
 
 
 
 
Fakultät für Medizin 
Institut für Virologie 
 
 
 
 
 
Characterization of Early Events in Hepatitis B Virus Infection  
 
 
 
 
Anindita Chakraborty 
 
 
 
 
Vollständiger Abdruck der von der Fakultät für Medizin der Technischen Universität 
München zur Erlangung des akademischen Grades eines 
 
Doktors der Naturwissenschaften (Dr. rer. nat.) 
 
genehmigten Dissertation. 
 
 
 
 
 
Vorsitzende/-r: Prof. Dr. Jürgen Ruland  
 
 
 
 
Prüfende der Dissertation: 
 
1. Prof. Dr. Ulrike Protzer 
2. Prof. Dr. Benjamin Schusser 
 
 

Die Dissertation wurde am 09.03.2020 bei der Technischen Universität München 
eingereicht und durch die Fakultät für Medizin am 11.08.2020 angenommen.  



 

2 

Table of content  

Abbreviations ............................................................................................................... 6 

Abstract ......................................................................................................................... 8 

Zusammenfassung .................................................................................................... 10 

1 Introduction ......................................................................................................... 12 

1.1 Hepatitis B virus (HBV) .................................................................................. 12 

1.1.1 Classification .......................................................................................... 12 

1.1.2 Morphology ............................................................................................. 13 

1.1.3 Genome organisation ............................................................................. 14 

1.1.4 Viral life cycle .......................................................................................... 15 

1.1.5 Prevention and therapy .......................................................................... 18 

1.2 Sodium-taurocholate cotransporting polypeptide (NTCP) ............................. 19 

1.3 Epidermal growth factor (EGF) receptor ........................................................ 21 

1.4 Endocytosis and intracellular trafficking ......................................................... 22 

1.4.1 Clathrin-mediated endocytosis ............................................................... 23 

1.4.2 Caveolin-mediated endocytosis .............................................................. 23 

1.4.3 Macropinocytosis .................................................................................... 24 

1.4.4 pH dependency in viral entry .................................................................. 25 

1.4.5 Cytoskeleton in endocytic pathways ....................................................... 25 

1.5 In vitro model systems to study HBV ............................................................. 26 

1.6 Aim of the study ............................................................................................. 27 

2 Results ................................................................................................................. 29 

2.1 Establishment of a synchronised uptake assay ............................................. 29 

2.2 HBV entry kinetics ......................................................................................... 34 

2.2.1 Evaluation of HBV uptake kinetics .......................................................... 34 

2.2.2 Rate-limiting steps in the early HBV life cycle ........................................ 36 

2.2.3 Subcellular localisation of HBV DNA ...................................................... 37 



 

3 

2.3 Visualisation of incoming viral particle ........................................................... 40 

2.4 Characterisation of entry pathway exploited by HBV ..................................... 42 

2.4.1 Cellular endocytic pathways required for HBV entry and infection ......... 42 

2.4.2 Reconstitution of Caveolin-1 in HepG2-NTCP K7 cells .......................... 46 

2.4.3 Involvement of the cytoskeleton in HBV entry ........................................ 49 

2.5 HBV entry receptor ........................................................................................ 51 

2.5.1 NTCP as the HBV entry receptor ........................................................... 51 

2.5.1.1 Effects of N-glycosylation of NTCP on HBV infection ..................... 51 

2.5.1.2 NTCP expression levels regulate HBV uptake ................................ 52 

2.5.1.3 Potential intracellular role for NTCP in HBV entry ........................... 58 

2.5.2 The role for EGFR in HBV entry ............................................................. 60 

2.6 HBV entry into non-hepatoma cell lines ......................................................... 61 

3 Discussion ........................................................................................................... 67 

3.1 HBV entry kinetics highlight slow and inefficient steps in the early life cycle . 67 

3.1.1 rc - to cccDNA conversion is a rate limiting step in vitro ......................... 69 

3.2 Imaging HBV entry into cells .......................................................................... 71 

3.3 Cellular pathways exploited for HBV to enter cells ........................................ 73 

3.3.1 HBV requires cholesterol at the plasma membrane ............................... 73 

3.3.2 Cellular dynamin and clathrin are required for productive HBV entry ..... 74 

3.3.3 Role of cytoskeleton in HBV entry .......................................................... 75 

3.4 NTCP ............................................................................................................. 75 

3.4.1 Single N-glycosylation of NTCP is sufficient for HBV infection ............... 75 

3.4.2 NTCP expression levels regulate HBV entry .......................................... 76 

3.4.3 Potential intracellular role for NTCP in HBV entry .................................. 77 

3.5 EGFR did not play a role in HBV entry .......................................................... 79 

3.6 Approaches to identify host factors involved in HBV entry ............................ 80 

3.7 Conclusion ..................................................................................................... 82 



 

4 

4 Material and methods ......................................................................................... 84 

4.1 Material .......................................................................................................... 84 

4.1.1 Laboratory equipment and consumables ............................................... 84 

4.1.2 Chemicals and reagents ......................................................................... 85 

4.1.3 Cell culture media ................................................................................... 86 

4.1.4 Kits .......................................................................................................... 87 

4.1.5 Antibodies ............................................................................................... 87 

4.1.6 Inhibitors ................................................................................................. 87 

4.1.7 Primer sequences ................................................................................... 88 

4.1.8 Software ................................................................................................. 88 

4.2 Methods ......................................................................................................... 89 

4.2.1 Cell culture .............................................................................................. 89 

4.2.2 HBV infection .......................................................................................... 89 

4.2.3 HBV uptake assay .................................................................................. 89 

4.2.4 DNA extraction ....................................................................................... 89 

4.2.5 Quantification of HBV markers ............................................................... 90 

4.2.6 Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-
PAGE) and Western blot ....................................................................................... 91 

4.2.7 Native Agarose Gel for HBV capsid analysis ......................................... 91 

4.2.8 NTCP staining using labelled Myrcludex B ............................................. 92 

4.2.9 Confocal Microscopy .............................................................................. 92 

4.2.10 Cell viability assay .................................................................................. 92 

4.2.11 Generation and detection of EDC-HBV .................................................. 92 

4.2.12 Adenovirus transduction ......................................................................... 93 

4.2.13 Cytoplasmic and nucleus Fractionation separation ................................ 93 

4.2.14 Statistical analysis .................................................................................. 93 

5 Figures ................................................................................................................. 94 



 

5 

6 References ........................................................................................................... 95 

Acknowledgement ................................................................................................... 108 

Publications and meetings ...................................................................................... 110 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



  Abbreviations 
 

6 

Abbreviations  
  
A  
ATR Ataxia telangiectasia and Rad3-related protein 
C  
Cav-1 Caveolin-1 
cccDNA Covalently closed circular DNA 
D  
DHBV Duck hepatitis B 
DMSO Dimethyl sulfoxide 
DNase Deoxyribonuclease 
dpi Days post infection 
DR1 Direct repeats 1 
DR2 Direct repeats 2 
DslDNA Double stranded linear DNA 
E  
EdC Ethynyl-2'-deoxycytidine 
EGF Epidermal growth factor 
EGFR Epidermal growth factor receptor 
F  
FBS Fetal bovine serum 
FCS Fetal calf serum 
G  
GAPDH Glyceraldehyde 3-phosphate dehydrogenase 
GFP Green fluorescent protein  
GLuc Gaussia Luciferase 
H  
HBeAg HBV e antigen 
HBs HBV surface protein 
HBsAg HBV surface antigen 
HBV Hepatitis B virus  
HBx HBV X protein  
HCC Hepatocellular carcinoma 
HCV Hepatitis C virus  
HDV Hepatitis D virus 
HIV-1 Human immunodeficiency virus - 1 
HSPG Heparan sulfate proteoglycan 
I  
IU International Units  
L  
Lig Ligase 
L-protein, LHBs Large HBV surface protein  
M  
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M-protein, MHBs Middle HBV surface protein  
MOI Multiplicity of infection 
mRNA Messenger RNA 
N  
n.d. Not detected 
NPC Nuclear pore complex 
NLS Nuclear localisation signal 
ns Not significant 
NTCP Na⁺-taurocholate cotransporting polypeptide 
P  
P-protein Polymerase of HBV  
PBS Phosphate-buffered saline 
PBS-T Phosphate-buffered saline-Tween 20 
PCR Polymerase chain reaction 
PDH Primary duck hepatocyte 
pgRNA Pregenomic RNA 
PHH Primary human hepatocyte 
p.i. Post infection 
PKC-a Protein kinase C alpha 
PRNP Prion protein gene 
PVDF Polyvinylidene difluoride 
Q  
qPCR Quantitative polymerase chain reaction 
R  
rcDNA Relaxed circular DNA 
RNase Ribonuclease 
S  
S-protein, SHBs Small HBV surface protein 
SDS Sodium dodecyl sulfate 
SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis 
T  
TBS-T Tris-buffered saline- Tween20 
TC Tetracystein 
Tdp2 Tyrosyl-DNA phosphodiesterase 2 
TEMED Tetramethylethylenediamine 
U  
U Unit 
W  
WHV Woodchuck hepatitis virus  
WT Wildtype 
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Abstract  
 
Despite accumulating knowledge of the HBV life cycle, early stages of HBV infection 

including particle entry dynamics, cytoplasmic transport and cccDNA formation still 

remain poorly understood.  

The discovery of NTCP as the viral receptor enabled us to generate permissive cell lines 

and to study synchronised particle internalisation, nuclear transport and cccDNA 

formation.  

We established a PCR-based assay to quantify the kinetics of HBV particle attachment 

and internalisation into permissive hepatocyte-derived cells. Virus attachment at 4 °C 

was NTCP independent, whereas subsequent particle internalisation at 37 °C required 

NTCP, demonstrating a role for NTCP in HBV internalisation. HBV uptake was clathrin- 

and dynamin dependent with actin and tubulin playing an essential role within the first 6 

hours, consistent with particle transport to the nucleus within this time frame. We noted 

a dose and time-dependent internalisation of particles into NTCP expressing hepatoma 

cells that associated with antigen expression, suggesting that HBV entry into cells is a 

rate-limiting step in establishing productive infection. HBV internalisation was 

determined by measuring intracellular core or envelope glycoproteins and HBV DNA that 

peaked after 8 and 12 hours, respectively, highlighting a slow and inefficient process. 

The majority (83 %) of cell bound virus internalized in HepG2-NTCP cells, however, 

approximately 0.6 % of attached viral genomes resulted in cccDNA formation. 

To investigate this further we studied the dynamics of HBV particles accessing the 

nucleus and demonstrated this process took 3-6 hours. Moreover, we only detected 

cccDNA after 24 hours increasing over the following 48 hours. These studies show that 

HBV infection is a slow process, and provide evidence that conversion of rcDNA into 

cccDNA in the nucleus is the rate-limiting step in vitro.  

Investigations on the role for NTCP in HBV entry showed that single N-glycosylation of 

NTCP was required for membrane localization, bile acid uptake and HBV infection. Dose 

dependent transfection of NTCP mRNA into parental hepatoma cells showed that NTCP 

expression levels at the cell surface associated with HBV internalisation.    

Non-hepatoma cell lines transiently expressing NTCP were able to promote 

physiological function and transport bile acids but failed to confer HBV uptake and 

infection. This demonstrates that additional hepatocytes specific factors are required for 

NTCP dependent HBV infection.  
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This study contributes to a better understanding of a spatio-temporal resolution of virus 

–host interactions at its earliest time points. This is a relevant basis for investigating host 

factors involved in HBV entry facilitating the development of antiviral strategies.   
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Zusammenfassung 
 
Trotz intensiver Forschung des Lebenszykluses des Hepatitis B Virus (HBV), sind die 

ersten Schritte der Infektion einschließlich der Virusaufnahme bis hin zur cccDNA 

Formation noch nicht vollständig erforscht. Die Entdeckung von NTCP als viraler 

Rezeptor ermöglicht uns die Etablierung einer permissiven Zelllinie, um eine 

synchronisierte Partikelinternalisierung, den Transport in den Nukleus und cccDNA 

Formation zu analysieren.  

Wir haben eine PCR-basierte Methode entwickelt, welche die Kinetik von HBV Bindung 

und Aufnahme in permissiven, Hepatozyten-ähnlichen Zellen quantifiziert. Die 

Virusbindung an die Zelloberfläche war NTCP unabhängig, während eine subsequente 

Partikelaufnahme NTCP benötigte. Die HBV Aufnahme war abhängig von Clathrin und 

Dynamin, wobei Aktin und Tubulin eine entscheidende Rolle in den ersten sechs 

Stunden der Aufnahme gespielt haben. Diese Dauer entspricht dem Zeitrahmen des 

Partikeltransportes zum Nukleus. Wir beobachteten eine konzentrations- und 

zeitabhängige Partikelaufnahme in NTCP exprimierenden Hepatomazellen, welche mit 

der Antigen Expression korrelierte. Dies suggeriert, dass die HBV Aufnahme der 

limitierende Schritt in einer produktiven Infektion ist. Die quantitative Analyse der HBV 

Aufnahme durch Messung von Viruskapsid, Glykoproteinen der Virushülle und HBV 

DNA erreichte zwischen 8 und 12 h ihren Höhepunkt, was auf einen langsamen und 

ineffizienten Prozess hindeutet. Circa 83 % des an der Oberfläche gebundenen Virus 

konnte in HepG2-NTCP Zellen aufgenommen werden, aber nur etwa 0,6 % des 

gebundenen Virus resultierte in einer cccDNA Formation. Eine weitere Untersuchung 

ergab, dass die HBV Aufnahme in den Nukleus 3-6 h dauerte. Darüber hinaus wurde 

cccDNA erstmals 24 h nach Aufnahme detektiert und stieg innerhalb von 48 h weiter an. 

Diese Ergebnisse zeigen, dass die HBV Infektion ein langsamer Prozess ist, wobei die 

rcDNA zur cccDNA Konversion den limitierenden Schritt in vitro darstellt.  

Anschließend wurde die Rolle der N-glykosylierung von NTCP im Zusammenhang mit 

HBV untersucht. Eine einzelne N-glykosylierung ist ausreichend für die korrekte 

Membranlokalisierung von NTCP, eine physiologische Gallensäureaufnahme und 

ermöglicht eine Infektion mit HBV. Die konzentrationsabhängige Transfektion von NTCP 

mRNA in parentale Hepatomazellen zeigte, dass die NTCP Expression an der 

Zelloberfläche mit der HBV Aufnahme korreliert. Nicht Hepatomazellen, welche transient 

NTCP exprimieren, erlauben eine physiologische Funktion und transportierten 

Gallensäure. Trotz dessen war eine HBV Aufnahme und Infektion in diesen Zellen nicht 
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möglich. Dies weist darauf hin, dass zusätzliche hepatozyten-spezifische Faktoren 

notwendig für eine NTCP abhängige HBV Infektion sind.  

Diese Ergebnisse führen zu einem besseren Verständnis der räumlichen und zeitlichen 

Lokalisation von Virus-Wirt Interaktionen in den frühen Schritten des Lebenszykluses. 

Dies ist relevant für weitere Untersuchungen von Wirtsfaktoren im Zusammenhang mit 

der HBV Aufnahme und ermöglicht die Entwicklung antiviraler Strategien.  
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1 Introduction  
 

Hepatitis B Virus (HBV) chronically infects 257 million individuals worldwide and is a 

major driver of end-stage liver disease, cirrhosis, and hepatocellular carcinoma (HCC) 

(WHO, 2019). Current therapies target viral replication but are ineffective in targeting 

episomal virus transcriptional templates in the nucleus of infected hepatocytes and 

curing infection (Jang et al., 2011). Studies to examine the mechanism of HBV entry are 

key to understanding viral tropism for the liver and for building antiviral screening 

platforms.  

 
1.1 Hepatitis B virus (HBV) 
 

The following chapter will introduce the Hepatitis B virus, discussing molecular biology 

and viral pathogenesis. 

 

1.1.1 Classification  
 
The small enveloped DNA virus human HBV belong to the Hepadnaviridae family that 

include mammalian and avian viruses that share properties in organ tropism, genome 

organisation and viral genome replication (Gust et al., 1986). The genus 

Orthohepadnavirus contain mammalian viruses, such as human HBV, woodchuck 

hepatitis virus (WHV), ground squirrel hepatitis virus (GSHV) and all viruses that infect 

Old and New World primates such as gibbons and chimpanzees (Schaefer, 2007, 

Summers et al., 1987). The genus Avihepadnavirus represent avian viruses such as 

duck hepatitis B virus (DHBV) and heron hepatitis B virus (HHBV) (Mason et al., 1980, 

Schaefer, 2007). 

HBV can be divided into 9 genotypes (A-I) that differ in nucleotide sequence by more 

than 7.5 % (Kramvis, 2014, Velkov et al., 2018). The geographical distribution of 

genotype A is in Africa, Europe and America whereas B and C are more prevalent in 

Asia (Guettouche and Hnatyszyn, 2005, Kramvis, 2014, Velkov et al., 2018). Genotype 

D has its epicentre in the Mediterranean, India and America. HBV genotype E mainly 

exists in sub-Saharan Africa and genotype F in South and Central America. Genotype 

H is most common in Southern and Central America whereas genotype I is located in 

Asia. Tatematsu et al. introduced a putative new genotype ‘J’ that has been found in 

Japanese patients. It may have resulted from a recombination between genotype C and 

gibbon HBV (Lamontagne et al., 2016).  
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HBV can be classified into 4 subtypes adr, adw, ayr and ayw which are based on the 

antigenic variability of the hepatitis B surface antigen (Chu and Lok, 2002, Kramvis, 

2014). 

 

1.1.2 Morphology  
 
HBV is a spherical, enveloped DNA virus with an approximate size of 42 nm and 

designated as the Dane particle (Dane et al., 1970). As depicted in figure 1 HBV consists 

of a viral capsid which is surrounded by an envelope. This envelope consists of small 

(S), middle (M) and large (L) HBV surface proteins (HBs) that are embedded in a lipid 

bilayer and share the C-terminal domain (Heermann et al., 1984, Nassal, 2015). The S 

proteins consists of the S-domain, the M-protein contains S- and preS2 domain and L-

protein harbours S-, preS2 and the preS1 domain. The capsid has a T3 or T4 icosahedral 

symmetry consisting of 180 or 240 core subunits, respectively (Crowther et al., 1994, 

Kenney et al., 1995). The capsid harbours the viral genome, a relaxed circular DNA 

(rcDNA) with a covalently bound viral polymerase (Gerlich and Robinson, 1980, 

Robinson and Greenman, 1974). In addition to Dane particles non-infectious subviral 

particles (SVP) are produced (Bruss, 2004). These can exist in two forms: filaments that 

are mainly made up of S-proteins but also contain M and L-protein to a lower extend. 

Spheres are smaller in size and are primarily made of S-proteins but also contain M and 

L-protein in lower amounts. These SVPs can be produced in 100 to 10 000 fold excess 

compared to infectious viral particle, probably as a mechanism of immune evasion 

(Bruns et al., 1998). 

 

 

Figure 1: Structure of HBV and SVPs. HBV and SVPs consist of small (SHB), middle (MHB) 
and large (LHB) protein. Description in red represents S, orange preS2 and lighter orange preS1. 
The nucleocapsid contains the 3.2 kb viral genome that harbours the viral polymerase (RT, green) 
and primer domain (pr, light green) (Gerlich et al., 2010). 
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1.1.3 Genome organisation 
 
HBV has a small 3.2 kb partially double stranded rcDNA consisting of a complete minus 

strand with a terminal redundancy of seven to nine nucleotides (nt) with the viral 

polymerase covalently attached (Fig. 2) (Gerlich and Robinson, 1980). The incomplete 

plus strand has a constant 5’ end with the 3’ varying in length (Hruska et al., 1977). 

Furthermore, the 5’ end of the plus strand harbours a 18 nt long with mRNA-like cap 

structure (Seeger et al., 1986).  The HBV genome encodes for four partially overlapping 

open reading frames (ORF) that encode for seven viral proteins (Glebe, 2006, Nassal, 

2015). The largest ORF codes for the viral polymerase which harbours reverse 

transcriptase (RT), RNaseH and primer activity (Nassal, 2015). The second largest ORF 

gives rise to the viral envelope that comprises of L-, M- and S-protein. Further ORF 

encodes a pre-core protein, which is processed and secreted as hepatitis B e antigen 

(HBeAg), and the core protein which is a subunit of the viral capsid (Seeger and Mason, 

2015). Last, the smallest ORF that encodes for the X-protein which is required for HBV 

replication (Lamontagne et al., 2016, Lucifora et al., 2011). 

