ml glycerol, 15 ml β-
mercaptoethanol, 1.8 mg 
bromophenolblue, ad 100 ml H2O 

SDS-PAGE stacking gel 5% acrylamide/bisacrylamide, 12.5% 
stacking gel buffer, 0.1% temed, 0.15% 
APS in H2O 

SDS-PAGE stacking gel buffer 1 M tris/HCl, 0.8% SDS 

Semi dry transfer buffer, pH 8.3 25 mM tris, 192 mM glycine, 
10% methanol in H2O 

Tris-acetate-EDTA (TAE) buffer 242 g tris, 100 ml Na2EDTA (0.5 M, pH 
8.0), 57.1 ml acetic acid, ad 1 l H2O 

Western blot antibody buffer antibody in 1% milk powder in PBS-T 

Western blot blocking buffer 5% milk powder in PBS-T 

 

3.1.3 Kits 

Name Vendor 

Alexa Fluor® Antibody Labeling Kit Life technologies, Oregaon USA 

ECL Plus Western blotting Detection 
System 

GE Healthcare, Buckinghamshire, UK 

Gel and PCR cleanup Kit Macherey Nagel, Düren, Germany 

LightCycler® 480 Taqman Master  Lifescience Roche, Germany 

NucleoSpin® Plasmid Macherey Nagel, Düren, Germany 

NucleoSpin® RNA ii Macherey Nagel, Düren, Germany 
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3.1.4 Enzymes 

Name Vendor 

BamHI–High Fidelity (HF) (20 U/ μL)  New England Biolabs, Frankfurt, 
Germany 

Benzonase (25 U/μL) Novagen, Darmstadt, Germany 

DNase (1 U/μl) Promega, Mannheim, Germany 

DNA polymerase: FideliTaq™ (5 U/μl) usb, High Wycombe, UK 

SpeI (20 U/μL) New England BiolabsFrankfurt, 
Germany 

SbfI- High Fidelity (HF) (20 U/ μL) New England Biolabs, Frankfurt, 
Germany  

T4 ligase (10 U/μL) Sigma, Steinheim, Germany 

 

3.1.5 Primer and probes 

Primer, probes Sequence 

640-GAPDH-BBQ probe, (TIB Molbio, 
Berlin) 

5’-LC640-
CAAgCTTCCCgTTCTCAgCCT-BBQ 

A-GAPDH GAAGATGGTGATGGGATTTC 

A_pWPI_Seq ATTCCAAGCGGCTTC 

BamHI_HAHA_for AAAAAAGGATCCTATCCTTATGATGT
CCCTGATTAGCG 

CD9_BamHI_for AAAAAAAGGATCCGCCACCATGCC 

ceTSP9_BamHI_for 
 

AAAAAAGGATCCGCCACCATGGTG 

dmTSP96F_SbfI_for AAAAAACCTGCAGGGCC ACC ATG 
GGT CTC AAC G 

drCD81_BamHI_for = 
CD82/TSN32_BamHI_for 

AAAAAAGGATCCGCCACCATGGG 

HA_SpeI_rev 
 

AAAAAA ACT AGT CTA GGC GTA 
GTC GG 

hCD81_BamHI_for AAA AAA GGA TCC GCCACC ATG 
GGA GTG GAG GGC TGC 

hCD82_SbfI_for AAAAAACCTGCAGGGCC ACC ATG 
GGC TCA GC 

HCV2a probe, (TIB Molbio, Berlin) 5’-6FAM-
AAAggACCCAgTCTTCCCggCAA-TMR 

hTSN32_SbfI_for AAAAAACCTGCAGGGCC ACC ATG 
GGG CCT TG 

JFH-1 S147  TCTGCGGAACCGGTGAGTA 

JFH-1 A221  GGGCATAGAGTGGGTTTATCCA 

S-GAPDH  GAAGGTGAAGGTCGGAGTC 

xtCD81_BamHI_for = 
CD82/TSN32_BamHI_for 

AAAAAAGGATCCGCCACCATGGG 
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3.1.6 General plasmids 

Name Characteristics 

pcDNA3.1 Eukaryotic expression plasmid for 
transient gene expression under control 
of the CMV promoter (Invitrogen, 
Karlsruhe, Germany) 

pcDNA-ΔcE1E2_J6 pcDNA 3.1 containing the HCV 
glycoproteins E1 and E2 from genotype 
2a J6 isolate; 180 bases coding for the 
C-terminal 60 amino acids of HCV core 
protein are located upstream of the E1 
coding sequence comprising the signal 
peptide for E1 insertion into the ER 
(Haid et al., 2010) 

pJC1/R2a Intergenotypic chimeric genome of HCV 
isolates J6 (core, E1, E2, p7, NS2) and 
JFH1 (NS3, NS4A, NS4B, NS5A, 
NS5B); encoding Renilla reniformis 
luciferase reporter (Pietschmann et al., 
2006) 

pCMV_cE1/E2(1a)H77 Expression vector encoding the last 60 
residues of HCV core and full-length E1 
and E2 of the genotype 1a strain H77 
isolate (Bartosch et al., 2003) 

pCMV_ΔR8.74 Lentiviral vector coding for HIV-1 gag 
and pol with deletion of the virulence 
genes env, vif, vpr, vpu and nef (Dull et 
al., 1998) 

pcZ_VSV_G Eukaryotic expression plasmid for the 
expression of the wild type vesicular 
stomatitis virus (VSV) glycoprotein (G) 
(Kalajzic et al., 2001) 

pWPI_FLuc pWPI with the reporter firefly Photinus 
pyralis luciferase                                                                                                                                                          

  

pWPI-GFP pWPI encoding a green fluorescent 
particle as reporter 

pWPI_BLR Self-inactivating lentiviral vector for 
transient expression of genes under 
control of internal human elongation 
factor 1 alpha. Allows translation of 
blasticidin S aminase as selection 
marker. (Pham et al., 2004) 
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3.1.7 Plasmids generated for this project 

Name Characteristics 

pWPI_CD81HA_BLR pWPI encoding human CD81 with C-
terminal double HA-tag with blasticidin 
resistance 

pWPI-CD82-backbone (BB)  pWPI encoding human CD82 with the 
LEL of human CD81 (replacing 
nucleotide 331-597), C-terminal double 
HA-tag and blasticidin resistance 

pWPI-CD9-BB pWPI encoding human CD9 with the LEL 
of human CD81 (replacing nucleotide 
334-600), C-terminal double HA-tag and 
blasticidin resistance 

pWPI-ce-BB pWPI encoding CD81 of Caenorhabditis 
elegans with human CD81-LEL 
(replacing nucleotide 352-61), C-terminal 
double HA-tag and blasticidin resistance 

pWPI-dm-BB pWPI encoding CD81 of Drosophila 
melanogaster with human CD81-LEL 
(replacing nucleotide 319-585), C-
terminal double HA-tag and blasticidin 
resistance 

pWPI-dr-BB pWPI encoding CD81 of Danio rerio with 
human CD81-LEL (replacing nucleotide 
346-312), C-terminal double HA-tag and 
blasticidin resistance 

pWPI_SRB1_BLR pWPI encoding human SRB1 and 
blasticidin resistance 

pWPI-TSN32-BB pWPI encoding human TSN32 with the 
LEL of human CD81 (replacing 
nucleotide 331-597), C-terminal double 
HA-tag and blasticidin resistance 

pWPI-xt-BB pWPI encoding CD81 of Xenopus 
tropicalis with human CD81-LEL 
(replacing nucleotide 339-606), C-
terminal double HA-tag and blasticidin 
resistance 

 

3.1.8 Antibodies 

Name Vendor Concentrations used 

α-β-actin-HRP clone AC-
15 (mouse) 

Sigma-Aldrich 0.01-0.02 μg/ml (Western 
blot (WB)) 

α-β-actin (mouse) Sigma-Aldrich 1 μg/ml (WB) 

α-mouse IgG1-APC BD Pharmingen 20 μl/test (Flow Cytometry 
(FC))  

α-calnexin clone AF18, Abcam 1 mg/ml (FC) 
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(mouse)  

α-CD81 clone 1.3.3.22 
(mouse) 

Santa Cruz 10 μg/ml (WB) 

α-CD81 clone 5A6 
(mouse) 

Santa Cruz 1 μg/ml (FC) 

α-CD81 clone JS-81 
(mouse) 

BD Pharmingen 2.5 μg/ml (IF), 1.25 μg/ml 
(WB) 

α-CD81-FITC clone JS-81 
(mouse) 

BD Pharmingen 20 μl/test (FC), 60 μl/test 
(FC sorting) 

α-IgG1 κ-FITC MOPC-21  BD Pharmingen 20 μl/test (FC),  

α-GAPDH (rabbit) Sigma-Aldrich 0.1-0.2 μg/ml (WB) 

α-HA.11 clone 16B12 
(mouse) 

Covance 1 μg/ml (FC), 1 μg/ml 
(WB) 

α-HA (rabbit)  Sigma-Aldrich 0.5mg/ml 
 1:1000 (IF) 

α-mouse IgG-Alexa Fluor® 
488 (goat) 

Life technologies 2 μg/ml (IF) 

α-mouse IgG-Alexa Fluor® 
647 (goat) 

Life technologies 2 μg/ml (IF) 

α-mouse IgG-HRP (goat) Sigma 0.025-0.15 μg/ml (WB),  

α-mouse IR-Dye 800 CW 
green  

Li-Cor 1mg/ml  
1:15.000(WB) 

α-NS5A 9E10 (mouse)  (Lindenbach et al., 2005) 1,1 mg/ml 
1:2000 (IF), 1:500 (FC), 
1:2000 (TCID50)  

α-p230 clone 15/p230 
(mouse)  

BD Bioscience 250μg/ml 
1:200 (IF) 

α-rabbit IgG-Alexa Fluor® 
488 (goat) 

Life technologies 2 μg/ml (IF) 

α-rabbit IgG-Alexa Fluor® 
647 (goat) 

Life technologies 2 μg/ml (IF) 

α-mouse IR-Dye680 CW 
red 

Li-Cor 1mg/ml 
1:15.000(WB) 

 

3.1.9 Bacteria strains 

Name Characteristics 

Escherichia coli Stbl2 F-mcrA_(mcrBC-hsdRMS-mrr) recA1 
endA1lon gyrA96 thi supE44 relA1 λ- 
_(lac-proAB) 

 

3.1.10 General mammalian cell lines 

Name Characteristics 

293T Variant of the human embryonic kidney 
cell line 293, stably expressing the SV40 
large T-antigen 

CHO 745 Chinese hamster ovary cell mutants that 
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have a defect in glycosaminoglycan 
biosynthesis and therefore have less 
xylosyltransferase activity (Esko et al., 
1985) 

Huh-7.5 Subclone of human Huh-7 hepatoma cell 
line which originally carried a selectable 
HCV replicon and was cured by IFN-α  
treatment; contains a reported RIG-I 
mutation and is permissive for HCV RNA 
replication; non-polarising (Blight et al., 
2002) 

Lunet N#3 Subclone of Lunet hepatoma cell line, 
lacking endogenous CD81 expression 
and therefore not permissive for HCV; 
non-polarising (Bitzegeio et al., 2010) 

 

3.1.11 Mammalian cell lines generated for this project 

Name Characteristics 

CHO745- CD82-BB CHO745 cells expressing human CD82 
with the LEL of CD81 and C-terminal 
double HA-tag, generated by transduction 
with pWPI- CD82-BB and selection with 
blasticidin 

CHO745- CD9-BB CHO745 cells stably expressing CD81 
with the LEL of human CD9 and C-
terminal double HA-tag, generated by 
transduction with pWPI- CD9-BB and 
selection with blasticidin 

CHO745- ce-BB CHO745 cells stably expressing CD81 of 
Caenorhabditis elegans with human 
CD81-LEL and C-terminal double HA-tag, 
generated by transduction with pWPI-ce-
BB and selection with blasticidin 

CHO745- dm-BB CHO745 cells stably expressing CD81 of 
Drosophila melanogaster with human 
CD81-LEL and C-terminal double HA-tag, 
generated by transduction with pWPI- dm-
BB and selection with blasticidin 

CHO745- dr-BB CHO745 cells stably expressing CD81 of 
Danio rerio with human CD81-LEL and C-
terminal double HA-tag, generated by 
transduction with pWPI-dr-BB and 
selection with blasticidin 

CHO745- h.CD81-HA CHO745 cells stably expressing human 
CD81 with C-terminal double HA-tag, 
generated by transduction with 
pWPI_CD81HA_BLR and selection with 
blasticidin  

CHO745- SRB1 CHO745 cells stably expressing human 
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SRB1, generated by transduction with 
pWPI_SRB1_BLR and selection with 
blasticidin 

CHO745- TSN32-BB CHO745 cells expressing human TSN32 
with the LEL of CD81 and C-terminal 
double HA-tag, generated by transduction 
with pWPI- TSN32-BB and selection with 
blasticidin 

CHO745- V.control 
 

CHO745 cells with blasticidin resistance 
generated by transduction with 
pWPI_BLR 

CHO745- xt-BB CHO745 cells stably expressing CD81 of 
Xenopus tropicalis with human CD81-LEL 
and C-terminal double HA-tag, generated 
by transduction with pWPI-xt-BB and 
selection with blasticidin 

Lunet N#3- CD82-BB  Lunet N#3 cells expressing human CD82 
with the LEL of CD81 and C-terminal 
double HA-tag, generated by transduction 
with pWPI- CD82-BB and selection with 
blasticidin 

Lunet N#3- CD9-BB Lunet N#3 cells stably expressing CD81 
with the LEL of human CD9 and C-
terminal double HA-tag, generated by 
transduction with pWPI- CD9-BB and 
selection with blasticidin 

Lunet N#3- ce-BB Lunet N#3 cells stably expressing CD81 
of Caenorhabditis elegans with human 
CD81-LEL and C-terminal double HA-tag, 
generated by transduction with pWPI-ce-
BB and selection with blasticidin 

Lunet N#3- dm-BB Lunet N#3 cells stably expressing CD81 
of Drosophila melanogaster with human 
CD81-LEL and C-terminal double HA-tag, 
generated by transduction with pWPI- dm-
BB and selection with blasticidin 

Lunet N#3- dr-BB Lunet N#3 cells stably expressing CD81 
of Danio rerio with human CD81-LEL and 
C-terminal double HA-tag, generated by 
transduction with pWPI-dr-BB and 
selection with blasticidin 

Lunet N#3- h.CD81-HA Lunet N#3 cells stably expressing human 
CD81 with C-terminal double HA-tag, 
generated by transduction with 
pWPI_CD81HA_BLR and selection with 
blasticidin (Janina Brüning) 

Lunet N#3- TSN32-BB Lunet N#3 cells expressing human TSN32 
with the LEL of CD81 and C-terminal 
double HA-tag, generated by transduction 
with pWPI- TSN32-BB and selection with 
blasticidin 
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Lunet N#3- V.control Lunet N#3 cells with blasticidin resistance 
generated by transduction with 
pWPI_BLR 

