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Abstract 

The human hepatitis B virus (HBV) and hepatitis C virus (HCV) belong to different 

families. However, both exhibit high species specificity and liver tropism. They can 

lead to acute and chronic infection and are major risks for hepatocellular carcinoma. 

Although the virus life cycles in hepatocytes have already been characterized in detail, 

the roles of liver non-parenchymal cells in early virus infection remain elusive. 

HBV was detected in liver macrophages, Kupffer cells, after perfusion of human liver 

tissue. The first part of the study presented was aimed to identify the exact 

transcytosis pathway of HBV from Kupffer cells (KCs) to hepatocytes. Confocal 

microscopy revealed that HBV localized into recycling endosomes within the 

macrophages. They co-localized with lipoprotein derived free cholesterol and 

Niemann–Pick C1 (NPC1), a protein involved in cholesterol transport. Association of 

intracellular trafficking of HBV with cholesterol was further confirmed by treating cells 

with an inhibitor of the cholesterol transport, which blocked HBV recycling to the 

plasma membrane in parallel to inhibition of cholesterol effllux. Furthermore, under 

pulse chase conditions, ApoA-1 or HDL contained in human serum induced HBV 

re-secretion into the cell culture supernatant in association with cholesterol export. 

Finally, after co-culturing HBV loaded KCs with primary human hepatocytes (PHHs), 

HBV trans-infection of hepatocytes was detected. Taken together, in the first part of 

the study we found that HBV utilized the cholesterol transport machinery to 

transcytose through liver macrophages and infect hepatocytes in trans. 

The second part of the study focused on the interaction of HCV with non-parenchymal 

liver cells during the early infection. To mimic the physiological situation, an ex vivo 

human liver perfusion model for HCV was established. Using this model, firstly, 

permissiveness of perfused liver tissue to HCV infection was evidenced by increasing 

numbers of HCV genomes released into the perfusate during 48h perfusion. Secondly, 

a time course analysis by immune staining showed that KCs but even more 

prominently liver sinusoidal endothelial cells (LSECs) took up HCV at the early time 

points. Hepatocytes only became positive for HCV after prolonged perfusion. Thirdly, 

48h after initial exposure to HCV, analysis of hepatic gene expression of perfused 

human liver tissues by qRT-PCR showed induction of interferons (IFNs).  
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To test whether the sequential uptake of HCV in human liver tissue also reflected 

trans-infection, HCV loaded KCs were co-cultured with Huh7.5 cells for three days. 

The results supported that HCV could trans-infect hepatocytes via binding to 

DC-SIGN on KCs as well as L-SIGN on LSECs. To test if KCs and LSECs contributed 

to the early IFN induction observed in ex vivo perfused liver, primary human KCs and 

primary murine LSECs were exposed to HCV in vitro. HCV exposure induced NF-κB 

activation and enhanced IFN-expression already after 6h. To disclose the sensory 

pathway resulting in this induction, wild type mice and TLR3-deficient mice were 

inoculated with HCV. Only wt mice but not TLR3-deficient mice showed an induction 

of pro-inflammatory cytokines in the liver, confirming that the innate immune activation 

was TLR3 dependent. 

From these data we concluded that HCV particles entering the liver are efficiently 

sequestered by KCs and LSECs. This may contribute to efficient hepatocytes 

infection in trans via SIGN molecules binding on one side and on the other side leads 

to a TLR3-dependent innate immune activation.
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Abbreviation 

ABC ATP-binding cassette transporter 

Abs Antibodies 

AcLDL Acetylated low density lipoprotein 
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h.p.i hour post infection 
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NTCP Sodium Taurocholate Co-Transporting Polypeptide 

NTR Non-Translated Region 

PHH Primary Human Hepatocyte 

PRR Pattern Recognition Receptor 

rcDNA relaxed-circular DNA 

RdRp RNA-dependent RNA polymerase 

REM Replication Enhancing Mutation 

RGHV Ross Goose Hepatitis Virus 

RIG-1 Retinoic Acid-Inducible Gene 1 

RT Reverse Transcription 

SMA Smooth Muscle Actin 

SNP Single Nucleotide Polymorphism 

STHBV Stork Hepatitis B Virus 

TAG Triacylglycerol 

VLDL Very Low Density Lipoprotein 

VP Viral Particle 

WHV Woodchuck Hepatitis Virus 

 



1. Introduction 

5 
  

1. Introduction 

1.1 The liver  

1.1.1. Gross anatomy and function of the liver 

The liver is the largest solid organ in the body and weighs about 1400 g in females 

and 1800 g in males. It lies on the right side of the abdomen and anatomically 

composed of two lobes. The liver has a unique dual blood supply: 80% is delivered 

through the portal vein, which drains the spleen and intestines; the remaining 20%, 

the oxygenated blood, is delivered by the hepatic artery1.  

The liver is a vital organ that fulfills diverse but closely connected functions, for 

example: 1. Detoxification: liver removes and excretes body wastes and hormones as 

well as drugs and other foreign substances2. 2. Production: liver is responsible for the 

production of several vital protein components of blood plasma like prothrombin, 

fibrinogen, and albumins2. 3. Immune regulation: liver produces immune cytokines 

against invading pathogens. The liver also has other important but less immediate 

functions including production of biles to aid in digestion, storing substances like 

certain vitamins, minerals, and sugars2.  

1.1.2. Microanatomy and cells of the liver 

The liver is a complex three-dimensional structure that can be divided into subunit of 

lobules. The center structure of a lobule is the terminal hepatic venule (“central vein”) 

and the periphery is delineated by portal triads. Structures within these tracts include 

bile duct and ductules, hepatic artery, portal vein, lymphatic vessels, nerve fibers, and 

a few inflammatory cells. Blood flow from portal vein to central vein in channels 

named sinusoids. The areas between those vessels are filled with parenchymal and 

non-parenchymal cells2. 

Hepatocytes are the parenchymal cells of the liver. They occupy almost 80% of the 

total liver volume and are the chief functional cells in the liver. They are polygonal in 

shape and their plasma membranes are separated by tight junctions into sinusoidal–

basolateral and canalicular–apical domains. Hepatocytes are arranged in plates and 

are shielded from blood in the sinusoids by liver endothelial cells2, 3.  
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Liver sinusoidal endothelial cells (LSECs) constitute the lining wall of the hepatic 

sinusoids. They are characterized by the presence of fenestrations in vivo, which 

could filtrate blood passing through to allow free diffusion of small molecules (≤ 10nm) 

from sinus into the space of Disse4. LSECs show huge endocytic capacity for many 

ligands including glycoproteins, immune complexes and transferrin5, 6. LSECs may 

function as antigen-presenting cells in the context of both MHC-I and MHC-II 

restriction with the resulting development of antigen-specific T-cell tolerance7. They 

are also active in the secretion of cytokines, nitric oxide, and distinct extracellular 

matrix components6. 

Kupffer cells (KCs) are liver specific macrophages. They are ameboid in shape and 

predominantly distributed in the lumen of hepatic sinusoids adhering to the surface of 

LSECs8. KCs can clear particulate and foreign materials from the portal circulation 

and in turn, produce inflammatory mediators. They are also involved in lipoprotein 

clearance as well as bilirubin production9.  

Hepatic stellate cells (HSCs) are located in the space of Disse between the LSECs 

and hepatocyte plates. They account for 5%–8% of the cells in the liver and have 

several important functions like vitamin A storage, extracellular matrix production and 

contraction or dilation of the sinusoidal lumen in response to endothelin. A 

characteristic feature of HSCs is that when the liver is injured due to viral infection or 

hepatic toxins, damaged hepatocytes and immune cells can secret signal molecules 

causing trans-differentiation of HSCs into activated myofibroblast-like cells10-12.    
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Figure 1.1. A schematic drawing depicting the localization of liver cells. Red arrow shape indicates 
blood flow in sinusoid. Space of Disse is the compartment between endothelial cells and hepatocytes. 
LSEC, liver sinusoidal endothelial cell; KC, Kupffer cell; HSC, hepatic stellate cell. 

1.2. Cholesterol transport  

The liver plays a central role in the regulation of cholesterol levels in the body. It dose 

not only synthesize cholesterol for export to other cells, but also removes cholesterol 

from the body by converting it to bile salts. Furthermore, the liver synthesizes the 

various proteins involved in transporting cholesterol throughout the body13, 14.  

1.2.1. Extracellular cholesterol transport 

Cholesterol is highly hydrophobic. Its extracellular transportation in the blood 

circulation is mediated via lipoproteins, which are particles contains both lipids and 

proteins. The hydrophobic lipid core is rich with triacylglycerols (TAG) and cholesterol 

esters. The outer layer is composed amphipathic phospholipids and unesterified 

cholesterol and distinct amphipathic proteins called apoproteins (Apo)15.  

Lipoproteins are classified according to their density. The lowest density lipoproteins 

are the chylomicrons followed by very low density lipoproteins (VLDL), intermediate 

density lipoproteins (IDL), low density lipoproteins (LDL), and high density lipoproteins 

(HDL). The densities of these lipoproteins are related to the relative amounts of lipids 

to proteins in the complex. The higher the protein contents the higher the density of 

the lipoprotein.16 

hepatocytes�

HSC�

LSEC�

KC�

blood circulation�
 sinusoid�

space of Disse 
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Chylomicron and VLDL are two forms of triglyceride rich lipoprotein (TRL). 

Chylomicron is synthesized by enterocytes from exogenous lipids absorbed in the 

small intestine17. During circulation through human body, TAGs are removed by the 

peripheral tissues. As the tissues absorb the fatty acids, the chylomicron particles 

progressively shrink until they are reduced down to cholesterol enriched remnants. 

The depleted or remnant chylomicrons, containing the dietary cholesterol, eventually 

reach the liver where they are cleared from the circulation by binding of their ApoE to 

receptors presented only on the surface of hepatic cells18. Subsequently, the bound 

remnants are taken up by the hepatic cells via endocytosis and then catabolized in 

the lysosomes19. 

The VLDL is essential in the endogenous lipid-transport pathway. It is secreted by the 

liver. As the transport of VLDL particles progresses, the core of lipid is reduced and 

the proteins and phospholipids on the surface are transferred to the HDL18, 20. 

Eventually, a high proportion of the VLDL remnants (or IDL) are converted to LDL with 

further loss of TAG.  

The LDL is the principle plasma cholesterol carrier and serves as a cholesterol source 

for most tissues of the body20. LDL binds to specific cell receptors located on the 

plasma membrane of target cells, which is then followed by endocytosis and 

degradation of the lipoprotein to its primary components. 

The HDL is synthesized de novo in the liver and small intestine, as primarily 

protein-rich disc-shaped particle21. It can obtain cholesterol by extraction from cell 

surface membranes using the ATP-binding cassette (ABC) transporter. Alternatively, 

the entire HDL particles can enter the hepatocytes through an ApoA-1 receptor 

interaction, where they undergo facilitated transfer of cholesterol within the cell19-22. 

The primary function of HDL is to remove excess cholesterol from periphery tissues to 

the liver so that the cholesterol can be metabolized into bile salts21.  

Importantly, those lipoproteins are in a constant change in composition and physical 

structures in the circulation while the peripheral tissues take up the lipid components 

and the remnants will return to the liver15, 23. 

1.2.2. Intracellular cholesterol transport 

Cholesterol is an essential constituent in mammalian cell membranes and also serves 

as precursor for synthesis of steroid hormones and bile acids14. There are two 
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sources of cellular cholesterol. De novo synthesis of cholesterol can take place in all 

nucleated cells in human and the endoplasmic reticulum (ER) harbors enzymes 

essential for cholesterol processing24. Another source of cholesterol is extracellular 

lipoprotein. After their internalization via receptor-mediated endocytosis, they are 

transported to acidic endosome where cholesterol esters are hydrolyzed and free 

cholesterol is released15, 19.  

Free cholesterol derived from de novo synthesis or released from lipoprotein can 

target the plasma membrane for integration and become available to extracellular 

acceptors or they may redistribute to equilibrate the intracellular cholesterol pool. 

They may also go through esterification in the ER for longer time storage25, 26.  

Cholesterol delivery between those different sites is mediated by non-vesicular and 

vesicular mechanisms. Non-vesicular mechanism presumably uses cytosolic lipid 

transfer proteins, direct membrane contacts or combinations, which largely remained 

unclear. Vesicular mechanism means trafficking along cytoskeletal route via 

endosomal systems. In the endocytic pathway, the internal membrane of recycling 

compartments and the internal vesicles of multivesicular bodies harbor majority of the 

cholesterol. The recycling endosomes can transport the cholesterol directly to the 

plasma membrane. Alternatively, Niemann–Pick C1 protein (NPC1 and NPC2), which 

is located on the late endosome membrane can mediate cholesterol efflux out of the 

endosomal system before further maturation of late endosomes into lysosomes 27. 

This is supported by the observation that deficiency of NPC protein leads to the 

accumulation of LDL-derived unesterified cholesterol in late endosomes28. The NPC 

phenotype can also be reproduced by treatment of normal cells with steroids like 

progesterone or with hydrophobic amines (class II amphiphiles) like U18666A29. On 

release from the endosomal system, cholesterol is delivered to other membranes, 

such as the plasma membrane, ER, recycling endosomes and mitochondria.  

When there is excessive free cholesterol inside the cell, a key process to prevent 

cholesterol retention is cholesterol efflux, which is a process regulated by ABC 

transporter proteins22, 30, 31. It is suggested that triggered by binding of lipid-poor 

ApoA-1 to ABCA1, phospholipids and cholesterol are transferred to ApoA-1 to 

generate nascent HDL32. And ABCG1 cooperates with ABCA1 by further adding 

cellular lipids to the nascent particle, which results in the maturation of HDL31.  
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1.3. Hepatitis B virus 

1.3.1. Classification and origin 

Hepatitis B virus (HBV) belongs to the family of Hepadnaviridae. Within the family are 

two genera: the orthohepadnavirus genus and the avihepadnavirus genus. The 

former infects mammals and is represented by HBV (Hepatitis B Virus), which targets 

humans and is the prototype member of this famlily. The other member of this genus 

includes viruses such as woodchuck hepatitis virus (WHV) that causes hepatitis in 

woodchucks33, woolly monkey HBV34 and orangutan-HBV33, which infect non-human 

primates. The latter genus of HBV infect birds, including the duck hepatitis B virus 

(DHBV) isolated from Pekin duck35, Heron hepatitis B virus (HHBV) that is responsible 

for hepatitis in herons36, Ross goose hepatitis virus (RGHV) and stork hepatitis B virus 

(STHBV)37. 

The Hepadnaviridae viruses share the following characteristics in common. For 

example, they have a tropism for liver cells; The double stranded DNA genome 

consists of a long negative strand and a short incomplete positive strand of a variable 

length; They produce subviral particles and generate persistent infection and replicate 

through pregenomic RNA (pgRNA) template via reverse transcription with their own 

DNA polymerase37. 

HBV is an old world virus. Competing models of HBV origin have been proposed 

since 1990s based solely on sequence and geographic distribution analyses of extant 

HBVs38. The main obstacles in chasing the origin and development of HBV include 

the difficulties in estimating the real mutation rates in long time scale and a completely 

lack of genomic endogenizations in extant avian, rodent and primate’s hosts. Until 

recently, endogenous hepadnaviruses was discovered in the genome of the zebra 

finch39, 40, which has not been documented as extant HBV host. And this discovery 

has revealed that the evolutionary origin of hepadnaviruses is more than 63 million 

years older than previously known41. And in parallel with this finding, birds are 

suggested to be the ancestral hosts of Hepadnaviridae, and mammalian hepatitis B 

viruses probably emerged after a bird–mammal host switch40.  

 



1. Introduction 

11 
  

1.3.2. Epidemiology and transmission 

HBV infection is a global health problem. It is estimated that >2 billion people 

worldwide have been infected with HBV. And around 360 million individuals are 

chronically infected and at risk of serious illness and death, mainly from liver cirrhosis 

and hepatocellular carcinoma (HCC)42.  

Prevalence of chronic HBV infection and the HBV transmission patterns vary 

geographically. High endemicity areas include developing regions with large 

population such as South East Asia, China and sub-Saharan Africa. About 70 to 90% 

of the population becomes HBV-infected before the age of 40, and 8 to 20% of people 

are HBV carriers 43. The usual mode of transmission is vertical at the time of birth from 

a chronically infected mother or horizontal in early childhood from bites, skin lesions 

or unsanitary habits44. In intermediate prevalence areas (Mediterranean countries, 

Japan, Central Asia, Middle East, and Latin and South America), 2% to 8% of the 

given population is HBsAg positive and between 10–60% of the population have 

evidence of infection 43. In these areas, mixed patterns of transmission exist, including 

infant, early childhood and adult transmission. The prevalence of HBV is low in most 

developed areas, such as Western and Northern Europe, Australia and North 

America. In these regions, the HBV carrier rate is less than 2%, and less than 20% of 

the population is infected with HBV43. Adult horizontal transmission is the most 

common route. The most frequently reported risk factors are injection drug use, 

sexual activity and healthcare employment 45, 46.  
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Figure 1.2. Global distribution of chronic hepatitis B infection (2006). Estimates of prevalence of 
hepatitis B surface Ag (HBsAg) worldwid. Regions colored in dark blue show the highest prevalence 
with more than 8% of the population infected, followed by intermediate prevalence (2-7%) and low 
endemic areas presented in lighter colors. Modified from Center for Disease Control and Prevention, 
US47.                                          

1.3.3. Pathogenesis and treatment 

1.3.3.1. Pathogenesis 

HBV infection leads to a wide spectrum of clinical presentations in both acute and 

chronic disease. During the acute phase, manifestations range from subclinical 

hepatitis to anicteric hepatitis, icteric hepatitis, and fulminant hepatitis48, 49. During the 

chronic phase, manifestations range from an asymptomatic carrier state to chronic 

hepatitis, cirrhosis, and hepatocellular carcinoma50.  

Many studies suggest that HBV infection is not cytopathic to hepatocytes51-53. 

Experiments in chimpanzees have shown that virus specific T cells are responsible 

for eliminating infected cells and thus also become a determinant influencing the 

onset and course of liver disease54, 55. Successful HBV specific T cell responses 

terminate HBV infection in the host and lead to the recovery of hepatitis B56. Vice 

versa, persistence of HBV infection is resulted from insufficient T cell response, which 

could be caused by failure of T cell response induction, or counteraction of virus 

against T cell response57. Further more, chronic HBV infection often accompanied 

with long term of immune-mediated liver injury, which is characterized by continuous 
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cycles of low-level liver cell destruction and regeneration that over time will cause 

fibrosis, cirrhosis and probably hepatocellular carcinoma (HCC)53, 58. Besides immune 

status, the overall clinical outcome of HBV infection is also affected by the age at 

infection, the level of HBV replication and the status of co-infection with other virus, 

etc59. 

1.3.3.2. Treatment 

The goal of therapy for chronic hepatitis B (CHB) is to improve quality of life and 

survival by preventing progression of the disease to end-stage liver disease like 

cirrhosis and HCC60. This goal can be achieved if HBV replication can be suppressed 

with an effective treatment. The current approved treatment of HBV has been 

centered on interferon and nucleos(t)ide analogues. They suppress HBV replication 

but each with their own disadvantages61, 62. 

IFN has been used in the treatment of CHB for many years63, 64. It has the following 

advantages. First, IFN has direct antiviral effects includes inhibiting synthesis of viral 

DNA51 and leading cccDNA degradation in the host cell through ISGs65. Second, IFN 

modulate the cellular immune response against HBV infected hepatocytes by 

increasing the expression of class I histocompatibility antigens and by stimulating the 

activity of helper T lymphocytes and natural killer lymphocytes66. Third, IFN also exert 

an anti-proliferative effect and an anti-fibrotic effect to alleviate the pathogenic 

progression of the inflamed liver64, 65, 67. However, the major limitations of IFN-based 

therapy are its significant side effects, low response rate of treated patients64, 68. 

Nucleos(t)ide analogue is a group of HBV inhibitor represented by lamivudine (LMV), 

adefovir dipivoxil (ADV), entecavir, telbivudine, and tenofovir disoproxil fumarate. 

They mainly act by inhibiting HBV polymerase activity, which lead to decrease in viral 

replication and viral particles release. Since they could not clear virus from infected 

host, persistent viral suppression would need life-long treatment69, 70. However, 

long-term treatment with nucleos(t)ide analogues has been found to be associated 

with progressively increasing rates of viral resistance because of emergence of 

resistant HBV mutant strains71, 72. 

To achieve more satisfactory treatment outcome, a series of anti-viral agents 

targeting different steps of HBV life cycle is under development pipeline. For example, 

Myrcludex-B is a synthetic lipopeptide consisting of the authentically myristoylated 
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N-terminal 47 amino acids of the preS1 domain of the large viral envelope protein (L 

protein). It targets specifically hepatocytes and efficiently blocks de novo HBV 

infection both in vitro and in vivo73-75. A phase 0/1 clinical study to evaluate the safety, 

tolerability, pharmacokinetics, and immunogenicity of single ascending doses of 

Myrcludex-B in healthy volunteers is ongoing. DV-601 is an immune based therapy. It 

comprises recombinant HBsAg and HBcAg and aims at promoting stimulation of virus 

specific T cell76, 77. ARC-520 is a siRNA-based agent targeting transcription of 

cccDNA thus reduces the expression and release of new viral particles78. Those 

emerging antivirals will provide additional and improved choices for optimized 

regimen development 77. 

1.3.4. Molecular Virology 

1.3.4.1. Structure of HBV particles  

There are three types of viral particles secreted by HBV infected host cell: infectious 

Dane particle and non-infectious subviral particles with sphere or filament shape37. 

The Dane particle is a 42 to 47 nm spherical structure with lipid-containing envelope 

that consists of small (S), medium (M) and large (L) surface protein37. Inside the 

envelope is an icosahedral capsid with a diameter of ~28 nm assembled by 120 

dimers of HBV core protein77. The capsid harbors a single copy of the partially 

double-stranded DNA genome, which is covalently linked to the viral reverse 

transcriptase (RT) at the 5’end of the complete strand79, 80. 

The subviral particles are produced by budding of HBV envelope proteins from cells 

without participation of capsids37. They usually reach a 10,000-fold higher 

concentration than Dane particles in patients’ serum and have been speculated to 

serve as decoys for the host’s immune system 81 (Figure 1.3). 

 

 

 

 

 

 

 



1. Introduction 

15 
  

 

 

 

 

 

 

 

 

 
Figure 1.3. Structures of HBV particles.  The infectious Dane particles with a diameter of ~42 nm 
are composed of a host derived lipid bilayer with integrated HBV surface proteins (L-, M- and 
S-protein). This envelope covers the nucleocapsid, composed of viral core proteins. The nucleocapsid 
harbors the 3.2 kb HBV DNA genome, covalently linked via the terminal protein to the viral 
polymerase. The non-infectious subviral particles (SVP), filaments and spheres, contain neither viral 
capsids nor viral DNA. Modified from Glebe,D and Urban,S81. 

1.3.4.2. Organization of HBV genome 

HBV genome in the capsid is typically organized as a relaxed circular partially 

double-stranded DNA (rcDNA) of around 3.2 kb82, 83. Minus-strand DNA is complete 

and spans the entire genome, while the plus-strands extend to about two-thirds of the 

genome length and has variable 3’ ends84. HBV genome is organized into four 

open-reading frames (ORF) that produce all the viral products. The longest ORF 

encodes the viral polymerase (ORF P). The envelope ORF (ORF S) is located within 

the ORF P in a frame-shifted manner. Partially overlapping with the ORF S are the 

core (C) and the X ORF. Because of the highly overlapping sequences between 

ORFs, a mutation in any area of the genome can have far-reaching consequences for 

viral replication and protein production83, 84. Transcription regulatory regions are 

present within ORFs and are active following the conversion of rcDNA into a 

covalently closed circular DNA form, called cccDNA85. 

Dane particle Subviral particles 

Filaments Spheres 

preS1&

preS2&
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Four mRNA products are transcribed from minus-strand DNA using host cell RNA 

polymerase II. They are 3.5kb pregenomic RNA that encode precore, core, 

polymerase protein, as well as forming the template for reverse transcription; 2.4kb 

RNA encoding L protein; 2.1kb RNA encoding M and S proteins; 0.7 kb RNA 

encoding X protein (Figure 1.4)86.	
  