 
 
 
 
 
 
 
 

Figure 2: Genome organisation. The outer lines depict the viral transcripts with e, the 
encapsidation signal, present on the pgRNA. The rcDNA is represented with minus strand that 
contains a nick and is attached to the viral polymerase (P), and an incomplete plus strand. The 
overlapping ORF on the cccDNA are depicted as arrows. Further transciptional enhancers Enh 
I/II ,direct repeats DR1/2 and the viral promoter regions (green arrows) are depicted (Nassal, 
2015). 
 



  Introduction 
 

15 

1.1.4 Viral life cycle  
 
HBV initially interacts with heparan sulfate proteoglycans (HSPGs) via the viral L-protein 

and promotes enrichment of virions at the plasma membrane as a prerequisite for 

subsequent virus-receptor interactions (Fig. 3) (Leistner et al., 2008, Schulze et al., 

2007). In a subsequent step the myristolylated preS1 domain of the L-protein binds to 

sodium taurocholate cotransporting peptide (NTCP) (Yan et al., 2012). The virus enters 

the host cells via the endocytic route where the importance of both clathrin- and caveolin 

mediated entry have been described for different cell types (Huang et al., 2012, Macovei 

et al., 2010). It still remains not precisely known when and how HBV uncoats releasing 

the viral capsid into the cytoplasm. It has been proposed that the viral capsid is directed 

to the nuclear pore complex (NPC) in an importin a/ b mediated manner through the 

nuclear localisation sequence (NLS) present on the core protein (Kann et al., 1999, Rabe 

et al., 2003). In the nucleus the viral genome, rcDNA, is converted into the episomal 

covalently closed circular DNA (cccDNA) by host cellular repair mechanisms (Guo et al., 

2012). The cccDNA serves as a transcriptional template for viral replication causing 

persistence (Bock et al., 1994). cccDNA gives rise to pregenomic (pgRNA) and 

subgenomic RNA (sgRNA) that are transcribed by the cellular RNA polymerase II (Rall 

et al., 1983). All viral RNA consist of a 5’ cap structure and are 3’ polyadenylated (Huang 

and Yen, 1995). The mRNAs are exported to the cytoplasm without splicing where the 

pgRNA is translated into polymerase and core that are required for reverse transcription 

(Araki et al., 1989, Datta et al., 2012). Subgenomic RNAs give rise to the envelope and 

X proteins whereas the precore protein is proteolytically processed after translation and 

secreted as HBeAg (Fouillot et al., 1993). 
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Figure 3: HBV life cycle in hepatocytes. (1) HBV attachment to HSPG with subsequent 
interaction with NTCP (2). Viral particle is endocytosed (3) and uncoated where the viral capsid 
is released into the cytoplasm (4). Capsid is trafficked o the the nucleus (5) whereupon the 
genome is released into the nucleus (6). In the nucleus rcDNA is repaired to cccDNA (7) which 
serves as a trancriptional template (8). Subsequently, translation (9), encapsidation (10) and 
reverse transcription (11) from pregenomic RNA occurs. Viral capsids are either enveloped (12A) 
and secreted (13) or reimported to the nucleus (12B) (Ko et al., 2017). 
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In addition to its role as mRNA, the pgRNA serves as template for reverse transcription 

(Fig. 4) (Nassal, 2015). The principle function of the polymerase is to convert pgRNA 

into rcDNA for incorporation into newly generated HBV virions. In the priming step the 

polymerase attaches to a stem loop structure at the 5’ end of the pgRNA, designated e, 

sequestering viral RNA and polymerase into newly generating nucleocapsids (Nassal, 

2015, Seeger and Mason, 2000). One molecule of deoxyguanosine triphosphate (dGTP) 

binds covalently to the viral polymerase to form a base pair with a cytosine within the 

stem loop structure. Two molecules of deoxyadenosine triphosphate (dATP) are added 

to the guanosine to generate a three base-pair long primer (Nassal and Rieger, 1996). 

Subsequently, the polymerase translocates to a proximal 11-12 nt sequence homology 

referred to as the 3’ direct repeat 1 (DR1) (Nassal, 2015). Extension from DR1 to the 5´ 

end of the pgRNA template yields a unit length DNA with a small ~10 nt terminal 

redundancy (DR2). The reverse transcription then occurs from the 5’ end of the 

pregenome with the template being degraded by the polymerase harbouring RNase H 

activity and a minus strand DNA is generated with short redundancies. The 5’ terminal 

15-18 nt including the CAP and DR1 of the pgRNA are not degraded and serve as primer 

for plus strand DNA synthesis. This primer translocates to DR2 at the 5’ end of the minus 

strand initiating plus strand synthesis. The plus strand synthesis stops before completion 

due to the packing of the incomplete plus strand preventing dNTP entry with the primer 

still bound at the 5’ end (Siddiqui et al., 1979). The short redundancies in the minus 

strand and an intramolecular template exchange facilitate circularization of the DNA 

genome in the viral capsid (Modrow et al., 2011). This gives rise to a partially double 

stranded circular genome (rcDNA) that harbours covalently bound polymerase at the 

minus strand. When primer translocation and circularization fail a double-stranded linear 

genome can be formed that might play a role in host cell integration (Bill and Summers, 

2004).  

 

The newly synthesised DNA containing capsid can be reimported into the nucleus and 

contribute to cccDNA establishment (Ko et al., 2018, Lucifora and Protzer, 2016). These 

mature capsids can also be enveloped and further follow the secretory pathway via the 

endoplasmatic reticulum (ER) finally being secreted through multivesicular bodies as 

fully infectious virus (Ko et al., 2017).  
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1.1.5 Prevention and therapy  
 
Prophylactic vaccines against HBV exist since 1982 that prevent disease and its long-

term consequences (Lavanchy, 2004). The available vaccines largely consist of 

recombinant HBV surface proteins (Shouval et al., 1994). In most cases affecting adults, 

HBV infection is usually acute and self-limiting with no further treatments required 

(Hollinger and Lau, 2006, Lamontagne et al., 2016). In newborn and young children, 

however, HBV infection becomes chronic in >90 % of cases.  

Although HBV infection can be prevented by vaccination chronic hepatitis B still remains 

a major health burden worldwide. Chronic carrier are at a high risk to develop liver 

fibrosis, cirrhosis and hepatocellular carcinoma causing an estimated 880 000 death a 

year (Jang et al., 2011). Current treatment consists of (PEGylated) interferon a (INFa) 

and nucleos(t)ide analogues such as Lamivudine, Adefovir, Entecavir and Tenofovir 

(Lavanchy, 2004, Nassal, 2015). INFa modulates immune response against HBV, 

however, the application comes with major side effects which have been described as 

flu-like symptoms (Tillmann, 2007, Trepo, 2014). The nucleos(t)ide analogues interfere 

with the viral polymerase blocking reverse transcription which as consequence hamper 

mature virion production. This application is well tolerated with minor side-effects but can 

promote HBV resistance rendering therapy ineffective (Tillmann, 2007) but fails to target 

Figure 4: Reverse transcription. Reverse 
transcription is initiated via the binding of the 
polymerase to the 5’ copy of the stem loop 
structure, e, located at the terminal 
redundancy of the pgRNA. 3 nucleotides of 
the e are copied with the polymerase 
translocating to DR1 in the 3’ terminal 
redundancy. Reverse transcription continues 
and the pregenomic template is degraded by 
the   RNaseH activity of the polymerase.  Cap 
and DR1 are not degraded and translocate to 
DR2. Plus strand is synthesized  and extends 
to 5’ end of the minus strand. Circularization 
is enabled by the terminal redundancy on the 
minus strand. Plus strand synthesis is 
incomplete and packaging into the 
nucleocapsid occurs (Nassal, 2015).  
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cccDNA which causes persistence and chronicity favouring a viral relapse after 

withdrawal of the treatment (Lempp and Urban, 2014). Therefore, combinatorial 

therapies targeting other steps in the viral life cycle are required. For instance, applying 

entry inhibitor to chronically infected patients can limit de novo infection and spreading 

into naïve hepatocytes. Myrcludex B is representative for novel HBV entry inhibitors that 

has been shown to inhibit HBV entry blocking interactions with NTCP (Ni et al., 2014). 

Myrcludex B is a myristolated preS1 peptide of the L-protein that has shown to block 

HBV and hepatitis D viral (HDV) infection both in vitro and in vivo and is currently in 

phase II clinical trials (Bogomolov et al., 2016, Glebe, 2006, Gripon et al., 2005). 

 

1.2 Sodium-taurocholate cotransporting polypeptide (NTCP) 
 
NTCP is encoded by the human SLC10A1 gene and is primarily involved in sodium 

dependent bile-acid transport from the blood contributing to the enterohepatic circulation 

and homeostasis of bile acids (Hagenbuch and Meier, 1994, Stieger et al., 2012). NTCP 

is a nine transmembrane protein embedded in the cellular membrane on the 

basolateral/sinusoidal side of hepatocytes (Fig. 5) (Anwer and Stieger, 2014). The entire 

structure is not known, however, it harbours a complex glycosylation pattern with 

potential four N-glycosylation site of which two N5 and N11 were confirmed (Hallen et 

al., 2002). In addition, it has been proposed that NTCP is present as a dimer on the cell 

surface (Bijsmans et al., 2012). Substrates specificity of NTCP ranges from 

unconjugated bile acids, glycine- and taurine-conjugated bile acids, steroid sulphate 

conjugate and certain drugs (Li and Tong, 2015, Stieger et al., 2012). NTCP expression 

was shown to be higher in differentiated HCC than lower differentiated cells (Kullak-

Ublick et al., 1997). Further, isolation of primary hepatocytes displayed rapid loss in 

Figure 5: Structure of NTCP. Putative 
topology of NTCP at the plasma membrane. It 
is a nine transmembrane protein that resides 
at the basolateral/sinusiodal side of 
hepatocytes. N-glycosylation sites are 
indicated at position 5 and 11 (Appelman et al., 
2017).  
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NTCP expression (Konig et al., 2014, Rippin et al., 2001). This might explain why 

hepatoma cells are non-permissive for HBV infection.   

A combinatorial approach using biochemical and proteomic analysis discovered NTCP 

to be a bona fide receptor for HBV and HDV (Yan et al., 2012). The preS1 peptide ligand 

that consisted of the first 2-48 residues of preS1 was used as a bait and cross-linked 

with membrane proteins from primary tupaia hepatocytes (PTH). This discovery helped 

development of novel cell culture systems that support HBV infection such as the 

HepG2-NTCP K7 cells we described (Ko et al., 2018). Hepatoma cell line stably 

expressing NTCP have become an important tool for HBV studies (Li and Urban, 2016). 

Studies have shown that NTCP residues 157 – 165 are required for preS1-NTCP 

interactions highlighting the importance of NTCP in the HBV life cycle (Ni et al., 2014, 

Yan et al., 2012). Additional residues that promote sodium binding (Q68, S105N106, 

E257 and Q261) or bile acid binding (N262, Q293 and L294) are found to interfere with 

HBV infection (Yan et al., 2015). This indicates that HBV may follow the route of 

substrate transportation to enter hepatocytes. Interestingly, the single nucleotide 

polymorphism (SNP) at residue S267F of NTCP impairs bile acid transport and fails to 

support HBV infection in cell culture (Yan et al., 2014). This variant is most commonly 

found in the East Asian population and is associated with a resistance in developing 

chronic hepatitis B (Peng et al., 2014).  

Inhibition of NTCP is a promising approach for HBV/HDV prevention. Targeting early 

steps in the viral life cycle can block cccDNA establishment in naïve or newly generated 

host cells (Li and Urban, 2016). Natural substrates such as conjugated bile salt can 

interfere with HBV infection at high concentrations (Yan et al., 2014). The concentrations 

required for inhibition exceed physiological bile acid concentration in the liver hence are 

not promising for therapeutic approaches (Li and Urban, 2016). Several pharmacological 

inhibitors that interfere with HBV infection by blocking NTCP have been reported. As 

already mentioned before targeting NTCP with Myrcludex B is a promising approach 

(Schulze et al., 2010). Ezetimibe that interferes with Niemann-Pick C1-Like 1 (NPC1L1) 

disrupting cholesterol transport has also been shown to block NTCP and HBV infection 

(Lucifora et al., 2013). The peptide Cyclosporine A (CSA) and its derivatives displayed 

antiviral activity inhibiting preS1-NTCP interaction and as a consequence blocking HBV 

infection (Watashi et al., 2014). 
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1.3 Epidermal growth factor (EGF) receptor 
 
ErbB family of receptor tyrosine kinases are clustered into 4 related members one of 

which is the EGF receptor (EGFR) (Wieduwilt and Moasser, 2008). EGFR is a 

transmembrane receptor that resides at the plasma membrane (Fig. 6). Different ligand-

receptor interactions determine different routes of receptor trafficking (Roepstorff et al., 

2009). Ligands include EGF, heparin-binding EGF-like growth factor, transforming 

growth factor-α, amphiregulin, epiregulin, epigen, betacellulin and neuregulins. Ligand 

binding leads to activation of EGFR with subsequent dimerization, trans-phosphorylation 

and endocytic trafficking initiating a multi-step downstream signalling cascade (Atalay et 

al., 2003). In the acidic environment of the endosomal compartment EGFR-ligand 

complex dissociates followed by recycling of the receptor to the cell surface or lysosomal 

degradation (Herbst et al., 1994). Upon activation several signalling cascades are 

activated including Ras/MAPK, PI3K/Akt, PLCγ/PKC, and STAT pathway (Wieduwilt and 

Moasser, 2008). These pathways play an essential role in regulating cell proliferation, 

survival, differentiation and migration.  

Figure 6: Signalling pathway regulated by EGFR. Ligand binding initiates dimerisation of 
EGFR resulting in autophosphorylation. This induces signalling pathways that are involved in cell 
proiferation, survival, differentiation and migration. PI3K: phosphatitylinositol 3- kinase; Ras: 
guanosine-nucleutide binding protein; Raf: proto-oncogene serine/theonine-protein kinase; MEK: 
mitogen activated protein kinase; PLC: phospholipase c- ; DAG: diacylglycerol; STAT: signal 
trasducer and activator of transciprion; Akt: protein kinase B; ERK: extracellular-signal-regulated 
kinase; PKC: serine/threonine kinase protein kinase-C; PTEN: phosphatase and tensin 
homologue; MKP1: MAPK phosphatase 1; VEGF: vascular endothelial growth factor (Nyati et al., 
2006) 
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A recent study from Iwamoto et al. has identified the Epidermal Growth Factor Receptor 

(EGFR) as an additional entry receptor for HBV (Iwamoto et al., 2019). The study 

showed that stimulation of EGFR with its ligand EGF enhanced HBV infection. EGFR 

knockdown did not impair viral attachment but interfered with particle internalisation that 

was rescued with functional EGFR complementation. Additionally, the study showed that 

the HBV-NTCP complex colocalised with EGFR in endosomal compartments. 

Furthermore, point mutation in NTCP, the application of a decoy peptide and the 

pharmacological inactivation of EGFR with Gefitinib were able to disrupt EGFR-NTCP 

interactions.  

 

1.4 Endocytosis and intracellular trafficking  
 
Viruses utilise internalisation and trafficking machineries of the host cells to enter their 

correct replication site and proceed with the viral life cycle (Sieczkarski and Whittaker, 

2002). In the following, pathways that are dependent on the GTPase dynamin, such as 

clathrin- and caveolin-mediated endocytosis and dynamin independent pathway, 

macropinocytosis, will be introduced (Fig. 7). Dynamin self-assembles and oligomerises 

promoting scission and budding of vesicles from invaginated membranes (Mettlen et al., 

2009).  

Figure 7: Endocytic pathways exploited by viruses. Many different endocytic routes are 
available for virus particle internalisation into mammalian cells such as (A) macropinocytosis, (B) 
clathrin-independent and (C) clathrin mediated entry, (D) caveolar pathway that is closley related 
to (E) cholesterol-dependent pathway and (F) Dyanmin-2 dependent pathway (Marsh and 
Helenius, 2006). 
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1.4.1 Clathrin-mediated endocytosis  
 
Clathrin mediated endocytosis requires the involvement of clathrin that is a triskelion-

shaped scaffold comprising of three heavy and three light chains (Edeling et al., 2006). 

During clathrin mediated endocytosis the receptor and its ligand is packaged into clathrin 

coated pits at the cytoplasmic face in the presence of adaptor and accessory proteins. 

The clathrin complex is initiated by the accumulation phosphatidyl-

inositol-4,5-bisphosphate and adaptor proteins and accessory proteins including Epsins 

at the pinching site (Chang et al., 1993, Smythe et al., 1992). Scission is obtained 

through dynamin that gives rise to a clathrin coated vesicle. This vesicle uncoates and 

fuses to an endosome. Dependent on the cargo it undergoes lysosomal, recycling or 

trafficking pathways (Sorkin, 2004). Clathrin mediated endocytosis is a constitutive 

process that allows trafficking of receptors form the plasma membrane in a rapid and 

efficient manner. Thus, this pathway is exploited by the virus where the virus-receptor 

complex is transported into early and late endosomes (Marsh and Helenius, 2006). The 

exposure of the virus in the acidic environment of the endosome after rapid 

internalisation can induce changes in the viral envelope promoting viral infection (Marsh 

and Helenius, 1989). Several viruses have been shown to use this pathway for particle 

entry such as hepatitis C virus (HCV), human immunodeficiency virus (HIV) and 

vesicular stomatitis virus (VSV). Pharmacological agents that interfere with this pathway 

can be applied to identify the viral route of entry. For instance, Pitstop2 that competitively 

inhibits the terminal domain of clathrin interferes with clathrin mediated endocytosis 

therefore abolishing HIV entry (von Kleist et al., 2011).  

 

1.4.2 Caveolin-mediated endocytosis  
 
Caveolin endocytosis involves lipid rafts that are enriched in cholesterol and 

glycosphingolipids (Le et al., 2002). There are three mammalian caveolin proteins: 

Caveolin-1 (Cav-1) that is co-expressed with Caveolin-2 (Cav-2) in abundant cells such 

as fibroblast and endothelial cells whereas Caveolin-3 (Cav-3) is exclusively expressed 

in muscle specific tissues (Doherty and McMahon, 2009, Ikonen et al., 2004). Caveolin-

1 phosphorylation at tyrosin14 is important for caveolar endocytosis through vesiculating 

(Orlichenko et al., 2006). Dynamin is required for the caveolar to pinch off from the 

membrane (Kirkham and Parton, 2005, Oh et al., 1998). The caveolar are very stable 

and immobile at the plasma membrane and bud less frequently than clathrin coated 

vesicles which indicated that this pathway is not involved in the continuous process of 
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endocytosis (Pelkmans and Helenius, 2002). Ligands such as cholera toxin B (CTB) or 

simian virus 40 (SV40) have been shown to enter the cell via caveolar endocytosis. The 

cargoes are either transported to the acidic early endosomes or to pH neutral 

caveosomes and subsequently trafficked to their penetration sites (Marsh and Helenius, 

2006). Caveolar endocytosis inhibitors such as nystatin or methyl-beta cyclodextrin 

(MbCD) which deplete cholesterol from the membrane change the membrane 

composition preventing caveolar formation (Lajoie and Nabi, 2010). Different to clathrin-

mediated endocytosis which is ubiquitous, caveolae are only present in limited cell types 

and not detectable in neuron, leukocytes and hepatocytes (Parton and Simons, 2007, 

Parton and Richards, 2003). 