Lunet N#3- xt-BB Lunet N#3 cells stably expressing CD81 
of Xenopus tropicalis with human CD81-
LEL and C-terminal double HA-tag, 
generated by transduction with pWPI-xt-
BB and selection with blasticidin  

 

3.1.12 Viruses 

Hepatitis C virus Jc1 Chimera of HCV isolates J6 (core, E1, 
E2, p7, NS2) and JFH1 (NS3, NS4A, 
NS4B, NS5A, NS5B). Genotype 2a/2b 
(Pietschmann et al., 2006) 

H77c/1a/R2a  
(HCV genotype (GT) 1) 
 

Intergenotypic chimeric genome of HCV 
isolates H77 (core, E1, E2, p7, NS2) and 
JFH1 (NS3, NS4A, NS4B, NS5A, NS5B); 
encoding Renilla reniformis luciferase 
reporter (Haid et al., 2012; Scheel et al., 
2008a) 

Jc-R2a genotype 2a  
(HCV GT2) 
 

Intergenotypic chimeric genome of HCV 
isolate J6 (core, E1, E2, p7, NS2) and 
JFH1 (NS3, NS4A, NS4B, NS5A, NS5B); 
encoding Renilla reniformis luciferase 
reporter (Reiss et al., 2011) 

S52/3a/R2a 
(HCV GT3) 
 

Intergenotypic chimeric genome of HCV 
genotype 3a (core, E1E2,p7,NS2) and 
JFH1 (NS3, NS4A, NS4B, NS5A, NS5B); 
encoding Renilla reniformis luciferase 
reporter (Gottwein et al., 2007) 

ED43/4a/R2a 
(HCV GT4) 
 

Intergenotypic chimeric genome of HCV 
genotype 4a (core, E1, E2, p7, NS2) and 
JFH1 (NS3, NS4A, NS4B, NS5A, NS5B); 
encoding Renilla reniformis luciferase 
reporter (Scheel et al., 2008a) 

SA13/5A/R2a 
(HCV GT5) 
 
 

Intergenotypic chimeric genome of HCV 
genotype 5a (core, E1, E2, p7, NS2) and 
JFH1 (NS3, NS4A, NS4B, NS5A, NS5B); 
encoding Renilla reniformis luciferase 
reporter (Jensen et al., 2008). 

Hh6a/6a/R2a 
(HCV GT6) 
 

Intergenotypic chimeric genome of HCV 
genotype 6a (core, E1, E2, p7, NS2) and 
JFH1 (NS3, NS4A, NS4B, NS5A, NS5B); 
encoding Renilla reniformis luciferase 
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reporter (Gottwein et al., 2009) 

QC69/7a/R2a 
(HCV GT7) 
 

Intergenotypic chimeric genome of HCV 
genotype 7a (core, E1, E2, p7, NS2) and 
(NS3, NS4A, NS4B, NS5A, NS5B); 
encoding Renilla reniformis luciferase 
reporter (Gottwein et al., 2009) 

Human Corona Virus (CoV) Strain 229E, kindly provided by Volker 
Thiel, St. Gallen, Swizerland (Pfefferle et 
al., 2011) 

Neo NS3-5‘ JFH1 
 

Subgenomic replicon of HCV genotype 2a 
encoding HCV isolate JFH1 non-
structural proteins (NS3, NS4A, NS4B, 
NS5A, NS5B)  

sE2-H77ΔHVR, 
sE2-H77, 
sE2-J6ΔHVR,  
sE2-J6 

Kindly provided by Joseph Marcotrigiano 

(Khan et al., 2014; Whidby et al., 2009b) 

Vesicular stomatitis virus (VSV-GFP) VSV*MQ, kindly provided by Gert Zimmer 
(Hoffmann et al., 2010) 

  

3.1.13 Material and technical devices 

Name Vendor 

Agarose gel electrophoresis system Carl Roth, Karlsruhe 

BD Accuri C6 software  BD Bioscience 

Blotting paper VWR 

Centricon Plus-70 Centrifugal Filter 
Units 

Merck Millipore, Darmstadt, Germany 

ChemoCam Imager Intas 

Confocal microscope Fluoview 1000 Olympus 

Cuvettes 10x4x45mm Sarstedt Ag&Co., Nümbrecht 

EMBL-EBI Clustal Omega algorithm (Li et al., 2015) 

Flow cytometer BD Accuri BD Bioscience 

Fluorescence microscope ix80 Olympus 

Gene Pulser Xcell™ Electroporation 
System 

Biorad, München, Germany 

GraphPad Prism 5 GraphPad Software, Inc., San Diego 

LightCycler® 480 Roche Applied Science 

Microplate reader LB 960 CentroX3 Barthold, Freiburg, Germany 

Nanodrop1000 Spectrophotometer PeqLab, Erlangen 

Odyssey-CLx LI-COR 

PVDF-membrane Hybond™-P GE Healthcare 

SDS-PAGE system Maxigel Biometra 

T100 thermal cycler  BIO-RAD laboratories 
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Tube Luminometer Lumat LB 9507 Barthold, Freiburg, Germany 

Ultrospec 2100 pro, UV/visible Spectro-
Photometer 

Amersham Bioscience 

Vector NTI Advance 11 Invitrogen, California, USA 
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3.2 Molecular biology methods 

3.2.1 Polymerase chain reaction (PCR)  

The polymerase chain reaction was used to amplify the different CD81 DNA 

templates. First, 10ng template DNA, 1 µl forward primer (10 µM), 1 µl reverse primer 

(10 µM), 1 µl dNTPs (10 µM), 1 µl FideliTaq polymerase (5 U/µl), 5 µl PCR buffer 

(10x) and 40 µl H20 were mixed. The DNA fragments used as templates and the 

respective primers are given in Table 1:  

 

Table 1 DNA fragments with reverse and forward primer used for amplification. Primer sequences are given 
in chapter 3.1.5 

 

DNA fragment Forward primer Reverse primer Product 

size in bp 

xt-BB CD82/TSN32_Ba

mHI_for 

HA_SpeI_rev 810 

dr-BB CD82/TSN32_Ba

mHI_for 

HA_SpeI_rev 816 

dm-BB dmTSP96F_SbfI

_for 

 

HA_SpeI_rev 798 

ce-BB  ceTSP9_BamHI_

for 

HA_SpeI_rev 831 

CD9-BB CD9_BamHI_for HA_SpeI_rev 792 

CD82-BB hCD82_SbfI_for HA_SpeI_rev 807 

TSN32-BB  hTSN32_SbfI_for HA_SpeI_rev 1044 
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The DNA was then amplified with the T100 thermal cycler (BIO-RAD laboratories) by 

following the PCR program given in Table 2:  

 

Table 2 PCR program used for amplification of DNA 

Cycle Temperature Time 

Initial denaturation (1x) 94°C 3 min 

Denaturation 

Annealing              (25x) 

Elongation 

94°C 30 s 

56°C 30 s 

72°C 1 min 

Final elongation      (1x) 72°C 5 min 

Storage                   (1x) 4°C ∞ 

 

When the cycles were completed the PCR product was stored at 4°C until agarose 

gel electrophoresis. 

 

3.2.2 Real time quantitative PCR 

Quantitative real time PCR (RT qPCR) monitors the amplification of targeted nucleic 

acids during the PCR. This is possible due to probes carrying a quencher at one end 

and a fluorescent dye at the other. During the DNA process the exonuclease activity 

of the polymerase releases the fluorescent dye allowing quantitative fluorometric 

measurements. Each sample is illuminated with a beam of light at one specific 

wavelength and the emitted fluorescence by the excited fluorophore is detected. For 

measuring HCV replication efficiency, HCV-specific RNA was quantified using the 

LightCycler® 480 (Lifescience Roche) which performed reverse transcription into 

DNA and amplification in one step process. To this end, the LightCycler® 480 master 

hydrolysis probes (Lifescience Roche) were used with GAPDH (1 µg/µl) and HCV 

JFH-1 RNA (1 µg/µl, 109 copies/ml) as an internal reference. The two standards were 

prepared in a 1:10 serial dilution with RNAse free H2O to a final concentration of 1 

ng/µl (GAPDH) and 102 copies/ml (HCV RNA). Afterwards, the LightCycler® 480 

master hydrolysis probes (Lifescience Roche) were mixed with 0.5 µl HCV and 

GAPDH specific probes (3µM) (HCV2a and 640-GAPDH-BBQ, TIB Molbiol, Berlin, 

Germany), 0.1 µl HCV (JFH1-S147, JFH1-A221) and 0.1 µl GAPDH (S-GAPDH, A-

GAPDH) primers (100µM) and either 2 µl standard or 2 µl of the RNA to be 
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quantified, in our case RNA isolated from Lunet N#3 cells (as described in section 

3.2.10) 24 hours and 48 hours post electroporation with HCV subgenomic replicon 

JFH-1. All samples (measured in technical duplicates), as well as H2O as an 

additional control, were transferred to a 96 well plate and analysed with the 

LightCycler® 480 (Lifescience Roche) according to the following program:  

1) Reverse transcription (63°C, 3 min, 4.4 ramp rate)  

2) initial denaturation (95°C, 30 sec., 4.4 rr.)  

3) amplification ( 95°C, 15 sec, 4.4 rr.)  

4) quantification (60°C, 30 sec., 2.2 rr) 45 cycles 

5) cooling (40°C, 30 sec. 2,2 rr) 

At the end, quantification analysis was performed with LightCycler® 480 software 

(Lifescience Roche). 

 

3.2.3 Restriction enzyme digests  

Restriction enzymes were used to cut DNA at specific sequences. To cut plasmids or 

DNA fragments at specific sites, 6µg DNA was incubated at 37°C for 1.5 h with 

restriction enzymes 30 U as given in Table 3: 

 

Table 3 DNA with the restriction enzymes used for enzymatic digest 
Afterwards, the digested samples were loaded onto a 1% agarose gel to be extracted and cleaned up (see 
section 3.2.4). 

DNA Restriction enzyme I Restriction enzyme II 

xt-BB BamHI- HF SpeI 

dr-BB  BamHI- HF SpeI 

dm-BB   SbfI SpeI 

ce-BB  BamHI- HF SpeI 

CD9-BB BamHI- HF SpeI 

CD82-BB SbfI SpeI 

TSN32-BB  SbfI SpeI 

pWPI Sbfl/BamHI-HF SpeI 

 

3.2.4 Agarose gel electrophoresis and DNA clean-up from agarose gels 

Agarose gel electrophoresis is used to separate DNA fragments of different sizes. 

The different PCR products were detected by agarose gel electrophoresis. Therefore, 
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a 1% agarose gel was prepared by adding 1 g agarose per 100 ml TAE buffer. 

Additionally, 0.1 µl/ml Roti-Safe® was added to stain the gel. When the gel was solid, 

the samples and the DNA loading dye (6x) were mixed together and, along with the 

DNA size marker, loaded onto the gel. The electrophoresis was run for 30 minutes at 

120 V in TAE buffer. DNA fragments were extracted from the agarose gel and 

purified with the Nucelo-Spin® Gel and PCR clean up kit (Macherey Nagel) 

according to manufacturer´s advice.    

 

3.2.5 Ligation with T4 ligase 

Ligation of the digested DNA fragments and digested plasmids was done by using 

the enzyme T4 ligase. Therefore, vector and insert were mixed at a ratio of 1:4, 5U 

enzyme and ligation buffer (10x) were added and the reaction was filled up to 10 µl 

with water. Thereby the complementary sticky ends from the cut DNA fragments and 

the plasmid were connected, and the mixture was incubated overnight at 16°C:  

 

3.2.6 Transformation of competent bacteria 

Competent bacteria E.coli Stbl2 were used to amplify the high copy pWPI-derived 

plasmids. E.coli were made chemically competent with the CaCl2 method (High 

efficiency transformation of Escherichia coli with plasmids (Inoue et al., 1990)). 

For transformation, the competent bacteria were thawed slowly on ice for 30 min.  

Afterwards, 10 µl of the ligation sample was added to 100 µl of bacteria and 

incubated on ice for 45 min. Thereafter came a heat shock: The bacteria containing 

the ligation sample were placed at 42°C for 95 sec. The sample was incubated on ice 

for 5 min, then 1 ml LB-medium without antibiotics was added and the bacteria were 

incubated for additional 30 min at 37°C on a 900 rpm shaker. Following this, the 

bacteria were pelleted by centrifugation at 14000 rpm for 30 sec. The pellet was 

subsequently re-suspended in 100 µl LB-medium, followed by plating the bacteria on 

LB-agar plates containing ampicillin (100 µg/ml) to select for bacteria carrying the 

plasmid of interest. Plates were cultivated at 37°C overnight. When conducting 

cloning experiments, the above transformation was the standard procedure to 

choose, though for re-transformation the procedure was shortened. 
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3.2.7 Cultivation of bacteria in liquid cultures 

A single colony that grew on the LB-agar plates was added to 5 ml or 100 ml LB-

medium supplemented with ampicillin (100 µg/ml) to select only bacteria that were 

carrying the plasmid of interest. The bacteria were then cultivated at 37°C overnight 

on a mild shaking platform (190 rpm).  

 

3.2.8 Sequencing of DNA 

MWG Operon (Martinsried, Germany) sequenced the purified DNA according to the 

company’s instructions. Obtained results were interpreted with Vector NTI Advance 

11. 

 

3.2.9 Isolation of plasmid DNA from bacteria 

The plasmid DNA from the bacteria cultures was purified with the Nucleo Spin® 

Plasmid kit (Macherey Nagel) following the manufacturer’s instructions. The nucleic 

acid concentration was measured with the Nanodrop (PeqLab). 

 

3.2.10 RNA isolation from eukaryotic cells 

RNA was isolated from mammalian cell lines with the help of NucleoSpin® RNA ii kit 

(Macherey Nagel). The procedure was carried out according manufacturer’s 

instructions.  

 

3.3 Cell culture methods 

3.3.1 Cultivation of mammalian cell lines 

Lunet N#3 cells, Huh-7.5 cells and 293T cells were cultured in DMEM complete. 

CHO745 cells were grown in RPMI medium complete. Optionally, blasticidin (1 

μg/ml) was added to the medium for selection. The cells were kept at 37°C, 5% CO2 

and passaged when they were 80-100% confluent. Therefore, medium was removed 

from the cells, they were carefully washed with sterile PBS, and finally trypsinized 

with 1 ml EDTA/Trypsin (0,05%) for 5 min at 37°C until the cells detached. 
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Afterwards medium was added to stop the trypsin reaction. The cells were re-

suspended and passaged at a lower density. 

 

3.3.2 Cell number determination 

Using a Neubauer haemocytometer it was possible to determine the number of cells 

in suspension. To this end, 10 μL of the cell suspension was transferred into the 

counting chamber and cells were counted in 16 squares. The final number was 

multiplied by 1*104 (representing the number of cells in 1 ml). 

