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1. Introduction  

1.1.  Overview  

1.1.1. Discovery and evolution of the hepatitis B virus  

In the year 1965, Baruch S. Blumberg publicly reported on the discovery of a novel 

antigen isolated from aboriginal Australians, naming it accordingly as the Australia 

antigen (AuAg).1 Soon after Blumbergõs discovery, Alfred Prince reported on the 

similarity of serum hepatitis antigen (SH-Ag) and AuAg, stipulating that both might be 

similar or even identical.2 The association of AuAg with hepatitis further stimulated the 

interest in the disease, ultimately leading to the discovery of the viral particle via 

electron microscopy with a size of 42 nm by Dane et al. in 1970.3,4 With the discovery 

of the viral particle, which was named in honor of D. S. Dane as òDaneó particle, the 

AuAg was renamed to hepatitis B surface antigen (HBsAg). Finally, the Hepatitis B virus 

(HBV) was classified in the family of hepadnaviridae and defined as the prototype virus 

for this family.5 

The family of hepadnaviridae is divided into orthohepadna viruses (mammalian hosts) 

and avihepadnaviruses (avian hosts).6 The exact origin of HBV remains elusive and 

many theories have been proposed in an attempt to recreate the evolutionary route 

and elucidate the geographical distribution. Findings of genomic fossils suggest birds 

as potential ancestral hosts of hepadnaviridae more than 80 million years ago, 

necessitating a bird-mammalian host switch for the emergence of mammalian hepatitis 

B viruses.7,8 Orthohepadnaviruses possess the capability to express a functional 

hepatitis B X protein (HBx) compared to avihepadnaviruses lacking this protein.9 

However, evidence emerged that suggests non-classical start codons to be responsible 

for the expression of HBx-like proteins in duck hepatitis B infection.10 Investigation of 

potential protein secondary structures revealed a vestigial open reading frame for the 

x gene of HBV, hinting at the possibility that the x protein of duck HBV was lost 

relatively recently.11 Nonetheless, the period necessary for the evolution of the HBx 

protein was utilized to determine the beginning of divergence of both subgroups, 
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which is estimated to be around 300.000 to 78.000 years ago.12 During a study of global 

viral diversity in bats, three early ancestral hepadnaviruses were found one of which 

was capable of infecting human liver cells, suggesting bats as the source of early 

transmissions of hepadnaviruses to humans.13 Multiple factors characterize bats as an 

optimal reservoir for viral evolution and dispersal, such as their longevity, life in dense 

communities, migration activity and close social contact.14 Subsequent migration of the 

human population out of Africa would then disseminate HBV across the world.15ð18  

The dissemination of HBV to different parts of the world and a mutation al rate of about 

5x10-5 substitutions per site per year led to the divergence into multiple 

genotypes.6,19,20  According to common consensus, HBV genomes with a divergence of 

8 % or less are grouped and classified as a genotype, while a genome divergence of 4 

ð 8 % within one genotype was further classified into subgenotypes.17,21 Currently, HBV 

is divided into 10 different genotypes (A -J) and multiple subtypes within distinct 

geographic areas (fig. 1, according to22).23ð25 While this might be an explanation of the 

origin and evolution of HBV, as of now, there is no conclusive evidence that pinpoints 

and explains the discrepancies regarding the relatedness between non-human and 

human hepadnaviruses.  

 

 

 

Figure 1: Representation of the geographic distribution of the different HBV genotypes .22 
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1.1.2.  Epidemiology and transmission  

Infection with HBV is still a major cause of chronic liver disease and, despite the 

worldwide effort of vaccination, remains endemic in many countries. The World Health 

Organization (WHO) estimates 1.1 million deaths due to HBV-related disease, mostly 

due to cirrhosis and hepatocellular carcinoma (HCC), as well as 254 million people living 

with chronic HBV infection in 2022. Additionally, 1.2 million new infections are reported 

yearly.26 HBV is mainly transmitted through the exposure of bodily fluids and infected 

blood, in particular semen and vaginal secretions. Routes of transmission include blood 

transfusions from infected persons, unsafe injection practices, sexual intercourse and 

perinatal transmission. Furthermore, HBV has been detected in breast milk, sweat, tears, 

saliva and urine, however, there is only minimal evidence suggesting transmission 

through exposure.27,28 The most common modes of transmission are vertical (mother-

to-child transmission), horizontal transmission between young children at or below the 

age of five, sexual contact and drug use.29 Transmission through other routes 

significantly declined in frequency with the implementation of control measurements 

such as blood screening. Nevertheless, a residual risk of HBV transmission via 

transfusion remains and varies according to screen strategies and HBV epidemiology.30 

The calculated risk of transmission ranges from < 1 ð 1.4 per million donations in low 

endemic countries up to 16 - > 100 per million in high endemic countries.31ð33  

The epidemiology of HBV can be determined via the prevalence of HBsAg in a 

population, generally separated into high (Ô 8 % HBsAg prevalence), high-moderate (7 

% - 5 %), low-moderate (4 % - 2 %) and low (< 2 %) prevalence (fig. 2, according 

to34).35,36 Highly endemic regions include the Asia Pacific and sub-Saharan African 

regions, where the majority of individuals were either infected during early childhood 

or at birth, leading to a higher risk of progression towards chronic HBV infection.37ð40 

Areas with high-moderate to low -moderate prevalence of HBsAg include North Africa, 

the Middle East, parts of Southern and Eastern Europe, as well as Latin America and 

South Asia. Transmission in these regions occurs primarily perinatal or horizontally as 

well.37 However, the perinatal acquisition is thought to be lower compared to highly 
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endemic areas, partly due to a reduced amount of highly viremic women of 

childbearing age. The impact of immunization and different prevention programs led 

to a significant reduction in the seroprevalence of HBsAg in many countries as well as 

Europe.41ð43 Finally, low prevalence can be found in North America, Central America, 

some parts of South America, the Caribbean, Western and Northern Europe and 

Australia, where HBV infection is mainly acquired during adulthood.44 These countries 

possess a low incidence of vertical and horizontal transmission, with most transmission 

occurring through injecting drug use, sexual contact, as well as other blood-related 

exposures, e.g. healthcare setting. However, the global migration of high -prevalence 

populations into low prevalence regions is an important factor to take into account 

when determining the burden of chronic HBV per country. 45ð47  

 

 

 

Figure 2: Global prevalence of HBV indicated by color code per country.34 
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1.1.3. Taxonomy   

HBV belongs to the family of hepadnaviridae, which is comprised of small-enveloped 

viruses with a partially double-stranded DNA genome ranging between 42 to 50 nm in 

size. In total, this family consists of five different genera: orthohepadnavirus, 

avihepadnavirus, parahepadnavirus, metahepadnavirus and herpetohepadnavirus, 

each species with a very narrow host range.48 Viruses belonging to this family are 

characterized by the involvement of reverse transcription within the nucleocapsids in 

the cytoplasm of hepatocytes.49 Hepadnaviruses found in mammals are classified in the 

genus orthohepadnavirus with 12 different species. Human HBV can be divided into 10 

different genotypes and numerous subgenotypes. All genotypes and most 

subgenotypes show a distinct geographic distribu tion.21,50  

 

1.2. Structure of the hepatitis B virus  

The partially double-stranded circular DNA genome of HBV consists of an asymmetrical 

structure in which the minus strand covers the whole genome sequence, while the plus 

strand is incomplete and possesses a 3 -́end variable in length.51 The minus strand is 

associated with the viral DNA polymerase through a covalent bond at its 5´-end, 

whereas the plus strand holds a short 5 -́capped RNA fragment. The short RNA 

fragment plays an essential role in viral replication. The viral genome is highly compact 

with a size of approximately 3.2 kilobases (kb) depending on genotype  and contains 

four overlapping open reading frames (ORFs) coding for the DNA polymerase, 

core/precore protein, X protein and the three hepatitis B surface antigen (HBsAg) 

proteins, respectively.52 Additionally, two enhancer elements (ENH1, ENH2) and several 

cis-acting signals for DNA replication are present.53,54 The viral genome is protected by 

an icosahedral capsid, which self-assembles around the pregenomic RNA (pgRNA) and 

consists of 90 (T 3 symmetry) or 120 (T4 symmetry) core protein (HBcAg) dimers.55 T4 

capsid symmetry represents the predominant form that is found  in vivo.56 A lipid bilayer 
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envelope wraps around the nucleocapsid carrying the three surface proteins, yielding 

the complete, and 42 nm in diameter infectious virion. 57 

Additionally, subviral particles (SVPs) are released in great excess, up to 100.000-fold 

more than viral particles and present themselves either in the form of spheres or 

filaments with a diameter of about 22 nm .58ð60 Spherical subviral particles consist 

mainly of the small hepatitis B surface protein (SHBs, 90 %) and a small part of the 

middle hepatitis B surface protein (MHBs, 10 %).61 Incorporation of the large hepatitis 

B surface protein (LHBs) leads to the formation of filaments with approximate ratios of 

4:1:1 of SHBs: MHBs: LHBs. (fig. 3).62,63 While the exact function of SVPs in the viral life 

cycle remains unclear, it was suggested that the large excess acts as a decoy to subvert 

the immune system, protecting the viral particles.64  

 

1.2.1. The regulatory X protein  

The smallest ORF of the HBV genome encodes for a regulatory protein consisting of 

154 amino acids (aas) termed the X protein (HBx). As aforementioned (Chapter 1.1.1.), 

HBx can be found almost exclusively in orthohepadnaviruses while only a vestigial open 

reading frame could be identified in avian species infected by 

Figure 3:  Schematic representation of the different viral particles of HBV.  
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avihepadnaviruses.9,11,12,65 The three-dimensional structure of the 17 kilodalton (kDa) 

in size HBx protein is still not solved due to, so far, futile attempts to crystallize the 

protein. HBx is a multifunctional protein and possesses a regulatory function . The 

plethora of associated functions for this protein is evidenced by its localization in the 

nucleus as well as the cytoplasm.66ð68 The localization of HBx is highly dependent on its 

abundance and functional analyses of HBx are mainly performed in an overexpression 

setting in vitro as HBx naturally occurs at lower levels making an investigation more 

difficult. 68ð70 So far, the various functions reported are associated with aas 51 ð 148 and 

include transcriptional activation and stimulation of pathway signal transduction .71ð74 

Among these pathways are the mitogen-activated protein kinase (MAPK), nuclear 

factor kappa of activated B-cells (NF- Bˁ) and focal adhesion kinase (FAK), as well as the 

regulation of cell cycle, DNA repair and apoptosis.73,75ð77 Although HBx seems to be 

dispensable for the overall life cycle in vitro, its transforming properties and regulatory 

capabilities can promote tumorigenesis, increasing the relevance of understanding  its 

effects in vivo.78,79 Most interesting was the observation of hepatocellular carcinoma 

(HCC) development in natural hosts of o rthohepadnaviruses, while avihepadnaviruses 

lacking the HBx protein did not cause cellular transformation in their hosts.65 

Furthermore, integrated HBx genes were frequently detected in patients diagnosed 

with HCC.80 HBx is an important regulator in the pathogenesis of HBV that still requires 

research regarding its cellular targets and role in the development of HCC to effectively 

apply and find therapeutic strategies. For an overview of the associated functions and 

their outcome related to HBx see reviews by Sivasudhan et al. 2022 and Schollmeier et 

al. 2023.81,82  

 

1.2.2. Hepatitis B e antigen  and core protein  

The hepatitis B e antigen (HBeAg), named after its detected antigenic determinant òeó 

in alphabetical order, which is also sometimes used incorrectly as òenigmaticó or òearlyó, 

is a secretory protein expressed by members of the Hepadnaviridae family.83ð85 HBeAg 

is translated from its own viral 3.5 kb mRNA, the so-called precore (pc) RNA.86 The 
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pcRNA contains an additional 29 nucleotides at its 5õ-end as transcription begins at an 

earlier start codon but is otherwise the same as the precursor of the viral DNA genome, 

the pregenomic (pg) RNA.87,88 Although both RNAs yield the precursor of the core 

antigen, the upstream nucleotides of the pcRNA encode a signal peptide that targets 

the precursor protein towards the ER where prot eolytical cleavage takes place.86 What 

remains is a 22 kDa protein (p22) that carries an N-terminal extension of 10 amino 

acids, termed the pro sequence, which is not present in the core protein and contains 

a cysteine. This cysteine at position 7 forms a disulfide bond with cysteine at position 

61 and leads to conformational changes preventing multimerization. 89,90 p22 is 

subsequently processed at the C-terminal domain by furin protease in the Golgi 

network and released as mature HBeAg with a molecular weight of 17 kDa.91ð93 The 

main purpose of HBeAg, while still being discussed, is immunomodulatory during the 

establishment of infection .94,95 For that very reason, HBeAg is considered a prognostic 

marker of HBV replication and infectivity. The presence of HBeAg is usually associated 

with active replication and high serum levels of HBV DNA and reduces T-cell response 

against core antigen.95,96 Due to the immunoregulatory capabilities of HBeAg leading 

to the tolerance of an HBV infection, it is an important risk factor that has a strong 

influence on whether chronic infection is established (for further information see 

chapter 1.4).  

The core protein, translated from the pgRNA, consists of 183 - 185 aas, depending on 

genotype (195 aas for genotype G) with a molecular weight of 21 kDa.97,98 The first 149 

aas (161 aas for genotype G) form a helix-rich domain for assembly, while the last 34 

(36 for genotype A) residues form the arginine-rich C-terminal domain (CTD).99,100 The 

capsid protein predominantly exists in a dimeric state, formed by the interaction of two 

Ŭ-helices from each monomer.101,102 The most important role of core protein is the 

formation of the capsid to facilitate viral spread. As aforementioned, capsids can be 

found predominantly in T=4 symmetry, consist ing of 120 core protein dimers .56 

Formation of the nucleocapsid is stabilized by the CTD, which is capable of interacting  

with nucleic acids via its arginine residues.103,104 However, the nuclear localization signal 
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(NLS) located in the CTD can be exposed to the outside to facilitate nuclear import.105 

Furthermore, the CTD contains multiple serine residues, which can be phosphorylated 

and are essential for specific packaging of pgRNA and reverse transcription.106ð108 

Lastly, core protein possesses a regulatory function as it was found to be capable of 

binding  to 5õ-cytosine-phosphate-guanine-3õ (CpG) island 2 on the viral cccDNA.109 The 

presence of core protein leads to increased activity of cccDNA, or transcription while 

keeping the region of CpG island 2 hypo-methylated, further increasing the 

activity.109,110  

HBeAg and core protein possess multiple functions during the life cycle of HBV. While 

HBeAg is not essential for the overall life cycle of HBV, it has a great influence on the 

persistence of infection in vivo. Even though partly similar in structure, the core protein 

is the key factor protecting the viral genome and responsible for its fate regarding 

egress or recycling. 

 

1.2.3. Large, middle  and small hepatitis B surface proteins  

The surface proteins of HBV, large, middle and small (L-, M-, and S-HBs), are transcribed 

from the same gene starting at different initiation codons. 62,111 Therefore, all three 

proteins possess the same C-terminus but additional N -terminal residues. The L protein 

consists of the preS1 domain with 108 ð 119 aa, the preS2 domain with 55 aa and the 

S domain with 226 aa (fig. 4).112ð114 Consequently, the M protein consists only of the 

preS2 domain together with the S domain, while the S protein consists only of the S 

domain.115,116 Even though the S protein is the smallest of the three surface proteins, it 

anchors all surface proteins to the ER membrane through a maximum of three to 

possibly four transmembrane (TM) domains.117,118 Aa 100 ð 164 are oriented into the 

lumen of the ER and later presented on the outside of the viral particle representing 

the antigenic loop (determinant a for serotyping). 119 Within this loop is a glycosylation 

site (asparagine 146), which is partially used, leading to the presence of two forms for 

all three surface proteins.120 The preS2 domain (MHBs) contains an additional N-linked 
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and O-linked glycosylation site (asparagine 4 and threonine 37).121,122 Asparagine 4 is 

essential for the interaction with calnexin and is always glycosylated as it is responsible 

for the efficient release.123 A key feature of the large surface protein is that it possesses 

a dual topology and can eith er be oriented towards the lumen  of the ER or into the 

cytosol.124,125 This dual topology is required for in teraction with the nucleocapsid  and 

is potentially responsible for the lack of glycosylation of the preS2 domain. The 

cytosolic form, where TM 1 of the S domain is not embedded into the ER membrane, 

exposes two short capsid binding sequences.126ð128 However, luminal localization of the 

preS1 domain is highly important as it presents the exposed interaction site on the 

outside of later released viral particles.129,130 To achieve the luminal orientation of the 

preS1 domain, TM 1 of the S domain embeds itself into the ER membrane. This occurs 

in a post-translational event through the interaction of the preS1 domain with cytosolic 

Figure 4: Schematic representation of the three viral surface proteins. Shown are the small (S-), middle 

(M-) and large (L-) hepatitis B surface (HBs) antigens. There is still a debate whether 3 or 4 

transmembrane domains are present. The dual topology of LHBs is indicated. Asn: asparagine; Thr: 

threonine; TM: transmembrane domain; ER: endoplasmic reticulum; * indicates a facultative 

glycosylation site. 
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chaperones.131 Furthermore, glycine 2 is myristoylated and essential for the infectivity 

of HBV.130,132 

LHBs and MHBs (for MHBs only C-terminally truncated versions possess a 

transcriptional activator function , MHBst), besides their structural roles, also function as 

transcriptional activators for host pathways.133,134 Target genes include growth factors, 

activator protein 1  and NF- Bˁ. Furthermore, retention of the L-protein induces the 

unfolded protein response (UPR) leading to increased cellular stress, which can be 

caused by naturally occurring deletions as observed in chronic patients.135 The 

retention of HBsAg causes a characteristic phenotype called ground glass hepatocytes 

(GGH), representing a histopathological hallmark of chronic HBV infection. 136,137 GGHs 

are separated into two distinct types based on the observed distribution pattern of the 

surface antigen and as such many studies attempted to correlate the expression 

patterns to their biological significance.138ð143 Through the activation of different 

pathways and increased stress response, the surface proteins of HBV possess distinct 

function s and contribute to the development of HCC.  

 

1.2.4. Viral polymerase  

The HBV polymerase is the only viral protein with enzymatic activity and is required for 

viral replication. The template, like for the core protein, is the pgRNA to which it can 

later bind and trigger capsid assembly.144 Essentially, the polymerase consists of four 

domains: the terminal protein (TP), a spacer domain, the reverse transcriptase (RT) 

domain and the RNase H domain.145 Each of these domains has its function except for 

the theoretically dispensable spacer domain. The N-terminally located TP domain is 

responsible for protein priming , involved in reverse transcription and contains a 

bipartite nuclear localization sequence (NLS).146 The catalytic center of the enzyme is 

represented by the RT domain, which contains the common finger, palm and thumb 

subdomains.147 Lastly, the C-terminally located RNase H domain is responsible for the 
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removal of the pgRNA template, only leaving a short RNA primer behind that serves as 

a primer for the plus -strand synthesis.148 

 

1.3. Viral life cycle of the h epatitis B virus  

The first step of the HBV life cycle consists of a low affinity binding to hepatocytes by 

interaction with heparan sulfate proteoglycans (HSPG) (fig. 5). While HSPGs are present 

in the extracellular matrix of many cells, HBV has been shown to primarily interact with 

highly sulfated versions of these glycoproteins that are predominantly associated with 

hepatocytes.149ð153 More specifically, the interplay between HBV and HSPGs is mediated 

by electrostatic interactions of two positively charged residues (arginine 122 and lysine 

141) in the antigenic loop of the S domain of the surface proteins. 154,155 The main 

purpose for this low -affinity interaction may lie in the stabilization of the virus at the 

cell surface thereby promoting the subsequent high -affinity binding of HBV to its 

receptor sodium taurocholate co -transporting polypeptide (NTCP).156 NTCP is localized 

on the basolateral membrane of hepatocytes with its primary function being the uptake 

of bile acids from th e blood.157 Contrary to the low -affinity interaction with HSPGs, only 

the large surface protein of HBV with its preS1 domain is responsible for the association 

with NTCP.158ð161 Subsequently, uptake of the viral particle occurs most likely through 

further interaction with co -receptors and unknown host factors, such as the recently 

identified epidermal growth factor receptor (EGFR) involvement, which leads to 

clathrin-mediated endocytosis.162ð166 Following the endocytic/sorting pathway due to 

EGFR association, the enveloped virus is eventually transported to late 

endosomes/lysosomes where a fusion event is triggered that leads to the release of 

the nucleocapsid into the cytoplasm.167ð169 Although several fusion domains have been 

identified in the viral surface proteins, the exact trigger for the release mechanism 

remains to be elucidated.170ð173 Once released, the nucleocapsid will travel toward the 

cellõs nucleus by microtubule-dependent transport where it releases the viral 

genome.174,175 As HBV infects resting hepatocytes, the entry into the nucleus requires 

transport through the nuclear pore complex (NPC), usually facilitated by a nuclear 
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localization signal (NLS).176 However, the exact mechanism of viral genome import into 

the nucleus is still debated and could occur via two similar models. Both models involve 

an uncoating or destabilization step of the capsid protecting the viral genome before 

or during docking at the NPC.177,178 As both, the core protein as well as the terminal 

protein (TP) domain of the polymerase contain a NLS sequence, importin  h and 

importin  ̡could bind to either protein. 179 Destabilization and partial disintegration of 

the capsid in the cytoplasm would lead to separate import of the viral genome and 

core protein as the hidden NLS of the polymerase is exposed.180 The second model 

would require the exposition of the C-terminal domain (CTD) of the core protein while 

the capsid is still formed. However, the CTD of the core protein is rich in arginine 

Figure 5: Schematic representation of the HBV life cycle. (1) Low-affinity binding of SHBs to HSPG   

followed by the high affinity interaction of the preS1 domain with NTCP. Bound virus is internalized 

together with NTCP and EGFR as cofactor in a clathrin-mediated manner. (2) Subsequently, the 

nucleocapsid is released into the cytosol and transported to the nucleus where the genome is completed 

and cccDNA generated for viral replication (3). (4) The viral surface proteins are embedded in the ER 

membrane and can assemble to subviral particles (5), which are released through the secretory pathway 

(6). Encapsidation of pregenomic RNA occurs in the cytosol through association of the viral polymerase 

and core protein (7). Envelopment occurs either at an intracellular post-ER/pre-Golgi membrane 

followed by guidance towards MVBs or at the MVB itself. This process yields MVBs containing exosomes, 

with enclosed viral particles, as well as viral particles and filaments, which are subsequently released by 

fusion of the MVB with  the cell membrane (8). 
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residues and interacts with the viral genome on the inside.181,182 One central factor is 

the dynamic phosphorylation and dep hosphorylation, which regulates many functions 

of the core protein, such as encapsidation, reverse transcription and capsid stability.183 

Maturation of newly formed capsids leads to conformational changes, essentially 

destabilizing the virion compared to immature capsids, possibly aiding the exposition 

of the CTD allowing transport to and through the NPC. 184 The capsid would 

disassemble into dimers upon binding at the NPC and transport not only the viral 

genome into the nucleus but also core dimers, which could reassemble.  

In the nucleus, the released partially double-stranded relaxed circle DNA (rcDNA) is 

converted into covalently closed circular DNA (cccDNA), which is the transcriptionally 

active form of the vira l genome. This particular process involves the release of the 

covalently bound viral polymerase, removal of the RNA primer and subsequent 

completion and ligation of the plus strand to yield cccDNA.185ð188 Many host factors are 

recruited to complete the different steps such as DNA repair enzymes, 

phosphodiesterases, ligases and DNA polymerases.189ð193 Upon completion, the 

cccDNA exists as a minichromosome associated with approximately 16 nucleosomes 

consisting of histones and the transcriptional activity is governed by the post-

translational modification of these histones.194 The viral genome possesses four distinct 

promotors, the preS1, and preS2/S, core and X, as well as two enhancer elements.195,196 

Using cccDNA as a template, transcription yields four RNAs that differ in their length: 

two 3.5 kb RNAs (pregenomic (pg) and precore (pc) RNA), 2.4 kb and 2.1 kb RNA coding 

for the three surface proteins and a 0.7 kb RNA encoding the regulatory X protein. 

These RNAs own a 5õ-cap structure as well as a poly-A tail and leave the nucleus without 

the need for splicing.197 While pgRNA and pcRNA are almost identical in size, the 

pcRNA carries a 5õ-extension and yields the precore protein that is N - and C-terminally 

processed into the secretory protein HBeAg with an approximate size of 17 kDa.198 The 

pgRNA produces a similar protein but lacks the N-terminal extension yielding the 

essential core protein for the formation of the capsid. Aside from the core protein, 

pgRNA serves as a template for the viral polymerase. Upon sufficient production of 
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viral proteins, the process of selective encapsidation of the pgRNA can occur. For that 

purpose, the 5õ-end of the pgRNA carries an encapsidation signal (ʁ -loop) that requires 

binding of the viral polymerase to trigger capsid formation. 199ð201 While binding of the 

viral polymerase to the pgRNA is essential to trigger encapsidation in vivo, in vitro 

assembly can be triggered even without nucleic acid.202,203 This process is mainly 

dependent on the presence of core protein dimers  and some host factors, which 

undergo a nucleation step through the association of multiple core dimers followed by 

a rapid elongation phase until the dimer pool is depleted. 204,205 Upon the successful 

formation of the capsid, the polymerase initiates reverse transcription by first 

synthesizing the minus strand DNA while concurrently degrading the template pgRNA 

via its RNase H domain.206 After degradation of the pgRNA only a short RNA fragment 

is left over that serves as template for the plus strand synthesis. Due to multiple-strand 

switches facilitated by the presence of two direct repeats (DR1 and DR2) in the viral 

genome, the plus strand remains incomplete eventually yielding the partially double -

stranded rcDNA.188,207,208 

These mature nucleocapsids are then directed for either envelopment or recycled back 

into the nucleus to sustain the cccDNA pool.209 However, the exact mechanism 

directing  the viral particle for envelopment remains to be elucidated. As both, empty 

and mature viral particles are found in the sera of infected patients as well as in cell 

culture, they must share a common maturation signal.210ð212 The envelopment process 

occurs at the endoplasmic reticulum (ER) as the three viral surface proteins are co-

translationally integrated into the membrane  but also supposedly present at the 

surface of MVBs.117,213 Essential for the interaction between the surface proteins and 

the nucleocapsid are the preS1 (LHBs) and S (SHBs) protein domains of the surface 

proteins. LHBs with its dual topology allows for the interaction with viral capsids when 

oriented into the cyt osol, exposing the preS1 and preS2 domains.116,126 Additionally, a 

short-conserved region in the S domain is capable of interacting  with capsids as well 

as it is always exposed in the cytosol.127,128 As briefly mentioned in chapter 1.2, a large 

excess of subviral particles is formed and released, which occurs at the post-ER/pre-
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Golgi membrane. Subsequent release of the SVPs is facilitated via the general secretory 

pathway and differs from the release pathway of virions.214,215 Virions, as well as 

filaments, are released in multivesicular bodies (MVBs) via the endosomal sorting 

complex required for transport (ESCRT) machinery, which is dependent on assembly or 

late domains.216 These late domains have a defined sequence that determines their 

interaction partner. The three known late domains are YXXL, PPXY and P(T/S)AP. 

However, none of these late domains are present in the viral surface proteins of HBV, 

which made the release via MVBs surprising until the interaction of LHBs with -hTaxilin 

was identified .217 -hTaxilin contains a YXXL motif, which allows for interaction with 

tumor susceptibility gene 101 (TSG101), a part of the ESCRT complexes I and III, 

enabling an MVB-dependent release.218 Another important factor is 2 -adaptin, which 

was found to interact with the protein domains of cytosolic -oriented LHBs and HBV 

core protein. The core protein possesses the late domain motif PPXY, which allows for 

interaction with ubiquitin ligases such as Nedd4.219 Nedd4 leads to the ubiquitination 

of core proteins, which in turn routes the viral particle towards MVBs with the aid of 2 -

adaptin, a known ubiquitin -binding protein involved in intracellular transport. 220,221 The 

interaction partner s for 2-adaptin are TSG101, Vsp28 and charged multivesicular body 

proteins (CHMPs) that are part of the ESCRT-III complex.222ð224 Upon recruitment of all 

necessary elements to the MVBs, the nucleocapsid tethers to and invaginates on the 

MVB membrane yielding intraluminal vesicles (ILVs). Finally, the MVB fuses with the 

plasma membrane and releases its cargo.225 Recently, a study revealed that HBV virions 

are also released via exosomes containing LHBs on their surface rendering these 

exosomes infectious due to the possible recognition by and interaction with 

NTCP.226,227  
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1.4. Pathogenesis and stages of  hepatitis B virus infection   

1.4.1. Hepatitis  

Hepatitis is defined as inflammation of the liver and can occur either due to viral 

infection or non -viral factors. Inflammation leads to swelling of the body tissues as a 

result of injury or infection and can therefore affect the functionality of organs and 

cells. Non-viral causes for hepatitis include excessive alcohol consumption, ingestion 

of toxins and medicines as well as autoimmune disease.228,229 The outcome depends 

on the type of hepatitis and whether the patient is dealing with acute or chronic 

hepatitis. If left untreated severe health consequences such as fibrosis and cirrhosis can 

follow, which impair liver function and ultimately can lead to liver failure. Additionally, 

viral hepatitis that progresses to cirrhosis increases the risk of hepatocellular 

carcinoma.230 

Infection with HBV can be divided into acute infection or chronic infection. The first 

time a healthy individual  is infected by HBV it is considered an acute infection that 

usually does not include many symptoms and is cleared without issues. A small 

percentage (usually less than 1 %) can experience fulminant hepatitis due to HBV 

infection, which leads to rapid liver failure and poor survival rates.231,232 However, 

should the infection not be cleared within the first 6 months it is considered a chronic 

infection. The risk of chronic infection is directly related to the age of infection with 

younger individuals being at a higher risk than older. 233 Therefore, many transmissions 

of HBV occur perinatal as mothers unknowingly pass the virus to their newborns, with 

more than 90 % developing a chronic infection.  