 

1.4.3  Macropinocytosis  
 
Macropinocytosis is actin-dependent and promotes fluid and membrane internalisation 

into large vacuoles, designates macropinosomes (Schelhaas, 2010, Watts and Marsh, 

1992). These macropinosomes form through membrane ruffling at the plasma 

membrane giving rise to cavities that are filled with fluids and closed by membrane fusion 

(Marsh and Helenius, 2006). These plasma membrane protrusions can form 

lamellipodia, filopodia or blebs (Mercer et al., 2010). The fate of these vesicles is cell 

type dependent, however, after entering the cytoplasm the vesicles are either being 

recycled back to the plasma membrane or follow the endosomal pathway (Hewlett et al., 

1994, Racoosin and Swanson, 1993). Numerous factors and the mode of stimulation 

can contribute to macropinocytosis in various cell types (Mercer et al., 2010). Induction 

of macropinocytosis may involve cellular lipids, kinases, GTPases, Na+/H+ exchangers 

and more. In general, macropinocytosis does not rely on specific ligand-receptor 

interaction and is considered to be rather non-specific (Sieczkarski and Whittaker, 2002). 

Viruses can induce membrane ruffling entering the cell via macropinocytic endosytosis 

(Mercer et al., 2010). Viruses that have been reported to take this route are vaccinia 

virus, adenovirus type 3 and herpes simplex virus 1 (Mercer and Helenius, 2009). Most 

of these viruses depend on the Na+/H+ exchanger activity for particle internalisation. 

Perturbation analysis employing amilorides and derivates such as 5-(N-Ethyl-N-

isopropyl) amiloride (EIPA) that inhibit Na+/H+ exchangers may help decipher 

dependency of the macropinocytic pathway for viral entry (Devadas et al., 2014, Meier 

et al., 2002, Dowrick et al., 1993).  
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1.4.4 pH dependency in viral entry 
 
Following internalisation into the host cell the viral particle may be exposed to the acidic 

environment of the endosome. The pH in the endosomes can promote conformational 

changes in the virus or may be required for host enzyme activity to induce such changes 

facilitating viral penetration (Marsh and Helenius, 2006). The endosomal pathway traffics 

endocytic vesicles through compartments with increasing acidity from early to late 

endosome that in a subsequent step is either degraded in a lysosome or is recycled back 

to the plasma membrane (Gruenberg and van der Goot, 2006). Rab proteins are reliable 

markers to distinguish between different endosomal compartments that regulate vesicle 

formation, movement and membrane fusion (Stenmark and Olkkonen, 2001). In a Rab5-

dependent manner the early endosome (pH 6.5-6) matures into the late endosome (pH 

6- 5.5). Furthermore, the maturation is induced by the activity of the vacuolar membrane 

proton pump, v-ATPase, increasing acidity (Forgac, 2007). As a consequence, the 

endosomes lose Rab5 and acquire Rab7 that allows fusion with lysosomes. The viral 

penetration site for fusion and uncoating can depend on the pH level in these 

compartments inducing endosomal escape (Marsh and Helenius, 2006). 

Pharmacological intervention with e.g. Bafilomycin A1, which inhibits v-ATPase 

preventing acidification help to decipher the requirement for low pH in viral entry and 

productive infection (Drose and Altendorf, 1997). For various viruses, such as sindbis 

and influenza virus acidic pH in the endosomes is crucial for infection triggering fusion 

and uncoating (Smith and Helenius, 2004, White and Helenius, 1980). 

 

1.4.5 Cytoskeleton in endocytic pathways 
 
The cytoskeleton defines the cell shape mediating cell robustness, cell- to cell contact 

and promoting cell motion and organelles trafficking inside the cell (Pollard and Cooper, 

2009). Viruses can hijack cytoplasmic membrane trafficking for intracellular transport 

(Dohner and Sodeik, 2005). During viral entry viruses often use the endocytic route to 

establish viral infection (Sieczkarski and Whittaker, 2002). Additionally, single viral 

components can directly interact with cytoskeleton network. Cytoskeleton filaments 

comprise of monomeric actin that can polymerise into microfilaments and dimeric tubulin 

that that polymerise to tube like structures (Welch and Mullins, 2002). Further, 

intermediate filaments are formed by keratin or vimentin (Dohner and Sodeik, 2005). 

Upon viral binding to the host cell cortical actin beneath the plasma membrane can 

contribute to particle internalisation and endocytosis (Doherty and McMahon, 2009, 
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Marsh and Helenius, 2006). Dynamic actin assembly contribute to vesicle formation and 

fission and play an important role in endosomal trafficking (Mercer et al., 2010, Smythe 

and Ayscough, 2006). Upon reaching the cytoplasm viruses and viral capsid require 

trafficking to defined locations in the cytoplasm or nucleus for viral replication. Many 

viruses such as herpes simplex virus 1 and adenovirus 2 move along the microtubules 

to reach the nucleus (Mabit et al., 2002). Application of pharmacological agents allow 

targeting of cytoskeleton proteins and deciphering the role in viral entry. For instance, 

cytochalasin and latrunculin interfere with actin polymerisation and colchicine and 

nocodazole depolymerise microtubules (Cooper, 1987, Jordan and Wilson, 1999).     

 

1.5 In vitro model systems to study HBV  
 
The paucity of appropriate cell culture models makes it difficult to study HBV infection at 

early stages and identifying novel host factors.  

Primary human hepatocytes (PHH) are considered to be the most physiological system 

that are permissive for HBV infection supporting the entire life cycle (Gripon et al., 1988). 

The culturing and usage of PHH come with certain constrains. PHH do not expand in 

cell culture and harbour a limited time span requiring special culture condition (Verrier et 

al., 2016).  Furthermore, HBV infection depends on the genetical background of the host 

and can vary due to the loss of cell polarisation after culturing (Glebe and Urban, 2007, 

Gripon et al., 1988). Interestingly, primary hepatocytes from the tree shrew Tupaia 

belangeri (PTH) are permissive for HBV infection (Su, 1987, Walter et al., 1996). PTH 

allowed the identification of NTCP as a novel receptor for HBV and HDV infection 

demonstrating a suitable system for viral analysis (Yan et al., 2012). Despite the 

limitations in using primary hepatocytes, these cells provide a physiological scenario that 

allows the study of HBV infection and the antiviral response (Luangsay et al., 2015).  

Another cell model that displays more physiological features compared to hepatoma cell 

lines are HepaRG cells. These are liver progenitor cells that are derived from a 

hepatoma in a patient infected with hepatitis C virus (HCV) (Andersson et al., 2012). 

HepaRG cells can differentiate to hepatocyte-like cells and bile duct-like epithelial cells. 

These hepatocyte-like cells fully support HBV infection and can mount antiviral 

responses similar to those seen in primary cells (Shen et al., 2018). The limitations are 

long-time differentiation periods and low level of viral infection that make high-throughput 

screening difficult (Hu et al., 2019).  

The hepatoma cell lines HepG2 and Huh7 cells engineered to stably express NTCP are 

most commonly used for HBV infection studies. These cells allow characterisation from 
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HBV attachment to cccDNA establishment and can be screened for antiviral agents (Ko 

et al., 2018, Verrier et al., 2016). The shortcomings of these cells are the oncogenic 

transformation that fail to reflect original hepatocyte physiology overexpressing NTCP 

and the incapability to induce immune responses (Hu et al., 2019). 

In non-human cells in the presence of human NTCP, macaque and pig hepatocyte are 

able to promote infection, however, mice and rats failed to support HBV infection 

(Burwitz et al., 2017, Lempp et al., 2017). Fusion assays that included HepG2 and 

mouse cells displayed that infection in mouse cell is hampered by the lack of a host cell 

dependency factor. This indicates that apart from receptor specificity species dependent 

host factors play an important role in HBV infection.  

Non-hepatic cells like HEK293T, that are human embryonic kidney cells, have been 

shown to support cccDNA formation from intracellular recycling pathway but do not 

support HBV entry and HBV transcription (Gao and Hu, 2007, Hu et al., 2019, Quasdorff 

and Protzer, 2010, Seeger and Mason, 2013). This indicates that non-hepatic cells might 

have host factors that could contribute to the HBV life cycle.  

Comparative studies of human hepatic and non-hepatic cells for HBV permissivity might 

help identifying those tissue specific factors that are required for productive HBV 

infection.   

 

1.6  Aim of the study  
 
Our limited knowledge of the host pathways regulating HBV entry hinders the 

development of model systems that recapitulate the efficiency and dynamics of HBV 

infection in the liver. The identification of cellular factors regulating HBV entry will 

facilitate the generation of physiological in vitro systems, be key to develop suitable in 

vivo models and promote the development of preventive and therapeutic anti-viral 

strategies. 

 

Current infection protocols require pre-differentiation of the cells with dimethyl sulfoxide 

(DMSO) and uses high viral titers and a long inoculation time with the addition of 

polyethylene glycol (PEG) to initiate infection (Michailidis et al., 2017, Ko et al., 2018). 

This approach is cumbersome and prohibitive to the study of HBV entry. Development 

of a sensitive assay that allows monitoring HBV entry in a synchronised manner is 

expected to allow characterising HBV trafficking pathway and unravel entry kinetics. 

The aim of this study was to (I) develop a sensitive assay to analyse different steps of 

the HBV life cycle, (II) characterising features of NTCP for physiological functions and in 
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greater detail defining a distinct role in HBV entry and (III) examine the dynamic 

processes involved in HBV uptake.  

Apart from NTCP being a key host factor required for HBV infection we consider an 

interplay with other potential co-receptors and molecules that are involved in HBV uptake 

receptors.  
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2 Results 
 
2.1 Establishment of a synchronised uptake assay  
 
We lack a detailed understanding as to how HBV entry and dissemination is regulated 

by host cellular pathways. This hinders the development of model systems that allow 

efficient HBV infection. Current HBV infection models and protocols require high MOI 

and a long exposure of viral inoculum in the presence of polyethylene glycol (PEG) which 

may alter HBV internalisation dynamics.  

As a first step, we established an assay that allows synchronised HBV internalisation 

(Fig. 8).  Cells were pre-chilled on ice and ice-cold HBV containing inoculum was added 

and incubated for 1 hour at 4 °C. This allowed the virus to attach at the cell surface 

without being internalised. After a medium exchange cells were shifted to 37 °C which 

allowed synchronised particle internalisation. Uptake kinetics were analysed in a 1-72 

hours’ time frame. At time of harvest cells were subjected to a short trypsinisation 

removing bound but non-internalised HBV particle. As output measurements, 

intracellular HBV DNA, cccDNA and HBeAg were analysed.  

 

 

Figure 8: Synchronised HBV uptake assay. Pre-chilled cells are inoculated with HBV for 1 hour 
at 4 °C (attachment). This allows viral attachment to the cell surface without internalisation. 
Subsequently, cells are shifted to 37 °C promoting synchronous internalisation of viral particle 
(synchronized entry). Upon harvest at distinct time points cells are subjected to trypsinisation 
removing bound and non-internalised viral particle and analysed for HBV parameters (post-entry 
events). 
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To evaluate if this assay is suitable for HBV entry analysis I first examined viral 

attachment to the cell surface at 4 °C measuring cell-associated HBV DNA. Viral 

inoculum was added to HepG2 and respective cells that express NTCP (HepG2-NTCP 

K7) at 4 °C for 1 hour. Furthermore, trypsin, a protein digesting enzyme, was added to 

eliminate bound virus.  

HBV attachment did not significantly differ between parental or NTCP-expressing cells 

(Fig. 9A). Trypsin treatment significantly reduced cell-bound virus up to 90 %. HBV 

attachment to the cell surface showed a MOI dependent increase (Fig. 9B). Further, the 

sensitivity of the virus infectivity to trypsin was investigated. Virus pre-treated with trypsin 

significantly lost infectivity by 90 % (Fig. 9C). This confirmed that trypsin was able to 

remove bound virus at the cell surface and rendered the virus non-infectious.  

To investigate whether HBV particles were able to internalise into cells, virus was 

inoculated at 4 °C for 1 hour and either directly treated with trypsin to digest cell-bound 

virus or cells were subsequently shifted to 37 °C for 6 hours and trypsinised prior to 

harvest (Fig. 9D). Internalisation of the virus was measured by quantifying total 

intracellular HBV DNA in both HepG2 and HepG2-NTCP K7 cells. HBV uptake into 

HepG2 cells was significantly lower than in HepG2-NTCP K7 cells.  

To investigate whether internalised virus could establish a productive infection cells, 

were then shifted for 1, 3 and 6 hours to 37 °C, subjected to trypsinisation at indicated 

time points and either harvested for intracellular DNA measurements or media was 

replaced and supernatants were analysed 3 and 7 days post inoculation for HBeAg 

secreted by HBV infected cells (Fig. 9E). Significantly increasing amount of total 

intracellular HBV DNA was detected within 1 – 6 hours compared to the 4 °C 

trypsinisation that was set as negative control. Respective HBeAg values showed a time 

dependent increase indicating that internalised virus from 1 hour onwards post trypsin 

treatment can lead to a productive infection.  

 

In summary, the synchronised HBV uptake assay allows monitoring HBV kinetics 

spanning viral attachment, particle internalisation and establishment of a productive 

infection. 
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Figure 9: Characteristics of the synchronised HBV uptake assay. (A) HBV attachment (MOI 
200) in HepG2-NTCP K7 and HepG2 cells was assessed. Cell-associated HBV DNA relative to 
PRNP (prion protein gene) was analysed in the presence and absence of trypsinisation after 1 
hour at 4 °C. (B) HBV attachment with increasing MOI (20- 2000) was analysed measuring cell-
associated HBV DNA relative to PRNP. (C) Effect of trypsin on viral infectivity was analysed via 
HBeAg measurements at day 5 post infection (p.i.). (D) HBV uptake assay was performed on 
HepG2-NTCP K7 and HepG2 cells. Cells were either harvested after 1 hour at 4 °C upon 
trypsinisation or shifted to 37 °C for 6 hours with subsequent trypsinisation and analysed for total 
intracellular HBV DNA relative to PRNP. (E) HBV uptake assay was performed and cells were 
either trypsinised and harvested after 1 hour at 4 °C or after shifting to 37 °C for 1, 3 and 6 hours 
harvested for total intracellular HBV DNA analysis. In the same experimental setup post 
trypsinisation fresh media was added and secreted HBeAg was measured at day 3 and 7 p.i. 
Data represent one independent experiment. In total three independent experiments with up to 
four biological replicates were performed. Statistical analysis: Student’s unpaired t-test (ns: not 
significant, *p<0.05, **p<0.01, ***p<0.001). 
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To verify that the intracellular HBV DNA signal from internalised virus was dependent on 

viral encoded glycoproteins or NTCP, I employed reagents that are known to inhibit HBV 

infection (Fig. 10A). Heparin, that shields the virus from HSPG attachment, Myrcludex 

B, a preS1 peptide that specifically interferes with NTCP by blocking viral entry and 

Hepatect, a polyclonal antibody mixture known to neutralise infection were applied 

(Beckebaum et al., 2018, Lempp and Urban, 2014). All agents were able to significantly 

inhibit HBV entry to over 90 % and prevented subsequent cccDNA formation. Since 

heparin blocked entry and infection most efficiently it was further included as negative 

control for subsequent experiments.  

HBV S-protein is known to be important in HBV attachment and entry (Lu and Block, 

2004, Sureau and Salisse, 2013). Thus, I further investigated the effect of serum derived 

non-infectious subviral particles (SVP) that contain the S-protein on HBV entry (Fig. 

10B). Purified serum derived SVP was used to circumvent adverse effects through 

bacterial or yeast residual proteins which can be an alternative source for SVP 

production. Subviral particles were applied in a dose dependent manner, ranging from 

20 to 200 µg in the presence of HBV. At 20 µg subviral particles did not have an effect 

on HBV entry. However, with increasing HBs concentrations virus entry was significantly 

reduced which was confirmed with HBeAg measurements. This indicated competition of 

exogenous SVPs at higher concentrations with the viral envelope for viral receptors and 

confirmed that HBV entry in this assay is S-protein-dependent and thus specific for HBV.   

As for the standard HBV infection protocol polyethylene glycol (PEG) and dimethyl 

sulfoxide (DMSO) are used I next investigated their impact on HBV entry. Both are not 

physiologically relevant to human infection but are required in in vitro systems. PEG 

significantly increased HBV uptake up to 8-fold which was specifically inhibited by 

heparin (Fig. 10C) (Ko et al., 2018). PEG is known to promote membrane fusion and 

may induce non-specific fusion between viral particle and the host membrane (Yang and 

Shen, 2006). The usage of PEG was therefore omitted in subsequent experiments to 

provide a more physiological setting and resemble natural human infection.  

DMSO did not have an impact on HBV entry (Fig. 10D). However, for further experiments 

DMSO was included since it is known to be needed for downstream cccDNA 

transcription (Ko et al., 2018, Sainz and Chisari, 2006). 

 

Altogether, these findings confirm that the established synchronised uptake assay is 

HBV specific and dependent on viral glycoproteins, showed HSPG mediated attachment 

and NTCP-mediated entry and can be further employed to investigate HBV 

internalisation kinetics. 
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Figure 10: Specificity of the HBV uptake assay. (A) Analysis of HSPG, NTCP and viral 
glycoprotein dependency with known inhibitors heparin (50 IU/ml), Myrcludex B (200nM) and 
Hepatect (0.5 IU/ml), respectively, in the HBV uptake assay (MOI 200). Total intracellular HBV 
DNA at 6 hours post 37 °C shift and subsequent cccDNA at day 3 p.i.  was measured relative to 
PRNP. (B) Evaluation of serum derived subviral particles (SVPs) on HBV uptake at 6 hours post 
37 °C shift and infection at day 3 p.i. (MOI 200). Purified SVPs were co-treated in a dose 
dependent manner (20-200 µg) upon HBV inoculation. Effect of (C) 4 % PEG and (D) 2.5 % 
DMSO and on synchronised HBV uptake at 6 hours post 37 °C shift was investigated measuring 
total intracellular HBV DNA relative to PRNP. Data represent one independent experiment. In 
total three independent experiments with up to three biological replicates were performed. 
Statistical analysis: Student’s unpaired t-test (ns: not significant, *p<0.05, **p<0.01, ***p<0.001); 
n.d.: not detectable.  
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2.2  HBV entry kinetics  
 

To this date, HBV internalisation dynamics still remain unclear. The following chapter 

will address entry kinetics by employing the synchronised HBV uptake assay. 

 

2.2.1 Evaluation of HBV uptake kinetics  
 
To further characterise HBV entry kinetics, analysis on different hepatic and primary cells 

was obtained (Fig. 11). Virus was inoculated at 4 °C for 1 hour and shifted to 37 °C for 

indicated time points (0- 8 hours). At each time point the cells were trypsinised prior to 

harvest for total intracellular HBV DNA analysis. HepG2-NTCP K7 cells showed a time-

dependent increase in total intracellular HBV DNA until 8 hours whereas the respective 

parental cell line, HepG2 cells, showed modest uptake capacity (Fig. 11A). The same 

kinetic profile was observed in Huh7-NTCP and the respective parental cell line (Fig. 

11B). Further, entry kinetics was assessed in HepaRG cells and primary human 

hepatocytes (PHH) in order to provide a more physiological context (Fig. 11C-D). In 

order to obtain sufficient signal in these cells for analysis, PEG was required. In both 

cells similar kinetics as for HepG2 and Huh7 cells containing NTCP was observed with 

a time dependent increase in intracellular HBV DNA up to 6 hours for PHH, and 8 hours 

for HepaRG cells.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11: HBV internalisation kinetics into target cells. Synchronised HBV uptake (MOI 200) 
was assessed over time (0-8 hours) in (A) HepG2 and HepG2-NTCP K7 cells (B) Huh7 and Huh7-
NTCP (C) HepaRG (D) and PHH. HBV uptake was measured analysing total intracellular HBV 
DNA relative to PRNP at indicated time points post 37 °C shift. Note, in HepaRG and PHH 4 % 
PEG was required for sufficient signal. Data from one representative experiment is shown. In total 
three independent experiments with up to four biological replicates were performed.  
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To further characterise HBV entry, I selected HepG2-NTCP K7 cells for subsequent 

analysis since HBV infection of these cells are very efficient  (Ko et al., 2018).  

Internalisation was monitored measuring the following viral parameters, incoming HBV 

core and envelope proteins as well as intracellular HBV DNA in the first 24 hours post 

37 °C shift (Fig. 12). For incoming HBV envelope and core protein an increase was 

observed until 8 hours post internalisation with a subsequent decrease (Fig. 12A). 

Interestingly, intracellular HBV DNA depicted a delayed peak at 12 hours (Fig. 12B).  

