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Abstract

Changes in viral host cell tropism by e.g. changing receptor usage can lead to altered
disease manifestations, requiring different treatment modalities. Hepatitis Delta virus
(HDV), a small hepatotropic RNA virus, is known to depend on hepatitis B virus (HBV)
envelope proteins for envelopment and spread. However, as HDV possesses the ability
to replicate in non-hepatic cells and since envelopment of HDV was recently proposed to
be mediated by non-HBV viruses, there might be an increased potential for altered host
cell tropism of HDV due to differential envelope protein usage. This would have major
clinical implications, as currently only HBV positive carriers are screened for HDV and
specific therapeutic options only target HBV-dependent spread.

Viruses that were proposed to mediate envelopment of HDV include hepatitis C virus
(HCV) and vesicular stomatitis virus (VSV). As HDV is known for its liver tropism, I
focused primarily on hepatitis C virus (HCV) as potential HBV-independent helper and
aimed to evaluate the following questions: a) Does HDV make use of HCV envelope pro-
teins? b) Can HDV be rendered susceptible for alternative helper usage by modification
of HBV specificity determinants in HDV? c) What is the zoonotic potential of HDV via
utilisation of non-human hepadnaviral helper viruses?

I made use of different human cell culture systems based on RNA transfection or viral
infection. Thereby, I was able to show efficient co-replication and co-infection of HDV
and HCV in the same cell. However, production of HCV enveloped HDV particles was
not observed. Based on plasmid transfection, I showed that HDV preferentially uses
HBV with little, if any, envelopment by HCV or VSV. Based on sequence comparison
to an animal Delta-like agent putatively using HBV-independent spread, I hypothesised
that determinants specifically targeting the HBV envelope might hinder HDV from us-
ing alternative viral envelopes. However, eliminating HBV specificity determinants from
HDV did not render HDV competent to use non-HBV envelopes. As the HDV-HBV
interaction is mediated by a tryptophan-rich domain on HBV envelope proteins, I exam-
ined HCV and VSV envelope proteins for the presence of similar determinants. However,
algorithm-based protein structure prediction did not detect such determinants, which is
consistent with the almost exclusive envelopment of HDV by HBV. Last, I investigated
various non-human hepadnaviruses for their capacity to provide helper function for HDV.
To this end, I produced non-infectious self-assembling particles exclusively consisting of
envelope proteins and preliminarily investigated secretion of HDV RNA mediated by
these particles.

Taken together, the data presented in this study support the current view that HDV
most likely utilises exclusively HBV as helper virus, further arguing for co-evolution of
these two viruses.
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Kurzfassung

Veränderungen im viralen Wirtszelltropismus durch beispielsweise veränderte Rezep-
torbindungsspezifität können ein verändertes Krankheitsbild sowie angepasste Behand-
lungsmöglichkeiten bedingen. Hepatitis Delta Virus (HDV), ein kleines RNA Virus, ist
hinsichtlich seiner Umhüllung und Verbreitung abhängig von Hepatitis B Virus (HBV).
Da für HDV gezeigt werden konnte, dass eine Replikation in verschiedenen Zelltypen
möglich ist und darüber hinaus eine mögliche HBV-unabhängige Verbreitung von HDV
postuliert wurde, ist ein erhöhtes Risiko für veränderten Zelltropismus abhängig von der
genutzten Hülle denkbar. Sollte dies der Fall sein, sind gravierende klinische Auswirkun-
gen zu erwarten, da bisher lediglich HBV positive Patienten auf HDV getestet werden
und darüber hinaus spezifische Behandlung von HDV nur auf HBV-umhülltes HDV
abzielt.

Bisher wurde eine mögliche Umhüllung von HDV unter anderem durch Hepatitis C Virus
und Vesicular Stomatitis Virus (VSV) postuliert. Da HDV für seinen Leber-Tropismus
bekannt ist, habe ich mich in dieser Arbeit auf HCV als mögliches HBV-unabhängiges
Helfervirus konzentriert, um folgende Fragen zu beantworten: a) Nutzt HDV Hüllpro-
teine von HCV für die Umhüllung? b) Kann durch Veränderung der HBV-spezifischen
Determinanten im HDV Genom eine Nutzung anderer Hüllproteine ermöglicht werden?
c) Wie ist das zoonotische Potenzial von HDV durch Nutzung tierischer HBV ähnlicher
Hüllproteine einzuschätzen?

In dieser Arbeit nutzte ich verschiedene Zellkultursysteme basierend auf RNA Transfek-
tion oder viraler Infektion. In diesen Systemen konnte ich eine effiziente Ko-Replikation
und Ko-Infektion von HDV und HCV in der gleichen Zelle nachweisen. Dennoch war die
Bildung von HCV umhüllten HDV Partikeln nicht zu beobachten. In einem Plasmid-
Transfektionssystem konnte ich weiterhin zeigen, dass HDV bevorzugt HBV Hüllpro-
teine im Gegensatz zu HCV oder VSV Hüllproteinen nutzt. Ausgehend von einem
Sequenzvergleich zwischen HDV und einem tierischen HDV ähnlichen Virus, welches
vermutlich einen HBV-unabhängigen Verbreitungsweg nutzt, stellte ich die Hypothese
auf, dass die Determinanten für spezifische HBV/HDV Interaktion für die Nutzung an-
derer Hüllproteine hinderlich sein könnten. Nach Eliminierung dieser Determinanten
konnte dennoch keine Umhüllung von HDV mit HCV Hüllproteinen beobachtet werden.
Da die Interaktion zwischen HDV und HBV durch eine Tryptophan-reiche Domäne auf
den HBV Hüllproteinen vermittelt wird, habe ich HCV und VSV Hüllproteine auf ähn-
liche Determinanten hin untersucht. Die Untersuchung mittels Algorithmus-basierter
Proteinstrukturvorhersage konnte in beiden Proteinen keine solchen Determinanten de-
tektieren, was mit der nahezu ausschließlichen Umhüllung von HDV durch HBV Hüll-
proteine übereinstimmt. Zuletzt untersuchte ich weitere Hepadnaviren hinsichtlich ihrer
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Kurzfassung

Umhüllungskapazität für HDV. Hierzu konnte ich die Produktion von nicht-infektiösen
Partikeln, welche nur aus Hüllproteinen bestehen, nachweisen und untersuchte die Sekre-
tion von HDV RNA durch diese Partikel in einem Pilotexperiment.