 

1.4.2. Immunopathogenesis  

Liver injury related to HBV infection occurs due to immune responses induced by active 

viral replication.234ð237 An early response of the innate immune system to viral infection 

constitutes the activation of type I interferon (IFN), which can be produced in multiple 
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cell types through the activation of pattern recognition receptors (PRRs).238 As such, 

viral nucleic acids in the form of DNA and RNA are sensed by different cytosolic PRRs. 

RNA sensing PRRs include the retinoic acid-inducible gene I (RIG-I) and melanoma 

differentiation -associated protein 5 (MDA-5) receptors while sensing of DNA is 

facilitated by cyclic GMP-AMP synthase (cGAS), DEAD-box protein and interferon -

inducible protein 16. 239ð244 Subsequent phosphorylation cascades lead to the activation 

of IFN regulatory factors (IRFs), which are responsible for IFN production.245 Ultimately, 

the produced IFNs exercise their antiviral function by binding to IFN receptor and 

activation as the janus tyrosine kinase/signal transducer and activator of transcription 

(JAK/STAT) pathway, which induces the production of interferon-stimulated genes 

(ISGs). ISGs have a plethora of functions and are capable of targeting  different stages 

of the viral life cycle.246ð248 Interestingly, studies have shown that an acute HBV infection 

barely led to the induction of an interferon response, although IFNs are capable of 

efficiently suppressing HBV replication.249ð252 This lack of IFN induction can be traced 

back to the missing stimulator of IFN genes (STING) in human hepatocytes.253 

Furthermore, the general characteristics of the HBV life cycle allow for an escape from 

the cellular sensing mechanisms, as the viral genome is protected by the capsid and 

directly released into the nucleus. Although the relaxed circle form of the HBV genome 

would be detected by cGAS the conversion to cccDNA masks the genome as a òhost-

likeó molecule (minichromosome) and prevents detection, while the reverse 

transcription of the pgRNA occurs under the protection of the core proteins. 250,254,255 A 

recent study indicates that the  ʁstructure of the pgRNA is recognized by RIG-I and 

leads to an induction of IFN-  ˂in primary human hepatocytes (PHHs).256 Macrophages 

within the liver, called Kupffer cells (KC), are the first line of defense against pathogens 

and can internalize HBsAg.257 Subsequently, the uptake of HBsAg by Kupffer cells leads 

to the induction of natural killer cells (NK) and the production of proinflammatory 

cytokines in vitro.257 On the one hand this could be an early antiviral event in an attempt 

to contain HBV infections, on the other hand, it could contribute to the observed liver 

pathology.258ð261 A similar effect can be attributed to the presence of HBeAg, which 

leads to the induction of KCs and suppresses the immune response.262 Macrophages 
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and NK cells generate IFN- ,ɹ which allows for systemic non-cytolytic antiviral response 

during early HBV infection. In line with this, chimpanzees with acute HBV infection 

showed a strong decline in HBV DNA before any liver damage could be observed, 

which was coupled with the induction of IFN-  ɹand tumor necrosis factor (TNF).263,264 

However, NK cells were found to exert elevated cytolytic functions during acute 

infection as compared to chronic infection. This specific subset of NK cells was 

correlated with elevated alanine transaminase (ALT) levels and necroinflammation of 

the liver during clearance of acute infection.265,266 At later time points during acute 

infection, effector molecules of the adaptive immune response are induced leading to 

the infiltration of cytolytic CD8+ T cells as well as antibody production targeting HBV 

antigens (fig. 6).267,268 The response in the form of cytotoxic T lymphocytes (CTLs) is 

stronger and usually polyclonal in patients with acute infections, while patients with 

chronic infection develop either no detectable or only a monoclonal CTL response.269ð

271 Although one study showed the presence of HBV-specific CTLs in immune-tolerant 

patients, their quality and effectiveness were not strong enough to enable clearance of 

the virus.272 Furthermore, exhausted HBV-specific T cells (TCs) were found to have 

multiple defects that impair their function, which was associated with mitochondrial 

alterations, among others, that could be induced by the regulatory HBx protein. 273ð275 

Once expansion of B cells begins antibodies targeting HBeAg, HBcAg and HBsAg can 

be observed. Most important and required for immune control are HBsAg -specific B 

cells that are capable of producing  neutralizing antibodies against HBsAg.276 As KCs 

possess an innate high expression profile of the programmed cell death ligand 1 (PD-

L1), which reduces the proliferation of PD-1 positive cells and even induces their 

apoptosis, they contribute to the reduction of TC activity in chronic HBV infection.277,278 

Similarly, dendritic cells (DCs) belong to the antigen-presenting cells (APCs) and can 

prime the adaptive immune response by initiating TC function depending on the 

subset, which is determined by the presence of cytokines.279 During HBV infection, DCs 

can acquire a regulatory phenotype, mediated by HBeAg and HBcAg as in vitro data 

indicates, which perform their function by causing T cell anergy and depletion.280ð282 

This leads to further anti-inflammatory responses and the generation of immune 
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tolerance during chronic infection. 283 Myeloid -derived suppressor cells (MDSCs) 

belong to the family of regulatory cells and are associated with a protective function in 

acute liver inflammation by regulating CD4 T cell response.283,284 However, expansion 

of MDSCs during chronic HBV infection aids T cell exhaustion and persistence of 

infection leading to inflammation and tissue damage. 285,286 In line with this, MDSCs 

produce high levels of transforming growth factor beta (TGF- )̡ and interleukin 10 (IL-

10), thereby promoting the formation of regulatory T cells (Treg, CD4+ regulatory T 

cells).287 The elevation of Tregs was shown to be associated with an inhibition of IFN-  ɹ

production and reduced proliferation of HBV -specific T cells in patients with chronic 

HBV infection.288ð290 Additionally, the production of IL -10 correlates directly with virus 

replication and transient inhibition of NK cells, which could be observed in acute as 

well as during virus-induced flare-ups in chronic infections.249,291 With Tregs being able 

to limit the immune response their normal function usually lies in relieving 

inflammation and preventing immune -mediated liver injury.292 However, depending on 

the disease stage Tregs heavily contribute to HBV persistence and development of 

cirrhosis and transformation to HCC.293ð296 As mentioned above, HBsAg-specific B cell 

response is essential due to the neutralizing capability of the produced antibodies. 

However, Tregs are involved in the regulation of B cell responses as they possess the 

capability to inhibit T follicular helper ( TFH) cells impairing the secretion of IL-21.297 

Depletion of Tregs was shown to reinstate TFH cell function and enabling their support 

for HBsAg-specific antibody generation in the form of B cell transformation. 298ð300  

All in all, HBV is a stealth virus that minimally triggers innate immunity early in acute 

infections. As innate immune responses develop, viral clearance is facilitated mainly by 

IFN- ,ɹ secreted by NK and T cells, which helps to control HBV before the CTL response 

is triggered. CD4+ T cells promote neutralizing antibodies and CTL responses, while 

CD8+ T cells produce further antiviral cytokines and eliminate infected hepatocytes, 

causing liver damage and elevated ALT levels. In chronic hepatitis B infections, the 

immune response is successfully suppressed by an intricate interplay of immune cells 

and viral proteins that lead to the establishment of chronicity.  These viral-host 
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interactions make the identification of phase -defining characteristics and prognostic 

markers for progression towards HBeAg-negative infection (see chapter 1.4.4.), which 

is usually associated with a benign disease course, all the more important. 

 

1.4.3. Acute hepatitis B infection   

The incubation period of an acute infecti on lasts around 30 to 180 days, with an 

incubation time that is typically  asymptomatic followed by a phase of active virus 

clearance by the immune system, which usually includes mild to harsh symptoms.233,301 

A schematic representation of the course of acute infection is shown in figure 6. Though 

symptoms may include joint and muscle pain, loss of appetite, fever and stomach pain, 

some cases can be severe experiencing vomiting, jaundice and nausea.302,303 Usually, 

treatment of an acute infection is not required and management of non -severe 

symptoms is sufficient.304 To support the regeneration of the liver, individuals should 

avoid the consumption of alcohol, smoking and overly fatty foods. While acute HBV 

infection does not have any lasting side effects in most cases, reactivation of the virus 

upon suppression of the immune system is possible due to suppression of the immune 

system by chemotherapy or other forms of immune therapy .305,306 Rare cases may 

develop fulminant hepatitis, which requires immediate medical attention as sudden 

liver failure can occur.231 

 

1.4.4. HBV-related f ulminant  hepatitis  

While fulminant hepatitis can occur in relation to other precipitating events such as 

alcohol abuse, ischemia, drug-induced injury and auto -immune disease, HBV-related 

fulminant hepatitis can occur due to primary infection or in patients chronically 

infected.307ð309 Subsequent acute liver failure (ALF) is caused by a hyperactivation of the 

immune system related to, among others, flare-up of chronic infection (acute on 

chronic liver failure, ACLF) due to start or discontinuation of immunosuppressive 

therapy or acute infection.310,311 Therefore, patients are extensively screened for 
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existing or past viral infections before the initiation of immunosuppressive therapy. 

Patients with possible acute liver failure must be treated rapidly to increase their 

chances of survival.312 The risk of organ dysfunction lies around 45 % with a short-term 

mortality of 90%.313 Alcoholism-induced ALF is of larger concern in Western civilization 

as HBV vaccination is more routinely performed, while areas with high HBV endemicity 

observe more ALF due to HBV-related disease.314ð317 Prognosis of ACLF due to chronic 

HBV infection is usually poor as antiviral therapy does not improve survival in a short 

time frame.318 Furthermore, the observed relation between progression towards ACLF 

and impaired immunity relates to HBV reactivation, either after successful clearance of 

acute infection or during occult infection. 319ð321 Reactivation is possible due to the 

persistence of cccDNA in the liver even if the infection is controlled and viral markers 

are not detectable. A sudden and unexpected strong increase in the viral load, i.e. 

replication of the virus is indicative of a reactivation.322 The sudden increase in viral 

replication triggers a significant and sudden increase in pro-inflammatory cytokines, 

also termed as cytokine storm, which leads to strong inflammation and apoptosis of 

liver cells while the regulatory cells of the immune system are being suppressed and 

cannot downregulate the immune response.323ð326 Killing of infected hepatocytes is 

Figure 6: Schematic representation of acute disease course over the time. Anti-core, anti-HBs and anti-

HBe indicate presence of the respective antibodies during clearance. 
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facilitated by an excessive induction of CTLs and NK T cells that infiltrate and destroy 

the liver tissue due to the exaggerated presence of cytokines.327 Additionally, the extent 

of liver necrosis can be evaluated in liver biopsies and correlated with the survival rate 

as a prognostic marker. However, the survival rate of patients with viral hepatitis 

remained generally low even after transplantation.328 There are several risk factors to 

take into consideration, such as underlying disease, replication level of HBV, presence 

of HBeAg, viral genotype and additional co-infections.306 While curative treatment  is 

possible with immediate care, liver transplantation for survival is often needed.329,330 

 

1.4.5. Chronic  infection   

HBV infection is considered to be chronic if the acute infection is not cleared after 180 

days.331 Compared to an acute infection, chronic infection is a dynamic process as 

significant interaction with the host immune system takes place. To make 

differentiation and diagnosis easier, chronic infection was divided into five different 

phases by the European Association for the Study of the Liver (EASL).322 These phases 

were defined according to viral characteristics such as the presence of HBeAg, serum 

levels of HBV DNA and HBsAg, as well as alanine aminotransferase (ALT) levels and the 

presence of liver inflammation. Stages are separated by the presence of HBeAg and an 

indication of hepatitis. Stages 1 and 2 are HBeAg-positive, while stages 3 and 4 are 

HBeAg-negative (fig. 7, according to 322). HBeAg is highly important as a marker protein 

as the source of chronic infection is usually an HBeAg-positive HBV variant.332,333 The 

Figure 7: Virological factors for the determination of the phase of chronic infection.322 
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main reason for this is related to the mode of transmission.334 As perinatal transmission 

is common in endemic areas, HBeAg-positive mothers transmit the virus to their 

children, resulting in a very high chance of chronic infection due to the tolerogenic 

function of HBeAg.335ð338 Vaccination of the child shortly  after birth reduces the risk of 

chronic infection  to a certain extent (see chapter 1.6). Viral replication is generally high 

in the first two phases, the HBeAg-positive infection (I) and HBeAg-positive hepatitis 

(II) stage. Phase I is also considered the òimmune tolerantó phase as the immune system 

is not responding and clearing the virus (fig. 8).339 Once clearance of the viral infection 

begins, it is usually associated with an increase in liver inflammation and elevated liver 

enzyme levels.340ð342 Once phase II is reached, patients can achieve HBeAg 

seroconversion, usually associated with immune pressure and mutations, and 

suppression of HBV DNA presence, thereby entering the HBeAg-negative infection 

phase, previously called the òinactive carrieró phase.343 At this point , anti-HBeAg 

antibodies are readily detectable, HBV DNA levels are low and liver enzymes are 

reduced to a normal level. Patients in phase III of chronic infection have a low risk of 

disease progression and a good prognosis.341,344,345 Additionally, a low chance of 

HBsAg seroconversion, usually 1 ð 3 % of cases, exists. This loss of HBsAg is considered 

Figure 8: Schematic representation of defining characteristics for the different phases of chronic 

infection. +/ - indicates either presence or absence of the virological marker. 
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to be the optimal endpoint of treatment , while the cut-off value of 1000 IU/mL was 

suggested as a means to distinguish inactive carriers.346 However, this cut-off value 

does not take the viral genotype into account, which significantly var ies in their 

expression levels of HBsAg.347,348 

Nonetheless, the risk of re-increase of HBV replication may occur and cause hepatitis, 

bringing patients into phase 4  of chronic infection with again elevated risk of disease 

progression towards fibrosis and HCC.349 As it stands, the different phases of chronic 

HBV infection are fluid and do not need to be sequential. Individuals can spontaneously 

re-enter into phase 1 or 2 from phase 3 through reemergence of HBeAg. Lastly, patients 

in phase 5 present themselves as HBsAg-negative, while antibodies directed towards 

core antigens are detectable.350,351 However, HBV DNA can be detected within liver cells 

and possibly in the serum as well.352 This phase naturally includes the aforementioned 

òfunctional cureó considered as HBsAg loss (or undetectable HBsAg) because cccDNA 

is difficult to target and eliminate. 353 Additionally, loss of HBsAg may occur due to 

mutations acquired during the course of infection and lead to failure of current 

diagnostic tests in detecting surface proteins.354 

 

1.5. Differences between  genotypes  

Phylogenetic classification of HBV genome sequences led to the identification of nine 

different genotypes (A ð I with a divergence of at least 7.5 %) and one putative tenth 

genotype (J).25,50,355,356 Further intergenotypic nucleotide differences allowed for 

separation into subgenotypes and heterogeneity of HBsAg enabled the identification 

of different serotypes (table 1).50,356 While a highly significant correlation between 

serological subtype and genotype exists, immune selection may lead to changes in the 

determinants.359 As the genotypes differ in the length of their genomes, the molecular 

weight of some viral proteins shifts accordingly as the size of the open reading frames 

is altered.356 

Classification of the different genotypes and subtypes is very important as each type 
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Table 1: HBV genotypes, their serotype and genome length as well as their specific molecular 

characteristics.357,358  

Genotype  Serotype*  Genome length [bp]  Characteristics  

A adw2/ayw1 3221 6 nucleotide insertion in core 

B adw2/ayw1 3215 - 

C adr/ayr 3215 - 

D ayw1,2,3 3182 preS1 deletion, aa 1-11 

E ayw4/adw2 3212 preS1 deletion of 3 bp 

F adw4 3215 - 

G adw2 3248 12 aa insertion in core, preS1 

deletion of 3 bp  

H adw4 3215 - 

I ayw3 3215 - 

J ayw3 3182 preS1 deletion of 1-11 aas 

*represents the predominant serotype for that particular genotype. Serotype s of subgenotypes may vary. 

displays a different behavior throughout  infection, response to antiviral therapy and in 

terms of clinical manifestations.360ð363 For example, patients infected with genotypes A, 

B, D and F displayed earlier HBeAg seroconversion and with much higher frequency 

than patients infected with genotype C.364,365 However, infection with genotype E leads 

to increased viral loads and higher HBeAg levels.366 Even subgenotypes show 

differences in their pathogenesis. Genotype A1 has a much earlier occurrence of HBeAg 

seroconversion than A2.367 It is apparent that the genotype plays an important role in 

the natural course of the disease and has an influence on the establishment of chronic 

infection .338,368,369 These differences arise mainly due to the high genetic variability of 

HBV. The error-prone viral polymerase leads to the generation of closely related but 

not identical variants of the infecting genot ype, also called quasispecies.370,371 This 

allows for rapid adaptation of the virus to selective pressure from the immune system 

and may contribute to the risk o f cirrhosis and HCC development.372 The best-studied 

genotypes are A, B, C and D due to their geographic distribution. The most prevalent 

genotypes in Europe are A and D with some traces of B and C, while genotypes B, C 
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and D are most prevalent in the Asian-Pacific region. Even in America, the predominant 

genotypes are A, B and D.373 As these countries have a well-funded healthcare system, 

more prevalent genotypes are well characterized and observed by clinical studies, while 

genotypes E-J are less studied (table 2). One genotype of note is G as it displays 

completely different behavior as compared to the other genotypes. Observations of 

HBsAg retention, high level of viral DNA and increased core protein accumulation in 

vitro suggest genotype G as an additional risk factor .348,374ð376 The special circumstance 

of genotype G being inherently HBeAg-negative made this genotype a sort of 

prototype for HBeAg -negative infection, while it mostly exists in co-infection with 

another genotype.377ð379 However, several studies reported conflicting information on 

whether genotype G leads to increased rates of fibrosis and formation of HCC.381ð383 

Table 2: Genotype-specific differences in pathogenesis.380 

 

The genetic divergence of genotypes has an impact on the generation of certain 

variants and their frequency. Precore (PC) mutation G1896A is one example that leads 

to the generation of a stop codon in the HBeAg  gene while leaving expression of the 

core protein intact .384 The occurrence of this mutation, while considered a main cause 

of HBeAg negativity during chronic infection, depends on the viral genotype.385 

Position 1896 is located directly within the encapsidation signal of the pgRNA, making 

mutations in this region highly relevant for the life cycle of HBV. Genotypes A and H, 

Genotype  A B C D E, F, G, H, I, J 

Frequency of 

chronicity 

Higher Lower Higher Lower n.a. 

HBeAg 

seroconversion 

Earlier 

(A2 later) 

Earlier Later Later n.a. 

HBsAg loss More often  More often  Less 

frequent 

Less 

frequent 

n.a. 

Disease 

outcome 

Better Better Worse Worse Worse in F 

and G 
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depending on subtype, are unlikely to form this mutation as they carry a cysteine at 

position 1858, which is directly opposite of position 1896 in the formed encapsidation 

loop.359 Other genotypes, such as genotype D carry a thymidine at this position, which 

increases the stability of the encapsidation loop, therefore yielding an evolutionary 

advantage for the variants.386 Nonetheless, genotype A can form the PC mutation 

under the condition that a mutation first occurs at position 1858 .  

Another important mutation occurs in the promotor region of the core gene and 

consists of a double mutation of A1762T and G1764A, termed basal core promotor 

mutation (BCP).387,388 This double mutation leads to the reduction of HBeAg production 

and occurs more often in genotypes B and C, most likely as a replacement when PC 

mutation is not favored due to the aforementioned sequence incompatibility .389ð391 The 

prevalence of BCP mutation varies depending on genotype and subtype with 41 % for 

genotype A, 27 % for B, 60 % for C and 42 % for D.392ð394 Furthermore, some evidence 

suggests the BCP mutation be associated with HCCs in genotypes B and C, as well as 

non- and cirrhotic HCC, which might be caused due to increased immune-mediated 

inflammation .390,395ð398 Recently, a quadruple mutation in the core region, namely 

GCAC1809-1812TTCT, was found to be a possible marker for a benign disease 

course.399 The TTCT mutation was exclusively associated with patients in the HBeAg-

negative infection phase and the presence of BCP mutation, which may indicate a more 

durable remission of HBV with reduced risk of reactivation. The hypothesized 

mechanism suggests an increase in stability of the secondary structure of the pgRNA, 

which decreases viral replication as compared to the sole presence of the basal core 

promotor (BCP) double mutation.  

Differentiation between viral genotype s and their variants is needed as they possess 

many clinical implications, especially for chronic HBV infections. Their characteristics 

regarding the appearance of HBeAg seroconversion, the risk for progression to 

cirrhosis and HCC, as well as the chance for HBsAg loss help in predicting the likely 

clinical course and need for therapy. 
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1.6. Prevention and treatment  

Prevention of HBV infection is closely related to understanding the transmission routes 

mentioned in chapter 1.1.2. With the current state of therapy for HBV and the potential 

risks of viral-related hepatitis and liver failure, vaccination against HBV is crucial to 

eliminate related diseases and protect the population .400 Immunization can be 

separated into passive and active forms, where utilization of HBV immunoglobulin 

yields temporary protection and the vaccine long-term protection .401 However, as the 

transmission mainly occurs perinatal in endemic areas and mostly results in chronic 

infections, vaccination should proceed as early as possible after birth.402  

The first generation HBV vaccine consisted of plasma-derived inactivated HBsAg 

particles from the blood of HBV carriers.403 While this vaccine was widely successful 

and possessed reliable efficacy, concerns about potential contaminations with 

bloodborne viruses were raised and led to the conception of the second-generation 

HBV vaccine. With the rise of recombinant vaccine production in the mid-1980s, SHBs 

was produced and purified using genetically modified mammalian cells effectively 

eliminating the safety concerns of the first generation. 404,405 However, the efficacy of 

this recombinant vaccine highly depends on host factors such as age, time of 

vaccination or other chronic conditions and dose of the vaccine, which causes around 

5-15 % of individuals to not develop a lasting immune response (hypo- or non-

responders).406 In order to help with generating sufficient and lasting immunity, usually 

multiple doses, either subcutaneous or intradermal, in certain time intervals are given. 

If no sufficient antibody titer can be measured, additional vaccination series can be 

administered, although from a different brand to increase the chances of subsequent 

lasting response.407,408 The third-generation HBV vaccines were developed in the 1990s 

and consist of a mixture of up to all three HBV surface proteins (SHBs, MHBs and LHBs) 

that proved to be able to elicit a stronger and faster antibody response as compared 

to the second-generation.409,410 Aside from this form of prevention, the population 

needs to be sufficiently informed regarding the risks of horizontal transmission and 

how to avoid exposure but also about the safety of vaccination and its benefits.411  
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Treatment of HBV has evolved greatly in the past years as compared to the first agent 

approved for treatment many years ago. Pegylated interferon  h(PEG-IFN h ) was used 

to induce IFN-stimulated genes resulting in diminished  viral replication.412ð414 Currently, 

IFN h  and nucleos(t)ide analogs (NAs) are used as primary treatment. NAs utilized for 

treatment include tenofovir, entecavir, and lamivudine.415 However, early NAs such as 

lamivudine proved to be problematic due to the development of resistance mutations, 

which were overcome by newer variants like tenofovir.416 Combination therapy of IFN 

and NAs has been met with varying success due to their differing modes of action. 

Treatment of tenofovir together with IFN resulted in a significantly higher occurrence 

of HBsAg loss.417 Still, practical guidelines support the use of monotherapy for 

treatment as the superiority of combination treatment has not been sufficiently 

demonstrated. While patients generally respond well to these treatment options and 

they are capable of inducing  a long-term decrease in viral loads, they do not affect the 

level or activity of cccDNA that persists within liver cells usually requiring indefinite 

therapy. IFNõs mode of action is immune modulatory (as described above, see 1.4.2) 

targeting the viral lif e cycle itself but does not directly affect the exhaustion of HBV-

specific T cells.418 Similarly, NAs were designed to target viral reverse transcription and 

suppress replication, which also led to some restoration of CTL function and increased 

control of HBV infection in chronic patients under long -term treatment. 419,420 One very 

attractive target for ther apy is immune checkpoint modulat ion. As the immune 

response against HBV is not sustained due to stimulation of immune checkpoints such 

as PD-1, inhibition by blocking the interaction with its ligand has a high efficacy and 

leads to an overall better prognosis.421ð425 

An alternate route are entry inhibitors such as Myrcludex-B (Myr-B, Bulevirtide). Myr-B 

is a synthetic N-acetylated analog of the preS1 domain that is capable of binding  to 

NTCP, thereby preventing entry of HBV and hepatitis D virus (HDV).426,427 By preventing 

the spread of de novo synthesized particles, viremia and cccDNA levels can be 

controlled more effectively .428 Potentially very promising are assembly modulators that 

target the core protein. With its primary function for the release and recycling of HBV 
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genomes the core protein is a prime target in an attempt to reduce replication and 

affect the viral cccDNA pool. ABI-H0731 is one such inhibitor and has already shown 

promising results in vitro  and clinical phase I trials.429,430 There is still the need to 

develop new treatment options for chronic HBV  infection  targeting multiple steps of 

the viral life cycle, which might be required  to facilitate the effective elimination of 

cccDNA to attain a clinical cure. Additionally, targeting and identification, if possible, 

of specific genomic integration sites used by HBV are of utmost importance. 
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2. Aim of the study  

Chronic liver disease induced by HBV infection remains a major health risk worldwide 

that leads to cirrhosis, HCC and ultimately death. While many therapeutics and an 

effective vaccine are available, a cure has not been found yet. Standardization of clinical 

diagnosis of HBV by defining viral characteristics of the different phases of chronic 

infection was described but the phases are far from static and correct assessment is 

often difficult. Furthermore, genotypes and mutations heavily influence the disease 

outcome, available therapies and viral characteristics. Genotype G, with its lack of 

HBsAg secretion, is scarcely detected or even underdiagnosed and is mostly present in 

the form of co -infections. Maybe attributed to the area of detection and predominantly 

present genotypes, genotype G was only detected in co-infections with genotypes A 

and H. However, clinical studies of genotype G suggest it to be an additional  risk factor 

leading to a much higher rate of fibrosis in co -infected patients. 

Therefore, this study aimed to investigate the virological characteristics of different 

genotypes in a German study cohort of chronically infected HBeAg-negative patients 

(phase 3). Particularly, genotype G and its prevalence in this cohort was of interest. 

Patients in this phase of infection are at risk of HBV reactivation, which could be 

aggravated by genotype G. The HBeAg-negative infection phase is characterized by no 

signs of hepatic inflammation or fibrosis and is associated with a good prognosis, as 

viral replication is significantly reduced. Long-term follow -up studies of patients in this 

phase indicate a very low risk of cirrhosis or HCC development (depending on pre-

existing conditions) but carry the risk of reactivation. However, the underlying 

molecular mechanisms that lead to the HBeAg-negative phase are poorly understood. 

The isolation of patient samples and subsequent in vitro analyses of these HBeAg-

negative HBV genomes coupled with in vivo analyses, aimed to identify and improve 

the understanding of molecular characteristics specific to HBV that define this phase 

and could cause attenuation of the virus. Genotype-wise, the focus was placed on the 

predominant genotypes in Europe, which are genotypes A, B and D to ensure sufficient 

potential for c ollection of patients in different phases of chronic infection.  
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3. Materials  

3.1. Cells 

3.1.1. Bacterial cells  

Table 3: Bacterial strain utilized in this study, the respective genotype, and source. 