 

To conclude, these data insinuate the time frame of viral uncoating in the cytoplasm and 

nuclear entry of the genome for cccDNA formation. 
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Figure 12: Characterisation of entry kinetics in HepG2-NTCP K7 cells. (A) Synchronised HBV 
uptake kinetics (MOI 200) was further dissected by analysing incoming HBV envelope and core 
protein over time (0-24h) via Western blot. (B) A summary of internalisation kinetics is depicted 
showing total intracellular HBV DNA, incoming HBV core and envelope protein kinetics. Bands 
determined at indicated time points in panel A for HBV core and envelope protein was quantified 
and plotted. The highest values at 8 hours were set to 100 %. For total intracellular HBV DNA the 
highest value at 12 hours was set to 100 %. Data from one representative experiment is shown. 
In total three independent experiments were performed. 
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Table 1: Absolute quantification of early events in the HBV life cycle. Absolute copy 
numbers relative to cm2 of total HBV DNA as input virus (MOI 200), cell-associated HBV DNA 
for 1 hour at 4 °C (attachment) and total intracellular HBV DNA after synchronised uptake at 
6 hours post 37 °C shift is depicted. Absolute cccDNA values at 72 hours p.i. are displayed. 
Relative percentages from preceding step which was set to 100 % was calculated in HepG2 
and HepG2-NTCP K7 cells. These data are presented as the mean ±  SEM and combine eight 
independent experiment with biological duplicates. n.d.: not detected. 

2.2.2  Rate-limiting steps in the early HBV life cycle 
 
To study the rate-limiting steps in HBV entry the distinct steps in the early viral life cycle 

was summarised. Table 1 displays the absolute numbers relative to cm2  in total HBV 

DNA (input virus), cell-associated HBV DNA at 4 °C (attachment), total intracellular HBV 

DNA at 6 hours and cccDNA formation at 72 hours post 37 °C shift in HepG2 and HepG2-

NTCP K7 cells. This data set combines the analysis of eight individual experiments with 

biological duplicates. Relative percentage values to the preceding step in viral entry has 

been calculated. In HepG2 cells 18 % of input virus was able to attach at the cell surface 

and 8 % was able to internalise. From total virus attached at the cell surface 45 % was 

able to internalise. However, internalised virus did not result in a productive infection 

since cccDNA was not detected at 72 hours. In HepG2-NTCP K7, 25 % of input virus 

was able to attach at the cell surface. In the presence of NTCP attachment was 

comparable to parental HepG2 cells. With NTCP, however, 83 % of attached viral 

particles were able to internalise. Subsequently, only 0.6 % from attached virus was able 

to form cccDNA at 72 hours p.i. in the presence of NTCP and none without NTCP.  

A loss of 2 logs was observed between internalised virus and cccDNA formation. This 

indicated that degradation events may occur during viral entry, viral uncoating, nuclear 

import or rc- to cccDNA conversion.  

 

Concluding my data indicate slow and inefficient processes are involved in the early HBV 

life cycle. Furthermore, they indicate that rc- to cccDNA conversion imposes a major 

restictrion in HBV infection efficacy.  
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2.2.3 Subcellular localisation of HBV DNA  
 
The time frame as to when HBV accesses the nucleus still is unknown. To investigate 

this, I analysed synchronised HBV uptake into subcellular compartments quantifying 

total intracellular HBV DNA and cccDNA. Whole cell lysates from HepG2-NTCP K7 cells 

were fractionated into cytoplasm and nucleus and purification assessed by measuring 

nuclear (lamin A/C) and cytoplasmic (a-tubulin) resident proteins (Fig. 13A). Analysis of 

PRNP gene, that is exclusively present in the nucleus, via qPCR at indicated time points 

was used as quality control confirming fractionation (Fig. 13B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

HBV uptake post 37 °C shift was investigated from 0 - 72 hours. Samples were harvested 

post trypsinisation at indicated time points and separated into cytoplasmic and nuclear 

fractions and analysed for total intracellular HBV DNA or cccDNA (Fig. 14).  

The levels of HBV DNA in the cytoplasm increased up to 12 hours and declined 

thereafter (Fig. 14A). In the nucleus HBV DNA was first detected between 3 and 6 hours 

post incubation at 37 °C that increased up to 24 hours with a subsequent decline. 

cccDNA was first detected 24 hours post 37 °C shift and increased until 72 hours in the 

nucleus and was negative in the cytoplasm (Fig. 14B). At 6 hours the absolute copies of 

HBV DNA in the nucleus was approximately one log lower than in the cytoplasm (Fig. 
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Figure 13: Subcellular fractionation into cytoplasm and nucleus. (A) Western blot targeting 
lamin A/C and a-tubulin that are nuclear and cytoplasmic resident protein, respectively. Whole 
cell lysate was included as a control. (B) Upon synchronised HBV entry samples were subjected 
to qPCR analysis of cytoplasmic and nuclear extracted DNA for PRNP at indicated time points 
post 37 °C shift. Data from one representative experiment is shown. In total three independent 
experiments with biological duplicates were performed. 
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14A) indicating nuclear transport of rcDNA. When cytoplasmic HBV DNA reached a peak 

at 12 hours the amount of HBV DNA in the nucleus was an approximately 3-fold lower. 

HBV DNA in the nucleus reached its maximum at 24 hours, however, overall values 

were 2-fold lower compared to HBV DNA in the cytoplasm. Total cccDNA numbers from 

24 – 72 hours were 4- to 2 -log lower compared to the corresponding HBV DNA values 

in the cytoplasm and nucleus, respectively (Fig. 14B). These results indicate degradation 

events occurring between particle internalisation and cccDNA formation (Fig. 14C). 

The overall nucleus to cytoplasm ratio of HBV DNA increased until 48 hours with a 

subsequent decrease until 72 hours confirming rc- to cccDNA conversion. 

In comparison to table 1 the total intracellular HBV DNA values at 6-hour p.i. in this 

experiment were 10-fold higher. This may be due to changes in the experimental setup 

e.g. sample separation into subcellular compartments, HepG2-NTCP K7 cell condition 

and general variations among individual experiments.  

 

In summary, this data showed that the delivery of the viral genome from the cell surface 

to the nucleus took 3-6 hours. However, cccDNA was only detected at only 24 hours 

post 37 °C shift demonstrating that the conversion from rc- to cccDNA is slow and 

inefficient.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14: Localisation of HBV DNA and 
cccDNA in subcellular fractions. 
Synchronised HBV entry kinetics (MOI 200) 
from 0-72 hours analysing absolute copies 
relative to cm2 of (A) total intracellular HBV 
DNA and (B) cccDNA in the cytoplasm and 
nucleus. (C) Total intracellular HBV DNA was 
analysed and depicted as nucleus to cytoplasm 
ratio. These data are presented as the mean ±  
SEM and combine two independent experiment 
with biological duplicates. 

C  

A  B 



  Results 
 

39 

The rc- to cccDNA conversion may be time-limiting for two distinct reasons, first, the 

activation of host factors required for conversion or second, due to the viral genome 

uncoating from the capsid at the nucleus. To assess the latter, I employed a HBV core 

protein allosteric modulator (CpAM) that is primarily known to interfere with capsid 

assembly (Ko et al., 2019, Ruan et al., 2018). Recently, the heteroaryldihydropyrimidine 

(HAP)-type CpAM, HAP_R01 was shown to prevent the establishment of HBV infection 

(Ko et al., 2019). HAP_R01 at optimal dose (5 µM) was employed to investigate whether 

disrupting capsid integrity had an impact on cccDNA formation. I repeated subcellular 

fractionation as described in figure 14 and monitored synchronised HBV internalisation 

between 0-72 hours in the presence and absence of HAP_R01. Both in the cytoplasm 

and nucleus the HAP_R01 treated samples showed a time dependent increase until 12 

hours in total intracellular HBV DNA similar to the untreated control (Fig.15A). However, 

total intracellular cytoplasmic HBV DNA had rapidly declined after 24 hours compared 

to untreated control. A rapid decline in nuclear HBV DNA in the presence of HAP_R01 

was also observed after 24 hours (Fig. 15B). Compared to the untreated control, where 

cccDNA was present at 24 hours, cccDNA in HAP_R01 treated samples was detected 

only at 48 hours (Fig. 15C). Interestingly, a more than 2-fold reduction in cccDNA was 

observed when HAP_R01 was applied.  

 

In summary, these data suggest that capsid integrity is required for efficient cccDNA 

establishment from incoming virus.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15: The effect of CpAM, HAP_R01, on 
cccDNA formation. Synchronised particle 
internalisation was monitored 0 -72 hours. Cells 
were co-treated with HAP-R01 (5 µM) during HBV 
inoculation. An untreated control was included for 
each time point. Total intracellular HBV DNA copies 
relative to cm2 in the (A) cytoplasm, (B) nucleus and 
(C) cccDNA copies in the nucleus were analysed. 
Data represent one independent experiment. In 
total three independent experiments with biological 
duplicates were performed. 
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2.3 Visualisation of incoming viral particle  
 
Imaging can contribute to a better understanding of a spatio-temporal resolution of virus 

–host interactions at its earliest time points. Visualisation of HBV entry would provide 

new opportunities to define the role of HBV receptors, uncoating of the viral capsid as 

well as nuclear import of the virus. 

Several antibodies targeting HBV structural proteins such as core and envelopes are 

available. I assessed synchronised particle entry and stained for incoming core particle 

with a core-specific antibody (data not shown). Unfortunately, this approach was not 

successful, which may be due to antibody dependent sensitivity issues.  

Next, I stained for incoming virus targeting HBV envelope protein with a specific antibody 

(H863) that recognises all three, small, middle and large surface proteins of HBV (Fig. 

16A). To ensure sufficient signal for detection I used a high MOI of 1000 and included 

PEG for imaging. Synchronised viral uptake was monitored in HepG2-NTCP K7 cells for 

1, 3 and 6 hours post 37 °C shift with heparin that blocks viral entry serving as a negative 

control. A time dependent increase in intracellular HBV envelope proteins was observed 

which confirmed kinetic analysis from figure 11 and 12. Heparin inhibited particle 

internalisation confirming uptake was HBV specific. Being able to visualise envelope 

proteins from incoming HBV particle gives us an insight of the cellular localisation of 

these proteins in the cell. However, this does not necessarily indicate the location of the 

intact virus. At some point in the early life cycle the viral capsid needs to be released in 

order to deliver the genome into the nucleus where the envelope of the virus remains in 

the cytoplasm.  

To overcome this problem, I generated a virus that was labelled in the viral genome. The 

HBV producing cell line HepG2.2.1.5 was supplemented with 5-Ethynyl-2'-deoxycytidine 

(EdC) which incorporated into the genome of newly produced secreted virus. The 

visualisation of the viral genome is based on “click-chemistry”. The ethynyl containing 

DNA reacts with a biotin-azide in the presence of copper. As previously reported, to 

enhance sensitivity I added a strepatividin-Cy5 tag that binds to biotin-azide (Winer et 

al., 2018). I purified EdC containing virus secreted from treated HepG2.2.1.5 cells in 

parallel with untreated samples and checked for viral infectivity. EdC did not impair the 

viral infectivity as HBeAg levels upon infection into HepG2-NTCP K7 cells when 

compared to non-modified HBV (Fig. 16B). Based on this, I analysed synchronised entry 

into HepG2-NTCP K7 cells looking at 6 hours post 37 °C shift and included heparin as 

a negative control (Fig. 16C). After performing the “click reaction” samples were 
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subjected to confocal microscopy. EdC-HBV inoculated cells showed a positive Cy5 

signal confirming viral entry. Heparin inhibited EdC-HBV entry into the cells.  

 

These two staining protocols established will enable to dual stain for incoming HBV 

monitoring viral envelope and genome at the same time. These studies will give an 

insight into how and when HBV uncoating and the delivery of the genome in the nucleus 

occurs. 
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Figure 16: Tools to image HBV entry. (A) Synchronised HBV uptake (MOI 1000) was assessed 
in the presence of 4 % PEG. Incoming virus was stained for HBV envelope protein at the indicated 
time points post 37 °C shift (1-6 hours). Heparin was used as negative control. Envelope staining 
and a merge with DAPI is depicted. (B) Infectivity of EdC-HBV was compared to non-modified 
virus by measuring infection analysing HBeAg at day 5 p.i.. (C) Synchronised HBV-EdC 
internalisation at 6 hours post 37 °C shift is depicted showing Cy5 staining for HBV DNA with 
merge indicating nuclear DAPI staining.  
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2.4  Characterisation of entry pathway exploited by HBV 
 

I investigated possible endocytic pathways involved in HBV entry by employing specific 

pharmacological inhibitors. Moreover, I studied the role of caveolin-1 and dependency 

on the cytoskeleton in HBV entry.  

 

2.4.1 Cellular endocytic pathways required for HBV entry and infection  
 
To investigate which cellular endocytic pathways are important for productive HBV entry 

and infection, the dependency of cholesterol-, dynamin-, clathrin- mediated pathways 

and macropinocytosis was analysed. 

Synchronised particle internalisation at 6 hours post 37 °C shift measuring total 

intracellular HBV DNA in the presence of pharmacological inhibitors that interfere with 

the above mentioned pathways were employed. In parallel, the effect on HBV infection 

was monitored analysing HBeAg 5 days post inoculation. Pharmacological agents were 

used at concentrations where no cell toxicity was observed. Heparin and Myrcludex B 

that inhibit HBV entry were included as negative controls (Fig. 17). All inhibitors were 

tested on HepG2-NTCP K7, Huh7-NTCP and HepaRG cells at optimal dose. 

MbCD, methyl-b-cyclodextrin, depletes cholesterol at the cell surface hence interferes 

with caveolin-mediated endocytosis downstream (Lajoie and Nabi, 2010). MbCD was 

pre-treated prior to HBV inoculation. It was able to significantly reduce HBV entry in all 

tested cell lines. This was confirmed with the reduction of HBeAg level upon viral 

infection (Fig. 17A-C).  

Dynamin is a GTPase protein that is primarily involved in pinching off from the plasma 

membrane for both caveolin- and clathrin-dependent endocytosis. This can be perturbed 

using Dynasore that inhibits scission of endocytic vesicles (Mettlen et al., 2009).  

Co-treatment of Dynasore during HBV inoculation significantly inhibited HBV entry and 

infection in HepG2-NTCP K7 and Huh-7 NTCP cells (Fig. 17A-B). It did not have an 

effect on HepaRG cells (Fig. 17C). 

Furthermore, I tested Pitstop a selective inhibitor for clathrin-mediated endocytosis. 

Pitstop, that was co-treated during inoculation, reduced HBV entry and infection to 50 % 

in HepG2-NTCP and Huh7-NTCP cells. However, the inhibition was more pronounced 

in HepaRG cells. 
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Figure 17: Characterising endosomal pathways exploited by HBV. To dissect the HBV entry 
pathway pharmacological agents targeting cholesterol-dependency (MbCD: 5 mM), dynamin- 
(Dynasore: 100 µM), clathrin- mediated endocytosis (Pitstop: 50 µM) and macropinocytosis 
(EIPA: 100 µM) were applied. Synchronised entry at 6 hour post 37 °C shift measuring total 
intracellular HBV DNA as well as HBV infection measuring HBeAg at day 5 p.i. was analysed in 
(A) HepG2-NTCP 7 cells, (B) Huh7-NTCP and (C) HepaRG cell. Data represent one independent 
experiment. In total three independent experiments with biological triplicates were performed. 
Statistical analysis: Student’s unpaired t-test (ns: not significant, *p<0.05, **p<0.01, ***p<0.001). 
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Other mechanism of cellular entry such as macropinocytosis requires substantial 

rearrangements of the plasma membrane. To examine if HBV is taken up via 

macropinocytosis, I employed EIPA, ethyl-isopropyl amiloride, that inhibits the Na+/H+ 

exchanger (Devadas et al., 2014, Dowrick et al., 1993, Meier et al., 2002). In all tested 

cell lines co-treatment with EIPA did not affect HBV entry and infection.  

As HepG2-NTCP K7 and Huh7-NTCP cells are cell lines easier to work with I continued 

characterising their requirement for clathrin in HBV entry.  

To validate that these cells harbour functional clathrin pathway I tested labelled 

transferrin which is known to be taken up in a clathrin dependent manner (Fig. 18A). In 

both HepG2-NTCP K7 and Huh7-NTCP cells transferrin was taken up by the cells in a 

dose dependent manner. This indicated that both tested cell lines have an intact and 

functional clathrin pathway. Next, to confirm functionality of the compounds targeting 

clathrin mediated uptake, I used VSV pseudoparticles (VSVpp) in the presence of 

Dynasore and Pitstop (Fig. 18B). VSVpp have been reported to enter the cell in a 

dynamin- and clathrin-dependent manner (Meredith et al., 2016). The applied 

compounds were able to significantly inhibit VSVpp entry into HepG2-NTCP K7 cells 

proving functionality (Fig. 18C).  
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Figure 18: Verifying clathrin-dependent endocytosis. Labelled transferrin internalisation was 
measured in a dose dependent manner into (A) HepG2-NTCP K7 and (B) Huh7-NTCP cells with 
untreated cells set as control. Fluorescence values were normalised to 6x104 cells. (C) Inhibitory 
effect of dynamin and clathrin interfering agents Pitstop (50 µM) and Dynasore (100 µM), 
respectively, were verified in VSVpp entry measuring Relative Light Units (RLU) day 1 p.i.. Data 
represent one independent experiment. In total three independent experiments with up to four 
biological replicates were performed. Statistical analysis: Student’s unpaired t-test (*p<0.05, 
**p<0.01, ***p<0.001). 
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Taken together, HBV entry in the tested cell lines required the presence of cholesterol 

at the plasma membrane. Dynamin played a role in HepG2-NTCP K7 and Huh7-NTCP 

cells with a subsequent clathrin-dependency in HBV entry. 

 

Viruses often enter the cell in a pH-dependent manner. I next wanted to investigate 

whether HBV requires low pH for productive entry and infection. The lysosomotropic 

agent Bafilomycin A1, a specific v-ATPase inhibitor, raises the pH level in the early 

endosome and inhibits maturation to late endosome (Fig. 19). Synchronised HBV uptake 

and infection was assessed in HepG2-NTCP K7 cells in the presence of Bafilomycin A1. 

The entry inhibitors heparin and Myrcludex B were included as negative controls. Co-

treatment with Bafilomycin A1 had a minimal effect on intracellular HBV DNA levels at 6 

hours post 37 °C shift and increased HBeAg levels 5 days p.i. upon viral infection, 

suggesting that HBV internalisation was not pH-dependent.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Altogether, this data indicates that stalling endocytosis at the stage of the early 

endosome may promote early endosomal release leading to a more productive viral 

infection. 

 

 

 

 

Figure 19: pH-dependency in HBV. Synchronised HBV uptake was assessed with the co-
treatment of Bafilomycin A1 (100 nM) and analysed for total intracellular HBV DNA. HBV infection 
in the presence of Bafilomycin A1 was investigated measuring HBeAg at day 5 p.i.. Data from 
one representative experiment is shown. In total three independent experiments with biological 
duplicates were performed. Statistical analysis: Student’s unpaired t-test (ns: not significant, 
*p<0.05, **p<0.01, ***p<0.001). 
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2.4.2 Reconstitution of Caveolin-1 in HepG2-NTCP K7 cells 
 

A study from Macovei et al. proposed that intact caveolin-1 is required for productive 

HBV infection in HepaRG cells. As mentioned before, in our cell culture system HBV 

entry was clathrin-dependent we next wanted to investigate the role for caveolin-1 in 

HBV entry. Caveolin-1 mediated routes may provide an alternative or additional route 

for a productive HBV infection. We first assessed the caveolin-1 expression in HepG2 

and Huh-7 hepatoma cells as well PHH and HepaRG cells (Fig. 20). While high protein 

expression was detected in HepaRG cells no caveolin-1 was detected in any of the 

hepatoma cell lines or PHHs.  