Zusammenfassend lässt sich sagen, dass die Daten dieser Arbeit den bisherigen Kennt-
nisstand stützen, dass HDV vermutlich nur von HBV abhängig ist, was wiederum auf
eine Ko-Evolution beider Viren hindeutet.
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1
Introduction

Viral host tropism is determined by the ability of a virus to replicate in a certain host
and cell type, which can be restricted at any stage of the viral replication cycle [144].
Various viruses have been observed to have altered tropism by e.g. changing receptor
binding specificity. This is classically driven by local changes in the viral receptor binding
proteins as described for influenza- and coronaviruses [178, 128]. In contrast, snatching
an envelope in order to mediate tropism is not a common phenomenon. Paired with
the ability to replicate in many cell types, this would have major clinical implications
such as delayed identification of new infections, an unknown or even more severe disease
pattern and/or altered treatment options. As such a phenomenon has been postulated
for hepatitis D virus known for its almost exclusive human liver tropism [150], there is
an urgent need to further investigate the importance of this observation.

1.1 Hepatitis viruses

Infection of the liver can occur by different viral agents. Sharing their narrow tropism
for the human liver and inducing local inflammation, they are called hepatitis viruses
(derived from the Greek words hepar – liver and itis – inflammation). Viral infection
represents the most common cause for liver disease, even before alcohol or toxin intake or
certain medications. The chronic damage of the liver caused by persistent viral infection
can lead to fibrosis, cirrhosis, and hepatocellular carcinoma (HCC), which is the third
leading cause of cancer-related deaths worldwide. Although vaccination or treatment
is available against several hepatitis viruses, the numbers of viral hepatitis cases are
constantly increasing. By 2015, numbers of deaths related to viral hepatitis reached
approximately 1,34 million worldwide, surpassing the numbers of deaths related to HIV
or tuberculosis and leading to a major global health burden [213, 21, 6].
To date, five hepatitis viruses with different geno- and serotypes have been identified:
hepatitis virus A, B, C, D, and E. They originate from different taxa and therefore differ
in replication strategy, particle composition, routes of transmission, and chronicity of
infection.

The only hepatitis virus causing exclusively acute infections is hepatitis A virus (HAV).
Hepatitis E virus (HEV) causes mostly acute infections, but can establish chronicity
in immunosuppressed individuals. Both viruses possess a single stranded RNA genome
of positive polarity and are transmitted via the fecal-oral route. HAV [164] belongs to
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the family of Picornaviridae, whereas HEV [161] belongs to the family of Hepeviridae.
Both viruses are considered non-enveloped, although HEV can occur in a so-called quasi-
enveloped form being associated with cellular membranes [133]. Clinical appearance of
HAV and HEV infection is very similar and can include elevation of liver parameters,
jaundice, hepatomegaly, as well as non-specific symptoms like fever, nausea, loss of ap-
petite and abdominal pain. In rare cases, a fulminant hepatitis with elevated risk of
death can occur. Many infections occurring in young children are asymptomatic or ex-
hibit only very mild symptoms, whereas disease severity increases with age. Vaccination
is available for HAV and HEV, with the HEV vaccine only being available in China
[164, 161].

Infection with hepatitis virus B, C, and D (HBV, HCV, HDV) can lead to an acute
hepatitis but also in a certain number of patients develop into a chronic disease. These
viruses are described in more detail below.

1.1.1 Hepatitis B virus

HBV was the first isolated hepatitis virus, although HAV and HBV were previously
recognised as two different types of viral hepatitis [50]. Belonging to the family of Hep-
adnaviridae, HBV was first detected in 1970 by David S. Dane using electron microscopy
[55] and is therefore also called Dane-particle.

Particle structure and genome organisation

The virus particle of HBV measures approximately 42nm in diameter and consists of an
envelope surrounding a capsid that harbors the viral genome. The envelope is built from
a lipid bilayer and the hepatitis B surface antigen (HBsAg), which is produced in three
different variants known as S, M, and L protein. The icosahedral capsid is comprised of
the capsid or core protein, referred to as HBcAg. The capsid spontaneously forms from
stable core homodimers, adopting either T4 (120 dimers) or, to a lower extend, T3 (90
dimers) symmetry [34, 106]. The viral DNA is located inside the capsid. It comprises
of a partial double strand that is covalently coupled to the viral polymerase protein
via the 5’-end of the complete (-)DNA strand [56]. The 3,2kb genome is characterised
by its extremely high coding capacity. This is due to overlapping open reading frames
(ORFs), where every nucleotide contains protein coding information (see figure 1.1B).
Additionally, all regulatory elements for expression and replication are also overlapping
with protein coding regions. From the viral genome, five RNA species are produced,
resulting in the translation of a total of seven distinct proteins. These proteins include
the previously mentioned surface proteins S, M, and L, as well as the core protein, the
polymerase, the X protein, and the HBeAg [136].

In addition to the infectious particle, a great excess of empty envelopes are released
from infected cells. These so-called subviral particles (SVPs) are not infectious and
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outnumber the Dane-particles by 100 to 10000 fold [172, 173]. With approximately
20nm diameter measurement, they display a much smaller size than the viral particles.
SVPs can occur in a spherical or filamentous morphology, depending on the proportion
of S:M:L proteins present [75]. In the instance of the infectious HBV particle, this ratio
equals 5:3:2, whereas in the filamentous SVPs it equals 4:1:1. However, the spherical
particles primarily consist of S protein with approximately 10% M protein and a limited
number of L molecules [112]. While decoying the host immune response is a popular
and evident notion, their potential significance in infected patients is still under debate
[78]. A schematic representation of HBV viral and subviral particles and the genome
organisation is shown in Fig. 1.1.