 

3.3.3 Thawing and freezing of mammalian cells 

To provide the option of storing cells long-term, they were frozen at -150°C using the 

following procedure: After being trypsinized, the cells were pelleted by centrifugation 

at 100 g for 5 min. The supernatant was discarded and the cell pellet was re-

suspended in medium for cryoconservation, stored for 24 h at -80°C and then 

transferred to -150°C. To recultivate frozen cells, they were quickly thawed at 37°C 

and resuspended in culture medium and subsequently pelleted by centrifugation at 

100 g for 5 min. Afterwards, the supernatant was removed, the cells were seeded in 

culture medium and stored at 37°C.   

 

3.3.4 Production of lentiviral pseudoparticles (pp) and establishing stable cell lines 

of CD81 variants 

Cell lines stably expressing CD81-variants were generated by transduction with 

lentiviral pseudotypes. The lentiviral pseudotypes express the envelope glycoprotein 

G of vesicular stomatitis virus (VSV) on their surface and encode the tetraspanin 

chimera genes described in chapter 3.1.7. To generate the pseudotypes, 293T cells 

were co-transfected with 2 µg DNA of the packaging construct pCMV-ΔR8-74 

(encoding for HIV gag and pol), the lentiviral vector containing a blasticidin resistance 

gene (pWPI_BLR) or the respective tetraspanin chimera encoding pWPI and the 

VSV-G expression construct. At 48 h post transfection, pp-containing culture 

supernatant was harvested, filtered through a 0.45 µm pore size filter and used to 

transduce naive cell lines. The procedure was as described below: 



 
 

41 

On the first day, 1,2x106 293T cells were seeded in a 6 cm dish in DMEM-complete. 

One day later, Polythyleneimine (PEI) transfection followed: PEI was diluted in water 

(1:100) and filtered through a 0,20μm pore-size filter. 6 μg DNA (2 μg pCMV-ΔR8-74 

coding for Gag/Pol, 2 μg pWPI-CD81 variant and 2μg VSV-G coding for the 

envelope) was added to 244 μl Opt-iMEM .18 μl PEI mixed with 232 μl Opti-MEM 

was added to the DNA and the mixture was incubated at room temperature for 20 

min. After, the transfection mixture was added to 293T cells and the transfected cells 

were incubated for 4 h at 37°C before the media was refreshed. The next day, the 

transfected 293T cells were treated with sodium butyrate at a total concentration of 

10 mM and incubated for 6-8 h at 37°C. Afterwards, the medium was changed to 3 

ml fresh DMEM-complete and further incubation followed overnight. The same day, 

the target cells Lunet N#3 were seeded in 6 cm dishes at 1x106 cells/ 6 cm dish. One 

day later, the supernatant from 293T cells was harvested and filtered through a 0.45 

μm pore-size filter. Afterwards, the 293T cells were trypsinized, pelleted by 

centrifugation at 700 rpm for 5 min, and after removing the supernatant the cells were 

mixed with 60μl SDS non-reducing sample buffer and stored at -20°C for further 

Western blot analysis. The pp-containing cell culture supernatant was supplemented 

with 4 μg/ μl polybrene and 50 mM Hepes. The medium from the Lunet N#3 target 

cells was removed and the cells were transduced with the pp-containing supernatant 

for 4 h at 37°C. Afterwards, the medium was replaced by 3 ml fresh DMEM-complete, 

and another 72 h incubation at 37°C followed. In order to select for the cells stably 

expressing the genes of interest, it was necessary to constantly keep the cells under 

selection pressure with blasticidin. 

Alternatively, CHO745 cells rendered as target cells to generate stable cell lines 

expressing CD81 variants. CHO745 cells were seeded at 6x105 cells/ 10cm dish in 

RPMI-complete. They were transduced with 4ml/ dish pps along with an incubation of 

four hours on a shaking platform at 37°C. The pps were produced in the same way 

as described above. After refreshing the media, another incubation time of 72 h 

followed. Then, the cells were kept under blasticidin selection pressure to create 

stable CHO745 CD81-chimeras expressing cell lines.  
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3.4 Biochemical methods 

3.4.1 Production of cell lysates 

Cell lysates were produced for separating proteins by dodecylsulphate 

polyacrylamide gel electrophoresis (SDS-PAGE, see chapter 3.4.3.). To this end, 

90% confluent cells, growing in a 10 cm culture dish, were trypsinized and 

subsequently pelleted at 12000 rpm for 5 min. The cells were then re-suspended in 

IP lysis buffer supplemented with protease-inhibitor mix (Sigma; 100 μl buffer per 10 

cm dish) and transferred to a 1.5 ml tube. After 30 min incubation on ice the cell 

debris were pelleted for 10 min at 4°C and 12000 rpm. The lysates were incubated 

with 25U benzonase for 30 min at 37°C to degrade genomic DNA, and denaturation 

of the proteins via a 5 min incubation at 95°C followed. Samples were either frozen at 

-20°C or directly used for SDS-PAGE. The supernatant containing the cellular 

proteins was transferred into a fresh 1.5 ml tube and stored at -20°C. 

 

3.4.2 Determination of protein concentration (Bradford assay) 

To determine the protein concentration of cell lysates, a Bradford assay was 

performed. First, BSA (NEB; 10 mg/ml) was serially diluted in PBS (1:1), resulting in 

standard solutions ranging from 5 mg/ml to 0.15 mg/ml. 10 μl aliquots of the BSA 

standards or the samples were filled into cuvettes (10x4x45mm Sarstedt AG&CO) 

and mixed with 1 ml Bradford dye. After 5 min of incubation in the dark the 

absorbance at 595 nm was measured with a photometer (Ultrospec 2100 pro 

Amersham). With the help of the BSA-standard solutions, a linear standard curve 

was plotted so that the protein concentration in the samples could be calculated.  

 

3.4.3 Sodium dodecylsulphate polyacrylamide gel electrophoresis (SDS-PAGE) 

SDS-PAGE was performed to separate proteins depending on their size. To this end, 

at first a SDS-gel was prepared. Therefore, a resolving gel was poured between two 

glass plates. Ethanol was added on top to avoid drying of the gel and to straighten 

the surface. After the resolving gel polymerized, the ethanol was removed, the 

stacking gel was filled on top and a comb was inserted. After the gel solidified, the 

protein size marker and the samples (prepared as described in section 3.4.2) were 
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loaded into the gel pockets. SDS-PAGE was performed in SDS-PAGE running buffer 

overnight at 45 V. 

 

3.4.4 Western blot analysis 

As the proteins were separated by SDS-PAGE the next step was to transfer them 

onto a PVDF-membrane using the semidry Western blot technique. While the PVDF-

membrane was activated in methanol, blotting paper was soaked in semi dry transfer 

buffer. Afterwards, the SDS-gel was put on top of the activated PVDF-membrane 

between the blotting paper. The strength of electric current for a 1.5 h transfer was 

calculated as followed: area of the membrane [cm2] x 1.5 [mA]. 

 

3.4.5 Protein detection on PVDF-membranes 

Following the blotting procedure, the membrane was blocked for one hour in Western 

blot blocking buffer on a mildly shaking platform. The primary antibody diluted in 1% 

milk in PBS-T was added to the membrane to allow later detection of the protein of 

interest. Incubation overnight at 4°C followed. The unbound antibody was then 

removed by washing with PBS-T three times for 5-10 min. Subsequently, the 

membrane was incubated for one hour on a mildly shaking platform with a secondary 

HRP- or fluorophore-conjugated antibody. Another three washing steps followed. 

HRP-conjugated proteins were then detected using the ECL Plus Western blotting 

Detection System (GE Healthcare) according to manufacturer´s instructions and 

visualized with the ChemoCam Imager. Fluorophore-conjugated proteins were 

visualized with the Odyssey CLx.  

 

3.5 Immunostaining 

3.5.1 Flow cytometry 

To test for the expression of cellular proteins, flow cytometric analysis could be used. 

Therefore, the cells of interest were trypsinized and pelleted at 1250 rpm for 5 min. 

The supernatant was discarded, the cells were resuspended in 300 μl FACS buffer 

and 100 μl aliquots were transferred into wells of a 96 well plate. For analysis of 

intracellular proteins, cells had to be permeabilised to be penetrable for the antibody. 
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To this end, the cells were pelleted, the supernatant was discarded, cells were re-

suspended in 50 μl permeabilization buffer, incubated for 20 min on ice and 

subsequently washed with FACS buffer. Afterwards the cells were incubated for 20 

min on ice with the primary antibody against the protein of interest. Either 

unconjugated (1 μg/ml) or fluorophore-conjugated (20μl) antibodies were used. 

Following three washing steps, the samples stained with primary unconjugated 

antibodies were incubated with the secondary fluorophore-conjugated antibody for 20 

min on ice in the dark. The cells were washed again three times and finally re-

suspended in 100 µl FACS buffer. The samples with conjugated antibodies were re-

suspended straight after the washing steps in FACS buffer. The fluorescence was 

measured with a flow cytometer (Accuri, BD) and analysed using the BD Accuri C6 

software (BD). 

Fluorescence activated cell sorting (FACS) was performed by the research facility 

cell sorting, Hannover School of Medicine, using a MoFlo (Beckman-Coulter). For this 

procedure, five 15 cm plates with confluent cells were necessary for each cell line. 

The cells were trypsinized, pooled and pelleted at 1250 rpm for 5 min. They were re-

suspended in 3 ml FACS buffer and one 50 μl aliquot was set aside as an unstained 

control. The remaining cells (2.7x107 cells/ml) were pelleted again and afterwards 

stained with 1 μg/ml anti-hCD81-FITC (5A6) antibody in 3 ml PBS diluted for 20 min 

on ice in the dark. Subsequently, samples were washed with 20 ml FACS buffer. The 

supernatant was discarded and the cells were washed with another 3 ml of FACS 

buffer, filtered through a 40 μm cell strainer and transferred into tubes. The cells were 

kept on ice until sorting. 

 

3.5.2 Immunofluorescence staining of cells 

For immunofluorescence staining Lunet N#3 or Huh-7.5 cells were seeded on poly-L-

lysine coated cover slips at a density of 4.5x105 cells/24 well or 4x105cells/ 24 well, 

respectively. After 24 h, the cells were washed with PBS. For staining with the 

membrane marker wheat germ agglutinin (WGA), cells were incubated with 2.5 μg/ml 

WGA for 5 min., Subsequently, all cells were fixed in paraformaldehyde (PFA; 3% in 

PBS) for 15 min and washed again three times with PBS. Following the fixation, the 

cells were permeabilized with triton-X 100 (0.5% in PBS) for 4 min and blocked with 

BSA (0.5% in PBS) for 10 min. Incubation with the primary antibody (α-CD81 clone 

JS-81, α-HA(rabbit), α-HA.11 (mouse), α-Calnexin, α-P230; concentrations used (see 
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section 3.1.8) at 4°C overnight followed. The unbound primary antibody was then 

removed by a PBS washing step and samples were stained with the secondary 

antibody (α-mouse IgG Alexa Flour® 488, α-rabbit IgG Alexa Flour® 488, α-rabbit 

IgG Alexa Flour® 647, concentrations used see section 3.1.8) for 1-2 hours in the 

dark. Washing steps and nuclei staining with DAPI (1:10000 in H20) followed. Finally, 

the cover slips were mounted on glass slides with ProLong®Gold antifade and 

analyzed with the Olympus confocal microscope. 

 

3.6 Virological methods 

3.6.1 HCV pseudoparticle (HCVpp) assay 

To test the HCV permissiveness of cell lines stably expressing CD81 constructs, 

HCVpps were produced. To this end, 293T cells were seeded on a poly-L-lysine 

coated 6 cm dish at a density of 1.2x106cells. The next day, the cells were co-

transfected with 5 μg of plasmid DNA encoding either the VSV envelope protein G 

(serves as positive control), the HCV GT 1a strain H77 or GT 2a strain J6 

glycoproteins E1 and E2 or an empty vector (serves as negative control) plus 5 μg 

pWPI_FLuc coding for the firefly luciferase and 5 μg pCMV_ΔR8-74 coding for 

retroviral HIV Gag/Pol. Co-transfection was done using PEI according to 

manufacturer´s protocol (see section 3.3.4). After 4 h of incubation with the 

transfection mixture, the cells’ media was changed to fresh DMEM-complete and 

cells were incubated overnight at 37°C. The VSV-, HCV- and negative control pp 

were then generated and harvested as described in section 3.3.4.  

Afterwards, the target cells (seeded at 6x104/ 12 well) were infected with the different 

pp for 72 h. The pps carry a firefly luciferase reporter (FLuc) from Photinus pyralis, so 

that the pp infectivity correlates with the luciferase activity and can be measured with 

a tube luminometer. To stop the infection, firefly luciferase lysis buffer was 

supplemented and after having washed the cells, they were lysed with 350μl firefly 

luciferase lysis buffer buffer. The cells were stored at -20°C until measuring the firefly 

reporter activity with the tube luminometer. Therefore 360 μl firefly luciferase assay 

buffer, 100 μl of lysed cells and 200 µl firefly luciferase substrate were mixed and the 

FLuc activity was quantified. 
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3.6.2 Green fluorescence HCVpp assay 

Cell lines stably expressing CD81 constructs were infected with HCVpp expressing a 

green fluorescent protein (GFP), to see if the CD81 expression level correlates with 

HCVpp infectivity. The procedure generating GFP-expressing HCVpps is the same 

as described in section 3.3.4, except that 2μg pWPI-GFP was used instead of 

pWPI_FLuc. The GFP-expressing HCVpp were then used to infect target cells, as 

described in section 3.6.1. In the end, the infected cells were stained with anti-CD81 

directly conjugated with APC and fluorescence was measured with the flow 

cytometer BD Accuri (see section 3.5.1). Thereby, cells that are infected with HCVpp 

and at the same time stably expressing CD81 can be detected.  

 

3.6.3  RNA transfection by electroporation of Huh-7.5 cells and virus stock 

preparation 

To produce HCV cell culture derived particles (HCVcc), Huh-7.5 cells were 

electroporated with Jc-R2a-RNA, Jc1-wild type, or the different HCV GTs.  

To this end, an 80% confluent 15 cm dish of Huh-7.5 cells was trypsinized and cells 

were counted in the Neubauer counting chamber. A final concentration of 1,5x107 

cells/ml was then centrifuged at 100 g for 5 min. The pellet was washed with PBS 

and centrifuged again to be resuspended in Cytomix. 400 μl of the cell suspension 

was mixed with 10 μg Jc-R2a-RNA. Subsequently, the electroporation cuvette (0.4 

cm gap width; BioRad) containing the cell suspension with RNA was placed into the 

chamber (Gene-pulser, BioRad) and pulsed once at 975 μF and 270 V for 20 ms. 10-

16 ml DMEM complete was mixed as quickly as possible with the electroporated 

cells. A 300 μl aliquot of the cell suspension was then seeded in a well of a 24 well 

plate on coverslips, the rest was seeded in 10 cm dishes. After one day of cultivation, 

the media was replaced with fresh DMEM-complete. At day three and four, virus was 

harvested from the cells by filtering the virus containing supernatant through a 0.45 

μm pore-size cellulose filter. 8 ml fresh DMEM-complete was added again to the 

cells. The virus was harvested twice a day in the morning and evening to be stored in 

aliquots at -80°C. To control the electroporation efficiency, cells growing in 24 well 

plates on coverslips were prepared for immunofluorescence staining at 24 h post 

electroporation. Therefore, they were fixated with 3% PFA, washed with PBS, 

permeabilized with 0.5% triton X-100 and after another washing step incubated with 
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the primary antibody α-NS5A in 5% goat serum for 1 h at room temperature. The 

primary antibody was detected by staining for 1 h with the secondary antibody α-

mouse IgG-Alexa Fluor® 488 in 5% goat serum. The nuclei were stained by DAPI 

(1:10000 in H2O). Finally, the coverslips were mounted with ProLong®Gold antifade 

and analysed with the IX81-Flourescence microscope (Olympus).  