Cell Genotype Source 

Escherichia coli 

(E.coli) K12 

strain DH5  h

Fð ʊ80lacZɲM15 ɲ(lacZYA-argF) 

U169 recA1 endA1 hsdR17(rk-, mk
+) 

phoA supE44 thi-1 gyrA96 relA1 ˂ - 

Invitrogen, Carlsbad, USA 

 

3.1.2. Eukaryotic  cells 

Table 4: Eukaryotic cell lines utilized in  this study, the respective description, and origin. All cell lines were 

obtained from ATCC (Manassas, USA). 

Cell line Description Origin 

Huh7 Human hepatocellular carcinoma 

cell line 

Nakabayashi et al., 1982431  

Huh7.5 Human hepatocellular carcinoma 

cell line, subline of Huh7 

Blight et al., 2002432  

HepaRG Human hepatocellular carcinoma 

cell line 

Gripon et al., 2002433  

HepG2 Human hepatocellular carcinoma 

cell line 

Morris et al., 1982434 
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3.2. Plasmids 

Table 5: Plasmids utilized in this study, the respective description, and source.  

Plasmid Description Source 

cDNA3.1-Zeo(-)-

GtE1.1 

Construct carrying the 1.1-fold 

hepatitis B virus genome of 

genotype E wild type 

Created by B. Jiang, Paul-

Ehrlich-Institute, Langen, 

DE 

pGL3-NQO1-Luc Construct harboring the ARE 

promotor regions of NQO1  

Sabine Werner, ETH 

Zürich435 

pCEP-pur-gtA1.5 Construct carrying the 1.5-fold 

hepatitis B virus genome of 

genotype A wild type  

Ordered from GenScript 

Biotech B.V., Leiden, NL 

pCEP-pur-gtG1.5 Construct carrying the 1.5-fold 

hepatitis B virus genome of 

genotype G 

Ordered from GenScript 

Biotech B.V., Leiden, NL 

pIRES-CMV-GtG-

IRES-GtA 

Construct carrying the 1.2-fold 

hepatitis B virus genome of 

genotype G in MSC1 and the 

1.2-fold hepatitis B virus 

genome of genotype A in 

MSC2 

Ordered from GenScript 

Biotech B.V., Leiden, NL 

pIRES-CMV-GtG-

IRES-GtD 

Construct carrying the 1.2-fold 

hepatitis B virus genome of 

genotype G in MSC1 and the 

1.2-fold hepatitis B virus 

Ordered from GenScript 

Biotech B.V., Leiden, NL 
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genome of genotype D in 

MSC2 

pIRES-CMV-GtG-

IRES-GtE 

Construct carrying the 1.2-fold 

hepatitis B virus genome of 

genotype G in MSC1 and the 

1.2-fold hepatitis B virus 

genome of genotype E in 

MSC2 

Ordered from GenScript 

Biotech B.V., Leiden, NL 

pJo19-1.2xgtD Construct carrying the 1.2-fold 

hepatitis B virus genome of 

genotype D wild type  

Created by J. Lupberger, 

Paul-Ehrlich-Institute, 

Langen, DE 

pSec22-YFP YFP coupled ER-marker 

construct  

Kindly provided by R. 

Duden, Lübeck, DE 

pUC18-1.3xGtA-

A1896G 

Construct carrying the 1.3-fold 

hepatitis B virus genome of 

genotype A isolated from a 

patient with chronic HBV 

infection containing the point 

mutation A1896G 

Ordered from GenScript 

Biotech B.V., Leiden, NL 

pUC18-1.3xGtA-

G1896A 

 

Construct carrying the 1.3-fold 

hepatitis B virus genome of 

genotype B isolated from a 

patient with chronic HBV 

infection containing the point 

mutation G1896A (HBeAg-

negative) 

Created during this work 
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pUC18-1.3xGtA wild 

type 

 

 

Construct carrying the 1.3-fold 

hepatitis B virus genome of 

genotype A wild type  

Cloned during this work 

using the construct pCEP-

pur-gtA1.5 ordered from 

GenScript Biotech B.V., 

Leiden, NL 

pUC18-1.3xGtB-

A1896G 

Construct carrying the 1.3-fold 

hepatitis B virus genome of 

genotype B isolated from a 

patient with chronic HBV 

infection containing the point 

mutation A1896G 

Ordered from GenScript 

Biotech B.V., Leiden, NL 

pUC18-1.3xGtB-

G1896A 

 

Construct carrying the 1.3-fold 

hepatitis B virus genome of 

genotype A isolated from a 

patient with chronic HBV 

infection containing the point 

mutation G1896A (HBeAg-

negative) 

Created during this work 

pUC18-1.3xGtB wild 

type 

 

Construct carrying the 1.3-fold 

hepatitis B virus genome of 

genotype B wild type 

Cloned during this work 

using the construct pCEP-

pur-gtB1.5, kindly 

provided by D. Glebe, 

Gießen, DE 

pUC18-1.3xGtD-

A1896G 

Construct carrying the 1.3-fold 

hepatitis B virus genome of 

genotype D isolated from a 

patient with chronic HBV 

Ordered from GenScript 

Biotech B.V., Leiden, NL 
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infection containing the point 

mutation A1896G 

pUC18-1.3xGtD-

G1896A 

 

Construct carrying the 1.3-fold 

hepatitis B virus genome of 

genotype D isolated from a 

patient with chronic HBV 

infection containing the point 

mutation G1896A (HBeAg-

negative) 

Created during this work 

pUC18-1.3xGtD wild 

type 

 

Construct carrying the 1.3-fold 

hepatitis B virus genome of 

genotype D wild type  

Cloned during this work 

using the construct pJo19-

1.2xgtD created by J. 

Lupberger, Paul-Ehrlich-

Institute, Langen, DE 

 

3.3. Oligonucleotide s 

3.3.1. Polymerase chain reaction (PCR)  

Table 6: Oligonucleotides used in PCR (sequence shown in the 5õ ­ 3õ direction). Oligonucleotides were 

synthesized by Eurofins Genomics, Ebersberg, DE. 

Name Sequence (5õ­ 3õ) Function 

1-f CACGTTGCATGGAGACCA Nested PCR for 

BCP/PC region of 

genotype A/D/E 

1-r GGAGTGCGAATCCACACTCC Nested PCR for 

BCP/PC region of 

genotype A/D/E 
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2-f TGTCAACGACCGACCTTGAG Nested PCR for 

BCP/PC region of 

genotype A/D/E; 

sequencing 

2-r GCAATGCTCAGGAGACTCTAAGGC Nested PCR for 

BCP/PC region of 

genotype A/D/E 

3-f ACTCTTGGACTYTCAGCAATG Nested PCR for 

BCP/PC region of 

genotype B/C 

3-r GTCAGAAGGCAAAAAAGAGAG Nested PCR for 

BCP/PC region of 

genotype B/C 

4-f TCTCAGCAATGTCAACGACCG Nested PCR for 

BCP/PC region of 

genotype B/C; 

sequencing  

4-r AGAGAGTAACTCCACAGAWGCTC Nested PCR for 

BCP/PC region of 

genotype B/C 

5-f GCGGGTCACCATATTCTTGG Semi-nested PCR 

preS1 region 

5-r GAGTCTAGACTCTGCGGTAT Semi-nested PCR 

preS1 region 
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6-r TAACACGAGCAGGGGTCCTA Semi-nested PCR 

preS1 region 

HBV_381 TGCGGCGTTTTATCATCTTCCT Semi-nested PCR for 

the viral polymerase 

HBV_840 GTTTAAATGTATACCCAAAGAC Semi-nested PCR for 

the viral polymerase 

HBV_801 CAGCGGCATAAAGGGACTCAAG Semi-nested PCR for 

the viral polymerase; 

sequencing 

GtG_f ACGGGGCGCACCTCTCTTTAC Semi-nested PCR for 

genotype G 

GtG_r_outer GCACTTCGTTTCACCTCTGCA Semi-nested PCR for 

genotype G 

GtG_r_inner AGCCAAAAAGGCCATATGGCA Semi-nested PCR for 

genotype G; 

sequencing 

P1 CCGGAAAGCTTGAGCTCTTCTTT 

TTCACCTCTGCCTAATCA 

Full-length HBV 

amplification  

P2 CCGGAAAGCTTGAGCTCTTCAAAA 

AGTTGCATGGTGCTGG 

Full-length HBV 

amplification  

A1 CCCAAGCTTCTATTGATTGGAAAGTATGTC Amplification of 

fragment A, cloning 



40 

A2 GAAAATTGAGAGAAGTCCAC Amplification of 

fragment A, cloning 

B1 ACAARAATCCTCACAATACC Amplification of 

fragment B, cloning 

B2 GAAGATCTGATAGGGGCATTTGGTGGTC Amplification of 

fragment B, cloning 

 

3.3.2. Sequencing  

Table 7: Oligonucleotides used for sequencing (sequence shown in the 5õ ­ 3õ direction). 

Oligonucleotides were synthesized by Eurofins Genomics, Ebersberg, DE. 

Name Sequence (5õ ­ 3õ) Function 

K1 TGCCTCTCACATCTCGTCAATC Full-length HBV 

sequencing 

K2 GAGCCAAGAGAAACGGACTG Full-length HBV 

sequencing 

K3 GAGCCAAGAGAAACGGACTG Full-length HBV 

sequencing 

K4 GTTGGCGAGAAAGTGAAAGC Full-length HBV 

sequencing 

K5 GGCTTTGCTGCTCCATTTAC Full-length HBV 

sequencing 

K6 TTGCTGGGAGTCCAAGAGTC Full-length HBV 

sequencing 



41 

K7 CCGTCTGTGCCTTCTCATC Full-length HBV 

sequencing 

K8 CTAGATCCCTGGATGCTG Full-length HBV 

sequencing 

K9 TCACCATACAGCACTCAG Full-length HBV 

sequencing 

K10 GTTTCCCTCTTATATAGAATCC Full-length HBV 

sequencing 

K11 CAATTTGTGGGCCCTCTC Full-length HBV 

sequencing 

K12 TTAGAGGTGGAGAGATGG Full-length HBV 

sequencing 

K13 CAGGCTCAGGGCATATTG Full-length HBV 

sequencing 

K14 AGCAGCAGGATGAAGAGG Full-length HBV 

sequencing 

Deep1 TCGTCGGCAGCGTCAGATGTGTATAAGAGA 

CAGGCGGGTCACCATATTCTTGG 

Nested PCR and 

deep sequencing 

Deep2 GTCTCGTGGGCTCGGAGATGTGTATAAGAG 

ACAGAACTGGAGCCACCAGCAG 

Nested PCR and 

deep sequencing 

Deep3 TCGTCGGCAGCGTCAGATGTGTATAAGAGA 

CAGGCACTTCGCTTCACCTCTG 

Nested PCR and 

deep sequencing 
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Deep4 GTCTCGTGGGCTCGGAGATGTGTATAAGAG 

ACAGACTCCACAGTAGCTCCAAATTC 

Nested PCR and 

deep sequencing 

 

3.3.3. Real-time PCR (rtPCR) 

Table 8: Oligonucleotides used in rtPCR (sequence shown in the 5õ ­ 3õ direction). Oligonucleotides 

were synthesized by Eurofins Genomics, Ebersberg, DE. FAM, fluorescein amidite; NFQ, non-fluorescent 

quencher 

Name Sequence (5õ­ 3õ) 

Rt-PCR-1-fwd GGCTGTAGGCATAAATTGGTC 

Rt-PCR-1-probe FAM-TGCGTACCAGCACCATGCAACT-

NFQ  

Rt-PCR-1-rev AGCTTGGAGGCTTGAACAGT 

SHBs fwd  GCACCTGTATTCCCATCCCA 

SHBS rev CGAACCACTGAACAAATGGC 

hRPL27_fwd AAAGCTGTCGTGAAGAAC 

hRPL27_rev GCTGCTACTTTGCGGGGGTAG 

Amp fwd CCGTGTCGCCCTTATTCCC 

Amp rev CTTCGGGGCGAAAACTCTC 

 

3.4. Molecular weight markers  

3.4.1. DNA markers  

Table 9: DNA markers and the respective manufacturer. 
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Name Manufacturer 

GeneRuler 1 kb DNA Ladder Thermo Fisher Scientific, Waltham, USA 

GeneRuler 1 kb Plus DNA Ladder Thermo Fisher Scientific, Waltham, USA 

 

3.4.2. Protein markers  

Table 10: Protein markers and the respective manufacturer. 

Name Manufacturer 

PageRulerË Prestained Protein Ladder Thermo Fisher Scientific, Waltham, USA 

PageRulerË Plus Prestained Protein 

Ladder 

Thermo Fisher Scientific, Waltham, USA 

 

3.5. Antibodies  

3.5.1. Primary antibodies  

Table 11: Primary antibodies utilized in this study with the respective species, clonality, dilution used 

either in western blot (WB) or immunofluorescence (IF), and manufacturer. 

Antibody  Species Clonality Dilution 

(WB/IF) 

Manufacturer 

Anti-Core (K46) Rabbit Polyclonal 1:3000/

- 

R. Prange, Uni Mainz, 

DE 

Anti-GAPDH Mouse Monoclonal  1:2000/

- 

Santa Cruz 

Biotechnologies, 

Dallas, USA 
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Anti-LHBs (MA18/7) Mouse Monoclonal  1:3000/

1:100 

Uni Göttingen, DE 

Anti-NQO1  Mouse Monoclonal  1:300/- Santa Cruz 

Biotechnologies, 

Dallas, USA 

Anti-SHBs (HB01) Mouse Monoclonal  1:1000/

- 

D. Glebe, Uni Gießen, 

DE 

Anti- -̡Actin  Mouse Monoclonal  1:10000

/ - 

Sigma-Aldrich, 

St.Louis, USA 

Anti-HBcAg (3120) Rabbit Monoclonal  1:50/- Tokyo Future Style, 

Taipei, Taiwan 

 

3.5.2. Secondary antibodies  

Table 12: Secondary antibodies utilized in this study with the respective species, clonality, dilution used 

either in western blot (WB) or immunofluorescence (IF), and manufacturer. 

Antibody  Species Clonality Dilution 

(WB/IF) 

Manufacturer 

Anti-mouse IgG HRP Sheep Polyclonal 1:2000/- Cytiva, Marlborough, 

USA 

Anti-mouse IgG-Alexa 

488 

Donkey Polyclonal -/1:1000 Invitrogen, Carlsbad, 

USA 

Anti-mouse IgG-Alexa 

546  

Donkey Polyclonal -/1:1000 Invitrogen, Carlsbad, 

USA 



45 

Anti-mouse 

IRDye®680RD 

Donkey Polyclonal 1:5000/- LI-COR Biosciences, 

Lincoln, USA 

Anti-mouse 

IRDye® 800CW 

Donkey Polyclonal 1:5000/- LI-COR Biosciences, 

Lincoln, USA 

Anti-rabbit IgG HRP Donkey Polyclonal 1:2000/- Cytiva, Marlborough, 

USA 

Anti-rabbit IgG-Alexa 

488 

Donkey Polyclonal -/1:1000 Invitrogen, Carlsbad, 

USA 

Anti-rabbit IgG-Alexa 

546  

Donkey Polyclonal -/1:1000 Invitrogen, Carlsbad, 

USA 

Anti-rabbit 

IRDye®680RD 

Donkey Polyclonal 1:5000/- LI-COR Biosciences, 

Lincoln, USA 

Anti-rabbit 

IRDye® 800CW 

Donkey Polyclonal 1:5000/- LI-COR Biosciences, 

Lincoln, USA 

 

3.6. Fluorescent dyes  

Table 13: Fluorescent dyes utilized in this study with respective dilution and manufacturer.  

Name Dilution  Manufacturer 

DAPI (stock 100 µg/mL) 1:100 CARL ROTH GmbH Co. KG, 

Karlsruhe, DE 

 

3.7. Inhibitors  

3.7.1. Phosphatase inhibitors  
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Table 14: Phosphatase inhibitors utilized in this study including  respective dilution, target, and 

manufacturer. 

Inhibitor  Dilution  Target Manufacturer 

Phosphatase 

cocktail 

inhibitor 2  

1:500 ATPases, alkaline, 

protein tyrosine, acid 

and phosphoprotein 

phosphatases 

Sigma-Aldrich, St.Louis, USA 

 

3.7.2. Protease inhibitors  

Table 15: Protease inhibitors utilized in this study with respective concentration, target, and 

manufacturer. 

Inhibitor  Concentration Target Manufacturer 

Aprotinin  10 µg/mL Serine proteases AppliChem GmbH, 

Darmstadt, DE 

EDTA 2.5 mM Metalloproteases Paul-Ehrlich-Institut 

facilities, Langen, DE 

Leupeptin 25 µg/mL Serine and cysteine 

proteases 

AppliChem GmbH, 

Darmstadt, DE 

Pepstatin 20 µg/mL Acidic and aspartic 

proteases 

AppliChem GmbH, 

Darmstadt, DE 

PMSF 1 mM Serine proteases AppliChem GmbH, 

Darmstadt, DE 

 

3.8. Cell culture reagents  

Table 16: Reagents utilized in cell culture and the respective manufacturer. 
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Reagent Manufacturer 

Dulbeccoõs Modified Eagleõs Medium 

(DMEM) high glucose (4.5 g/L glucose)  

Sigma-Aldrich, St.Louis, USA 

Roswell Park Memorial Institute 1640 

Medium 

Thermo Fisher Scientific, Waltham, USA 

Fetal bovine serum (FBS superior) Bio & Sell GmbH, Feucht, DE 

Opti-MEM Thermo Fisher Scientific, Waltham, USA 

L-glutamine  Bio & Sell GmbH, Feucht, DE 

Phosphate buffered saline (PBS) 

without Ca2+ and Mg2+ 

Paul-Ehrlich-Institut facilities, Langen, DE 

Penicillin/streptomycin  Paul-Ehrlich-Institut facilities, Langen, DE 

Puromycin dihydrochloride  Sigma-Aldrich, St.Louis, USA 

Trypsin/EDTA (0.05 % Trypsin) Paul-Ehrlich-Institut facilities, Langen, DE 

Williamõs E medium Thermo Fisher Scientific, Waltham, USA 

 

3.9. Kits 

Table 17: Commercial kits utilized in this study and the respective manufacturer. 

Kit Manufacturer 

BigDyeDeoxy Terminators Thermo Fisher Scientific, Waltham, USA 

DNeasy Blood & Tissue kit QIAGEN, Hilden, DE 

Expand High Fidelity PCR Kit Roche, Mannheim, DE 
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Fast Cycling PCR Kit QIAGEN, Hilden, DE 

High Pure Viral Nucleic Acid Kit Roche, Mannheim, DE 

MaximaË SYBRË Green qPCR Master 

Mix (2x) 

Thermo Fisher Scientific, Waltham, USA 

Oxyblot Protein Detection Kit  Merck Millipore, Darmstadt, DE 

QIAamp Ultrasense Virus Kit QIAGEN, Hilden, DE 

Murex HBsAg ELISA Vers. 3 Diasorin, Dartford, UK 

Human HBeAg ELISA Fine Biotech Co.,Ltd; Wuhan, CN 

QIAGEN Gel extraction kit QIAGEN, Hilden, DE 

QIAGEN Plasmid Maxi Kit QIAGEN, Hilden, DE 

QIAprep Spin Miniprep Kit QIAGEN, Hilden, DE 

QIAquick PCR Purification Kit QIAGEN, Hilden, DE 

 

3.10. Enzymes 

Table 18: Enzymes utilized in this study and the respective manufacturer. 

Enzyme Manufacturer 

Antarctic Phosphatase New England Biolabs GmbH, Frankfurt am 

Main, DE 

BamHI-HF New England Biolabs GmbH, Frankfurt am 

Main, DE 
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BglII New England Biolabs GmbH, Frankfurt am 

Main, DE 

HindIII-HF New England Biolabs GmbH, Frankfurt am 

Main, DE 

Proteinase K Roche, Mannheim, DE 

Q5 Hot Start DNA Polymerase New England Biolabs GmbH, Frankfurt am 

Main, DE 

Quick CIP New England Biolabs GmbH, Frankfurt am 

Main, DE 

RevertAid H Minus Reverse 

Transcriptase 

Thermo Fisher Scientific, Waltham, USA 

RQ1 RNase-free DNase  Promega GmbH, Walldorf, DE 

SapI New England Biolabs GmbH, Frankfurt am 

Main, DE 

T7 DNA ligase New England Biolabs GmbH, Frankfurt am 

Main, DE 

XbaI New England Biolabs GmbH, Frankfurt am 

Main, DE 

 

3.11. Fine chemicals and reagents  

Table 19: Fine chemicals and reagents utilized in this study and respective composition.  

Product Manufacturer 
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6-aminohexanoic acid CARL ROTH GmbH Co. KG, Karlsruhe, DE 

Acetic acid CARL ROTH GmbH Co. KG, Karlsruhe, DE 

Acetone CARL ROTH GmbH Co. KG, Karlsruhe, DE 

Agarose LE Genaxxon bioscience GmbH, Ulm, DE  

Ampicillin  CARL ROTH GmbH Co. KG, Karlsruhe, DE 

APS CARL ROTH GmbH Co. KG, Karlsruhe, DE 

ATP Thermo Fisher Scientific, Waltham, USA 

ɓ-mercaptoethanol CARL ROTH GmbH Co. KG, Karlsruhe, DE 

BSA fraction V CARL ROTH GmbH Co. KG, Karlsruhe, DE 

Bradford reagent Sigma-Aldrich, St.Louis, USA 

Bromophenol blue Sigma-Aldrich, St.Louis, USA 

Butanol CARL ROTH GmbH Co. KG, Karlsruhe, DE 

Calcium chloride CARL ROTH GmbH Co. KG, Karlsruhe, DE 

Chloroform CARL ROTH GmbH Co. KG, Karlsruhe, DE 

DABCO Merck Millipore, Darmstadt, DE 

DEPC CARL ROTH GmbH Co. KG, Karlsruhe, DE 

DMSO Genaxxon bioscience GmbH, Ulm, DE 

dNTPs mix (10 mM each) Thermo Fisher Scientific, Waltham, USA 

DTT Biomol GmbH, Hamburg, DE 
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EDTA CARL ROTH GmbH Co. KG, Karlsruhe, DE 

Ethanol (pure) CARL ROTH GmbH Co. KG, Karlsruhe, DE 

Ethidium bromide  AppliChem GmbH, Darmstadt, DE 

Formaldehyde (37.5 %) CARL ROTH GmbH Co. KG, Karlsruhe, DE 

FuGENE Promega, Madison, USA 

Glycerol GERBU Biotechnik GmbH, Heidelberg, DE 

HEPES  CARL ROTH GmbH Co. KG, Karlsruhe, DE 

Hydrochloric acid CARL ROTH GmbH Co. KG, Karlsruhe, DE 

Isopropanol CARL ROTH GmbH Co. KG, Karlsruhe, DE 

Immobilon® Forte Western HRP 

substrate 

Merck Millipore, Darmstadt, DE 

ImmobilonË Western HRP substrate  Merck Millipore, Darmstadt, DE 

Methyl -ɓ-cyclodextrin  Sigma-Aldrich, St.Louis, USA 

Methanol  CARL ROTH GmbH Co. KG, Karlsruhe, DE 

Mowiol 4 -88 Sigma-Aldrich, St.Louis, USA 

Polyethylenimine Thermo Fisher Scientific, Waltham, USA 

peqGOLD Trifast Peqlab Biotechnologie GmbH, Erlangen, DE 

Phenol AppliChem GmbH, Darmstadt, DE 

Random hexamer primer Thermo Fisher Scientific, Waltham, USA 
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Roti 40 acrylamide/bisacrylamide 

(29:1) 

CARL ROTH GmbH Co. KG, Karlsruhe, DE 

Roti® -block (10x) CARL ROTH GmbH Co. KG, Karlsruhe, DE 

SDS  CARL ROTH GmbH Co. KG, Karlsruhe, DE 

Skim milk powder CARL ROTH GmbH Co. KG, Karlsruhe, DE 

Sodium acetate CARL ROTH GmbH Co. KG, Karlsruhe, DE 

Sodium chloride CARL ROTH GmbH Co. KG, Karlsruhe, DE 

Sodium hydroxide CARL ROTH GmbH Co. KG, Karlsruhe, DE 

Sodium deoxycholate CARL ROTH GmbH Co. KG, Karlsruhe, DE 

TEMED AppliChem GmbH, Darmstadt, DE 

Tris CARL ROTH GmbH Co. KG, Karlsruhe, DE 

Triton X-100 Sigma-Aldrich, St.Louis, USA 

Tween 20 CARL ROTH GmbH Co. KG, Karlsruhe, DE 

 

3.12. Buffers, solutions, media  

3.12.1. Buffers  

Table 20: Buffers utilized in this study with respective composition. All buffers were prepared with 

ultrapure water unless indicated otherwise.  

Buffer Composition 

Anode buffer I 20 % Ethanol (v/v) 

300 mM Tris base 
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Anode buffer II 20 % Ethanol (v/v) 

25 mM Tris base 

Cathode buffer 20 % Ethanol (v/v) 

40 mM 6-aminohexanoic acid 

HEPES buffered saline (HeBS 2x)  

from Paul-Ehrlich-Institut  

50 mM HEPES 

280 mM NaCl 

1.5 mM Na2HPO4 

pH 7.00 

Luciferase substrate 20 mM Tris-HCl pH 7.8 

5 mM magnesium chloride 

0,1 mM EDTA 

470 ˃ M Luciferin 

530 ˃ M ATP 

Luciferase lysis buffer 25 mM Tris 

2 mM DTT 

2 mM EGTA 

10% Glycerol (v/v) 

0,1% TritonX-100 (v/v) 

ad 200 mL 

TNE Buffer 150 mM NaCl (w/v) 

20 mM Tris-HCl 

1 mM EDTA (v/v)  

pH 8,0 

PBS without Ca2+ and Mg2+ 

from Paul-Ehrlich-Institut  

137 mM NaCl 

2.7 mM KCl 

1.8 mM KH2PO4  
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10 mM Na2HPO4 

pH 7.1  

PBS-T 0.5 % Triton X-100 (v/v) 

in PBS 

SDS running buffer (10x) 

from Paul-Ehrlich-Institut  

250 mM Tris base 

2 M Glycine 

1 % SDS (w/v) 

pH 8.3 

SDS loading buffer (4x) 4 % SDS (w/v) 

125 mM Tris-HCl pH 6.8 

10 % Glycerol (v/v) 

10 % -̡Mercaptoethanol (v/v)  

0.02 % Bromophenol blue (w/v)  

Separating gel buffer 1.5 M Tris base 

0.4 % SDS (w/v) 

pH 8.8, adjusted using HCl 

Stacking gel buffer 0.5 M Tris 

0.4 % SDS (w/v) 

pH 6.7, adjuste using HCl 

TAE buffer (50x) 

from Paul-Ehrlich-Institut  

2 M Tris base 

1 M NaAc 

50 mM EDTA 

pH 8, adjusted using CH3COOH 

TBST 

from Paul-Ehrlich-Institut  

50 mM Tris 

150 mM NaCl 

0.05 or 0.1 % Tween 20 (v/v) 
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pH 7.8, adjusted using HCl 

 

3.12.2. Commercial buffer  

Table 21: Commercial buffers utilized in this study with  manufacturer.  

Buffer Manufacturer 

DNA Gel Loading Dye buffer (6x) Thermo Fisher Scientific, Waltham, USA 

NEBuffer 2 (10x) 
New England Biolabs GmbH, Frankfurt 

am Main, DE 

NEBuffer 3.1 (10x) 
New England Biolabs GmbH, Frankfurt 

am Main, DE 

Q5 reaction buffer (5x) 
New England Biolabs GmbH, Frankfurt 

am Main, DE 

rCutSmart® buffer (10x) 
New England Biolabs GmbH, Frankfurt 

am Main, DE 

Reverse Transcriptase reaction buffer 

(5x) 
Thermo Fisher Scientific, Waltham, USA 

RQ1 DNase reaction buffer (10x) Promega GmbH, Walldorf, DE 

RQ1 DNase Stop Solution  Promega GmbH, Walldorf, DE 

T4 ligation buffer (10x) New England Biolabs GmbH, Frankfurt 

am Main, DE 

 

3.12.3. Media  

Table 22: Media utilized in this study with respective composition.   
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Medium Composition 

Lysogeny broth medium (LB) 

from Paul-Ehrlich-Institut  

1 % Tryptone (w/v)  

0.5 % Yeast extract (w/v) 

1 % NaCl (w/v) 

pH 7.0 

 

3.12.4. Solutions  

Table 23: Solutions required in this study with the respective composition. All solutions were prepared 

with ultrapure water unless indicated otherwise.  

Solution Composition 

DEPC-H2O  0.1 % DEPC (v/v) 

Sodium acetate  3 M NaAc 

pH 5.2 adjusted with acetic acid 

Penicillin/Streptomycin (100x) 10 ml Penicillin 

10 mg/ml Streptomycin  

60 % Sucrose in TNE buffer 60 % Sucrose (w/v) 

 

3.13. Consumables 

Table 24: Consumables utilized in this study including respective manufacturer. 