Figure 1.1: HBV particle morphology and genome organisation.
A) Schematic representation of complete viral particles and subviral particles. Virions
consist of all three envelope proteins (S, M, L) as well as the inner capsid harboring
the viral genome and polymerase. In contrast, subviral particles contain the envelope
proteins (mainly S) but lack the inner capsid and viral genome. B) Schematic repre-
sentation of the HBV genome. The different overlapping ORFs are depicted in different
colors. Figure was taken and adapted from Seitz et. al. [173]

Replication cycle

An overview of the replication cycle is shown in Fig. 1.2. The main target cells and
replication site of HBV are hepatocytes. In the composition of the entire organ, these
cells are separated from the direct blood stream by a layer of endothelial cells and an
intracellular space known as the space of Disse. The initial attachment of the virus to
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Figure 1.2: HBV replication cycle.
For detailed description see main text. In brief, HBV uptake is mediated by binding to
NTCP and EGFR. The capsid with the viral DNA is transported to the nucleus. There,
the DNA is released and repaired to covalently closed circular DNA (cccDNA), which
serves as a template for transcription. Amplification of new genomes happens within the
protected capsid shell in the nucleus, starting from freshly produced pregenomic RNA
(pgRNA). Viral particles exit the cells via association with HBsAg and the multivesicular
body (MVB) pathway. Subviral particles produced from self assembling HBsAg are
secreted via the conventional secretory pathway. Figure was taken and adapted from
Tsukuda et. al.[196]
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hepatocytes is mediated by interaction of the preS1 domain of the L protein and the
antigenic loop (AGL) of the S protein with glycosaminoglycan (GAG) on heparan sulfate
proteoglycans (HSPGs) [182, 108, 171]. However, it remains unknown how incoming
viruses reach the final target cells. Recent research indicates that they do not diffuse
randomly into the space of Disse, but rather utilise a more targeted mechanism by
hijacking the hosts’ lipid transport mechanisms. This transport might include infection
of liver resident macrophages, also known as Kupffer cells, and re-deposition of viral
particles in the space of Disse [45]. There is evidence, that, as described for other
hepatotropic pathogens, receptors on the sinusoidal side of liver sinusoidal endothelial
cells (LSECs) might play a role as well [100].

In preparation to virus entry, the myristoylated N-terminus of preS1 binds to the sodium
taurocholate co-transporting peptide (NTCP), which has been identified as the specific
HBV receptor and is almost exclusively expressed on hepatocytes [216, 189]. More recent
research indicates, that epidermal growth factor receptor (EGFR) plays a co-factor role
during receptor mediated endocytosis of the virus by interacting with NTCP [81]. This
process is probably dependent on the clathrin pathway [79]. However, a previous study
in HepaRG cells claims participation of caveolin-1 for virus entry [122].

The details of viral capsid release to the cytoplasm and transport to the nucleus are
not well understood. Several studies suggest that the capsid is transported along the
endocytic pathways to late endosomes, where it is released and transported to the nuclear
pore using the host cell’s transporting machinery on dynein molecules [71, 146]. Whether
the intact capsid is then imported into the nucleus or disassembles at the nuclear pore
to release the genome, is unclear as well. Inside the nucleus, the host cell enzyme
machinery removes the viral polymerase and repairs the partially double stranded DNA
molecule to a complete circular double strand, the so called covalently closed circular
DNA (cccDNA). Additional association with histones and other host proteins contributes
to the mimicry of a mini-chromosome [170]. The cccDNA remains within the nucleus
as an episome and serves as a template for production of all viral RNAs. Transcription
is performed by the host cell’s RNA polymerase II (RNA Pol II) leading to a total
of five RNA species carrying 5’-cap and 3’-poly(A) features that are exported to the
cytoplasm. These RNA species differ in length (2x ≈3,5kbp; 2,4kbp; 2,1kbp; 0,7kbp) and
function. The three small RNAs have protein coding function only (L; M/S; X), whereas
one ≈3,5kbp RNA, also known as pregenomic RNA (pgRNA) translates into core and
polymerase (Pol) proteins and serves as a template for virus genome replication [172, 35].
The other ≈3,5kbp mRNA encodes for a non-assembling version of preCore/Core that
is further processed and secreted as HBeAg [135].

The production of Pol and core is tightly regulated. Translation of Pol starts with a
+1 frameshift from an internal start codon within the core frame [23]. This translation
initiation appears very inefficient and leads to the production of several hundred core
proteins before only a few polymerase proteins are translated [35]. The polymerase
initiates packaging of itself and pgRNA into self-assembling capsids by binding to a
5’-hairpin loop on the pgRNA, called epsilon (ε) loop [9, 88]. In addition, several host
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factors are packaged into the capsid, such as heat shock proteins Hsp90, Hsc70 and Hsp40
serving as chaperones. In an overexpression setting, also DNA synthesis blocking factors
like APOBEC3G are packaged into virions [175]. Inside this protective environment, a
protein priming mechanism initiates replication of the viral genome. Therefore, HBV
utilises the N-terminal hydroxyl group on a tyrosine residue in the TP domain of Pol to
synthesise the first five nucleotides. The newly synthesised DNA is then transferred to
the complementary sequence (DR1) on the 3’-end of pgRNA (first template switch) and
the (-) DNA strand is synthesised [137]. The RNA template is degraded in parallel by
the RNaseH domain of Pol until the the last 15-18 nucleotides. These are cap protected
and then transferred to the complementary sequence (DR2) on the 5’-end of the template
(second template switch) [69]. This step is performed in the majority of cases, resulting
in the synthesis of the (+) DNA strand until the end of the template (-) DNA strand.
There, the newly synthesised DNA is re-transferred to the DR1 region on the 3’-end of
the (-) DNA strand to permit completion of the (+) DNA strand and circularisation of
the molecule, which is then called relaxed circular DNA (rcDNA) [210]. If the second
template switch does not happen, double stranded linear DNA (dslDNA) is formed,
that can integrate into the host genome. This dslDNA is either packaged into infectious
particles and secreted, or re-imported into the nucleus of the same cell [197].

Envelopment of mature capsids containing rcDNA and secretion of viral particles is
mediated via multivesicular bodies (MVBs) and the ESCRT-complex [204]. Similarly,
filamentous SVPs are also secreted via this pathway, while the smaller spherical SVPs
are secreted via the general secretory pathway across the ER and Golgi apparatus. The
mechanism responsible for directing these particles to their respective pathway is likely
regulated by the amount of L protein on the particle surface [83, 78]. Studies have
revealed, that HBsAg, which does not contain a recruiting motif for ESCRT proteins
itself, interacts with α-taxilin via the preS1 domain. This, in turn, recruits TSG101
as a subunit of ESCRT-I. In order to facilitate this process, α-taxilin is upregulated in
infected cells by HBx and L-HBsAg [76]. Newly formed viruses are then released in an
immature form that hides the preS domain inside the particle and therefore cannot bind
to NTCP. Only after circulating in the blood stream for a certain time, the preS domain
flips to the outer side of the virus particle rendering it infectious [174].