 

3.6.4 HCV replication assay: RNA transfection by electroporation of Lunet N#3 

cells  

Lunet N#3 cells expressing a CD81-protein variant were electroporated with HCV 

RNA (neo NS3-5´JFH1) of a subgenomic replicon encoding the HCV strain JFH1 

nonstructural proteins NS3-5`and a neomycin resistance to test the viral replication 

efficiency in those cell lines.  

The electroporation was performed in the same way as described in section 3.6.3. 

After electroporation, the cells were transferred into eight 6 cm dishes per cell line 

and into one 24 well per cell line. 24 h post electroporation, two 6 cm dishes per cell 

line were washed with PBS, lysed with 350 μl RA1 lysis buffer including 3,5 μl β-

mercaptoethanol with the kit NucleoSpin® RNA ii according to manufacturer's advice. 

After cell lysing, it could be stored at -80°C. To isolate the RNA and thus analyse the 

replication efficiency, the RNA was quantified via RTqPCR (see section 3.2.2). This 

step was repeated after 4, and 48 h. 

 

3.6.5 HCV histochemistry, titration and Jc1-wild type infection  

To determine the virus titer of HCVcc (produced as described in chapter 3.6.3) and to 

determine the infection efficiency of HCV Jc1-wild type in Lunet N#3 cell lines, the 

50% tissue culture infective dose (TCID50) was analysed. TCID50 displays the quantity 

of virus that is required to infect 50% of the cells. Therefore, 1x104 Huh-7.5 cells or 

7x103 Lunet N#3 cells were plated in 200μl DMEM complete per well of a 96 well 

plate, 24 h prior to infection. Cells in eight wells were infected with 50 μl of 

unconcentrated virus or 50 μl of 1:10 diluted virus and a serial dilution of 1:5 from row 

to row was performed. Plates were incubated at 37°C 4 h post infection after which 

they were washed with PBS, fresh DMEM-complete was added and cells were 

incubated at 37°C for additional 68 h. Folloing this, the cells were fixed with 50 μl 

methanol and stored at -20°C for at least 15 min. Subsequently the cells were 
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washed twice with PBS, stained with the first antibody α-NS5A 9E10 (0.55 μg/ml) for 

45 min at room temperature, washed thrice with PBS and stained with the secondary 

antibody α-mouse IgG-HRP (0.15 μg/ml) for 1 h at room temperature. After, three 

PBS washing steps the HRP activity was detected with substrate for TCID50 staining. 

HCV-positive cells were detected by light microscopy and the TCID50 was calculated 

based on the method developed by Spearman and Kärber (Kärber, 1931; Spearman, 

1908).  

 

3.6.6 HCV entry and life cycle assay 

To analyze if HCVcc can enter Lunet N#3 cells expressing the different CD81 

constructs the HCV life cycle assay was performed.  

First of all, Lunet N#3 cells expressing CD81 constructs or Huh-7.5 cells were 

seeded in 100 μl DMEM-complete at 2x104 cells/well in a 96 well plate and incubated 

at 37°C overnight. On the following day, the cells were infected with 200 μl HCVcc 

Jc-R2a virus stock (alternatively HCVcc GT 1-7) and subsequently incubated for 4 h 

at 37°C. After removing the supernatant and replacing it with fresh DMEM-complete, 

the cells were incubated for another 68 h at 37°C. Then, the cells were washed with 

100 μl PBS and lysed with 50 μl Luc-lysis buffer (Promega) per well. As the virus Jc-

R2a carries the Renilla reniformis luciferase (RLuc) as reporter, the virus replication 

rate correlates with the Renilla luciferase activity. To measure RLuc activity, 20 μl 

sample was transferred into a white luminometer plate and 60 μl RLuc substrate 

coelenterazine (1:1000 in PBS) was added. Luminescence was quantified with a 

plate luminometer. The same procedure was performed for the seven HCV GTs, 

infecting with HCVcc GT 1-7 instead of HCVcc Jc-R2a.  

 

3.6.7 Infection with human Corona virus 

Infection of cells with the human Corona Virus Strain 229E (CoV), kindly provided by 

Volker Thiel (Pfefferle et al., 2011), was carried out as described in section 3.6.6. 

Instead of HCVcc, Lunet N#3 cells were infected with CoV virus in 1:100 and 1:1000 

dilution. As the virus carries the reporter FLuc from the Photinus pyralis, viral 

replication correlates directly with the luciferase measurement. Subsequently, after 

an incubation time of 48 h, the readout was proceed via plate luminometer, see 

section 3.6.6.  
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3.6.8 Infection with Vesicular stomatitis virus (VSV) 

The VSV mutant virus carrying a GFP (VSV*MQ) was kindly provided by Gert 

Zimmer (Hoffmann et al., 2010). 3x104 Lunet N#3 cells expressing the CD81 variant 

were seeded in a 24 well and infected with 500 μl of VSV*MQ in a 1:100 and 1:1000 

dilution. Along with incubation time of 16 hours the cells were trypsinized, pelleted 

and re-suspended in FACS fixation buffer. Finally, infected cells were analysed by 

flow cytometer BD Accuri.  

 

3.6.9 Soluble E2 glycoprotein (sE2) binding to CD81-chimeras 

Purified soluble E2 glycoprotein from HCV strains J6 (genotype 2a) and H77 

(genotype 1a) was kindly provided by the laboratory of Joseph Marcotrigiano (Khan 

et al., 2014). To test the sE2 binding affinity to the CD81 variants, sE2 was 

conjugated to Alexa 647 fluorescent antibody according to the Alexa Fluor® Antibody 

labelling kit (Life technologies, USA). The labelled sE2 was stored at -80°C. CHO745 

cell lines expressing CD81 variants were used to test the sE2 binding. As CHO745 

cells lack of xylosyl transerase and are therefore incapable of synthesizig heparin 

sulphate chains on the core protein of proteoglycans, sE2 does not bind to these 

cells unless they are transduced with HCV entry factors. First, the cells were 

trypsinized, quenched and counted so that 1x106 cells could be pelleted afterwards. 

They were washed with 600 μl PBS and aliquotted into 5 samples of 100 μl (1,7x105 

cells) each. Then, 3 ug (9 μl) of Alexa 647 conjugated sE2, and 491 μl PBS were 

supplemented to the cells. We tested the binding affinity of four different sE2 

glycoproteins, namely sE2-H77ΔHVR, sE2-H77, sE2-J6ΔHVR and sE2-J6. We left 

one probe without sE2 to be able to measure the background fluorescence. All 

samples were incubated on a rotating platform at room temperature for 2 hours to 

allow binding. Afterwards, they were pelleted at 4000 rpm for 5 min, the supernatant 

removed and transferred to a 96 well plate. Then, the cells were washed once with 

200 μl PBS, pelleted again, and washed another time with FACS buffer. In the end, 

conjugated sE2 binding was detected via flow cytometry using a BD Accuri C6 

instrument.  
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3.7 Statistical analysation and alignments 

All experiments were carried out in three biological replicates per experiment. 

Statistical analysis and the standard deviation (SD) or the standard error of the mean 

(SEM) of the three repeated experiments were calculated with the help of GraphPad 

Prism 5 (GraphPad Prism 5 Software, Inc, San Diego). Plasmid maps were created 

by using Vector NTI advanced 11 and amino acid alignments with the help of EMBL-

EBI Clustal Omega algorithm (Li et al., 2015). 

   





 
 

52 

As illustrated in Fig. 9, the double haemagglutinin-tag was fused to the C-terminus of 

CD81 providing the ability to detect the protein without directly targeting CD81 

(h.CD81-HA kindly provided by Janina Brüning). As the CD81-BB domains of rats, 

mice and hamsters were previously tested and their transmembrane domains (TMDs) 

and small extracellular loop (SEL) support HCV entry, we used further related 

orthologues and tetraspanins to determine critical residues and domains that might 

support the function of CD81 and thus HCV entry. The four orthologues were: 

Xenopus tropicalis, Danio rerio, Drosophila melanogaster and Caenorhabditis 

elegans. The CD81-BBs of these orthologues were fused to the LEL of human CD81. 

Their sequence homology to the human CD81 is: Xenopus tropicalis: 72%, Danio 

rerio: 64%, Drosophila melanogaster: 27% and Caenorhabditis elegans: 25%. 

Additionally, three members of the tetraspanin family: CD9, CD82, TSN32 were fused 

in the same manner to the human CD81 LEL. CD9 has 45%, CD82 has 46%, and 

TSN32 has 15% identity with the related tetraspanin CD81. An overview about the 

CD81-fusion proteins, their characteristics and lengths is depicted in Table 4. 

 

Table 4 Detailed information about CD81-fusion constructs.  

Name of 
chimera 

Fusion construct 
sequence origins (in 
bp) 

Length 
in bp 

Length in 
amino 
acids 

Molecular 
weight in 
DA 

xt-BB Xenopus tropicalis: 1-
339, 607-705 
LEL of human CD81: 
339-606 
HAHA-tag:706-780 

780 259 28294.91 

dr-BB Danio rerio:1-345,313-
711 
LEL of human CD81: 
346-312 
HAHA-tag:712-786 

786 261 28549.23 

dm-BB Drosophila 
melanogaster:  
1-318, 586-693 
LEL of human CD81: 
319-585 
HAHA-tag: 694-768 

768 255 27964.66 

ce-BB Caenorhabditis elegans: 
1-351, 619-726 
LEL of human CD81: 
352-618 
HAHA-tag: 727-801 

801 266 29150.79 

CD9-BB  CD9: 1-333, 601-699 774 257 28044.59 
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G-blocks contained the nucleotide sequence of the CD81-fusion proteins including 

HAHA-tag with 72 base pairs, LEL of human CD81 with 267 base pairs, the fusion 

partner’s BB sequence and an overlapping primer sequence at both 5’ and 3’ ends. 

Fusion partner Xenopus tropicalis flanks the LEL of human CD81 with base pair 393 

and 606 which resulted in the fusion protein xt-BB. The LEL of human CD81 replaced 

the amino acids from 346-312 of the Danio rerio’s CD81 and became the construct 

dr-BB. The same replacement of CD81 was enacted for Drosophila melanogaster 

from amino acid 319 to 585, and for C.elegans from amino acid 352 to 618. They 

were consequently named dm-BB for Drosophila melanogaster and ce-BB for 

C.elegans. CD9’s exchanged LEL sequence reached from amino acid 334-600. For 

CD82 and TSN32, the LEL of CD81 was localised between amino acid 331-597. In 

summary, the CD81-fusion constructs resulted in seven CD81-chimeras: xt-BB, dr-

BB, dm-BB, ce-BB, CD9-BB, CD82-BB and TSN32-BB, illustrated in Fig. 9.  

For cloning, the g-blocks containing the sequence of the CD81-fusion variants were 

amplified by PCR with the variant-specific primers (see Table 1 chapter 3.2.1). As 

shown in Fig. 10, the PCR products and the vector pWPI_BLR were digested with 

restriction enzymes BamHI-HF/ or SBFl and SpeI. The digested DNA was analysed 

via agarose gel, extracted and purified. Subsequently the inserts and the vector were 

ligated. After ligation, a PCR insert check and E.coli Stbl2 transformation followed to 

amplify the ligated products. Plasmids were isolated, another restriction digest with 

the same enzymes was prepared to check for the insert, depicted in Fig. 10B. The 

resulting 11kb long vector pWPI_BLR and the 768-1026 long fragments were 

detected via agarose gel electrophoresis and positive clones were sent to sequence 

analysis to check for possible mutations. Analysing with the help of Vector NTI 

Advance 11 software clarified that our cloning procedure was successful. 

LEL of CD81: 334-600 
HAHA-tag: 700-774 

CD82-BB  CD82: 1-330, 598-714 
LEL of CD81: 331-597 
HAHA-tag: 715-789 

789 262 28387.14 

TSN32-BB TSN32: 1-330, 598-951 
LEL of CD81: 331-597 
HAHA-tag: 952-1026 

1026 341 36579.03 

C C
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vesicular stomatitis virus (VSV-G), the HIV retroviral gag/pol and the vector with the 

chimeric CD81. After 48 hours the transfected 293T cells produced pp with the VSV-

G glycoproteins at the surface, a retroviral core and with the CD81 variant as 

genome. After harvesting the pp, we transdueced CD81 deficient Lunet N#3 cells 

with these. Thereby, the CD81 genome was integrated into the host cell genome and 

the resulting Lunet N#3 cells expressed the chimeric CD81. While the Lunet N#3 

cells transduced with an empty pWPI_BLR vector decoding only blasticidin 

resistance were used as negative control, Lunet N#3 cells expressing the complete 

human CD81 with HAHA-tag presented the positive control. The resulting cell lines 

were kept under constant blasticidin selection pressure so that cell lines stably 

expressing CD81 constructs emerged. All cell lines are listed in the graphic below.  
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4.3 Analysis of CD81 expression 

To characterize the phenotype of the Lunet N#3 cell lines expressing the CD81 

variant and to check if they stably express the CD81 variants, the molecular weight 

and the expression levels were detected via immunoblotting. Flow cytometry 

confirmed the CD81 surface expression while analysis of immunofluorescence 

staining Lunet N#3 informed about the protein’s localisation.  