Product Manufacturer 

Cell culture flasks (T25, T75, T175) Greiner Bio-One GmbH, Frickenhausen, DE 

Cell culture plates (6-well plates) Sarstedt AG, Nümbrecht, DE 

Cell culture plates (12-, 96-well plates) Greiner Bio-One GmbH, Frickenhausen, DE 
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Cell scrapers A. Hartenstein GmbH, Würzburg, DE 

CryoPure tubes (2 mL) Sarstedt AG, Nümbrecht, DE 

Falcon tubes (15 mL, 50 mL) Greiner Bio-One GmbH, Frickenhausen, DE 

Fixer type F 1-2 C & L GmbH, Planegg, DE 

Developer type E 1-3 C & L GmbH, Planegg, DE 

Electroporation cuvettes (4 mm) VWR International GmbH, Darmstadt, DE 

Gel-Loading pipet tips  Corning Inc., Corning, USA 

Graduated pipettes (2 mL, 5 mL, 10 mL, 

25 mL) 

Greiner Bio-One GmbH, Frickenhausen, DE 

Glass beads 4 mm CARL ROTH GmbH Co. KG, Karlsruhe, DE 

Hyperfilm ECL  Cytiva Europe GmbH, Freiburg, DE 

Microscope coverslips (18 mm) CARL ROTH GmbH Co. KG, Karlsruhe, DE 

Microscope slides SuperFrost® Plus Thermo Fisher Scientific, Waltham, USA 

Omnifix® -F Syringes (1, 5, 10, 20 mL) B.Braun, Melsungen, DE 

Protein tyrosine kinase PamChip® PamGene International BV, Den Bosch, NL 

Parafilm Bemis, Bonn, DE 

PCR reaction tubes Sarstedt AG, Nümbrecht, DE 

Phase Lock Gel Heavy (2 mL) 5 PRIME GmbH, Hamburg, DE 

Pipette tips (10 µL, 100 µL, 300 µL, 1000 

µL) 

Sarstedt AG, Nümbrecht, DE 
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Pipette tips with filter (10 µL, 100 µL, 300 

µL, 1000 µL) 

Sarstedt AG, Nümbrecht, DE 

Reaction tubes (1.5 mL, 2 mL) Sarstedt AG, Nümbrecht, DE 

Transfer membrane ROTI® PVDF 0.45 

µm 

CARL ROTH GmbH + Co. KG, Karlsruhe, DE 

Ultracentrifuge tubes 11x34 mm Beckman Coulter, Krefeld, DE 

Ultracentrifuge tubes 14x89 mm Beckman Coulter, Krefeld, DE 

Ultracentrifuge tubes 25x89 mm Beckman Coulter, Krefeld, DE 

Whatman paper 3 mm VWR International GmbH, Darmstadt, DE 

 

3.14. Devices 

Table 25: Devices utilized in this study including respective manufacturer.  

Device Manufacturer 

3130xl Genetic Analyzer Thermo Fisher Scientific, Darmstadt, DE 

Accu-jet® pro pipette controller  BRAND GMBH CO KG, Wertheim, DE 

AGFA Curix 60 X-ray film processor Agfa Healthcare GmbH, Mortsel, BE 

Avanti J-26 XPI centrifuge Beckman Coulter, Brea, USA  

Axiovert 40C inverted phase contrast 

microscope 

Carl Zeiss, Oberkochen, DE 

Bacterial incubator Innova 44 New Brunswick Scientific Co., Inc., Edison, 

USA 
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CO2 incubator HeracellË 150i Thermo Fisher Scientific, Waltham, USA 

CO2 incubator Heraeus®BBD6220  Thermo Fisher Scientific, Waltham, USA 

Confocal laser scanning microscope TCS 

SP8 

Leica Microsystems GmbH, Wetzlar 

Electrophoresis power supply EPS 301 Cytiva, Marlborough, USA 

EM109 Carl Zeiss AG, Jena 

Heraeus FrescoË 17 microcentrifuge Thermo Fisher Scientific, Waltham, USA 

HeraeusË MultifugeË X1 centrifuge Thermo Fisher Scientific, Waltham, USA 

HeraeusË MultifugeË 1S-R centrifuge Thermo Fisher Scientific, Waltham, USA 

HeraeusË MultifugeË X3 FR centrifuge Thermo Fisher Scientific, Waltham, USA 

HypercassetteË Cytiva, Marlborough, USA 

Horizontal electrophoresis system HE33 Cytiva, Marlborough, USA 

ImageQuant800 CCD Imager Cytiva, Marlborough, USA 

Infinite M1000 microplate reader  Tecan, Männedorf, CH 

Intas gel documentation system Intas Science Imaging Instruments 

GmbH, Göttingen, DE 

LightCycler® 480 Instrument II Roche, Basel, CH 

Mini centrifuge Rotilabo®  CARL ROTH GmbH Co. KG, Karlsruhe, DE 

NanoDropË One C Thermo Fisher Scientific, Waltham, USA 

Neubauer counting chamber Carl Roth GmbH, Karlsruhe 
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OptimaTM L-70 Ultracentrifuge Beckman Coulter, Krefeld, DE 

OptimaTM L-80 XP Ultracentrifuge Beckman Coulter, Krefeld, DE 

OptimaTM MAX-XP Ultracentrifuge Beckman Coulter, Krefeld, DE 

Odyssey® CLx Imaging System LI-COR Biosciences, Lincoln, USA 

Refractometer  Bausch & Lomb GmbH, Berlin, DE 

Orion II LB 965 Microplate Luminometer Berthold Technologies GmbH & Co. KG, 

Bad Wildbad, DE 

Pipettes Research Eppendorf AG, Hamburg 

PamStation®12 System PamGene International BV, Den Bosch, 

NL 

Promax 1020 platform shaker Heidolph Instruments GmbH & Co. KG, 

Schwabach, DE 

RCT Classic magnetic stirrer heater IKA®, Staufen, DE 

S20 ð SevenEasyTM pH meter Mettler Toledo, Columbus, USA 

Sartorius balance LP 6000 200S Sartorius, Göttingen, DE 

SONOPULS HD 2200 sonicator Bandelin, Berlin, DE 

Sorvall SLA1500 fixed angle rotor Thermo Fisher Scientific, Waltham, USA 

Standard incubator B 28 BINDER GmbH, Tuttlingen, DE 

Standard power pack P25 Biometra, Göttingen, DE 

SterilGard®III Advance The Baker Company, Maine, DE 
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Stuart roller mixer SRT9 Bibby Scientific, Stone, UK 

SW32TI Swing-Bucket rotor Beckman Coulter, Krefeld, DE 

SW41TI Swing-Bucket rotor Beckman Coulter, Krefeld, DE 

SW61TI Swing-Bucket rotor Beckman Coulter, Krefeld, DE 

TE77 ECL semi dry transfer unit Cytiva, Marlborough, USA 

Thermocycler  VWR International GmbH, Darmstadt, DE 

Thermomixer compact  Eppendorf, Hamburg, DE 

Triple Wide Mini vertical electrophoresis 

system 

VWR International GmbH, Darmstadt, DE 

UV transilluminator UVT2020 Intas Science Imaging Instruments 

GmbH, Göttingen, DE 

VACUSAFEË Vacuum Aspiration System INTEGRA Biosciences Deutschland 

GmbH, Biebertal, DE 

Vortex-Genie® 2 Scientific Industries, New York, DE 

Water bath WBU 45 Memmert GmbH Co.KG, Schwabach, DE 

 

3.15. Software  

Table 26: Buffers utilized in this study and respective composition. All buffers were prepared with 

ultrapure water unless indicated otherwise.  

Software Manufacturer 

BioNavigator PamGene International BV, Den Bosch, 

NL 
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Evolve12 PamGene International BV, Den Bosch, 

NL 

Fiji (Image J) Open source 

Graph Pad Prism 9.5.0 GraphPad Software, La Jolla, USA 

i-control 1.8 Tecan, Männedorf, CH 

ImageQuantTL Cytiva, Marlborough, USA 

Image Studio LI-COR Biosciences, Lincoln, USA 

Image Studio Lite 5.2.5 LI-COR Biosciences, Lincoln, USA 

Inkscape Open scource 

INTAS GDS Intas Science Imaging Instruments 

GmbH, Göttingen, DE 

LAS X Leica Camera AG, Wetzlar, DE 

Light Cycler 480 Software version 1.5 Roche, Basel, CH 

Mendeley Mendeley, London, UK 

MS Office Microsoft, Redmond, USA 

SAMtool suite Sanger Institute 

Simplicity 4.2 Berthold Technologies GmbH & Co. KG, 

Bad Wildbad, DE 

SnapGene viewer GSL Biotech, Chicago, USA 
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4. Methods  

4.1. Cell biology  

4.1.1. Bacterial cells  

4.1.1.1. Cultivation and selection of transformed E. coli  

In this study, E. coli K12 strain DH5h  cells were utilized.436 Transformed bacteria were 

selected by the addition of 100 µg/mL ampicillin to the culture medium. Single colonies 

of transformed bacteria carrying the desired plasmid were picked from the LB agar 

plates, transferred into 5 mL of LB medium, and cultivated overnight at 37°C to 

generate a bacterial culture for the creation of glycerol  stocks. To produce cultures of 

bacteria for plasmid isolation, LB medium was inoculated with transformed bacteria 

from a glycerol stock and cultivated aerobically overnight  at 37°C in Erlenmeyer flasks 

with continuous shaking (160 rpm) in a bacterial incubator. 

 

4.1.1.2. Storage  of transformed E. coli  

5 mL of an overnight culture were centrifuged at 500 0 x g for 10 minutes at 4°C. The 

bacterial pellet was resuspended in 500 µL LB medium containing ampicillin mixed with 

500 µL of 100 % glycerol and stored in a cryotube at -80°C.437  

 

4.1.1.3. Plasmid isolation from  E. coli  

To harvest transformed cells for plasmid DNA isolation, 5 mL (using QIAprep Spin 

Miniprep Kit ) or 200 mL (using QIAGEN Plasmid Maxi Kit) of an overnight culture were 

centrifuged at 5.000 x g for 10 minutes at 4°C. The bacterial pellet was processed 

according to the manufacturerõs manual.438  

 

4.1.2. Mammalian cells  
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4.1.2.1. Cultivation and passaging  

All cell culture procedures were performed under sterile conditions in biosafety 

cabinets with vertical laminar flow, including the use of sterile equipment, reagents, 

and media. Huh7 and Huh7.5 cells were grown in DMEM supplemented with 10 % FBS 

superior (v/v), 1 % penicillin/streptomycin (v/v), and 2 mM L-glutamine (for HepaRG 

cells no L-glutamine was added) in an incubator at 37°C with a content of 5  % CO2 and 

90 % relative humidity. Cells were passaged two to three  times a week when cells 

reached 60 %-90 % confluency. Cells were gently washed with PBS and subsequently 

detached from the cell culture flasks using a trypsin/EDTA solution for 8 minutes at 

37°C. Trypsin was inactivated by the addition of a pre-warmed growth medium. Cells 

were resuspended and seeded in fresh growth medium at an appropriate ratio (1:6-

1:10) to maintain optimal  cell viability and growth rate. To perform the experiments, 

resuspended cell suspensions were counted using a Neubauer counting chamber and 

seeded in either well-plates or petri dishes at an adequate density per surface area.  

 

4.1.2.2. Differentiation of HepaRG cells  

The human progenitor cell l ine HepaRG can be differentiated in vitro to resemble  

primary human hepatocytes.439 Differentiated HepaRG cells express human 

hepatocyte-specific markers including the HBV-specific receptor NTCP. For infection 

experiments, 1.5x105 HepaRG cells were seeded into 12 well plates and cultivated for 

two weeks, while exchanging the growth medium every two to three days. After two 

weeks, differentiation was initiated by adding 2  % DMSO to the normal growth medium 

for the following two weeks. Again, the growth medium was exchanged every two to 

three days until the process concluded. The progress of differentiation could be 

observed under the microscope where cells changed from epithelial morphology to 

hepatocyte-like cells. Contrary to epithelial cells, hepatocyte-like cells are round and 

can easily be distinguished. 
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4.1.2.3. Transfection of cells  

For transfection of human hepatoma cell lines (Huh7, Huh7.5 and HepG2) the 

polycation polyethylen eimine (PEI) was utilized.440 Depending on the experiment, 3x105 

cells were seeded into each well of a 6-well plate and transfected at least 4 hours post-

seeding. The transfection mixture consisted of 200 µL sterile PBS, without Mg 2+ / Ca2+, 

containing 1 µg of plasmid DNA and 6 µL PEI per well. After a brief incubation period 

of 10 to 20 minutes, the transfection mixture was added in a drop -wise manner to the 

appropriate well. At least one well served as control and was mock-transfected using 

an empty backbone vector. 16 hours post-transfection (hpt), a medium change was 

carried out. Harvesting of supernatant and/or cells was performed 72 and 120 hpt. The 

transfection procedure was scaled proportionately to the increase in surface area of 

different culture dishes or flasks. This included adjustment of the number of seeded 

cells and input plasmid DNA in the same manner. 

To achieve higher transfection efficiency an alternate reagent was used.441 Fugene, a 

nonliposomal formulation , possesses lower toxicity and yields a larger number of 

transfected cells. Application of Fugene was performed as described for PEI. However, 

the DNA : reagent ratio utilized was 1 : 3 instead of 1 : 6 for PEI. Additionally, a reduced 

serum medium was used instead of PBS.  

 

4.1.2.4. Cell lysis and fixation  

At the experimentally defined time point , the medium was removed and cells were 

washed once with PBS. Different cell lysis methods were performed depending on the 

purpose of the experiment. For indirect immunofluorescence, cells were fixed with 3.7 

% formaldehyde (v/v) in PBS for 20 minutes at room temperature, followed by a 

washing step with PBS. The fixed cells were stored at 4°C until further processing was 

carried out. For the isolation of total RNA by phenol -chloroform extraction, cells were 

treated with 200 µL of peqGOLD TrifastË reagent per well, scraped off and stored at -

80°C. For the luciferase assay, cells were lysed with 200 µL luciferase lysis buffer, 
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centrifuged at 17.000 x g for 5 minutes and stored at -20°C until the assay was 

performed. For western blot, cells were lysed with 200 µL of chilled RIPA buffer 

supplemented with protease inhibitors for 10 min utes on ice and subsequently 

sonicated for 10 seconds at 20 % power.442 After 5 minutes centrifugation at 17.000 x 

g and at 4°C, cell lysates were stored at -20°C. To determine the protein tyrosine kinase 

activity by PamChip®peptide tyrosine kinase microarray system, cells were lysed using 

200 µL pre-chilled M-PERË Mammalian Extraction Buffer supplemented with HaltË 

Protease Inhibitor Cocktail (1x) and HaltË Phosphatase Inhibitor Cocktail (1x) for 15 

minutes on ice. Subsequently, two centrifugations for 15 min utes at 4°C and 17.000 x 

g were carried out. Lastly, the remaining supernatant was divided into 20 µL aliquots 

and immediately flash frozen with liquid nitrogen and stored at -80°C until protein 

quantification using the PierceË BCA Protein Assay Kit.  

 

4.1.2.5. Preparation of viral supernatants  

To prepare harvested supernatants for further analysis, a brief centrifugation step for 

10 minutes at 4°C and 5000 x g was performed to remove cell debris. Subsequently, 

the supernatant was transferred to polypropylene tubes for ultracentrifugation to pellet 

viral particles. Centrifugation was performed with the SW32 Ti swing-bucket rotor at 

100.000 x g for 1 hour (acceleration and braking set to maximum). After centrifugation, 

the remaining supernatant was discarded and the pellet was resuspended in 200 µL 

TNE buffer. Concentrated supernatants were stored at -20°C until needed. 

 

4.1.2.6. Production of virus stocks from cell culture supernatant   

For the production of viral stocks, 2x106 Huh7 cells were seeded in 150 mm petri dishes 

and transfected with the appropriate plasmids for HBV production  (see Chapter 

4.1.2.3). The supernatant of cells was collected after 72 and 120 hours post-transfection, 

pooled and briefly centrifuged (10 minutes at 4°C and 5000 x g). Cleared supernatant 

was transferred to screw cap bottles and supplemented with polyethylene glycol 8000 
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(PEG).443 A 40 % PEG solution in PBS was added to each sample for a final concentration 

of about 6.67 % PEG. Usually, volumes of 100 mL up to 200 mL of cell culture 

supernatant were utilized. To facilitate sufficient mixing, the bottles were inverted 30 

times and subsequently continuously rolled at 4°C overnight. On the next day, samples 

were centrifuged for 1 hour at 4°C and 10000 x g. The resulting precipitate was carefully 

resuspended in 1 % of the original volume (2.35 mL) with PBS containing 25 % FCS. 

Lastly, the suspension was transferred to 15 mL reaction tubes and stirred at 4°C to 

ensure homogenization. Viral titers were determined by real-time PCR and 

appropriately aliquoted for storage at -80°C.  

 

4.1.2.7. Infection  of HepaRG cells  

Subsequently, differentiated HepaRG cells were infected with created viral stocks by 

adding fixed genome equivalents (GE) to each well. The determined viral titers for each 

stock were utilized to calculate the required volume for 100 GE per cell. This volume of 

virus was mixed with 100 µL of 40 % PEG and adjusted to a final volume of 1 mL, which 

represents the inoculum. The supernatant of HepaRG cells was removed and the 

inoculum was added. Subsequently, the cells were incubated for at least 16 hours 

before the inoculum was removed by aspiration followed by four washing steps with 

PBS. From this point onwards, normal incubation of the cells continued (medium with 

2 % DMSO was used) up to 14 days post-infection. To monitor the infection, 

supernatants of infected and control  cells were harvested every two days for 

subsequent analysis. 

 

4.2. Molecular biology  

4.2.1. Preparation of chemically competent E. coli 

To produce chemically competent DH5  h cells, 100 mL of LB medium without the 

addition of antibiotic s were inoculated with bacterial cells in an Erlenmeyer flask and 
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incubated overnight at 37°C in a bacterial incubator with continuous shaking (160 rpm). 

On the following day, 200 mL of pre-warmed LB medium without antibiotics were 

inoculated with 5 mL of the overnight culture and incubated at 37°C until reaching an 

optical density (OD600) of 0.4-0.5. Subsequently, cells were incubated for 10 minutes on 

ice before centrifugation for 10 minutes at 4°C and 5000 x g. Afterwards, the pellet was 

resuspended in 50 mL of ice-cold CaCl2 buffer and subsequently incubated on ice for 

20 minutes.444 Then, the bacterial cells were centrifuged again for 10 minutes at 5000 

x g and 4°C. As before, the pellet was resuspended in 8 mL of ice-cold CaCl2 containing 

10 % glycerol. After 15 minutes of incubation on ice, the cell suspension was divided 

into 100 µL aliquots and directly frozen using liquid nitrogen. The chemically 

competent cells were stored at -80°C.  

 

4.2.2. Transformation of competent E. coli 

To transform competent DH5  hcells, around 50 ng of plasmid DNA was added to one 

aliquot of chemically competent cells.445 After 30 minutes of incubation on ice, the 

uptake of DNA by the competent cells was carried out by heat shock at 42°C for 45 

seconds and subsequently incubation on ice for 5 minutes. The bacterial cells were 

resuspended in a pre-warmed LB medium without antibiotic s to allow regeneration 

and expression of the resistance gene. After incubation for one hour , the transformed 

cells were plated on an LB agar plate containing 100 µg/mL ampicillin (w/v) and 

incubated overnight at 37°C, facilitating the selection of successfully transformed 

bacteria. 

 

4.2.3. Determination of the concentration of nucleic acids  

The concentration of DNA or RNA in solution was determined spectrophotometrically 

by measuring the absorbance of each sample at a wavelength of 260 nm (A260) using 

the NanoDropË Onec. The conjugated double bonds in purine and pyrimidine bases 

of the nucleic acids enable this measurement utilizing the Beer-Lambert law. 
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Additionally, the absorbance at 230 nm (A230) and 280 nm (A280) is measured by the 

device to detect contaminations of proteins or solvent residues . Optimal ratios of  

A260/280 and A260/230 are between 1.8-2.0 and 2.0-2.2, respectively.  

 

4.2.4. Agarose gel electrophoresis  

To control the quality (product length and PCR efficiency of amplification) of PCR 

products, isolated plasmids and restriction endonuclease digestion, products were 

analyzed by agarose gel electrophoresis.446 For this purpose, 0.7-2 % agarose (w/v) was 

dissolved in 1x TAE buffer by heating in a microwave. Subsequently, 0.1 µg/mL 

ethidium bromide  was added and the solution was poured into a horizontal gel 

electrophoresis chamber. The ethidium bromide intercalates into nucleic acids and 

becomes fluorescent under UV light, emitting at 590 nm. After solidification, the 

agarose gel was placed into a running chamber filled  with 1x TAE buffer and the 

samples, mixed with 1x DNA Gel Loading Dye buffer, were loaded into the pockets 

generated by the comb. The nucleic acids were separated at 90-120 V, visualized with 

a UV-transilluminator (254 nm/365 nm) and imaged using the INTAS Imaging system.  

 

4.2.5. Phenol -chloroform extraction  

Total RNA was isolated from cells using the peqGOLD TrifastË reagent based on the 

protocol indicated by the manufacturerõs manual. The reagent contains guanidinium 

thiocyanate and acidic phenol. Guanidinium thiocyanate is a chaotropic agent to 

denature proteins, including endogenous RNases, whereas the presence of the acidic 

phenol leads to DNA denaturation . After a brief incubation time of 5 minutes , 80 µL of 

chloroform was added to each sample, followed by mixing and an additional 5-minute 

incubation at room temperature. The samples were transferred to Phase Lock Gel tubes 

and centrifuged for 5 minutes to allow the gel contained within to form a barrier and 

make collection of the upper phase easier. Recovery of the upper phase containing the 

RNA allowed for subsequent precipitation by the addition of  200 µL of isopropanol. 
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Samples were mixed vigorously and incubated for 10 minutes at room temperature  

followed by  centrifugation for 30 minutes at 17.000 x g and 4°C. The RNA pellet was 

washed once with 500 µL of 75 % ethanol solved in DEPC-H2O, air dried, and finally 

resuspended in 12 µL of DEPC-H2O. 

 

4.2.6. cDNA synthesis  

Removal of DNA contaminations from the RNA isolation procedure  was carried out by 

digestion with DNase I. In total , 5 µg of RNA were incubated with 1 µL of RQ1 RNase-

free DNase I mixed with 1.1 µL of the corresponding 10x reaction buffer, and adjusted 

with DEPC-H2O to a final volume of 11 µL. The digestion was performed at 37°C for 1 

h. The enzyme was inactivated with 1 µL of RQ1 DNase Stop Solution, followed by 

incubation at 65°C for 10 minutes. Initiat ion of  reverse transcription was facilitated by 

the addition of  1 µL of random hexamer primer to each sample and subsequent 

incubation for 5 minutes at 65°C. Subsequent cooling of the samples on ice allowed 

the annealing of the random primer. Following the cooling step, 4 µL of 5x reaction 

buffer, 2 µL of dNTP mix (10 mM each), and 1 µL of RevertAid H Minus Reverse 

Transcriptase (200 U) were added. As control of DNase digestion, an additional sample 

without the addition of RevertAid H Minus Reverse Transcriptase was included. 

Samples were incubated for 10 minutes at room temperature, enabling the extension 

of the primers before 1 h incubation at 42°C. Finally, inactivation was achieved by 

incubation for 10 minutes at 70°C. All cDNA samples were diluted 1:10 in DEPC-H2O 

and stored at -20°C.  

 

4.2.7. Real-time PCR (rt -PCR)  

Detection and quantif ication of extracellular viral genomes and intracellular transcripts 

was performed by rt-PCR using the MaximaË SYBRË Green 2x qPCR Master Mix and 

the LightCycler® 480 system. During the elongation step of the PCR, the SYBR Green 

binds to new copies of double-stranded DNA. Binding  of SYBR Green dye emits a 
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fluorescence signal which is directly proportional to the amount of the target sequence 

amplified after each cycle. Once the fluorescence signal overcomes the set threshold 

level, the cycle number is registered as a ct (cycle threshold) value. Quantitative analysis 

of the specific transcripts was done by calculating the n-fold expression using the 2-ɲɲct
 

method. The hRPL27 primer pair was used to detect the  housekeeping gene ribosome 

protein L. For each reaction, 3 µL of prepared and diluted cDNA were utili zed. The 

reaction mixture consisted of 5 µL of MaximaË SYBRË Green 2x qPCR Master Mix, 0.25 

µL of each oligonucleotide (initial concentration of 10 µM)  and 1.5 µL nuclease-free 

ultrapure water. The reaction mixture was pipetted  into a FrameStar®96 PCR plate and 

combined with the sample for  a final volume of 10 µL. Before placing the plate into the 

LightCycler® 480 Instrument II, it was briefly centrifuged at 3000 x g. The qPCR 

program used is described below.  

Table 27 ð Description of the qPCR program used.  

Program Temperature (°C) Hold (s) Ramp rate (°C/s) Cycles 

Initial 

denaturation  
95 600 4.4 1 

Denaturation 95 15 4.4 

45 Annealing 56 30 2.2 

Elongation 72 30 4.4 

Melting  

95 60 4.4 

1 56 30 2.2 

97 - 0.1 

Cooling 20 30 2.2  
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4.2.8. Extraction of genomic DNA  from sera of patients  

Using blood samples of patients from the Albatros study, viral DNA was extracted from 

200 to 1000 µL of serum by utilizing the QIAamp DNA blood Mini Kit or the QIAamp 

UltraSens Virus Kit. Isolation was performed according to the manufacturerõs 

instructions. After purification , the DNA samples were stored at -20°C. 

 

4.2.9. DNA sequencing  and cloning  

4.2.9.1. Amplification of different genomic regions of HBV  

The basal core promotor (BCP), preS and polymerase regions of HBV were amplified 

by nested PCR performed in two separate rounds. Specific primers for the different 

genotypes and regions were utilized for optimal efficiency. The QIAGEN Fast Cycling 

Kit was employed for all amplification steps. Outer and inner PCR was performed 

according to the standard protocol of the manufacturer for 35 cycles.  Annealing 

temperatures for the BCP-specific primer were 54°C and 56°C, for the preS-specific 

primer 55°C and 58°C and the polymerase 50°C and 55°C for the inner and outer PCR 

respectively.  

 

4.2.9.2. Amplification of the full -length HBV genome  

The full-length HBV genome was multiplied by using modified primers (P1 and P2).447 

To ensure a low error rate, the Expand high-fidelity PCR kit from Roche was utilized. 

Cycling conditions were followed as instructed by the manufacturer for four cycles 

(table 28). Primer annealing was performed at 56°C for 90 seconds. As input served 

either purified genomic DNA from patient samples or plasmid DNA carrying an HBV 

genome to change the vector backbone. Full-length genomes were purified using the 

PCR purification kit. 
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Table 28: Expand High-fidelity  PCR kit cycle conditions utilized to amplify full -length HBV. 

Step Temperature / time  Cycles 

Initial Denaturation  94°C - 60s  

Cycle 1 94°C - 40s 

56°C - 90s 

68°C - 180s 

10x 

Cycle 2 94°C - 40s 

56°C - 90s 

68°C - 300s 

10x 

Cycle 3 94°C - 40s 

56°C - 90s 

68°C - 420s 

10x 

Cycle 4 94°C - 40s 

56°C - 90s 

68°C - 540s 

10x 

Final extension  72°C - 600s  

Store 4°C - Infinite   

 

4.2.9.3. Generation  of bi -cistronic vectors  by sub -cloning  

For the in vitro analysis of virological characteristics of genotype G co-infection, bi -

cistronic vectors based on the pIRES backbone were created. The pIRES plasmid 

contains two multiple cloning sites (MCS), allowing for the insertion of two full -length 

HBV genomes, guaranteeing co-expression of both genotypes in the same cell. The 

available genotypes were restricted to A, D and E. For the first MCS, genotype G was 

chosen as it facilitates a slightly stronger expression as compared to the IRES and is 

closer to the observed physiological state, where genotype G dominates the 

quasispecies. Logically, the second MCS contained the respective other genotype for 

co-expression. Cloning and verification of the constructs were performed commercially 

by GeneScript. 
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4.2.9.4. Cloning of 1. 3-fold HBV genomes  

The amplified and purified full-length HBV genomes (HBeAg-negative genomes 

originated from selected patients in the Albatros cohort)  were digested by using the 

primer contained restriction site HindIII and SalI and ligated into the pUC18 vector as 

intermediate. The newly generated cloning intermediate was transformed into bacterial 

cells and stored as glycerol stock at -80°C. Preparation of this plasmid was utilized as 

the template for the restriction digestion with SapI (contained in both primer  P1 and 

P2, which were utilized for full-length amplification ) to generate blunt -end full-length 

genomes. Primer P1 and P2 were designed to bind in the precore region, specifically 

spanning the range of nucleotides 1821-1841 for P1 and 1825-1806 for P2 (according 

to nomenclature where the EcoRI restriction site indicates the first nucleotide). SapI-

digested genomes were combined in a ligase reaction to form tandem HBV genomes. 