Epidemiology and pathogenesis

Approximately 300 million people are chronically infected with HBV worldwide. The
prevalence largely differs between regions with rates ranging from less than 1% in Western
Europe and Northern America to as high as 10% in Sub-Saharan Africa and Southeast
Asia. HBV is described to manifest in ten different genotypes (gtA-J) each with various
subgenotypes and different geographical distribution. In the European context, gtA
and gtD are the most prevalent genotypes, whereas regions of Asia are characterised by
elevated prevalence of gtB and gtC [215, 162].
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Figure 1.3: Genome replication of HBV.
For detailed description see main text. In brief, replication starts with protein priming
of Pol at the 5’-ε loop. After synthesis of the first nucleotides, the first template switch
to the 3’-DR1 is performed, followed by synthesis of the (-) DNA strand and parallel
degradation of the RNA template. Synthesis of the (+) DNA strand is iniated after the
second template switch to the 5’-DR2 sequence. A third template switch to the 3’-DR1
allows completion of the (+) DNA strand and circularisation to the relaxed circular DNA
(rcDNA). Figure was taken from Tsukuda et. al. [196].
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Infection with HBV occurs via vertical transmission at giving birth or direct contact to
contaminated body fluid. If infected in early childhood, the risk for developing a chronic
infection is about 95%, whereas it decreases with age. Viral particles are extremely stable
and can survive outside of the host for approximately seven days [215]. Acute infection
is most often not recognised due to rather mild and unspecific symptoms. In contrast,
chronic infection can lead to severe disease outcomes including liver fibrosis, cirrhosis,
and HCC. The very high risk of developing severe HCC (25% of chronic HBV carriers
develop HCC) makes HBV infection therefore a major life threat causing approximately
800.000 deaths per year [20]. Notably, the severe disease does not originate from a high
viral cytopathogenicity, but rather from the immune response targeting infected cells,
while not being able to fully eliminate the virus [192].

An effective vaccine consisting of recombinant HBsAg is available since 1981 and can
provide lifelong protection from infection [192]. Therapeutic options for chronic HBV
infections are limited to PEGylated interferon alpha (PEG-IFN-α) and nucleot(s)ide
analogues interfering with the viral replication. However, response rates for PEG-IFN-α
differ by HBV genotype. In addition, this therapy is accompanied with considerable side
effects and low viral clearance rates of only 10-15%. Nucleot(s)ide analogues are more
effective in reducing viral and inflammatory markers, if given in combination of different
drugs to increase the resistance barrier. However, treatment has to be continued lifelong,
as the viral reservoir cccDNA is not targeted, leading to a quick relapse after treatment
discontinuation [103, 188, 192].

1.1.2 Hepatitis C virus

Hepatitis C virus was identified in 1989 as the causative agent of Non-A-Non-B-Hepatitis
(NANBH) that was associated with blood transfusions [51, 28]. It belongs to the family
of Flaviviridae and is the sole human member of the Hepacivirus genus [131, 114].

Particle structure and genome organisation

Infectious HCV particles present irregular spherical morphologies with diameters rang-
ing from 40-100nm. They consist of a nucleocapsid harboring the viral RNA and a lipid
bilayer embedded with the envelope proteins E1 and E2. Furthermore, HCV particles are
associated with cholesterol and cholesterylesters as well as different apolipoproteins like
apolipoprotein E (ApoE), ApoB, and ApoA-I, and therefore referred to as lipoviropar-
ticle [19, 127, 107]. The viral genome (see Fig. 1.4) consists of a single stranded RNA
molecule of approximately 9,6kb with positive polarity. It contains a single open read-
ing frame flanked by 5’- and 3’-untranslated regions (UTRs), which is translated from
an internal ribosomal entry site (IRES) within the 5’-UTR. The translated polyprotein
is further processed by host and viral proteases into three structural proteins (E1, E2,
Core) and seven non-structural proteins (p7, NS2, NS3, NS4A, NS4B, NS5A, NS5B)
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Figure 1.4: HCV genome organisation.
Schematic representation of the HCV RNA genome. Cleaving sites for host peptidases
are indicated with scissors, cleaving sites for the viral protease are indicated by arrows.
Figure was taken and adapted from Neufeldt et. al. [142]

[142, 131]. Additionally, the HCV genome harbors two binding sites for the human
microRNA miR122, which is known to be present in high abundance within the liver.
Binding of miR122 to the 5’-UTR site greatly enhances viral replication [85], thereby
presenting a potential target for antiviral therapy. However, miR122 plays an important
role as a tumor suppressor being downregulated in many hepatocellular carcinomas. This
observation finally led to the discontinuation of clinical trials investigating the potential
therapeutic targeting of miR122 [193].

Replication cycle

HCV particles circulating in the bloodstream of infected patients enter the space of Disse
by passing through the fenestrated epithelium. The initial attachment to hepatocytes
is facilitated by interaction of ApoE with HSPGs [10] and the low density lipoprotein
receptor (LDLR) [2, 39]. The Scavenger receptor B1 (SRB1) plays an essential role in the
initial attachment and serves as viral entry receptor by binding to HCV E2 [190]. Other
receptor molecules involved in the HCV entry process are CD81 as well as claudin-
1 and occludin, both being located at tight junctions between hepatocytes [154, 47,
155]. The virus-receptor-complex is internalised by clathrin-mediated endocytosis [48].
Subsequently, the viral genome is released into the host cell cytoplasm via pH-dependent
fusion of the viral envelope and the endosomal membrane [176].

In a first step of the replication cycle, the polyprotein is produced by the host cell trans-
lation machinery starting from the type III IRES in the 5’-UTR. The structural proteins
are separated from the non-structural proteins by the host signal peptide peptidase and
the signal peptidase, while the non-structural proteins are cleaved by the viral NS2
and NS3/NS4A protease [115]. Extensive membrane rearrangement, mainly induced by
NS4B and NS5A, results in the formation of the so-called membranous web, which is
the replication site of HCV. This arrangement of single-, double- and multi-membrane
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structures provides a shielding environment that protects the viral genome and replica-
tion intermediates from detection by the host immune system [166, 42, 60]. Assembly
of viral particles most likely occurs at lipid droplets in close proximity to the replication
factories. These lipid droplets get tightly wrapped by ER membranes and colocalise with
E1, E2, p7, NS2, NS3 and NS5A upon virus replication [107, 84, 130, 118]. The exact
spatiotemporal course of the assembly process is still not fully resolved. Most likely,
newly formed genomes and core proteins are guided by several non-structural proteins
to ER-sites enriched in E1E2 and bud into the ER lumen. There, they associate with
lipoproteins and follow the conventional secretory pathway out of the cell [149]. An
overview of the replication cycle is shown in Fig. 1.5.