Figure 1.4. Genome of HBV. Centrally is the partially double stranded DNA. The virus has 4 highly 
overlapping open reading frames shown in shadowed bars. Transcription of all four viral mRNAs 
begins at different sites, and uniquely ends at a common poly A site. Modified from Kay,A and 
Zoulim,F84.  

1.3.4.3. HBV proteins 

HBV surface protein is usually referred as hepatitis B surface antigen (HBsAg). They 

are essential for envelopment of capsid. Three types of surface proteins named large 

(L), middle (M), and small (S) are expressed by HBV. They are encoded by ORF S, 

which is divided by three in-frame AUG start codons into the following domains: 

PreS1, PreS2 and S. The L protein encompasses the PreS1 domain (108 or 119 aa 

depending on the genotype), the PreS2 domain (55 aa) and the S domain (226 aa); 

the M protein encompasses the PreS2 and S domain and the S protein consists of the 

S domain87.  

3.5 kb RNA 

2.4 kb RNA 2.1 kb RNA 

0.7 kb RNA 
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HBV core protein is also known as hepatitis B core antigen (HBcAg). As mentioned 

earlier, they participate in nucleocapsid formation. HBcAg is encoded by ORF C and 

encompasses either 183 or 185 amino acids depending on the genotype of the virus80. 

The primary sequence of core protein can be divided into assembly domain and 

protamine domain. The former covers the N-terminal 149 or 151 aa (depending on the 

genotype) and is sufficient for the self-assembly of capsids. The latter covers the 

C-terminal 34 aa, which is essential for the encapsidation of the pregenome / HBV P 

polymerase complex88, 89. 

As indicated in figure 1.4, a second product derived from the Pre-C/C ORF is HBeAg. 

It is an accessory protein of HBV, which is not essential for replication but important 

for natural infection88. This antigen has been used clinically as an index of viral 

replication, infectivity, severity of disease, and response to treatment90, 91. It is 

produced after cleavage of a 212 amino acid precursor encoded by Pre-C/C ORF 

starting from the first initiation site37.  

HBV encodes its own polymerase (Pol) that contains 842 or 843 amino acids in most 

of genotypes37. This enzyme displays both a DNA polymerase activity that can copy 

either DNA or RNA templates and a ribonuclease H (RNase H) activity that cleaves 

the RNA strand of RNA-DNA heteroduplexes. It initiates HBV genome replication from 

reverse transcribing pregenomic RNA template inside nucleocapsid. Once the DNA 

minus-strand is synthetized, RNase H degrades the RNA template and HBV Pol 

starts the synthesis of plus-strand DNA, leading to the formation of relaxed-circular 

form of the HBV genome86, 92, 93. The translation initiation codon of Pol lies internally 

on pregenomic RNA37. 

HBx protein is a 17 kDa non-structural protein. Expression of full-length HBx protein is 

essential for viral replication in vitro and a critical component of the infectivity process 

in vivo94, 95.  

1.3.5 HBV life cycle 

1.3.5.1. HBV entry and intracellular transport 

HBV entry into host hepatocytes starts from reversible attachment of the virion to cell 

surface proteoglycans. This step is energy-independent and is with low affinity and 

specificity96. After the primary attachment, the virus particle is transferred to a more 
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specific receptor, which largely defines HBV host specificity and hepatocyte tropism. 

The identity of HBV receptor has remained enigmatic for long time because of the 

lack of reliable infection system in vitro. It was until 2012 that sodium taurocholate 

cotransporting polypeptide (NTCP) was found to be functional receptor for HBV 

entry97 98, 99. .NTCP is a member of the solute carrier family 10 (SLC10) and the major 

bile acid uptake system in human hepatocytes. It localizes to the basolateral 

membrane of hepatocytes. Though exogenous overexpression of hNTCP could 

confer HBV permissiveness in non-infectable HepG2 or Huh7 cells99 100, 101. It cannot 

reverse the insusceptibility of mouse hepatocyte to HBV infection102. Thus, It is 

unknown if molecules other than NTCP also contribute to HBV entry. 

Virus-receptor binding is then followed by cellular internalization, which has been 

reported to involve caveolae-, clathrin- or macropinocytosis-dependent endocytosis, 

depending on the cell types and experimental systems103-106.   

Following endocytosis, HBV must travel through complex cytosol environment toward 

nucleus for genome replication. So far, details about the intracytosolic trafficking 

event are still largely unknown. Microtubules systems are suggested to be the driving 

motor for virus trafficking. One recent report based HepaRG cells proposed that Rab5 

(early endosome) and Rab7 (late endosomes) are crucial for HBV intracellular 

transport and genome uncoating, while Rab9 (trans-Golgi related vesicles) and 

Rab11 (recycling endosome) has limited involvement in this process107.  

After fusion of viral and cellular membranes in endosomes, HBV genome is liberated 

from the capsid to traverse through nuclear envelope to the site for multiplication108. 

Viral polymerase, viral capsid and host heat shock proteins as Hsc70 or Hsp90 have 

been reported to aid the translocation of HBV genome via interaction with nuclear 

pore complex (NPC) 109. In 2010, Schmitz	
   et	
   al. reported that nucleoporin 153 

(Nup153), a protein of nuclear basket, was an essential trigger for viral genome 

release via interaction with HBV capsid and host nuclear transport reporter 

importin-beta110.  

1.3.5.2. HBV replication 

Upon translocation of rcDNA to the nucleus, virus replication could be initiated. And 

this process can be broadly divided into three stages85, 111: 1. rcDNA to cccDNA 

conversion. The viral Pol that linked to 5’ end (-)-strand DNA will be removed. The 
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incomplete (+)-strand will be modified and repaired to full length. And both (-)- and 

(+)-strand DNA will be covalently ligated to form cccDNA. Host cellular repair 

enzymes are likely to be involved during this process but how these are achieved 

remains poorly understood. 2. From cccDNA to pgRNA. Using (-)-strand of the 

cccDNA as a template, pgRNA is transcribed by cellular RNA polymerase II. It is 

composed of the entire genome length plus a terminal reduncancy containing the ε 

signal that is critical for HBV Pol binding112. 3. Reverse transcription of pgRNA. 

pgRNA and Pol form complex and recruit HBc dimers via interaction with HBc 

protamine domain. Once pgRNA and Pol are being encapsidated, Pol-ε interaction 

will initiate reverse transcription. The first DNA nucleotide that is covalently linked to P 

protein will be extended into a complete (-)-DNA, and (+) strand DNA synthesis 

ensues, giving rise to a new molecule of rcDNA. Newly formed rcDNA can re-enter 

into the nucleus and convert to cccDNA, thus amplify the cccDNA pool, which serves 

as an HBV reservoir responsible for persistent replication86, 113-115.  

1.3.5.3. HBV release 

Besides recycling, mature capsid can also be enveloped with viral surface proteins in 

the endoplasmic reticulum (ER)-Golgi compartment and released from the cell116. The 

expression level of envelope proteins was reported to regulate particle release and 

cccDNA amplification. The lack of envelope protein expression increases cccDNA 

levels, while co-expression of the envelope proteins favours viral secretion117. And a 

more recent study showed that HBV could activate the ER-associated degradation 

(ERAD) pathway to reduce the levels of HBV envelope proteins, which possibly 

served as a mechanism to control the level of viral particles in infected cells and 

tuning the balance of cccDNA amplification to facilitate the establishment of chronic 

infections118. Efficient export of HBV virions from hepatocytes have been suggested 

depend upon hepatocyte polarity and involve the machinery of multivesicular body 

and lipid raft 119, 120. 
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1.3.6. Experimental models for HBV 

1.3.6.1. Cell culture systems 

HBV is hepatotropic virus. Primary human hepatocyte (PHH) used to be the only HBV 

susceptible cell and remains the golden standard for HBV infection study in vitro119. 

The major drawback of this model is its limited resources and high batch-to-batch 

variation. Besides, PHH tend to loose their differentiation status within days after 

plating thus loose the susceptibility to HBV infection very fast, which further hinder its 

usage121, 122. The first HBV permissive hematoma cell line, HepaRG, was established 

in 2002122. Differentiated HepaRG cells exhibits a mixture of hepatocyte-like and 

biliary-like epithelial cells, with the former closely resemble PHH in terms of 

morphology, specific hepatocyte function and permissiveness to HBV infection. Never 

the less, only a subset of those cells (10% to 30%) can be infected. And after viral 

inoculation, the conversion of the input rcDNA into cccDNA was demonstrated to be 

slow and inefficient 123, 124. After the introduction of HBV entry receptor hNTCP in 2012, 

hNTCP expressing human hepatoma cell line (e.g. HepG2-NTCP, Huh7-NTCP) were 

rapidly produced and proven to support the whole life cycle of HBV99 100, 101.  

In addition, cell lines in which the viral genome is expressed from chromosomally 

integrated viral cDNA usually have more consistent and high level of HBV particle 

production124. Compared to the aforementioned infection model, these HBV 

expressing cell lines are more advantageous in HBV life cycle study in aspect of 

replication, translation, assembly and release of viral particles125, 126.  

Besides, DHBV infection in duck hepatocytes have also contributed greatly to 

elucidation of HBV life cycle127. 

1.3.6.2. Animal models 

HBV naturally infects human only, but can also experimentally infect chimpanzees. 

After injection of serum from HBV patient, chimpanzee develop acute infection and 

hepatitis128. It is an extremely valuable model to study host immune response, viral 

pathogenesis and pre-clinical evaluation of antiviral therapy. However, usage of 

chimpanzee has encountered major restraints due to ethical aspects, low availability 

and high cost.   
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Alternatively, Tupaia, the Asian tree shrew, can be experimentally infected by HBV 

positive human serum127. The woodchuck and Peking duck is the natural host for 

WHV and DHBV respectively33, 129, 130. Those models also contribute greatly to reveal 

biology of hepatitis B and antiviral drug screening. However, they are all relatively 

large animals, difficult to handle in captivity or not easily available. They are all of 

outbred origin and their immune systems have not well characterized. 

The requirement of immunologically well-defined and convenient inbred animal 

models for HBV study has been the driving force for generating HBV mouse model. 

Though HBV entry receptor has been unveiled, hNTCP could not confer HBV 

susceptibility to the mouse hepatoma cell lines and rat hepatoma cell line tested102, 

which shatters the hope for the establishment of a small animal model of HBV 

infection in the near future.  

Nevertheless, various lineages of transgenic mice harboring either the complete HBV 

genome or single viral genes have been established. These models provide important 

insights on specific aspects of HBV replication and the oncogenic potential of distinct 

viral genes in vivo51, 128, 131, 132. However, there are several limitation of these 

transgenic mouse model: they bypass virus entry; though they could secret decent 

amount of infectious virions, there is no formation of cccDNA; viral elements are 

recognized as “self” during embryonic development by the host immune system.  

Alternatively, adenovirus vectors containing hepadnaviral genomes or hydrodynamic 

injection of replication-competent HBV genomes have been used to initiate HBV 

replication in mouse liver133, 134. Those systems allow dynamic analysis of immune 

response during acute infection and convenient manipulation of HBV genome for 

mutation analysis. However, data interpretation of these model need to be cautious 

because the potential side effect of adenoviral vector and significant liver damage due 

to hydrodynamic injection. 

Human-liver chimeric mouse represents another type of small animal model. They 

generally follow the idea to delete mouse hepatocytes and then repopulate the mouse 

liver with xenografted hepatocytes. One of the most frequently used is uPA-SCID 

mouse. Urokinase-type plasminogen activator (uPA) expression leads to the death of 

transgene-carrying hepatocytes, which results in a growth advantage for transplanted 

cells. Severe combined immune deficient (SCID) background contributes to long time 

survival of xenogenic hepatocyte. The transplanted human hepatocytes start to 
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proliferate and forming larger nodules that eventually merge together and replace the 

diseased liver parenchyma. This system permits studies of whole HBV life cycle and 

also spreading. But the major drawbacks are the immunodeficiency and being 

technically challenging 135-137.	
  

1.4. Hepatitis C virus 

1.4.1. Classification and origin 

The hepatitis C virus (HCV) is an single-stranded RNA virus belonging to the 

Flaviviridae family87. Currently, this family contains 4 genera with HCV being 

classified as the type member of genus Hepacivirus. The other members of the 

Hepacivirus genus include the canine hepacivirus (CHV) that infect dogs, and the 

non-primate hepacivirus (NPHV) that infect horses138-140. 

HCV displays high genetic variability, which is resulted from the error-prone nature of 

the RNA dependent RNA polymerase, the high viral production rate and the selection 

pressure from the host immune response141, 142. Within a single individual the virus 

exists as constantly evolving quasispecies. Based on the nucleotide sequences 

recovered from infected individuals, HCV is classified into seven different genotypes 

and numerous subtypes143-145. The genotypes differ in their nucleotide sequences by 

30-35% across the whole viral genomes and the greatest diversity is found within the 

viral envelope glycoproteins141.  

The evolutionary origin of HCV is still not clear. Non-human primate source used to be 

the predominant hypothesis146. Despite its plausibility in many aspects, the 

fundamental problem has always been that HCV or homologues cannot be found in 

ape or monkey species. More recently, the identification of CHV, NPHV and 

hepacivirus in bats147 provided another scenario that hepaciviruses might be highly 

catholic in their host range and is capable of jumping between different species. 

Further screening of other mammalian species has been suggested to resolve the 

ultimate origin of HCV147. 
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1.4.2. Epidemiology and transmission  

With an estimated prevalence of 3% in the world population (around 170 million 

people), HCV infection heavily burdens public health148. In many developed countries, 

the prevalence of HCV infection is <1.5%. Intravenous or nasal drug use accounts for 

majority of the newly acquired infection149. A medium prevalence (1.5%-3.5%) can be 

found in areas like South and Southeast Asia, sub-Saharan Africa, Western Europe 

and so on150, 151. The prevalence is considerably much more higher in certain African 

and Asian countries (>3.5%) 37. The major reasons could be the lack of transfusion 

screening system and/or the reuse of contaminated or inadequately sterilized 

syringes and needles. In particular, Egypt has an up to 20% seroprevalence rate for 

HCV. This particular high HCV prevalence is the consequence of frequently using 

unsterilized reused needles and syringes during the treatment of endemic 

schistosomiasis in mass campaigns (stopped in 1980s)152. Other modes of 

transmission have also been documented such as sexual and perinatal transmission 

route. However, this occurs less frequent148, 150, 151, 153.  

 

Figure 1.5.  Global prevalence of hepatitis C virus infection (2005). Estimates of antibodies to 
HCV (anti-HCV) seroprevalence by Global Burden of Disease (GBD) region, 2005. Anti-HCV 
antibodies are a commonly available marker of HCV infection. Regions colored in dark red show the 
highest prevalence with more than 3.5% of the population infected, followed by morderate prevalence 
(1.5-3.5%) and low endemic areas (<1.5%) presented in lighter colors. Modified from Mohd Hanafiah, 
K et al. 154 
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1.4.3. Pathogenesis and treatment 

HCV is primarily hepatotropic. It is non-cytopathic and its pathogenesis is a 

complicate phenomenon influenced by a number of virus and host factors including 

the viral genotype, viral quasispecies diversity, host genetic factor, underlying disease 

and, importantly, the efficiency of the host immune response155. 

Traditionally, the first 6-month of HCV infection is considered to be the acute phase. 

The majority of HCV infections are asymptomatic156. Up to 50%-80% of acute 

infections become chronic infection, which is defined by HCV persisting for more than 

six months. HCV viremia is relatively constant among infected persons with around 

1012 virions produced daily142. Chronic infection is associated with ongoing liver 

inflammation. Around 20% of the chronically infected patients will develop liver 

cirrhosis within 20 years of infection. Once cirrhosis is established, the risk of 

developing an HCC is 1-4% each year157.  

With the emergence of new direct acting antivirals (DAAs), the treatment paradigm for 

HCV infection enters a new era. Before these new therapeutics options, interferon-α 

and ribavirin has been the mainstay of treatment, but they are associated with severe 

side effects and low sustained viral response rates158. The new DAAs available now 

specifically inhibit enzymatic activities of viral proteins like the NS3/4A protease, the 

NS5A protein or the NS5B RNA dependent RNA polymerase. For example, the 

NS3/4A inhibitor simeprevir and NS5B inhibitor sofosbuvir have recently been 

licensed and can reduce the length of antiviral treatment, improve response rates, 

and allow interferon-free regimens159. 

1.4.4. Molecular virology 

1.4.4.1. Structure of HCV particles 

The HCV virion is 50-80 nm in diameter and enveloped with a lipid bilayer embedded 

with E1 and E2 glycoprotein heterodimers160, 161. Beneath the envelope resides a 

nucleocapsid around 30 nm, which contains a single copy of the viral RNA genome162. 

A feature of HCV virion is that it tightly associates with host lipoproteins and lipids to 

form lipoviral particle (LVP), which results in low and heterogeneous buoyant 

densities of infectious virus particles161. LVP in infected patients vary from particles 

produced from cell culture in their properties like buoyant density distribution and 
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lipoprotein composition and that is because of the differential lipoprotein producing 

capability of the host cells163, 164. Besides, it has been reported that in Caco-2 and 

HepG2 cells, which own VLDL synthesis and secretion capacity, overexpression of 

envelope glycoproteins E1 and E2 led to production of E1–E2 containing particles. 

They are complexed with apoB and might be regarded as HCV-related subviral 

LVPs165.  

1.4.4.2. Organization of HCV genome 

The HCV genome is a single positive-stranded RNA of approximately 9600 

nucleotides. The coding region is flanked by 5’ and 3’ highly structured non-translated 

regions (NTRs), which are essential for the protein translation initiation and genome 

replication166.  

The 5’-NTR comprises the first 341 nucleotides and is highly conserved among 

different HCV isolates167. This region consists of numerous stem-loop motifs and can 

be divided into four highly structured domains numbered I to IV. Domains I and II are 

both essential for HCV RNA replication168. Domains II, III and IV of the 5’-NTR, 

together with the first 24–40 nucleotides of the core coding region, constitute the 

internal ribosome entry site (IRES)169. 

The 3’-NTR contains approximately 225 nucleotides and is organized into three 

domains consisting of a short variable region, a poly (U/UC) stretch that regulates 

replication and a highly conserved 98-nucleotide X-tail170, 171. 

Besides the 5’-and 3’-NTRs, the NS5B coding sequence contains another cis-acting 

replication element designated as 5BSL3. In this region, a stem-loop, 5BSL3.2, has 

been shown to be essential for RNA replication172. 

The coding region consists of an ORF that contains 9024 to 9111 nucleotides 

depending on the genotype. Translation initiation is IRES dependent, which could 

directly recruits 40s ribosomal unit to the AUG codon and initiates protein translation 

in a cap-independent manner166, 169.  
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1.4.4.3. HCV proteins 

Translation of the HCV open reading frame yields a single polyprotein precursor that 

is co- and post-translationally processed by cellular and viral proteases into the 

mature structural and non-structural proteins166. 

The structural proteins (Core, E1 and E2) and the p7 polypeptide are processed by 

the endoplasmic reticulum (ER) signal peptidase37. 

The HCV core proteins form the shell of viral nucleocapsid. It is located at the 

N-terminus of the HCV polyprotein. Maturation of the core protein involves C-terminal 

cleavage by the aforementioned signal peptidase and, in addition, the signal peptide 

peptidase173. The matured form of the core protein with 173-179 amino acids has a 

molecular weight of about 21-kDa and can be roughly separated into the N-terminal 

D1 and C-terminal D2 domain174. The D1 domain is involved in RNA binding and 

exhibits RNA chaperone properties. The D2 domain is required for proper folding of 

D1 and association of the core with cytosolic lipid droplets (cLD)175. 

The translation of an alternative reading frame in the core coding sequence can also 

yield a small protein (~17 kDa), called ARFP or F protein. The role of the F protein in 

the HCV life cycle and/or pathogenesis is not yet known. However, it has been 

reported that the F protein can stimulate specific immune response and is not 

required for HCV RNA replication176, 177.  

E1 and E2 glycoproteins are trans-membrane protein and exist as building blocks for 

viral envelope. They form non-covalently linked heterodimers after maturation and 

mediate virus entry and membrane fusion178. 

P7 is a small (7 kDa) intrinsic membrane spanning protein. It has been shown that P7 

can form oligomer having ion channel activity in artificial lipid membranes, which 

leads to the assumption that p7 is a viroporin179. The protein is dispensable for RNA 

replication but is essential for productive infection in vivo180. 

The non-structural proteins are processed by two viral proteases, the NS2-3 protease 

and the NS3-4A serine protease. 

NS2 is a 24-kDa protein participating in the cleavage at the NS2/NS3 junction of the 

polyprotein. The protease activity also requires the N-terminal one third of NS3181. 

NS2 is reported to be indispensible for RNA replication182. However, it is critical for 



1. Introduction 

27 
  

assembly and the post-assembly maturation step of HCV in cell culture infection 

system (HCVcc), independent of its catalytic activity183, 184. 

NS3 is a multifunctional protein with an N-terminal serine-type protease domain185 

and a C-terminal RNA helicase/NTPase domain186. Both the NS3 serine protease and 

the helicase activities require NS4A as a cofactor187.  

NS4A is the smallest HCV encoded protein (6 kDa) with a central transmembrane 

domain, which could non-covalently associate with NS3188. The NS3/4A protease is 

responsible for the polyprotein cleavage in the region downstream of NS3, which is 

essential for viral RNA replication complex formation189. The RNA helicase domain is 

capable of unwinding RNA-RNA duplexes in an ATP-dependent manner, which might 

be required for removing stable RNA secondary structure during replication and/or 

dissociation of RNA double strand replication intermediates190. Furthermore, the 

NS3/NS4A serine protease also cleaves the MAVS and TRIF adaptor proteins, 

blocking IFN synthesis triggered by pattern recognition receptors (PRRs) at the early 

stage of infection191. 

NS4B is a highly hydrophobic 27kDa integral membrane protein tightly associated 

with the ER membrane. It is responsible for formation of membranous web or 

membrane associated foci (MAF), which are specialized membrane derived vesicles 

serving as a scaffold for the HCV replication complex192. 

NS5A is a phosphoprotein that can be found in basally phosphorylated (56kDa) and 

hyperphosphorylated (58kDa) forms. It is separated into three subdomains (DI to DIII) 

by low complexity sequence I and II193. DI has RNA binding property and is essential 

for RNA replication; most of DII is dispensable for the viral replication cycle in cell 

culture, whereas DIII can interact with core and is required for HCV assembly194-197. 

NS5B is an RNA-dependent RNA polymerase (RdRp), which promotes synthesis of 

both, the positive strand RNA and the negative strand intermediate in the absence of 

other viral or cellular factors in vitro198. A specific interaction between NS5B and the 

3’UTR has been reported199. The enzyme lacks a proofreading function, which 

contributes to the high genetic variability of HCV145. 
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Figure 1.6. HCV genome organization and polyprotein processing. Upper: Scheme of HCV 
genome with simplified RNA secondary structures in the 5’- and 3’-NTRs as well as the stem loop 
5BSL3.2. Middle: Polyprotein precursor yielded by IRES dependent translation. Solid diamonds 
indicate cleavage via ER signal peptidase. Open diamond indicates additional processing by signal 
peptide peptidase. Arrows indicate processing by HCV NS2-3 and NS3-4A proteases. Lower: 
Produced HCV mature structural and non-structural proteins. Amino-acid numbers are shown above 
each protein (HCV H strain; genotype 1a; GenBank accession number AF009606). Modified from 
Moradpour D, Penin F and Rice CM, 2007166 

1.4.5. HCV life cycle 

1.4.5.1. HCV entry	
   	
  

HCV close to hepatocyte tend to bind low-density-lipoprotein receptor (LDLR) and 

glycosaminoglycans (GAGs) present on heparan sulfate proteoglycans via both E2 

and virion-associated apoE200-202. This initial attachment helps to concentrate virus on 

the cell surface and is followed by virus binds to specific entry factor(s) with high 

affinity. A growing number of such cellular molecules have been identified including 

CD81, SRB1, Claudin-1 (CLDN1), occluding (OCLN), EGFR, NPC1L1 and more 

recently transferrin receptor 1 (TrR1)203-209. These receptors have varied physiological 

function and distribution region in polarized hepatocytes. How they contribute to HCV 

entry in a temporally and spatially ordered manner is still not fully elucidated. One of 

the current models is: HCV LVPs attach to target cell surface by interacting with 

GAGs, LDLR and SRB1. The cholesterol transfer activity of SRB1 might then serve to 

dissociate virus particles from their associated lipoproteins, and the interaction with 
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SRB1 exposes the CD81-binding determinants on the HCV E2 glycoprotein210, 211. 