 

4.3.1 CD81 and –HAHA detection via Western blot  

To confirm the CD81 expression and determine the correct size of the CD81 

products, we prepared cell lysates with non-reducing sample buffer, as well as 

reducing sample buffer (data not shown). The proteins were separated according to 

their size by SDS-PAGE, blotted onto a PVDF-membrane and incubated with α-

CD81 or α-HAHA antibodies followed by incubation with α-mouse IR-Dye680 CW 

red/green. Fluorescence was detected with the Odyssey-CLx. Staining with the α-

CD81 antibody demonstrated the different expression levels and the molecular 

weights of the CD81 constructs in all cell lines, as shown in Fig. 12. Huh-7.5 cells 

naturally expressing CD81, as well as Lunet N#3 with h.CD81-HA, presented the 

positive control, while Lunet N#3 cells V-control were used as negative control due to 

their lack of CD81. For the cell lines Lunet N#3 xt-BB, Lunet N#3 dr-BB, Lunet N#3 

dm-BB, Lunet N#3 ce-BB, Lunet N#3 CD9-BB and the positive control Lunet N#3 

h.CD81-HA, CD81 detection yielded a positive signal with signals at the expected 

size of approximately 27-29 kDa (see Fig. 12A). This size corresponds to the 

calculated molecular weight of HA-tagged CD81 (28 kDa) and the difference in 

molecular weigt compared to untagged CD81 (25 kDa) of Huh-7.5 cells was visible 

(see Fig. 12A). By comparing the CD81 signal to the GAPDH signal, slight 

differences in CD81 expression levels of the different cell lines could be seen. In 

particular, no CD81 was detectable in Lunet N#3 CD82-BB and Lunet N#3 TSN32-

BB. Even with a different α-CD81 antibody, α-CD81 clone 1.3.3.22, the same 

outcome was observed (Data not shown).  
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Lunet N#3 xt-BB, Lunet N#3 dr-BB, Lunet N#3 dm-BB, Lunet N#3 ce-BB, Lunet N#3 

CD9-BB and the positive control Lunet N#3 h.CD81-HA all presented a clear signal at 

the expected size of approximately 27-29 kDa, as illustrated in Fig. 12B. When 

compared to the GAPDH signal, the HA-signal appeared to be similar in all cell lines 

except for Lunet N#3 TSN32-BB and Lunet N#3 CD82-BB. This time the two cell 

lines, in which the CD81 variant were also not detectable with the α-CD81 antibody 

(see Fig. 12A), displayed fragments at approximately 17kDa, although the construct 

Lunet N#3 CD82-BB was expected at 28kDa, and Lunet N#3 TSN32-BB at 36kDa. 

Additional to the expected 27-29kDa fragments, another HA signal appeared in 

several cell lines. For Lunet N#3 xt-BB, dr-BB and dm-BB two signals at 

approximately 12kDa and 13kDa were detectable. The same was observed for Lunet 

N#3 ce-BB at approximately 13kDa and 14kDa and for Lunet N#3 CD9-BB at 

approximately 15kDa and 22kDa. Even the positive control Lunet N#3 h.CD81-HA 

had additional signals at approximately 14kDa and 15kDa. Replacing the non-

reducing buffer by reducing buffer resulted in the same HA-signals (Data not shown).   

 

4.3.2 CD81 detection via flow cytometry Lunet N#3 

In order to analyse the CD81 surface expression, we stained all cell lines, including 

Huh-7.5 cells as positive control, with α-CD81-FITC (clone JS-81) and α-IgG1 κ-FITC 

as an isotype control. The fluorescence of stained and unstained cells, serving as 

negative controls, was recorded by the flow cytometer BD-Accuri. The measured 

fluorescence (in %) correlated with the CD81 positive cells and could be analysed in 

conjunction with the BD Accuri C6 software. All cell lines were gated as Lunet N#3 

h.CD81-HA and Huh-7.5 cells by comparing unstained, isotype control-stained and 

CD81-stained samples for each cell line (see Fig.13). Consequently, the number of 

CD81 positive cells could be determined. In the histograms, cell lines with a positive 

CD81 surface expression showed a clear shift compared to CD81 negative cell lines, 

which had the same peak as unstained or isotype stained cells.  
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Consistent with the CD81 detection by immunoblotting (see Fig. 12), flow cytometry 

data yielded a similar outcome. Lunet N#3 cell lines xt-BB, dr-BB, dm-BB, ce-BB and 

CD9-BB presented the same amount of CD81 positive cells as the positive control 

cell lines, Huh-7.5 and Lunet N#3 h.CD81-HA, whereas no CD81 positive cells were 

detected for Lunet N#3 TSN32-BB and Lunet N#3 CD82-BB, which were comparable 

to the negative control. Notably, the CD9-BB cell line showed two populations at the 

beginning (data not shown), presumably one with high CD9-BB expression and the 

other with no CD9-BB expression. Consequently, the two populations were separated 

by flow cytometry sorting Lunet N#3 (data not shown). The mean fluorescence 

detected correlates with the CD81 cell surface expression of one cell and was used 

for quantification (see Fig. 13C). Lunet N#3 xt-BB, dr-BB and CD9-BB comprised on 

average more CD81 proteins on the surface than Lunet N#3 dm-BB and ce-BB. 

Nevertheless, all aforementioned cell lines seemed to express at least the same 

amount of cell-surface-CD81 as the positive control Huh-7.5 (see Fig. 13C). The data 

of mean CD81 fluorescence for Lunet N#3 TSN32-BB and Lunet N#3 CD82-BB 

confirmed that no CD81 surface expression was detectable, which is in line with the 

Western blot results (see Fig. 12). To affirm that the results are not due to the 

antibodies’ targets, we repeated the same procedure with α-CD81 clone 1.3.3.22 and 

α-CD81 clone 5A6 which led to the same outcome as described above (data not 

shown). 

 

4.3.3 CD81-detection by immunofluorescence satining of Lunet N#3 cell lines 

To analyze the subcellular localization of the CD81-variants, cells were stained with 

α-CD81 clone JS-81 (see Fig. 14), α-HA, α-calnexin (see Fig. 15), and α-p230 (see 

Fig. 15 and Fig. 16) antibodies and analysed by confocal microscopy. We compared 

Huh-7.5 cells and Lunet N#3 h.CD81-HA cells with the Lunet N#3 cell lines 

expressing the CD81 variants. Confocal microscopy at 20x magnification provided a 

view on the presence of CD81 variants (data not shown), but a 100x magnification 

provided a more detailed picture about CD81’s localisation in the cell.  
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In summary, the Lunet N#3 cell lines presented intracellular and membrane 

localisation of the CD81 variants, resembling the positive controls Huh-7.5 and Lunet 

N#3 h.CD81-HA. Only the CD81-fusion proteins of Lunet N#3 TSN32-BB and Lunet 

N#3 CD82-BB displayed no CD81 surface expression but intracellular CD81, which 

co-localized with the trans-Golgi. These results are in line with the flow cytometry 

results, reaffirming the CD81 surface expression.   

 

4.4 Functional characterization of Lunet N#3 cells stably expressing CD81 variants.  

Following the CD81 expression analysis, the next experiments were concentrated on 

the functionality of the CD81-variants, to test if these were competent to facilitate 

HCV entry into Lunet N#3 cells. HCV pseudoparticle (HCVpp) experiments allowed 

the analysis of the cells’ permissiveness for HCVpp and the isolated investigation of 

HCV entry and interaction of glycoproteins E1 and E2 with CD81. To assess the 

HCVpp infection dependency on the CD81 expression level, we performed infections 

with HCVpp harbouring a green fluorescent protein (HCVpp-GFP). However, HCVpp 

mimic HCV particles with limits due to their differences in fusion properties. HCV 

virions are smaller than HCVpp, harbour more E1 and E2 glycoproteins and interact 

with lipoprotein LDL, which might influence cell surface binding. For this reason, we 

also infected cells with HCV cell cultured derived particles (HCVcc), which permitted 

the investigation of the whole HCV life cycle including fusion, uncoating and 

replication. Further experiments with soluble glycoprotein E2 illustrated the affinity of 

CD81-fusion proteins to the glycoprotein. (see chapter 4.4.1, 4.4.2, 4.4.3).  

 

4.4.1 Infection of Lunet N#3 cell lines with HCV pseudoparticles  

To investigate the permissiveness of the Lunet N#3 the cell lines to HCV, we 

generated retroviral pps. HCVpp were produced by 293T cells via triple-transfection 

and consisted of unmodified HCV envelope glycoproteins E1 and E2, retroviral core 

particles (Bartosch et al., 2003) and a firefly reporter genome. The pps were 

harvested and filtered from the supernatant to subsequently infect the cell lines. The 

measurement was carried out with a luminometer, recording the firefly luciferase 

(FLuc) activity in relative light units/well. The strength of the luminescence correlates 

to the infectivity rate and thus allowed a quantification of infected cells. We generated 

four types of HCVpp with different E1 and E2 envelope proteins from HCV GTs: GT 
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1a with strain H77 and GT 2a with strain J6. The HCVpp with VSV-G as the envelope 

protein (which is known to enter cell-receptor independently) represented the positive 

control (Cronin et al., 2005) while the HCVpp without envelope proteins (noENV) 

depicted the negative control. As seen in the figure below (see Fig.18), every cell line 

could be infected with pps carrying VSV-G as envelope protein, illustrating a FLuc 

activity with about 4x104 RLU/well (see Fig.18A), whereas for the negative control 

pps with no envelope proteins we detected values around 103 RLU/well, representing 

the background level of the measurement. By subtracting the background level from 

the mean of the measured data and then normalising to VSV we could illustrate the 

HCVpp infectivity in %. The HCVpp J6 infectivity was close to detection limit and we 

were therefore unable to calculate % infectivity (see Fig.18). Regarding differences in 

HCVpp infectivity between the cell lines, we noticed that Lunet N#3 xt-BB and Lunet 

N#3 dr-BB presented a high HCVpp H77 infectivity with up to 67% and 151% of cells 

being infected, similar to the positive control Lunet N#3 h.CD81-HA. They were even 

higher than the HCVpp H77 infectivity rate of 44% of Huh-7.5 cells. Compared to this, 

the infectivity rate for Lunet N#3 CD9-BB was decreased, but still at 30%. In contrast, 

Lunet N#3 TSN32-BB, CD82-BB, ce-BB and dm-BB show no HCVpp infected cells 

with an infectivity rate of approximately 0-0.5%, which is in complement with the 

negative V-control.   
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Fig. 18 HCVpp infectivity of Lunet N#3 cell lines. Lunet N#3 and Huh-7.5 cell lines were infected with HCVpp 
with either envelope proteins from HCV genotype 1a (H77) (black) or genotype 2a (J6) (squared pattern). Positive 
control were VSVpp (white) while pp without envelope protiens served as negative control (no Env)(grey) A) FLuc 
activity in relative light units (RLU/well) measured in cells infected with HCVpp. FLuc activity correlates with 
HCVpp infectivity. For further information see text. Mean of three independent experiments with standard error of 
the mean (SEM). B) Background level of noEnv was subtracted from the mean and the results were normalized to 
VSVpp. Mean of three independent experiments with SEM. 

 

Taken together, HCVpp with E1 and E2 from HCV GT1a are compatible to use the 

CD81-variant from cell lines Lunet N#3 xt-BB and Lunet N#3 dr-BB as an entry-

receptor, as well as Lunet N#3 cell line CD9-BB, albeit with lower infectivity rates. 

The CD81-chimeras dm-BB and ce-BB did not lead to HCVpp entry although the 
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However, HCV-GFPpp (H77) infection in CD81 positive Lunet N#3 cells succeeded 

for xt-BB, dr-BB, CD9-BB and the positive controls (see Fig. 21). Interestingly, in 

Lunet N#3 xt-BB 2.2% of all CD81 positive cells could be infected with HCV-GFPpp 

(H77). This turned out to be a lower infection rate than in Lunet N#3 dr-BB with 

3.65%. Nevertheless, both CD81-chimera function better as entry receptor for HCV-

GFPpp (H77) than CD9-BB which renders 0.44% infectivity possible (see Fig. 21). In 

contrast, Lunet N#3 cell lines dm-BB and ce-BB were not permissive for HCV-GFPpp 

(H77) although CD81 surface expression was detected for both at least with 90% 

CD81 positive cells. However, Lunet N#3 h.CD81-HA shows 4.43% and Huh-7.5 

cells even 5.94% HCV- GFPpp infectivity. The density of CD81 proteins on the cell 

surface does not seem to limit HCVpp infection due to the similarly high GFP positive 

cells of Huh-7.5 and h.CD81-HA cells, which have been shown to have different 

CD81 cell surface levels (see Fig. 21 and Fig. 13) In complement with previously 

reported flow cytometry (see chapter 4.3.2) and HCVpp infection results (see chapter 

4.4.1) for Lunet N#3 TSN32-BB, CD82-BB there were neither CD81 surface 

expression in gate R1 nor HCV-GFPpp (H77) infectivity in gate R2 detectable (see 

Fig. 21). Thus, gate R2 for GFP and CD81 positive cells led to the false result of 

100% positive cells and are depicted as not determinable (n.d.) in Fig. 21.  

In conclusion, this experiment’s outcome confirmed, that only CD81-positive cells are 

susceptible for infection with HCV-GFPpp and that the CD81 surface expression level 

does not seem to influence HCVpp infectivity.  

 

4.4.3  Infection of Lunet N#3 cells with HCV cell cultured derived particles  

The HCVcc model rendered the analysis of HCV entry, fusion, uncoating, replication, 

assembly and release possible. HCV cell cultured derived particles were first 

designed by Wakita et al. in 2005 (Wakita et al., 2005) by transfecting permissive 

hepatoma cells with in vitro transcribed RNA, corresponding to the full-length genome 

of an isolate from a Japanese patient with fulminant hepatitis (Japanese fulminant 

hepatitis 1, JFH1), which replicated, assembled and released viral particles, named 

HCVcc. To this end we used a chimeric virus Jc1 -R2a (Pietschmann et al., 2006) 

which included two different GT 2a isolates (J6 and JFH1) and encoded the reporter 

gene Renilla luciferase. This chimeric virus RNA was transfected into Huh-7.5 via 

electroporation to produce HCVcc (see Fig. 22). We harvested HCVcc by filtration of 
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Fig. 23 Infection of Lunet N#3-cell lines and Huh-7.5 cells with HCVcc (Jc-R2a). Experimental setup as 
described in Fig. 22. Cells were infected with the virus stock (black), or left uninfected (white). RLuc activity was 
measured 72 h post infection. RLuc activity in relative light units (RLU) correlates with HCVcc infectivity. The 
results are presented as the mean +SD of three independent experiments. 

 

The results achieved with the HCV-reporter virus were then confirmed using a wild 

type HCV. Jc1-wild type (Jc1-wt) infection of Lunet N#3 cell lines was performed to 

affirm the results gained by infection with HCVcc reporter virus Jc-R2a and HCVpp. 

Therefore, all Lunet N#3 cells were infected with HCV Jc1-wt in a serial dilution of 

1:5. 72 h post infection, cells were fixated with methanol and stained with α-NS5A 

(9E10) antibody followed by α-mouse IgG-HRP. NS5a-positive cells were counted 

and the titer was calculated according to Spearman and Kärber (Kärber, 1931; 

Spearman, 1908). In addition to the V-control, we included unmodified Lunet N#3 

cells as negative controls.  
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4.4.4 Infection of Lunet N#3 cell lines with VSV and human Corona Virus Strain 

229E 

To exclude the possibility that the different HCV infection rates are caused by side 

effects like cell proliferation defects or by general membrane alterations we infected 

all Lunet N#3 cell lines with VSV and coronavirus strain 229E (CoV).  