Epidemiology and pathogenesis

HCV is a global health concern with approximately 58 million people being chroni-
cally infected and 1,5 million patients newly infected every year. The prevalence varies
across different regions, with the highest prevalence in the Eastern Mediterranean and
European regions [212]. The virus is classified into seven genotypes (gt1-7) and several
subgenotypes with gt1 and gt3 being the most prevalent ones [163]. Since HCV is a blood
borne disease, the major route of infection is through the use of improperly sterilised
needles in healthcare or drug usage, as well as through contaminated blood products.
Acute HCV infection is usually asymptomatic and presents with flu-like symptoms, while
the minority of patients experience hepatitis specific symptoms. The initial infection is
cleared in only 30% of cases. The majority of patients suffer from chronic infection that
largely remains undetected for several years, but strongly elevates risk of developing
cirrhosis and liver cancer [163]. Currently, there is no effective vaccine available against
HCV. Treatment with directly acting antivirals (DAAs) has shown high efficiency with
approximately 95% cure rates within 24 weeks. However, access to diagnosis and treat-
ment is limited due to high medication cost, particularly in high and middle income
countries [212].

1.1.3 Hepatitis D virus

Hepatitis D virus (HDV) was first identified in 1977, after being wrongly classified as
a novel antigen marker in HBV infected patients. It was later recognised as a separate
virus that depends on HBV envelope proteins for spread, leading to its classification as
a satellite virus [110].

Particle structure and genome organisation

The HDV particle presents a diameter of 35-37nm, thereby ranging between the size
of HBV SVPs and viral particles [160]. It consists of an outer envelope and an RNA
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Figure 1.5: HCV replication cycle.
See main text for detailed description. In brief, HCV enters target cells after binding to
several receptors (SRB1, CD81, claudin-1, occludin) followed by internalisation. After
pH-dependent release of the viral genome into the cytoplasm, the polyprotein is trans-
lated and processed. Re-arrangement of cellular membranes results in formation of the
membranous web, that, in turn, serves as shielding environment for viral genome repli-
cation. Assembly occurs at lipid droplets and results in production of lipid-associated
infectious particles that are secreted out of the cell via the conventional secretory path-
way. Figure was taken from Neufeldt et. al. [142]
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genome that is decorated with 70-200 copies of the Hepatitis Delta Antigen (HDAg)
forming a ribonucleoparticle (RNP) [64, 168]. The envelope consists of a lipid bilayer
and S, M, and L proteins from HBV [159, 110].

The circular RNA genome of HDV is approximately 1,7kb in length and single stranded
with negative polarity. It is characterised by a high degree of self-complementarity and
strong secondary structures with approximately 70% intramolecular base pairing. The
rod shaped molecule further presents a very stable structure, which has a long half-life
time of several days and is relatively resistant to RNase treatment [27, 126, 97]. The viral
genome encodes for a single ORF that is translated into two forms of HDAg: S-HDAg
and the C-terminally extended L-HDAg. Production of L-HDAg occurs later in the
replication cycle and is induced by editing of the RNA antigenome by the host enzyme
Adenosine Deaminase Acting on RNA 1 (ADAR1). This process leads to a read-through
of an amber stop codon and thereby elongation of the HDAg by approximately 19 amino
acids (AA) [117, 156]. Both, S-HDAg and L-HDAg, possess RNA binding capacity, but
they have different effects on RNA replication: S-HDAg promotes replication, while L-
HDAg inhibits replication [25]. Furthermore, L-HDAg undergoes farnesylation at the
cystein residue C211/212 (depending on the genotype) in its C-terminal elongation and
mediates interaction with HBsAg for envelopment and spread [145, 203]. A schematic
overview of the HDV genome and particle structure is shown in Fig. 1.6.

Replication cycle

As HDV and HBV share the same envelope proteins, the entry mechanism of both
viruses is considered very similar. Initial attachment occurs at HSPGs, whereas specific
binding of L to NTCP induces uptake of viral particles (see section 1.1.1). After release,
the viral RNP is transported to the nucleus. This process is potentially mediated by
the nuclear localisation signal (NLS) on HDAg, which allows nuclear uptake by the host
cells’ import machinery [29, 186].

Amplification of the viral genome occurs in a double rolling circle mechanism, mediated
by the host cells’ RNA Pol II and potentially RNA polymerase I [27, 22, 129]. Initially,
the antigenome is produced, which can also serve as a template for the rolling circle
amplification. To this end, multimeric copies of genome and antigenome are generated.
The ribozyme activity in the genomic and antigenomic RNA itself subsequently pro-
cesses them into unit length copies [98, 121].
In addition to genomic and antigenomic RNA, a shorter RNA that is capped and
polyadenylated is produced and exported from the nucleus and mediates production
of HDAg [77]. In the course of viral replication, the amber stop codon UAG in the
antigenome is edited by ADAR1 to a UGG codon, encoding for a tryptophan instead
and allowing for production of L-HDAg [117, 156]. Re-imported HDAg associates with
newly formed HDV RNA and mediates nuclear export via interaction with the TAP/Aly
export machinery exclusively for genomic RNA [80, 120].
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1.1 Hepatitis viruses

Figure 1.6: HDV genome organisation and particle structure.
A) Schematic representation of the HDV genome and C) the virus particle. In addition,
the HBV envelope proteins and the interaction between HDAg and envelope proteins
are shown in B). Figure taken and adapted from Lempp et. al. [110]
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Secretion of infectious HDV particles requires the presence of suitable envelope proteins,
such as HBsAg. Interestingly, envelopment and secretion of the HDV RNP can occur
with S alone, while S, M, and L proteins are required for envelopment of the HBV capsid.
Therefore, HDV is thought to exit the cell via the conventional secretory pathway along
the ER and Golgi apparatus together with HBV SVPs. Of note, as S-only enveloped
HDV particles lack the preS1 domain, they remain non-infectious [65, 181, 4, 220].
In addition, a recent study proposed propagation of HDV by helper envelope proteins
distinct from HBsAg, such as HCV E1E2 or vesicular stomatitis virus G protein (VSV-
G) [150]. Cell division mediated spread has been described for HDV as a mechanism to
maintain persistent infection. Thereby, viral genomes are distributed upon cell division
to daughter cells keeping up the reservoir for ongoing replication. This mechanism is
sensitive to interferon treatment as further in vitro data suggest [57, 219].