After quality control of the successful generation of tandem genomes, the two 

fragments A and B were generated for the final cloning step. To generate these 

fragments, primers A1 and A2 (as well as B1 and B2 were utilized together with the 

tandem template in a specific PCR reaction. Upon successful amplification, the final 

digestion and ligation can be carried out. Fragment A was digested with HindIII and 

XbaI, while fragment B was digested with XbaI and BglII. Ligation was performed into 

the pUC18 backbone, which allows for endogenous expression of HBV by its 

promotors. To verify correct ligation, the products were again transformed into bacteri a 

and plated onto agar plates containing ampicillin. Colony PCR was performed the next 

day utilizing HBV-specific primer. Positive colonies were selected via agarose gel 

electrophoresis and stored as glycerol stock at -80°C. 

 

4.2.9.5. Genotyping  

Genotyping of patient samples was mostly performed in clinical routine. Other samples 

were analyzed by direct sequencing of the polymerase gene and whole genome 

sequence. Amplification was carried out by semi-nested PCR for the polymerase region 
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or the Expand High Fidelity PCR kit for the whole genome sequence. To specifically 

target HBV genotype G, semi-nested PCR targeting the 36 nucleotide insertion in the 

core gene was utilized. As previously described, the reaction conditions were used 

according to the instruction manual (see Chapters 4.2.9.1. and 4.2.9.2). All products 

were purified as described in chapter 4.2.10. 

 

4.2.9.6. Sequencing  

Purified DNA samples were subjected to the sequencing PCR as indicated in the 

manufacturerõs instructions for the BigDyeDeoxy Terminator kit. Sequencing itself was 

carried out on a 3130xl Genetic Analyzer and analyzed by Snapgene. Determination of 

genotypes was performed by alignment to reference genomes and nucleotide BLAST 

(Accession numbers: HBV/A AY128092; HBV/B AB073858; HBV/C AB554021; HBV/D 

AY090453; HBV/E AB091256; HBV/G AP007264). 

 

4.2.9.7. Deep sequencing  

To analyze the state of the viral quasispecies in a given patient sample co-infected by 

genotype G, deep sequencing of different genetic regions w as performed. As described 

previously, parts of the BCP, preS and core region were amplified from each sample 

through multiple rounds of nested PCR with the Fast Cycling PCR kit (see Chapter 

4.2.9.1.). Samples were prepared according to the requirements and standards of the 

service company and analyzed by Illumina deep sequencing (Seq-It). Output data was 

arranged in the standard FASTQ file format and insufficient Phred quality score called 

bases trimmed (<20). After sequences were cleaned, variant distributions were called 

using the SAMtool suite and compared to reference genomes to compute their part of 

the quasispecies. A conservative 1 % frequency cutoff (occurrence rate of the variant in 

percent of the quasispecies) was assumed for calling variants.448,449 
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4.2.10. PCR purification  

Products of PCR were purified either with the PCR purification kit or by agarose gel 

electrophoresis and subsequent gel extraction via the Gel purification  kit. Protocols 

were carried out according to the instructions of the manufacturer.  

 

4.2.11. Sucrose density gradient centrifugation  

Concentrated supernatants or patient sera (see Chapter 4.1.2.5.) were applied to a 

continuous sucrose density gradient. Concentrations of the sucrose solutions ranged 

from 47.5 % to 25 % (w/v) in 2.5 % steps and solved in tris-sodium-EDTA (TNE) buffer. 

Samples were centrifuged with a total gradient volume of 4050 µL. 395 µL of each 

sucrose solution, from highest concentration to lowest, were pipetted into a 

polystyrene tube, yielding a total volume of 3950 µL. Finally, 100 µL of sample was 

layered on top and carefully placed into the centrifuge. Centrifugation was carr ied out 

for 18 hours at 4°C and 125000 x g (Acceleration maximum, braking at 5). The gradient 

was separated into 18 equal fractions of 225 µL and stored at 4°C until further analysis. 

Refractive indices were determined to ensure the quality of the gradient.  

 

4.3. Protein biochemistry  

4.3.1. Protein quantification by Bradford assay  

To enable comparison of different samples, the total protein concentration in lysates 

and supernatant samples was determined using the Bradford reagent.450 An acidic 

environment allows the basic and aromatic amino acid residues of the proteins to bind 

to the Coomassie Brilliant G250 dye contained in the reagent. This complexing reaction 

can be spectrophotometrically measured by tracking the maximum absorption at 465 

to 595 nm. For the assay, 2 ð 5 µL of each sample was incubated with 100 µL Bradford 

reagent in a 96-well plate for 5 minutes at room temperature . Subsequently, the 

absorbance was measured in the Infinite M1000 Tecan plate reader. The protein 
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amount was calculated and assessed by using a standard curve generated with BSA. 

The linear range of the Bradford assay lies between 100 µg/mL up to 1400 µg/mL. 

 

4.3.2. Protein quantification with Pierce Ë BCA Protein Assay Kit  

As recommended by PamGene International BV, the total protein concentration in cell 

lysates analyzed by the PamChip®peptide tyrosine kinase microarray system was 

determined using the PierceË BCA Protein Assay Kit, according to the manufacturerõs 

instructions.  

 

4.3.3. Polyacrylamide gel electrophoresis  

To separate proteins, present in cell lysates based on their molecular weight, sodium 

dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed using 

the Laemmli system.451,452 Equal amounts of protein were denatured , mixed with 1x 

SDS loading buffer, leading to a negative charge depending on protein length.  Samples 

were heated for 10 minutes at 95°C to further facilitate denaturation . After cooling, the 

samples were loaded on SDS-PAGE gels submerged in 1x SDS running buffer to 

facilitate the separation of the proteins at 80-120 V. As a size comparison, 4 µL of a 

prestained protein marker  was added. SDS-PAGE gels were prepared with a mixture of  

acrylamide and bisacrylamide (29:1) and subsequent polymerization through  a 10 % 

(w/v) ammonium persulfate (APS) solution catalyzed by TEMED. Percentages of the 

running gels varied from 10 to 14 % based on the molecular weight of the proteins in 

question. The stacking gel consisted of a fixed percentage of 4 %.  

 

4.3.4. Luciferase assay 

The activity of expressed luciferase was determined using luciferin as substrate. Cells 

were transfected with the appropriate luciferase constructs under the control  of the 

promotor elements of interest to determine their activity  by measuring the extent of 
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expressed luciferase. Transfected cells were first lysed using the luciferase lysis buffer. 

After sonication for 10 seconds at 20 % power, lysates were cleared of cellular debris 

by brief centrifugation at 17000 x g for 5 minutes and directly used for the assay. For 

measurement, 50 µL of each lysate was pipetted into a 96 -well plate and placed into 

the Orion Plate Reader. The plate reader possesses an automated pipet function that 

supplements each well with the appropriate amount of luciferase substrate, in this case, 

50 µL, and detects the signal after a fixed time interval of 10 seconds. To normalize and 

allow comparison between different samples, a Bradford assay was performed. The 

output of the luciferin turnover was measured in relative light units (RLU) and set in 

relation to the total protein amount (RLU/total protein).  

 

4.3.5. Protein oxidation measurement  (Oxyblot)  

Protein carbonylation is used to measure the presence of reactive oxygen species 

(ROS). The OxyblotTM protein detection kit was used to determine intracellular levels of 

ROS. Detection is made possible due to oxidative modif ications that occur at the side 

chains of methionine, histidine, tyrosine, lysine, arginine, proline or threonine. As a 

consequence of these modifications, carbonyl groups are introduced into proteins, 

which can be detected by derivatization with 2,4-dinitrophenylhydrazine and 

subsequent western blot. All steps were performed according to the manufacturerõs 

manual. 

 

4.4. Immunological methods  

4.4.1. Western blot  

Proteins separated by SDS-PAGE were transferred onto methanol-activated PVDF 

membranes in a semi-dry fashion. The transfer was performed in an electrical field of 

about 1 mA/cm 2 for 1 hour and 15 minutes. The successful transfer was monitored by 

observation of the marker proteins. After transfer, the membrane was blocked for 1 
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hour to prevent unspecific binding. Blocking solutions were either 1x Roti®-Block or 

10 % skim milk (w/v) in TBS-T depending on the detection system and antibodies used. 

Subsequently, the membrane was incubated with an appropriate primary antibody at 

4°C overnight. The next day, the membrane was washed three times with TBS-T for 10 

minutes and the secondary antibody was added. Secondary antibodies were either 

conjugated with a horseradish peroxidase (HRP) or with a fluorescent dye. Incubation 

was performed for 1 hour at room temperature followed by three washing steps with  

TBS-T. Fluorescent antibodies were subsequently detected using the Odyssey CLx 

Imaging system and quantification was carried out using the Image Studio Lite 

software. Detection of HRP-conjugated antibodies was done by using a 

chemiluminescence (ECL) substrate and captured using the Image Quant 800 CCD 

imager. All antibodies were diluted in the respective blocking solution.  

 

4.4.2. Indirect immunofluorescence microscopy  

Subcellular localization and distribution of the proteins of interest were analyzed by 

indirect immunofluorescence and confocal laser scanning microscopy. Transfected 

cells were grown on 18 mm coverslips in 12 well plates to facilitate mounting on 

microscopy slides. After each step, the cells were washed three times for  5 minutes with 

PBS on a plate shaker. After fixation, cells were first permeabilized with PBS containing 

0.5 % Triton-X100 for 10 minutes and subsequently blocked with 5 % BSA (w/v) in PBS 

for 30 minutes. Primary and secondary antibodies were diluted in TBS-T and incubated 

with the cells for 1 h in a humidified chamber . Incubation with secondary antibodies 

occurred protected from light. Fluorescent dyes were incubated together with the 

secondary antibodies. Finally, the coverslips were mounted on microscope slides with 

Mowiol as the mounting medium. All steps were performed at room temperature . 
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4.4.3. PamChip®peptide tyrosine kinase microarray system  

The activity of different kinases upon expression of different HBV genomes was 

analyzed using the PamChip®peptide tyrosine kinase microarray system on the 

PamStation®12 instrument. The PamChip® microarray is comprised of 196 individual 

peptide sequences, which are 13 amino acids long and immobilized on a porous 

membrane. For each array, 5 µg protein was mixed with the basic mix containing PK 

wash buffer (10x), BSA (100x), DTT, 4 mM ATP solution, PTK additive and anti-

phosphotyrosine or anti-phosphoserine/th reonine FITC-conjugated antibody . The final 

volume was adjusted to 40 µL with ultrapure water. Arrays were blocked with 2 % BSA 

for 30 cycles, each one minute long, followed by a washing step. Subsequently, samples 

were applied to the array and pumped through the porous membrane for 60 cycles. 

Based on the fluorescent signal intensity a prediction of the differentially activated 

kinases was performed using the BioNavigator software v6.3.67. Normalized kinase 

statistics were calculated and compared to the reference constructs. 

 

4.4.4. Confocal laser scanning microscopy (CLSM)  

Subcellular localization and distribution of the proteins of interest were analyzed by 

indirect immunofluorescence using a confocal laser scanning microscope and its 

respective imaging software. Laser light is focused on a certain plane of the sample to 

excite coupled fluorophores, which can be used to create 3D reconstructions of the cell 

by combining multiple scans of different planes. Through a pinhole , the emitted light 

from unfocused areas is prevented from reaching the detector. Additional analyses of 

pictures were performed by Fiji to determine co -localization or signal intensity. 

4.5. Statistical analysis  

Results are presented as the mean value of at least three biological replicates (nÔ3). 

The error bars represent the standard deviation. In the graphs where the y-axis is 

indicated as a relative amount or number, the data was normalized and the fold change 
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relative to the control group (set arbitrarily to 1) is represented. Data of box plots are 

shown as follows: median (line inside the box), first and third quartile (upper and lower 

limit of the box, respectively) and the highest and lowest values are represented by the 

top and bottom whiskers.  2̝ test or Fisherõs exact test was used for the comparison of 

groups of categorical data and the Wilcoxon-Mann-Whitney U test was used for the 

comparison of groups of ordered data as appropriate. In vitro data were analyzed using 

multiple t -tests corrected for multiple group comparisons using the Holm -Sidak 

method. Outliers were identified using the ROUT method (Q = 1 %). Statistical analysis 

was carried out with BiAS for Windows, version 11 (Epsilon, Germany) and GraphPad 

Prism. The level of statistical significance is expressed by asterisks (*) which correspond 

to the fol lowing p -value (p): ns = not significant p>0.05; * pÓ0.05; ** pÓ0.01; *** 

pÓ0.001; **** pÓ0.0001. 

 

4.6. Study population  

4.6.1. Main inclusion criteria of the German multicenter trial A lbatros  

- Chronic HBV infection with HBsAg and anti-HBc positivity for at least 6 months 

- HBV-DNA < 100.000 IU/ml. 

- ALT Ó 2,0-fold ULN  

- Age between 18 and 79  

 

4.6.2. Main exclusion criteria of the German multicenter trial A lbatros  

- Current or intended antiviral therapy against HBV 

- previous antiviral HBV therapy for more than 3 months 

- Chronic òImmune tolerantó HBeAg-positive HBV infection (positive for HBeAg, 

high levels of HBV-DNA, normal liver values) 

- Co-infection with HCV and HIV as well as malignant or psychiatric comorbidities  

- Hepatocellular carcinoma or hepatic metastases 
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4.6.3. Patient selection  

The Albatros study enrolled a total of 1192 inactive carriers, of which 943 could be 

included in the analyses (Clinical.Trial.gov: NCT01090531). The main inclusion criterion 

was based on a set threshold of 10 IU/mL of viral load to attempt the genotyping 

reaction. In the end, the viral genotype could only be determined for a total of 560 

patients. Sera and plasma samples of these patients were prospectively collected and 

stored at -80°C. Determination of viral parameters (viral load and qHBsAg) was 

performed in clinical routine. The study was approved by local ethics committees, and 

written informed consent was obtained from all patients. The study was performed 

following  the Declaration of Helsinki and in good clinical practice. 
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5. Results 

5.1. Prevalence of genotype G in active carriers and its effects of 

co-expression on different HBV genotypes  

5.1.1. Genotype s A and D have a higher prevalence in this study cohort  

Overall, 1192 inactive carriers were enrolled into the study cohort  named Albatros, of 

which 943 samples were used in an attempt to determine the viral genotype. Out of 

these patients, the genotype could be determined  for a total 560 patients (defined as 

100 % from this point onwards). The patient demographics are displayed in Table 29. 

Table 29: Patient demographics including viral load and qHBsAg levels. 

Parameter Total, n (%) GTA, n (%) GTB, n (%) GTC, n (%) GTD, n (%) GTE, n (%) 

n a 560 (100) 161 (28.7) 36 (6.4) 20 (3.6) 295 (52.7) 48 (8.6) 

Age (years, mean Ò SD) 40.7 Ò 11.9 45.0 Ò 13.1 37.6 Ò 9.7 39.0 Ò 8.0 39.5 Ò 11.4 37.5 Ò 10.1 

Male gender 228 (41.6) 62 (38.5) 13 (36.1) 3 (15.0) 131 (44.4) 19 (39.6) 

Female gender 332 (58.4) 99 (61.5) 23 (63.9) 17 (85.0) 164 (55.6) 29 (60,4) 

HBV DNA  

(mean log IU/ml Ò SD) 2.8 Ò 0.8 2.7 Ò 0.8 3.0 Ò 0.7 2.9 Ò 0.5 2.9 Ò 0.8 2.8 Ò 1.0 

qHBsAg  

(mean log IU/ml Ò SD) 

b 3.2 Ò 1.0 3.6 Ò 0.8 2.3 Ò 0.9 3.4 Ò 0.9 3.0 Ò 0.9 3.6 Ò 0.7 

ALT (mean U/l Ò SD) 28.7 Ò 14.0 29.3 Ò 13.3 23.5 Ò 11.7 25.9 Ò 10.7 29.4 Ò 14.8 27.5 Ò 13.1 

Ethnicity c 

      
       White 404 130 2 1 268 3 

       Asian 84 9 34 19 21 1 

       African-American 60 14 0 0 6 40 

SD, standard deviation; HBV, hepatitis B virus; qHBsAg, quantitative hepatitis B surface antigen; ALT, 
alanine transaminase; GTA/B/C/D/E, genotype A/B/C/D/E. a) Patients where genotyping failed were 
excluded, yielding a total of 560/1192 patients which were further defined as 100  %; b) qHBsAg was 
available from 525 patients; c) Ethnicity was available from 548 patients. 
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Patients analyzed were dominantly infected by HBV genotype D (GtD) (prevalence of 

52.7 %; 295 patients out of 560) and genotype A (GtA) (prevalence of 28.8 %; 161 

patients out of  560) (table 29). Additionally, genotypes B (GtB) (prevalence of 6.4 %; 36 

patients out of 560), C (GtC) (prevalence of 3.6 %; 20 patients out of 560), and E (GtE) 

(prevalence of 8.5 %; 48 patients out of 560) were detected less frequently.  

Prevalence of the different H BV genotypes in the utilized study cohort is of particular 

importance as genotype G (GtG) has been primarily found in co-infections with 

genotypes A and H. Though mono-infections of GtG are possible, the volume of 

patients infected by GtA suggests the potential to detect co -infected individuals. 

 

5.1.2. Genotype -dependent prevalence of genotype G in the study cohort  

To identify patients co-infected by GtG, routine polymerase chain reaction (PCR) 

targeting the HBV polymerase region was performed. However, this routine PCR did 

not reveal the presence of any GtG-infected individuals. Subsequent specific PCR 

targeting the core protein region , specifically the 36-nucleotide insertion, of GtG and 

sequence analyses led to the detection of GtG co-infection in 4 % of patients infected 

with GtA (7 patients out of 161; subtype A1 2 patients and subtype A2 3 patients, 

subtype could not be determined for the remaining 2 patients) and 8 % of patients 

infected with GtE (4 patients out of 48) (fig. 9). In contrast, none of the patients infected 

with genotypes B or C were tested positive for GtG, while 0.3 % of patients infected 

with GtD (1 patient out of 295) carried GtG. To determine the proportions of the viral 

quasispecies for patients who tested positive for GtG, HBV-specific primers targeting 

the core region were utilized and analyzed via deep sequencing. The 36-nucleotide 

insertion in the core region (nucleotide 6 to 41), unique to GtG, made it possible to 

distinguish between the genotypes. Deep sequencing revealed GtG to be the dominant 

species circulating in patients co-infected with GtA and GtD with 71 % or more (table 

30). Interestingly, the opposite was observed for patients infected with GtE where GtG 
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made up only a small part of the quasispecies for 3 out of 4 patients (4 % or less and 1 

patient  

 

Table 30: Genotype G represents the major species in co-infection with genotype A  

Patient no. Co-infected 
genotype  a 

 
HBV-
DNA 

(IU/ml) 

HBsAg 
(IU/ml) 

GTG detected by 

GTG-specific PCR 

and direct 

sequencing 

GTG detected by PCR 
of BCP/PC/core and 

deep sequencing 

Percentage of 
GtG in the viral 
quasi-species 

1 A2  
 
16900 6614 yes yes 97 

2 A 
 
24 207 yes yes 93 

3 A1 
 
494 2078 yes yes 97 

4 A 
 
1740 1900 yes yes 97 

5 A1 
 
6230 14741 yes yes 97 

6 A2 
 
34 10040 yes yes 71 

7 A2 
 
818 5774 yes yes 95 

8 D 
 
4240 13951 yes yes 97 

9 E 
 
3090 5080 yes yes 4 

10 E 
 
351 3,2 yes yes 2 

11 E 
 
780 12947 yes yes 2 

12 E 
 
1126 18144 yes yes 77 

Figure 9: Co-infection with GtG were identified in patients infected by GtA, GtD and GtE. Represented is 

the prevalence of GtG co-infections in the patient cohort of inactive carriers in total and per genotype.  

a) Subtype for HBV/A could only be determined for 5/7 patients.  



86 

with 77 %). Additionally, direct sequencing and detection of the GtG-specific nucleotide 

sequence in the core region was possible for all samples presenting GtG as a major 

variant of the quasispecies. However, consistent detection was only possible after 

extraction of viral DNA using large input volumes, possibly due to insufficient viral 

loads of samples. 

These data suggest that routine PCR of the polymerase region is not sufficient to detect 

GtG in co-infected patients, even though co-infections were more frequent (up to 8 % 

of patients depending on genotype) than expected. In that regard, the 36-nucleotide 

insertion is of possible concern due to its specificity for GtG and should be considered 

for future screening methods . Additionally, GtG was found to represent the major part 

of the quasispecies in patients infected with GtA and GtD, while being only a minor 

part in co-infection with GtE. 

 

5.1.3. No significant association of HBV/G co -infection with common 

polymorphisms in basal core promoter, precore and preS  

To identify a potential association of a co-infection with GtG on the presence of 

common polymorphisms in basal core promotor (BCP; A1762T and G1764A), precore 

(PC, G1896A) and the preS regions the prevalence of mutations was correlated with 

mono-infected patients. Additionally, the presence of the recently described quadruple 

mutation GCAC1809-1812TTCT, which was associated with a better disease prognosis, 

was investigated. Overall, BCP double mutation was present in 333 patients out of 548 

(60.77 %), which was comparable to the co-infected patients (fig. 10A). Quadruple 

mutation GCAC1809-1812TTCT was found in 225 patients out of 548 (41.06 %), which 

was lower as compared to patients co-infected with GtG (8 patients out of 12, 66.67 %) 

but not statistically significant (fig. 10B). The precore polymorphism G1896A was found 

in 241 mono-infected patients (43.98 %) as compared to 2 patients co-infected with 

GtG (16.67 %) (fig. 10C). Again, no statistical significance was observed due to lack of 

sufficient sample size. 
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Analyses of mutations in the preS1 region characteristic for GtG were performed by 

deep sequencing. Mutations of histidine 51 to proline (H51P) and isoleucine 84 to 

threonine (I84T) were described to contribute to HBsAg retention inside the 

endoplasmic reticulum (ER) and might have secondary effects on the preS2-related 

activator function. Overall, these mutations were found in only 2 patients co-infected 

with GtG out of 12 (16.67 %) by direct sequencing of the preS region (table 31) 

However, these polymorphisms presented themselves as the major part of the 

quasispecies for both samples as observed by deep sequencing. Interestingly, these 

mutations were present in the other 10 patients as well but with a much lower 

percentage of the quasispecies. 

Figure 10: No significant association between GtG co-infection and common polymorphisms, HBV DNA 

levels or HBsAg levels. (A-C) Prevalence of (A) BCP double mutation A1762T/G1764A, (B) quadruple 

mutation GCAC1809-1812TTCT and (C) PC mutation G1896A+/-G1899A among 560 patients with a 

chronic HBV infection (HBsAg carriers) with and without GtG co-infection from the Albatros cohort. ( D, 

E) Association of GtG co-infection with ( D) HBV DNA levels and (E) HBsAg levels in inactive carriers from 

the Albatros cohort. Data are shown as following: median (line inside the box), first and third quartile 

(upper and lower limit of the box, respectively) and the highest and lowest values are represented by 

the top and bottom whiskers. Fisherõs exact test or Mann-Whitney-U test was performed to determine 

statistical significance where appropriate, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. (F) Exemplary 

western blot using an S domain-specific antibody (HB01) and a preS1 domain-specific antibody 

(MA18/7) with the serum of patients with chronic GtA infection, either mono -infected or co-infected 

with GtG. 
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Taken together, these data indicate no correlation between genotype G and known 

polymorphisms inside this study cohort of inactive carriers, which could be related to 

a low sample size of co-infected patients. 

Table 31: Detection of Genotype G specific polymorphisms H51P and I84T in the preS region 

 

5.1.4. No impact o f HBV/G co -infection on HBV DNA/ HBsAg levels and 

molecular weight of secreted LHBs  

As one of the characteristic features of GtG is a decreased HBsAg to HBV DNA ratio 

both in vivo and in vitro, levels of HBsAg and HBV DNA were analyzed in the co-

infected patients. However, no discernable differences in quantitative HBsAg (qHBsAg) 

and HBV DNA levels could be observed between co-infected patients and the overall 

cohort (fig. 10D and 10E). As the molecular weight of LHBs is specifically higher for GtG 

Patient  
Co-infected 
genotype  a 

 
HBV-DNA 

(IU/ml) 
GTG detected in the 
preS region by direct 

sequencing 

GTG detected in the 
preS region by deep 

sequencing 

Percentage of the 
viral quasi-species 

1 A2 
 
16900 no yes 4 

2 A 
 
24 yes yes 83 

3 A1 
 
494 no yes 6 

4 A 
 
1740 no yes 12 

5 A1 
 
6230 no yes 18 

6 A2 
 
34 no yes 14 

7 A2 
 
818 no yes 16 

8 D 
 
4240 yes yes 74 

9 E 
 
3090 no yes 19 

10 E 
 
351 no yes 15 

11 E 
 
780 no yes 11 

12 E 
 
1126 no yes 1 

a) Subtype for GtA could only be determined for 5/7 patients.  
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as compared to other genotypes in western blot analyses, it provides an easy method 

to distinguish if detectable LHBs originate from GtG. For that purpose, western blot 

analyses using an S-domain specific antibody, named HB01, and a preS1-domain 

specific antibody, named MA18/7, was performed with the patientõs sera infected with 

GtA as GtG was observed to be the dominant variant of the quasispecies (fig. 10F). 

Analyses revealed no differences in the molecular weight of LHBs detected in sera of 

GtA/GtG co-infected patients as compared to GtA mono-infected patients.  

Taken together, these data indicate that GtG does not lead to an overall increase of 

HBsAg production or HBV DNA levels in sera of co-infected patients. Furthermore, the 

secreted LHBs does not originate from GtG but rather from the co-infecting genotype.  

 

5.1.5. Higher HBsAg expression and release in cells co -expressing HBV 

genotype G in combination with A or D  

To study the impact of co-infections with GtG on the molecular virology of other 

genotypes, bi-cistronic vectors harboring the GtG genome in combination with either 

the wildtype genome (HBeAg-positive) of GtA (GtG/A), GtD (GtG/D) or GtE (GtG/E) were 

created. The usage of a bi-cistronic vector allowed for the co -expression of both 

genotypes in the same cell without the need for co-transfection.  

Western blot analyses using lysates of transfected hepatoma cells (Huh7.5) with the S 

domain-specific antibody HB01 showed that all three constructs were able to express 

the surface proteins of HBV (fig. 11A). Of note, the control GtD construct could not be 

detected as mutations in the S gene prevented binding of the S domain -specific 

antibody. Overall, comparable amounts of intracellular HBsAg were detected between 

cells expressing GtG/A and GtG/D by HBsAg-specific ELISA (fig. 11C). However, 

drastically lower amounts of HBsAg were found to be present in cells expressing GtG/E 

as compared to the other two genotype combinations. In line with these data, western 

blot analyses and HBsAg-specific ELISA of the respective supernatants displayed similar 

levels of HBsAg (fig. 11B and 11D). However, for GtG/E only a weak signal of HBsAg 
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could be detected in the western blot, while no HBsAg was detectable by ELISA in the 

supernatant. As the molecular weight of LHBs stemming from GtG is higher than that 

of LHBs originating from other genotypes, surface protein expression of both 

genotypes can be verified using the PreS1 domain-specific antibody MA18/7. Control 

constructs of GtA, GtD, GtE and GtG served as size comparisons of the surface proteins 

(fig. 11E and 11F). Analyses revealed that all bi-cistronic constructs expressed both the 

LHBs from GtG and the LHBs of the co-expressed genotype (fig. 11E). The exact ratio 

of expressed LHBs of GtG as compared to the amount of GtA and GtD when co-

Figure 11: Higher levels of HBsAg in cells expressing HBV/G with either HBV/A or HBV/D. (A, B) Western 

blot analysis using an S domain-specific antibody (HB01) of (A) lysates and (B) supernatants. To better 

visualize protein size differences constructs carrying the HBV/G, HBV/A, HBV/D and HBV/E genome were 

added as control. Mutations in the HBV/D control affect the epitope of the HB01 antibody preventing 

detection of HBsAg in western blot analysis. (C, D) HBsAg-specific ELISA of (C) lysates, and (D) 

supernatants, n=3. Data are shown as following: median (line inside the box), first and third quartile 

(upper and lower limit of the box, respectively) and the highest and lowest values are represented by 

the top and bottom whiskers. Multiple t -tests with the Holm-Sidak method were performed to correct 

for multiple group comparisons and to determine statistical significance, *p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001. (E, F) Western blot analysis using a LHBs-specific antibody (MA18/7) of (E) lysates and (F) 

supernatants. 
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expressed could not be determined as the specific signals tend to overlap due to the 

size differences. With the inherently higher molecular weight of the hyp oglycosylated 

LHBs originating from GtG, an overlap of the specific signal with the hyperglycosylated 

form of for example GtA occurs. Additionally, as the N-terminal end of the LHBs from 

GtD differs in size compared to the other genotypes, a discernible shift to a lower 

molecular weight was visible in the western blot. A comparison of visible signals of the 

control constructs showcases the expected running behavior of LHBs for the different 

genotypes (fig. 11E).  