As VSV carried a GFP, we could quantify infected cells at 16 h post infection via flow 

cytometry. Notably, VSV enters Lunet N#3 cells independently of CD81 so that all 

cells were permissive for VSV-GFP infection. Consequently, the outcome was an 

almost 100% VSV-GFP infectivity for all cell lines (see Fig. 25A). 

CoV carried a firefly reporter and luciferase activity was measured 48 h post infection 

via a luminometer. CoV infection resulted in a similar outcome as the VSV-GFP 

infection with no major influence of the CD81-chimera on infectivity. Specifically, all 

cell lines presented a CoV infectivity of at least 2x105 RLU/well (see Fig. 25B). 

In conclusion, all cell lines were equally infected by VSV-GFP and CoV and therefore 

side effects influencing HCV infection in the tested Lunet N#3 cell lines can be 

excluded. 
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A) 

B) 

 
Fig. 25 Infection of Lunet N#3 cell lines with VSV and CoV. Infected cells presented in white and untreated 
cells in black. A) Infection with vesicular stomatitis virus encoding a green fluorescent protein was carried out in a 
1:100 and 1:1000 dilution with 16 hours of incubation. GFP positive cells were detected via flow cytometry. All cell 
lines could be equally high infected with VSV (depicted in white). B) Infection with human corona virus strain 229E 
carrying a firefly reporter was detected after 48 h of incubation via luciferase measurement in the luminometer. 
Viral replication correlates directly with luciferase measurement. Represented is the mean + SD of three 
independent experiments.  
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4.4.5 HCV replication efficiency in Lunet N#3 cell lines 

We next wanted to exclude that the CD81-chimeras influence HCV-RNA replication. 

For this reason, we electroporated Lunet N#3 cells with subgenomic GT 2a HCV 

RNA (Neo NS3-5‘ JFH1). After 4 and 48 h post transfection we isolated the 

intracellular HCV-RNA and analysed the RNA copy numbers via RT qPCR. 

.  

Fig. 26 Lunet N#3 cells expressing CD81-chimeras were electroporated with subgenomic HCV RNA (neo 
NS3-5’ JFH1), incubated for 4 h and 48 h, lysed and intracellular RNA was isolated. Afterwards, the replication 
efficiency was analysed via RTqPCR. 4 h post transfection RNA replication is detectable in all cell lines and 48 h 
post transfection RNA copy numbers gradually increase in all cell lines. Represented is the mean + SD of three 
independent experiments.  

 

HCV replication could take place independently of CD81 expression in all cell lines 

with comparable HCV-RNA copy numbers. Notably, the RNA copies/µg total RNA 

were increasing after 4 h to 48 h for all cell lines. At 48 h post transfection, all tested 

Lunet N#3 cell lines presented at least 7x107RNA copies/µg total RNA. This shows 

that CD81-chimeras do not affect HCV-RNA replication and that differences in 

HCVcc infectivity seen with the distinct CD81-chimeras are dependent on virus entry 

efficiency.  
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4.4.6 Infection of Lunet N#3 cell lines with the different HCV genotypes 

As previously reported, the CD81-chimeras xt-BB, dm-BB, and CD9-BB could 

function as entry receptors for the recombinant Jc-R2a HCV virus and Jc1-wt virus 

(see chapter 4.4.3), which are of GT 2a. To evaluate whether all seven HCV GT 

glycoproteins, which differ clearly in their amino sequence, could use the CD81-

chimeras for entry, we infected all Lunet N#3 cell lines with the intergenotypic 

reporter viruses of the diverse HCV GTs. As they carry a RLuc reporter, the 

luciferase activity in infected cell lysates correlated with the infection rate. After 

recording HCV GT infectivity by luminometer the data were normalized by subtraction 

of V-control measurements and normalization to Huh-7.5 infectivity. 

 

Fig. 27 Infection of Lunet N#3 cell lines with seven different HCV genotypes. Lunet N#3 cells and Huh-7.5 
cells were infected with seven intergenotypic HCV (GT1-GT7) carrying the reporter RLuc. 72 h after infection cells 
were lysed and RLuc activity (in RLU) was measured. Huh-7.5 cells and h.CD81 served as positive controls 
whereas V-control presented the negative control. The results are presented as the mean of three independent 
experiments, substracted to V-control and normalized to Huh-7.5 cells as 100% relative HCV infectivity.  
 

As seen in Fig. 27, the positive controls Huh-7.5 and Lunet N#3 h.CD81-HA were 

susceptible for all HCV GTs. Those cell lines lacking CD81 surface expression 

though, namely Lunet N#3 CD82-BB and TN32-BB, could not confer susceptibility for 

all HCV GTs (see Fig. 27). The same applied to CD81 expressing cell lines Lunet 

N#3 dm-BB and ce-BB which were not permissive to any HCV GTs. Nevertheless, 



 
 

80 

GT 1 through GT 5 fully reflected GT 2a in efficient HCV entry for Lunet N#3 xt-BB, 

dr-BB, and CD9-BB. As depicted in Fig. 27, GT 1 through GT 5 infected Lunet N#3 

xt-BB with a relative HCV infectivity of 5.2% to 44.5%, Lunet N#3 dr-BB with 7.3% to 

55.2% and Lunet N#3 CD9-BB with an intermediate HCV infectivity of 2.1% to 27.8%. 

Interestingly, HCV GT 6 and GT 7 differ in the efficient usage of two backbones. 

While xt-BB could not function as entry receptor for HCV GT 6, CD9-BB failed as 

entry receptor for GT 7. In summary, the results reflect the importance of the BB for 

HCV GTs infection and confirm the different usage of the CD81-chimeras as entry 

receptors for the distinct HCV GTs. 

 

4.4.7  Soluble E2 binding to CD81-chimeras expressed in CHO745 cell lines  

To further investigate the interaction of HCV glycoprotein E2 and CD81 and 

especially to assess whether the CD81 variants not competent for infection could 

bind of sE2, we proceeded with the sE2 binding assay. For this assay CHO745 cells 

were used due to their defect in glycosaminoglycan biosynthesis and therefore 

reduced unspecific sE2 binding to the cells’ surface. 

In particular, CHO745 cells were transduced with retroviral VSV-G enveloped pps 

encoding one of the CD81-fusion proteins in their genome. The genes for the CD81-

chimeras were then integrated into the host genome and the chimeras expressed on 

the cells’ surface. CHO745 cells expressing SRB1 were produced in the same 

manner and served as additional control. We checked for CD81 expression via flow 

cytometry after staining with α-CD81-FITC (clone JS-81) and α-IgG1 κ-FITC as 

isotype control. The measured fluorescence of stained and unstained cells (as 

negative control) correlated with CD81 positive cells. All cell lines were gated using 

CHO745 h.CD81-HA cells as positive control and by comparing unstained, isotype 

control-stained and CD81-stained samples for each cell line.  

Consistent with the CD81 expression in Lunet N#3 cells (see chapter 4.3.2), the 

results of the expression levels were the same for CHO745 cells: as shown in Fig. 

28, in CHO745 cells, the CD81-chimeras xt-BB, dr-BB, dm-BB, ce-BB, CD9-BB, as 

well as the positive control h.CD81-HA were expressed on the cells’ surface, 

whereas CHO cells expressing TSN32-BB and CD82-BB Lunet N#3 showed almost 

no CD81 fluorescence as had already been observed in Lunet N#3 cell lines (see 

chapter 4.3.2). Differences in the CD81 expression level within the cell lines were 
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analyzed using the mean fluorescence intensity (MFI), thus the quantification of 

CD81 expression on the cells’ surface (see Fig. 28).  

A) 

 

B)  

Fig. 28 CD81 surface expression of all CHO745 cell lines detected via flow cytometry. Cells were stained 
with α-CD81-FITC clone JS-81 (black) and α-IgG1 κ-FITC (white) or they were left unstained (grey). A) CD81-
fluorescence of CHO745 cells in %. CHO745 cell lines xt-BB, dr-BB, dm-BB, ce-BB, CD9-BB including the 
positive control h.CD81-HA express their CD81 variant on their surfaces, whereas CHO745 CD82-BB and 
TSN32-BB along with the negative control, V-control, do not. B) Mean CD81 fluorescence of all cells representing 
the CD81 fluorescence intensity and quantification of CD81 surface expression. Represented is the mean + SD of 
three independent experiments 
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The results showed that for CHO745 cell lines xt-BB, dr-BB, dm-BB, and CD9-BB a 

higher fluorescence intensity was detected than for CHO745 ce-BB. For this reason, 

CHO745 ce-BB cells were FACS sorted to select the cells with high CD81 expression 

(data not shown). Nevertheless, after the sorting, ce-BB presented only 32% CD81 

positive cells with lower MFI of CD81 (35200) on the surface than the other cell lines. 

Taken together, flow cytometry analysis of CHO745 cell lines confirmed the 

expression of CD81-variants xt-BB, dr-BB, dm-BB, ce-BB, CD9-BB, and h.CD81-HA 

on the cell surface, which was required for the following sE2 binding assay.  

 

The sE2 binding assay was performed with four different sE2 variants, namely sE2-

H77ΔHVR (E2 protein of HCV GT 1a strain H77 without the hypervariable region), 

sE2-H77 (E2 protein of HCV GT 1a strain H77), sE2-J6ΔHVR (E2 protein of HCV GT 

2a strain J6 without the hypervariable region) and sE2-J6 (E2 protein of HCV GT 2a 

strain J6), which were kindly provided by Joseph Marcotrigiano. To test the sE2 

binding affinity to CD81-chimeras in CHO745 cell lines and detect the bound sE2 via 

flow cytometry, the sE2 glycoprotein was labelled with a fluorescent Alexa Fluor®745 

antibody. Before flow cytometry detection, the labelled sE2 glycoprotein was 

incubated for 2 hours with CHO745 cell lines expressing CD81-chimeras, SRB1 or V-

control. All cell lines were gated according to the positive control CHO745 h.CD81-

HA by comparing samples being incubated with and without sE2 so that the number 

of fluorescent positive sE2 could be measured. As shown in the histograms (see Fig. 

29), a successful sE2 binding was presented with a clear shift of the peaks, whereas 

cells not competent for sE2 binding depicted identical peaks as the V-control or 

samples incubated without sE2. Since sE2 also binds to SRB1, CHO745 cells 

expressing SRB1 served as an additional positive control. In general, we observed 

that sE2-H77 showed higher binding affinities than sE2-J6 to the CD81-chimeras 

(see Fig. 29C and D). Whereas sE2-H77 bound to xt-BB, dr-BB, dm-BB with at least 

57% efficiency, sE2-J6 was only able to bind with 41% to the respective cell lines. 

Furthermore, CD9-BB was less efficient as binding partner with 33%-48% for both 

sE2. The same applied to ce-BB with only 22%-24% sE2-positive cells. However, 

these lower sE2 binding affinities to the two mentioned cell lines are in line with the 

previously reported reduced CD81-surface expression levels (see Fig. 28). 

Concerning cell lines CD82-BB and TSN32-BB, only background binding was 

detectable as depicted in Fig. 29.   
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Additionally, we tested the binding affinity of two further sE2 proteins, namely sE2-

H77ΔHVR and sE2-J6ΔHVR. It was previously reported that sE2 without the 

hypervariable region 1, ΔHVR, bind with higher efficiency to CD81 without any prior 

SRB1 interaction (Bankwitz et al., 2014). Thus, sE2-H77ΔHVR showed slightly higher 

binding efficiency compared to sE2-H77 (see Fig. 29D and H). Comparing sE2-H77 

and sE2-H77ΔHVR, binding increased from 57% to at least 63% for xt-BB, dr-BB, 

dm-BB, and for CD9-BB even from 48% to 69% (see Fig. 29D and H). In contrast, 

sE2-J6ΔHVR presented reduced affinities to CD81-chimeras than sE2-J6 (see Fig. 

29C and G). Cells expressing xt-BB, dr-BB, dm-BB, ce-BB and CD9-BB showed sE2-

J6ΔHVR affinities lower than 40%. Even the positive control h.CD81-HA decreased 

from 65% to 50% with binding partner sE2- J6ΔHVR.  

In summary, all four sE2 glycoproteins could bind to the surface expressed CD81-

chimeras. 
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5  Discussion 
 

HCV entry is a multi-step process with several essential entry factors. Among them is 

CD81. A more detailed understanding about the role of CD81 and the structural 

requirements to support infection has the potential to aid the development of new 

therapeutic interventions with CD81 as target. In this study, we demonstrate in 

independent assays that critical domains outside the LEL of CD81 are required for 

HCV entry and a productive HCV infection. We generated chimeric CD81 and studied 

the CD81 expression in cells, the CD81 interaction and infection with HCVpp, HCV-

GFPpp, HCVcc, VSV, CoV, HCV wild type, HCV genotypes, HCV replication in cells 

and the CD81 affinity to sE2.  

 

5.1 Generation of chimeric CD81 expressing Lunet N#3 cell lines 

To investigate the role of the CD81-BB, we generated seven CD81-chimeras in which 

the human LEL of CD81 was introduced into the CD81-BB of orthologues from 

Xenopus tropicalis, Danio rerio, Drosophila melanogaster and Caenorhabditis 

elegans or distantly related tetraspanin CD9, CD82 or TSN32. 

The binding of HCV particles to CD81 is mediated by the LEL of CD81, and previous 

studies revealed by characterizing chimeric CD9/CD81 molecules that the LEL 

sequence is a determinant of HCV entry (Pileri et al., 1998) and a possible species 

restriction factor – as studies about CD81 of mouse, hamster, rat or African green 

monkey affirmed (Flint et al., 2006). For this reason, we designed our chimeras with 

the LEL of human CD81, to guarantee E2-LEL binding. Flint et al. reported that 

chimeric CD81 containing human LEL and the BB of rat is still competent as an HCV 

entry receptor for HCVpp and HCVcc infection (Flint et al., 2006). On this basis, we 

used further related tetraspanins and CD81 orthologues as fusion partners to explain 

the role and function of additional domains.  

In order to generate stable cell lines expressing our chimeric CD81 receptors 

allowing HCV entry we transduced the emerging chimera plasmids into unpolarised 

Lunet N#3 cells, a Huh-7.5 derived cell line clone lacking in CD81 expression 

(Bitzegeio et al., 2010). Phenotypic characterization of all generated cell lines 

demonstrated the expression level of chimeric CD81 in Lunet N#3 cells in three 
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independent assays: Western blot, flow cytometry and immunostaining with confocal 

microscopy analysis (see chapter 4.3).  

Western blot analysis affirmed CD81 expression in cell lines Lunet N#3 xt-BB, dr-BB, 

dm-BB, ce-BB, CD9-BB with expression levels comparable to Huh-7.5 cells (see 

section 4.3.1.) These fusion proteins depicted via the expected molecular weight 

between 27 and 29 kDa, as confirmed with two different antibodies. Small variances 

from the expected protein sizes occurred under non-reducing conditions (see section 

4.3.1, Fig. 12) assumingly due to disulphide bonds. For this reason we repeated the 

assay with cell lysates under reducing conditions (data not shown). Nevertheless, 

size variances from the expected size were, although reduced, still notable; for 

instance for cell line dm-BB which migrated slower in polyacrylamide gels, suggesting 

that the BB sequence differs in palmitoylation residues from the other sequences. 