Further experimental and clinical evidence suggests that HDV might not present exclu-
sive human liver tropism. On the one hand, HDV is able to replicate in non-hepatic
human cell culture systems such as HeLa or HEK293T cells, but also in murine hepato-
cytes [74, 109]. On the other hand, HDV has been detected in salivary gland tissue of
patients suffering from a chronic autoimmune disease, called Sjögrens syndrome. Those
patients further tested negative for any HBV marker and anti-HDAg antibodies [207].
Of note, this data was only confirmed and further investigated by one study from the
same research group [72].

Epidemiology and pathogenesis

Approximately 5% of chronic HBV carriers are also diagnosed positive for HDV. Similar
to HBV, the prevalence of HDV strongly differs across geographical locations, with
hotspots in Mongolia, the republic of Moldova and several countries in Western and
Central Africa [214]. HDV can be classified into eight genotypes (gt1-8), which differ in
replication fitness and preferences for HBV genotypes for envelopment [203]. As HDV
relies on HBV for envelopment and spread, the major infection route is through direct
contact with contaminated blood products or usage of improperly sterilised needles.
Unlike to HBV, mother to child transmission of HDV is rare [214].
Clinical appearance of HDV infection is very similar to HBV, with an acute infection
being characterised by unspecific hepatitis symptoms such as fatigue, fever, nausea, and
jaundice. Chronic infection is linked to a more severe liver disease progression and higher
rates of cirrhosis and HCC development [214].

Vaccination against HBV is also effective in preventing HDV infection. Treatment of
chronic HDV infection includes PEG-IFN-α, which is, similar to HBV, accompanied by
severe side effects [214]. In 2020, the entry inhibitor Bulevirtide has been approved by the
European Medicine Agency (EMA) as a novel treatment option that can be administered
alone or in combination with nucleotide analogues targeting HBV [46]. Clinical studies
further demonstrated a synergistic effect of Bulevirtide and PEG-IFNα [91, 206], which
is likely due to their targeting of both routes of HDV persistance: de novo infection
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1.1 Hepatitis viruses

Figure 1.7: Replication cycle of HDV.
See main text for detailed description. In brief, HDV enters hepatocytes in the same way
as HBV via binding to NTCP followed by internalisation. Rolling circle amplification
of the viral genome occurs in the nucleus. Editing of the antigenome is performed by
the host enzyme ADAR1 resulting in the production of C-terminally elongated L-HDAg.
Newly produced genomes associate with HDAg, are packaged by HBsAg, and released
from the cell. Figure was taken from Lempp et. al. [110]
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and cell division mediated spread. Furthermore, Lonafarnib, which targets the cellular
farnesyltransferase and thereby inhibits formation of progeny HDV particles, is currently
under clinical investigation. After completing phase III clinical studies in combination
therapy with the HIV protease inhibitor Ritonavir, Lonafarnib has been granted prime
designation and orphan drug status by EMA [219, 43].

1.1.4 Co-infections

All three chronically infecting hepatitis viruses (HBV, HCV, HDV) can be detected
not only as single but also co-infections with each other. Co-infections are considered
more complex, as multiple viruses can hijack the same cell and potentially compete for
resources.

HBV/HCV

With a global prevalence of approximately 1-15%, HBV/HCV co-infection is relatively
common. The majority of cases results from super-infection rather than acute co-
infection, with HCV super-infection being more common than HBV super-infection.
Altough existing studies are contradicting, HBV/HCV co-infection is mostly associated
with higher disease severity and mortality rates [125].
Direct viral interaction between HBV and HCV has not been described in different cell
culture models, indicating that each virus replicates independently from the respective
other one [217, 11]. In contrast, in animal and clinical studies, interference between the
two viruses has been obswerved, with HBV replication being suppressed [116, 209]. This
might be due to the direct interaction between viral proteins, as hypothesized for HCV
core inhibiting HBV, as well as the host’s immune response [93]. The exact mechanism
is still unclear, but in vitro studies have shown, that the innate immune response is not
modulated in HBV/HCV co-infection [132], indicating a more prominent role for the
adaptive immune system.

HBV/HDV

As HDV is able to replicate but not able to infect and exit host cells on its own, it
almost exclusively occurs in conjunction with an ongoing or previous HBV infection
[110, 152, 26]. Co-infection with HBV is often associated with an acute infection that
is quickly resolved. However, super-infection of HDV on an already established HBV
infection often results in chronicity and is associated with more severe and accelerated
liver disease progression [201]. As mentioned above, approximately 5% of chronic HBsAg
carrier test positive for HDV [214].
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1.2 Non-human hepatitis virus-like agents

HBV/HCV/HDV

Triple infections of HBV, HCV, and HDV are mostly detected in highly endemic regions
such as Mongolia or Taiwan, with prevalence rates ranging from approximately 12% to
30% [221, 194]. Similar to double infections, triple infections tend to result in more
severe liver disease outcome and lower treatment response rates [208]. The presence
of HBV and HCV in triple infections provides an opportunity for HDV to come in
contact with an enveloped non-HBV virus within the same patient. Given the rather
high prevalence of triple infections, the potential for HCV mediated transmission of HDV
proposed by Perez-Vargas et. al. [150] would be similarly high. However, the topic of
HBV/HCV/HDV triple infection is generally understudied and focuses on small study
groups, limiting the available knowledge.

1.2 Non-human hepatitis virus-like agents

Non-human hepatitis virus-like agents have been identified in various animal species,
although their origin and evolution are not well understood yet. The evolution of hep-
adnaviruses, for example, has been extensively investigated, indicating that the com-
mon ancestor of those viruses replicated approximately 432 million years ago, around
the time of separation between ray-finned fishes (Actinopterygii) and lobe-finned fishes
(Sarcopterygii, including mammals) [104]. In contrast, for animal hepaciviruses and
Delta-like agents, the current knowledge is still limited, as new agents are being identi-
fied one by one in different host species.