The CD81-bound HCV particles laterally migrate to tight junctions and interact with 

CLDN1. This cell surface trafficking relies on several signal transduction pathways, 

including EGFR and downstream RAS GTPase signalling, as well as RHO GTPases, 

which remodel cortical actin205. The interaction of HCV-CD81 with CLDN1 then 

induces clathrin-mediated endocytosis212. Although the tight junction protein OCLN is 

also essential for HCV entry, its precise role in this process is currently unknown206. 

The recently reported TfR1 is suggested to act after CD81 and involved in virion 

internalization203. In addition to infection with cell-free virus, direct cell-to-cell 

transmission is identified in vitro and probably also occurs in vivo213. Those two routs 

utilize largely overlapping receptors214.  

Following endotytosis, clathrin coated pits fuse with early endosome and the acidic 

pH in the endosome triggered fusion of viral envelope with the endosomal 

membrane215. In that way, HCV genome is released and viral translation and 

replication is started215.  

1.4.5.2. HCV replication 

HCV RNA translation is initiated via HCV IRES within 5’UTR and utilizes host 

ribosomal machinery in the ER37. Produced viral protein induces the formation of 

membranous web that constitute the sites of HCV RNA replication192. RNA synthesis 

is catalyzed by the viral RdRp activity of NS5B and supported by other viral NS 

proteins. Numerous cellular factors have also been identified with potential roles in 

HCV RNA replication. For example, cycolphilin B can stimulate RNA binding capacity 

of NS5B and the microRNA miR-122 can enhance the stability of uncapped HCV 

RNA216-218. After synthesis of a negative-sense RNA intermediate, multiple 

positive-sense progeny RNAs are generated. HCV replication is thought to occur 

rapidly after virus entry as negative-strand templates are detectable at 2-4 hours after 

introduction of RNA into cells219. 

1.4.5.3. HCV assembly and release 

Virus assembly and release is a tightly regulated process coupled to host cell lipid 

synthesis37. It is not yet completely elucidated because the overall assembly 
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efficiency is low in vitro and in viv as well as HCV virions resemble close to (V)LDL 

paticles, which further preclude a firm detection of the rare event220. However, two 

general principles of HCV assembly have been suggested. In both cases, mature 

core protein translocates from the ER to cLD surface after cleavage, but the sites of 

assembly are different. In the first model, the initial core-cLD functions to concentrate 

core protein and then, via interaction of core with viral proteins like NS5A197 and/or 

NS2183, core is released back to assembly sites at the ER and transfer of the RNA 

from the ER-resident NS5A complexes triggers nucleocapsid formation. In the second 

model, assembly occurs on cLD, which is associated with the viral core. RNA is 

delivered to the cLD surface accompanied by NS5A, whose N-terminal residue is 

sufficient for cLD targeting221, 222. Both scenarios are facilitated by the close proximity 

of cLD and ER220. Newly formed nucleocapsids are then suggested being transferred 

to luminal lipid droplets (luLDs), which are precursors of VLDL particles residing on 

lipid rich microdomains of the ER223, 224. HCV envelopment and maturation could take 

place in luLDs, but the whole process is still poorly known220. The release of mature 

LVPs is proposed to be linked with the endosomal sorting complex required for the 

transport (ESCRT) pathway225. 

1.4.6. Immune responses to HCV 

Host immune response is a crucial determinant for the outcome of HCV infection, e.g. 

viral clearance versus viral persistence. The immune response against HCV involves 

both, innate and adaptive immunity226. 

1.4.6.1. Innate immune responses to HCV 

Innate immune responses are the first immunological barrier against viral infections. 

Studies on experimentally HCV infected chimpanzee revealed a very early activation 

of innate immunity reflected by an induction of IFN-stimulated genes (ISGs) within 

days post infection156, 227. This induction is presumably due to the host recognition of 

viral macromolecular motifs, known as pathogen-associated molecular patterns 

(PAMPs), by cellular pathogen PRRs. So far, the precise nature of HCV derived 

PAMP as well as the route they get to PRRs are still in debate. Several targets have 

been proposed. For example, endosomal Toll like receptor-3 (TLR3) has been 

reported to recognize the virus replication intermediates double-stranded RNA228, 229. 
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Cytosolic retinoic acid-inducible gene 1 (RIG-1) was reported to sense HCV 

poly-U/UC sequence in 3’UTR230. Cytosolic protein kinase R (PKR) was characterized 

as non-traditional PRRs contributing to HCV sensing by binding to IRES region231. 

Pathogen recognitions trigger down stream signaling pathways, which leads to 

production of IFN232, 233. IFN is the central link to set up antiviral states. It drives 

expression of hundreds of ISGs234 and activates and regulates the cellular 

components of innate immunity such as natural killer (NK) cells235. 

Despite the early activation, innate immunity is ineffective in HCV clearance as 

indicated by stable viremia for several weeks until the emergence of cellular immune 

response236, 237. The incapability of innate immunity could be explained by attenuated 

IFN response at multiple levels by HCV. For example, the HCV NS3/4A interferes with 

both TLR and cytosolic HCV sensing by cleaving and inactivating essential 

components in the signaling cascades, thereby blocking IFN induction238, 239. HCV 

infection can inhibit cap-dependent protein translation via phosphorylation of 

eukaryotic translation initiation factor 2 (eIF2) but does not influence IRES dependent 

viral translation240. In addition, binding HCV E2 protein to CD81 has been reported to 

alter NK cells function that is directly involved in combating HCV infection241, 242. In 

patients who develop chronic infections, innate immunity activation varies 

considerably between individuals243. Though it has been widely accepted that patients 

with high baseline levels of ISGs are poor responders to IFN-a-based therapies, the 

mechanisms behind are only poorly understand244. 

1.4.6.2. Adaptive immune responses to HCV 

The definitive barrier to control HCV infection is the adaptive immunity. This response 

can be categorized as humoral and cellular immune response245.  

Virtually all HCV-infected individuals develop antibodies (Abs) against HCV, which 

has protective effect for the host against HCV as has been identified in chimpanzees 

that HCV infectivity could be neutralized by in vitro treatment with Abs246. However, 

only a small fraction of Abs is neutralizing-antibodies (nAbs), which could be 

subjected to interference by the remaining non-neutralizing antibodies (non-nAbs)247. 

In addition, the majority of Abs have been mapped to the envelope glycoproteins E1 

and E2248, which have a high mutational rate, limiting their effects in preventing 

reinfection 249, 250. Besides, HCV can also spread via direct cell-to-cell transmission, 
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thus evading neutralization by neutralizing antibodies251. In summary, humoral 

immune response may contribute to host defense against HCV, but its role in the 

clearance of infection is a controversial issue. 

Cellular adaptive immune responses are thought to have the greatest impact on HCV 

eradication252. The main components in cellular immune response are CD4+ helper 

and CD8+ cytotoxic T lymphocytes. They are detectable until 8–12 weeks in both 

self-resolving or chronically evolving hepatitis C patients253. Patients with 

acute-resolving HCV infection usually display broad CD4+ responses with better T cell 

proliferation and cytokine production than patients with chronic evolving infection254-256. 

In chronic HCV infection, HCV-specific CD8+ T cells are still detectable, but they often 

have a dysfunctional phenotype, e.g. they are impaired in their effector functions such 

as production of antiviral cytokines, cytotoxicity and proliferation257, 258. The main 

reasons for CD8+ T cell dysfunction are reported as following: 1) expression of 

inhibitory receptors, leading to CD8+ T cell exhaustion and ultimately CD8+ T cell 

depletion; 2) appearance of viral escape mutations which abrogates recognition of 

viral antigens by HCV-specific CD8+ T cells259, 260; 3) absence of HCV-specific CD4+ 

T cell responses in chronic HCV infection, which most likely further contributes to 

CD8+ T cell failure261, 262, and 4) additional mechanisms of T cell dysfunction which 

may include the action of regulatory T cells, impaired priming of virus-specific T cells 

and suppression by inhibitory cytokines263. 

1.4.6.3. Host genetic factors influencing immune responses to HCV 

Host genetic polymorphisms related to immune response account for some of the 

heterogeneity in infection outcome264.  

Single nucleotide polymorphisms (SNPs) upstream of the IL28B locus have been 

identified to correlate with response to IFN therapy and infection outcome265. These 

SNPs associate with altered mRNA expression of IL28B gene, which encodes the 

antiviral cytokine IFNL3265, 266.  

Certain HLA class I and II alleles are associated with a high rate of viral clearance. 

For example, patients that are positive for the class I alleles HLA-A3, or HLA-B57 

have increased chance for spontaneous HCV clearance. It has been reported that 

patients with HLA-B27 have more robust CD8+ T cell response because of more 

efficient binding of epitope located within the HCV polymerase (NS5B)267.However, 
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due to ethnic differences, the association between HCV infection and polymorphic 

HLA system remains is not clearly understood268, 269. 

1.4.7. Experimental models for HCV 

1.4.7.1. Cell culture systems 

Ever since HCV has been successfully cloned in 1989270, continuous efforts have 

been made to culture the virus in vitro by inoculating patient sera or transfection with 

cloned viral RNA. Productive viral replication has been reported in primary human 

hepatocytes, hepatoma cell line and lymphocytes. In all cases virus replication was 

variable and very low182, 271-273.  

HCV Replicon System: In 1999, high level HCV replication was achieved with 

subgenomic replicon system in human hepatoma cell (Huh7) under selection 

pressure 182. The prototype replicon is a bicistronic RNA of genotype 1b named Con1. 

In this system, the first cistron encodes a neomycin resistance gene under the control 

of the HCV internal ribosomal entry site (IRES). The second cistron expresses genes 

for NS3-NS5B, which is initiated by IRES from encephalomyocarditis virus (EMCV). 

All genes are driven by T7 promoter. Following in vitro transcription using T7 RNA 

polymerase, the replicon RNA is transfected into the human hepatoma cell line Huh-7. 

Afterwards, cell lines containing high amounts of self-replicating HCV RNAs could be 

obtained under G418 selection182. Using this system, it was observed that selected 

replicon cells that have been cleaned of HCV infection by IFN or anti-HCV drug 

treatment support viral RNA replication much better compared to naive Huh-7 cells274, 

275. Using such “HCV cure” method, several highly permissive cell clones such as 

Huh-7.5274 or Huh-7-Lunet172 have been established. With respect to replication 

enhancing mutations (REMs), they have been identified throughout the HCV coding 

region (NS3-5B), but clustered around NS5A, NS3 and NS5B276-278. The exact 

mechanisms involved in cell culture REMs are still not fully understood, but most of 

them have been shown to affect the phosphorylation status of NS5A275. The 

advancements in the understanding of the replicon system through viral REMs and 

highly permissive cell clones has led to the development of replicons with different 

HCV genotypes279 and reporter replicon harboring selectable reporter genes 

applicable for high throughput screening280.  
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HCV Retroviral Pseudoparticles: HCV pseudoparticle (HCVpp) is a surrogate 

model developed to study the early stages of viral life cycle281, 282. This system is 

generated by co-transfection of 293T cells with expression vectors encoding HCV E1 

and E2, the gag-pol proteins of either murine leukemia virus (MLV) or human 

immunodeficiency virus (HIV) and a retroviral genome encoding a reporter gene281. 

As a result, HCVpp harvested from 293T supernatant consists of retroviral capsid 

harboring reporter gene, which is enveloped by lipid bilayer embedded with 

unmodified HCV E1/E2 glycoproteins. The unmodified HCV envelope proteins confer 

HCVpp receptor binding and cell tropism283. Entry of these particles leads to the 

delivery of the retroviral capsid into the cytoplasm of the target cell and subsequent 

expression of reporter gene. Since HCVpp are replication deficient and support only a 

single infection event, quantification of the reporter gene expression directly reflects 

the productive entry events283. Therefore, this system offers opportunity to investigate 

virus receptor interactions or screening for potent virus entry inhibitors281, 282. However, 

a limitation of the HCVpp system is that these particles are produced in a non-liver cell 

line (293T) and assembled in post-Golgi compartments and/or the plasma membrane 

as retroviruses, thus the particles are deficient of close association with lipoproteins 

compared to wildtype virons283. They are not suitable for studies on virus 

neutralization antibodies and interaction of virus with lipid receptors including LDL-R, 

SR-BI, and NPC1L1.   

Infectious HCV particles derived from cell culture: In 2005, three research groups 

reported that wildtype JFH-1 or chimeras based on JFH-1 replicated efficiently in 

Huh-7 cells and produced infectious HCV particles284-286. Those particles are termed 

HCVcc (cell culture-grown) and they support complete HCV life cycle in vitro. While 

the JFH1-based infection system belongs to genotype 2a, many efforts have been 

made to generate molecular clones from other genotype. As a result, an increasing 

panel of HCV genomes capable of recapitulating the complete viral replication cycle in 

cell culture has become available275, 287. 

1.4.7.2. Animal models 

Only human and Chimpanzee are permissive for HCV infection. Studies in 

chimpanzees have led to the discovery of HCV and provided a wealth of knowledge 

regarding the mechanism of HCV infection, replication, and both innate and humoral 
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antiviral immune responses270. However, chimpanzee differs from human in that their 

course of infection is milder; chronic carriers do not develop cirrhosis or fibrosis and 

only one chimpanzee has been reported to have developed HCV-related HCC288. 

Furthermore, due to same reasons listed before (section 1.3.6.2), usage of 

chimpanzee in HCV research has been banned. 

Tupaia has been shown to be susceptible for infection of HCV, besides 

aforementioned HBV (section 1.3.6.2). It was demonstrated that serum or plasma 

derived from HCV infected patients could establish effective replication and virion 

synthesis in primary tupaia hepatocytes289. And more recently, it was reported that 

tupaia inoculated with patient derived HCV developed mild inflammation and viremia 

during the acute infection, which was followed by liver steatosis, cirrhotic nodules and 

tumorigenesis290. Tupaia, therefore, is a promising and effective model for the 

ongoing study of HCV. A disadvantage of this model is that, unlike humans infected 

with HCV, these animals rarely maintain sustained viremia290.  

Immune deficient mice grafted with human hepatocytes, the so-called chimeric mouse 

models, represent a type of small animal model that can be robustly infected with 

HCV291. There are several kinds of this type, like the uPA-SCID mouse292 and the 

Fah-/-Rag2-/- IL2rg-/-(FRG) model291. However, because these mice are immune 

deficient, they have impaired utility for studies of immune responses against virus 

infection. 

In order to create a mouse model permissive to HCV infection with uncrompromised 

complex immunity, humanize mice that were genetically engineered to express HCV- 

specific entry factors including CD81, occludin, SRB- I, and CLDN1 are developed293, 

294. Because this model is based on immune competent mouse, viral replication and 

persistence of infection was limited. But it facilitates studies of passive immunization 

or vaccination strategies meant to prevent acute infection of HCV before or after virus 

exposure295, 296. 

Other HCV mouse models include mice that express transgenes encoding HCV 

protein elements. They do not permit natural steps of viral life cycle, but have 

contributed to understanding of HCV pathogenesis mediated by viral proteins297.   
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1.5. Aim of study  

Both HBV and HCV are blood-borne viruses and they specifically target hepatocytes. 

While the viruses’ life cycles in hepatocytes have been characterized in detail, how 

they target the hepatocytes as well as their interactions with non-parenchymal liver 

cells on the way to the hepatocytes have been poorly studied. 

The overall aim of this study was to investigate: 1) The mechanisms involved in 

efficient targeting of HBV to the hepatocytes. 2) The role of non-parenchymal liver 

cells in early HCV infection.  

The first part of study was based on previous observation that HBV was preferentially 

sequestered by KCs in ex vivo perfused human liver pieces298. Since it has been 

reported that inoculation with a single virion of HBV in chimpanzees or its duck virus 

analogue in ducklings is sufficient to establish a productive infection in vivo 299, 300, the 

question how HBV overcomes the scavenging of KCs and subsequently target 

hepatocytes efficiently was raised.  

In the same study of ex vivo perfusion, it was also shown that in the presence of 

human serum, HBV was associated with triglyceride rich lipoproteins (TRL)298. As it is 

well acknowledged that macrophages are very potent in lipoprotein uptake and 

cholesterol recycling30, 301. A hypothesis that HBV transcytose through KCs following 

cholesterol recycling pathway was proposed in the beginning of the study. 

To investigate this hypothesis, THP-1 differentiated macrophages, monocyte derived 

macrophages (MDMs) and Kupffer cells (KCs) as well established macrophage 

models were used. Concentrated HBV stock from HepG2.2.15 culture supernatant 

was used in biochemical assays and fluorescence labeled HBV particles were used in 

confocal microscopy for providing information on the intracellular localization of viral 

particles (VPs) as well as the potential interactions with host targets. Finally, to test 

the assumption of transinfection, a macrophage/hepatocyte co-culture system was 

established.  

The second part of this study dealt with the aim to investigate the interactions of liver 

non-parenchymal cells with HCV in the early infection. To answer the question about 

which type of non-parenchymal cells could potentially interact with HCV, a time 

course analysis of the virus location in perfused liver was carried out. Following the 

identification of the main non-parenchymal cells showing HCV localization at the 
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investigated time points, the following questions were asked: 1). Does the sequential 

uptake of HCV reflect a transinfection pathway of the virus in vivo? 2). Does uptake of 

virus by non-parenchymal cells contribute to the early activation of innate immunity? 

And which sensing pathway is involved? To address the first question, co-culture 

system of KCs and Huh7.5 could be utilized to test transfection. To answer the 

second question, cytokine expression in in vitro cultured primary non-parenchymal 

cells, ex vivo perfused human as well as in vivo perfused mouse livers were analyzed 

after virus exposure.
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2. Experimental part I: 

HBV transinfects hepatocytes by transcytosis through 
Kupffer cells following the cholesterol transport pathway 

2.1. Results  

2.1.1. Intracellular trafficking of HBV is associated with free cholesterol 

transport	
  

A previous study from our group illustrated that HBV is associated with TRL in 

patient’s serum298, and it is known that TRL-components can efficiently recycle after 

cellular uptake14. In this part of the study, I aimed at studying if intracellular transport 

of internalized HBV was in close association with TRL or a component derived from 

TRL. Viral particles (VPs) labeled with Alexa Fluor®594 (HBV594) were therefore used 

for visualization of HBV transport.   

First, the location of HBV594 in relation to lipoprotein derived cholesterol was 

investigated. 

Isolated primary Kupffer cells (KCs) were incubated for 1h with TRL containing 

fluorescence labeled cholesterol (NBD-cholesterol) as well as HBV594 in the presence 

of 10% human serum. Subsequently, cells were washed and further cultured with 

medium containing human serum for 2h followed by fixation for confocal imaging. As 

shown in figure 2.1.A, HBV594-positive vesicular structures (red) were observed in the 

cell co-localizing with NBD-cholesterol positive structures (green).  

As lipid poor ApoA-1 could efficiently target cellular free cholesterol to induce 

cholesterol efflux for formation of mature HDL302, 303, ApoA-1 was used as a marker to 

track lipoprotein derived cholesterol. To investigate the co-localization of ApoA-1 and 

HBV, KCs were incubated with HBV594 in the presence of human serum for 1h. Cells 

were then fixed and stained using an antibody against ApoA-1 (Figure 2.1.B). 

Vesicular structures positive for both HBV594 and ApoA-1 were observed, with signals 

from HBV594 mainly localizing in compartments positive for ApoA-1. 
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Figure 2.1. Co-localization of HBV594 with free cholesterol in KCs. (A). KCs were incubated for 1h 
with HBV594 and 5µg/ml NBD-cholesterol labeled TRL in medium containing human serum, and 
subsequently washed and further cultured for 2h prior to visualization. The experiment was done in 
cooperation with Dr.Knud Esser. (B). KCs were loaded with HBV594 for 1h in the presence of human 
serum prior to staining using antibody against ApoA-1. Scale bars = 10 µm. Representative pictures are 
shown. 

As monocyte derived macrophages (MDMs) are much more convenient to get and 

have less fluorescence background than primary Kupffer cells, these cells were used 

for visualization of intracellular free cholesterol. Free cholesterol was stained by the 

fluorescent filipin, which can selectively bind to cholesterol but not to cholesterol 

esters304.In the following imaging studies, MDMs were pre-treated with 50µg/ml 

acetylated LDL (AcLDL) for 24h to elevate the intracellular cholesterol levels before 

VP were added. In figure 2.2, cells were exposed to HBV594 for 1h before culturing 

with virus free medium for further 4h. The detected cholesterol distribution was 

comparable to what has been described before, showing strongest signals in the 

perinuclear region and at the plasma membrane305, 306. The perinuclear area is the site 

of the ER, where excess exogenous free cholesterol is delivered for esterification, and 

the plasma membrane is naturally rich in free cholesterol and also the site for 

cholesterol efflux306. In between those regions, many filipin positive vesicles could be 

distinguished. Those could be organelles enriched with cholesterol in the endocytic 

               HBV594                                          NBD-cholesterol                                   merge+DAPI          
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B 



2. Experimental part I: HBV transinfects hepatocytes by transcytosis through macrophages following the 
cholesterol transport pathway - Results 

40 
  

pathway. Distribution of internalized HBV followed the same pattern as free 

cholesterol. They were in association with free cholesterol positive vesicles, which led 

to dispersed localization in periphery area and an accumulation in perinuclear area. 

As it is shown in “i” and “ii”, the abundance of yellow pixels illustrates that HBV594 

co-localized with free cholesterol. 

   

 
 

 

 

 

 

 

 

 
Figure 2.2. Co-localization of HBV594 with cholesterol in MDMs. MDMs were pre-incubated with 
medium containing 50 µg/ml acLDL for 24h, and then loaded with HBV594 for 1h. After intensive 
washing, cells were further cultivated for 4h with acLDL containing medium. Filipin staining was done 
as described in chapter materials and methods. Cholesterol stained by filipin is shown in the upper 
panel in cyan to indicate its UV fluorescence, while the red color shows the fluorescence of HBV594. 
The panel “i” and “ii” are derived from the yellow-boxed areas illustrated above. Filipin staining is 
changed into green for visualizing co-localization with fluorescent HBV594 in red. Scale bar = 10 µm. 
One representative picture is shown. Experiments were done in cooperation with Dr.Knud Esser. 

Because of the co-localization of internalized HBV with free cholesterol and 

cholesterol targeting protein ApoA-1 in cytosolic vesicles, it seemed that HBV 

transport is associated with the intracellular cholesterol transport pathway. 

Lipoproteins, for example TRL, are taken up by cells via receptor mediated 

endocytosis. After entering the endosomal system, free cholesterol is released in 

acidic endosomes via hydrolysis. This lipoprotein derived cholesterol can then be 

delivered to other compartments including the plasma membrane and the 
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endoplasmic reticulum14, 29.  Niemann-Pick C1 (NPC1) protein is an endosome 

enriched transmembrane protein that is essential in intracellular cholesterol transport. 

Its deficiency leads to accumulation of cholesterol in lysosomes28. To test if HBV594 

also relies on NPC1 for transportation, immune staining of NPC1 with HBV loaded 

MDM was done. As shown in figure 2.3, the majority of HBV594 concentrated in NPC1 

positive compartments implying that HBV transportation may be linked to NPC1.  

 

 
 

 

 

 
Figure 2.3. HBV594 concentrates in NPC1 positive compartments. MDMs were pre-incubated with 
medium containing 50 µg/ml acLDL for 24h, and then loaded with HBV594 for 1h. After intensive wash, 
cells were further cultivated for 4h with acLDL containing medium prior to fixation and staining 
against NPC1. Scale bar = 10 µm. One representative picture is shown. Experiments were done in 
cooperation with Dr. Knud Esser. 

To confirm that HBV intracellular trafficking and free cholesterol transport are 

functionally linked, HBV594 loaded MDMs were treated with U18666A, which is a drug 

arresting intracellular cholesterol transport, resulting in the perinuclear accumulation 

of intracellular cholesterol in late endosomes/lysosomes29. To visualize the effect of 

U18666A on free cholesterol transport, free cholesterol was labeled with filipin. The 

influences on HBV594 and cholesterol cellular localization were examined by confocal 

microscopy. Results are shown in figure 2.4. It became obvious that U18666A treated 

cells accumulated free cholesterol in perinuclear regions compared to untreated cells. 