Palmitoylation is a covalent attachment of palmitate as a post-translational 

modification step influencing the protein-protein interactions and association with 

cholesterol rich domains of membranes (Linder & Deschenes, 2003). Palmitoylation 

occurs at eight juxtamembrane cysteine residues of human CD81 (Delandre et al., 

2009). As the sequence of dm-BB comprises nine cystein residues instead of eight, it 

might explain the small variance of detected sizes and a slower migration on SDS-

PAGE gels.  

We were unable to detect a CD81-signal for the cell lines Lunet N#3 TSN32-BB and 

CD82-BB via immunoblotting using two different anti-CD81 antibodies (see section 

4.3.1). Consistently, flow cytometric results exposed no CD81 surface expression 

suggesting that the chimeric CD81-TSN32 and –CD82 is poorly exposed and that the 

epitope for the antibodies used is not available (see section 4.3.2). Analysis with α-

HA antibody via immunoblotting though indicated signals at unexpected smaller sizes 

(see section 4.3.1, Fig. 12B) and immunostaining revealed α-HA co-localization with 

the Golgi apparatus (see section 4.3.3, Fig. 17). Since most proteins synthesised in 

the ER pass through the Golgi apparatus to reach the cell membrane, it is likely that 

the chimeric CD81 is processed in the Golgi, possibly cleaved or that the transport of 

CD81 to the cell surface is not feasible. Previous studies by Masciopinto et al. 

disclosed that the SEL influences the optimal cell surface expression by mediating 

the whole CD81 molecule translocation to the cell surface, and that CD81 is retained 

intracellular with reduced surface expression levels in the absence of SEL, TMD3 

and TMD4 (Masciopinto et al., 2001). As the SEL and TMD are not absent in these 
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two constructs but replaced by other tetraspanins, we assume that the BB sequence 

of TSN32 and CD82 may be responsible for intracellular retention. However, in 

previous reports a chimera consisting of hCD82-BB and the LEL of human CD81 was 

described as being surface expressed in hepatoma cells (Montpellier et al., 2011). 

Given that our CD82-BB chimera is not detectable on the surface we suggest that 

maybe the combination of the double-HA tag and CD82-CD81-fusion might lead to 

improper folding. Another explanation is that these chimeric CD81 constructs form 

complexes with other surface proteins or integrin molecules and that these molecules 

influence the CD81 trafficking or processing (Berditchevski & Odintsova, 1999) 

(Rubinstein et al., 1996). 

Contrary to the results of immunoblotting and flow cytometry analysis with no 

detectable CD81, our data exhibits an unexpected positive intracellular CD81 signal 

for CD82-BB and TSN32-BB in immunostaining with the same antibody used for all 

three experiments (see section 4.3.3, Fig. 14). As flow cytometric results only detect 

surface expression levels of CD81 it clarifies that no positive fluorescent CD81 for 

cell line CD82-BB and TSN-32 could be detected. Additionally, immunoblotting with 

the same antibody did not lead to any positive CD81 detection for these cell lines 

(see section 4.3.1, Fig. 12). Testing different α-CD81 antibodies demonstrated the 

same outcome (data not shown). This suggests that Western blot might have 

reached its detection limit or that the method of immunoblotting under denaturating 

conditions and the cell lysis procedures might influence the epitopes in CD81 

detected by the antibodies used. To this end, the three assays are in agreement that 

CD81 of Lunet N#3 cell line TSN32-BB and CD82-BB is not expressed at the cell’s 

surface but the reasons for the CD81 intracellular retain remain to be understood.  

In summary, five of seven cell lines express their chimeric CD81 on the cell surface. 

The data suggest that the BB of CD81 influences the processing and expression of 

CD81.  

5.2 Degradation of HA-tagged chimeric CD81 

Studying the expression of chimeric CD81 via α-HA immunoblotting revealed HA-

tagged proteins in addition to the expected immunoreactive bands (see section 4.3.1, 

Fig. 12B). These α-HA signals appeared as faster migrating bands in cell lines Lunet 

N#3 xt-BB, dr-BB, dm-BB, ce-BB, CD9-BB, and h.CD81-HA. The size of the 

additional protein was cell line specific. For cell lines Lunet N#3 xt-BB, dr-BB, dm-BB 
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the fragments were approximately 12 kDA and 13 kDA, for ce-BB 13 kDA and 14 

kDA, for CD9-BB 15 kDA and 22 kDA, for TSN32-BB and CD82-BB 17kDA and for 

h.CD81-HA 14 kDA and 15 kDA. However, we did not observe these bands on 

immunoblots using α-CD81 antibodies (see section 4.3.1, Fig. 12A). These bands 

occurred under reducing and non-reducing conditions eventhough cells were lysed in 

the presence of protease inhibitors, assuming that fragments are not due to cleavage 

by proteases during cell lysis. Our results suggest that some CD81 proteins are 

proteolytically cleaved and the emerging products, based on the size, lack the CD81 

antibody epitope, which is in the LEL, so that the specific α-CD81 antibody detection 

fails. On the contrary, α-HA antibody allows detection of the cleaved products, as it 

recognizes the tagged C-terminus independently of folding status or cleaved LEL 

epitope. 

Estimating the size of the cleaved products gave us an idea about where in the CD81 

sequence the cleavage takes place. Based on the molecular weight we subtracted 

the molecular weight of the estimated cleavage product from the whole chimeric 

CD81-HA protein. The calculation is exemplified for one cell line below: 

 

xt-BB: 

28 kDA (molecular weight of whole protein) - 12 kDA (cleavage product) = 16 kDA ~ 

147 amino acids 

 

Consequently, this cell line’s cleavage position is placed 147 amino acids from the 

CD81 N-terminus. Assigning this to the CD81 structure domains, we concluded that 

the cleavage site is localised in the LEL of CD81 for Lunet N#3 xt-BB. Thus, we could 

determine the cleavage position for each CD81 construct. Comparing the cleavage 

positions of the seven chimeric CD81 allowed us to infer that there is no regularity or 

specific amino acid in each construct which might induce cleaving. Each construct 

illustrated different cleavage positions. As this is only a calculated estimation it 

requires more analytic procedures such as protein sequencing to map the critical 

cleavage region (see section Outlook). 

Similar CD81-fragments occurred by immunoblotting of C-terminally V5-tagged CD81 

constructs in the study of Delandre et al. (Delandre et al., 2009). As the V5-tag is 

smaller than the HA-tag we used, it might explain the shorter V5-tagged fragments 

with 10 kDa to 12 kDa. Moreover, Delandre et al. observed that the cleavage was not 
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due to overexpression of tagged receptor constructs, and that the fragments 

presumably appear in the wild type CD81 as well. The authors assumed that they 

emerge due to an effect of post-translational processing after CD81 enters the Golgi 

apparatus. Via blocking of the ER-Golgi pathway with brefeldin A, they noticed that 

the expression level for full length wtCD81 was increased, while the 10-12 kDa 

fragments expression level was decreased. In line with our results, the microscopic 

analysis revealed by co-localization of the Golgi and CD81 in Lunet N#3 cell lines 

TSN32-BB and CD82-BB that the CD81 processing and transport to the Golgi might 

be the reason why these cell lines are not expressed on the surface. In addition, 

Delandre et al. reported an additional 26-28 kDA fragment appearing with the V5-

tagged CD81 cysteine 8 mutant (CD81-8C-V5) (Delandre et al., 2009). This seemed 

to be independent of the previously reported fragments since it correlated with the full 

length CD81 and not with the smaller 10-12 kDA fragment when the ER-Golgi 

transport was blocked. This is in line with the additional larger 22 kDa fragment in cell 

line Lunet N#3 CD9-BB which appeared with lower expression than the full length 

CD81, suggesting that it does not correlate with the full length CD81 and presents an 

independent cleavage process. 

Interestingly, the CD81-fusion variant with other tetraspanins like CD9, CD82 and 

TSN32 demonstrated a different cleavage pattern than the fusion constructs where 

CD81 is fused to CD81-orthologues (see section 4.3.1, Fig. 12B). Hence, we infer 

that other tetraspanins are cleaved as well but at different positions than CD81. As 

the fragments of CD82-BB and TSN32-BB did not present the expected size of CD81 

in Western blot we conclude that these chimeric CD81s are completely cleaved 

before being expressed on the surface, and therefore only fragments are detectable 

via Western blot and microscopic analysis. Accordingly, Delandre et al. discovered 

fragments occurring in other tetraspanins like CD9. These data indicate that further 

studies about the cleavage position are necessary to clarify the role of the cleavage 

product and the possibility of an emerging decoy-receptor. A decoy receptor is able 

to recognize and bind but not active specific ligands and keeps the ligand from 

binding to its regular receptor. In our case, a CD81 decoy receptor could possibly 

inhibit HCV to bind to the membrane located CD81-receptor. Decoy receptor mRNA 

overexpression was found in 60% of patients with hepatocellular carcinoma (Shen et 

al., 2005). Furthermore, previous studies about decoy-receptor 3 (DcR3) by Kim et al. 
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revealed that DcR3 might help chronically infected liver cells to resist apoptosis by 

preventing pro-apoptose ligands to bind (Kim et al., 2009). 

Taken together, we suggest that the cleavage products are due to endogenous 

processing. It still remains to be elucidated whether these cleaved products play a 

role in the cellular processing or regulation. 

 

5.3 Functionality of chimeric CD81 proteins in HCV entry  

We studied the chimeric CD81 molecules for their interaction with HCVpp, HCVcc, 

HCV-GFPpp, sE2 and their influence on HCV replication (see section 4.4.1-4.4.7). 

We observed that the expression of xt-BB and dr-BB renders Lunet N#3 cells 

susceptible for HCVpp and HCVcc infection, comparable with wild type receptor 

CD81 of Huh-7.5 cells. This demonstrates that these chimeric CD81s are not 

considerably impaired in HCV entry. Only CD9-BB depicted lower infectivity rates 

whereas dm-BB and ce-BB were not permissive for HCVpp and HCVcc infection than 

(see section 4.4.1 and 4.4.3). Although the full length tetraspanin CD9 does not 

support HCVpp infection, Zhang et al. discovered that chimeric CD81 LEL in the 

context of CD9 were able to be infected by HCVpp (Zhang et al., 2004), which is 

consistent with our data. These results illustrate that the more distantly related the 

orthologues and tetraspanins used to replace the CD81-BB are, the less 

susceptibility of HCVpp/ HCVcc infection was observed. Thus, the BB of CD81 is 

essential for HCV entry and infection. 

Nevertheless, Lunet N#3 cells are unpolarised cells and do not mimic primary 

hepatocytes or liver cells in full terms. Therefore, HCVpp and HCVcc entry into Lunet 

N#3 cell lines could possibly be easier than in polarized cells suggesting that further 

efforts with polarized cell lines could mimic the original target in a better way.  

A factor to consider is that HCVpp and HCVcc might interact with other cellular 

molecules allowing low affinity CD81 molecules to function as a receptor. 

Alternatively, they might even use the VLDLR pathway without usage of CD81 or 

other previous reported host factors required for entry (Ujino et al., 2016). The results 

of HCVpp and HCVcc infection of Lunet N#3 cell lines xt-BB and dr-BB, however, 

demonstrate a high infectivity with only slight reduced infection rates compared to 

Lunet N#3 h.CD81-HA, suggesting that unspecific binding of HCVpp or HCVcc 

particles to other cellular molecules did not contribute in this high infectivity.  
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It was previously reported that cell surface receptor densities with a minimum of 

approximately 7 x 104 molecules per cell are important determinants for a productive 

HCV infection and that a threefold reduction in the quantity of surface CD81 

expression reduces the susceptibility for HCVpp infection (Koutsoudakis et al., 2007; 

Zhang et al., 2004). Via flow cytometry analysis we could confirm that all cell lines 

except Lunet N#3 CD82-BB and TSN32-BB expressed CD81 at least at the same 

level as Huh-7.5 cells (see section 4.3.2), concluding that the density of CD81 was 

not the limiting factor for HCVpp/ HCVcc entry into the Lunet N#3 cell lines. However, 

we cannot exclude that CD81 othologues and distantly related CD81 family members 

(CD82, TSN32 and CD9) with originally lower affinity to HCV function better as entry 

receptors than their structure would allow due to overexpression of CD81 on the 

cell’s surface. Nevertheless, all cell lines showed expression levels lower than the 

positive control h.CD81-HA, suggesting that overexpression did not play a major role 

in HCV infection. Notably, the expression level of other host cell molecules or 

required HCV entry factors was not tested.   

To further characterise the relationship between chimeric CD81 receptor density on 

the cell surface and susceptibility to HCV infection, we performed HCV-GFPpp which 

rendered the detection of HCV infection and the identification of CD81 receptor 

possible (see chapter 3.6.2). Notably, we could not include cell lines TSN32-BB or 

CD82-BB in the gating strategy and calculation. The HCV-GFPpp infection rates of 

the cell lines depicted the same infection pattern as the HCVcc / HCVpp infection 

results (see section 4.4.1-4.4.3). Lunet N#3 xt-BB illustrated the highest while dm-BB 

and ce-BB showed the lowest rate of HCV-GFPpp infected cells in a CD81 positive 

population (see section 4.4.2). Although both dm-BB and ce-BB chimeric proteins 

demonstrated slightly lower CD81 expression levels than h.CD81-HA cells, we can 

conclude that the CD81 expression is not the limiting factor for HCV-GFPpp infection 

since a positive CD81 population was detectable (see section 4.4.2) and their MFI of 

CD81 was at least as high as the MFI of Huh-7.5 cells (see section 4.3.2, Fig. 13). 

Interestingly, h.CD81-HA appeared with higher CD81 MFI levels but achieved lower 

HCV-GFPpp infectivity in a CD81 positive population than Huh-7.5 cells (see section 

4.3.2, 4.4.2) infering that the CD81 expression level does not play a major role in our 

HCV infection assays.  

Moreover, we focused on the chimeric CD81 sequences to find a domain or residue 

which is possibly restricting infection. Comparing the palmitoylation residues in the 
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CD81 sequences we found that sequences with less palmitoylation sites, for example 

CD9-BB, are unaffected by HCVpp or HCVcc infection. The same applies to 

sequences with more palmitoylation residues; for instance, the chimeric receptor ce-

BB with nine palmitoylation residues which was not susceptible for HCVcc and 

HCVpp infection. Results of Zhu et al. about the role of palmitoylation showed that 

mutation of palmitoylation residues in the CD81 sequence does not affect CD81 

binding to the HCV envelope but impairs HCV entry  (Zhu et al., 2012). Delandre et 

al. also described that palmitoylation alters the interaction of CD81 with other proteins 

(Delandre et al., 2009). As our HCVpp/ HCVcc infection rates do not correlate with 

the quantity of palmitoylation residues in the chimeric CD81 sequences, we conclude 

that the number of palmitoylation sites does not influence HCV infection. We infer 

that there are other regions in the CD81 sequences responsible for the reduced 

HCVpp/ HCVcc infection seen in Lunet N#3 cell lines expressing ce-BB and dm-BB. 