To summarize, these data suggest that co-expression of GtG together with either GtA 

or GtD leads to a significantly elevated amount of HBsAg as compared to the 

combination with GtE. HBsAg expression and release of GtE is generally reduced as 

compared to the other genotypes and  co-expression of GtG with GtE showed no 

significant changes regarding HBsAg synthesis and release.  

 

5.1.6. GtG-like distribution of LHBs is the dominant phenotype in co -

expression with either GtA or GtD  

To analyze the subcellular localization of LHBs in cells co-expressing either GtG/A, 

GtG/D or GtG/E, confocal laser scanning microscopy (CLSM) analyses were performed 

and compared to their respective control constructs. For visualization of LHBs, the 

monoclonal antibody MA18/7 was used in combination with a plasmid encoding the 

golgi reassembly-stacking protein 65 (GRASP65) fused to green fluorescent protein 

(GFP). Transfection with the control construct of GtA led to an even, but punctual dot -

like accumulation and distribution of LHBs signal throughout the cytoplasm (fig 12). To 

compare, the observed distribution for GtD was more uniform, while GtE displayed a 

pattern similar to GtA with stronger dot -like accumulation. Contrary, cells expressing 

GtG showed an exclusive and GtG-typical perinuclear accumulation of LHBs that has 

been described before.374 Co-expression changed these patterns of distribution 

distinctly towards a GtG-like pattern for GtG/A and GtG/D (fig. 12). This effect was 
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somewhat weaker for GtG/D, while the distribution of LHBs was not affected for GtG/E 

but led to  a decrease in LHBs expression.  

 

Figure 12: GtG typical LHBs distribution is more dominant in combination with GtA and GtD. CLSM 

analyses of co-transfected Huh7.5 cells stained with the LHBs-specific antibody MA18/7 and labeled 

using a mouse-specific Alexa546 secondary antibody. Cells were transfected with the bi -cistronic 

constructs and GtA, GtD, GtE and GtG control constructs. Additionally, all cells were co-transfected using 

a construct encoding the Golgi reassembly-stacking protein 65 (GRASP65) fused to GFP. Scale bar 

represents 10 µm. 
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To conclude, the co-expression of GtG in combination with either GtA or GtD causes a 

distinct shift in the distribution pattern of LHBs. In contrast to this, GtE is not affected 

by its distribution  pattern but rather by its production  of LHBs. 

5.1.7. Core protein of GtG is predominantly detected in cells expressing 

GtG/A or GtG/E  

The GtG-specific insertion of 36 nucleotides in the core gene and therefore higher 

molecular weight, allows for easy separation and analysis of co-expressed core protein 

by western blot. Analyses of lysates from cells expressing GtG/A and GtG/E revealed a 

strong signal of core protein with the molecular weight expressed from GtG as 

compared to the control (fig. 1 3A). While GtG/E displayed a weaker second signal at a 

lower molecular weight, indicating core production of GtE, only the core specific signal  

of GtG was observed in case of GtG/A. In contrast, the expression of GtG/D by the bi-

cistronic vector led to the observation of core protein from both genotypes with 

comparable signal intensities. Western blot analyses of the respective supernatants 

proved difficult as core protein was barely detectable, however, a similar pattern as in 

lysates could be observed (fig. 13B). In the case of GtG/A only core protein originating 

from GtG was detectable, while for GtG/D core protein from both genotypes was 

expressed. The supernatant from GtG/E did not contain sufficient core protein from 

either genotype to be detected by western blot. To confirm these data, a core-specific 

ELISA was performed using cellular lysates and supernatants (fig. 13C and 13D). 

Expression of either GtG/A or GtG/E resulted in comparable levels of intracellular core 

protein, while GtG/D displayed an about 2-fold increase, which was not significant (fig. 

13C). By analyses of supernatants using the core-specific ELISA, a significant decrease 

in the extracellular levels of core protein could be detected for GtG/E, which is in line 

with western blot data (fig. 1 3D). To study the impact of the co-expression of GtG with 

the other three genotypes on their replicative capacity, intracellular HBV RNA and 

extracellular HBV DNA levels were measured by real-time PCR (fig. 13E and 13F). 

Analyses revealed that intracellular HBV RNA and extracellular HBV DNA levels did not 

significantly differ between the three constructs  
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Taken together, these data indicate that co-expression of GtG/A leads to a suppression 

of core production from GtA, while levels of core protein originating from GtG are 

enhanced. A similar, but less pronounced effect could be observed for GtG/E. Co-

expression of GtG did not influence the overall replicative capacity in combination with 

the other genotypes. 

Figure 13: HBV/G-core is detected dominantly in combination with HBV/A and HBV/E. (A, B) Western 

blot analysis using a core-specific antibody (K46) of (A) lysates and (B) supernatants of Huh 7.5 cells 

expressing the bicistronic constructs. To better visualize genotype-dependent core size differences, 

constructs carrying the HBV/G, HBV/A, HBV/D or HBV/E genome were added as control. The yellow 

arrowhead indicates the core protein size of genotypes A, D and E, while the red arrowhead indicates 

core protein translated by HBV/G. (C, D) Core-specific ELISA of (C) lysates, and (D) supernatants, n=3. (E, 

F) Real-time PCR analyses of (E) intracellular HBV RNA and (F) extracellular HBV genomes, n=3. Data are 

shown as following (C-F): median (line inside the box), first and third quartile (upper and lower limit of 

the box, respectively) and the highest and lowest values are represented by the top and bottom whiskers. 

Multiple t -test with the Holm -Sidak method were performed to correct for multiple group comparisons 

and to determine statistical significance. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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5.2. Characterization of naturally occurring HBeAg -negative HBV 

genomes sampled from patients suffering from  chronic HBV 

infection in phase 3  

Genotype G has been described to be the prototype genome for HBeAg -negative HBV 

genomes. As the disease course of HBeAg-positive and negative infections presents 

itself vastly different  from a clinical perspective, the phenotype of different naturally 

occurring HBeAg-negative HBV genomes was investigated to extend the insight on the 

impact of the presence or absence of HBeAg on the viral life cycle. To that end, a 

collaboration with a large German study cohort called the Albatros study (identifier: 

NCT01090531), was formed. The study cohort consists exclusively of patients in stage 

3 of chronic HBV infection with varying degrees of known mutations present in the 

circulating HBV genomes. The focus was placed on the effects of HBeAg expression 

and phenotypic differences as compared to HBeAg-positive control genomes. 

Therefore, careful selection of representative patients (selection criteria were average 

levels of qHBsAg, HBV DNA levels, as well as liver enzyme values and presence of 

mutations ð regarding mutati ons: Presence of PC mutation G1896A was a must, while 

other known and already described mutations should not be present) infected with 

genotypes A, B and D from the Albatros study was carried out. To study the effects of 

HBeAg expression, the known mutation in the precore region G1896A, as the main 

reason for HBeAg-negativity, occurred naturally in the selected patients and was 

reversed to re-establish HBeAg expression. 

 

5.2.1. Impaired release of HBsAg by cells expressing HBeAg -negative 

genomes from phase 3  

To study and characterize the HBeAg-negative phase of infection genomes originating 

from patients suffering from chronic HBV infection in phase 3 were isolated. While 

about 560 patients were available across all genotypes (A through E), selection based 

on sufficient viral load and the presence of described mutations narrowed the pool of 
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genotypes and possible patient samples. Finally, representative genomes of GtA, GtB 

and GtD carrying only mutations that occurred during the natural course of chronic 

infection were cloned as 1.3-fold genomes and named GtA (-), GtB (-) and GtD (-). 

These genomes in particular do not carry the basal core promotor double mutation to 

focus on the PC mutation and investigate possible effects of HBeAg expression. To 

study whether HBeAg or other mutations acquired during infection , besides PC 

mutation,  have an impact on molecular virology HBeAg-positive rescue mutants were 

generated (GtA (-) mut, GtB (-) mut and GtD (-) mut). Corresponding wildtype 

constructs were created using already existing sequences in the lab and served as 

reference (GtA (+), GtB (+) and GtD (+)). 

First, to verify that the generated constructs were performing  as expected concerning 

the expression of HBeAg, HBeAg-specific ELISA was performed. Supernatant derived 

from cells expressing the patient isolates GtA (-), GtB (-) or GtD (-) confirmed that these 

constructs indeed did not express HBeAg (fig. 14A). Upon reversal of the PC mutation 

G1896A the expression of HBeAg was restored and detectable in the supernatants 

collected from cells expressing the genomes GtA (-) mut, GtB (-) mut or GtD (-) mut. 

The level of HBeAg expression from GtA (-) mut and GtD (-) mut was comparable to 

the detected amount of the respective reference construct (GtA (+) or GtD (+)). 

However, in the case of GtB (-) mut the amount of HBeAg was significantly decreased 

as compared to the reference (GtB (+)). 

Intra- and extracellular level of HBsAg was investigated by HBsAg-specific ELISAs. 

Analyses revealed an elevated intracellular HBsAg level in the case of the genomes 

carrying the rescue mutation as compared to the respective HBeAg-negative patient 

isolate and reference genome (fig. 14B). The patient isolates of GtB (-) and GtD (-) 

showed a significantly lower amount of intracellular HBsAg as compared to the 

reference genome. However, comparing GtA (-) to its reference genome revealed only 

a minor difference regarding the intracellular level of HBsAg. Analyses of the respective 

extracellular levels of HBsAg revealed a completely different picture. HBeAg-negative  
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isolates (GtA (-), GtB (-) or GtD (-)) displayed significantly less HBsAg as compared to 

their respective reference genomes (fig. 14C). Reversal of PC mutation and therefore 

Figure 14: Analyses of HBsAg composition and particle density in vitro. HBeAg-specific ELISA (A) and 

HBsAg-specific ELISA of (B) lysates, and (C) supernatants, n=3. Values are given as relatives normalized 

to their respective wildtype genome (genotype followed by (+ )) arbitrarily set to 1. (D, F) Representative 

western blots of cell lysates and supernatants from the different HBV genotypes using the LHBs-specific 

MA18/7 antibody and the HBsAg-specific antibody (HB01). ̡ -tubulin served as loading control. (E) 

Quantification of HBsAg ratios in the supernatant based on western blot analyses (n=5). (G) 

Quantification of the intracellular LHBs based on western blot analyses (n=7). (H) HBsAg-specific ELISA 

with the supernatant of transfected cells with genomes of GtA, GtB and GtD after separation with a 

linear sucrose density gradient. Data of box plots are shown as follows: median (line inside the box), 

first and third quartile (upper and lower limit of the box) and the highest and lowest values are 

represented by the top and bottom whiskers. Multiple t -tests with the Holm-Sidak method were 

performed to correct for multiple group comparisons and to determine statistical significance, *p<0.05, 

**p<0.01, ***p<0.001, ****p<0.0001. 
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rescue of HBeAg expression (GtA (-) mut, GtB (-) mut and GtD (-) mut) had no impact 

on the relative amount of extracellular HBsAg, which was still significantly reduced.  

Taken together, the comparison to the respective reference genome revealed a 

significant reduction in the amount of released HBsAg for all three genotypes isolated 

from patients with chronic hepatitis B infection. These data further indicate that there  

are additional factors involved in causing an impaired HBsAg release as rescue of 

HBeAg expression did not have any effect on HBsAg levels. 

 

5.2.2. Higher relative LHBs ratio in cells expressing the patient -derived 

genomes  

The observation of an impaired HBsAg release combined with an intracellular 

accumulation could affect the ratios of the three surface proteins (L-, M- and S-HBs). 

Therefore, intra- and extracellular ratios of the surface proteins were determined by 

western blot analyses using the monoclonal antibody HB01. 

In line with previous data, analyses of supernatants derived from cells expressing 

constructs of either GtA or GtB showed a reduction in the release of HBsAg for patient 

isolates as compared to the wildtype reference construct (fig. 14D). For supernatants 

of GtB this decrease was not as drastic as for GtA or as indicated by HBsAg ELISA. As 

before, due to sequence variations present in the reference construct of GtD the 

epitope of the monoclonal antibody HB01 was lost and a comparison impossible. 

However, the patient isolate of genotype D did not contain this sequence variation 

making a detection of HBsAg possible. Western blot analyses of cellular lysates 

revealed conflicting results as compared to the data of the ELISA. ELISA data indicated 

reduced amounts of HBsAg for the constructs of GtB (-), while higher levels of HBsAg 

were detected by western blot (fig. 14F). The possibility of insoluble HBsAg that can 

not be detected in the ELISA is given and can not be excluded, which would explain 

observed differences. In the case of GtA western blot analyses indicated a decline in 

the intracellular amount of HBsAg for the patient isolates (GtA (-) and GtA (-) mut) as 
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compared to the reference genome (GtA (+)), which again stands in contrast to the 

ELISA results (fig. 14F and 14B). Concerning the ratio of the surface proteins, the relative 

fraction of LHBs referred to the small surface antigen appeared to be increased for 

either GtA (-) or GtB (-) as compared to their respective control (fig. 14F). Indeed, 

quantification of intracellular levels of LHBs revealed a significant increase for all rescue 

mutant genomes (GtA (-) mut, GtB (-) mut and GtD (-) mut) relative to their respective 

control (fig. 14G). Interestingly, the surface protein ratios detected in the supernatant 

displayed a higher fraction of LHBs for genomes originating from phase 3 for GtB (fig. 

14E). Patient isolates of GtA did not significantly differ in their composition of HBsAg 

in the supernatant. 

To further characterize the released particles, supernatants were subjected to density 

gradient centrifugation and the distribution of HBsAg was analyzed by specific ELISA 

(fig. 14H). Apart from a detectable reduction in the amount of HBsAg released by all 

patient isolates, the analyses revealed no significant impact on the HBsAg distribution 

over the gradient for all genomes as compared to their reference. However, the higher 

density fractions of GtB (+) displayed an additional increase, apparent in the fo rm of a 

second peak, in fractions 11 to 16. While this might indicate a potential shift in HBsAg 

distribution and the presence of other larger particles, this peak could be observed on 

multiple occasions for all genotypes in a more or less pronounced form (data not 

shown).  

These data indicate that patient isolates from phase 3 display a shift in the ratio of L-

/M -/SHBs towards an elevation in the fraction of LHBs, which might inhibit the release 

of HBsAg. 

 

5.2.3. Accumulation of HBsAg in  the perinuclear region of cells expressing 

patient isolates  

Concerning the observed reduction in the release of HBsAg for patient-derived isolates, 

confocal laser scanning microscopy was performed to investigate potential changes in 
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the subcellular distribution caused by possible intracellular retention. HBsAg was 

detected using an S-domain-specific FITC-coupled polyclonal antiserum, while protein 

disulfide isomerase (PDI) served as a marker for the endoplasmic reticulum (ER). A 

strong perinuclear accumulation of HBsAg (green) was detected in cells expressing any 

of the patient isolates or respective rescue mutants (fig. 15). In contrast, the subcellular 

distribution in cells expressing the reference genomes displayed a reticular pattern 

characteristic for each genotype. Therefore, the presence of HBeAg does not seem to 

be responsible for observed changes in subcellular distribution in the patient isolates. 

A significant co-localization of HBsAg with PDI (red) could be observed in the 

perinuclear region of cells expressing the patient isolates (fig. 16). The shift in 

Figure 15: Immunofluorescence analyses of the subcellular localization of HBsAg. CLSM analysis of 

HepG2 cells transfected with the different genomes and stained using an HBsAg-specific FITC-coupled 

antibody. (B) HepG2 cells transfected using genomes of GtA, GtB and GtD either wildtype ((+)) or patient 

isolate ((-) and (-) mut) detected by an HBsAg-specific FITC-coupled antibody and a PDI-specific 

antibody, stained using Alexa546. Representative pictures of cells with adequate HBsAg signal were 

chosen of the observed distribution. Microscope utilized TCS SP8. Pictures were taken with an 

immersion medium objective with 100x magnification, oil as medium and a numerical aperture of 1.40. 

Software used LAS X 3.5.7.23225. Scale bars represent 10 µm. 

Dǘ! 

Dǘ. 

Dǘ5 

bǳŎƭŜƛ 

I.ǎ!Ǝ 



101 

subcellular localization presented itself by an almost exclusive concentration of HBsAg 

in areas of the ER reflecting possible prevention from entering the secretory pathway.  

Taken together, the lack of HBeAg expression is not causative for the observed shift in 

subcellular localization in cells expressing the patient-derived isolates. Additional 

mutations naturally acquired throughout  the disease seem to be responsible for 

leading to the observed phenotype.  

 

5.2.4. Intracellular  viral RNA and extracellular HBV DNA levels are reduced 

in cells expressing the patient isolates  

As the impaired HBsAg release and consequently intracellular accumulation in the 

perinuclear region could affect viral replication and release, intracellular RNA and 
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Figure 16: Immunofluorescence analyses of the subcellular localization of HBsAg. HepG2 cells 

transfected using genomes of GtA, GtB and GtD either wildtype ((+)) or patient isolate ((-) and (-) mut) 

detected by an HBsAg-specific FITC-coupled antibody and a PDI-specific antibody, stained using 

Alexa546. Representative pictures of cells with adequate HBsAg signal were chosen of the observed 

distribution. Microscope utilized TCS SP8. Pictures were taken with an immersion medium objective 

with 100x magnification, oil as medium and a numerical aperture of 1.40. Software used LAS X 

3.5.7.23225. Scale bars represent 10 µm. 
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extracellular DNA levels were determined. Quantification of viral transcripts by real -

time PCR indicated a significant decrease in the case of genomes isolated from patients 

for GtA and GtD as compared to the reference constructs (fig. 17A). However, the 

observed effect was independent of HBeAg expression, as the rescue mutants of all 

three genotypes did not show significant changes when compared to their HBeAg-

negative counterpart. In contrast to the other patient isolates, GtB (GtB (-) and GtB (-)  

mut) did not show any measurable differences in transcripts of HBV, analyses of 

extracellular genomes revealed a lower amount of released viral genomes in the case 

of the patient isolates of GtA and GtD when compared to the reference (fig. 17B). As 

before, the presence of HBeAg did not alter the amount of released viral genomes. 

Similarly, the intracellular transcripts originating from the GtB patient isolates did not 

display a decline in the amount of released viral genomes as compared to the reference 

construct. 

To summarize, patient isolates of GtA and GtD display a reduction in the level of 

intracellular viral transcripts and extracellular viral genomes, while no significant 

changes were observed for patient isolates of GtB. Expression of HBeAg does not seem 

to have a significant impact on viral replication and release of these patient isolates. 

Figure 17: Level of intracellular viral RNA and extracellular DNA. Real-time PCR analyses of intracellular 

HBV RNA (A) and the respective supernatants (B) of cells transfected with genomes of GtA, GtB and 

GtD either wildtype ((+)) or patient isolate (( -) and (-) mut). Values are given as relatives normalized to 

their respective wildtype ((+)) genome arbitrarily set to 1. n Ô 4. Data of box plots are shown as follows: 

median (line inside the box), first and third quartile (upper and lower limit of the box, respective ly) and 

the highest and lowest values are represented by the top and bottom whiskers. Multiple t -tests with 

the Holm-Sidak method were performed to correct for multiple group comparisons and to determine 

statistical significance, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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5.2.5. Subcellular localization of assembled core protein differs between 

genotypes and disease phase  

In vivo, one central factor in the persistence of HBV is the generation of a covalently 

closed circular DNA (cccDNA) pool in the nucleus. During the life cycle of HBV, the 

mature nucleocapsid carrying the relaxed circle (rc) HBV genome can experience two 

different fates, either envelopment and release or recycling into the nucleus. The 

recycling mechanism is thought to be dependent on the conformation of the core 

proteins that form the capsid, which changes based on the phosphorylation status 

exposing the nuclear localization sequence (NLS).106,177 In light of this, the subcellular 

localization of assembled, or rather dimeric, core protein was investigated using an 

antibody specifically targeting a conformational epitope of HBcAg  that is only present 

in unassembled dimers or capsids.453 Analyses revealed that core protein was equally 

distributed throughout the cell in case of wildtype ((+)) GtB and GtD (fig. 1 8A). In 

contrast, wildtype GtA displayed not only a heavy accumulation of core protein within 

the nucleus but also throughout the cytoplasm. Surprisingly, the observed localization 

of core protein inverted for the patient isolates of all three genotypes (( -) and (-) mut). 

The patient isolates of GtB and GtD showed a similar pattern to GtA wildtype, while the 

patient isolate of GtA di splayed a similar pattern to the wildtype of GtB and GtD (fig. 

18A). Like before, the observed effect was independent of HBeAg expression as no 

change in localization was indicated upon presence of HBeAg in the patient isolates. 

As GtG is considered the prototype genotype of an inherently HBeAg-negative 

infection it was included in this analysis. In that regard, cells transfected with GtG 

showed the same distribution pattern as the HBeAg-negative patient isolates of GtB 

and GtD. Interestingly, only GtA behaves differently from the gen otypes that were 

analyzed. Lastly, analyses along the z-axis and subsequent 3D reconstruction of the cell 

revealed that core protein was indeed present inside the nucleus and not on or along 

the nuclear membrane (fig. 18B). 

Taken together, the localization of dimeric core protein indicates increased recycling 

back into the nucleus for the inherently HBeAg-negative GtG and the patient isolates 
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of GtB and GtD irrespective of HBeAg expression. Surprisingly, GtA behaves oppositely 

as compared to the other patient isolates. 

 

5.2.6. Infectivity of viral particles is not affected in the patient isolates  

To investigate whether retention of HBsAg affected the infectivity of viral particles 

differentiated HepaRG cells were infected using viral stocks created from cells 

Figure 18: Immunofluorescence analyses of the subcellular localization of core protein. HepG2 cells 

transfected using genomes of GtA, GtB, GtD and GtG, either wildtype ((+)) or patient isolate ((-) and (-) 

mut) detected by an HBsAg-specific FITC-coupled antibody  (green signal) and a dimeric core-specific 

antibody  (mAb3120), stained using Alexa546 (red signal). Representative pictures of cells displaying the 

observed distribution of assembled core protein (A) and representative clipped view of the middle 

section of nuclei generated by z-stack analyses shown for GtB (B). Microscope utilized TCS SP8. Pictures 

were taken with an immersion medium objective with 100x magnification, oil as medium and a numerical 

aperture of 1.40. Software used LAS X 3.5.7.23225. Scale bars represent 25 µm. 
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expressing the patient isolates or reference constructs. The amount of contained viral 

genomes was detected after purification of the respective supernatants of transfected 

cells and adjusted to equal genome numbers (100 genome equivalents (GE)). The 

infection was monitored over 12 days and analyzed by HBsAg-specific ELISA. Following 

the level of released HBsAg, cells expressing the different constructs displayed the 

characteristic course of an initial decline, ultimately leading to a loss of input and  

followed by de novo synthesis of HBsAg. De novo synthesized HBsAg became 

detectable at around day 7 post-infection. Surprisingly, at the particular time point of 

the re-increase, the HBeAg-negative patient isolate of genotype A (GtA (-)) showed an 

increase in the HBsAg level as compared to the rescue mutant (GtA (-) mut) and the 

reference genome (GtA (+)) (fig. 19A). In accordance with previous data, the amount of 

HBsAg present in the inoculum differed between the genotypes but also  

Figure 19: Infectivity of viral particles produced by the patient isolates as compared to the reference. (A-

C) HBsAg-specific ELISA of HepaRG cells infected using viral stocks produced using the different 

genomes of GtA, GtB and GtD, either wildtype ((+)) or patient isolate ((-) and (-) mut). (D) HBsAg-specific 

ELISA of viral stocks utilized for infection. s/co: signal per cut-off . 
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between patient isolate and respective reference genome (fig. 19D). As described e 

fore, HBsAg levels were reduced in the patient isolates as compared to the reference 

genome. Additionally, HBsAg levels were lower for GtB and GtD as compared to 

genotype A (fig. 19D). This is in line with the observation of generally lower signal 

intensities in the ELISA for GtB and GtD (fig. 19B and 19C). However, in contrast to 

genotype A the patient isolates of GtB and GtD ((-) and (-) mut) showed lower levels of 

HBsAg as compared to their respective reference genomes. 

These data indicate that the patient isolates of GtB and GtD show comparable 

infectivity. However, in the case of GtA either a higher infectivity or increased release 

of HBsAg as compared to the reference construct is observed. 

 

5.2.7. Nrf2/ARE -dependent gene expression is activated by phase 3 -

derived HBV isolates  

Reactive oxygen species (ROS) are an important factor in HBV-associated 

pathogenesis. Metabolic, inflammatory, or proliferative liver disease involves oxidative 

stress and exerts an inhibitory effect on regenerative processes. Additionally, elevated 

ROS increases the carcinogenic potential and affects DNA integrity. Moreover, chronic 

liver disease is usually associated with an increase in ROS levels. However, the activation 

of Nrf2/antioxidant response element (ARE)-dependent gene expression by HBV was 

described and activates the expression of cytoprotective genes.454 Furthermore, the 

observed retention of HBsAg or topological changes in the preS domain in the ER in 

patient-derived genomes might further elevate the levels of ROS and ultimately aid the 

progression of liver disease. 

To investigate the effect of the expression of the patient -derived genomes on 

Nrf2/ARE-regulated cytoprotective genes, a reporter gene assay based on a luciferase 

gene under the control of the NQO1 promotor was utilized. Analyses showed that all 

three reference genomes triggered a significant increase in luciferase expression as 

compared to the empty vector control (fig. 20A). Similarly, comparison of luciferase 
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expression with the patient isolates to the reference genomes revealed an even greater 

induction of the reporter gene for GtA ( -) and GtB (-) (fig. 20B). However, in case of GtD 

(-) no significant change in reporter gene expression could be observed. In contrast, 

rescue of HBeAg expression in patient isolates of GtA and GtD (GtA (-) mut and GtD (-

) mut) led to a decrease in promotor activity and therefore reduction in luciferase 

Figure 20: Detection of ROS mediated protein oxidation and NQO1 expression. Levels of NQO1 

expression determined in HepG2 transfected cells with the respective wildtype genomes ((+)) in 

comparison to the control (n=9) (A) and in comparison, between genomes of GtA, GtB and GtD, either 

wildtype ((+)) or patient isolate (( -) and (-) mut) (n=12) (D). Change in the level of oxidized proteins upon 

transfection with genomes of GtA, GtB and GtD, either wildtype ((+)) or patient isolate ((-) and (-) mut) 

(n=7) (C) and exemplary western blot (D). HepG2 cells were utilized for all experiments and harvested 

72 hours post-transfection. Values are given as relatives normalized to their respective wildtype genome 

arbitrarily set to 1. Data of box plots are shown as follows: median (line inside the box), first and third 

quartile (upper and lower limit of the box, respectively) and the highe st and lowest values are 

represented by the top and bottom whiskers. Multiple t -tests with the Holm -Sidak method were 

performed to correct for mul tiple group comparisons and to determine statistical significance, *p<0.05, 

**p<0.01, ***p<0.001, ****p<0.0001. 
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expression (fig. 20B). For GtB rescue of HBeAg expression (GtB (-) mut) did not change 

the observed induction in GtB (-) as compared to the reference construct. 

To study whether the induction of the  Nrf2/ARE pathway is reflected by the intracellular 

ROS levels oxyblot analyses were carried out. For GtA, the patient isolate (GtA (-)) 

showed a decrease in the level of oxidized proteins, while the rescue of HBeAg 

expression (GtA (-) mut) did not lead to a significant difference as compared to the 

reference construct (fig.20C and 20D). This observation is in line with data from the 

reporter gene assay. In the case of GtB, no significant differences were detected in ROS 

levels between the patient isolates (GtB (-) and GtB (-) mut) and reference construct 

(GtB (+)). Finally, for GtD observed levels of oxidized proteins did not differ between 

the patient isolate (GtD (-)) and the reference construct (GtD (+)) (fig. 20C and 20D). 

However, the rescue mutant (GtD (-) mut) displayed an elevated ROS level, which is in 

line with previous data of the reporter gene assay. Additionally, an independent 

method to determine ce llular ROS levels in the form of a cell-permeable ROS-sensitive 

dye was utilized. The fluorescence signal of CellROX Deep Red correlates to the 

presence of radicals within the cell and can be used to determine elevated levels of 

ROS. Cells expressing the three reference genomes showed a significant reduction in 

the total cellular fluorescence when compared to the mock control (fig. 2 1A). 