 

 

 

 

 

 

 

 

 

 

As caveolin-1 expression is negative in hepatoma cell lines it may play a crucial role in 

viral entry in vivo. Thus, I reconstituted caveolin-1 into HepG2-NTCP K7 cells and 

studied HBV entry. Jochen M. Wettengel kindly generated HepG2-NTCP K7 cell clones 

that harboured either caveolin-1 or caveolin-1 with a RFP-tag. For visualising NTCP at 

the cell surface I applied labelled Myrcludex B staining and confirmed expression in all 

cell clones (Fig. 21A). All cell clones were screened for caveolin-1 protein expression by 

Western blot (Fig. 21B). Clone 5, 11, 12 and 13 expressed caveolin-1 expression and 

were studied further. A frequently used molecule to investigate caveolin mediated 

endocytosis is cholera toxin B (CTB). Labelled CTB at optimal dose was incubated with 

all cell clones and subjected to FACS analysis (Fig. 21C). As expected the parental 

HepG2-NTCP K7 cells were negative for CTB uptake. C5, C13 and C12 were positive 

and C11 cells were negative for CTB internalisation. However, total percentage of CTB 

positive cells in all clones was below 20 % unfortunately, indicating low caveolin-1 

functionality in our cell clones. Thus, no final conclusion on the role of caveolin can be 

drawn. 
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Figure 20: Caveolin-1 expression in hepatic cell lines. Western blot analysis was performed 
to detect caveolin-1 in HepG2, HepG2-NTCP, Huh7, Huh7-NTCP, PHH and HepaRG. b-actin 
was used as a reference protein. 
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Next, I investigated the effects of caveolin-1 on synchronised HBV entry analysing total 

intracellular HBV DNA at 6 hours post 37 °C shift (Fig. 22A). In addition, Pitstop that 

inhibits clathrin-mediated internalisation, was added as control in order to differentiate 

clathrin- from caveolin mediated effects. The overall HBV uptake capacity of the cell 

clones was similar and Pitstop showed comparable inhibitory activity with the caveolin-

1 expressing clones as the parental cells. Subsequently, cccDNA formation from 

internalised virus was measured (Fig. 22B). Compared to HepG2-NTCP K7 cells C5, 

C12 and C13 displayed higher cccDNA levels. In addition, the application of Pitstop did 

not show any difference in cccDNA levels among all clones. Next, all caveolin-1 cell 

clones were subjected to HBV infection (Fig. 22C). HBeAg levels were significantly 

higher in C5, C12 and C13 compared to HepG2-NTCP cells. The high cccDNA and 
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Figure 21: Generation of HepG2-NTCP clones that express caveolin-1. (A) Caveolin-1 cell 
clones (C5, C11, C12 and C13) were stained for NTCP expression at the cell surface applying 
labelled Myrcludex B and analysed via microscopy. (B) Western blot analysis of HepG2-NTCP 
with caveolin-1 or caveolin-1-RFP. GAPDH was included as a reference protein. (C) Caveolin-1 
functionality was confirmed with labelled Cholera Toxin B (CTB) uptake into all cell clones via 
FACS analysis. CTB internalisation is depicted in % of single cells. Data represent one 
independent experiment. In total three independent experiments with biological triplicates were 
performed. Statistical analysis: Student’s unpaired t-test (*p<0.05, **p<0.01, ***p<0.001). 
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HBeAg levels in these cells may be a clonal effect that is independent from caveolin-1 

expression. 

 

In summary, reconstituting caveolin-1 into HepG2-NTCP K7 cells did not render the cells 

more effective for HBV entry and infection. Higher cccDNA and HBeAg levels observed 

in C5, C12 and C13 may be due to a clonal effect, since the functionality of caveolin-1 

expressed in these cells were relatively low.  
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Figure 22: HBV entry and infection in HepG2-NTCP-K7 clones harbouring caveolin-1. (A) 
Synchronised HBV uptake was analysed at 6 hours post 37 °C shift measuring intracellular HBV 
DNA. Pitstop (50 µM) was added as control to differentiate between caveolin-1 and clathrin 
mediated effects. (B) Subsequent cccDNA from internalised virus was measured. (C) All caveolin-
1 clones were tested for HBV infection analysing HBeAg at day 5 p.i.. Data from one 
representative experiment is shown. In total three independent experiments with up to four 
biological replicates were performed. Statistical analysis: Student’s unpaired t-test (ns: not 
significant, *p<0.05, **p<0.01, ***p<0.001). 
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2.4.3  Involvement of the cytoskeleton in HBV entry 
 

The cytoskeleton is made up from filamentous proteins, like actin and tubulin which 

contribute to stability and motility of the cell. To investigate whether the virus exploits the 

host cytoskeleton during viral entry I determined the effect of agents that interfere with 

the cytoskeleton. In untreated cells filamentous distribution of actin was observed (Fig. 

23A left panel). Upon Cytochalasin D treatment, that depolymerises actin filaments, 

these filaments were disrupted and displayed a granular morphology.  

Nocodazole, is a pharmacological reagent that disrupts polymerisation of tubulin 

filaments. Compared to untreated cells the addition of Nocodazole led to a diffused 

pattern of the microtubule filaments (Fig. 23A, right panel).  

Next, I investigated whether HBV entry is dependent on the actin and tubulin network. 

Cells were co-treated with Cytochalasin D and Nocodazole upon HBV inoculation and 

harvested after 6 hour synchronised internalisation and analysed for total intracellular 

HBV DNA (Fig. 23B). Nocodazole and Cytochalasin D significantly reduced HBV entry 

in the first 6 hours. In HBV infection both reagents were able to significantly reduce 

HBeAg levels (Fig. 23C).  

 

In conclusion, the cytoskeleton plays an important role in the first 6 hours of particle 

internalisation. This indicates motility of the virus across endosomes and further the 

transport of the viral capsid to the nucleus occurring at very early stages in viral entry 

requires both intact actin and tubulin filaments.  
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Figure 23: Role of actin and tubulin in HBV entry. (A) HepG2-NTCP K7 cells were stained for 
actin and tubulin and analysed via confocal microscopy. Cytochalasin D (Cyt.D) and Nocodazole 
(Noco.) ,50µM each, disrupted actin and tubulin filaments, respectively. (B)  Synchronised HBV 
uptake assay was performed in the presence of Cytochalasin D and Nocodazole and cells were 
harvested at 6 hours post 37 °C shift measuring total intracellular HBV DNA. An untreated control 
was included for each time point and was set to 1. (C) HBV infection in the presence of Nocodazol 
and Cytochalasin D was performed and HBeAg levels were analysed at day 5 p.i.. Data represent 
one independent experiment. In total three independent experiments with up to three biological 
replicates were performed. Statistical analysis: Student’s unpaired t-test (*p<0.05, **p<0.01, 
***p<0.001). 
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2.5 HBV entry receptor  
 

NTCP has been identified as an important cellular receptor for HBV and determines liver 

tropism and species specificity (Watashi and Wakita 2005). A deeper understanding into 

the functional role of NTCP will help to further examine the mechanisms of HBV-receptor 

interactions. More recently, EGFR has been reported to be a host entry cofactor that 

promotes HBV uptake (Iwamoto et al., 2019). In the following section the role of NTCP 

and EGFR in HBV entry has been characterised.  

 

2.5.1 NTCP as the HBV entry receptor 
 
The identification of NTCP has improved cell culture systems which make it possible to 

study HBV entry. In the following chapter I will first discuss the requirement of 

posttranslational modifications of NTCP in HBV infection. Secondly, the role of NTCP 

expression levels on HBV entry and finally the potential intracellular role for NTCP in 

HBV entry was investigated.  

 

2.5.1.1 Effects of N-glycosylation of NTCP on HBV infection 
 
NTCP harbours two N-linked glycosylation sites, however, the role of glycans in the 

context of protein trafficking and role for HBV infection has not been previously 

characterized.  

In collaboration with the group of Stan van de Graaf, Amsterdam, we published the 

functional role of glycosylation of NTCP for HBV entry (Appelman et al., 2017). Mutants 

of NTCP harbouring either single- (NTCP-N5Q, NTCP- N11Q) or double- (NTCP- 

N5,11Q) mutations at the glycosylation sites were generated and expressed in HepG2 

cells. Cells expressing NTCP with a mutated single glycosylation expressed protein at 

the cell surface (Fig. 24A) and internalised bile acids displaying physiological function 

consistent with their trafficking to the plasma membrane (Fig. 24B). However, 

glycosylation-deficient NTCP showed low cell surface expression and reduced bile acid 

transport. HBV infection was assessed by quantifying cccDNA and HBeAg levels (Fig. 

24C-D). Both levels were comparable to wildtype in single glycosylation mutants, 

however, the double mutants displayed significantly low cccDNA and HBeAg levels 

(Appelman et al., 2017).  

These data suggest that N-glycosylation is required for membrane localization, bile acid 

transport and HBV infection. Mutant NTCP harbouring a single glycan moiety is sufficient 

to preserve physiological and HBV receptor function.  
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2.5.1.2  NTCP expression levels regulate HBV uptake 
 
The generation of hepatoma cell lines to express NTCP has been used to study HBV 

infection and entry. These systems overexpress NTCP which is located throughout the 

entire plasma membrane. The question arose whether NTCP overexpression is required 

for productive HBV entry and infection. I analysed different in-house generated HepG2-

NTCP clones and confirmed NTCP expression at the cell surface using labelled 

Myrcludex B. Three different cell clones K3, K6 and K9 were compared to the standard 

cell line used in our lab, HepG2-NTCP K7 cells. Confocal microscopy as well as FACS 

A B 

C D 

Figure 24: Effect of post-translational modification of NTCP on HBV infection. Wildtype 
HepG2-NTCP cells or cells harbouring single (N5Q, N11Q) or double (N5,11Q) N-glycosylated 
NTCP mutants were analysed for: (A) distribution at the plasma membrane, (B) bile acid uptake, 
(C) and HBV infection assessed by cccDNA and HBeAg expression. Data represent one 
independent experiment. In total three independent experiments with up to four biological 
replicates were performed. Statistical analysis: Student’s unpaired t-test (*p<0.05, **p<0.01, 
***p<0.001) (published in Appelman et al., 2017). 
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analysis showed higher levels of NTCP expression in K3 and K6 and low expression in 

K9 compared to the K7 clone used in Ko et al. (Fig. 25A-B). Next, synchronised HBV 

entry at 6 hours post 37 °C shift was analysed for total intracellular HBV DNA. Heparin 

that inhibits viral entry was included as a negative control. We noted that HBV 

internalization into K3 was comparable to K7 cells. Viral entry into K6 was about 2 -fold 

lower compared to K7 cells (Fig. 25C). K9 did not promote viral entry. HBeAg upon 

infection however was similar between K3, K6 and K7 and was negative for K9 (Fig. 

25D).  

 

These results indicate that a certain threshold of NTCP molecules at the cell surface is 

required to promote viral infection. As currently cells that stably overexpress NTCP e.g. 

HepG2-NTCP K7 cells are used for HBV studies I was interested to examine if the 

quantity of NTCP is a regulating factor for efficient HBV uptake.  
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Figure 25: Characterisation of different HepG2-NTCP clones. (A-B) HepG2-NTCP cell clones 
(K3, K6, K9 and K7) were stained for NTCP at the cell surface with labelled Myrcludex B and 
analysed via confocal microscopy and FACS analysis. (C) Synchronised HBV uptake was 
analysed measuring total intracellular HBV DNA at 6 hours post 37 °C shift. Heparin was included 
as a negative control. (D) All HepG2- NTCP clones were subjected to HBV infection and 
measured for HBeAg at day 5 p.i.. These data represent one independent experiment. In total 
three independent experiments with up to three biological replicates were performed.  
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Next, I investigated whether cell surface NTCP expression levels define the efficiency of 

HBV uptake. This was a joint project with Andreas Oswald (PhD student, Institute of 

Virology, TUM). We employed transient mRNA transfection to express NTCP at the cell 

surface in HepG2 cells. NTCP mRNA was transfected into HepG2 cells ranging from 

1000 - 3.9 ng. Untreated parental HepG2 and HepG2-NTCP K7 served as negative and 

positive controls, respectively. Previous time course experiments showed that NTCP 

protein expression was at maximum 24 hours post mRNA transfection (data not shown). 

Hence, we transfected mRNA 24 hour prior to characterising the cells for NTCP 

expression and bile acid uptake. Different NTCP mRNA concentration ranging from 

1000-3.9 ng transfection did not impair cell viability (Fig. 26A). NTCP expressed from 

transfected mRNA migrated at the correct molecular weight and glycosylation pattern 

compared to HepG2-NTCP K7 cells (Fig. 26B), showing multiple bands ranging from 35-

60 kDa reflecting different N-glycosylation patterns. Samples were treated with 

PNGaseF that cleaves N-glycans, resulting in a shift to 35 kDa in all samples confirming 

comparable glycosylation patterns. Next, NTCP expression at the cell surface was 

analysed applying labelled Myrcludex B in FACS analysis (Fig. 26C).  A decrease from 

1000 - 3.9 ng in the Mean Fluorescent Intensity (MFI) was observed confirming dose 

dependent NTCP expression at the cell surface. Next, we investigated the functionality 

of NTCP by measuring bile acid uptake capacity in collaboration with Dr. Yi Ni from Prof. 

Stephan Urbans group (Fig. 26D). As a negative control Myrcludex B was included that 

interferes with bile acid internalisation through NTCP binding. A dose dependent bile 

acid uptake was observed. However, only 1000 – 15.6 ng with NTCP mRNA transfected 

samples could be significantly blocked by Myrcludex B indicating the range of protein 

functionality.  
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Figure 26: mRNA transfection to express NTCP in HepG2 cells. NTCP mRNA was transiently 
transfected into HepG2 cells 24 hours prior to performing experiments. A dose dependent titration 
(1000 – 3.9 ng) of NTCP mRNA was performed and analysed for (A) cell viability, (B) NTCP 
protein expression by Western blot and (C) NTCP expression on the cell surface employing 
labelled Myrcludex B via FACS analysis and (D) bile acid uptake. Data represent one independent 
experiment. In total up to three independent experiments biological triplicates were performed. 
Statistical analysis: Student’s unpaired t-test (*p<0.05, **p<0.01, ***p<0.001). 
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After confirming that the transfected NTCP mRNA displayed proper protein expression 

and functionality, HBV parameters were assessed. Synchronised HBV uptake was 

performed and at 6 hours post 37 °C shift we measured total internalised HBV DNA after 

dose dependent transfection of NTCP mRNA. Myrcludex B was included as negative 

control for each sample. In line with the bile acid uptake data, samples ranging from 

1000 – 15.6 ng were permissive for HBV internalisation that was significantly reduced 

by Myrcludex B (Fig. 27A). Further, HBV infection was assessed by quantifying cccDNA 

and HBeAg (Fig. 27B-C). A concentration dependent decrease in both parameters was 

observed. Interestingly, the sample transfected with the lowest concentration of 3.9 ng 

NTCP mRNA displayed very low levels in cccDNA and HBeAg that could be significantly 

inhibited by Myrcludex B. 

 

In summary, these results demonstrate that NTCP expression levels define HBV entry 

and infection. Transient NTCP mRNA expression can be used as an alternative to 

overexpression systems reducing clonal effects in experiments.  
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Figure 27: NTCP expression levels define HBV entry and infection in HepG2 cells. NTCP 
mRNA was transiently transfected into HepG2 cells in a dose dependent manner (1000 – 3.9 ng). 
After inoculation with HBV with a MOI of 200 cells were subjected to (A) HBV synchronised entry 
analysing total intracellular HBV DNA at 6 hours and (B-C) infection measuring cccDNA and 
HBeAg at day 5 p.i.. In all experiments Myrcludex B was added as negative control. Data 
represent one independent experiment. In total three independent experiments with biological 
triplicates were performed. Statistical analysis: Student’s unpaired t-test (*p<0.05, **p<0.01, 
***p<0.001). 
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2.5.1.3 Potential intracellular role for NTCP in HBV entry  
 
While NTCP was identified as an essential HBV receptor its distinct role in HBV entry 

still remains elusive. Observations throughout this study indicated a potential 

intracellular role for NTCP in HBV entry. Kinetics studies performed in HepG2 cells 

lacking NTCP displayed modest uptake capacity (Fig. 11A). Analysis of synchronised 

HBV uptake at 6 hours post 37 °C shift in the presence of Myrcludex B displayed up to 

80 % inhibition whereas heparin was able to block HBV entry up to 95 % in HepG2-

NTCP K7 cells (Fig. 28A). The low uptake levels we observed when Myrcludex B was 

present never resulted in a productive cccDNA formation. This finding was confirmed by 

Western blot analysis targeting incoming HBV core protein and confocal microscopy 

staining for incoming envelope protein where low levels of entry were observed (Fig. 

28B-C). This incomplete block of Myrcludex B in HBV entry indicated a potential 

intracellular role for NTCP.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1 3 6 Heparin MyrB mock 
core 

GAPDH 

HBV uptake [h] 

A 

B 
Control Myrcludex B Heparin 

D
A

PI
 

en
ve

lo
pe

 20 µm 

C 

20 

30 

kDa 

Figure 28: Potential intracellular role for NTCP in HBV entry. Synchronised HBV uptake was 
analysed where cells were harvested at 6 hours post 37 °C shift in the presence of Heparin (50 
IU/ml) and Myrcludex B (200nM). (A) Total intracellular HBV DNA at 6 hours and subsequent 
cccDNA formation was measured at day 3 p.i.. (B) In addition, confocal microscopy was 
performed staining for incoming HBV envelope protein at 6 hours post 37 °C shift. (C) Western 
blot analysis was performed on incoming HBV core protein at 1, 3 and 6 hours post 37 °C shift. 
Heparin, Myrcludex B and untreated mock were included as controls. Data represent one 
independent experiment. In total three independent experiments with up to four biological 
replicates were performed. Statistical analysis: Student’s unpaired t-test (*p<0.05, **p<0.01, 
***p<0.001); n.d.: not detectable. 
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To further narrow down the time frame as to when NTCP is required for productive HBV 

infection synchronised HBV uptake was monitored. HepG2-NTCP K7 cells were 

inoculated at 4 °C for 1 hour and subsequently shifted to 37 °C. At indicated time points 

cells were subjected to short trypsinisation removing bound but non-internalised virus 

and replaced with Myrcludex B containing media. Subsequently, HBV infection from 

internalised viral particle was monitored until 5 days post internalisation. Myrcludex B 

containing media added 1 hour post 37 °C shift significantly reduced HBeAg levels at 

day 5 p.i. up to 40 % compared to untreated control (Fig. 29A). However, addition of 

Myrcludex B 3 and 6 hours post 37 °C shift did not have an effect on HBeAg levels.  

To confirm these findings with a more sensitive read-out I repeated this experiment 

applying the HBV reporter that encodes Gaussia Luciferase in the viral genome (Fig. 

29B) (Untergasser and Protzer, 2004). Upon infection, cccDNA is established 

expressing Gaussia Luciferase that is secreted into the supernatant. The same 

experimental setup as described above was applied using the HBV reporter virus 

measuring luciferase activity at day 5 p.i. with the addition of the 0.5 hour post 37 °C 

shift time point. From 0.5 to 1 hour HBV internalisation was significantly reduced in the 

presence of Myrcludex B compared to untreated control. At 1 hour luciferase signals 

were 50 % reduced compared to the control. At 3 and 6 hours post 37 °C shift Myrcludex 

B was not able to reduce luciferase activity hence did not interfere with viral entry 

confirming previous results.   

 

Altogether, these results displayed that Myrcludex B was able to interfere with HBV entry 

in the first hour of particle internalisation hindering subsequent HBV infection. This might 

indicate the time frame when NTCP is required for HBV entry and needs further 

characterisation.  
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Figure 29: Myrcludex B add-in assay. Synchronised HBV assay was performed with a MOI of 
200 in HepG2-NTCP K7 cells and were trypsinised at indicated time points post internalisation. 
Subsequently media containing Myrcludex B was added and HBeAg for wildtype infection (A) and 
luciferase activity for reporter HBV virus (B) was measured at day 5 p.i.. Data represent one 
independent experiment. In total two independent experiments with up to four biological replicates 
were performed. Statistical analysis: Student’s unpaired t-test (*p<0.05, **p<0.01, ***p<0.001). 
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2.5.2 The role for EGFR in HBV entry 
 
Recently, an interplay between EGFR and NTCP in HBV entry has been reported 

(Iwamoto et al., 2019). I wanted to verify these findings in our cell culture model. First, 

EGFR mRNA expression was assessed in HepG2 and Huh7 cells and those engineered 

to express NTCP as well as HepaRG cells (Fig. 30A-B). In parental HepG2 cells EGFR 

levels were low whereas in HepG2-NTCP K7, EGFR mRNA expression was higher. 