Further Factors as membrane alterations or a defect in cell proliferation (Feneant et 

al., 2014; Levy et al., 1998) that could have influenced HCV permissiveness were 

excluded by VSV and CoV infection assays (see section 4.4.4). These assays 

illustrated the same infection efficiency for all cell lines independent of the expressed 

CD81 construct, suggesting that both eveloped and non-enveloped viruses can 

generally enter the cells unhindered. Consequently, membrane alterations and cell 

proliferation did not play a major role in HCVpp/HCVcc infecition. Another factor to 

consider is that cells were infected with intergenotypic luciferase reporter HCV which 

has been reported to show only slightly attenuated infectivity and replication rates 

compared to wild type HCV (Koutsoudakis et al., 2006). To ensure that 

HCVcc/HCVpp infectivity is not altered by the presence of a reporter, we additionally 

infected our cells with HCV Jc1-wild type, the result being in accordance with 

HCVpp/HCVcc results (see section 4.4.3). Hence, we conclude that using chimeric 

HCV did not make a difference in the HCV infectivity outcome. Nevertheless, some 

studies describe that CD81 is not only required for entry of HCV, but also for 

replication and that replication correlates with the expression level (Zhang et al., 

2010). To gain an insight of later steps in the HCV life cycle and the impact of CD81 

in replication we analysed the replication efficiency with the help of a subgenomic 

replicon of HCV GT2a (JFH-1) (see section 4.4.5). Subgenomic replicons contain 

less than the full length genome, but are still capable of autonomous replication. 

Since it only allows testing the genome replication but not other steps in the viral life 
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cycle, we could show that HCV replication is not altered by different chimeric CD81 

expression levels. Thus, we infer that the BB of CD81 determines HCVcc infection 

irrespective of viral genome replication. 

Moreover, we questioned whether infection with the seven HCV genotypes (Haid et 

al., 2012) varies regarding their usage of CD81-BBs. Notably, HCV GTs differ highly 

in their glycoproteins and present up to 30-35% divergence in nucleotide sites which 

are specific geographically distributed (Simmonds, 2004). This GT divergence 

mediates an individual receptor interaction and susceptibility to neutralisation (Scheel 

et al., 2008b). Therefore, we used intergenotypic recombinants containing GT 

specific structural proteins (Core, E1, E2, NS2 and p7) based on JFH-1 to test the 

interaction with chimeric CD81. Our data shows that CD81-BB’s recognition and 

function is HCV GT specific (see section 4.4.6). GT 1-5 seem to cope with greater 

changes in the BB compared to GT 6 and 7, which fail using the BB of CD9 (GT7) 

and xt (GT6) (see sction 4.4.6, Fig. 27). Since HCV GTs provide a high variability in 

E1/E2 gylcoproteins, it is likely that the glycoproteins require different co-entry factors 

and CD81-BBs for CD81-glycoprotein interaction and successful entry. Further 

studies about specific CD81-BB residues and co entry factors being responsible for 

the HCV GT dependent infection are necessary. In conclusion, our findings highlight 

that HCV GTs differentially depend on the CD81-BB underscoring the multiple 

functions and the interacting role of CD81.  

The sE2 binding assay should further shed light on the interaction of CD81 and sE2. 

We were expecting sE2 binding to be possible for all cell lines expressing the CD81-

chimera on the cell’s surface, as the CD81 binding site for E2 has been identified to 

be in the LEL, which was kept constant in all CD81-chimeras (Petracca et al., 2000) 

(Pileri et al., 1998). As anticipated, all expressed chimeric CD81 were able to bind 

sE2, though with reduced sE2 affinity for ce-BB (see section 4.4.7, Fig. 29). A reason 

for the lower sE2 binding efficiency could be the reduced surface expression in 

CHO745 cells as shown via flow cytometry (see section 4.4.7, Fig. 28). Considering 

the sE2 structure, the E2 glycoprotein is one of the most variable HCV proteins 

comprising HVR 1 and 2. It was shown that HVR 2 residues and intergenotypic 

variable regions, unlike HVR 1, are essential for virus entry, heterodimer formation 

and interaction with CD81 (McCaffrey et al., 2011).   

Different recombinant forms of sE2, namely with and without deletion of HVR 1, have 

been reported to show different binding affinities to CD81 (Bankwitz et al., 2014; 
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Roccasecca et al., 2003; Whidby et al., 2009a). When we used sE2 of strain J6, we 

saw that the deletion of HVR1 led to lower CD81 and SRB1 binding efficiency (see 

section 4.4.7, Fig. 29). As previously described, sE2 lacking HVR1 can bind CD81 

without previous SRB1 interaction and this explains the reduced SRB1 binding 

efficiency (Bankwitz et al., 2014). In contrast to sE2-J6ΔHVR, deleting HVR1 from 

sE2 of H77 increased the binding efficiency in comparison to sE2-H77 (see section 

4.4.7, Fig. 29). We suggest that the lower binding efficiency of sE2-J6ΔHVR to CD81 

is not due to the deletion of HVR1. In all, a higher binding efficiency for sE2-H77 than 

for sE2-J6 was observed (see Fig. 29). The effect that there are differences in the 

binding ability of the glycoproteins from the two different HCV GTs was already seen 

in the HCVpp infection assay (see section 4.4.1). H77 enveloped pps achieved 

higher infectivity rates than HCVpp harboring J6 glycoproteins, suggesting that E2 

from GT 1a (H77) shows a stronger affinity pattern. In line with this, other studies 

displayed that sE2 from GT 1 binds with an affinity of a Kd of 1.8 nM whereas other 

GTs illustrate reduced CD81 interaction (Petracca et al., 2000; Roccasecca et al., 

2003; Shaw et al., 2003). Notably, our assay seems to be more sensitive than others 

as described by Flint et al. in which the CD81 of the African green monkey supported 

HCVpp infection while sE2 interaction with cell surface-expressed CD81 failed (Flint 

et al., 2006). As CHO745 cells lack human HCV cell entry factors and are unable to 

produce GAGs, we can exclude that sE2 binding was detectable due to unspecific 

interactions between sE2 and CHO745 cells. Nevertheless, tools to analyze E2 

binding are limited, and truncated sE2 does not fully mimic the HCV virions harboring 

E1E2 complexes (Owsianka et al., 2001). Compared to E1E2 complexes, sE2 has an 

increased rate of dissociation from CD81 LEL so that the affinity to CD81 is generally 

weaker (Cocquerel et al., 2003a), assuming that truncated sE2 forms bind CD81 with 

an affinity of 10-9 (Petracca et al., 2000). Additionally, E1 and E2 associate with each 

other, and the presence of E1 may influence the folding of E2 as well as the 

interaction with other molecules (Cocquerel et al., 2003b). The data indicates that 

pseudotype virus interaction with CD81 and other cellular molecules on the surface is 

more complex than the interaction of truncated sE2. Still, our data shows that binding 

of truncated sE2 to CD81 was successful and that surface-expressed chimeric CD81 

is able to bind sE2 complementing the previous HCV infection assays.   

Taken together, we demonstrated that even the CD81 constructs dm-BB and ce-BB, 

which were not permissive for HCVpp infection, mediate binding to sE2 (see Fig. 29). 
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From this we can conclude that HCV infection depends not only on the LEL, but also 

on the CD81-BB. 

As CD81 belongs to the family of tetraspanins and as tetraspanins facilitate their 

function through protein-protein interaction, forming tetraspanin webs (Charrin et al., 

2009), it is likely that changes in the BB influence these interactions and 

consequently alter HCV uptake. Studies illustrate that the function of CD81 is 

changed if one of the interaction partners is modified. E.g. Rocha-Perugini et al. 

showed that CD81 interaction with EWI-2 or its cleavage product EWI-2wint has a 

controversy impact on CD81 interaction and viral entry (Rocha-Perugini et al., 2008). 

It could be shown that CD81 domains TDM 3 and 4 are essential for EWI-2/EWI-

2wint interaction and thus play an important role for entry (Montpellier et al., 2011). 

Other protein interactions of CD81 which are influenced by BB variations are the 

ones with EGFR and SRFBP1. Both interactions are critical for HCV entry and the 

formation of a complex with CD81 essential (Gerold et al., 2015; Lupberger et al., 

2011a). Those co-entry factors might be extenuated in their association if the BB’s 

sequence of CD81 is changed. However, it is not yet clear which specific domains in 

CD81 are essential for the interaction with these co-factors. According to our data we 

presume that the BB modulates the interaction and association partners playing a 

major role in HCV entry. Which specific interaction partners are altered and which 

domain is responsible for the corresponding association remains to be clarified in 

future work.  

All in all, our studies demonstrate the importance of the CD81-BB for HCV entry. The 

results underline that BBs from related proteins with high sequence identity to human 

CD81, namely xt-BB (72% sequence identity), dr-BB (64% sequence identity) and 

CD9-BB (45% sequence identity), function better as entry receptors as BBs from 

further related species with lower sequence identity, such as dm-BB (27% sequence 

identity) and ce-BB (25% sequence identity). This effect is irrespective of HCV 

replication and other limiting infection factors such as membrane alteration. Further 

work is required in order to determine critical regions and specific amino acids of 

CD81 which are responsible for this.  
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rs139884987 (V211M) (G631A), rs371516232  (M220I) (G660A) and 

rs373342342(A213T) (G637A) have mutations in the fourth transmembrane domain, 

as shown in Fig. 31. 

 

  

Fig. 31 Schematic representation of SNP in CD81.  
Amino acid sequence alignment. CD81 chimeras generated in this study were aligned using Clustal Omega. In 
red: human SNPs. The tetraspanin small extracellular loop (SEL) and large extracellular loop (LEL) are 
highlighted in blue and green, respectively. SNPs Rs374100694 (R36L) and rs368611423 (A54V) are localized in 
SEL of CD81. SNPs rs139884987 (V211M) and rs371516232  (M220I), and rs373342342 (A213T) are localized 
in the fourth transmembrane domain. 
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Three of these five SNP’s depict the same amino acid exchanges as dm-BB and ce-

BB, suggesting that people carrying this rare mutation have an advantage on HCV 

infection due to resistance or HCV GT variance. The further plan is to generate new 

chimeras and characterize their function as CD81 receptor in Lunet N#3 cells via 

HCVpp/HCVcc infection assays. In the end, we aim to discover to what extent the 

SNP CD81 variants permit HCV infection. 

Beside this, optional experiments with a polarized cell line and the same CD81-

chimeras xt-BB, dr-BB, dm-BB, ce-BB, CD9-BB, CD82-BB and TSN32-BB could 

mimic the original target cells better and demonstrate different HCV infectivity rates. 

In a longer-term perspective, we want to analyse via mass spectrometry if dm-BB 

shows any differences in interaction partners compared to full length human CD81.  
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7 Abstract 

Infection with hepatitis C virus (HCV) is a worldwide health problem with about 185 

million people chronically infected, and increases the risk of developing end-stage 

liver disease. 

Effective direct-acting antiviral drugs targeting HCV are currently restricted to 

countries with a high Gross Domestic Product due to their high cost. Consequently, 

HCV is still the number one indication for liver transplantation in Europe, with a poor 

and more palliative outcome due to HCV reinfection of the liver graft. Blocking HCV 

entry into naïve hepatocytes thus presents an attractive strategy to improve post-

transplant patient outcomes. HCV entry inhibitors could prevent the rapid reinfection 

of the graft liver. Consequently, a detailed understanding of the multistep entry 

process, including the role of entry factors, is required. At least four host receptors 

are essential for HCV entry into the hepatocyte; among them is CD81, which fulfils 

multiple functions during virus uptake, ranging from virus binding to the hepatocyte to 

membrane fusion of the virions.  

CD81 belongs to the tetraspanin family and consists of four transmembrane domains, 

two short cytoplasmic tails, a short extracellular loop (SEL) and a large extracellular 

loop (LEL). It is known that the LEL of CD81 binds to the HCV particles but it is still 

not fully understood which additional domains of CD81 are required for productive 

infection of HCV. As tetraspanins mediate protein-protein interactions, we 

hypothesised that backbone (BB) domains outside of the LEL are required for HCV 

infection by interacting with proteins needed for HCV entry. Hence, the aim of this 

project was to map the regions in the CD81-BB which are essential for HCV uptake. 

To this end, we generated CD81-chimeras in which the human LEL sequence of 

CD81 was fused to BBs of CD81 orthologues or other members of the tetraspanin 

protein family. Particularly, the CD81 orthologues used were from the species 

Xenopus tropicalis (xt) (with a sequence homology of 72%), Danio rerio (dr) (64%), 

Drosophila melanogaster (dm) (27%) and Caenorhabditis elegans (ce) (25%), the 

further related tetraspanins being CD9 (44.02%), CD82 (25.19%) and TSN32 

(22.78%). These chimeras were then expressed in Lunet N#3 cells, a CD81 negative 

hepatoma cell line. In three different ways, namely Western blot, immunfluorescence 

microscopy, and flow cytometry surface staining, we determined the CD81 

expression level in the generated cell lines. All chimeric proteins were detected at the 

surface of the cells except CD82-BB and TSN32-BB. We characterised the 
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functionality of the CD81-constructs regarding HCV entry by infection with HCV cell 

culture derived particles (HCVcc) and HCV pseudoparticles (pp), as well as HCVpp 

carrying a green fluorescent protein (HCVpp-GFP). Again, the different methods 

revealed congruent results: the HCV infectivity was dependent on the level of 

homology of the introduced BB to CD81. Specifically, BBs of X. tropicalis and D. rerio 

with a high rate of amino acid sequence identity supported HCV entry similar to wild 

type CD81. The intermediate related CD9-BB resulted in an intermediate 

susceptibility to HCV. In contrast, the BB from the less related orthologues, namely 

D. melanogaster and C. elegans did not functionally complement the human CD81 to 

render HCV infection possible. Moreover, replication of HCV genomes was 

unaffected by the different CD81 constructs. In line with this, permissiveness of 

vesicular stomatitis virus and human corona virus strain 229E was not impaired by 

the CD81 constructs. Finally, analysing the soluble HCV glycoprotein E2 binding to 

the CD81-chimeras expressed in CHO745 cells showed that HCV binding to the LEL 

of CD81 is still possible for all expressed chimeric CD81 variants.  

Thus, the regions outside of the LEL play a role in HCV uptake and are a critical 

determinant for HCV entry. Interestingly, several residues that differ between the 

HCV susceptible and resistant CD81 variants are positions of rare human 

polymorphisms (single nucleotide polymorphisms, SNPs). 

In conclusion, this study underlines the importance of CD81-BB domains in HCV 

entry. Ultimately, our work holds the promise of revealing molecular target sites for 

the intervention with HCV invasion and thus for novel preventive therapies in a post-

transplant setting. 
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