1.2.1 HBV-like viruses

HBV-like viruses were initially known to infect mammals and birds. However, in the
past decade, new hepadnaviruses infecting fish and amphibian species have been iden-
tified [68, 37]. With advancements in computing capacity and efficient screening of
sequencing databases, more HBV-like viruses have been identified. Comparative se-
quence analysis has further revealed the existence of a non-enveloped virus family called
Nackednaviruses, suggesting that the common ancestor of all known HBV-like viruses
and Nackednaviruses did not possess an envelope [104].
Enveloped HBV-like viruses are classified into five clades: Avihepadnaviruses (infecting
birds), Herpetohepadnaviruses (infecting amphibians and reptiles), Orthohepadnaviruses
(infecting mammals), Metahepadnaviruses (infecting fish) and Parahepadnaviruses (in-
fecting fish). Parahepadnaviruses represent the oldest clade, that diverged from the oth-
ers about 360 million years ago. Metahepadnaviruses represent the closest related sister
clade of the Orthohepadnaviruses. Analysis of virus-host evolution reveals that Avi-,
Herpeto- and Orthohepadnaviruses most likely co-evolved with their hosts with only a
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Figure 1.8: Phylogenetic tree of hepadnaviruses.
The phylogenetic analysis is based on the core protein, with the scale bar indicating
numbers of substituted AA per site. Hepadnaviruses involved in the S protein investi-
gation in section 4.3 are marked in green. Figure was taken and adapted from Taji et.
al. [185]

few major host jumps. In contrast, Meta- and Parahepadnaviruses as well as Nacked-
naviruses exhibit a more complex evolution pattern with several major host jumps [104].
A phylogenetic tree of several hepadnaviruses is shown in Fig. 1.8.

HBV-like viruses most likely share major characteristics regarding replication strategy
and particle production with the human HBV. To this end, duck HBV (DHBV) served
as a model organism for studying HBV until suitable cell culture systems supporting the
entire HBV replication cycle were established [62, 54]. However, there are also profound
differences between different hepadnavirus clades, such as the number of encoded proteins
or the morphology of viral and subviral particles [104, 54]. For example, both, HBV and
DHBV, express subviral particles but they differ in size and stability. HBV exhibits two
types of SVPs with a much smaller diameter than viral particles (see section 1.1.1), while
DHBV presents only one type of SVPs, which are similar in size to the viral particles
[54]. The presence or absence of an intramolecular loop on the S protein, known as
the a-determinant, is likely responsible for these morphological differences. Located
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1.2 Non-human hepatitis virus-like agents

between transmembrane domains II and III, the a-determinant resides on the outer side
of the virus particle being a major immunogenicity determinant [184]. Depending on its
extension, it might further influence the strength of the induced membrane curvature
and thereby particle morphology.

There are further differences regarding the envelope proteins themselves and their topol-
ogy that are best studied for HBV and DHBV. HBV envelope proteins exist in three
different forms S, M, and L sharing the S-ORF, which is N-terminally elongated by
preS2 and preS1-preS2 to form M and L proteins, respectively (see Fig. 1.1). In con-
trast, DHBV possesses only S and L proteins that differ by a single N-terminal preS
elongation [157]. L proteins of both viruses are myristoylated, which is in turn impor-
tant for infectivity [200, 63, 123]. HBV and DHBV share a dual membrane topology of
L [66, 101], but it has been proposed that HBV possesses four transmembrane domains,
whereas DHBV carries only three [179]. Other Hepadnaviruses possess an S-ORF and at
least one putative N-terminal preS part as well (S. Seitz, unpublished data). So far, no
experimental data is available regarding membrane topology or myristoylation of those
proteins.

1.2.2 HCV-like viruses

For several decades, HCV was considered the only member of the genus hepacivirus.
However, in 2011, another hepacivirus was discovered in canine nasal swabs even in the
absence of liver disease symptoms [89]. Shortly after the discovery of this so called non-
primate hepacivirus (NPHV), evidence was found that this virus most likely originated
from horses and might have been transmitted accidentally to dogs through contaminated
horse blood products such as vaccines [16]. Subsequently, novel hepaciviruses have been
identified in various other species, including rodents [90, 53], bats [158], cattle [33, 7],
non-human primates [105], fish [177] and birds [218, 59]. Evolutionary analysis of these
animal hepaciviruses and their hosts indicates several inter-species transmission events
and a potential zoonotic origin of HCV [191, 70].

All known animal hepaciviruses share similarities in genome organisation and putative
protein structure. Potential binding sites for miR122 have been identified in most of
those viruses. However, it is still unclear whether animal hepaciviruses utilise miR122
in the same way as HCV [70].
Differences also exist in the diversification of hepacivirus genomes. For example, HCV
is highly diversified, whereas the most closely related equine HCV (NPHV or EqHCV)
shows a rather high sequence stability. The sequence of the HCV envelope glycoproteins
E1E2 is frequently mutated in the so called hypervariable region 1 (HVR-1). High
mutation rates in this region as well as the very dense glycosylation pattern is connected
to efficient immune evasion and chronicity of HCV. Interestingly, an HVR-1-like sequence
is missing in EqHCV, which also shows a lower rate of chronic infections [67].
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1.2.3 HDV-like viruses

HDV-like viruses, also termed Delta-like agents, have recently been identified in birds
through metagenomics analysis, making the first identification of these viruses in non-
human animal species [211]. Shortly after, an increasing number of Delta-like agents has
been found in various taxa with the exception of non-human primates [73, 147, 82, 13].
The origin of Delta-like agents is still unclear, but evidence suggests that these viruses
diversify through host jumping instead of co-evolution with their hosts [13].

Delta-like agents share key similarities in genome size, circularisation, and polarity, and
are most likely actively replicating in their respective hosts. As for HDV, these viruses
have only one ORF that probably does not encode for an envelope protein. Therefore,
these viruses are considered to be dependent on a helper mechanism for particle produc-
tion and spread [140, 24]. However, a putative helper virus might be distinct from any
hepadnavirus, making the very close association of HDV and HBV unique to the human
virus. In addition and potentially also due to a helper-independent spreading mecha-
nism, Delta-like agents do not present a very strict liver tropism [73, 211]. However, the
exact mechanisms underlying virus transmission are not known yet. Unpublished data
in our group suggests a potential hepacivirus-mediated transmission of a bat Delta-like
agent (BHDV), as this virus has been found in a bat (Peropteryx macrotis) and a rodent,
both in presence of the same animal hepacivirus. Other potential spreading strategies
include the usage of other helper viruses (either actively replicating or endogenous viral
elements) or extracellular vesicles [147, 82].