In parallel, the HBV signals in perinuclear regions were enhanced under treatment of 

U18666A. To quantify the changes caused by drug treatment, the ratio of 

fluorescence intensity volume of the perinuclear region to the periphery region in both 

the filipin and the HBV channel was determined. The relative fluorophore content of 

the different regions investigated was calculated by multiplying the area of the region 

with its corresponding average fluorescence intensity. The results in turn represented 

the total amount of the target in this region (HBV594 or cholesterol). It was confirmed, 

          HBV594                                                       NPC1                                 merge+DAPI 
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as shown in figure 2.4.B, that U18666A treatment led to an enhanced ratio between 

perinuclear to peripheral levels of both, free cholesterol and HBV594. 

Figure 2.4. U18666A treatment causes accumulations of both, free cholesterol and HBV in 
perinuclear regions. In the presence or absence of 5 mM U18666A, MDMs were pre-loaded with 50 
µg/ml acLDL for 24h, washed, exposed to HBV594 for 1h and then further cultured with medium free of 
virus but containing acLDL. Subsequently, the cells were stained with filipin and analyzed by confocal 
microscopy. (A). Representative images of cells treated (lower panel) and untreated (upper panel) with 
U18666A. HBV594 (red fluorescence) and filipin (UV fluoresecne) are shown in white for better 
visualization of intensity change. Scale bar = 10 µm. (B). Left: illustration of how perinuclear and 
periphery regions were defined using filipin stained cell: The inner circle “2” shows the boundary for 
the perinuclear area, the outer circle “1” defined the limit for the peripheral area. Right: Fluorescence 
intensity volume ratios between perinuclear region and periphery regions under different conditions. 
Each dot represents one randomly selected cell. Means±SD of one representative experiment are shown. 
**** P <0.0001. Ifluorescence: fluorescence intensity; A: area. Experiments were done in cooperation with 
Dr. Knud Esser. 
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Hereby, we concluded that internalized HBV did not only localize to compartments 

enriched for free cholesterol in macrophages, but they also hijacked the transportation 

pathway of intracellular free cholesterol. 

2.1.2. HBV is transcytosed through macrophages utilizing cholesterol 

transport pathway   

2.1.2.1. HBV localizes to recycling endosomes 

It has been documented that in macrophages recycling compartments harbor most of 

the cholesterol in the endocytic pathway, while the cholesterol content of lysosomes 

appears to be low27. In particular, after internalization, intracellular lipoprotein derived 

cholesterol can be delivered by recycling endosome and target the plasma membrane 

for efflux, especially if extracellular cholesterol acceptors like HDL, ApoA-1, etc. are 

available 14, 29, 306. As it was demonstrated before that trafficking of internalized HBV is 

linked to free cholesterol transport, we hypothesized that HBV might also locate to 

recycling endosomes for resecretion.  

To visualize the intracellular compartmentalization of HBV, HBV594 loaded THP-1 

macrophages were stained by antibodies against lysosomal-associated membrane 

protein 1 (LAMP1) or Rab11 for labeling of lysosomes or recycling endosomes, 

respectively. Fluorescence-labeled recombinant HBV surface protein (rHBsAg594) was 

used as control. Analysis using confocal microscopy showed that after differentiation, 

macrophages contained matured lysosomes as indicated by strong staining of 

LAMP-1 (green, Figure 2.5). The internalized rHBsAg594 distributed in similar pattern 

as LAMP-1, and even more intriguingly, some clusters of rHBsAg594 were completely 

surrounded by LAMP1, suggesting they had been fused with lysosomes. In contrast, 

HBV594 distributed as punctate signals like described in section 2.1.1 and did not 

co-localize with LAMP1, suggesting that, unlike rHBsAg594, HBV594 did not enter into 

the lysosomes. Co-localization was quantified using Mander’s coefficient. Only Mred 

(fraction of red overlapping with green) is shown and the co-localization coefficient is 

0.9 for rHBsAg and 0.3 for HBV. 
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Figure 2.5. In macrophages HBV does not localize to lysosomes after 1h pulse incubation. THP-1 
macrophages were incubated with rHBsAg594 or HBV594 for 1h prior to staining with antibodies against 
LAMP1. Scale bar = 10 µm. Co-localization of three randomly selected views of each group was 
analyzed using Manders’ correlation method. Mred (fraction of red overlapping with green) was 
calculated using JACoP plugin of ImageJ. Means±SD of four random view of one representative 
experiment are shown. ****p<0.0001	
  

To be sure that the lack of co-localization of HBV594 with LAMP1 was not an 

occasional phenomenon due to the chosen time point after 1h pulse incubation, the 

cells were further chase incubated with virus free medium for 16h and analyzed by 

LAMP1 staining. As shown in figure 2.6.A, HBV594 did not co-localize with LAMP1, 

which illustrated that HBV did neither enter into lysosomes after prolonged incubation. 

To investigate if HBV located to recycling endosomes after this time period, cells were 

exposed to HBV594 or rHBsAg594 for 1h, chase cultured for 16h and stained for Rab11. 

The imaging data (Figure2.6.B) showed that HBV594 partially co-localized with Rab11, 

especially in the area close to the plasma membrane. In contrast, rHBsAg594 did not 

show any co-localization with Rab11. When co-localization quantification was done, 

the Manders’ coefficient of red channel (Mred) for HBV594 and Rab11 was around 0.5 

while the Mred for rHBsAg594 and Rab11 was close to zero. Those observations 

demonstrated that after internalization by macrophages, HBV was able to avoid 

entering into lysosomes but efficiently target recycling endosomes. 
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Figure 2.6. HBV594, but not rHBsAg594, escapes lysosomes and concentrates within recycling 
endosomes after 16h chase incubation. THP-1 macrophages were incubated with HBV594 (A and B 
upper panel) or rHBsAg594 (B lower panel) for 1h and chased for 16h. After washing, cells were fixed 
and stained using antibodies against LAMP1 (A) or Rab11 (B). Scale bar = 10 µm. Quantification of 
co-localization was done for Rab11. Means±SD of four random view of one representative experiment 
are shown. ***p<0.001	
  

To investigate HBV localization to recycling endosomes in a more dynamic way, a 

time course analysis of HBV594 localization in relation to Rab11 positive recycling 

endosomes was performed. THP-1 macrophages were incubated with HBV594 for 1h 

followed by chase incubation with virus free medium for 15min, 2h or 5h. The results 

are shown in figure 2.7. After 15min, only some HBV594 co-localized with Rab11, while 

after 2h there were clearly increased co-localization events. Interestingly, after 5h 

incubation, less HBV594 retained inside the cells but almost 100% co-localized with 

Rab11. These observed increasing co-localization events of HBV to Rab11 suggest 

that after internalization via early sorting endosomes and following the maturation of 

the early endosomes, HBV gradually located to recycling endosomes. 
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Figure 2.7. Kinetic of HBV association with recycling endosomes. THP-1 macrophages were 
incubated with HBV594 for 1h and chased for 15min, 2h or 5h as indicated on the left. After washing, 
cells were fixed and stained using antibodies against Rab11. Representative pictures are shown. Scale 
bar = 10 µm. Co-localization quantification of HBV594 with Rab11 was done as described before. 
Means±SD of three random views of one representative experiment are shown. 

So far, the data obtained strongly supported that HBV was delivered to recycling 

endosomes in the macrophage in parallel with free cholesterol. It is known that human 

serum containing HDL and ApoA-1 is a strong inducer for cholesterol efflux 307, it was 

of interest to analyze, if human serum has any effect on HBV and Rab11 

co-localization. For this purpose, HBV594 loaded THP-1 macrophages were chased for 

1h with medium containing 10% human serum. Co-localization of HBV594 and Rab11 

was compared under conditions with and without human serum. As shown in figure 

2.8, in the presence of human serum (lower panel), HBV594 had a higher incidence of 

co-localization with Rab11. Quantification using Manders’ approach revealed a 

significant increase of co-localization coefficient suggesting that human serum 

components could drive HBV localization to recycling endosomes. 
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Figure 2.8. Human serum can enhance HBV’s location to recycling endosomes. THP macrophages 
were incubated with HBV594 for 1h and chased for 1h using medium containing no or 10% human as 
indicated on the left of the images. After washing, cells were fixed and stained using antibodies against 
Rab11.	
  Scale	
  bar	
  =	
  10	
  µm.	
  Co-localization quantification was done as described before. Means±SD of 
one representative experiment are shown. ****p<0.0001 

To strengthen the data obtained with THP-1 macrophages that HBV located to 

recycling endosomes in liver macrophages, primary KCs were utilized. As before, 

cells were loaded with HBV594 for 1h and chase cultivated for 16h. Afterwards, Rab11 

staining was performed. As shown in figure 2.9, HBV594 also co-localized with Rab11 

in KC. This confirmed that in macrophages including Kupffer cells, HBV was delivered 

into recycling endosomes.  

Figure 2.9. In Kupffer cells, recycling endosomes concentrate HBV. Isolated KCs were incubated 
with HBV594 for 1h and further chased for 16h before staining of Rab11. One representative picture is 
shown. Scale	
  bar	
  =	
  10 µm.	
  

Taken together, the observations in this part proved that HBV, after entering into the 

endocytotic pathway, were concentrated in recycling endosomes and successfully 

avoided lysosomes in macrophages.  
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2.1.2.2. Extracellular cholesterol acceptors induce HBV re-secretion  

The data illustrated so far support that within macrophages, HBV associated with 

intracellular free cholesterol and also utilized recycling endosomes for transportation. 

It has been documented that human serum or serum components like ApoA-1or HDL, 

by acting as cholesterol acceptors, can induce cholesterol transport to the plasma 

membrane for efflux303, 308. In this part, it was investigated whether those substances 

can also induce HBV re-secretion. For this purpose, macrophages were pulse 

incubated with medium containing 108/ml HBV for 3h to allow virus uptake. After 

intensive washing, cells were further chase cultured with virus and serum free 

medium supplemented with different cholesterol acceptors or serum. After overnight 

chase incubation, the supernatants were collected for HBV or cholesterol analysis.  

Figure 2.10 shows the data from THP-1 macrophages. The cells in the negative 

control have not been exposed to HBV, thus the readout reflects the background 

value of the HBsAg ELISA assay. The mock control cells have been incubated with 

HBV, but chased with medium supplemented with BSA only. Here, HBsAg was 

determined to be close to the negative control. In contrast, significant higher HBsAg 

was detected in the supernatant from cells chased with medium containing 

10%human serum or 25µg/ml ApoA-1 (Figure 2.10.A). In another experiment (Figure 

2.10.B), when 200µg/ml HDL was supplemented to the chasing medium, HBsAg in 

the supernatant was also significantly higher than the mock control. In both 

experiments (Figure 2.10.A,B), human serum showed the most potent capacity in 

increasing HBsAg content. To prove that it was not only the virus surface proteins but 

also mature virions that were secreted during the chase, supernatant collected from 

mock and human serum chased cells were subjected to DNA extraction and 

subsequently HBV-DNA qPCR analysis. Absolute quantification showed that around 

106 copies/ml of HBV genomes were secreted into the chasing medium containing 

human serum. In contrast, there were much less HBV genomes (≈105/ml) in mock 

control. These data illustrate that human serum or serum components like ApoA-1 

and HDL can induce re-secretion of HBV virions from macrophages. 
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Figure 2.10. Human serum or serum components (ApoA-1 or HDL) induce HBV re-secretion 
from virus loaded THP-1 macrophages. THP-1 macrophages were incubated with HBV at 37 °C for 
3h with exception of the negative control. Following intensive washing, cells were incubated overnight 
with medium containing 2 mg/mL BSA (mock control) (A-C), 25 µg/ml ApoA-1 (A), 200 µg/ml HDL 
(B) or 10% human serum (A-C). The next day, supernatants were collected for HBsAg ELISA (A,B) or 
DNA extraction and qPCR. Means (triplicate) ± SD of one representative experiment of three 
independent experiments are shown. Where error bars are not visible, they are obscured by the top of 
the bar or by the symbol.	
  *p<0.05,	
  **p<0.01,	
  ***p<0.001.	
  Experiments were done in cooperation with 
Dr.Knud Esser. 

Furthermore, to access if the observed virus re-secretion was associated with efflux of 

cholesterol derived from endocytosed lipoproteins, comparable pulse chase assays 

were performed using THP-1 macrophages as described above with medium 

containing [3H] cholesterol-labeled TRL in addition to HBV in the pulse phase. After 

overnight chase, supernatants were analyzed for HBsAg and [3H] cholesterol content 

by ELISA and liquid scintillation, respectively. As shown in figure 2.11, [3H] cholesterol 

in the supernatant significantly increased under the incubation of HDL or human 

serum containing medium, and this correlated with the increase of HBsAg, which 

suggested that HBV re-secretion occurred in parallel with cholesterol efflux.  
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Figure 2.11. HBV re-secretion from virus loaded THP-1 macrophages is associated with 
cholesterol efflux. THP macrophages were incubated with HBV and [3H]-cholesterol-TRL or no 
supplements (negative control) for 3h at 37 °C to allow particles uptake. Following intensive washing, 
cells were incubated overnight with medium containing 2 mg/mL BSA (mock control), 200 µg/ml 
HDL or 10% human serum (A, B). The next day, supernatants were collected and analyzed for HBsAg 
by ELISA and [3H]-cholesterol by liquid scintillation assays. Means (triplicate) ± SD of one 
representative experiment of two independent experiments are shown. *p<0.05, **p<0.01, ***p<0.001, 
****p<0.0001. Experiments were done in cooperation with Dr. Knud Esser. 

To ensure that virus re-secretion and cholesterol efflux originated from an intracellular 

pool, not only cell culture supernatant but also cell lysate were collected for analysis in 

another pulse chase experiment performed with pulse medium containing HBV and 

[3H] cholesterol loaded TRL. Supernatants were analyzed as described before. From 

cell lysates, half were used to determine the retained intracellular HBV by HBV-DNA 

qPCR anaylsis and half were subjected to scintillation assays for [3H]-cholesterol 

measurement. Results from supernatant analysis confirmed those shown above. 

Human serum induced higher HBsAg as well as higher [3H] cholesterol contents in the 

chasing medium (Figure 2.12.A). As a consequence, in cell lysates less HBV and 

[3H]-cholesterol were retained inside the cells (Figure 2.12.B), confirming that the 

re-secreted HBV and cholesterol stem from the VP and TRL internalized during the 

pulse phase. 
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Figure 2.12. Re-secreted HBV and [3H]-cholesterol originate from an intracellular pool.	
   Pulse 
chase incubation was done similarly as described for figure 2.11. In the end of the experiment, (A) 
supernant was collected for HBsAg ELISA and [3H] scintillation assay. (B) Cell lysates were prepared 
as required for DNA extraction. Half lysate was used for DNA extraction and subsequent HBV-DNA 
qPCR analysis. The other half of the lysate was dissolved in scintillation buffer for [H3]-cholesterol 
quantification. Means ± SD of one representative experiment of two independent experiments 
(triplicates) are shown. *p<0.05, **p<0.01, ****p<0.0001	
  

Besides, MDMs (Figure 2.13.A) and KCs (Figure 2.13.B) were analyzed for HBV 

re-secretion. Experiments were performed as described for THP-1 macrophages. 

Comparable to the THP-1 macrophages, the results showed that chase incubation of 

the HBV loaded cells with medium containing HDL or human serum led to higher 

HBsAg in the supernatant of MDMs (Figure 2.13.A) or KCs (Figure 2.13.B). This 

further strengthened the notion that cholesterol efflux inducers can induce HBV 

re-secretion in liver macrophages. 
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Figure 2.13. Human serum or serum components induce HBV re-secretion from virus loaded 
MDMs and KCs.	
  MDMs (A) or KCs (B) were incubated with HBV at 37 °C for 3h with exception of 
the negative control. Following intensive wash, cells were incubated overnight with medium containing 
2 mg/mL BSA (mock control) (A, B), 200 µg/ml HDL (B) or 10% human serum (A, B). The next day, 
supernatants were collected for HBsAg ELISA. Means (triplicate) ± SD of one representative 
experiment of three independent experiments are shown. *p<0.05,	
  **p<0.01,	
  ***p<0.001. Experiments 
were done in cooperation with Dr. Knud Esser. 

In summary, HBV internalized by macrophages became re-secreted into the cell 

culture medium, a process defined as transcytosis. Virus transcytosis occured along 

with efflux of cholesterol derived from endocytosed lipoproteins.  

2.1.3. Transcytosis of HBV through Kupffer cells facilitates hepatocyte 

infection in trans 

To test if transcytosis of HBV through Kupffer cells could contribute to infection of 

hepatocytes in trans, a mix-culture system of KCs and PHHs from the same donor 

was established. As KCs are much more potent in taking up acLDL than PHH309, KCs 

could be discriminated from hepatocytes in this mix-culture system by being acLDL488 

positive after 6 h incubation (Figure 2.14.A). In the transinfection experiment, KCs 

were incubated with HBV particles for 6h at 4 °C or 37 °C, which allowed HBV binding 

only or endocytosis, respectively. Subsequently, KCs were washed intensively to 

remove free HBV. PHHs were then added to KCs and cells were co-cultured for 12 

days (Figure 2.14 B, C). As it is evidenced by the release of HBV antigens into the 

supernatant (Figure 2.14 B) and HBV cccDNA in cell lysates (Figure 2.14 C), only 

KCs that were initially incubated with HBV at 37 °C allowing endocytosis led to a 

productive infection. In contrast, KCs that had been exposed to virus at 4 °C, which 

only allowed virus binding, did not lead to HBV infection (Figure 2.14.B,C). In pure KC 
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cultures, no viral antigen was detected although KCs had been incubated with HBV 

for 6h at 37 °C (Figure 2.14 D). This emphasized again that KCs alone did not support 

HBV infection, and the detected infection markers in the mix-culture resulted from 

PHH infection. These data prove that HBV particles transcytose through KCs can 

trans-infect hepatocytes. 
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Figure 2.14. HBV transinfects PHH via KCs. Mix-cultured KCs and PHHs were grown as confluent 
monolayers (A). After incubation with 4 µg/ml Alexa-Fluor 488 labeled acLDL (acLDL488) for 6h, 
only KCs were fluorescence positive. PHH can be distinguished by their typical round nuclei. White 
arrows indicate two examples of PHH nuclei. For transinfection experiments (B-D), isolated KCs were 
incubated with HBV containing medium (1x108 genome copies / ml) at either 4 °C or 37 °C to allow 
HBV binding or uptake. Subsequently, PHHs were seeded (B-C) to KCs and cells were cultured for 12 
days (B-C). Supernatants of mix-cultures were collected every 4 days for HBsAg or HBeAg 
measurements by ELISA (B). Cell lysates were harvested on day 12 for HBV cccDNA qPCR. 
Supernatant of pure KCs were measured on day 12 for HBsAg (D). Means±SEM of two independent 
experiments (triplicates each) are shown	
   **p<0.01,	
   ***p<0.0001. Experiments were done in 
cooperation with Dr. Knud Esser. 
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2.1.4. Summary 

In this part of the study, we found that:  

1. HBV endocytosed by macrophages initially concentrated in vesicles enriched for 

lipoprotein derived free cholesterol. 

2. These vesicles were identified to be recycling endosomes. Similar to lipoprotein 

derived free cholesterol, HBV located to recycling endosomes for intracellular 

trafficking, which on one hand avoided lysosomal degradation and on the hand 

allowed HBV re-secretion.  

3. The intracellular transportation of HBV occured along the cholesterol transportation 

pathway. 

4. Re-secretion of HBV as well as that of free cholesterol was induced by cholesterol 

acceptors contained in human serum.  

5. Finally, HBV transcytosis allowed hepatocytes infection, defining this process as 

transinfection.  

Thus, it is proposed that in vivo, after efficient uptake by sinusoidal KCs, HBV hijacks 

the cholesterol transport pathway for transcytosis through KCs and to target and 

infect hepatocytes. 
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2.2. Discussion 

2.2.1. Methods used to evaluate co-localization in present study 

In this part of study, confocal microscopy was frequently used for visualizing the 

localization of HBV594 in correlation to cellular molecules of interest to investigate the 

virus association with host cellular machinery (e.g. Figure 2.1,2.2,2.3). It is based on 

generally accepted idea that the intracellular location of a component is closely 

related to its role in biological processes. Two components located in the same spatial 

compartments have higher potential in functional association than components 

located apart310, 311.  

Co-distribution of HBV594 with other molecules has been primarily determined by the 

yellow pixels in superimposed dual-channel images, in which HBV has been pseudo 

colored in red and the other component in green (e.g. Figure 2.1.). Resulting yellow 

hotspots reflected combined contribution from each individual probe in the same pixel. 

Based on the resolution limit of light microscopy, the yellow spots would be insufficient 

for proving the physical apposition of the HBV and the other target molecule, but it is 

appropriate to conclude that those two probes were co-distributed in the same cellular 

compartment, like endosomal vesicles in the presented study312. However, the 

presence of a yellow spot highly depended on the relative fluorescence intensity of 

each channel, which was affected by factors like quantities of the probe. In the case of 

HBV594 and LAMP1 staining (Figure 2.5.), some yellow pixels could be seen in the 

merged pictures, but HBV594 was not concluded to co-localize with LAMP1 as the 

fluorescence overlap of HBV594 and LAMP1 more likely resulted from broad 

distribution of LAMP1 in the cytosol. 

Merging images of different channels helps to generate visual estimates of 

co-localization events in two-dimensional, identifying compartments which molecules 

co-occupy. However, it is not helpful for comparing the degree of co-localization in 

different experimental groups. To quantify the co-localization, Mander’s coefficient 

analysis was chosen. This coefficient (M) varies from 0 to 1, with 0 reflecting no 

overlap at all and 1 corresponding to 100% co-localization313, 314. For dual-channel 

images, two M coefficients can be calculated. Taking figure 2.5 as an example, 
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coefficient Mred and Mgreen can be generated. Mred indicates the proportion of the red 

(HBV594) signals coinciding with green (LAMP1) signals over its total intensity. Mgreen 

would indicate conversely for green (LAMP1). This independent evaluation for each 

channel is extremely useful when the two components are expected to overlap but to 

have different intensities310. For example, in figure 2.6, HBV594 was expected to locate 

to Rab11 positive recycling endosomes, but there were no rationale to assume that 

the amount of HBV should parallels the amount of the Rab11 proteins. Co-localization 

quantification like Pearson’s correlation analysis would yield conclusion of low or no 

co-localization with such non-proportional co-distribution. But Manders’ analysis is not 

affected by the non-proportionality, therefore in this part of my study, Manders’ 

method is more appropriate for quantitatively evaluating co-localization of HBV and 

rHBsAg with the target molecule (LAMP1 in figure 2.5, Rab11 in figure 2.6,2.7,2.8) 

than Pearson’s method.   

However, the limitation of Manders’ approach is that its coefficient is very sensitive to 

noise. To circumvent this limit, Mred was calculated with the threshold set to the 

estimated value of background (Figure 2.5-2.8). Within one experiment, the threshold 

was set the same for all groups to valid the comparison. But between experiments, 

the Mred was not comparable due to varying background levels.  

Taken together, in this part, co-localization was primarily evaluated visually by 

superposition of fluorescence images, and when the degree of co-localization within 

one experiment needed to be quantified, additional Manders’ co-localization analysis 

was performed.  

2.2.2. Lipoprotein association affects the intracellular fate of HBV in liver 

macrophages 

Our data have suggested that HBV trafficking in liver macrophages is associated with 

free cholesterol derived from lipoproteins, which are facilitated by recycling 

endosomes (Results 2.1.1,2.1.2.).  

It is known that macrophages are very potent in cholesterol recycling. As 

“professional phagocytes”, macrophages take up cholesterol (via uptake of 

lipoproteins) at more than average level of any cell type other than hepatocytes, 

enterocytes and steroidogenic cells30. Excess unesterified free cholesterol is toxic to 
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macrophages and can ultimately lead to cell apoptosis. The key mechanism of 

defence against cholesterol toxicity in macrophages is cholesterol efflux315.  