However, Huh7 cells displayed higher EGFR levels compared to Huh7-NTCP arguing 

for a cell clone specific effect. HepaRG cells were positive for EGFR. These results were 

confirmed by EGFR protein expression analysis via Western blot (Fig 30B). These 

results show that different cell lines express different levels of EGFR.  

In addition, the study of Iwamoto et al. showed EGFR priming with its ligand EGF 

increased HBV entry into hepatocytes (Iwamoto et al., 2019). To confirm this, HepG2-

NTCP K7 cells were primed with EGF prior to analysing synchronised HBV 

internalisation measuring total intracellular HBV DNA at 6 hours post 37 °C shift (Fig. 

30C). Heparin and Myrcludex B which both inhibit viral entry were included as negative 

controls. However, upon EGF priming no significant increase in HBV internalisation was 

observed in our experiments.   

 

In summary, I was not able to confirm that EGFR priming leads to an increase of viral 

internalisation. Further studies showing EGFR signalling need to be performed that help 

analysing this data.    
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Figure 30: EGFR expression in hepatic cell lines. (A-
B) EGFR mRNA expression and protein expression 
were assessed in HepG2, HepG2-NTCP, Huh7, Huh7-
NTCP and HepaRG cells. (C)  HepG2-NTCP K7 cells 
were serum-starved for 24 hours and subsequently pre-
treated with EGF (100nM) for another 24 hours. Upon 
EGFR priming with EGF synchronised HBV uptake was 
analysed by measuring total intracellular HBV DNA at 6 
hours post 37 °C shift. Data from one representative 
experiment is shown. In total two independent 
experiments with up to 3 biological replicates were 
performed. Statistical analysis: Student’s unpaired t-test 
(ns: not significant). 
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2.6  HBV entry into non-hepatoma cell lines 
 
Next, we raised the question whether NTCP, as the hepatic tropism factor for HBV, 

expressed in non-liver cells will support HBV uptake and infection. To address this 

hypothesis, the group of Stan van de Graaf engineered non-hepatoma cells to stably 

express NTCP. The following cell lines were chosen to work with:  

  

 

 

 

 

When checked for cell surface expression of NTCP with labelled Myrcludex B in these 

engineered cells, I observed differences in expression levels (data not shown). All cell 

lines except U2OS-NTCP cells displayed low to no NTCP mRNA or protein expression. 

As NTCP is liver specific, different expression levels may be explained by the non-

susceptibility of overexpressed NTCP accompanied by rapid protein degradation.   

To overcome this issue, together with Andreas Oswald we engineered non-hepatoma 

cells to transiently express NTCP applying mRNA transfection. NTCP mRNA (500ng) 

was transfected 24 hours prior to performing experiments. In all experiments HepG2-

NTCP K7 and HepG2 cells transfected with NTCP mRNA were included as positive 

controls. Parental HepG2 cells served as negative controls. mRNA transfection in all cell 

lines did not impair cell viability (Fig. 31A).  Next, the NTCP expression was determined 

by Western blot (Fig. 31B). All untreated parental cells were negative for NTCP 

expression, however, all cells transfected with NTCP mRNA expressed protein at 

comparable levels to HepG2-NTCP K7. Upon PNGaseF treatment all samples shifted to 

the same size indicating correct glycosylation patterns. Subsequently, we checked for 

NTCP expression at the cell surface using labelled Myrcludex B (Fig. 31C). 

Fluorescence microscopy showed comparable NTCP expression at the plasma 

membrane in all non-liver cells. This was further quantified with FACS analysis that 

showed comparable MFI values with a 100 % coverage of NTCP positive cells 

confirming similar NTCP expression among all cells (Fig. 31D). The physiological 

function of NTCP was assessed in the non-hepatoma cells. Bile acid uptake was 

measured in all parental cells and respective cells harbouring NTCP. In addition, 

Myrcludex B was added as a negative control that binds and interferes with NTCP 

disrupting bile acid transport (Fig. 31E). All non-liver parental cells were negative for bile 

acid uptake.  

HeLa human epithelia cells from cervical cancer  
HEK293T human bone osteosarcoma epithelial cells 
A549 human adenocarcinomic alveolar basal epithelial cells 
U2OS human bone osteosarcoma epithelial cells 
Table 2: Non-hepatoma cells engineered to express NTCP  
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NTCP transfected cells displayed bile acid uptake at comparable levels that was 

inhibited by Myrcludex B.  
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Having confirmed NTCP expression and functionality, we analysed HBV entry and 

infection. Synchronised HBV uptake at 6 hours measuring intracellular HBV DNA was 

analysed in both parental cells and those harbouring NTCP (Fig. 32A). Heparin and 

Myrcludex B were included as negative controls. All tested non-hepatoma cells showed 

modest HBV entry capacity in the presence of NTCP that was inhibited by heparin and 

Myrcludex B. Interestingly, parental A549 and U2OS cells were able to promote HBV 

internalisation suggesting non-specific uptake.  

Upon HBV infection all non-hepatoma cells were negative for HBeAg levels (Fig. 32B). 

In order to verify that factors required for HBV genome transcription were present we 

transduced all cells with an adenovirus that harboured the HBV1.3L- genome (Ad-

HBV1.3L-) (Fig. 32C). All non-liver cells were able to transcribe the HBV genome as 

reflected in positive HBeAg levels.  
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Figure 31: NTCP expression in non-hepatoma cell lines. 500 ng mRNA transfection of NTCP 
into HepG2, HeLa, A549, HEK293T, U2OS and SAOS2 cells. 24 hours post NTCP mRNA 
transfection the following parameters were analysed: (A) cell viability, (B) NTCP protein 
expression via Western blot, (C-D) NTCP expression at the cell surface determined by labelled 
Myrcludex B via  microscopy and FACS analysis and (E) bile acid uptake capacity. Data represent 
one independent experiment. In total two independent experiments with up to three biological 
replicates were performed. 
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Figure 32: Effect of HBV entry and infection on non-hepatoma cells harbouring NTCP. (A) 
Synchronised HBV uptake was analysed for total intracellular HBV DNA at 6 hours post 37 °C 
shift. Respective parental cells, heparin and Myrcludex B were included as negative controls. (B) 
In addition, HBV infection was monitored at day 5 p.i. measuring HBeAg. (C) Non-hepatoma cells 
were transduced with either Ad-HBV1.3L- or AdCtrl and analysed for HBeAg at day 5 p.i.. Data 
represent one independent experiment. In total two independent experiments with biological 
triplicates were performed. 
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As earlier mentioned the only non-hepatoma cell generated by Stan van de Graaf’s 

group stably expressing NTCP was U2OS cells. Interestingly, these U2OS-NTCP cells 

showed high HBV uptake capacity comparable to hepatoma cell line HepG2-NTCP K7 

whereas the parental cell line was negative (Fig. 33A). Both, U2OS and U2OS-NTCP 

were negative for HBeAg (Fig. 33B). Since U2OS-NTCP were negative for HBeAg 

expression it was unclear which step of the HBV life cycle was restrictive. Thus, U2OS-

NTCP cells were transduced with an adenovirus Ad-HBV1.3L-. The genome was 

delivered directly into the nucleus and served as a template for HBV transcripts where 

HBeAg served as a stable read out. Transduced U2OS-NTCP cells were able to produce 

HBeAg supporting HBV transcription and translation (Fig. 33C). 

When NTCP was transiently introduced into U2OS it did not have an effect on HBV entry, 

however, when stably expressed high HBV uptake capacity was observed. The long 

exposure of NTCP in U2OS stably expressing NTCP may have altered cellular 

properties promoting HBV uptake suggesting a clonal effect. 

 
Taken together, the transient expression of NTCP in non-hepatoma cells displayed 

sufficient NTCP protein expression and confirmed physiological bile acid activity. 

However, HBV uptake and infection were limited suggesting additional liver specific 

factors besides NTCP are required for productive HBV infection.   

Additionally, the stable cell line U2OS-NTCP supported HBV uptake but not infection 

may be used to study additional host and restriction factors required for HBV infection. 
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Figure 33: Effect of HBV entry and infection into U2OS-NTCP cells. (A) Synchronised HBV 
uptake assay was performed and cells were analysed for total intracellular HBV DNA at 6 hours 
post 37 °C shift. Respective parental cells and heparin was included as negative controls. (B) In 
addition, HBV infection was monitored at day 5 p.i. measuring HBeAg. (C) U2OS/NTCP cells 
were transduced with either AdHBV1.3L- or AdCtrl and analysed for HBeAg at day 5 p.i.. Data 
represent one independent experiment. In total two independent experiments with biological 
duplicates were performed. 
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3 Discussion 
 

Molecular characterisation of viral-host interactions in the early steps of the HBV life 

cycle are key in understanding host specificity and viral tropism. I will discuss my results 

on HBV entry kinetics in the light of published data and how this informs our 

understanding of HBV infection.  

 

3.1 HBV entry kinetics highlight slow and inefficient steps in the early life cycle  
 
To investigate HBV entry, I established an assay that monitors particle internalisation in 

a synchronised fashion. HBV attachment to the cell surface at 4 °C displayed a MOI 

dependency and was NTCP independent, suggesting a role for HSPGs in the initial 

attachment stage. This indicated that HSPG binding is sufficient for viral attachment. It 

has been reported that the S and preS1 region of the HBV surface proteins are crucial 

for HSPG binding and are essential for HBV infection (Schulze et al., 2007, Sureau and 

Salisse, 2013). Since HSPG are ubiquitously present on various cell types a novel 

mechanism for HBV to avoid non-hepatic attachment was reported (Seitz et al., 2016). 

Seitz et al. showed two distinct HBV particle forms that mature from HSPG-non-binding 

to HSPG-binding particles. In this maturation process the viral particle undergo 

conformational changes in the preS region rendering the virus infectious and enable 

HSPG interaction on hepatocytes. This study demonstrates the importance of initial HBV 

binding to HSPG to hepatocytes. Furthermore, studies performed with recombinant HBV 

particle confirmed HSPG dependency for HBV attachment suggesting an intracellular 

role for NTCP (Somiya et al., 2016). In general, HSPG dependency has been reported 

for various viruses such as herpes simplex virus (HSV), human papilloma virus (HPV) 

and dengue virus (DENV) (Cagno et al., 2019). Viruses exploit the weak interaction with 

HSPG to increase viral concentration at the cell surface increasing the chance to interact 

with a subsequent more specific entry receptor (Birkmann et al., 2001, Rusnati and 

Urbinati, 2009, Shukla et al., 1999). 

 

Analysing particle uptake kinetics I observed a time dependency in HBV entry into 

hepatocytes. HBV uptake into HepG2-NTCP K7 cells showed that viral particles 

internalized as early as 1 hour after transferring the cells to 37 °C and these particles 

were able to establish a productive infection. Further investigations in HepG2-NTCP K7 

cells showed an increasing amount of intracellular HBV DNA until 12 hours, however 

intracellular viral proteins were already declining after 8 hours (Fig. 12). Total 
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quantification of HBV entry from 8 independent experiments showed that particle 

internalisation from attached virus was efficient (Table 1). However, a low conversion of 

internalised rcDNA to cccDNA was observed. This indicates restrictive processes in the 

cytoplasm might be a cause for low cccDNA formation. Of note, the applied HBV DNA 

and cccDNA specific qPCRs are of different efficiency, which needs to be considered for 

comparisons.  

 

In vivo, HBV infection occurs through the basolateral membrane of hepatocytes and 

required cell polarisation (Schulze et al., 2012). A study in HepaRG cells showed that 

HBV infection is restricted to differentiated cells with a PHH-like polarisation displaying 

canalicular structures (Schulze et al., 2012). The formation of hepatocyte-like structures 

and the membrane polarity was shown to be important for the virus to access the entry 

receptor at the basolateral membrane.  The cell polarisation status of the hepatoma cell 

lines used in our study still remains unclear. Cell polarisation is important for cellular 

trafficking pathway that might be key for productive HBV entry and infection.  

Alternatively, low cccDNA levels may be explained through the loss of ‘unrepaired’ 

rcDNA in the nucleus via degradation processes. Subcellular fractionation of the infected 

cells enabled us to investigate the location of intracellular HBV DNA and showed 

genome delivery from cell surface to the nucleus within 3 - 6 hours (Fig. 14). However, 

cccDNA in the nucleus was only detected after 24 hour confirming studies from Ko et 

al.. Similar kinetics was observed in DHBV entry into PDH (Funk et al., 2004). Here, 

internalisation of DHBV required a maximum of 3 hours with a subsequent nuclear import 

of the genome that lasted for a period of 14 hours. Another study showed DHBV 

synchronised internalisation into PDH was more rapid (> 0.5 hours) with translocation of 

DHBV DNA into the nucleus by 4 hours (Qiao et al., 1999). In line with our observation, 

cccDNA formation was delayed and only detected at 48h.  

 

Viral infection kinetics in vivo is thought to differ from the currently used in vitro models 

where a single duck hepatitis B virus particle was sufficient to establish infection in 

neonatal ducks (Jilbert et al., 1996). When adult ducks were infected cccDNA was 

detected after 6 hours in the liver (Qiao et al., 1999).  In chimpanzees, approximately 10 

viral genome copies are sufficient to induce acute HBV infection (Komiya et al., 2008). 

These studies show that productive infection in vivo is more effective compared to in 

vitro.  
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3.1.1  rc- to cccDNA conversion is a rate limiting step in vitro  
 

Upon uncoating the genome containing capsid is delivered to the nucleus via the nuclear 

basket (Gallucci and Kann, 2017). Once the rcDNA is in the nucleus the partially double 

stranded genomes are repaired and converted into cccDNA in a multi-step process. In 

this study, I demonstrate that the rc- to cccDNA formation in our cell culture system is 

slow and ineffective. 

The delay in rc- to cccDNA formation may be explained by 1) delays in genome 

trafficking from viral capsid across the nuclear membrane or 2) delays in DNA repair 

mechanisms for cccDNA formation.  

 

The viral capsids are directed to the nuclear pore complex (NPC) in an importin a/ b 

mediated manner through the nuclear localisation sequence (NLS) present on the core 

protein to the nuclear basket Nup153 (Gallucci and Kann, 2017, Kann et al., 1999, Rabe 

et al., 2003). To assess whether genome uncoating from viral capsid was rate-limiting I 

investigated whether disrupting HBV capsid integrity with a CpAM had an effect on 

cccDNA formation. HAP_R01 (CpAM) treatment in HepG2-NTCP K7 cells during HBV 

entry delayed and reduced cccDNA formation in the nucleus. This finding highlights that 

capsid integrity is key for efficient cccDNA formation from incoming virus. These results 

are in line with recently published findings from Ko et al. where a dual role for HAP_R01 

targeting incoming capsids with a subsequent impact on cccDNA formation and 

modulation in capsid assembly was described (Ko et al., 2019).  

 

Studies with WHV showed genome delivery from nucleocapsid to the nucleoplasm was 

slow compared to soluble  HBV DNA-polymerase complex that was transported rapidly 

(Kann et al., 1997). Furthermore, this study indicated that a large number of genome 

containing capsids remained in the cytoplasm with only a minor fraction translocating to 

the nucleus indicating a rate limiting step in WHV entry which may be similar to HBV. 

 

The rcDNA is partially single stranded and harbours the HBV polymerase at the 5’ end 

and a redundant sequence on both ends of the minus strand (Guo et al., 2007, Nassal, 

2015, Seeger and Mason, 2000). The 3’ end of the plus strand is a few nucleotides 

shorter and consists of a covalently attached RNA primer at the 5’ end. The mechanism 

how rcDNA is concerted into cccDNA is not fully understood. However, five distinct steps 

have been described that are required for cccDNA formation (Gao and Hu, 2007, Hu et 

al., 2019b, Mitra et al., 2018): [1] the removal of the viral polymerase; [2] the removal 
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of the terminal redundancy; [3] completion of the plus strand; [4] elimination of the RNA 

primer and finally the ligation of both strands. It has been indicated that host DNA repair 

mechanism and other enzymes are involved in this process(Guo and Guo, 2015). It has 

been reported that tyrosyl DNA phosphpdiesterase 2 (Tdp2), that is known to remove 

topoisomerase II from DNA adducts, is involved in the cleavage of the viral polymerase 

from the rcDNA (Cui et al., 2015, Koniger et al., 2014). Recently, the cellular flap-like 

structure specific endonuclease (Fen1) was reported to play a role in the removal of one 

terminal redundant sequence as well as the cleavage of the RNA primer (Hu et al., 

2019b, Kitamura et al., 2018). Furthermore, DNA ligase (Lig) I and III are involved in 

ligating either of the both strands (Long et al., 2017). Host polymerase k has been 

reported to be involved in cccDNA formation (Qi et al., 2016).  

 

The aforementioned factors need to be present upon HBV inoculation. It is well known 

that DMSO is required to enhance HBV infection, however, its entire mode of action is 

not well characterised (Ko et al., 2018). DMSO is required to polarize HepaRG and PHH 

cells and further promotes HBV replication in HepG2 cells (Schulze et al., 2012, Urban 

et al., 2014, Verrier et al., 2016). The interplay between the genome delivery into the 

nucleus and the application of DMSO might trigger these factors to be active promoting 

conversion and persistence of cccDNA. Furthermore, DMSO arrests the cell cycle in 

G0/G1 phase inhibiting cell division (Sainz and Chisari, 2006). Since cccDNA is not 

tethered to chromosomal DNA when a cell divides the cccDNA is not distributed equally 

among daughter cells (Allweiss and Dandri, 2017). Hence, an asynchronous cccDNA 

loss in proliferating cells was observed both in vitro and in vivo (Allweiss et al., 2018). 

This is an additional reason why DMSO is required for in vitro cell experiments to ensure 

productive infection. 

 

Aforementioned, the cell cycle status of hepatocytes may have an impact on the 

establishment of HBV infection. For cell lines such as Huh7 infected with HBV and 

HepG2.2.15 expressing HBV it was reported that HBV stalled cell cycle progression 

before entering the S-phase (Friedrich et al., 2005). Furthermore, a HBV mediated cell 

cycle arrest in G1 was observed in HepG2.2.15, however, in Huh7 cells and primary 

marmoset hepatocytes stalling occurred in G2 phase (Chin et al., 2007, Wang et al., 

2011). Despite different reports on the cell cycle status these observations show that 

HBV replication increased in G1 and G2 phase with a decrease in the S-phase 

(Lamontagne et al., 2016). 
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More recently Xia et al. reported the shift from uninfected PHH in G0/G1 phase to an 

enrichment in G2/M phase when infected with HBV. The study showed deregulation of 

cell cycle associated genes in HBV infected PHH that are important for viral infection 

(Xia et al., 2018).  

 

DNA damage responses have been well described stating that upregulation of host 

factors involved in DNA repair are cell cycle dependent (Hustedt and Durocher 2016). 

The aforementioned host factors that contribute to rc- to cccDNA conversion most 

probably require a specific cell cycle state for optimal activity.  

To study whether delays in the host repair mechanism occur during rc- to cccDNA 

conversion the use of pharmacological inhibitors that interfere with this step may provide 

a more detailed insight. Screening for such compounds showed that sulphonamides 

(DSS) interfered with rc- to cccDNA conversion, however the exact mode of action still 

remains unclear (Cai et al., 2012). Further screening platforms gave rise to hydrolysable 

tannins that have been proposed to interfere with cccDNA formation and its decay (Liu 

et al., 2016). Including these compounds in the experimental setup analysing HBV DNA 

and cccDNA in subcellular fractions may help distinguish whether genome uncoating or 

rc- to cccDNA conversion as rate-limiting steps.   

 

Subcellular fractionation (Fig. 14) showed a major difference between internalised HBV 

DNA and cccDNA formation. It has been proposed that different PF-rcDNA species can 

lead to a productive or non-productive conversion to cccDNA (Hu et al., 2019b, Luo et 

al., 2017). The low numbers in cccDNA established from incoming virus can be a result 

of a rcDNA species that follow a dead-end pathway with subsequent degradation.  