Additionally, to control the functionality of this assay, mock -transfected cells were 

treated using tert -butyl hydroperox ide (t-BHP) to generate increased levels of ROS, 

while N-acetylcysteine (NAC) served as negative control scavenging free radicals (fig. 

21A). Comparison of the total cell fluorescence from cells transfected with the patient 

isolates to cells transfected with the respective reference genomes did not show any 

significant differences (fig. 21B).  

Taken together, HBeAg-negative patient isolates preserved the capability to induce the 

Nrf2/ARE-dependent gene expression, which was significantly higher as compared to 

the reference constructs but did not cause further reduction in intracellular ROS levels. 
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5.2.8. Increased levels of  ARE-driven  transcripts in cells transfected with 

phase 3-derived HBV isolates  

To investigate whether the increased capacity to induce Nrf2/ARE-dependent gene 

expression correlates to an increase of expression in cytoprotective genes, real-time 

PCR targeting NQO1, GPx1 and PSMB5 was performed.  

Detection of cytoprotective gene transcripts of either NQO1, GPx1 or PSMB5 showed 

a significant increase in cells transfected with the three reference genomes when 

compared to the mock -transfected control (fig. 22A-C). A significant elevation of 

detectable transcripts belonging to these target genes could be observed in cells 

transfected by the HBeAg-negative genome (GtA (-)) as compared to the reference 

genome, while the rescue of HBeAg expression (GtA (-) mut) had the opposite effect  

(fig. 22D-F). While transcript levels vary between the targeted genes in cells transfected 

Figure 21: Presence of reactive oxygen species was determined using CellROX deep red and subsequent 

measurement of total cell fluorescence as compared to the puc18 control (A) or between the differen t 

genomes of GtA, GtB and GtD (B) (n=61). As control, tert-butyl hydroperoxide (tBHP) was utilized to 

induce cytotoxic stress while N-acetylcysteine (NAC) was used to scavenge radicals. HepG2 cells were 

utilized for all experiments and harvested 72 hours post-transfection. Data of box plots are shown as 

follows: median (line inside the box), first and third quartile (upper and lower limit of the box, 

respectively) and the highest and lowest values are represented by the top and bottom whiskers. 

Multiple t -tests with the Holm-Sidak method were performed to correct for multiple group 

comparisons and to determine statistical significance, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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with the patient isolates of GtD a markedly higher (GtD (-)) or decreased (GtD (-) mut) 

level of the sum of transcripts belonging to these cytoprotective genes was detected  

(fig. 22D-F). Differences regarding their expression become more evident upon 

comparing the HBeAg-negative isolate of GtD and its rescue mutant. However, 

transcript levels did not differ  between the patient isolate (GtB (-)) and the rescue 

mutant (GtB (-) mut) when compared to the reference genome (GtB (+)) (fig. 22D-F). 

The sole exception for GtB forms GPx1, which showed a slight decrease after the rescue 

of HBeAg expression. 

In summary, the HBeAg-negative patient isolates of GtA and GtD show an elevated 

expression of ARE-driven cytoprotective genes.  

Figure 22: Transcript level of ARE-driven genes NQO1 (A and D), GPx1 (B and E) and PSMB5 (C and F) 

were determined using real-time PCR. Transcript levels were compared either between the reference 

genomes and the mock control or between genomes of GtA, GtB and GtD either wildtype ((+)) or patient 

isolate ((-) and (-) mut) (n=5). HepG2 cells were utilized for all experiments and collected 72 hours post-

transfection. Values are given as relatives and normalized to their respective reference genome or the 

mock control arbitrarily set to 1. Data of box plots are shown as median (line inside the box), first and 

third quartile (upper and lower limit of the box, respectively) and the highest and lowest values are 

represented by the top and bottom whiskers. Multiple t -tests with the Holm -Sidak method were 

performed to correct for multiple group comparisons and to determine statistical significance, *p<0.05, 

**p<0.01, ***p<0.001, ****p<0.0001.  
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5.2.9. Increased sMaf localization in the nuclei of cells transfected with 

patient -derived genomes       

The induction of cytoprotective genes is usually facilitated by the Nrf2/ARE-dependent 

pathway and facilitated by the translocation of Nrf2 into the nucleus . There, 

heterodimers of sMaf and Nrf2 can form, ultimately  leading to the induction of ARE-

driven genes. Different commercially available Nrf2 antibodies were tested, but no 

sufficient signal : noise ratio could be obtained to allow for analyses (data not shown ). 

Therefore, the target of analysis was changed towards the localization of sMaf and 

investigated by immunofluorescence analyses. Quantification of the  intranuclear signal 

intensity was performed in an attempt to identify potential delocalization or increased 

nuclear presence.  

sMaf was predominantly observed in  the nucleus of cells transfected with the three 

reference genomes (GtA (+), GtB (+) and GtD (+)) and mock-transfected cells, which 

fits the literature. In contrast with the HBV reference genomes, the mock-transfected 

cells displayed significantly less sMaf localized inside the nucleus (fig. 23 and 24A). 

Quantification of the signal intensities for sMaf revealed an even further increase for 

HBeAg-negative patient isolates compared to the reference genomes (fig. 24B), though  

this change in signal intensity is not directly visible in the immunofluorescence pictures 

(fig. 23). Upon introduction of the r escue mutation and HBeAg expression a significant 

reduction of sMaf localization  was observed inside the nucleus for GtA and GtD (GtA (-

) mut and GtD (-) mut, fig. 23), which was validated by measuring of  fluorescence 

intensity of sMaf (fig. 24B). Interestingly, differing behavior was observed for GtB. 

Rescue of HBeAg expression led to even further induction of sMaf translocation into 

the nucleus, which is in line with data from previous sections (fig. 24B).  

Taken together, these data indicate an increase in the amount  of sMaf that is localized 

inside the nucleus. The elevated presence of sMaf could support the increased flux of 

Nrf2 and subsequently induce ARE-driven genes in cells transfected with HBeAg- 

negative genomes. 
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Figure 23: CLSM analysis of HepG2 cells transfected with the different genomes and stained using an 

HBsAg-specific FITC-coupled antibody (green signal) as well as a sMaf-specific primary antibody 

visualized by a fluorophore-coupled secondary antibody (yellow signal). Nuclei of cells were staine 

dusing DAPI (blue signal). Microscope utilized TCS SP8. Pictures were taken with an immersion medium 

objective with 100x magnification, oil as medium and a numerical aperture of 1.40. Software used LAS X 

3.5.7.23225. 
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5.2.10. Unfolded protein response in cells transfected with phase 3 

derived genomes was not significant ly elevated  

As the observed accumulation of HBsAg in the perinuclear area of cells transfected with 

the patient isolates could cause an elevation in ER stress and related unfolded protein 

response (UPR), different targets related to UPR were assessed. Good indicators for an 

elevated UPR include an increased expression of activating transcription factor s 6 and 

4 (ATF6, ATF4), protein kinase RNA-like ER kinase (PERK) and glucose-regulated protein 

of 78 kDa (GRP78).  

All three reference genomes displayed an increased mRNA level for the UPR-related 

target transcripts (ATF6, GRP78 and PERK) as compared to the mock-transfected cells 

(fig. 25A-C). However, the patient-derived genomes did not show any significant 

deviance regarding the mRNA levels of these targets when compared to their 

respective reference genome (fig. 25D-F). The overload of the ER and subsequent 

Figure 24: Corrected total cell fluorescence (CTCF) of sMaf in the nuclei of cells transfected with either 

wildtype ((+)) or patient isolate (( -) and (-) mut) was determined for the different genotypes and 

compared to either mock transfected cells (A) or between the different genomes of GtA, GtB and GtD (B) 

either wildtype ((+)) or patient isolate (( -) and (-) mut) (n=20 cells per genome). Multiple t -tests with the 

Holm-Sidak method were performed to correct for multiple group comparisons and to determine 

statistical significance, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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induction of UPR can further direct cells toward apoptosis, which is associated with an 

elevated presence of ATF4 transcripts. Assessment of ATF4 in cells transfected with the 

reference genomes revealed a significantly decreased level of ATF4 transcripts and by 

correlation, an anti-apoptotic property as compared to mock -transfected cells (fig. 

26A). As observed previously, transfection with the patient -derived genomes did not 

show any significant alterations regarding ATF4 when compared to their respective 

reference genome (fig. 26B). 

Taken together, these data indicate no changes in the unfolded protein response for 

patient-derived genomes, while preserving the anti-apoptotic capacity observed for 

the reference genomes. 

 

Figure 25: Real-time PCR analyses of effectors related to the unfolded protein response. ATF6 (A and D), 

GRP78 (B and E) and PERK (C and F) were measured in HepG2 cells transfected with genomes of GtA, 

GtB and GtD either wildtype ((+)) or patient isolate ((-) and (-) mut). All samples were harvested 72 hours 

post-transfection. Values are given as relatives and normalized to their respective wildtype ((+)) genome 

or mock transfected cells arbitrarily set to 1. (n = 5) Data of box plots are shown as median (line inside 

the box), first and third quartile (upper and lower limit of the box, respectively) and the highest and 

lowest values are represented by the top and bottom whiskers. Multiple t -tests with the Holm-Sidak 

method were performed to correct for multiple group  comparisons and to determine statistical 

significance, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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5.2.11. Phase 3-derived HBV isolates lead to an inhibition of 

proliferative signaling  

To further characterize the patient isolates functionally, kinome assays were performed 

using an array-based platform that measures the phosphorylation of kinase-specific 

peptides (PamChips®, PamGene). Database mining (PhosphoNet, published in vitro or 

in vivo experiments, or Kinexus) allows the prediction of signaling cascades and their 

associated upstream kinase activities, determined from cellular lysates of transfected 

cells expressing the different patient isolates. Lysates of cells transfected with the 

reference genomes and mock-transfected cells served as a comparison. Compared to 

the mock-transfected control (pUC18), several receptors involved in proliferative 

pathways displayed decreased activity for all patient isolates (fig. 27A-C). These 

receptors include FLT1, FLT4, CSF1R and EGFR. Genotype D showed a decrease in 

AKT1/2 activity, while most of these kinases did not display changes in their activity for 

the reference genomes of GtA (+) and GtD (+) (fig. 27D and 27F). In contrast, the 

Figure 26: Real-time PCR analyses of an apoptosis-related effector within the unfolded protein response 

pathway. ATF4 (A and B) levels were measured in HepG2 cells transfected with genomes of GtA, GtB and 

GtD either wildtype ((+)) or patient isolate (( -) and (-) mut). All samples were harvested 72 hours post-

transfection. Values are given as relatives and normalized to their respective wildtype ((+)) genome or 

mock transfected cells arbitrarily set to 1. (n = 5) Data of box plots are shown as median (line inside the 

box), first and third quartile (upper and lower limit of the box, respectively) and the highest and lowest 

values are represented by the top and bottom whiskers. Multiple t -tests with the Holm-Sidak method 

were performed to correct for multiple group comparisons and to determine statistical significance, 

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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reference genome of GtB (GtB (+)) displayed lower activity for CSF1R, FGFR4, and FLT4 

with FLT1 and EGFR remaining unaffected (fig. 27E).  

 

Figure 27: Kinome profiling and corresponding signaling in Huh7 cells. Change in peptide-

phosphorylation and kinase activity in ROS- or Ras-mediated signaling cascades upon production of 

HBeAg-negative (A-C) or HBeAg-positive (D-F) HBV genotypes A, B and D as compared to pUC18-

transfected cells at 48 hours post-transfection; the color in each box represents the extent of differential 

phosphorylation with <0 meaning lower and >0 meaning higher phosphorylation in log2 space; cut -off 

for depiction: p<0.05; coloring of font represents the absolute differential kinase activity with <0 

meaning lower and >0 meaning higher activity in log2 space; cut -off for depicted kinases: final score 

>2. Pathway maps are based on re-arranged templates retrieved from WikiPathways (Ras signaling: 

WP4223; oxidative stress response: WP408) processed in CytoScape v3.9.1. cAMP = cyclic adenosine 

monophosphate; DAG = diacylglycerol; ROS = reactive oxygen species; Ras:GTP = GTP-binding Ras; LFC 

= log2 fold -change. 
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To conclude, various receptor kinases involved in proliferative pathways showed 

decreased activity in cells expressing the patient isolates. Given the fact that HBV 

replication occurs preferentially in resting cells, this observation indicates that the 

promotion of an antiproliferative state is positively selected during chronic HBV 

infection in this study cohort of patients from across Germany.455,456 

 

5.2.12. Sequence analyses reveal  no specific mutations causative for 

the observed phenotype o f patient isolates  

The patient isolates displayed differences in many aspects such as subcellular 

localization, expression and release of HBsAg, as well as dysregulation of proliferative 

kinases and expression of cytoprotective genes in comparison to the reference. As 

rescue of HBeAg expression did not alter or restore the phenotype of the wildtype 

genomes (reference constructs) additional changes located in the genomes have to be 

responsible. To identify overlapping sites of mutations or other alterations in the 

genome sequences the nucleotide sequences of the patient isolates were compared to 

their respective reference construct. As rescue mutation and HBeAg-negative patient 

isolate only differ regarding the presence of the PC mutation, only the HBeAg-negative 

isolate and reference construct were compared. 

Comparison of the patient -derived isolates revealed total nucleotide deviance of 1.7 % 

for GtA, 3.7 % for GtB and 3.3 % for GtD of the whole genome sequence as compared 

to the reference genomes (fig. 28A). Of these mutations, a total of 10 nucleotide 

changes were conserved at the same position between GtA (-) and GtB (-), 7 between 

GtA (-) and GtD (-), 40 between GtB (-) and GtD (-), but only 6 mutations between all 

three patient isolates (fig. 28B). Analyses of the corresponding amino acid sequences 

indicated that conserved mutations should affected the HBx and HBsAg proteins, but 

no overlap in mutations between the three patient isolates could be found (fig. 28C 

and 28D). In more detail, the preS1 domain contained 1 amino acid exchange for GtA, 

3 for GtB and 2 for GtD. The preS2 domain carried no amino acid changes for GtA, 5 
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exchanges for GtB and 3 for GtD. In the S domain, a total of 4 exchanges were observed 

for GtA, 3 for GtB and 81 for GtD (fig. 28D). The highest number of amino acid 

alterations were present in the core protein and polymerase for GtA and GtB, while GtD 

had the most changes in the S-domain of HBsAg (fig. 28C ð 28F). In total, 10 mutations 

overlapped for the core protein among the genotypes and 2 for the polymerase  (fig. 

Figure 28: Analyses of mutations in HBeAg-negative ((-)) genomes. Analyses of the total nucleotide 

mutations in HBeAg-negative genomes (A) and comparison of these mutations overlapping between 

them (B). Overall mutations were detected by comparing to the respective wildtype ((+)) genome. (C-F) 

Comparison of amino acid changes in the HBx protein (C), HBsAg (D), core protein (E) and polymerase 

(F). First all mutations were analyzed by comparison to the respective wildtype genome ((+)). Overlap 

indicates amino acids changed for the HBeAg-negative ((-)) genome of GtA and are conserved, meaning 

the same, regarding HBeAg-negative ((-)) genomes of GtB and GtD, but not necessarily changed when 

compared to wildtype GtB and GtD. Non-conserved indicates all amino acids that are changed and 

correspond to the same amino acid in all HBeAg-negative ((-)) genomes, when compared to their 

respective wildtype ((+)) genome. 
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28E and 28F). However, comparing these overlapping mutations to the reference 

genome sequences for each genotype, none of these mutations were unique to the 

patient isolates. This means that at least one of the genotypes already possessed the 

respective amino acid in its reference sequence. The amino acid sequence of all the 

proteins originating from the patient isolates  was illustrated for easier visualization of 

detected changes, which were highlighted in red (fig 29).  

To summarize, no specific mutations common between the patient isolates could be 

identified or associated with the observed functional differences of HBeAg-negative 

patient isolates. This indicates that the phenotype of the HBeAg-negative genomes 

used in this study is the result of a conserved natural selection process facilitated by 

multiple factors. 

 

5.2.13. No major differences in HBsAg composition and particle 

density among different disease phases in vivo  

In cooperation with the Albatros study, from which the HBeAg -negative constructs 

originated, a correlation between the observed phenotypes and patient data was 

attempted. In particular, retention of HBsAg and ratios of surface proteins were of 

interest. Overall, 170 patients chronically infected with GtA and 332 patients chronically 

infected with GtD in different stages of HBV infection were enrolled for this study (table 

29). Quantitative (q) HBsAg and qHBV-DNA levels between phases 1-4 revealed a 

significantly reduced amount of HBsAg and HBV-DNA for patients infected with GtD in 

the HBeAg-negative infection phase (phase 3) when compared to its respective other 

phases (figure 30A, B). For patients infected with GtA, comparison was only possible 

for phases 2 and 3 due to the low number of available patients enrolled for phases 1 

and 4, showing a significant HBV DNA but no HBsAg decrease for phase 3. To 

investigate the ratio of L, M and S in the different phases, WB analyses were performed. 

For all investigated genotypes, western Blot analysis using the SHBsAg-specific 

antibody HB01 revealed minor differences in the ratio of LHBs to MHBs to SHBs among  
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Figure 29: Illustration of genome sequences of HBeAg-negative patient isolates. Illustration of the amino 

acid sequence of viral proteins HBx, core, polymerase and HBsAg, including relevant domains for HBeAg-

negative genomes of genotypes A, B and D. Mutated amino acids are marked in red. Deletions are marked 

with ò-ò. 
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the different disease phases when taking the genotype into account (figure 30C). While 

slightly weaker LHBs signals were observed for phase 3 serum samples of both 

genotypes, slightly stronger MHBs signals were obtained for sera of this phase when 

compared to their respective other phases. 

To investigate the composition of HBsAg particles, virions and subviral particles were 

separated by density gradient centrifugation. The fractions were analyzed by western 

blot using the SHBs-specific monoclonal antibody HB01, HBsAg-specific ELISA as well 

as qPCR (figure 30D, E). The main peaks of HBsAg determined by HBsAg-specific ELISA 

were found in fractions 6 ð 9 for GtA and were shifted to higher density for GtD 

(fractions 7 ð 11). Among the different phases, moderate differences in HBsAg-

containing particle densities were observed in patient samples when taking the 

genotype into account.  

In summary, the amount of HBsAg varied between the phases with a significant 

decrease for phase 3. Additionally, only minor differences were observed for the ratios 

of LHBs to MHBs to SHBs and the density of HBsAg-containing particles among the 

different disease phases. 
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Figure 30: HBV-DNA- and HBsAg levels, HBsAg composition and particle density in sera of patients from 

different disease phases. (A) qHBsAg levels and (B) HBV DNA levels from patients in different phases of 

HBV infection. Data are shown as follows: median (line inside the box), first and third quartile (upper and 

lower limit of the box, respectively) and the highest and lowest values are represented by the top and 

bottom whiskers. A Fisherõs exact test or Mann-Whitney-U test was performed to determine statistical 

significance where appropriate, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. (C, D, E) Exemplary western 

blots using an HBsAg-specific antibody (HB01) with the serum of patients from different disease phases 

after pelleting by ultracentrifugation (C) or additional separation with a linear sucrose density gradient 

(D, E) for GtA and GtD. Samples were further measured using an HBsAg-specific ELISA for further 

verification (D, E). Phase 1 (I): HBeAg-positive infection, Phase 2 (II): HBeAg-positive hepatitis, Phase 3 

(III): HBeAg-negative infection, Phase 4 (IV): HBeAg-negative hepatitis. 
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6. Discussion 

Part 1: Prevalence of genotype G in active carriers and its effects of co -expression 

on different HBV genotypes  

The hepatitis B virus genotype G is the most peculiar genotype as its origin and unique 

biology are poorly understood. 457 In particular, the fact of almost exclusive co-

infections of GtG with other genotypes, predominantly genotypes A and H, is highly 

interesting.379,458 However, mono-infections with GtG were reported in rare cases, 

mostly originating from samples of blood donors that did not establish a chronic HBV 

infection.378,459 The independent and potentially higher risk for the establishment of 

liver fibrosis and progression of liver disease, which is attributed to a co-infection with 

GtG, makes reliable detection crucial concerning therapy and treatment.381 In this 

study, 12 out of 560 patients with an HBeAg-negative chronic HBV infection were found 

to be co-infected with GtG. This represents a total prevalence of about 1,4 % among 

this cohort of patients. The main genotype detected in co -infection was determined to 

be GtA, representing a prevalence of 4 % among patients infected by GtA within this 

study and is in line with previous studies. Interestingly, screening of patients infected 

by GtE revealed a substantial number of co-infections adding up to 8 % of  prevalence, 

which is the first description of co -infections with this particular genotype. However, 

previous studies were limited due to the inclusion of lower amounts of GtE -infected 

samples and the global prevalence of GtE being mostly restricted to Africa. Regarding 

this aspect, the possibility of issues regarding compatibility between genotypes 

remains. As GtE already displayed significantly lower levels of HBsAg, co-expression of 

GtG could lead to a block of HBsAg release due to the stoichiometry of HBsAg being 

affected.460ð462 Nonetheless, HBsAg levels for the control constructs were not quantified 

and can not effectively be compared with the co -expression data. The fact remains, 

that HBsAg expression of GtG is hampered and lower as compared to the combination 

with GtA or GtD. Deep sequencing analyses indicated that patients infected by GtE 

displayed GtG only as minor circulating quasispecies with 2 - 4 %, while the 

quasispecies of one patient contained 77 % GtG. In contrast, for all co-infected patients 
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with GtA and GtG, the quasispecies consisted overwhelmingly, more than 70 % in all 

cases, of GtG. This in turn would affect the detection of co -infections by genotyping 

assays in most cases as a genotype bias of GtG would lead to false negatives excluding 

low-percentage GtG patients. One question that cannot be sufficiently answered is the 

time point of super - or co-infection for these patients. Experiments using chimeric mice 

carrying human hepatocytes that were either super- or co-infected with GtA and GtG 

displayed a distinct pattern regarding their quasispecies. In the beginning replication 

of GtA was dominant but soon replaced by GtG, which after this point remained the 

dominant part of the viral quasispecies.375 Whether these experiments translate to 

different genotypes has not been investigated but raises the question if GtG prefers 

certain genotypes and what factors influence this bias. Surprisingly, despite the high 

percentage of quasispecies being GtG in patients infected by GtA, clinical routine 

genotyping PCR targeting HBV failed to detect the co-infection with GtG.463 This 

indicates that primers used for the nested PCR are suboptimal for the detection of GtG 

in these low viral load samples. The usage of different universal or even specific sets of 

primer, targeting the GtG-specific insertion, for detection , could solve this issue and 

increase sensitivity in detecting GtG.464  

To further characterize the co-infected samples, already in the literature described 

mutation patterns such as basal core promotor (BCP, A1762T/G1764A), precore (PC, 

G1896A) and TTCT (GCAC1809-1812TTCT) were investigated.347,399 However, most 

likely due to the low overall prevalence of co-infected patients no significant 

association was observed concerning the presence or absence of GtG. Apart from these 

more commonly observed mutations, GtG possesses one particular point mutation in 

the preS1 protein domain (H51P), which was described to be involved in HBsAg 

retention in the endoplasmic reticulum .374 This exchange of histidine at position 51 to 

proline was only found in two GtG co-infected samples by direct sequencing. 

Interestingly, deep sequencing revealed this mutation to be present in all co-infected 

patients but only as a minor variant. This might have an impact on patients with chronic 
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infections depending on whether this polymorphism vanishes or becomes more 

dominant over time.  

Surprisingly, although GtG is known to retain significant amounts of HBsAg in vitro and 

mono-infected patients, this effect was not observable in co-infected patients. Even 

when GtG was found to be the major circulating variant of the quasispecies, HBsAg 

levels did not significantly differ between mono -infected and co-infected patients. 

However, the overall low prevalence of GtG co-infected patients viewed over the whole 

cohort might explain this as the statistical determination is affected. Contrary to thi s, 

western blot analysis comparing co-infected and mono -infected sera of patients 

infected by GtA revealed the exclusive presence of LHBs originating from GtA. The 

characteristic shift in size of LHBs for GtG was not found in any of the samples. 

Together, these data indicate that GtG as the major fraction of the viral quasispecies 

must represent the major part of the cccDNA pool in hepatocytes to facilitate the 

production of progeny virus originating from GtG. While the major fraction of 

synthesized HBsAg by the viral transcripts of GtG is most likely retained in the cell, 

detectable HBsAg must be derived from a different genetic source due to 

integration .465,466 This is supported by recent findings where patients harboring viral 

mutants with preS1 deletions still released normal molecular weight LHBs.467 These 

detected deletions should cause a reduction of molecular weight observable in western 

blot analyses as these deletion mutants represented the major part of the quasispecies. 

However, as this was not the case this indicated viral integrates to be responsible for 

the supplement of HBsAg in these patients.467 These findings are further supported by 

multiple other studies. 468ð471 However, as this study is only restricted to patients in 

phase 3 of chronic infection, it is impossible to draw conclusions for patients in different 

stages of infection. 

In vitro analyses indicated that co-expression of GtG/A and GtG/D yielded comparable 

surface protein levels as well as no detectable differences regarding their release. This 

is in line with previous studies showing the GtG-specific characteristic of HBsAg 

retention to be compe nsated upon introduction of GtA .374,472 Interestingly, the GtG-
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like perinuclear distribution of HBsAg remained mostly unaffected and was still the 

dominant phenotype in immunofluorescence analysis. The resulting induction of ER 

stress through accumulation might be a genotype -dependent effect and influence 

pathogenesis.381 Further analyses regarding more specific distribution patterns and 

potential genotype  biases will aid in identifying possible mechanisms relevant to the 

pathogenesis of the different genotypes. 473 To further emphasize the point regarding 

genotype bias and differences, co-expression of GtG/E led to a further reduction of the 

detectable HBsAg belonging to GtE, indicating that GtE can not sufficiently support 

GtG co-infection. Notably, HBsAg expression of GtE was already significantly lower as 

compared to the other genotyp es. As comparable levels of intracellular HBV RNA and 

extracellular HBV DNA were detected, the efficacy of transfection or replication cannot 

be causative for this observation. However, GtG is generally capable of producing  

higher levels of mature viral genomes with a downside of less efficient packaging.474,475 

This in itself might be a form of trans -complementation, where mature viral capsids of 

GtG are capable of forming  virions more efficiently by utilizing HBsAg originating from 

a co-infecting genotype. Furthermore, the possibility remains that GtG possesses an 

inhibitory or regulatory function impacting HBsAg expression of other genotypes as 

we observe a similar effect regarding core protein expression. Of note, genotype-

dependent differences regarding expression levels of HBsAg have already been 

described and might also be responsible for this phenomenon and inherently ham per 

GtG in the setting of GtG/E.347,348 Nonetheless, further studies are required to draw a 

conclusion. 

To pick up on the possible regulatory function of GtG on other genotypes, the co -

expression of GtG/A displayed an exclusive presence of core protein originating from 

GtG as indicated by the increase in size detected by western blot . While a similar effect 

was observable for GtG/E, small amounts of core protein stemming from GtE could be 

observed. In contrast to this, GtG/D showed comparable expression of both core 

variants with the core protein from GtD at slightly higher levels. In  light of this, these 

data suggest a, as of yet unexplained, regulatory function of GtG. As the core protein 
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originates from the pgRNA the increased presence of GtG core protein hints at a 

significant advantage during transcription/replication and viral packaging for GtG. 

Furthermore, other studies showed that core amount was enhanced due to the GtG-

specific 36 nucleotide insertion in the core gene.476 In particular, the effect of this 

insertion has been described to affect protein translation,  while not affecting RNA 

levels.474 This would suggest the 36 nucleotide insertion as a regulatory factor in this 

study as well. To that end, these data indicate a genotype bias of GtG, which might be 

in part due to the specific insertion in its core gene. Looking back to the in vivo data, 

these data might explain why mostly patients with co-infection by GtA and GtE were 

found during this study.  

To conclude, although co-infections by GtG are detected with a frequency of 4-8 % in 

this European study cohort, routine PCR of the polymerase region of HBV failed to 

discern the presence of GtG. Interestingly, GtG was found to be the major variant in 

combination with GtA, while co-infection with GtE resulted in GtG as a minor circulating 

variant. In vitro analyses indicated a genotype bias regarding core protein expression 

of GtG, suppressing GtA and to a lesser extent GtE but not GtD.  