Dr. Knud Esser previously showed that HBV in patient serum was associated with 

triglyceride rich lipoprotein (TRL), which implied that transportation of lipoprotein 

might affect cellular fate of virus based on the notion that HBV-TRL complexes as 

multivalent ligands could in principle cross-link with their respective receptors for 

internalization. Uptake of HBV into liver macrophages could be contributed by 

receptors mediating TLRs endocytosis, which could lead to an intracellular trafficking 

route balanced to lipid transportation. As shown in this study, intracellular HBV 

occupied the same compartment as cholesterol derived from lipoproteins, which was 

targeted by ApoA-1 (Figure 2.1,2.2,2.3.). Re-secretion of virus co-occurred in parallel 

to recycling of cholesterol (Results 2.1.2.2.). Similar phenomena have been reported 

for apoprotein E (ApoE), which resides on the surface of TRL and serves as solvent 

for hydrophobic lipid moiety 316. Heeren et al. have reported that after TRL 

internalization, ApoE can escape lysosomal targeting and recycle back to the cell 

surface following intracellular transport of free cholesterol, which was accompanied 

by internalization of ApoA-I derived from HDL and its targeting to 

ApoE/cholesterol-containing endosomes 317, 318 307, 319. Interestingly, it has been 

reported that ApoE3 allele has a higher binding affinity than ApoE2 allele to its 

receptor320. Thus, HBV infection should be facilitated in humans carrying the ApoE3 

allele. Indeed, ApoE3 has been observed to be overrepresented among patients with 

HBV-related liver disease, and HBV-infected patients carrying the ApoE3 allele have 

a lower rate of HBsAg clearance321, 322. 

Without TRL association, the fate of virus particle might be different. As it has been 

observed in the presented imaging study, recombinant HBsAg produced from yeast 

(rHBsAg) was initially used to exclude the artifact of HBV fluorescence labeling 

(Figure 2.5-2.7). The intracellular localization of rHBsAg (Figure 2.5) is observed to be 

different from HBV (Figure 2.6,2.7), and this could be explained by the lack of human 

lipoprotein (e.g. TRL) association of rHBsAg due to its yeast origin or lack of large 

surface protein. To prove that with confidence, a gradient centrifugation of rHBsAg 

should be done in future. 
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2.2.3. Kupffer cells contribute to HBV infection in trans, which 

complements a direct hepaotcyte targeting pathway of HBV 

The data described in this study have demonstrated a novel role of Kupffer cells (KCs) 

in HBV infection—they mediate transinfection of hepatocytes by HBV (Figure 2.14).  

On one side, KCs reside in the liver sinusoids and are specialized to perform 

scavenger and phagocytic functions, thereby removing protein complexes, small 

particles, and apoptotic cells from blood9, 323.  

So far, there was no study on the uptake of HBV by human KCs ex vivo or on the 

presence of HBV in KCs in vivo. Studies using monocyte and THP macrophages have 

shown binding of HBV (proteins) to these cells324. Most of the published studies on the 

interaction of KCs and HBV focused on the immune regulatory roles of KCs. For 

example, Hoesl et al. reported that KCs contribute to immune activation and anti-viral 

immunity upon HBV infection325. Wu J et al. reported that HBV abrogates the 

pro-inflammatory functions of KCs to evade host immunity326 and He L et al. reported 

that HBV induced anti-inflammatory cytokine secretion by KCs, which promoted the 

tolerogenic milieu of the liver327. Those seemingly contradictory results could be due 

to different focus and interpretation of results since always a mixture of cytokines was 

induced or it could also be due to different experimental conditions used, such as 

different amount of virus that have been added to cell culture for different time periods, 

which could result in different receptors binding of HBV to KCs and subsequently 

different functions of macrophages being triggered324-326.  

The study presented here followed previous observation in our lab, which for the first 

time revealed the following: in ex vivo perfused human liver tissue, in the presence of 

human serum, HBV was preferentially taken up by KCs after 45min pulse perfusion 

and entered into hepatocyte only after 16h chase perfusion when KCs became 

negative for the virus298. As the perfused liver maintains a microanatomy structure 

that closely resembles the in vivo situation, the model enabled unveiling the 

sequential uptake of HBV on the route for hepatocytes targeting, which can be easily 

overlooked when 2-D cell culture formats are used for studies on host virus interaction. 

Based on those data, the study presented here aimed to investigate the roles of KCs 

in HBV transinfecting hepatocytes as well as the mechanisms involved. For that 

purpose, in vitro cultured macrophage models were used in this study, which led to 
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the interesting, novel finding that HBV highjacks the free cholesterol transport in 

macrophages for infecting hepatocytes in trans.  

On the other side, HBV infection of hepatocyte occurs with high specificity and 

extraordinary efficiency. Studies of HBV-infection in chimpanzees and duck hepatitis 

B virus (DHBV) in ducks revealed that a single virion is sufficient to establish HBV 

infection when experimentally inoculated299, 300. HBV entry in hepatocyte is widely 

assumed to be directly mediated by hepatocyte specific receptors. In 2012, sodium 

taurocholate co-transporting polypeptide (NTCP) was identified as a cell and 

species-specific receptor for HBV. NTCP binding was even considered to be the 

single entry pathway for HBV infection97, 98. However, as hepatocytes are not directly 

exposed to the blood stream to prevent contact with toxic substances, and particles 

exceeding 10nm in diameter are limited from free diffusion from sinusoidal lumen to 

hepatocytes4, 328, it is questionable how a single virion could overcome the sinusoidal 

endothelium so efficiently for binding to receptors on hepatocytes. Furthermore and 

as mentioned before, results from our lab showed, that when HBV entered via the 

liver sinus, it was preferentially taken up by KCs298.  

Many pathogens are known to be able to exploit physiological pathways to infect 

target cells in trans. For example, HIV has been described to transinfect CD4+ T cells 

after being captured by dendritic cells (DC) via DC specific intercellular adhesion 

molecule-3-grabbing non-integrin (DC-SIGN)329, 330. For various hepatotropic 

pathogens there is also evidence that sinusoidal liver cell populations contribute to 

infection by facilitating crossing of the sinusoidal barrier. HCV has been shown to be 

able to bind C-type lectins liver / lymph node-specific intercellular adhesion 

molecule-3-grabbing non-integrin (L-SIGN) or DC-SIGN presented on the surface of 

KCs and DCs. Following internalization, HCV is transported via transferrin positive 

endosomal compartments providing protection from lysosomal degradation and 

allowing subsequent delivery to proximal hepatocytes331, 332. Similarly, for DHBV it 

was suggested that LSECs removes DHBV from the circulation and that hepatocytes 

are infected in trans through an active transcellular transport process333.  

Thus, it is not entirely surprising that HBV hijacks a cholesterol recycling pathway for 

host cell targeting, which is more efficient than direct targeting when the virus first 

enters the liver from the blood circulation. 
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To conclude, the presented study disclosed a novel role of Kupffer cells in HBV 

infection, namely, that the virus could utilize the cholesterol transport machinery of 

KCs for transcytosis and to transinfect hepatocytes subsequent to internalization by 

KCs. Such KCs and HBV interactions may contribute to the efficiency of the 

establishment of HBV infection as well as to the spread of HBV infection both by the 

capture and delivery of virus to the hepatocytes. Further studies on receptors 

mediating HBV internalization into KCs may unveil potential targets for designing 

strategies to combat HBV infections. 
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3. Experimental part II: 

The role of Kupffer cells and liver sinusoidal endothelial cells 
in early HCV infection 

3.1. Results  

3.1.1. Characterization of HCVcc (JC1) production and stability 

HCVcc describes fully infectious virus derived from cell culture systems owning 

infectivity in vivo as well285. Unless otherwise stated, HCV experiments were 

performed using the HCVcc strain JC1334. With the aim to gain a high yield of virus 

production as well as to know the stability of the virions, some characterization of 

HCV JC1 was performed. The viral genome was synthesized in vitro from the plasmid 

pFK-JC1 and delivered into Huh7.5 cells by electroporation (EPO). Subsequently, 

culture supernatants were collected every 24h and stored directly at -80 °C or 

concentrated by PEG precipitation and then stored at -80°C. Upon use, preserved 

sample aliquots were thawed and measured directly or incubated at 37°C for different 

time length before measurement. Absolute genome quantification was carried out 

using HCV specific Taqman probe based real time PCR, which is calibrated by in vitro 

synthesized standard. HCV infectivity was accessed by limiting dilution assay as 

described by Lindenbach et al.284, 286, with modification of staining against NS3 

instead of NS5A. The virus production kinetic is shown in Figure 3.1.A. Already one 

day after HCV RNA EPO, high levels of HCV genome (107 copies / ml) were released 

into the supernatants. The virus production kinetic reached a peak on day 3 post EPO 

(108 copies / ml). In parallel, it was also observed that, counting from the first day after 

EPO, cells proliferated slower than normal Huh7.5 cells. On day 3 or 4 (varied 

between productions), when there was the highest virus production, large numbers of 

cells died (data not shown). This cytotoxicity effect was correlated with a good yield of 

virus titer. Although it is known that HCV is a non-cytopathic virus, the observed 

cytopathic effect has been documented in several publications and is attributed to 

pro-apoptotic effect of HCV at sufficient level284, 335-337. After the peak, virus production 

gradually decreased while the cell number increased and production greatly dropped 
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when the cells reached confluence due to a lack of nucleotide pool (communication 

with Ralf Bartenschlager and Jane Mckeating). The stability of HCV infectivity in cell 

free conditions at 37 °C is shown in figure 3.1.B. Virus TCID50 dropped 20% after 1h 

incubation at 37 °C and 90% after 6h incubation. In contrast, under the same 

conditions, there was less than 20% change in HCV genome measurement even after 

48h incubation. 

Taken together, these data suggested that virus production was most efficient 

between 72 to 96 hours post EPO, which would be most crucial period for preparing 

highly concentrated stock. In terms of stability, while HCV infectivity was very 

unstable under 37 °C, HCV genome was rather stable. Therefore, in the following 

study when virus manipulation was needed, for example labeling, the procedures 

were managed to avoid 37 °C or higher. 

  
Figure 3.1. HCVcc (JC1) production kinetic and stability at 37 °C. HCV RNA was transcribed in 
vitro from pFK-JC1 with T7 polymerase and electroporated into Huh7.5 cells as described 
previously182. Culture supernatants after electroporation were collected every 24h, concentrated using 
PEG8000 if necessary and preserved at -80 °C until use. HCV RNA absolute quantification (A and C) 
and HCV TCID50 (B) was performed as described in the section of methods. Means±SD of one 
representative experiment are shown (sextuplicate for A and triplicate for B and C).  
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3.1.2. Human liver ex vivo perfusion 

3.1.2.1. Optimization of the system for longer time perfusion  

In a previously in the lab established perfusion system, perfusion was limited to 16 

hours298. Prolonged perfusion lead to broad cell necrosis, which was very likely due to 

low O2 concentration as well as increasing pH value in the perfusate. With the aim of 

enhancing air exchanging capacity of the system, in the here presented work extra 

tubing was added. This “air buffer tubing” was with one end inserted into the perfusate 

container, the other end was connected with a 0.45 nm filter and freely exposed to the 

air in the incubator. In order to improve the vitality of cells in the perfused tissue, 10 

mM sodium pyruvate together with 1 pM EGF was added to the existing perfusate 

recipe, as this has been reported to protect liver from ischemia reperfusion injury and 

to support hepatocyte, biliary epithelium and connective tissue regeneration338, 339. To 

test the function of the modified system, non-cancerous human liver tissue leftover 

from surgery resections were obtained. A small piece was directly fixed for later 

comparison with the perfused tissue. The remaining pieces were cannulated through 

portal vein branches and perfused at a speed of 1-3 ml / min / g for 24h with one 

medium exchange after 12h. Subsequently, tissues were fixed and cyro-perserved, 

respectively. Due to scarcity of human tissue samples, cryosections of longer 

perfused tissues as well as functional evaluations of the tissues under perfusion were 

not possible so far. To examine the integrity of the samples, H&E staining of 

non-perfused (0h), 1h, 12h and 24h perfused was performed on 5 µm thick 

cyrosections. Light microscopic evaluation suggested, that the liver architecture was 

well maintained after 24h perfusion: In issues having been perfused for different time 

periods the hepatocyte morphology showed the same features in the unperfused 

sample (0h, Figure 3.2.). The majority of hepatocytes had a single nucleus with one or 

two prominent nucleoli. Some binucleated hepatocytes could also be found in all 

samples. The nuclei of hepatocytes have comparable sizes and round shapes in 

perfused and non-perfused tissues, suggesting that no apoptosis or necrosis 

occurred in hepatocytes. Thus, it was concluded that the systems optimization was 

successful and could be used for prolonged perfusion.  
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Figure 3.2. Tissue morphology is maintained during perfusion. Human liver tissues were perfused 
for the indicated time periods prior to fixation and H&E staining. Preventative pictures are shown. 
Scale bar = 100 µm 

3.1.2.2. Establishment of HCV infection  

An increasing kinetic of HCV genome in perfusate was achieved   

To test if the ex vivo perfusion model supports productive HCV infection of the 

hepatocytes, an 5g human liver tissue was first perfused for 12h with medium 

containing HCV at 107 genome copies/ml (10 genome copies / hepatocyte, which 

equals 0.1 TCID50 / hepatocyte) to allow sufficient virus uptake. Following three times 

washing with PBS, fresh medium without virus was given for continued perfusion. A 

second medium exchange (virus free) was performed at 38 h.p.i. (hours post infection) 

to maintain sufficient nutrient supply in the medium. Perfusate samples were collected 

for HCV genome quantification at different time points up to 48h. As shown in figure 

3.3, from 16 h.p.i. to 37 h.p.i., a 2 log increase of virus genome copies was detected. 

After the medium exchange, 104 copies / ml HCV genome was still detected on 40 

and 48 h.p.i. Those data indicated that HCV infection can be established in human 

liver under perfusion condition.  
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Figure 3.3. HCV infection in perfused human liver tissue. Human liver tissues were perfused with 
500 ml medium containing 107 genome copies / ml of HCV for 12h. After extensive washing, tissues 
were perfused with HCV free medium. A second medium change was carried out at about 38 h.p.i. 
Perfusate was collected at indicated time points for RNA extraction and absolute quantification of 
HCV genome. 

Establishment of strand-specific detection of HCV (-) RNA by qRT-PCR 

The kinetic of HCV genome in the perfusate strongly supported that a productive 

infection was established. To solidly prove HCV replication in the perfused liver tissue, 

a second readout would be supportive. As HCV has a positive-strand RNA genome, 

negative-strand HCV RNA only exists when virus is actively replicating. Therefore, 

establishing an HCV negative strand ((-) strand) specific SYBR Green based 

qRT-PCR became the aim of the next step. 

For this purpose, the highly conserved 5’-UTR region of the viral genome was chosen 

as amplification target. cDNA synthesis was carried out using a primer targeting the 

HCV 3’-end with addition of a Tag sequence. Thermoscript™ reverse transcriptase, 

which enables RT at 60°C, was used to replace the commonly used SuperScript® III 

reverse transcriptase, which synthesizes cDNA at the temperature range of 42-55°C. 

Quantitative PCR primers were designed in a way that one primer bound the tag 

sequence and the other primer bound the HCV specific sequence. Using the tagged 

HCV specific primer during RT as well as higher RT temperature, the goal was to 

minimize the potential detection of unspecifically primed cDNA. The qRT-PCR 

strategy is briefly depicted in figure 3.4. 
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Figure 3.4. Schematic diagram of tagged strand-specific qRT-PCR. A (+) cDNA complementary to 
the (-) RNA was made using thermo-stable reverse transcriptase (Thermoscript™). The primer used in 
RT contained a tag sequence in addition to the sequence complementary to the HCV (-) RNA. qPCR 
amplification of the tagged cDNA was performed using only the tag portion of the cDNA for one of the 
primers and a HCV specific primer as the opposing primer.  

To evaluate the specificity of this method, synthetic (+) RNA was diluted in 10 fold 

series in cellular RNA extracted from virus free Huh7.5 cells, which was to mimic the 

real situation. The (-) RNA amplification was performed as described in detail in the 

chapter of materials and methods. Cellular RNA containing 106 copies of synthetic (-) 

HCV RNA or H2O were used as positive and negative control, respectively. In the end, 

all the PCRs had an amplification curve. Specific amplification of positive control 

produced oligonucleotides having a single melting point at around 88°C (Figure 3.5.A). 

This is due to the tag sequence introduced into specific cDNA during RT, which 

resulted in a longer PCR product compared to conventional SYBR Green products. 

Amplification product of the negative control (H2O) has a single low melting point at 

around 81°C (Figure 3.5.F). When using HCV (+) RNA as template, in the existence 

of 107 or more HCV (+) RNA, two types of products with distinct melting temperatures 

were generated. One was around 88°C and the other was around 81°C. In the 

presence of 106 HCV (+) RNA only products with lower melting temperature was 

generated (Figure 3.5.B-E). These data suggest that the qRT-PCR strategy used can 

successfully amplify (-) RNA. With lower concentration of (+)RNA (≤106 

copies/reaction), unspecific products could be distinguished from specific products by 

melting temperature. But with higher concentration of (+)RNA (≥107 copies/reaction),  

additional unspecific products were generated with the same melting feature as 

specific products. In the following trial, a higher detection temperature (84°C) was 
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setted. And under this setup, no false negative strand could be detected for samples 

containing 106 or less (+) HCV RNA. 

Figure 3.5. Melting curves of HCV (-) RNA qRT-PCR in specificity test. In vitro synthesized HCV 
(+)/(-) RNA or H2O were diluted in virus free Huh7.5 cellular RNA as indicated above each melting 
curve picture (A-F), and they were used as templates for RT. Primer HCV-tag-RC1 and Thermoscript 
reverse transcriptase were used for reverse transcription at 60°C. Ten times diluted cDNA were used 
for SYBR Green qPCR with primers HCV-tag/ HCV-RC21.  

To test the sensitivity of HCV (-) RNA qRT-PCR, serial dilutions of synthetic (-) RNA 

were prepared in cellular RNA extraction. 105copies/reaction of (+) RNA were added 

to the template to mimic the real situation, in which (-) RNA always co-occurs with (+) 

RNA. As shown in Figure 3.6, the lower the (-) RNA concentration, the higher the 

crossing point (Cp) value was. When HCV (-) RNA template was less than 105 per 

reaction the Cp values of HCV specific PCR exceeded 40. Only when HCV (-) RNA 

was above 108, the Cp fell into range of less than 30 representing a very high 

detection limit for HCV (-) RNA. 
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Figure 3.6. Quantification curve of HCV (-) RNA amplification. RT was carried out using 10-fold 
serial dilutions of synthetic (-) HCV RNA in the presence of 105 (+) HCV RNA. Cycle numbers of 
crossing points were plotted against the logarithmic concentration of the serial dilutions. 

Taken together, these studies illustrate that a strand-specific detection of HCV (-) 

RNA by qRT-PCR is possible using the established protocol, however sensitivity must 

be improved if a specific detection in samples with low amounts of HCV (-) RNA is 

required. Taking that into account, it was not surprising that the RNA extracted from 

ex vivo perfused liver tissue failed to give a clear positive result (data not shown) 

under the current protocol. Further optimization in enhancing the efficiency of RT or 

qPCR would be helpful. 

3.1.2.3. Sequestration of HCV by non-parenchymal cells 

To unveil the entry route of HCV in the liver, a time course analysis of virus location in 

the perfused liver was carried out. Obtained liver tissues were cannulated through 

portal vein branches and perfused with HCV containing medium for 1h at 1 ml /min / g 

(pulse phase) (Figure 3.7), which was followed by a continued perfusion with virus 

free medium at 3 ml / min / g for indicated time length in some experiments (chase 

phase) (Figure 3.8,3.9). In the end, tissues were fixed and immunofluorescence 

staining was performed in the cryosections. Antibodies against L-SIGN (CD209-L), 

smooth muscle actin (SMA) and CD68 were used to label LSECs, HSCs and KCs, 

respectively. HCV was stained using monoclonal antibodies against E2. Because 

within hepatocytes, filamentous actin (F-actin) is concentrated along the plasma 

membrane340, phalloidin was used to label actin for the purpose of depicting the 

outskirt of hepatocytes. 
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After 1h pulse perfusion with HCV containing media, the HCV-E2 signal was mainly 

distributed along the sinusoids (Figure 3.7.B). Figure 3.7.C shows two examples of 

L-SIGN positive LSECs. The cell in area “i” had a distinguishable cytosol, which was 

positive for HCV and surrounded by the L-SIGN positive membrane. The cell in area 

“ii” represents the typical morphology of LSECs, which is very slim and has no 

distinctable cellular structures like plasma membrane, cytosol and nucleus. But it is 

clear that HCV E2 located to L-SIGN positive pixels. To exclude that such a spatial 

co-distribution of E2 and L-SIGN was an artifact caused by unresolved imaging of two 

targets that did not co-localize but only in close proximity, which was highly possible if 

large amount of HCV viral particles were attached to hepatocytes membrane, hepatic 

stellate cells (HSCs) was labeled against SMA. HSCs reside in the space of Disse 

between endothelium and hepatocytes 341. As shown in figure 3.7.D, signals of SMA 

were one layer more closer to parenchymal area and for all SMA positive pixels E2 

were negative, and vice versa. This observation suggested that the HCV virus were 

spatially separated from hepatocytes and thus confirm that the co-localization of E2 

and L-SIGN reflected binding or uptake of virus by LSECs. When L-SIGN positive 

cells (or cell like structures) were counted for HCV positivity, the result was close to 

100% (Figure 3.7.G). When KCs, another liver sinusoidal cell population, were 

checked, it was found they also efficiently took up HCV from the perfusate. As 

exemplified in figure 3.7.E, CD68+ cells showed strong E2 staining in the cytosol. 

Quantification revealed that around 80% KCs were HCV positive. However, at this 

time point almost no hepatocyte contained any HCV-E2 signal intracellularlly even if 

neighboring non-parenchymal cells were strongly positive for HCV (Figure 3.7F). 

Taken together, those data suggested that LSECs and KCs could efficiently 

sequester HCV from circulation, while hepatocytes were not in the preference of virus 

entry during the early infection.      
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Figure 3.7. Localization of HCV in human liver tissue after 1h perfusion. (A) Scheme of the 
experimental setup. The red arrow indicates that for this experiment, tissues were directly fixed and 
processed for cryosection after 1h virus perfusion. (B-F) Immunofluorescence staining:  antibodies 
against E2 were used to stain HCV, antibodies against L-SIGN, SMA and CD68 were used to label 
LSCEs, HSCs and KCs, respectively. Alexa Fluor® 488 Phalloidin were used to stain actin to depict 
the outskirt of hepatocytes. Boxed areas are shown enlarged below the main panels separately for each 
channel. Z-sections taken at dotted line are shown as indicated. (G) Cells of each type were counted 
and quantified for the incidence of being HCV-E2 positive. Ten random vision fields were counted. 
Means ± SD of each cell type are shown. ****p<0.0001, ***p<0.001.  All scale bars are 10 µm 
unless indicated differently.  

To investigate the further route of HCV, human liver tissue was chase perfused for 

11h with virus free medium after the 1h pulse perfusion. As illustrated in Figure 3.8.B, 

the majority of HCV still distributed along sinuses. Cell type specific quantification 

showed that around 60% of LSECs were HCV positive (Figure 3.8.E). However, in 
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contrast to the early time point (Figure 3.7), HCV staining could now be found in 

parenchymal cells in some areas (Figure 3.8.B). CD68 positive KCs contained weaker 

HCV-E2 signals in the cytosol compared to KCs after 1h HCV pulse perfusion. Some 

punctate HCV signals located to the cell membrane (Figure 3.8.B). Quantification 

revealed, that about 10% of KCs were positive for HCV-E2 (Figure 3.8.E). In 

hepatocytes, HCV-E2 was found within or on the actin cortex. Quantitatively, about 25% 

of hepatocytes were positive for HCV-E2. In summary, it was concluded that after 

further chase, HCV started the entry process to the hepatocytes. The 

non-parenchymal cells became less positive with HCV, which could be due to virus 

degradation or hepatocytes targeting. 