 

3.2 Imaging HBV entry into cells 
 

An approach to investigate viral entry is imaging of labelled virus that give more insights 

to viral-host interactions. Multicolour labelling of virus and host structures might unravel 

spatio-temporal information of viral entry. In this study, I showed two distinct methods to 

image incoming viral particle. Targeting HBV envelope protein with a specific antibody 

allowed visualisation of particle entry in a time-dependent manner. However, the 

localisation of the surface protein does not necessarily give information of the entire viral 

particle. At some point in HBV entry the virus uncoats whereupon the viral capsid is 

released into the cytoplasm. Thus, the viral envelope is retained in an endosomal 

compartment. To overcome this caveat, I used the previously described EdC labelling of 
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the HBV genome (Winer et al., 2018). The ‘click reaction’ enables visualisation of the 

viral genome allowing monitoring via microscopy. Supplementing EdC to the HBV 

genome did not impair viral fitness and was comparable to wildtype. This method allows 

sensitive detection of HBV DNA in the cells. The combined application of the HBV 

envelope protein targeted by an antibody and genome labelling can give more insights 

as to when viral uncoating occurs. Furthermore, capsid trafficking in the cytoplasm as 

well as genome delivery into the nucleus can be monitored. One advantage this system 

offers is the application of this cell culture derived labelled virus in animal models. Winer 

et al. injected EdC-HBV into their newly generated model hNTCP/BAC transgenic mice 

harbouring human NTCP and showed HBV DNA positive murine hepatocytes.  

 

To this date, many efforts in labelling HBV have been made. HB virions tagged with GFP 

at the S-protein at the N-terminus allowed particle binding to HepG2 cell (Lambert et al., 

2004). Similar approach in tagging N-terminal M-protein with GFP has been reported 

(Zhang et al., 2016). However, the infectivity of GFP labelled HBV was not addressed. 

In another study capsid like particles containing GFP was reported. Due to steric 

hindrance these particles could not be enveloped, however, this approach might give 

insights into capsid trafficking post uncoating. A rather small tag, a tetracystein (TC) tag, 

was incorporated into HBV core protein that can be labelled with biarsenical dyes (Sun 

et al., 2014). These biarsenical labelled HBV particles were able to internalise, however, 

viral infectivity needs further investigation. Until now single viral components were used 

for labelling. One of the missing links in the early HBV life cycle is viral uncoating. For 

instance, for Influenza virus fusion events were determined inserting octadecyl 

rhodamine B chloride (R18) into the viral envelope at concentration where self-

quenching occurs (de Lima et al., 1995, Nunes-Correia et al., 2002). Upon viral fusion 

with unlabelled target membranes a fluorescent signal can be measured. This 

application can be both used as a marker for fusion site and can be used to check for 

inhibitors that interfere with early events of the HBV life cycle.  
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3.3 Cellular pathways exploited for HBV to enter cells  
 

Viruses are known to utilise cellular trafficking pathways to enter their host cells. After 

having characterised HBV kinetics, I investigated pathways that are involved in HBV 

entry. 

 

3.3.1 HBV requires cholesterol at the plasma membrane  
 
In all tested cells cholesterol depletion with MbCD at the plasma membrane significantly 

impaired HBV entry and infection. Liver and specifically hepatocytes play an important 

role in cholesterol homeostasis and uptake (Ikonen, 2018). Hepatotropic viruses may 

highjack cellular cholesterol pathways for viral entry. For HCV it has been well 

characterised that cholesterol and lipoprotein have an impact on viral entry. Both 

receptors involved in lipid metabolism, low density lipoprotein receptor (LDLR) and 

scavenger receptor class B I (SRBI), are required for HCV entry (Albecka et al., 2011, 

Grove et al., 2007, Kapadia et al., 2007, Molina et al., 2007). In this context, I tested 

Huh7 cells harbouring either LDLR, SRBI or double knockouts for HBV entry and did not 

observe any impairment (data not shown). This infers that HBV does not require LDLR 

or SRBI for productive infection.  

It has been reported that Apolipoprotein H and E are associated with HBV particles and 

are required for productive infection (Mehdi et al., 1994, Qiao and Luo, 2019). Moreover, 

one study showed that hydrolysis of neutral lipids had an impact on HBV infection (Esser 

et al., 2018). The lipid lipase inhibitor, orlistat reduced HBV infection in a dose dependent 

manner, suggesting that HBV uptake is associated to the hepatotropic lipoprotein 

metabolism. Additionally, Ezetimibe, a small molecule that interferes with cholesterol 

transport and binds NTCP was reported to reduce HBV entry and infection (Dong et al., 

2013, Lucifora et al., 2013). Bile acids are synthesised from cholesterol and are primarily 

transported by NTCP (Chiang, 2009). Thus, it has been reported that HBV required 

cholesterol transport pathways prior to hepatocytes infection via transcytosis through 

liver macrophages (personal communication with K. Esser and X. Cheng).  

These studies provide evidence that cholesterol metabolism and homeostasis are 

important for HBV infection and progression.  
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3.3.2 Cellular dynamin and clathrin are required for productive HBV entry  
 

Employing pharmacological inhibitors helped to dissect cellular pathways that are 

required for HBV entry and infection. In all tested cell culture systems HBV entry and 

infection was dependent on dynamin and clathrin-mediated endocytosis. Reconstitution 

of caveolin-1 into HepG2-NTCP K7 cells did not enhance HBV internalisation efficiency. 

Hepatoma cells do not express caveolin-1 and may have further cellular restrictions in 

e.g. membrane composition that per se cannot promote effective caveolin-1 function 

when reconstituted (Parton and Richards, 2003, Parton and Simons, 2007).  In literature 

both clathrin- and caveolin-mediated pathway have been described to be involved in 

HBV entry. Macovei et al. demonstrated that dominant-negative mutants of caveolin-1 

inhibited HBV infection of HepaRG cells. In contrast, Huang et al. showed clathrin-

dependent HBV uptake into HuS-E/2 immortalised PHHs (Huang et al., 2012). As 

hepatoma cell lines lack sufficient caveolin-1 expression it might be that both pathways 

can be exploited and can result in productive HBV infection.    

 

After particle internalisation the genome containing capsid is released into the cytoplasm 

prior to translocating to the nucleus. However, the underlying mechanisms are unclear. 

Bafilomycin A1 inhibits the transition from early to late endosome by increasing the 

vesicular pH (Bayer et al., 1998). In this study, Bafilomycin A1 did not reduce HBV entry 

or infection. This suggested that HBV entry does not require low pH for internalisation 

and may indicate an endosomal escape in the early endosome. The enrichment of early 

HBV containing endosome through Bafilomycin A1 may enhance productive HBV 

infection. 

The direct endosomal processes are still unclear, however, an involvement of  the small 

GTPases Rab5 and 7 in HBV uptake was observed (Macovei et al., 2013). Rab5 

promotes early endosome formation whereas Rab7 is involved in endosomal maturation 

from late endosome to lysosome (Hayes et al., 2016). Studies silencing either Rab5 or 

Rab7 in HepaRG cells impaired HBV infection suggesting that viral translocation into the 

late endosomes is required to establish infection (Macovei et al., 2013). Furthermore, 

the study localised HBV particles in the lysosomes which the authors concluded to be a 

dead-end pathway. This may explain why I see a drop from internalised HBV DNA to 

cccDNA formation as a consequence of HBV being in a non-productive compartment 

during particle internalisation. Further experiments to co-localise HBV with endosomal 

markers in our cell culture system would help support our conclusion. The finding that 

HBV DNA first appeared between 3 and 6 hours in the nucleus suggests that endosomal 
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trafficking occurs very early during HBV entry. My attempts to colocalise HBV particles 

with Rab5 and 7 protein via super-resolution microscopy failed (data not shown). This 

might be due to the fact that concentration of internalised virus in a single cell is very 

low. Overall, further characterisation as to how HBV escapes the endosomal 

compartments and uncoats in the cytoplasm needs to be performed. Further studies 

employing a dual staining for viral envelope and genome may help to further decipher 

viral uncoating in a spatio-temporal manner.  

 

3.3.3 Role of cytoskeleton in HBV entry 
 
The host cytoskeleton is of great importance in transporting the virus across the cell. 

Most commonly actin and microtubule are exploited by viruses for motility (Marsh and 

Helenius, 2006). In this study, I investigated the dependency of HBV entry on the 

cytoskeleton in a defined time frame. Actin and tubulin were important in the first 6 hours 

of HBV internalisation. The dynamics of actin play a crucial role for clathrin mediated 

endocytosis indicating that clathrin- mediated endocytosis already occurred in the first 6 

hours of particle entry (Smythe and Ayscough, 2006). This time frame correlates with 

the data that HBV DNA was first detected between 3 and 6 hours post internalisation in 

the nucleus. Not much studies have been performed to dissect distinct role of the 

cytoskeleton in different stages of HBV entry. Incoming DHBV particles into PDH was 

shown to depend on microtubule based trafficking (Funk et al., 2004). Further, lipid- 

mediated introduction of HBV capsid into cells showed that microtubules are important 

for capsid trafficking towards the nucleus (Rabe et al., 2006).   

 

3.4 NTCP  
 

The following will discuss different aspects of NTCP characteristics that are involved in 

HBV infection.  

 

3.4.1 Single N-glycosylation of NTCP is sufficient for HBV infection  
 

Together with Stan van de Graaf’s group we have shown the importance of N-

glycosylation on NTCP in HBV infection (Appelman et al., 2017). NTCP harbours two N-

glycosylation sites at residues N5 and N11 (Hagenbuch and Meier, 1994). We 

investigated the effect of mutating NTCP at residues N5, N11 or both on bile acid 

transport and HBV infection (Appelman et al., 2017). Single glycan variants were still 
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able to transport bile acids and locate at the plasma membrane. Furthermore, NTCP 

with a single glycan was sufficient to promote HBV infection. However, glycosylation 

deficient NTCP lacked bile acid transporter function and showed limited expression at 

the plasma membrane with rapid degradation in the lysosome. Here, HBV infection was 

impaired arguing that HBV requires sufficient NTCP expression at the plasma 

membrane and is unlikely to use the lysosomal degradation pathway for particle entry. 

A recent study by Lee at al. reported that N-glycosylation was not important for HBV 

infection (Lee et al., 2018). They observed that NTCP expressed on HepaRG cells was 

glycosylation deficient but still permissive for HBV infection. Further introduction of single 

and double glycan mutant did not impair NTCP expression and localisation in HepG2 

cells in their study. However, this study did not analyse physiological bile acid transport 

in their mutant cells. Furthermore, they used NTCP constructs that included a bovine 

rhodopsin epitope at the C-terminus. However, they did not show whether the C-terminal 

tag had an impact on NTCP glycosylation. These inconsistent findings need to be further 

investigated since vector delivery as well as cellular background of investigated cells 

differed from our setting.  

 

3.4.2  NTCP expression levels regulate HBV entry 
 

Since the discovery that NTCP is required for productive HBV infection, cell culture 

models overexpressing NTCP have been used to study HBV replication. HepaRG cells, 

a non-transformed and more physiological system as it shares similar characteristics of 

primary human hepatocytes, express lower levels of NTCP upon differentiation and yet 

support efficient HBV infection (Marion et al., 2010). Most commonly used NTCP 

overexpressing cell lines may result in alterations in cellular properties, e.g. through 

higher bile acid accumulation in these cells. It has been shown that increased bile acid 

concentration in cells have an impact on antiviral activity of interferons (Podevin et al., 

1999). In addition, Zhao et al. found that NTCP interfered with HBV transcription that 

was dependent on its bile acid transporter function (Zhao et al., 2018). Therefore, NTCP 

overexpression in cell lines may limit the investigation of HBV infection in a more 

physiological environment.   

To investigate how NTCP levels regulate HBV infection we used transient mRNA 

transfection as a tool to express NTCP in HepG2 cells. We noted a clear dose-

dependency of mRNA and NTCP protein expression. High amounts of NTCP mRNA 

(£1000 ng) resulted in NTCP levels comparable to the cell line stably expressing NTCP 

(HepG2-NTCP K7) in physiological bile acid transport, NTCP expression and localisation 
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as well as HBV entry and infection. However, transfection of low mRNA concentrations 

(£15.6 ng) were still able to display physiological function and interestingly also promoted 

HBV entry and infection at very low levels. These results indicated that a certain 

threshold of NTCP molecules at the plasma membrane was sufficient to promote 

productive HBV entry and infection. 

In this context, it would be interesting to quantify absolute numbers of NTCP molecules 

present on cell surface that are required for HBV entry. One possibility to address this 

would be the application of fluorescence correlation spectroscopy (FCS). In a 

homogenous solution this approach combines spectroscopy/microscopy systems with 

labelled proteins and can give information of particle or protein concentration at the cell 

surface (Altan-Bonnet and Altan-Bonnet, 2009, Li et al., 2016). In this context, either 

NTCP harbouring a fluorescent protein or labelled Myrcludex B that directly binds to 

NTCP could be applied. These quantifications could help to determine physiological 

numbers of NTCP and help the development of more physiological cell culture system 

to study HBV permissivity. 

 

3.4.3 Potential intracellular role for NTCP in HBV entry  
 

Having shown that HBV binding to the cell surface is HSPG mediated but NTCP 

independent I further characterised the role of NTCP in HBV entry. Observations of 

modest uptake capacity when NTCP was not present or when NTCP was blocked with 

Myrcludex B suggested possible alternative routes for HBV internalisation. In the 

absence of functional NTCP the viral particle may be taken up and degraded in the 

lysosomal pathway indicating that NTCP may play a role in endosomal escape. 

Alternatively, the internalised particle may be transported back to the cell surface via 

recycling endosomes. 

 

Myrcludex B add-in assay on HepG2-NTCP K7 cells showed that HBV entry was 

reduced within the first hour of internalisation. The rational for these experiments was to 

determine at which time point upon viral entry NTCP becomes dispensable for 

productive infection. The incomplete block may be explained by a concentration of 

Myrcludex B which was not sufficient to entirely compete with virus. However, these 

findings suggest that NTCP plays a role post binding in an intracellular compartment. 

Similar findings were reported by Somyiya et al. employing HBV mimicking particles, i.e. 

bio-nanocapsules coupled with myristoylated L-protein  (Somiya et al., 2016). They 
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showed that uptake of these particles into hepatoma cells solely depends on HSPG not 

NTCP. 

 

A deeper understanding of intracellular trafficking pathway of NTCP may help to 

elucidate cellular processes involved in HBV entry. It has been described that NTCP 

colocalises with Rab4 in the early endosome and with Rab11 in the recycling endosome 

(Sarkar et al., 2006). These endosomes required intact microtubules for trafficking which 

was regulated by the PI3 kinase/PKCz pathway (Dranoff et al., 1999, McConkey et al., 

2004, Sarkar et al., 2006). However, NTCP was not detected in late endosomes (Sarkar 

et al., 2006). These finding support my results that HBV escapes the early endosomes 

in the presence of NTCP. 

Another study showed Ca2+ dependent PKC-a induced endocytosis of NTCP, thereby 

lowering bile acid uptake (Stross et al., 2010). In rats a dileucine motif at 221 and 222 in 

NTCP determined plasma membrane retention or endocytosis (Stross et al., 2013). A 

subsequent PKC activation lead to endocytosis of NTCP in a clathrin dependent manner 

with subsequent lysosomal degradation. The involvement of PKC mediated endocytic 

pathways can be further investigated in the context of HBV internalisation. 

 

It is known that enveloped viruses require complex formation that promotes viral fusion 

and uncoating. It would be interesting whether intracellular multimerization of NTCP is 

required for HBV entry and viral uncoating. The presence of NTCP dimers in rat liver 

membranes and U2OS cells expressing exogenous NTCP has already been reported 

(Bijsmans et al., 2012). Through immunoprecipitation analysis it was shown that NTCP 

can form heteromeric complexes with other members of the SLC10A family. More 

recently, Funkano et al. showed NTCP oligomerisation in the presence of HBV preS1 

that was disrupted by troglitazone (Fukano et al., 2018). Interestingly, troglitazone did 

not impair HBV attachment but preS1 internalisation suggesting that intracellular 

oligomerisation of NTCP may be required for HBV entry.  

 

Altogether, this leads to the assumption that initial HBV-NTCP interaction occurs at the 

plasma membrane with a still unknown intracellular role for NTCP in HBV entry and may 

need undergo endocytosis to fulfil its role as a receptor.  
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3.5 EGFR did not play a role in HBV entry  
 

Additional host factors other than NTCP are thought to be necessary for efficient HBV 

uptake into cells. The identification of such host factors is required for a better 

understanding of viral entry and dissemination as well as for the establishment of 

experimental systems to study infection.  

A recent study reported an interaction of NTCP and EGFR that regulates HBV entry 

(Iwamoto et al., 2019). To confirm these findings, I screened hepatoma cells for EGFR 

expression at RNA and protein level. An overall diverse EGFR mRNA and protein 

expression was observed in all tested cells. HepG2-NTCP cells displayed higher EGFR 

expression compared to parental cells. Parental Huh7 cells displayed higher levels of 

EGFR compared to when NTCP was present. Differentiated HepaRG cells displayed 

lower level of EGFR expression compared to HepG2-NTCP K7 cells. A NTCP dependent 

expression of EGFR was not observed in all tested cell lines. The differences in EGFR 

expression can be explained as cell clonal or population specific effect.  

 

An earlier study reported co-trafficking of NTCP and EGFR in endosomal compartments 

(Wang et al., 2016). The study also showed that EGFR and NTCP both are present in a 

steady state, between cell surface and endosomal compartments. These findings 

suggest a role for EGFR and NTCP in trafficking HBV into endosomes.  

Iwamoto et al. showed an increase in preS1 internalisation upon EGFR activation with 

its ligand EGF. However, in our laboratory treating HepG2-NTCP K7 with EGF had 

negligible effects on HBV uptake. I did not confirm EGF signalling which limits the 

interpretation of my data. Compared to the study from Iwamoto et al. where only preS1 

trafficking was assessed I used authentic HBV which also might explain different results.  

Further experiments such as introducing NTCP mutants or the application of 

pharmacological agents that abolish EGFR interaction are required.   

 

For HCV it has been shown that EGFR is activated upon cluster of differentiation 81 

(CD81) interactions with the virus (Diao et al., 2012). When EGFR endocytosis was 

inhibited by kinase inhibitors, HCV infection was disrupted. Further, antibodies targeting 

the EGFR ligand binding site impaired viral entry, demonstrating a role for EGFR in HCV 

entry. Similar to HCV EGFR-NTCP may play an intracellular role in HBV entry and viral 

uncoating into the cytoplasm.  

Altogether, there are implications that an interplay of NTCP and EGFR is required to 

promote HBV particle internalisation and infection. 
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3.6 Approaches to identify host factors involved in HBV entry   
 
While NTCP is a key factor that is required for HBV entry into hepatocytes we 

hypothesize that additional host factors may regulate HBV uptake, uncoating of the viral 

particle into the cytoplasm and rc- to cccDNA conversion.   

In this study, human non-hepatoma cells engineered to express NTCP have been used 

to decipher possible restricting host factors that is required by HBV. We therefore 

investigated whether NTCP supported HBV uptake in a non-hepatic background and 

whether this is the sole factor required.  

NTCP expression in non-hepatoma cells conferred bile acid uptake but displayed limited 

evidence for specific HBV uptake that could be blocked by Myrcludex B or heparin. 

Parental U2OS and A549 had a high background level of HBV uptake that did not lead 

to a productive infection suggesting unspecific internalisation events.  

HBV genome introduction with an adenovirus circumventing the HBV specific entry 

pathway showed that all non-hepatoma cells were able to promote viral transcription. 

These data support the model that additional liver specific factors in addition to NTCP 

are required for HBV uptake. A possible approach to identify such liver specific factors 

can be the delivery of a liver expression library (e.g. cDNA library) into a non-hepatoma 

cell expressing NTCP that did not support HBV entry e.g. HEK293T-NTCP cells. This 

would allow screening for liver specific factors that govern HBV uptake and infection.  

 

Interestingly, U2OS cells stably expressing NTCP that were already used for 

mechanistic NTCP studies (Bijsmans et al., 2012, Donkers et al., 2019, Donkers et al., 

2017) in my studies were able to internalise HBV comparable to HepG2-NTCP K7 cells. 