 

Part 2: Characterization of naturally occurring HBeAg -negative HBV genomes 

sampled from patients suffering from  chronic HBV infection in phase 3  

Individual prognosis and treatment for an HBV-infected patient usually depend on the 

correct assignment to the disease phase, which is carried out by taking the viral 

parameters such as HBeAg-status, qHBsAg levels and HBV-DNA levels into 

consideration.477 The HBeAg-negative chronic infection phase, also called phase 3 or 

inactive phase, is characterized by no / minimal signs of liver inflammation and is 

generally described to be benign.343,478 This study investigated underlying mechanisms 

that either contribute to or are causative for the observed clinical phenotype. To that 

end, the impact of HBeAg-negative genomes isolated from patients in phase 3 of 

chronic infection, carrying the PC mutation G1896A as a reason for HBeAg-negativity, 
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was analyzed.479 For that purpose, the patient isolates were compared to their 

respective HBeAg-positive rescue variant (A1896G) as well as to their HBeAg-positive 

wildtype genomes not isolated from the cohort. In total, three different genotypes (A, 

B and D) were used for primary analyses as these genomes carry polymorphisms that 

were naturally acquired during the progression of chronic disease and might give 

insights into relevant mechanisms affecting the HBV life cycle and its phenotype. 

Analyses revealed a drastically reduced release of surface proteins among all patient 

isolates from the HBeAg-negative infection phase, which was not affected by the 

presence of HBeAg or the removal of PC mutation. This is in line with clinical 

observations describing generally lower HBsAg serum levels for patients with chronic 

infection in phase 3.480 Additionally, HBsAg distribution was shifted from a reticular 

pattern for wildtype genomes to a pattern of strict perinuclear accumulation in all 

patient isolates. This stark contrast in distribution combined with the observed 

reduction of release of HBsAg indicates a strong retention of surface proteins in the 

cell to be responsible rather than just a downregulation in expression. While the rescue 

of HBeAg expression did not affect this phenotype, the expression levels of HBsAg were 

increased as compared to the respective HBeAg-negative variant, suggesting a 

supportive function of HBeAg for HBsAg expression. In line with this, intracellular levels 

of LHBs are significantly increased in cells transfected with genomes isolated from 

patients. Therefore, these data indicate the existence of additional factors affecting the 

release of HBsAg in these patient isolates. The first thought in that regard, following 

the literature, is the presence of either mutations and/or deletions in the surface 

protein genes that lead to the retention of HBsAg for these genomes.481ð483 However, 

analyses of the full-length sequences of the HBeAg-negative genomes did not reveal 

the presence of any mutations or deletions in the gene regions of preS1, preS2 or S 

domains that could be causative for the observed retention. Interestingly, the ratio of 

the three surface proteins was shifted towards a relative elevation of the LHBs fraction. 

The ratio of L/M/SHBs normally exists in an equilibrium where changes in the 

expression of one surface protein affect the expression of the other surface proteins 
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and subsequently the release.484ð486 Additionally, the overall presence of mutations in 

the HBV genomes might ultimately affect RNA stability or secondary structures. As no 

specific mutations could be observed between the genotypes investigated, one could 

speculate that they might occur in a specific manner for each genotype depending on 

their nucleotide sequence due to divergence. However, whether the observed 

mutations can be associated with changes in pgRNA structure would require extensive 

analyses and modeling to determine the minimum free energy (indicating the stability) 

and possible related benefits for each position and in combination.  

Looking at the replication and transcription of viral RNA and the release of viral DNA 

genomes, a heterogeneous picture was observed. Intracellular RNA levels as well as 

extracellular DNA were reduced for genotypes A and D in cells expressing the patient 

isolates. One could speculate regarding changes in the thermodynamic stability of the 

pgRNA due to the presence of mutations in these genomes. However, genotype B 

behaved differently and did not show any significant differences. In line with clinical 

observations, HBV DNA levels in sera of patients should strongly decline in the HBeAg-

negative infection phase (phase 3), where GtB might reflect genotype-dependent 

differences in virological characteristics.487 As the infectivity of supernatant containing 

viral particles produced from transfected cells was not affected, viral particles are 

formed and released normally in the patient isolates. Interestingly, investigation of the 

localization of assembled core proteins revealed differences between the genotypes 

and their respective isolates, especially regarding genotype G. Wildtype GtA displays 

the same localization of assembled core proteins as GtG, where core protein is present 

to a large extent inside the nucleus, potentially indicating high recycling of viral capsids, 

which might be facilitated by differential core protein expression .488 One could 

speculate whether this particular distribution is a contributing factor that favors GtA in 

co-infections with GtG. As the disease progresses the core protein localization of GtA 

would shift towards the HBeAg-negative-like distribution upon which  GtG begins to be 

increasingly dominant replacing GtA as the dominant part of the quasispecies.375 This 

would suggest the core protein as an important factor with regulatory capabilities 
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influencing replication in a genotype -dependent manner. Core protein was already 

found to associate with cccDNA and increase its activity elevating viral RNA and protein 

levels.109,194,489ð492 However, GtE was not included in this part of the study, which would 

give further insight into this hypothesis and the role of core protein expression in co -

infections. Nonetheless, conflicting data from other studies exist, indicating the 

beneficial effects of the 36 nucleotide insertion in the core protein expression from 

other genotypes in vitro .475,493 In contrast to this study, these data were acquired by 

overexpression of core protein (CMV driven), while co-expression of both full -length 

genotypes yields data closer related to the physiological state.  

The observed retention of HBsAg in the ER can lead to increased levels of reactive 

oxygen species (ROS) and result in damage to essential parts of the cell as well as 

trigger elevated inflammatory responses.494ð496 Interestingly, oxyblot data did not 

reflect the expected elevation of ROS for the patient isolates of all genotypes. A 

possible explanation could be an increase in promotor activity for antioxidant -response 

element (ARE) regulated genes. As exemplary shown in this study for NQO1, the 

HBeAg-negative patient isolates of GtA and GtD displayed an even higher induction of 

the NQO1 promotor as compared to the already described induction observed in 

HBeAg-positive wildtype genomes.454 Additionally, the detection of the transcript 

levels belonging to the ARE-dependent genes NQO1, GPx1 and PSMB5 revealed a 

differential induction between these target genes for each genotype. Together with 

previous data, this indicates a significantly increased cytoprotective capability in cells 

transfected by HBeAg-negative patient isolates. In light of this, a delicate equilibrium 

between the retention of HBsAg, the generation of ROS and increased expression of 

antioxidant genes for these HBeAg-negative patient isolates may be formed. However, 

assessment of  ROS levels by the ROS-sensitive CellROX dye and markers for ER stress 

did not indicate an elevation of oxidative stress for HBeAg-negative patient-derived 

genomes. This, coupled with the observed increase in sMaf localization within the 

nucleus of cells transfected by HBeAg-negative genomes suggests that elevated ROS 

levels are not causative for the increased induction of ARE-driven genes. Nonetheless, 
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the induction of ARE-driven genes by HBV could be a mechanism that balances 

additional oxidative stress yielding a non-discernible change in ROS levels. Retained 

LHBs could lead to an increased activation of the c-Raf-1/Erk2 pathway through a 

change in the topology of LHBs and elevated exposure of the preS2 domain to the 

cytoplasm, which possesses an activator function.134,497 Interestingly, all isolates 

retained the characteristic of a decreased level of transcripts belonging to ATF4, which 

ultimately has an anti-apoptotic effect.  

In contrast to the HBeAg-positive wildtype genomes, a variety of receptor kinases were 

found to have a decreased activity in cells transfected with the patient isolates. Among 

these, kinases involved in the induction of proliferative pathways, such as EGFR, CSF1R, 

FGFR4, FLT1, FLT4 and AKT1/2 stood out. The aforementioned kinases have also 

recently been described in association with HBV replication and the development of 

hepatocellular carcinoma (HCC).498ð501 As a matter of fact, HBV preferentially replicates 

in resting cells, which makes a downregulation of proliferative kinases an advantage 

for the survival of the viru s in later stages of infection.502 As these patient isolates 

originate from phase 3 of chronic infection, these virus variants must have been 

positively selected throughout  chronic infection and been capable enough to evade 

the immune response. Furthermore, the decreased activation of proliferative pathways 

and increased cytoprotective function most likely contribute to the positive prognosis 

for patients in phase 3 of chronic infection, which includes a decreased probability of 

developing HCC.503,504 Together, these data indicate that the observed phenotypes for 

HBeAg-negative genomes cannot be explained by seroconversion of HBeAg, i.e. 

presence or absence of HBeAg. The basis for these observations must be a conserved 

multifactorial process of natural origin through the course of chronic infection as all 

three genotypes behaved similarly in the aspect of kinase regulation, HBsAg 

localization and cytoprotective function. As mentioned before, no deletions or single 

mutations that were already described in the literature are present in any of the 

genomes analyzed. Additionally, none of the observed mutations are consistent or at 

specific sites when comparing the patient isolates. Therefore, an interplay of multiple 
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polymorphisms, possibly specific for different genotypes and in some parts HBeAg, 

must be responsible for the observed effects in these patient isolates. The relevance of 

the PC mutation is further evidenced by the association with specific effects once 

combinatory mutations in the precore region are present  and should be considered.505 

As the isolated genomes analyzed in this study originate from the Albatros cohort of 

chronically HBV-infected patients, potential disease markers and phase-defining 

characteristics between the different stages of chronic infection were investigated. 

Especially quantitative HBsAg (qHBsAg) levels were described to heavily depend on the 

disease phase and viral genotype while being used as a prognostic marker to determine 

the need for therapy and even cure of patients.506,507 Although  patients with serum 

HBsAg levels of <100 international units/mL (IU/mL) are considered promising 

candidates for HBsAg seroclearance, the genotype is not taken into account  as HBsAg 

levels vary significantly.508 Therefore, a comparison between qHBsAg, composition of 

HBsAg (ratios of L-, M-, S-HBs) and density of HBsAg-containing subviral particles 

among the different phases of chronic infection was carried out and stratified by the 

viral genotype. Recent data by Pfefferkorn et al. suggested that the composition of 

HBsAg and a decrease in the proportions of MHBs and LHBs could be utilized to 

identify patients likely progressing into phase 3 o f chronic infection .509 However, data 

from the Albatros cohort showed only minor differences in HBsAg composition by 

western blot analyses between different stages. While a slightly lower LHBs proportion 

was detected, the proportion for MHBs w as increased in sera of patients from phase 3. 

These results are contrary and may be explained by the use of differing assays to 

determine the HBsAg composition as well as a different study design. In contrast to 

this study, Pfefferkorn et al. did not include the influence of the viral genot ype in their 

study, which may lead to differing observations as differences in the HBsAg expression 

levels for di fferent genotypes were observed.347,348,467,510,511 The inclusion of genotypes 

C and D, which have been found to produce significantly lower levels of HBsAg as 

compared to A, would affect and potentially reduce the observed ratio of L - and M-

HBs depending on how progression affects each genotype and their HBsAg expression 
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patterns.347,511 As such, careful consideration should be taken concerning the search 

for prognostic markers when trying to identify phase -defining characteristics in viral 

proteins without association with genotypes. During the study presented here, the 

investigation of HBsAg-containing subviral particles did not show any major changes 

regarding their density between phases when separated by genotype. This would 

suggest consistent ratios of HBsAg as the incorporation and presence of differing 

amounts of L-, M-, and S-HBs were described to be reflected by the particle 

density.348,467 

In conclusion, these data revealed evidence for a diminished HBsAg synthesis and 

release accompanied by a perinuclear HBsAg ER-accumulation in cells expressing 

HBeAg-negative genomes isolated from patients of phase 3. An upregulation of ARE-

regulated genes led to an increase in cytoprotective function, which seems to balance 

out an increase of oxidative stress, most likely associated with the accumulation of 

HBsAg in the ER for cells expressing the patient isolates. In addition, a decrease in the 

activity of a variety of receptor kinases, which are involved in the induction of 

proliferative pathways was observed. Furthermore, potential investigative targets 

regarding GtG and its unique characteristics were revealed. In particular, the observed 

deregulation o f core protein synthesis caused by GtG in a seemingly genotype-

dependent manner is highly relevant concerning disease progression and development 

of HCC in clinical practice. However, a more thorough investigation and comparison of 

GtG with these patient isolates may illuminate some open questions, especially 

regarding sequence identity and common mutations altering the phenotype. The 

functional differences of the patient isolates in comparison to the reference genomes 

cannot be associated with loss of HBeAg or with a specific mutation common to all  

analyzed isolates. This indicates that the observed phenotype of the phase 3 derived 

genomes is the result of a multifactorial process most likely reflecting a conserved 

natural selection process potentially specific for each genotype. 
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7. Summary  

HBV infection is a major cause of liver disease and can lead to the formation of HCC 

and cirrhosis, ultimately leading to death. Based on the presence of the e protein 

(HBeAg) and the status of hepatic inflammation chronic HBV infections can be 

categorized into four active phases. The correct phase assignment for each individual 

is crucial for the decision of therapeutic intervention  and potential urgency. As such, 

changes in viral proteins over the course of chronic infection were studied extensively 

to di scern characteristic changes that allow for a more accurate prognosis. However, 

the plethora of genotypes (Gt) and naturally occurring mutations heavily influence the 

disease outcome, therapies and expression of viral proteins thereby affecting cut -off 

values. Furthermore, clinical studies of GtG suggest it to be an independent  risk factor 

leading to an increased rate of fibrosis in co-infected patients. Therefore, the 

investigation of underlying molecular characteristics, defining the benign phase 3 of 

chronic infection as well as genotype-dependent differences has great importance in 

clinical care. 

This study aimed to analyze the impact of the different  phases of chronic infection  on 

the clinical and molecular phenotype in a genotype -stratified approach. Special focus 

was placed on the benign phase 3 of chronic infection also called HBeAg-negative 

infection as well as the screening for co-infections in this particular phase with 

genotype G. Aside from determining the prevalence of GtG, the crosstalk with other 

genotypes was investigated. To determine the underlying molecular mechanisms of 

phase 3 of chronic infection, three different genotypes were isolated from patients 

chronically infected with HBV in the HBeAg-negative infection phase. These HBV 

genomes harbor the precore mutation (PC) G1896A and were compared to HBeAg-

positive wildtype genomes in vitro  (genotypes A, B and D). Additionally, the impact of 

reversion of the PC mutation in the patient isolates, to rescue HBeAg expression, was 

analyzed. Lastly, it was attempted to correlate these data to corresponding serum 

samples from patients of either different phases or specifically to patients in phase 3. 



135 

Surprisingly, the determination of the presence of co -infections with GtG in patients 

from the German Albatros trial failed due to GtG not being detected by routinely used 

genotyping PCR. However, specific PCR targeting GtG revealed a prevalence of about 

4-8% in patients primarily determined to be infected by GtA or GtE. Additionally, GtG 

was found to be the major circulating variant in the quasispecies of patients co-infected 

by GtA. This aspect of failed detection of GtG might have a profound influence on  

health care for affected patients due to increased rates of fibrosis. Implementation of 

a GtG-specific screening during routine testing would eliminate this potential risk factor 

and greatly benefit patients. In vitro, co-expression of GtG/A and GtG/E displayed an 

enhanced synthesis of G-specific core protein, while the corresponding core expression 

of the second genotype was diminished. While viral replication was not affected overall, 

the expression and release of HBsAg were reduced for GtG/E. Characterization of 

HBeAg-negative patient isolates of GtA, B and D revealed a significant reduction in viral 

replication, intra- and extracellular HBsAg levels as well as retention of surface proteins 

in the ER as compared to the respective wildtype genome. Reversal of PC mutation led 

to an increase in the intracellular level of HBsAg but did not affect release. Additionally, 

patient isolates were associated with an induction of ARE-dependent gene expression, 

as observed for the cytoprotective gene NQO1. Subsequent kinome analyses indicated 

the deregulation of proliferative pathways due to a decreased activity of receptors 

involved in signal transduction for all patient isolates. The presence or absence of 

HBeAg did not a ffect these observations and no specific mutation(s) could be 

associated to be causative for the observed phenotype. In vivo, a comparison between 

genotypes did not indicate any  changes in particle density or composition of HBsAg 

between the different phases of infection.  

In conclusion, co-infections with GtG were predominantly detected with GtA and E in a 

trial of healthy European patients with HBeAg-negative chronic HBV infection. The 

detection of GtG depends heavily on the chosen method with clinical routine PCR not 

yielding satisfactory results. In vitro , GtG displayed a potential regulatory function 

through its core protein that might aid in establishing its dominance in co -infections 
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and lead to worse clinical outcomes. Characterization of the underlying molecular 

mechanisms leading to the benign association of chronic infection phase 3 yielded 

distinct characteristics. HBeAg-negative patient isolates exhibit a markedly decreased 

synthesis of HBsAg and release, increased cytoprotective capabilities and deregulation 

of key receptors, which would facilitate an antiproliferative state . Furthermore, the 

observed differences can not be associated with the presence of HBeAg or any 

mutations contained in the patient isolates. This indicates that the phenotype of the 

patient isolates has to be the result  of a conserved natural selection that ultimately 

yields an advantage in the later stages of infection. All in all, this contributes to a 

reduction in disease progression and lower rates of HCC development. 
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8. Zusammenfassung  

Eine HBV-Infektion ist eine der Hauptursachen für Lebererkrankungen und kann zur 

Bildung von hepatozellulären Karzinomen (HCC) und Leberzirrhose führen, die 

letztendlich zum Tod führt. Basierend auf dem Vorhandensein des e-Proteins (HBeAg) 

und dem Status der Leberentzündung können chronische HBV-Infektionen in vier 

aktive Phasen eingeteilt werden. Die richtige Phasenzuordnung für jeden Einzelnen ist 

entscheidend für die Vorhersage des Behandlungsbedarfs und der Dringlichkeit einer 

Intervention. Daher wurden Veränderungen viraler Proteine im Verlauf einer 

chronischen Infektion eingehend untersucht, um charakteristische Veränderungen zu 

erkennen, die eine genauere Prognose ermöglichen. Die Fülle an Genotypen (Gt) und 

natürlich vorkommenden Mutationen hat jedoc h großen Einfluss auf den 

Krankheitsverlauf, die Therapie und die Expression viraler Proteine, was sich schließlich 

auch auf die Grenzwerte bezüglich der klinischen Behandlung auswirkt. Trotz der 

Verfügbarkeit von vielen Therapeutika und der Exsistenz eines wirksamen Impfstoffes 

wurde noch kein Heilmittel für eine HBV Infektion gefunden. Die Einführung einer 

Impfung zeitnahe bei der Geburt sowie die Verbreitung von Impfkampagnen führten 

zu einem deutlichen Rückgang von HBV Übertragungen. Allerdings gibt es vermehrt 

Berichte über Mutanten, die in der Lage sind, der Immunantwort zu entkommen was 

eine Diagnose und Behandlung erschwert. Das Vorkommen von Mutationen differiert 

im Allgemeinen zwischen den Genotypen und ist schwer vorherzusagen. Darüber 

hinaus deuten klinische Studien zu GtG darauf hin, dass es sich um einen unabhängigen 

Risikofaktor handelt, der zu einer erhöhten Rate an Fibrose bei koinfizierten Patienten 

führt. Genotyp G gibt immer noch viele Rätsel bezüglich seiner Herkunft und 

unterschiedlichen molekularen Merkmalen auf. Daher ist die Untersuchung der 

zugrundeliegenden molekularen Merkmale, die Phase 3 einer chronischen Infektion 

mit einem positiven Verlauf und Verringerung der viralen Replikation assoziieren, sowie 

genotypabhängiger Unterschiede von großer Bedeutung in der klinischen Versorgung 

und Beurteilung. 
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Ziel dieser Studie war es, die Auswirkungen der verschiedenen Phasen chronischer 

Infektionen auf den klinischen und molekularen Phänotyp in einem 

genotypstratifizierten Ansatz zu analysieren. Besonderes Augenmerk wurde auf die 

gutartige Phase 3 einer chronischen Infektion, auch HBeAg-negative Infektion genannt, 

sowie auf das Screening auf Koinfektionen in dieser speziellen Phase mit Genotyp G 

gelegt. Neben der Bestimmung der Prävalenz von GtG wurde auch die Interaktion  mit 

anderen Genotypen untersucht. Explizit wurden GtA, D und E über einen bi-

cistronischen Vektor coexprimiert und untersucht. Um die zugrundeliegenden 

molekularen Mechanismen der Phase 3 einer chronischen Infektion zu bestimmen, 

wurden drei verschiedene Genotypen (Genotypen A, B und D) von Patienten isoliert, 

die in der HBeAg-negativen Infektionsphase chronisch mit HBV infiziert waren. Diese 

HBV-Genome tragen die Precore-Mutation (PC) G1896A und wurden in vitro mit den 

entsprechenden HBeAg-positiven Wildtyp -Genomen verglichen. Darüber hinaus 

wurde der Einfluss der Umkehrung der PC-Mutation in den Patientenisolaten  sowie ihr 

Effekt durch die Wiederherstellung der HBeAg-Expression analysiert. Schließlich wurde 

versucht, diese Daten mit entsprechenden Serumproben von Patienten aus 

verschiedenen Phasen oder speziell von Patienten in Phase 3 zu korrelieren. Hierdurch 

sollten potenzielle Risikofaktoren und die Häufigkeit von bekannten Mutationen im 

Kontext von GtG untersucht werden. Im Kontext der HBeAg-negativen Infektion wurde 

der Fokus auf die Identifizierung von prognostischen Markern und Änderungen im 

Expressionsmuster der Oberflächenproteine (HBsAg) in den verschiedenen Phasen 

gelegt. 

Überraschenderweise schlug die Bestimmung des Vorliegens von Koinfektionen mit 

GtG bei Patienten aus der deutschen Albatros-Studie fehl, da GtG durch die 

routinemäßig verwendete Genotypisierungs-PCR nicht nachgewiesen werden konnte. 

Eine spezifische PCR, die auf die 36-Nukleotidinsertion von  GtG abzielte, ergab jedoch 

eine Prävalenz von etwa 4ð8 % bei Patienten, bei denen in erster Linie eine Infektion 

mit GtA oder GtE festgestellt wurde. Darüber hinaus wurde festgestellt, dass GtG den 

größten Anteil der  zirkulierenden Varianten in der Quasispezies von Patienten 
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ausmacht, die mit GtA koinfiziert sind. Ein Anstieg des Vorkommens von beschriebenen 

Mutationen konnte nicht mit einer Koinfektion von GtG assoziiert werde n. In vitro 

zeigte die Koexpression von GtG/A und GtG/E eine verstärkte Synthese von G-

spezifischen Kernprotein, während die entsprechende Expression des Kernproteins des 

zweiten Genotyps verringert war. Während die Virusreplikation insgesamt nicht 

beeinträchtigt war, war die Expression und Freisetzung von HBsAg bei GtG/E verringert.  

Die Charakterisierung von HBeAg-negativen Patientenisolaten von GtA, B und D ergab 

eine signifikante Verringerung der Virusreplikation sowie  der intra- und extrazellulären 

HBsAg-Spiegel. Zusätzlich konnte eine Retention von Oberflächenproteinen im 

endoplasmatischen Retikulum (ER) im Vergleich zum jeweiligen Wildtyp -Genom 

beobachtet werden. Die Rückmutation der PC Mutation führte zu einem Anstieg des 

intrazellulären HBsAg-Spiegels, hatte jedoch keinen Einfluss auf die Freisetzung der 

Oberflächenproteine. Die beobachtete Akkumulierung des HBsAgs im ER wurde 

ebenfalls nicht durch die Präsenz von HBeAg oder Abwesenheit der PC Mutation 

beeinflusst. Interessanterweise wurden genotyp- und phasen-abhängige Unterschiede 

in der Verteilung von assemblierten Kernproteinen beobachtet, was einen Hinweis auf 

die beschriebene Präferenz von GtG auf bestimmte Genotypen sein könnte. Darüber 

hinaus wurden Patientenisolate mit einer Induktion der ARE-abhängigen 

Genexpression in Verbindung gebracht, wie sie für das zytoprotektive Gen NAD(P)H-

Chinon Dehydrogenase 1 (NQO1) beobachtet wurde. Nachfolgende Kinomanalysen 

zeigten bei allen Patientenisolaten eine Deregulierung der Proliferationswege aufgrund 

einer verringerten Aktivität der an der Signaltransduktion beteiligten Rezeptoren. Das 

Vorhandensein oder Fehlen von HBeAg hatte keinen Einfluss auf diese Beobachtungen 

und es konnten keine spezifischen Mutationen als ursächlich für den beobachteten 

Phänotyp bestimmt werden. In vivo ergab der Vergleich zwischen den Genotypen keine 

Hinweise auf Veränderungen der Partikeldichte oder der Zusammensetzung von 

HBsAg zwischen den verschiedenen Infektionsphasen. 

Zusammenfassend lässt sich sagen, dass in einer Studie mit gesunden europäischen 

Patienten mit HBeAg-negativer chronischer HBV-Infektion überwiegend Koinfektionen 
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mit GtG zusammen mit GtA und E festgestellt wurden. Der Nachweis von GtG hängt 

stark von der gewählten Methode ab, wobei die klinische Routine-PCR keine 

ausreichenden Ergebnisse lieferte. Dies hat eine hohe Relevanz für die klinische Routine 

da die Menge an Koinfektionen mit GtG stark unterschätzt werden könnte. Zudem 

könnte dies zu einer mangelden Behandlung oder unzureichenden Beobachtung des 

Patienten führen obwohl dieser ein erhöhtes Risiko zur Ausbildung von 

fortgeschrittenen Leberkrankheiten (Fibrose) besitzt. Das Auftreten von in der Literatur 

beschriebenen Mutationen, wie BCP oder PC, konnte nicht mit Koinfektionen von GtG 

assoziiert werden. Allerdings war die Menge an koinfizierten Patienten für eine 

ausreichende statistische Analyse zu gering. In vitro zeigte GtG durch sein Kernprotein 

eine potenzielle regulatorische Funktion, die dazu beitragen könnte, seine Dominanz 

bei Koinfektionen zu etablieren und zu einem schnelleren bzw. stärker ausgeprägtem 

Krankheitsbild führen könnte. Zusätzlich indiziert das Verhalten von GtG eine Präferenz 

in Bezug auf die Kombination mit bestimmten Genotypen.  

Die Charakterisierung der zugrundeliegenden molekularen Mechanismen, die den 

günstigen Verlauf nach Erreichen der Phase 3 einer chronischen Infektion verursachen, 

ergab eindeutige Eigenschaften die mit HBeAg-negativen Genomen assoziiert werden 

konnten. Wie bereits mehrfach in der Literatur beschrieben, wiesen HBeAg-negative 

Patientenisolate eine deutlich verminderte Synthese von HBsAg auf. Zusätzlich wurde 

eine drastische Verringerung der Freisetzung von HBsAg und intrazelluläre 

Akkumulierung beobachtet. Interessanterweise ergab die Untersuchung der 

Lokalisierung zusammengesetzter Kernproteine (Dimere und Kapside) Unterschiede 

zwischen den Genotypen und ihren jeweiligen Isolaten, insbesondere im Hinblick auf 

Genotyp G. Am auffälligsten war, dass Wildtyp-GtA die gleiche Lokalisierung 

zusammengesetzter Kernproteine wie GtG aufweist. Die Kernproteine befanden sich 

größtenteils innerhalb des Zellkerns, was auf ein erhöhtes Recycling der viralen Kapside 

hindeuten könnte. Dies würde den Pool an kovalent geschlossener zirkulärer (ccc) DNA 

fördern und somit die virale Replikation sichern. Zusätzlich könnte man spekulieren, ob 

diese besondere Verteilung ein Faktor ist, der GtA bei Koinfektionen mit GtG 
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begünstigt. Mit fortschreitender Krankheit würde sich die Kernproteinlokalisation von 

GtA in Richtung des Zytoplasmas während der HBeAg-negativ Phase verschieben. Dies 

könnte dann einen Vorteil für  GtG bieten, der dazu führt, dass GtG zunehmend 

dominant wird und GtA als vorherrschenden Teil der Quasispezies ablöst. Während für 

HBV Genome bereits eine Zunahme der zytoprotektiven Fähigkeit von transfizierten 

Zellen beobachtet werden konnte, war dieser Effekt zusätzlich verstärkt in Zellen 

transfiziert mit den  Patientenisolaten. Abschließend wurde eine Deregulierung 

wichtiger Rezeptoren, die unter anderem in der Proliferierung von Zellen involviert 

sind, beobachtet. Diese Herunterregulierung begünstigt einen antiproliferativen 

Zustand was im Zuge der HBV Infektion hilfreich für den Erhalt der Infektion ist. Darüber 

hinaus können die beobachteten Unterschiede nicht mit dem Vorhandensein von 

HBeAg oder anderen in den Patientenisolaten enthaltenen Mutationen in 

Zusammenhang gebracht werden. Dies weist darauf hin, dass der Phänotyp der 

Patientenisolate das Ergebnis einer konservierten natürlichen Selektion sein muss, die 

letztendlich zu einem Vorteil in späteren Infektionsstadien führt. All es in allem könnte 

dies zu einem langsameren Krankheitsverlauf und einer geringeren HCC-

Entwicklungsrate beitragen. 
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