 
Figure 3.8. Localization of HCV in human liver tissue after 11h chase perfusion. (A) Scheme of 
the experimental setup. The red arrow indicates that for this experiment, the tissue was fixed and 
processed for staining after 1h pulse perfusion and 11h chase perfusion. (B-D) Immunofluorescence 
staining: Similar as before, antibodies against E2 were used to stain HCV, antibodies against CD68 
were used to label KCs. Alexa Fluor® 488 Phalloidin were used for actin staining. Boxed areas are 
shown enlarged below the main panels separately for each channel. Z-sections taken at dotted line are 
shown as indicated. (E) Cell type specific quantification was done as described before. Ten random 
vision fields were counted. Means ± SD of each cell type are shown. *p<0.05. All scale bars are 10 µm 
unless indicated differently. 
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To check more into detail about HCV’s localization during the early entry into the liver, 

the chase perfusion of an HCV exposed liver piece was enhanced to 23h (Figure 3.9.). 

Confocal microscopic examination revealed that after 24h, HCV viral particles did not 

concentrate along sinuses anymore but dispersed into the liver tissue (Figure 3.9.B). 

Within hepatocytes, HCV could be found much deeper in the cytosol than at earlier 

time points (Figure 3.9.C). Cell counting showed 50% hepatocytes were positive for 

HCV-E2. In contrast, LSECs and KCs showed 20% or less percentage of E2 positivity 

(Figure 3.9.D, E). Those data, together with the data from the above two imaging 

analyses (Figure 3.7, 3.8), suggested that in an HCV infection event, there was 

sequential uptake of virus by the liver cells, with LSECs and KCs having the initial 

contact with HCV and hepatocytes targeting occurred at a later time. 
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Figure 3.9. Localization of HCV in human liver tissue after 23h chase perfusion. (A) Scheme of 
the experimental setup. The red arrow indicates that for this experiment, tissue was fixed and processed 
for staining after 1h pulse perfusion and 23h chase perfusion. (B-D) Immunofluorescence staining: 
Similar as before, antibodies against E2 were used to stain HCV, Alexa Fluor® 488 Phalloidin were 
used to label actin, antibodies against CD68 were used to label KCs. Z-sections taken at dotted line are 
shown as indicated. (E) Quantification of HCV positive cells of each type. Ten random vision fields 
were counted. Means ± SD are shown. *P<0.05, **P<0.01. All scale bars are 10 µm if not indicated 
differently. 

3.1.2.4. Interferon induction by HCV  

It is well acknowledged that HCV can elicit an innate immune response already within 

the first days after infection in vivo342. Thus, it was interesting to study if innate 

immunity in ex vivo perfused liver tissue was activated by the virus. Human liver was 

perfused in the same manner as in the infection experiment (Figure 3.6.). Additionally, 

liver tissue perfused with mock medium prepared from virus free control Huh7.5 cell 

culture was used as control. At the end of perfusion, tissues were cut into small pieces 

and separately lysed for RNA extraction. Expressions of IFN genes as well as HCV 
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RNA were measured by qRT-PCR. IFN induction was calculated by dividing the target 

gene expression level after perfusion with the self-non-perfused level. As it is shown 

in figure 3.10, mock perfusion enhanced IFN expression, ranging from 0.6 fold for 

IFN-γ, 1.5 fold for IFN-λ to around 2 fold for IFN-α and IFN-β in logarithmic scale. 

When the liver tissues were perfused with HCV, virus exposure upregulated the 

expression of IFN-λ and IFN-β 6 and 5.5 fold, followed by IFN-α and IFN-γ, which 

were induced around 2 and 1 fold, respectively. If subtracting the background 

induction induced by mock perfusion, the pure induction by HCV was most prominent 

for IFN-β and IFN-λ, which was a 3.6 and 4.7 fold enhancement, respectively. To 

characterize the correlation of IFN-β/IFN-γ with HCV, IFN expression and HCV 

genome in different pieces of the same liver sample were analyzed by Pearson’s 

correlation method. As it is shown in figure 3.10.B, IFN-β expression strongly 

correlated with HCV genome load (Figure 3.10.B. left), with the correlation coefficient 

being 0.9978. However, when same analysis was applied to IFN-λ and HCV, no 

correlation could be found (r=-0.054, p=ns) (Figure 3.10.B. right). So far, it could be 

concluded that in the liver perfusion model, a HCV specific innate immune response 

was induced. IFN-β and IFN-λ were the major induced IFN. IFN-β positively correlated 

with HCV RNA, but no correlation was found for IFN-λ.   
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Figure 3.10. HCV induces IFN expression in ex vivo perfused human liver tissue. Human liver 
tissues were perfused with either HCV or mock medium for 12h followed by washing and further virus 
free perfusion. Tissue pieces before and after perfusion were randomly taken for RNA extraction. 
Relative quantification of target gene expression was determined by qRT-PCR. (A) Gene expression 
levels without perfusion were set to one for both HCV and mock perfusion. nHCV=14, nmock=6; *p<0.05, 
**p<0.01. (B, C) Relative expression of IFN-β/IFN-λ against relative quantification of HCV genomes 
from the same piece were plotted and subjected to Pearson’s correlation analysis. n=24; For IFN-β and 
HCV, r=0.9978, ****p<0.0001; for IFN-λ and HCV, r=-0.054, p=ns. 

3.1.3. Interactions of liver non-parenchymal cells with HCV in vitro 

3.1.3.1. Binding of HCV to Kupffer cells facilitated hepatocytes infection in trans 

It has been reported that HCV can transinfect hepatocytes via macrophages, dendritic 

cells or endothelial cells in vitro, and that process is mediated by virus transcytosis 

through those non-hepatocytes following binding to their surface DC-SIGN/L-SIGN 

molecules331, 332, 343, 344. In the HCV location analysis described before, a sequential 

uptake of HCV first by LSECs/KCs and later by hepatocytes was observed, which 

strongly suggested a transinfection pathway for hepatocyte targeting of virus. 

However, Prof.Dr.Jane Mckeating in Birmingham has failed to detect transinfection in 
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mix-cultured primary human LSECs and hepatocytes (communication). Thus, it was 

of interest to test if KCs could mediate transinfection of hepatocytes in vitro. With this 

aim, a transinfection experiment using mixed cultures of KCs and hepatocytes was 

set up (Figure 3.11.A). In this experiment, the HCVcc strain that express luciferase 

upon virus replication was utilized (JC1-luci). Isolated KCs were incubated with 

JC1-luci at 4°C or 37°C. In another group, cells were pre-incubated with mannan for 

30min at 37°C to block the binding sites of DC-SIGNs. JC1-luci was applied 

afterwards to the KCs at 37°C in the presence of mannan. After 2h virus loading with 

or without mannan, KCs were washed intensively to remove cell free virus and 

co-cultured with Huh7.5 cells for 3 days before HCV replication being measured by 

luciferase assays. In addition, pure Huh7.5 cells incubated with the same MOI of virus 

were used as positive control. Mix-culture of virus non-exposed KCs with hepatocytes 

served as negative controls. As shown in figure 3.11.B, Huh7.5 cells cultured with 

KCs incubated initially with HCV at 37°C had virus infection established, supporting 

KCs associated virus can lead to productive infection in hepatocytes in trans. And 

blocking the binding capacity of SIGN molecules on KCs could prevent this infection. 

Interestingly, KCs incubated with virus at 37°C or 4°C led to comparable levels of 

virus infection in the 3 day mix-cultured cells, suggesting the that the transinfection 

mediated by KCs is not dependent on virus internalization into KCs. To conclude, 

these data suggested that SIGN molecules (DC/L-SIGN) expressed on KCs could 

capture HCV on the cell surface and mediate the hepatocytes infection in trans.  
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Figure 3.11. Transinfection of Huh7.5 cells by HCV loaded KCs. (A) Light microscopy of pure 
KCs culture (top) and KC/Huh7.5 mix-culture (bottom). Arrows indicated KCs in mix-culture. (B) KCs 
were exposed to HCV at 4 °C (indicated) or 37 °C before hepatocytes were added. 20 ng / ml mannan 
was applied to KCs for 30min before and during virus incubation. Cells were lysed after 3 days of 
co-culture for luciferase assay. BCA assay was carried out to determine the protein concentration for 
luciferase readout normalization. Means±SD of one representative experiment are shown (triplicate). 

3.1.3.2. Innate immune response against HCV from Kupffer cells and Liver Sinusoidal 

Endothelial Cells  

As KCs and LSECs have vigorously taken up HCV in the ex vivo perfused liver 

(Figure 3.7, 3.8, 3.9) and high expression of IFNs was induced in the liver tissue after 

virus exposure (Figure 3.10), it was speculated whether KCs and LSECs had 

contributed to IFN production. For this purpose, isolated human KCs were incubated 

with purified HCV at different dose for 6h. For virus purification, culture supernatant 

from virus producing Huh7.5 cells was ultracentrifuged with a sucrose cushion. 

Supernatant from control virus-free Huh7.5 cells went through the same procedures 

for production of a mock control. 50 ng / ml LPS were used as a positive control for 

cytokine induction. After incubation, cells were lysed for RNA extraction and cytokine 

qRT-PCR. As it is shown in figure 3.12. A, the cell associated virus genomes were in 

proportion to the input level. When HCV was added to the cell culture at 0.1 TCID50 / 

ml, IFN-β expression was upregulated around 6 fold compared to the mock control 

(Figure 3.12.B). As the NF-κB pathway is known to be closely involved in 
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transcriptional activation of IFN-β345-347, expression of IL6 and TNF were also checked. 

6h after virus exposure, IL6 expression was determined to be 6 fold increased, and 

with higher dose of virus the IL6 expression was also significantly higher (Figure 

3.12.C). TNF was 5 fold enhanced under HCV stimulation at 0.1 TCID50/cell (Figure 

3.12.D). These data demonstrated that HCV was sensed by KCs, which lead to IFN-β 

expression and NF-κB activation already 6h after virus exposure.     

Figure 3.12. In vitro stimulation of primary human KCs by HCV. (A-D) In vitro cultured human 
KCs were exposed to virus free mock control, purified HCV at different dose or 50 ng / ml LPS for 6h. 
RNA extraction and qRT-PCR for relatively quantifying target gene expression under different 
conditions was performed. Means±SD of one representative experiment of two independent 
experiments are shown (triplicate values). *P<0.05, **P<0.01, ***P<0.001 

To check LSECs’ behavior under HCV stimulation, similar experiment as for the KCs 

were planed for isolated human LSECs. However, as human LSECs could not be 

isolated in sufficient number, murine LSEC was chosen as alternative model. The 

rational behind this is that the innate immune system is phylogenetically conserved 348 

and the virus does not replicate in human LSECs anyway349.   

To check if murine LSEC is a reasonable model under the current context, it was 

tested whether or not murine LSECs would efficiently take up HCV. 

mock
 co

ntro
l

HCV (0
.1 

TCID
50

/ce
ll)

HCV (0
.05

 TCID
50

/ce
ll)

LPS 
100

101

102

103

104

IL
6/

G
A

P
D

H
(n

or
m

al
iz

ed
 ra

tio
)

IL6

mock
 co

ntro
l

HCV (0
.1 

TCID
50

/ce
ll)

HCV (0
.05

 TCID
50

/ce
ll)

LPS 
100

101

102

103

104

IF
N

-β
/G

A
P

D
H

(n
or

m
al

iz
ed

 ra
tio

)

IFN-β

mock
 co

ntro
l

HCV (0
.1 

TCID
50

/ce
ll)

HCV (0
.05

 TCID
50

/ce
ll)

LPS 
100

101

102

103

104

TN
F/

G
A

P
D

H
(n

or
m

al
iz

ed
 ra

tio
)

TNF

* 

** 

*** 

*** 

** 

** 

A B 

C D 

* 

mock
 co

ntro
l

HCV (0
.1 

TCID
50

/ce
ll)

HCV (0
.05

 TCID
50

/ce
ll)

LPS 
0

1

2

3

4

H
C

V
/G

A
P

D
H

(n
or

m
al

iz
ed

 ra
tio

)

HCV



3. Experimental part II: The role of KCs and LSECs in early HCV infection – Results 

80 
  

For this purpose, fluorescence labeling of HCV particles were established. A HCV 

strain that expresses flag-tag fused E2 membrane protein (JC1-flag) was labeled by 

integration of the lipophilic dye DiI into the viral envelope. Briefly, culture supernatants 

from JC1-flag producing Huh7.5 cells were collected. After filtration to get rid of cell 

debris and concentration to enrich JC1-flag, virions were purified using anti-flag 

affinity chromatography. The eluted virus enriched fractions were then incubated with 

DiI. The labeled virus was purified from the labeling mixture by two rounds of size 

exclusion chromatography. After those procedures, lipoproteins derived from cell 

culture, which can equally be labeled by DiI, was supposed to be removed by affinity 

chromatography and the exceeded free DiI was cleaned by size exclusion 

chromatography. The enriched DiI labeled virus was designated as HCVDiI. To check 

if the labeling was success and specific, the final stocks were incubated with Huh7.5 

cells under different condition for 2h to allow virus entry. As shown by fluorescence 

microscopy (upper panel, Figure 3.13.), when using purified mock supernatant 

derived from virus free Huh7.5 cells for labeling (mockDiI), no fluorescence could be 

detected after cell incubation. But when using supernatant from JC1-flag producing 

cells (HCVDiI), fluorescence signals could be detected in the cytosol of naïve cells, 

proving that virus had been successfully labeled and that was suitable for 

visualization. To further confirm the specificity of labeling, a HCV neutralization assay 

was performed. HCVDiI was preincubated with neutralization antibodies AP33 

targeting E2 protein or isotype control antibodies for 30min under cell free condition 

and then applied to Huh7.5 cells in the presence of antibodies for 2h before 

microscopy (middle panel, Figure 3.13.). In the presence of HCV neutralization 

antibody (HCVDiI+nAb) ,which can block virus entry by targeting the E2 protein, 

fluorescence signals was clearly reduced, while with treatment of antibody isotype 

control (HCVDiI+isotype control Ab), fluorescencece positive cells could be found as 

easily as in non treated cells (HCVDiI, upper panel, Figure 3.13). To quantitatively 

show the fluorescence difference, pixel intensities of four randomly chosen fields were 

quantifiedplotted (Lower panel, Figure 3.13.), This showed that the intensity of HCVDiI 

was significantly reduced by HCV neutralization antibodies but not by isotype control, 

reflecting that the entry of HCVDiI into Huh7.5 cells could be blocked by neutralizing 

E2. Taken together, these data showed that the establishment of fluorescently labeled 

HCVDiI was successful and it can be used for testing of virus uptake by murine LSECs.  
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Figure 3.13. Establishment of fluorescence labeled HCV viral particles. Upper: Labeling products 
derived from virus free cells (mockDiI) or HCV producing cells (HCVDiI) were incubated with Huh7.5 
cells for 2h. Middle: HCVDiI was pre-incubated with 25 µg / ml nAb AP33 or same amount of isotype 
control Ab for 30min at 37 °C before being applied to cells in the presence of Ab for 2h. Scale bar = 10  
µm. Lower: Quantification of HCVDiI fluorescence intensities under treatment of no Ab, HCV specific 
nAb or control Ab. Four randomly chosen microscopic fields from each group were taken for 
quantification. The grayscale of 0-255 was divided into 8 groups and the total pixels counts in each 
group were used to plot the figure. Tests were performed between group nAb and isotype control. 
**P<0.01, ***P<0.001 

To know if primary murine LSEC could efficiently take up HCV, isolated murine 

LSECs were incubated with HCVDiI (0.1 genome copies / cell) for 2h. As shown in 

figure 3.14, red fluorescent puncta derived from HCVDiI were observed in the cytosol, 

which proved efficient uptake of virus into cells. In addition, when the cells were 

pre-treated with cytochalasin D, which could prevent endocytosis by disrupting actin 

assembly, no HCVDiI could be observed, further confirmed that the observed HCVDiI 
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from non treated LSECs were rather a result of virus internalization than just derived 

from HCV bound to the cell membrane. 

Figure 3.14 Uptake of fluorescence labeled HCV by isolated murine LSECs. Upper: Pure primary 
murine LSECs were incubated with HCVDiI for 2h. Lower: Cells were pre-treated with 2µM 
cytochalasin D for 30min. In the presence of treatment, LSECs were incubated with HCVDiI for 2h. 
Scale bar=10µm  

Knowing that murine LSECs can also efficiently take up HCV, it was tested next, 

whether innate immune response can be activated by HCV. Similarly to the human 

KCs stimulation assay, murine LSECs were incubated with purified HCV at different 

dose for 6h before gene expression analysis by qRT-PCR. As shown in figure 3.15, 

6h after HCV stimulation of murine LSECs culture, induction of IFN-β, IL6 and TNF 

expression was already detectable (B-D). Interestingly, when cytocalacin D, which 

could block virus entry (Figure 3.14.), or bafilomycin, which could disrupt endosome 

acidification, was applied to the cells, induction of IFN-β was abolished (E). These 

data suggested that LSECs can sense HCV and activate innate immune defense, 

which was dependent on virus internalization and endosome maturation. 
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Figure 3.15. In vitro stimulation of primary murine LSECs by HCV. (A-D) Isolated murine LSECs 
were exposed to purified HCV at different dose, 50 ng / ml LPS or 2 µg / ml Poly (I:C) for 6h. (E) 
Cells were pre-treated with 2 µM cytocalasin D or 1 µM bafilomycin for 30min before incubation with 
virus while the drugs were still on. Negative cells had no exposure to HCV. After intensive washing to 
remove the cell free virus, cells were lysed for RNA extraction and relative quantification of target 
gene expression by qRT-PCR. Means±SD of biological triplicate from one representative experiment 
are shown. *p<0.05, **p<0.01. 

In sum, these data indicated that KCs and LSECs had activated the innate immune 

defense against HCV, represented by pro-inflammatory cytokines expression, for 

example, IFN-β.  
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3.1.4. Involvement of TLR3 in innate immune sensing of HCV  

So far, it could be shown that HCV induced potent IFN-β expression in ex vivo 

perfused human liver tissue (Figure 3.10), as well as in isolated human KCs or murine 

LSECs (Figure 3.12, 3.16). While toll like receptor 3 (TLR3) is known to mediate 

NF-κB as well as interferon regulatory protein 3 (IRF3) activation, especially with the 

latter being essential in transcriptional activation of IFN-β345. In addition, Dr. Mathias 

Broxtermann showed that TLR3 was highly expressed and functional in human liver 

KCs and LSECs350. Based on those, TLR3 was speculated to be involved in HCV 

sensing by KCs and LSECs. As TLR3 is highly conserved from mouse to human and 

share structural and functional similarities, TLR3-/- mice, which have deficiency in 

TLR3 expression, provide an option to test this hypothesis. 

3.1.4.1. Uptake of HCV by liver sinusoidal endothelial cells in mouse liver  

To validate the usage of mouse model in the study of HCV innate immune activation, 

it was tested first if mouse non-parenchymal liver cells can sequester HCV in the 

blood circulation. For this purpose, wild type C57BL/6 mouse was inoculated with 106 

TCID50 HCV in a volume of 200 µl. 1h later, mouse was sacrificed for liver isolation. 

Isolated liver was fixed and prepared for immunofluorescence staining against HCV 

E2 and the mouse LSEC marker CD146. As it is shown in figure 3.16, HCV-E2 signals 

co-localized with CD146. This result demonstrated that mouse LSECs could also 

efficiently collect HCV from blood circulation in vivo (Figure 3.16.).  
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Figure 3.16. Sequestration of HCV by LSECs in mouse liver. C57BL/6 mouse was intravenously 
injected with medium containing HCV. 1h later, mouse liver was isolated and processed for 
immunostaining. Antibodies against mouse CD146 and HCV-E2 were used to stain LSECs and HCV, 
respectively. The lower panel shows an enlarged area from the yellow box above. Representative 
pictures are shown. Scale bar=10µm 

3.1.4.2. TLR3 dependence of hepatic innate immune response against HCV  

To test if TLR3 was involved in HCV sensing by liver non-parenchymal cells, control 

B6 mice (wt) and TLR3-/- mice were equally injected with HCV containing medium or 

mock containing medium. Wt mice injected with 100 µg poly (I:C) served as positive 

control for cytokines upregulation. 6h after injection, mice livers were isolated. Tissue 

RNA was extracted and target gene expression was determined by qRT-PCR. As it is 

shown in figure 3.17, in wt mice, HCV exposure led to enhanced IFN-α and IFN-β 

expression, which could be firmly confirmed by significant increase of the IFN 

stimulated gene 2’5’OAS. Besides, IL6 and TNF were also significantly up regulated 

after HCV exposure. However, in TLR3 deficient mice, HCV injection did not change 

the cytokine expression profile. These data strongly supported that the early innate 

immune sensing was mediated by TLR3. 
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Figure 3.17. Innate immune activation by HCV in mouse livers. (A-E) Wild type or TLR3-/- mice 
were injected with mock or HCV containing medium. 6h later, liver tissue samples were prepared for 
RNA extraction. Cytokine expression levels were determined by qRT-PCR. Means±SD of one 
representative experiment are shown. Wild type: Poly (I:C) n=3, mock n=3, HCV n=5; TLR3-/-: mock 
n=1, HCV n=3.   
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3.1.5. Summary 

In this part of the study, the roles of hepatic non-parenchymal cells in HCV infection 

have been investigated. 

1. An ex vivo human liver perfusion model has been optimized and it can support HCV 

infection. Using this model, it was found that HCV was vigorously sequestered by 

LSECs and KCs at early time points and hepatocytes became positive with HCV at 

later time points. Clear IFN upregulation was induced by HCV perfusion, reflecting an 

activated innate immune response against by HCV.  

2. In vitro mix-culture of virus exposed KCs with Huh7.5 led to HCV infection in 

hepatocytes. However, this transinfection was not dependent on virus internalization 

into KCs. 

3. In vitro pure culture of KCs and LSECs could exert an innate immune defense 

against HCV, demonstrated by pro-inflammatory cytokine expression, for example, 

IFN-β. In addition, innate immune response was dependent on virus internalization 

and lysosome maturation.  

4. In vivo perfusion of wt type mice and TLR3 deficient mice with HCV revealed that 

the innate immune sensing of virus by non-parenchymal liver cells was mediated by 

the TLR3 signaling pathway.
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3.2. Discussion 

3.2.1. Ex vivo human liver perfusion model for HCV host interaction 

study 

The study presented here has utilized human liver tissue under ex vivo perfusion to 

mimic the in vivo situation. The initial usage of ex vivo perfusion technique can be 

dated back to as early as 1960s351. With the aim of providing temporary metabolic 

assistance to patients pending for liver transplantation or with potentially reversible 

hepatic failure, researchers have investigated using extracorporeal non-human livers 

under perfusion to shortly provide liver function support to patients 351-353. In 1972, 

Abouna et al. have reported that patients in fulminant hepatitis got fully recovered 

from hepatic coma by using 16h extracorporeal baboon liver perfusion352. 

Experiments on functional and morphological characterization of livers from dogs, 

pigs, and rabbits under ex vivo perfusion have been carried out intensively, which 

showed that livers could maintain their normal physiology, metabolism as well as vital 

functions under up to 72h ex vivo perfusion 354-358. 

Applying this concept to human liver tissues, with a modification of using incomplete 

tissue pieces, sample leftover from clinical hepatic resection becomes valuable model 

for studying HCV-host interaction. Because HCV infection is highly liver tropical and 

naturally only supported by human or chimpanzees. However, chimpanzees have 

been forbidden for their usage in HCV research in many countries359, 360. While a 

robust HCV infectable immunocompetent mice model is still missing, the ex vivo 

perfused human tissue provides a host environment most closely mimic physiological 

situation. It is of human origin, enables studies on interaction of hepatic cells with 

virus in their natural occurrence and has the crosstalk of different hepatic cells 

maintained. 

Our group has established ex vivo perfusion system for HBV study. Using the old 

system, human tissue pieces can survive within 16h, after prolonged perfusion, 

necrosis was found in a large number of hepatocytes and tissue deterioration was 

irreversible (data not shown). In the beginning of this study, optimization of the system 

was made by improving the oxygen load and buffering capacity of the perfusate, as 
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well as adding supplements to better support liver cells function. In the H&E staining 

of tissue having been perfused for 24h, minor sinusoidal dilatation could be seen but 

no apparent damage to tissue morphology was observed (Figure 3.2), which is similar 

to what has been described before 361. Furthermore, it has been reported that in 

perfused liver there were two peaks of damage—right before reperfusion and after 4 h 

of perfusion—as well as two recoveries—immediately following reperfusion and at 6 h 

of perfusion362. In the presented perfusion studies, since no obvious necrosis has 

been observed along the time of perfusion (Figure 3.2), it was assumed then that 

tissue “recovery” from cold ischemia was very efficient, which could be due to that 

partially damaged cells regain the vitality due to new oxygen supply. Using the 

optimized system, it was found that virus infection could be established ex vivo 

(Figure 3.3). This, at the mean time, provides evidence that the functionality of liver 

was preserved under ex vivo perfusion. Thus it is rational to using this model to study 

HCV’s entry route before hepatocytes targeting in the next step. 