However, U2OS-NTCP cells failed to establish cccDNA. Adeno-transduction of HBV 

genomes into the nucleus promoted viral transcription. These findings did not confirm 

results obtained from transient NTCP expression in U2OS suggesting a clonal effect.  

However, these results in U2OS cells stably expressing NTCP suggest a blockage in 

viral uncoating into the cytoplasm, nuclear import or rc- to cccDNA conversion. 

Subcellular localisation for HBV DNA in U2OS-NTCP cells may help narrow down 

whether restriction occurs in the cytoplasmic or nuclear fraction.  

U2OS-NTCP cells may be used to additionally screen for missing host factor(s) that 

support HBV uptake. 

 

It is known that U2OS cells in general harbour multiple chromosomal aberrations (Ozaki 

et al., 2003). This has been used to study other virus host interactions in U2OS cells. 
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For instance, U2OS lack the transcriptional regulator ataxia telangiectasia and Rad3-

related protein (ATR) that promotes DNA repair in the cell (Dilley et al., 2016). For 

adenovirus and for human papillomavirus virus replication in U2OS and the involvement 

of functional ATR and its importance in the DNA repair machinery has been already 

described (Kivipold et al., 2015, Schreiner et al., 2013). HBV rc- to cccDNA conversion 

requires a functional host DNA repair pathway. The aberrant DNA repair pathway in 

U2OS might be an additional reason why cccDNA was not established.  

Most recently, Kostyusheva et al. showed that ATR signalling is important for HBV 

replication (Kostyusheva et al., 2019). Re-introducing DNA repair response factors into 

U2OS-NTCP cells may help find missing factors that are responsible for rc- to cccDNA 

conversion. 

In summary, engineered non-hepatoma cell lines can be used as a tool to identify 
additional factors that contribute to HBV entry and infection.  
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3.7 Conclusion  
 
In this study, I have established a robust assay that will allow further characterisation of 

HBV entry using several approaches ranging from analysing HBV parameters, tracking 

viral particle via microscopy to screening for novel entry inhibitors.  

My data indicate that  initial HBV attachment to the cell surface is HSPG mediated but 

independent of NTCP (Fig. 34). However, NTCP is required for HBV particle 

internalisation that is dependent on dynamin and clathrin but independent of caveolin. 

Here, a single N-glycosylation of NTCP is sufficient to promote viral infection. Further, 

my data proposes an early endosomal escape of the viral particle which may be 

facilitated by a potential intracellular role of NTCP. HBV DNA from the cell surface 

reaches the nucleus within 3 hours, however, cccDNA was only detected between 24 – 

72 hours.   

 

Collectively, this study illustrates gaps in our knowledge to understand host factors that 

are involved HBV entry and dissemination. Detailed entry kinetic analysis identified early 

steps of the HBV life cycle including the rc- to cccDNA conversion to be rate and time 

limiting. Tools generated in this thesis such as the synchronised uptake assay and 

visualising labelled viral particle will further allow to dissect host pathways that are 

required in viral entry. Identifying limiting steps and host factors involved will allow the 

generation of more physiological cell culture and in vivo models. This will also help 

advancing our knowledge in the development of preventive and therapeutic antiviral 

strategies.  
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Figure 34: Proposed HBV entry pathway into HepG2-NTCP K7 cell. Details are given in the 
main text (Created with BioRender.com). 
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4 Material and methods  
 
4.1 Material 
 
4.1.1  Laboratory equipment and consumables  
  
Product Supplier 
Amersham Hybond PVDF membrane GE Healthcare Life Sciences 
Amersham nylon membrane Hybond N+ GE Healthcare Life Sciences 
BEP (HBeAg measurement) Siemens Molecular Diagnostics 
Cell culture flasks and plates TPP 
Cell culture incubator HERAcell 150i Thermo Scientific 
Centrifuge 5417C / 5417R Eppendorf 
Cryo vials Greiner Bio One 
ELISA 96well plates Nunc Thermo Scientific 
Falcon tubes 15ml, 50ml Greiner Bio One 
Fluorescence microscope Leica DM8 Leica 
Gel chambers (agarose gel 
electrophoresis) 

Peqlab 

Gel chambers (SDS-PAGE) Bio-Rad 
Hyperflask Corning 
Light Cycler 480 II Roche 
Pipette “Accu-jet pro” Brand 
Pipette filter tips Starlab 
Pipette tips 2 - 50ml Greiner Bio One 
Pipettes Eppendorf 
PVDF membrane  Bio-Rad 
qPCR 96-well plates 4titude 
Reaction tubes Eppendor 
Sterile filters 0.45μm Merck, Millipore 
Sterile hood Heraeus 
Tecan plate reader Infinite F200 Tecan 
Ultracentrifuge Beckman SW40 rotor Beckman Coulter 
Western Blotting Chamber (Wet Blot) Bio-Rad 
Whatman paper Bio-Rad 
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4.1.2 Chemicals and reagents  
 
Name Supplier 
5-Ethynyl-2'-deoxycytidine (5-EdC) Jena Bioscience 

Agarose Peqlab 
Amersham ECL Prime Western Blotting 
Detection Reagent 

GE Healthcare Life Sciences 

Ampicillin Roth 
APS Roth 
Blasticidin S HCl Invitrogen 
Cholera Toxin B (CTB) Alexa Flour 488 Thermo Fischer Scientific 
Collagen R Serva Electrophoresis 
CsCl Roth 
DMEM-F12 Thermo Fischer Scientific 
DMSO Sigma-Aldrich 
Dulbecco’s Modified Eagle’s Medium Gibco/Invitrogen 
EGF Sigma-Aldrich 
Ethanol Roth 
Ethidium bromide Merck 
FBS Fetalclone II, Hyclone GE Healthcare Life Sciences 
FCS (heat-inactivated) Gibco/Invitrogen 
Fish (herring) sperm DNA Invitrogen 
Fluoromount G Thermo Fischer Scientific 
Formaldehyde  Roth 
Geneticin (G418) Thermo Fisher Scientific 
Glutamine Sigma-Aldrich 
Glycine Roth 
HBsAg Roche 
Hydrocortisone Pfizer 
Isopropanol Roth 
Lipofectamine 2000 Life Technologies 
Methanol Roth 
Milk powder Roth 
NaCl Roth 
NaOH Roth 
Non-essential amino acids Gibco/Invitrogen 
OptiMEM Gibco/Invitrogen 
Page Ruler Plus Prestained protein ladder Thermo Fischer Scientific 
PBS Gibco/Invitrogen 
PEG6000 Merck 
Penicillin/streptomycin Gibco/Invitrogen 
Pierce RIPA buffer Thermo Scientific 
PNGase F New England BioLabs 
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Polyacrylamide  Roth 
Protease inhibitor (Complete) Roche 
SDS Roth 
T5 exonuclease New England Biolabs 
TEMED Roth 
Transferrin From Human Serum, Alexa 
FluorTM 488 Conjugate 

Life Technologies 

Tris HCl Roth 
Trypan blue Gibco/Invitrogen 
Trypsin Gibco/Invitrogen 
Tween 20 Roth 
William’s medium E  Gibco/Invitrogen 

 

4.1.3 Cell culture media  
 
HepG2/NTCP; Huh7/NTCP, HEK293T, 
A549, U2OS, HeLa cells 

DMEM-F12 
10 % FCS 
Penicillin/streptomycin (100 U/ml) 
 

HepaRG culture media  William’s E medium  
10 % FBS Fetalclone II 
Penicillin/streptomycin (100 U/ml) 
Glutamine (2mM) 
Human insulin (0.023 U/ml) 
Hydrocortisone (4.7 µg/ml) 
Gentamicin (80 µg/ml) 

HepaRG differentiation media William’s E medium  
10 % FBS Fetalclone II 
Penicillin/streptomycin (100 U/ml) 
Glutamine (2mM) 
Human insulin (0.023 U/ml) 
Hydrocortisone (4.7 µg/ml) 
Gentamicin (80 µg/ml) 
1.8 % DMSO 

HBV production media William’s E medium  
5 % FCS  
Penicillin/streptomycin (100 U/ml) 
Glutamine (2mM) 
Non-essential amino acids (1x) 
Sodium pyruvate (1mM) 
Hydrocortisone (4.7 µg/ml) 
1 % DMSO 
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4.1.4 Kits  
 
Name Supplier 
AllPrep DNA/RNA Kit Qiagen 

LightCycler 480 SYBR Green I Master mix Roche 
NucleoSpin RNA isolation Kit Macherey-Nagel 
NE-PER™ Nuclear and Cytoplasmic 
Extraction Reagents 

Thermo Fischer Scientific 

NucleoSpin Tissue Kit Macherey-Nagel 
SuperScript III First-Strand Synthesis  Invitrogen 

 
 

4.1.5 Antibodies 
 
Name Supplier Application 
a-tubulin Sigma-Aldrich Western blot (1:500) 
AD53 Provided by M. Nassal Western blot (1:500) 
Anti-mouse Sigma-Aldrich  Western blot (1:10 000) 
Anti-rabbit Sigma-Aldrich Western blot (1:10 000) 
b-actin Sigma-Aldrich Western blot (1:300) 
Caveolin 1 Cell Signaling Western blot (1:1000) 
EGFR Cell Signaling Western blot (1:1000) 
GAPDH Acris Western blot (1:5000) 
HBV core (HBcAg) DAKO NAGE (1:300) 
Hepatect CP Biotest Uptake assay (1:100) 
H863 Provided by S. Urban Immunofluorescence/ 

Western blot (1:500) 
K9 Provided by B. Stieger Western Blot (1:500) 
Lamin A/C Thermo Scientific Fischer Western blot (1:500) 

 
 

4.1.6 Inhibitors  
 
Name Supplier Application 
Bafilomycin A1 Sigma-Aldrich 100 nM 
Dynasore hydrate Sigma-Aldrich 100 µM 
Cytochalasin D Sigma-Aldrich 50 µM 
EIPA Sigma-Aldrich 100 µM 
HAP_R01 Roche 5 µM 
Heparin  Ratiopharm 50 U/ml 
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MbCD Sigma-Aldrich 5 mM 
Myrcludex B  Provided by S. 

Urban  
0.2 µM 

Nocodazole Sigma-Aldrich 50 µM 

Pitstop2 Sigma-Aldrich 50 µM 
 
 

4.1.7 Primer sequences 
 
Name Sequence 
18S fw AAACGGCTACCACATCCAAG 
18S rev CCTCCAATGGATCCTCGTTA 
cccDNA 2251+ AGCTGAGGCGGTATCTA 
cccDNA 92- GCCTATTGATTGGAAAGTATGT  
EGFR fw TTCCTCCCAGTGCCTGAA 
EGFR rev GGGTTCAGAGGCTGATTGTG 
HBV DNA 1745 GGAGGGATACATAGAGGTTCCTTGA 
HBV DNA 1844 GTTGCCCGTTTGTCCTCTAATTC 
PRNP fw TGCTGGGAAGTGCCATGAG 
PRNP rev CGGTGCATGTTTTCACGATAGTA 
TBP fw TATAATCCCAAGCGGTTTGC 
TBP rev CTGTTCTTCACTCTTGGCTCCT 

 

4.1.8 Software  
 
Name Supplier 
Endnote X9 Microsoft 
Graph Pad Prism 5.01 Graph Pad 
ImageJ NIH 
LightCycler 480 Software 1.5.1.62 Roche 
Fluoview FV10i Olympus 
Windows 7/8/10, MS Office Microsoft 
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4.2 Methods 
 

4.2.1 Cell culture  
 

All cells were cultured under standard cell culture condition at 37 °C, 5 % CO2 and 95 % 

humidity. For culturing, cells were washed 1x with PBS and incubated with 1x trypsin at 

37 °C for five to ten minutes and split in a 1:8 ratio twice a week. HepG2 derived cell 

lines were kept on collagen (1:10) at all times.  

HepaRG cells were kept two weeks in culture media and differentiated for subsequent 

two weeks in differentiation media (Gripon et al., 2002). Fully differentiated HepaRG 

were used for all experiments.  

 

4.2.2 HBV infection  
 

HBV stocks were kindly provided by Jochen M. Wettengel. HBV purified from HepAD38 

producer cell supernatants using heparin affinity chromatography with subsequent 

sucrose gradient ultracentrifugation. Unless stated otherwise, cells were pre-

differentiated two days prior and inoculated in the presence of 4 % polyethylene glycol 

(PEG) 6000 and 2.5 % DMSO for approximately 24 hours. The inoculum was removed 

and cells were washed once with PBS and kept on 2.5 % DMSO containing media.   

 

4.2.3 HBV uptake assay  
 

Human cells were seeded and differentiated for two days with 2.5 % DMSO. Cells were 

pre-chilled on ice for 15 min and cold HBV containing inoculum was added to cells on 

ice for 1 hour enabling the virus to bind to the cell surface. Medium was changed and 

cells were subsequently shifted to 37 °C for 1 to 72 hours. Cells were washed with PBS 

two times, shortly trypsinised for 3 minutes, and either kept for cccDNA or HBeAg 

measurements or collected for total intracellular HBV DNA.  

 

4.2.4 DNA extraction  
 

Total cellular DNA was extracted according to the standard manufactures protocol of the 

NucleoSpin Tissue Kit. 
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4.2.5 Quantification of HBV markers  
 

Total intracellular HBV DNA, cccDNA and the reference gene PRNP were detected by 

the LightCycler 480 Real-time PCR system. Advanced relative quantification allowed 

normalisation to the reference gene considering the primer efficiency. One qPCR 

reaction consisted of 4 μl of total extracted DNA, 0.5 μl of each primer (20 μM) and 5 μl 

LightCycler 480 SYBR Green I Master mix. For a selective cccDNA qPCR isolated DNA 

was subjected to T5 endonuclease treatment in order to remove rcDNA or nicked DNA. 

One reaction consisted of 8.5 μl extracted DNA were mixed with 1 μl NEB buffer 4 and 

0.5 μl T5 exonuclease that was incubated at 37 °C for 30 minutes with subsequent heat 

inactivation at 99 °C for 5 minutes and diluted 1:4 with water. HBeAg levels were 

analysed using the qualitative measurement on automated BEP III system (Siemens 

Healthcare). 

 

Total intracellular HBV DNA and PRNP were with following qPCR adjustments:  

 

 T [°C] t [sec] Ramp 
[°C/sec] 

Acquisition 
mode  

Cycles  

Denaturation 95 300 4.4  1 
Amplification 95 25 4.4 Single 40 

60 10 2.2 
72 30 4.4 

Melting 95 1 4.4 5/°C 1 
65 60 2.2 
95  0.11 

Cooling  40 30 2.2  1 
 

qPCR program for cccDNA amplification:  

 

 T [°C] t [sec] Ramp 
[°C/sec] 

Acquisition 
mode  

Cycles  

Denaturation 95 600 4.4  1 
Amplification 95 25 4.4 Single 50 

60 10 2.2 
72 30 4.4 
88 2 4.4 

Melting 95 1 4.4 5/°C 1 
65 15 2.2 
95  0.11 

Cooling  40 30 2.2  1 
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4.2.6 Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) 
and Western blot  

 

Cells were lysed for 10 minutes on ice with Pierce RIPA buffer that contain 1x protease 

inhibitor cocktail. Protein lysate were centrifuged (12,000 g, 10 minutes, 4 °C) to get rid 

of cell debris. Supernatant were mixed with Laemmli buffer and heated (99 °C, 5 min, 

800 rpm). For NTCP detection cells were lysed in RIPA buffer containing 1M DTT and 

4x Laemmli buffer without heating. NTCP deglycosylation was obtained through 

PNGase F treatment according to manufacturer’s protocol (New England BioLabs). The 

lysates were subjected to 12 % SDS-PAGE and samples were separated together with 

a pre-stained protein ladder (Pager Ruler Plus) at 100V for 2 hours. In a wet blot, proteins 

were transferred onto a methanol-activated PVDF membrane at 300 mA for 1.5 hours. 

The membrane was blocked in 3 % milk in TBS-T and kept in primary antibody in 1 % 

milk overnight at 4 °C. After washing three times with TBS-T the blot was incubated with 

the secondary antibody in 1 % milk for one hour at room temperature. The Western Blot 

was developed after three times washing with TBS-T using the Amersham ECL Prime 

Western Blotting Detection Reagent.  

 

4.2.7 Native Agarose Gel for HBV capsid analysis  
 

Cells were washed twice with ice-cold PBS and lysed with core-lysis buffer and 

centrifuged at 12 000 g. 2 – 5 μl of the supernatant was mixed with 6x core loading dye 

and run on a 1.2 % agarose gel in Tri-borate EDTA buffer at 30 V for 10 – 15 minutes 

following increasing voltage up to 90 V for another 1 – 1.5 hours. Capsids on the agarose 

gel are directly transferred to a methanol-activated PVDF membrane through capillary 

transfer in 10x SSC buffer overnight. The membrane is washed in TBS-T and blocked 

in 3 % milk in TBS-T for one hour at room temperature. Incubation of primary antibody 

in 1 % milk at 4 °C overnight. After washing three times with TBS-T secondary antibody 

in 1 % milk in TBS-T was incubated for one hour at room temperature. After washing 

three times with TBS-T protein was detected using the Amersham ECL Prime Western 

Blotting Detection Reagent.
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4.2.8 NTCP staining using labelled Myrcludex B  
 

Cells on coverslips were washed with PBS and 200 nM Atto488 labelled Myrcludex B 

was added per well and incubated for 30 minutes at 37 °C. Cells were washed with PBS 

and fixed with 4 % PFA for 10 minutes at room temperature and mounted with 

Fluoromount G on slides.  

 

4.2.9 Confocal Microscopy  
 

Cells on coverslips were washed with PBS and fixed with 4 % PFA for 10 minutes at 

room temperature. After washing once with PBS cells were permeabilised with 0.5 % 

saponin in PBS for 10 minutes. Blocking was done in 0.1 % saponin and 10 % goat 

serum at 4 °C overnight. Primary antibody was added into blocking solution kept on cells 

at 4 °C overnight. Cells were washed three times with 0.1% Saponin in PBS and kept in 

secondary antibody with 0.1 % Saponin and 2 % goat serum for two hours at room 

temperature. Subsequently cells were washed three times with 0.1% Saponin in PBS 

with an extra wash in PBS and mounted on slides using Fluoromount G.  

 

4.2.10 Cell viability assay 
  

Cell viability was tested using CellTiter-Blue reagent (Promega) and performed 

according to manufacturer’s instructions. 

 

4.2.11 Generation and detection of EDC-HBV  
 
HepG2.2.15 cells were grown in T175 flask until they reached a confluency of 100 %.  

5-EDC (50 nM) was supplemented every day into the production media. Supernatant 

was taken every day for 5 days with the first supernatant being discarded. Collected 

media was pooled and run through a 0.45 µm filter and concentrated using Vivaspin 15. 

Concentrated virus was additionally washed with PBS in the filtration tube.  

Concentration (Geq/ml) was determined by qPCR. Upon HBV binding or uptake assay 

cells on slides were washed with PBS and fixed 4 % PFA for 10 minutes at room 

temperature. Cells were permeabilised with 0.5 % saponin in PBS for 10 minutes at room 

temperature. To enable click reaction the click reaction buffer was added for 30 minutes 

at room temperature. After washing twice with 0.5 % TBS-T Cy5 labelled streptavidin 
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(1/20) in 0.1 % saponin and 2 % goat serum in PBS for two hours protected from light. 

After washing twice with 0.1 % saponin in PBS and one wash with PBS cells were 

mounted with Fluoromount G.  

 

4.2.12 Adenovirus transduction  
 
Ad-HBV1.3L- was produced as reported before (Sprinzl et al., 2001) and cells were 

transduced for 2 hours at 37 °C with subsequent replacement of the media.  
 

4.2.13 Cytoplasmic and nucleus Fractionation separation  
 
Samples were separated using NE-PER™ Nuclear and Cytoplasmic Extraction 

Reagents according to manufacturer’s protocol. Intracellular DNA from cytoplasm or 

nucleus was extracted using NucleoSpin Tissue kit (Macherey Nagel) and qPCR for 

HBV DNA and cccDNA was performed.  

 

4.2.14 Statistical analysis  
 
Single values are represented with means and standard deviation; p-values were 

calculated with Student’s unpaired two-tailed t-test applying Prism 8 software.  
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