However, in the presented study, the vitality evaluation of perfused tissue is so far 

based on morphological examination of H&E staining. A definitive assessment using 

enzymatic essays for functional test would be helpful for detailed characterization of 

liver condition under ex vivo perfusion, for example, ATP synthesis, bile secretion 

measurement and so on. 

Despite the benefits of this model, several limitations also exist. Technically, the liver 

was cannulated through portal vein branches. Due to the variation of the vein 

branches and retention of clotted blood in some vessels, complete perfusion of the 

whole piece was difficult. Furthermore, the liver tissues used were often from patients 

having certain hepatic diseases. Although efforts have been made to use only the 

pieces that did not have apparent pathological changes, the potential impact of the 

sample condition to the presented study could not be excluded. In the end, the current 

perfusion time was limited to 48h, which disables the assays that need longer culture 

time. Further optimizations for maintaining liver functions over even longer perfusion 

time would be highly useful. 

3.2.2. HCV sequestration from the circulation by non-parenchymal cells 

In previous liver perfusion studies on HBV from our group, KCs appeared as the main 

cells preferentially taking up HBV in the early infection298. However, in this presented 
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study of HCV, it was observed that not only KCs but also LSECs efficiently 

sequestered virus from the circulation after short time perfusion.  

KCs are liver residential macrophages located in the lumen of sinusoids9, 323 and 

LSECs are liver specific endothelial cells forming the wall of sinusoids5, 6, 363. Both 

cells are in the frontline of contacting blood materials passing through the liver sinus. 

Historically, KCs were considered as the only cell population responsible for the 

clearance of particles from the blood based on the observation that intravenous 

injected bacteria or vital stains such as carmine were largely accumulated in 

KCs364-366. Investigations on clearance of virus from blood showed that poliovirus, 

influenza virus, tobacco mosaic virus and etc. are efficiently absorbed by liver 

macrophages once intravenously injected367, 368. In 1972, with a clear discrimination of 

LSECs from KCs via electron microscopy study369, the contribution of LSECs in 

endocytosing particulate materials from blood started to amend. In the 1980s it was 

discovered that intravenously injected radio-labeled hyaluronan in the rabbit was 

eliminated from blood at great speed by LSECs370, 371. A reevaluation of clearance of 

lithium carmine from blood in rat revealed that it was predominantly by LSECs that the 

administered carmine has been taken up328. Recently, Ganesan et.al. have reported 

that in the mouse it was LSECs but not the KCs that cleared the bulk of blood-borne 

human adenovirus. 

In the case of HCV, it has been noticed that in HCV patients who accept liver 

transplantation, the virus load showed a sharp decrease during the eight to 

twenty-four hours after graft reperfusion. So it has been speculated that hepatic 

scavenger cells from the new graft may be involved in virus sequestration from the 

circulation372. But no solid evidence for any of the cell type has been obtained so far. 

In the presented study, taking advantage of the ex vivo perfused human liver tissue 

that maintains the physiological hepatic microanatomy, it was possible to study the 

preferential uptake before the hepatocytes targeting of the virus. The microscopy data 

from liver tissue perfused with HCV for 1h clearly demonstrated that the bulk of HCV 

virions have been internalized by LSECs and KCs (Figure 3.7.).  

To perform the “scavenging” function, the cells have to carry receptors enabling the 

virus binding. And depending on the receptor binding property of the virus, KCs and 

LSECs might function in a manner peculiar to each individual virus. In terms of HCV, 

E2 protein of the virus envelope has been reported to bind to L-SIGN or DC-SIGN 
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molecules on the cell surface344. And both types of lectin receptors have been 

reported to be expressed on LSECs and KCs331. It occurs very likely that both 

receptors were mediating HCV uptake by sinusoidal cells331, 332, 344, 349, 373, 374.  

3.2.3. From non-parenchymal cells to hepatocytes targeting  

HCV virus is known to infect primarily hepatocytes. The data obtained in this study 

showed that in human liver perfusion model, HCV was efficiently accumulated by 

LSECs and KCs before entering into hepatocytes (Figure 3.7,3.8,3.9).  

In the liver, LSECs and KCs constitute the lining cells of the sinus, hepatocytes are 

not directly exposed to agents that pass the liver in the bloodstream. When infectious 

agents following blood circulation get to liver, there are three possible ways in which 

they could pass the endothelium and reach hepatocytes. Firstly, they might pass 

through fenestrae in LSECs and reach hepatocytes directly. However, the size 

limitation for such free diffusion was reported to be below 10nm4, 375. Secondly, 

pathogens may reach hepatic cells by "growing through" non-parenchymal cells – a 

strategy that can be used by non-hepatocyte specific viruses like ectromelia virus376. 

Thirdly, pathogens may reach hepatocytes by being taken up by KCs/LSECs and 

then passively or actively passed through to hepatocytes - in the way that has been 

described for Malaria sporozoite377.  

HCV disseminates via blood and targets primarily hepatocytes159. With a diameter of 

50-60nm, it is very unlikely that HCV is following the first free diffusion pathway for 

directly hepatocytes targeting. In support of this assumption, it has been reported that 

when high dose of polio virus (108 pfu) were intravenously injected into mice, after 1h 

the virus could only be detected in LSECs and/or KCs, but not hepatocytes378. The 

size of poliovirus is only around 30nm, which is smaller than HCV. With bigger viral 

particles, it was even more difficult as has been reported for influenza virus378. 

The second pathway is questionable for HCV as well, as the virus is believed not to 

replicate efficiently in non-hepatocytes. However, a number of studies have shown 

HCV infection of monocytes and macrophages379. And a recent report showed HCV 

could also infect endothelial cells380. But a definitive proof that HCV could replicate in 

KCs and LSECs is still missing, and no virus infection was detected in isolated KCs or 

LSECs in the study presented here.  
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The third pathway appeared very likely for HCV based on the imaging analysis of 

virus localization in perfused liver tissue (Figure 3.7,3.8,3.9). The sequential up take 

of HCV first by non-parenchymal cells and later by hepatocytes under pulse chase 

perfusion setting conditions suggested that the virus entering into hepatocytes was 

derived from non-parenchymal cells. And the HCV staining pattern showed a series of 

dotted virus signals between neighboring KCs and hepatocytes (Figure 3.8.C) or 

LSECs and hepatocytes (Figure 3.8.D), and thus also fits to the scenario that viruses 

were transferred from KCs/LSECs to hepatocytes. In line with this, it was reported that 

DC-SIGN and L-SIGN that are expressed on the surface of liver macrophages and/or 

endothelial cells could capture HCV and facilitate hepatocytes infection in trans331, 332, 

344, 373, 374. The mechanism proposed was that following “SIGN” receptors binding the 

virus was delivered via transferrin positive recycling endosomes to proximal 

hepatocytes332. Those researches were conducted mainly via HCVpp (pseudo 

particles) in cell lines in vitro331, 332, 344, 373, 374. In contrast to that, Wai K. et al. reported 

that L-SIGN and DC-SIGN expressed on primary LSECs only supported binding of 

HCVpp but not entry. Despite the inconsistency, it is very difficult to apply either 

conclusion to HCVcc or HCV from patient serum. HCVcc as well as blood-born HCV 

particles are characterized by lipoprotein association but HCVpp lack lipoprotein 

components287 and thus may not be a suitable model.  

Thus, in the presented study, transinfection was tested using HCVcc strain JC1-luci. 

No experiment on mix-cultured LSECs and Huh7.5 are shown in this study. This is 

because mouse LSEC is an inappropriate model in this context due to its low 

expression level of SIGN molecule381-383. And when our collaborator Prof. Jane 

Mckeating tested human LSECs, no transinfection was observed. However, when we 

co-cultured human KCs and Huh7.5, the result suggested that HCV could transinfect 

hepatocytes via binding to the C-type lectin DC-SIGN/L-SIGN of KCs, which is 

consistent with a model that DC-SIGN and L-SIGN on sinusoidal cells provide a 

mechanism for high affinity binding of circulating HCV within the liver sinusoids and 

this allows transfer of the virus to underlying hepatocytes, in a manner analogous to 

dendritic cell DC-SIGN presenting HIV to T lymphocytes329, 330. Viral capture at the cell 

surface can be rate limiting for infection, suggesting that expression of DC-SIGN on 

KCs may enhance the rate and efficiency of virus infection of hepatocytes expressing 

the virus receptors384-386.  
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A growing number of such hepatocyte receptors have been identified including CD81, 

SRB1, Claudin-1 (CLDN1), occluding (OCLN), EGFR, NPC1L1 and more recently 

transferrin receptor 1 (TrR1)203-209. These receptors have varied distribution regions in 

polarized hepatocytes, for example CLDN1 and OCLN localize in tight junction in the 

apical domain of the hepatocytes while the others have distribution on basolateral 

domain facing the space of Disse. It is still not certainly known how they contribute to 

HCV entry in a sequential manner. In the study presented, it was observed that HCV 

in hepatocytes were first located in the cortical region close to the cell membrane, 

which implied that viral particles were in the early entry process (Figure 3.8). The 

strong actin staining on the apical domain indicated the existence of tight junctions of 

the hepatocytes. The localization of HCV particles to the tight junctions could be 

explained by the association of virus with CLDN1 and/or OCLN. These findings 

suggested rolling of HCV along the hepatocytes membrane to interact with different 

receptors, which represent a entry model similar to that described for Group B 

Coxsackieviruses, which access tight junction localized receptors via alternative 

receptor binding on the apical surface and relocalization to the junctional complex387, 

388. Further staining of CLDN1 and OCLN will be helpful to prove the virus association 

with confidence. 

3.2.4. Innate immune defense against HCV via non-parenchymal liver 

cells 

The data obtained in this study have demonstrated that KCs and LSECs were 

sources of hepatic IFN-β in the early HCV infection (Figure 3.10). They actively 

collected HCV virus from circulation and elicited innate immune response in a dose 

dependent manner but irrelevant with viral transcription (Figure3.7, 3.13,3.16).  

KCs and LSECs are vigorous scavengers in the liver. They express a large spectrum 

of receptors, which facilitate ligand binding and internalization6, 323. Besides 

DC/L-SIGN, they also express CD81, SRB1, LDLR, all of which are involved in HCV 

entry into hepatocytes323, 389, 390. Thus it is reasonable to suspect that those receptors 

are also involved in HCV internalization into KCs and LSECs as presented in the 

study (Figure 3.7). And this efficient “absorption” of virus into non-parenchymal cells 

contributed very likely to the rapid viremia decrease observed in HCV patients in the 

early time after reperfusion of the transplanted liver372, 391. The internalized virus did 
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not contribute to infecting hepatocytes in trans (Figure 3.11), thus the cells cleared 

them from blood representing an important mechanical barrier but may be also 

inducing innate immune defense.  

Similar phenomena were studied in detail with in vivo administered adenoviral vectors. 

Adenovirus vectors have been widely used for gene therapy applications and as 

vaccine vehicles for treating infectious diseases. While these vectors are effectively 

targeted to chosen tissues, and in particular to the liver, the infection process is highly 

inefficient. When adenoviral vectors are administered systemically by intravenous 

injection, rapid removal of virions by KCs and LSECs in the liver greatly impaired the 

efficiency of gene delivery 392-394. Associated with viral clearance was an immediately 

triggered innate immune response, which was characterized by secretion of 

inflammatory cytokines including type I IFN, IL6 and TNF395, 396. Contributions of both 

innate immune cells like KCs and non-innate immune cells like endothelial cells to this 

cytokine expression have been reported397, 398.  

Interestingly, HCV is also known for its early induction of innate immune defense. ISG 

could already be detected in the first few days after infection243. However, it is not 

certainly known which cells express IFN in early acute HCV infection. There have 

been several studies showing IFN induction in PHH after HCV infection399, 400. 

However, PHH isolation usually is not absolutely pure. Contamination of 

non-parenchymal cells that could be the source of IFN expression will lead to 

mis-interpretation. An argument in favor of non-parenchymal cells expresses IFN in 

the early HCV infection is that the viral NS3/4A serine protease, only expressed in 

infected hepatocytes, blocks the phosphorylation and effector action of interferon 

regulatory factor–3 (IRF-3), a transcription factor that is essential for IFN induction401. 

NS3/4A also interferes with both the TLR dependent and the cytosolic sensory 

pathways by cleaving and inactivating MAVS and TRIF238, 239, which are essential 

component in RIG-1 and TLR-3 pathway, respectively. Since this cleavage occurs 

only in HCV infected hepatocytes, IFN induction in those cells should be prevented. In 

contrast, in non-parenchymal cells, which are not productively infected and thus do 

not express NS3/4A, IFN production would not be affected. In support of this, Lau et al. 

have reported that KCs were a local source of IFN that promoted expression of ISGs 

in hepatocytes402. However, the data shown in this study suggest not only KCs but 
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also LSECs contribute to innate immune response against HCV in the early virus 

infection (Figure 3.13,3.16). 

Overall, the study presented here leads to a novel paradigm identifying both KC and 

LSEC as central to HCV initial clearance from blood, virus recognition and immunity. 

3.2.5. IFN-β expression is mediated by a TLR3 dependent pathway 

In the work described here, we have shown that the TLR3 signaling pathway is critical 

in mediating innate immunity activation after HCV sensing by non-parenchymal liver 

cells (Figure 3.17). 

In most published studies about the HCV sensory pathway, in vitro transcribed HCV 

RNA was used to transfect cells. There are severe limitations of this approach. First of 

all, in vitro transcribed RNA has a 5’ triphosphate, which is a well-known binding 

motive for RIG-I403. In addition, it is unknown if any of such RNA molecules would be 

exposed to the sensor naturally when infection occurs404. HCV induces a so called 

membranous web structures in the hepatocytes, which, among other things, most 

probably shields the replicating RNA from cellular sensors405. Therefore, in the 

presented study, all the virus stimulation experiments were performed using infectious 

viral particles.  

In addition to RIG-I, a TLR3 mediated establishment anti-HCV innate immunity was 

reported for hepatoma cells. TLR3 recognizes double-stranded viral replication 

intermediates228. A previous study from our group showed that although PHHs, KCs 

and LSECs express comparably high levels of TLR3, its signaling pathway is less 

functional in PHHs due to lower adaptor proteins expression, like TRIF and RIP1. In 

the contrast, TLR3 in KCs and LSECs is highly functional350. It is well acknowledged 

that TLR3 recognizes double-stranded RNA (dsRNA) with minimum 40-50bp 

double-stranded region406, 407. DsRNA is a common signature linked to the viral 

replication cycle and lysis of virus-infected cells is hypothesized to release dsRNA408. 

However, in negative-strand RNA virus infections, such as influenza A virus and 

phlebovirus, which generate little dsRNA as intermediate replication products, TLR3- 

mediated inflammatory cytokine and chemokine production was documented409, 410. In 

addition, Kariko ́ et al. reported that in vitro transcribed HIV gag mRNA complexed 

with lipofectin activates TLR3411. Recently, it was reported that the TLR3 signaling 

cascade could also be activated by incomplete stable stem structures in 
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single-stranded RNA412. Thus, it is attempting to speculate that after HCV enters into 

lysosomes in KCs or LSECs, acidic hydrolysis exposes the viral genome (Figure 

3.15.), of which the relatively long stem structure with bulge and internal loops in 5’ 

UTR region would bind with two TRL3 molecules. Following TLR3 oligomerization, 

TRIF is recruited to the TLR3–TIR domain that activates the transcription factors, 

IRF-3, NF-κB, leading to the production of IFN-β, IFN-λ and pro-inflammatory 

cytokines413-417. 

Indeed, IFN induction have been observed in human liver tissues and primary LSECs 

and KCs culture after exposure to HCV (Figure 3.10,3.12,3.15) in my study. Early 

investigations on IFN expression during the early acute phase of HCV infection in 

experimentally infected chimpanzees revealed induction of type I IFN-stimulated 

genes. The extent and duration of ISG induction showed a positive correlation with 

viral load 227, 418. In 2009, polymorphisms of the IL28B were identified to be associated 

with clearance of HCV infection, which was suggested to be correlated with the 

antiviral function of the its product — IFN-λ265. Recently, increase of IFN-λ in the 

serum as well as up regulation of IFN-λ mRNA in experimentally infected 

chimpanzees were reported 400, 419.  

In the study presented here using HCV perfused tissue, IFN-β and IFN-λ were both 

identified to have been hugely up regulated during initial exposure of the liver to the 

virus (Figure 3.10.). IFN-α was only modestly up regulated although it was similarly 

transcriptionally activated via interferon regulatory factor (IRF) 7 as IFN-β420. The 

differential up regulation can be explained by the cell type specific expression of the 

two type I IFNs. While IFN-α is expressed primarily in leukocytes, IFN-β is expressed 

primarily in non-immune cell421. Moreover, IFN-β expression could be induced by an 

extra pathway via activation of IRF3, which might also contribute to the higher up 

regulation of IFN-β. IFN-γ is considered to be mainly produced by NK cells and CD4+ 

T cells, explaining the minor up regulation in the study presented here focusing on the 

early infection. IFN-λ is expressed in both immune and non-immune cells421. Besides 

being induced by virus stimulation, it could also be induced by both type I (IFN-α/β) 

and type III IFN (IFN-λ)421, identifying IFN-λs also as IFN-stimulated genes. This may 

explain the lacking of correlation of IFN-λ with HCV load but a strong correlation of 

IFN-β with HCV load (Figure 3.10. B, C.), despite that the type I IFN independent 

induction of the IFN-λ depends on the same signaling molecules as IFN-β 422.  
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Taken together, in this study, an ex vivo perfusion model permissive for HCV infection 

was developed. This model allows a time course tracking of HCV association with 

liver cells and revealed for the first time that non-parenchymal liver cells (LSECs and 

KCs) could selectively scavenge and remove HCV from perfusates. On one hand, the 

cell membrane associated HCV could efficiently infect hepatocytes in trans, on the 

other hand, the internalized virus was shown to be sensed by endosomal TLR3. This 

resulted in antiviral cytokine expression (e.g. IFN-β, IFN-λ) and induction of innate 

antiviral defense.  
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4. Materials and methods 

4.1. Materials 

4.1.1. Chemicals / reagents 

Product Supplier 

Agarose Peqlab 

Alexa Fluor® 594 Life Technologies 

Ampicillin  Roth 

ANTI-FLAG® M1 Agarose Affinity Gel Sigma-Aldrich 

ATP Sigma-Aldrich 

Bafilomycin Sigma-Aldrich 

Biocoll Separation Reagent Biochrome 

Bovine Serum Albumin, BSA Sigma-Aldrich 

BSA-Fatty Acid Free Sigma-Aldrich 

CD146 (LSEC) MicroBead, mouse Miltenyi Biotec 

Chloroform Roth 

Collagen R Serva 

Cytochalasin D Life Technologies  

DEPC Roth 

DiI Life Technologies 

DMSO Sigma-Aldrich 

EDTA Roch 

EGTA Roth 

Ethanol Roth 

FCS Gibco 

Fetal Calf Serum Life Technologies 

Filipin Sigma-Aldrich 

Fluoromount-G® Mounting Media (+/-Dapi) Sourthernbiotech 

Formaldehyde Roth 

GBSS Life Technologies 
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Gentamicin Ratiopharm 

Glucose Roth 

Glutamin 200mm Gibco 

Goat Serum Life Technologies 

Granulocyte-Macrophage Colony-Stimulating Factor 

(GMCSF) 

Genzyme 

HCL Merck 

Hepes Sigma-Aldrich 

HEPES pH7.4 Sigma-Aldrich 

Human Serum In house 

Hydrocortison Pfizer 

Insulin Sanofi Aventis 

Isopropanol Roth 

L-Glutathione (GSH) Merk 

Mannan Sigma-Aldrich 

Methanol Roth 

Monopotassium Phosphate (KH2PO4) Roth 

NBD-Cholesterol Life Technologies 

Non-Essential Amino Acids 100x Gibco 

Optiprep™ Axis-Shield 

PBS Life Technologies 

Penicillin/Streptomycin Biochrom AG 

Phorbol Myristate Acetate (PMA) Sigma-Aldrich 

Polyethylene Glycol (PEG) 8000 Promega 

Potassium Chloride (KCL) Merk 

Recombinant Hbsag (Genotype D, Adw/Ayw) Biotech 

rNTP Promega 

Saponin Roth 

Sodium pyruvate Gibco 

Sodium Pyruvate 100mm Gibco 

Sucrose Roth 

Tissue-Tek O.C.T. Sakura 
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Tritonx100 Roth 

Trizol Reagent Life Technologies 

U18666A Sigma-Aldrich 

Versene Life Technologies 

Versene EDTA Gibco 

Yeast Extract Gibco 

β-Mercaptoethanol 50mM Gibco 

 

4.1.2. Antibodies 

 Primary antibodies 

Antigen Clone Application and dilution Supplier 

ApoA-1 EP1368Y IF (1:200) Acris Antibodies 

NPC1 Polyclonal IF (1:200) Novus Biologicals 

LAMP-1 H4A3 IF (1:500) Abcam 

Rab11 Polyclonal IF (1:400) Abcam 

HCV-E2 A3R3 IF (1:500) Dr. Mansun Law, Scripps 

Research Institute 

HCV-E2 AP33 Neutralization (25 µg / ml) Genentech 

L-SIGN 604 IF (1:50) R&D systems 

CD68 PG-M1 IF (1:80) DAKO 

HCV-NS3 2E3 TCID50 (1:3000) Biofront technologies 

CD146 P1H12 IF (1:100) eBioscience 

Secondary antibodies 

Antigen Conjugation Application and dilution Supplier 

Human IgG Alexa Fluor® 488 IF (1:1000) Life technologies 

Mouse IgG Alexa Fluor® 488 IF (1:1000) Life technologies 

Rabbit IgG Alexa Fluor® 

488/594 

IF (1:1000) Life technologies 

Mouse IgG HRP TCID50 (1:200) Sigma-Aldrich 
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4.1.3. Enzymes 

Product  Supplier 

RQ1 DNase Promega 

T3 polymerase Promega 

T7 polymerase Promega 

RNase H Life Technologies 

ThermoScript™Reverse Transcriptase Life Technologies 

RNaseoutTM Life Technologies 

FastDigest FspAI  Thermo Scientific 

 

4.1.4. Primers 

Name Sequence (5’ to 3’) 

Virus primer  

HBV-1745 GTTGCCCGTTTGTCCTCTAATTC 

HBV-1844 GGAGGGATACATAGAGGTTCCTTGA 

HBV-cccDNA-92 GCCTATTGATTGGAAAGTATGT 

HBV-cccDNA-2251 AGCTGAGGCGGTATCTA 

HCV-fw TCTGCGGAACCGGTGAGT  

HCV-rev GGGCATAGAGTGGGTTTATCC 

HCVaq-fw GCT AGC CGA GTA GCG TTG GGT 

HCVaq-rev TGC TCA TGG TGC ACG GTC TAC 

HCV-tag-RC1 GGCCGTCATGGTGGCGAATAAGTCTAGCCATGGCGTTAG

TA 

HCV-tag GGCCGTCATGGTGGCGAATAA 

HCV-RC1 GTCTAGCCATGGCGTTAGTA	
  
HCV-RC21 CTCCCGGGGCACTCGCAAGC 

Human primer  

Prnp-fw TGCTGGGAAGTGCCATGAG 

Prnp-rev CGGTGCATGTTTTCACGATAGTA 

GAPDH-fw AACGGATTTGGTCGTATTG 
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GAPDH-rev AAAGGTGGAGGAGTGGGT 

18sRNA-fw AAACGGCTACCACATCCAAG 

18sRNA-rev CCTCCAATGGATCCTCGTTA 

IFNA1-fw GCCCTTTGCTTTACTGATGG 

IFNA1-rev TTATCCAGGCTGTGGGTCTC 

IFNB1-fw GCCGCATTGACCATCT 

IFNB1-rev AGTTTCGGAGGTAACCTG 

IFNG-fw GTTACTGCCAGGACCC 

IFNG-rev CTTGATGGTCTCCACACT 

IFNL1-fw GGGACCTGAGGCTTCTCC 

IFNL1-rev CCAGGACCTTCAGCGTCA 

IL6-fw GAGGAGACTTGCCTGGTGAAA 

IL6-rev GCCCATGCTACATTTGCCG 

TNF-fw GGCGCTCCCCAAGAAGACAGG 

TNF-rev CCAGGCACTCACCTCTTCCCT 

Mouse primer  

mGAPDH-fw ACCAACTGCTTAGCCC 

mGAPDH-rev CCACGACGGACACATT 

mIFNA1-fw GGACAGGAAGGACTTTGGATT 

mIFNA1-rev AGGACAGGGATGGCTTGAG 

mIFNB-fw CACAGCCCTCTCCATCAACTA 

mIFNB-rev CATTTCCGAATGTTCGTCCT 

mIL6-fw TGATGGATGCTACCAAACTGG 

mIL6-rev TTCATGTACTCCAGGTAGCTATGG 

mTNF-fw CGATGGGTTGTACCTTGTC 

mTNF-rev CGGACTCCGCAAAGTCTAAG 

m2’5’OAS-fw CCAGCAGGAGGTGGAATTT 

m2’5’OAS-rev GAATTGGGGTTCAGCATACG 
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4.1.5. Kits 

Products Supplier 

Murex HBsAg Version 3 Abbott  

NucleoBond Xtra Maxi Kit Macherey & Nagel 

Superscript III Kit Life Technologies 

SYBR Green I Master Mix Roche 

NucleoSpin®RNAII kit Macherey & Nagel 

NucleoSpin Tissue Kit Macherey & Nagel 

Pierce™ BCA Protein Assay Kit Thermo Scientific 

Luficerase assay system E1500 Promega 

CD14 MicroBeads, human Miltenyi Biotec 

RNeasy mini kit QIAGEN 

RNase-Free DNase Set QIAGEN 

 

4.1.6. Media  

DMEM complete medium 

DMEM 500 ml 

FCS 50 ml 

Pen/Strep (5000 I.U. / ml) 5.6 ml 

L-Glutamine (200 mM) 5.6 ml 

NEAA (100x) 5 ml 

Sodium Pyruvate (100 mM) 5 ml 

  

RPMI complete medium  

RPMI1640 500 ml 

FCS 50 ml 

Pen/Strep (5000 I.U. / ml) 5.6 ml 

  

William’s E basic medium 

William's E Medium 500 ml 
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Pen/Strep (5000 I.U. / ml) 5.6 ml 

PHH culture medium   

William's E Medium 500 ml 

FCS (FetalconeII) 50 ml 

Pen/Strep (5000 I.U. / ml) 5.6 ml 

L-Glutamine (200 mM) 5.6 ml 

Insulin (40 IU / ml) 320 µl 

Hydrocortisone (4.4 mg / ml) 600 µl 

Gentamincin (40 mg / ml) 1 ml 

DMSO 10 ml 

  

PHH perfusion mediuma I   

HBSS, Ca2+/Mg2+ free 500 ml 

EGTA (100 mM) 2.5 ml 

Heparin (5000 U / ml) 1 ml 

  

PHH perfusion mediuma II  

William's E 250 ml 

Calcium Chlorid (1 M) 0.9 ml 

Gentamicin (10 ng / ml) 2.5 ml 

Collagenase type IV 200 mg 

  

PHH washing medium  

William's E 500 ml 

*Glutamin (200 mM) 5.6 ml 

*Glucose (5%) 6 ml 

*Hepes (1M, pH 7.4) 11.5 ml 

*Pen/Strep 5.6 ml 

*Solutions were mixed and stored as premix at -20 °C 

  

Ex vivo Liver perfusion medium  

William's E 500 ml 
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FCS (Heat inactivated) 50 ml 

Pen/Strep (5000 I.U. / ml) 5.6 ml 

L-Glutamine (200 mM) 5.6 ml 

Insulin (40 IU / ml) 320 µl 

Hydrocortisone (4.4 mg / ml) 600 µl 

Gentamincin (40 mg / ml) 1 ml 

NEAA (100x) 5 ml 

Sodium Pyruvate (100 mM) 5 ml 

EGF 1 nM 

  

4.1.7. Plasmids / cell lines / mouse lines 

Name Description Source 

Plasmids 

pFK-Jc1 It is used to generate HCVcc JC1, which 

is J6-JFH1 chimera and produce high 

titer virus after infection 
Ralf Bartenschlager, 

Heildelberg 
pFK-luc-Jc1 it is used to generate JC1 derivative 

expressing firefly luciferase. 

pFK-Jc1-E2flag Jc1 derivative encoding a FLAG-E2 

fusion protein, 

Cell lines 

THP-1 human monocytic cell line; differentiate 

into macrophage in vitro upon PMA 

treatment  

ATCC 

Huh7.5 Hepatoma cell line; Subclone of Huh7; 

highly permissive for HCVcc infection 

AG Protzer 

Mouse lines 

C57BL/6 WT BL/6 mice Harlan Laboratories 

TLR3-/- BL/6 mice deficient for TLR3 Bernhard Holzmann, 

TUM 
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4.1.8. Technical equipments 

Product Supplier 

incubator Heraeus Holding GmbH 

LightCycler® 480II Roche Diagnostics 

MACS separator Mittenyl 

Nanophotometer OD600 IMPLEN GmbH 

Sterile hood Heraeus Holding GmbH 

Thermocycler T300 Biometra 

Cryostat CM3050S Leica 

ELISA Reader, Infinite F200 TECAN 

LS 6500 Liquid Scintillation Counter Beckman 

Ultracentrifuge XL-70 Beckman 

Thermo mixer Eppendorf 

Confocal microscope, FV10i Olympus 

Perfusion Pump, Masterflex L/S Cole-Parmer Instrument Comapy 

Fluorescence microscope CKX41 Olympus 

 

4.1.9. Softwares 

Name and supplier Application 

Microsoft Office (Microsoft) Data presentation 

Image J (NIH) Image data processing 

FV10-ASW (Olympus) Image view 

Graphpad Prism (GraphPad Software)  Graphic presentation and data analysis 

LightCycler480 (Roche) Analysis of qPCR 

TCID50 calculator Molecular virology, Heidelberg 
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4.2. Methods 

4.2.1. Cell culture 

All cells were cultured at 37°C, 5% CO2 and 95% humidity. 

4.2.1.1. Culture and differentiation of THP-1 cells 

THP-1 monocytes were cultured in suspension with RPMI1640 complete medium 

plus 25mM β-mercaptoethanol. For flask culture, the cell number was maintained as 

2-4x105/ml. For differentiation into macrophages, cells were grown for 48 h in culture 

medium added with 100ng/ml PMA in addition.   

4.2.1.2. Culture of Huh7.5 cells 

Huh7.5 cells were cultured with complete DMEM medium. For maintenance, cells 

were kept at 40% - 80% confluence.. 

4.2.1.3. Isolation and differentiation of monocyte derived macrophage 

50ml peripheral blood was drawn from healthy individuals and collected in syringes 

containing 10 µl heparin (5000 I.U. / ml). 25ml of blood was then carefully pipetted on 

top of 20 ml Biocoll cell separation solution in a 50ml tube. Density centrifugation was 

performed for 18 min at 2000 rpm under 16°C with no brake. The PBMC layer, which 

was visible as a white ring, was collected carefully transferred into a new tube and 

washed twice with cold PBS by centrifuging for 10min at 300 g. Cells were 

resuspended and counted. Afterwards, cells were pelleted again by centrifugation. 

For every 1x107 cells, resuspesion was performed using 80ul blocking buffer plus 10 

µl CD14+ microbeads. And this cell suspension was directly stored in 4 °C for 10min. 

To remove the unbound antibody, the cell/microbead solution was centrifuge at 300 g 

for 6min. Afterwards, MACS separation column was used according to the 

manufacturer ́s protocol to positively select CD14+ monocyte. Isolated cells were 

seeded at density of 1x105 / cm2 with RPMI complete medium. And 800 U / ml 

GM-CSF were added to culture for 6 days for differentiation.  

For cholesterol loading, cells were incubated with 50 µg / ml acLDL in RPMI 1640 

mock medium for 24h. 
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4.2.1.4. Isolation and culture of primary human hepatic cells 

Two step perfusion for liver cell suspension 

Surgical liver resections obtained from patients undergoing partial hepatectomy were 

used for cell isolation. Informed consent was obtained from each patient and the 

procedure was approved by the local Ethics Committee. All hepatic cells were 

isolated based on collagen two-step perfusion as described Schulze-Bergkamen121. 

Briefly, healthy liver tissue was first perfused with about 500 ml PHH 

perfusion-medium-I at a flow rate between 20 and 40 ml/min to wash out blood 

sticking in intrahepatic capillaries and vessels. Upon successful perfusion, the color of 

the resection tissue changed from red to brown after about 20 to 25 min. The second 

perfusion step was performed with 250ml PHH perfusion-medium-II containing the 

collagenase. Perfusion was stopped when liver cells appeared in the medium. Liver 

cell suspension was prepared by scratching small pieces of liver tissues and before 

the further cell purification, this cell suspension was filtrated through double-layer 

gaze. 

Primary PHH isolation and culture 

Raw PHH fraction was prepared by centrifuging the liver cell suspension at 50 g for 6 

min. Supernatant was kept for non-parenchymal cell isolation and the pellet were 

resuspended and centrifuged again for 10 min at 50 g. Density gradient was prepared 

by placing 20 ml 18% OptiPrep (in PBS) carefully over 20 ml 9% OptiPrep. 10 ml cell 

suspension was carefully loaded on top and centrifuged for 25min at 800g with no 

break. The brownish cell ring in the middle was carefully collected and seeded on 

collagen treated substratum at density of 1.5x105 /cm2 and cultured with PHH culture 

medium. 

Primary KC isolation and culture 

Non-parenchymal cell enriched supernatant from last step was collected in 50 ml 

falcon tubes and centrifuged for 10min with 300 g at 10°C. The cell pellet was further 

washed once using PHH washing medium. Then, cells were collected in 10 ml 

medium by centrifugation at 300 g for 10min and the resulting cell suspension was 

applied on top of gradient composed of 15 ml 9% OptiPrep (in PBS) and 15 ml 16% 

OptiPrep. And the density gradient was centrifuged in the same way as above. The 
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resulting cell band in-between 16% and 9% OptiPrep was the KCs enriched fraction 

and it was collected and washed once. After that, cells were resuspended and the 

total cell number was counted##. Cells were seeded at density of 1.14x106 cells / well 

(24-well plate). Incubate the cells with serum free washing medium for 45 min at 37°C 

without the possibility of shaking. Afterward, wash the cell intensively for 3 times with 

PBS and further cultured with RPMI complete medium. 
##Counting the KCs exactly is almost impossible. As it was calculated that 

approximately 15-20% of the cells are KCs. 6-fold number of cells in a well (24-well: 

1,9 cm2 = 1,9*105 cells = 1,14*106 cells to seed) was seeded to obtain a density of 

≈1*105 cells pro cm2. By this, constant cell number per well could be established from 

preparation to preparation.  

4.2.1.5. Isolation and culture of primary murine liver sinusoidal endothelial cells 

Mouse liver cell suspension was prepared similarly as human. 20 ml whole cell 

suspension was applied to 25 ml 30% (w/v) Nycodenz stock solution. Centrifugation 

was carried out at 1400 g for 20min with no brake at 20 °C. Cells in the top layer were 

recovered and washed once with cold MACS-Buffer. Number of the cell was counted 

and every 1x107 cells was resuspended in 90 µl buffer plus 10 µl anti-LSEC beads. 

This cell/beads mixture were then incubated for 15 – 20 min at 4 °C. One time 

washing was performed in the end of 4 °C incubation. Afterwards, MACS separation 

columns were used according to the manufacturer ́s protocol to positively select 

CD146+ LSECs.  

4.2.1.6. Mix-culture of virus loaded Kupffer cells with hepatocytes for virus 

transinfection 

Pure KC culture was incubated with HBV or HCV at 4 °C or 37 °C as indicated. In the 

case of HCV, 20 µg / ml mannan was applied to cell culture 30min before virus 

loading and kept until wash in the group of mannan+HCV. Meanwhile, for HBV 

transinfection, PHH were detached from culture plate by incubation with trypsin and 

versene (1:1) solution for 5min at 37 °C and for HCV transinfection, Huh7.5 cells were 

trypsinized to prepare cell suspension. Detached PHH or Huh7.5 was washed once 
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using PBS and applied to virus loaded KC cultures for 12 days (HBV) or 3 days (HCV) 

mix-culture, respectively.  

4.2.2. Ex vivo human liver perfusion  

Fresh surgical human liver biopsies (5 to 10 g) were perfused in closed circuit at 37 °C 

/ 5% CO2 with liver perfusion medium via a catheter cannulated with portal vein 

branches. Flow rate was maintained at around 1 ml / min / g during virus containing 

pulse-perfusion and 3 ml / min / g during chase-perfusion. To visualize HCV 

localization during early entry into liver, perfusion-medium was pre-mixed with HCV 

stock to reach an inoculation around 0.1 MOI per hepatocyte (1 g liver is considered 

to contain approximately 108 hepatocytes). Perfusion was done for 1h with 

HCV-containing medium. For extended perfusion, tissue was chase perfused without 

virus for 15min with Williams E medium alone and then complete perfusion medium 

for indicated time length. Mock perfusion was done using mock control of virus stock. 

For immunofluorescence analysis, tissues pieces were first fixed for 5min via 

perfusion and then soaked into 4% PFA for 24h. The next day, completely fixed 

tissues were dehydrated using 30% sucrose solution for overnight. Tissue blocks 

were then embedded with Tissue-Tek O.C.T. and preserved in -80 °C until use.  

4.2.3. Human TRL isolation and labeling 

Plasma was collected from anti-HBsAg negative donor. TRL (density <1.006 g/ml) 

were isolated by a 45 minutes spin in a swing-out rotor (SW41, Beckman) at 280,000 

g 4°C. For further purification, lipoproteins were dissolved in 2 ml of 15% sucrose 

solution (in PBS-EDTA, 10 mM, pH = 7.4) and sucrose was added to the lipoprotein to 

a final concentration of 15% and then layered under PBS and centrifuged for a 

second time as described above. The isolated TRL were stored in PBS-EDTA at 4 ° C 

for up to 14 days. 

To label TRL with [3H]-cholesterol or NBD-cholesterol, 100 µl of [3H]-cholesterol (3.7 

MBq) or 50 µg NBD-cholesterol was dried under liquid nitrogen, resuspended in 100 

µl of DMEM+2% BSA, and incubated overnight in PBS-EDTA at 37 °C. 

Non-incorporated cholesterol was removed by ultracentrifugation as described in TRL 

isolation. 
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4.2.4. HBV resecretion and cholesterol efflux 

THP macrophages, monocyte derived macrophages and Kupffer cells were 

preincubated for 2h with William's E basic medium supplemented with 2 mg / ml BSA 

(fatty acid free) before addition of concentrated supernatant of HepG2.2.15 cells. After 

3 hours incubation with 108 genome copies / ml HBV virions, cells were washed three 

times and cultured for further 2h with medium free of HBV. Subsequently, cells were 

washed twice before chasing with William's E basic medium containing 10% human 

serum, 100 or 200 µg / ml HDL or 25 µg / ml ApoA-1 as indicated. Supernatant was 

collected for HBsAg quantification. 

For efflux experiments, THP-macrophages were treated as described for HBV 

resecretion, except that additional 1 µg / ml [3H]-cholesterol -TRL was added to 3h 

pulse incubation with HBV. Afterwards, cells were washed with heparin-containing 

medium to remove surface-bound lipoproteins. Supernatant was measured for 

[3H]-cholesterol by liquid scintillation counting. 

4.2.5. HCVcc production 

JC1, JC1-luci or JC1-flag were produced as described285, 286. Briefly, plasmids were 

purified using phenol/chloroform method. RNA was transcribed in vitro using T7 

polymerase and purified using phenol / chloroform. Huh7.5 cells were electroporated 

with purified RNA at 975 µF, 270 V and transferred into 150 cm2 flasks with DMEM 

complete medium. Cell supernatant was collected every 24h for 5 to 7 days. 

Supernatant was filter through 0.45 µm filters before further preparation.  

To purify the virus by ultracentrifugation, 20% sucrose cushion of at least 10% the 

total volume of the ultra tube was loaded in the bottom, then the virus stock was 

applied on top and spin at 100,000 g for 16h at 4 °C. Afterwards, the supernatant 

were poured off and virus pellet (might not be visible) was resuspend in 200 µl PBS + 

0.2% BSA and stored in -80 °C. 

4.2.5.1. Production of fluorescence labeled HCV virus  

JC1-flag was prepared as mentioned above. Collected supernatant was concentrated 

10 fold by Centricon Plus - 70 (Biomax 100, Millipore Corp). 1 ml anti-flag M1 agarose 

gel was placed into empty PD-1 (GE healthcare) chromatography column. The gel 
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was washed by loading 5 ml of 0.1 M glycine HCL (pH3.5) for three times, followed by 

three sequential aliquots of 5 ml TBS. HCV stock was mixed with 10 x TBS / Ca (0.5 

M Tris, pH7.4, with 1.5 M NaCl and 100 mM CaCl2). The column was filled completely 

with virus stock for JC1-flag binding. Multiple passes over the column will improve the 

binding efficiency. The column was washed three times by 12 ml of TBS / Ca solution. 

For elution, the column was incubated with 1 ml of TBS / EDTA (TBS containing 2 mM 

EDTA) for 30 minutes to chelate the calcium ions. Six rounds of elution were 

performed to elute the virus completely.  

Virus was labeled by adding 10 µl (5 mM final concentration) of lipophilic dye DiI 

(Invitrogen, excitation 549 nm / emission 565 nm) to 1 mL of virus purified as above. 

Virus and dye were incubated for 1 hour with shaking at room temperature while 

protected from light. Labeled virus was enriched and purified first by Amicon® Pro 

Purification System (cutoff = 100 KD) and followed by Bio-spin-P30 (Biorad) to get rid 

of free dye. 

4.2.6. HCV quantification 

4.2.6.1. Quantification of HCV infectivity 

TCID50 was determined as reported285. Huh7.5 cells were seeded at density of 1x104/ 

well in 96 well plates 24 h before titration. Virus stock was serial diluted and added to 

cells with 6 replicate for 1 dilution. 72h post infection, cells were fixed and stained with 

anti-NS3 antibody followed by anti-mouse HRP antibody. Positive cells were counted 

and TCID50 was calculated using the TCID50 calculator. 

4.2.6.2. Absolute quantification of HCV genome 

Extract virus RNA from 100ul supernatant following protocol of Macherey Nagel 

NucleoSpin RNA II (DNA digestion can be skipped). Virus RNA standards were 

prepared by serial diluting HCV RNA transcribed in vitro. One step PCR was 

performed using HCV specific probe: 5’ FAM TAC TGC CTG ATA GGG CGC TTG 

CGA GTG TAMRA 3’. PCR procedures were as following: 
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Programme  

Reverse transcription 50°C 20 min 

Activation  95°C 5 min 

Cycling (45x) 95°C 15 s 

 60°C 45 s 

Cooling 40°C 5 min 

4.2.6.3. HCV (-)-strand specific qRT-PCR 

HCV (-/+) RNA standard preparation: the sensitivity and specificity of the 

negative-strand HCV RNA qRT-PCR was assessed using negative and positive HCV 

RNA standards. (+)-strand RNA was produced using pFK-JC1 as described in secion 

4.2.4. To prepare (-)-strand RNA, the same plasmid was first linearized by FspA1 and 

then in vitro transcribed using T3 polymerase. After degradation of the DNA template 

by RQ1 DNase treatment and RNA purification using phenol-chloroform extraction, 

the purity of synthetic RNA was evaluated by absorbance ratio of 260nm / 280nm and 

260nm / 230nm. The integrity was checked by agarose gel electrophoresis.  

Concentrations were measured by absorbance at 260nm. The number of copies was 

obtained by calculation (1 µg (- / +) RNA=1.8x1011 copies).   

Reverse transcription was carried out using primer tag-RC1 or RC21 for (-) or (+) - 

strand RNA, respectively. 

Taking (-) - strand RNA for example, the procedures were as following: 

1) Denature 4 µl RNA template at 70°C for 8 min. 

2) RNA template was incubated at 4°C for 5 min in the presence of 200 ng of 

tag-RC1 primer and 1.25 mM of each deoxynucleoside triphosphate (dNTP) in a 

total volume of 12 µl. 

3) Reverse transcription was carried out for 60min at 60 °C in the presence of 20 U 

RNaseoutTM and 7.5 U ThermoscriptTM reverse transcriptase. 

4) Adding 1 µl (2 U) RNase H for 20 min incubation at 37 °C 

For qPCR, the resulting cDNA from last step was diluted 1:10. Under following 

program, primer pair (tag / RC21) or pair (RC1 / RC21) was used for minus-strand or 

plus-strand amplification, respectively.  
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Programme 

Initial denaturation 95 °C 120s 

 95 °C 2s 

Cycling (45x) 60 °C 5s 

 72 °C 15s 

Cooling 40 °C 5min 

 

4.2.7. Molecular Biology 

4.2.7.1. DNA extraction 

Intracellular DNA has been extracted using the “NucleoSpin® Tissue”-kit. The 

standard protocol for cultured cells was used except that the silica membrane was 

dried for two minutes and incubation time before elution was increased to 

approximately five minutes. 

4.2.7.2. RNA extraction 

From cultured cell: Cell layers were washed with 1xPBS and RNA was extracted 

following the instruction of Macherey Nagel NucleoSpin RNA II.  

From tissue: Fresh tissue or tissue stored in RNAlater solution was used for RNA 

extraction. Homogenization of tissue was performed on TissueLyser LT at 50 Hz for 

5min. RNA extraction including on-column DNA digestion was performed following 

the instruction of RNeasy mini kit. 

4.2.7.3. RT-PCR  

For the synthesis of cDNA, “SuperScript® III First-Strand Synthesis SuperMix for 

qRT-PCR” was used. 5 µl of 2x RT reaction mix were combined with 1 µl of RT 

enzyme mix and 4 µl of extracted RNA. cDNA was transcribed in thermocycler with 

following temperature profile: 25 °C for 5 min, 50 °C for 30 min, 85 °C for 5 min, 4 °C. 

Then 0.5 µl of RNaseH (5 000 U / ml) were added to each well. After centrifugation, 

samples were incubated at 37 °C for 20min.	
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4.2.7.4. qPCR  

qPCR was carried out as following unless specified differently: 4 µl of cDNA sample 

were mixed with 0.5 µl of reverse primer (20 µM), 0.5 µl of forward primer (20 µM) and 

5 µl SYBR® Green Mix (Invitrogen, Karlsruhe, Germany). qPCR runs were performed 

using Prn-p, GAPDH or 18sRNA as reference gene. 

4.2.8. Immunofluorescence staining 

Cells grown on 4-well-glass slide (Lab-Tek II, Fisher Scientific - Germany, Schwerte, 

Germany) were fixed with 4% PFA (pH 7.4) for 10 min at room temperature and 

permeabilized with 0.5% saponin solution. Blocking was performed at room 

temperature for two hours using PBS buffer containing 0.5% saponin as well as 10% 

serum produced from species in which the secondary antibody was raised. Primary 

antibodies were diluted in fresh blocking buffer and incubated with cells overnight at 

4 °C. After three times washing with PBS containing 0.5% saponin, the cells were 

incubated with secondary antibody with 2% blocking serum for 2 hours at room 

temperature in dark. Then the slide was mounted with Dapi Fluoromount-G 

(SouthernBiotech, Birmingham, Alabama, USA). 

 

Filipin staining: Cells were fixed as above and washed 3 times with PBS. Following 

that, cells were incubated with 0.05 mg / ml filipin in PBS / 10% FBS solution for 2h at 

room temperature. Then slides should be mounted with Fluoromount-G DAPI free 

medium (SouthernBiotech, Birmingham, Alabama, USA).
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