1.3 Aim of the study

Hepatitis D virus spread is known to be mediated by HBV envelope proteins. However,
a recent study reports the spread of HDV in an HBV-independent manner [150]. If con-
firmed, this finding would have major clinical implications, as current screening of HDV
is primarily focused on HBsAg positive carriers. In addition, HDV infection might affect
non-hepatic tissue, depending on the the presence of a helper virus leading to various
diseases of unknown origin.
Recently discovered non-human Delta-like agents share structural and genetical similar-
ities with HDV, but appear to be independent of hepadnaviral envelope proteins. This
implies: i) these non-human Delta-like agents might employ different spreading strategies
(either utilising a different viral envelope or being envelope-independent) and ii) those
strategies might be unavailable for HDV (e.g. due to steric hindrance or unavailability
of protein interactions). On the helper virus side, non-human hepadnaviruses from the
related genus of Metahepadnaviruses share sequence and structural similarities with the
human HBV, raising the possibility that HDV might be able to utilise such non-human
HBV envelope proteins for spread.

Therefore, this study aims to answer the following three major questions:

20



1.3 Aim of the study

a) Can HDV use envelope proteins of human non-HBV helper viruses (such as HCV)
for its spread?

b) Can HDV be rendered susceptible to alternative helper usage by modifying HBV
specificity determinants?

c) What is the zoonotic potential of HDV by utilising non-human hepadnaviral helpers?

In order to address these questions, I made use of different cell culture models based on
transfection or viral infection. I further included bioinformatic tools to perform sequence
comparison and investigate protein structure predictions.
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2
Materials

2.1 Antibiotics

Table 2.1: Antibiotics

Name Concentration Purpose Composition/sup-
plier

Ampicillin 1mg/mL Bacterial selection Sigma-Aldrich, St.
Louis, USA

Blasticidin S
hydrochloride

5µg/mL Eukaryotic selection MP Biomedicals, USA

Doxycycline 2µM Induction of virus
production

Sigma-Aldrich, St.
Louis, USA

Geneticin
(G418)

1mg/mL Eukaryotic selection ThermoFisher
Scientific, Waltham,
USA

Puromycin 1µg/mL Eukaryotic selection Sigma-Aldrich, St.
Louis, USA
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2.2 Antibodies

2.2.1 Antibodies for IF

Table 2.2: Primary antibodies for IF

Target Name Clonality Species Supplier Dilu-
tion

HA H3663 Monoclonal Mouse Sigma-Aldrich,
St. Louis, USA

1:200

HBsAg HBC34 Monoclonal Human Discontinued 1:1000

HBcAg DAKO Polyclonal Rabbit Discontinued 1:3000

HCV E2 Hybridoma Monoclonal Rat Minh Tu Pham 1:20

HCV NS5A 9E10 Monoclonal Mouse Kind gift from C.
Rice

1:3000

HDAg FD3A7 monoclonal Rabbit Kind gift from S.
Urban

1:2000

VSV-G I1
hybridoma

Monoclonal Mouse Vibhu Prasad 1:20

Table 2.3: Secondary antibodies for IF

Target Fluorophore Species Supplier Dilu-
tion

Human IgG AlexaFluor 488 Goat ThermoFisher Scientific,
Waltham, USA

1:1000

Human IgG AlexaFluor 555 Goat ThermoFisher Scientific,
Waltham, USA

1:1000

Mouse IgG AlexaFluor 488 Goat ThermoFisher Scientific,
Waltham, USA

1:1000

Mouse IgG AlexaFluor 555 Goat ThermoFisher Scientific,
Waltham, USA

1:1000
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2.2 Antibodies

Table 2.3: Continued Secondary antibodies for IF

Target Fluorophore Species Supplier Dilu-
tion

Mouse IgG AlexaFluor 647 Donkey ThermoFisher Scientific,
Waltham, USA

1:1000

Rabbit IgG AlexaFluor 488 Goat ThermoFisher Scientific,
Waltham, USA

1:1000

Rabbit IgG AlexaFluor 647 Donkey ThermoFisher Scientific,
Waltham, USA

1:1000

Rat IgG AlexaFluor 488 Goat ThermoFisher Scientific,
Waltham, USA

1:1000

Rat IgG AlexaFluor 647 Goat ThermoFisher Scientific,
Waltham, USA

1:1000

2.2.2 Antibodies for western blot

Table 2.4: Primary antibodies for western blot

Target Name Clonality Species Supplier Dilu-
tion

α-tubulin T5168 Monoclonal Mouse Sigma-Aldrich,
St. Louis, USA

1:8000

HA H3663 Monoclonal Mouse Sigma-Aldrich,
St. Louis, USA

1:2000

HBsAg HBD87 Polyclonal Human Discontinued 1:8000

HCV E2 N/A Monoclonal Rabbit Minh Tu Pham 1:5000

HDAg FD3A7 Monoclonal Rabbit Kind gift from S.
Urban

1:2000
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Table 2.5: Secondary antibodies for western blot

Target Enzyme Species Supplier Dilu-
tion

Human IgG HRP Goat Abcam, Cambridge, UK 1:5000

Mouse IgG HRP Goat Sigma-Aldrich, St. Louis,
USA

1:10000

Rabbit IgG HRP Goat Sigma-Aldrich, St. Louis,
USA

1:20000

2.3 Buffers and solutions

Table 2.6: Buffers and solutions

Name Composition/supplier

Cell freezing medium FCS (heat inactivated) + 10% DMSO

Cytofix/Cytoperm solution BD, Heidelberg, Germany

Cytomix 120mM KCl; 0.15mM CaCl2; 10mM
K2HPO4/KH2PO4 (pH 7.6); 25mM Hepes
(1M stock solution, cell culture grade); 2mM
EGTA; 5mM MgCl2; adjust pH to 7.6 with
KOH, sterilize by filtration and store at room
temperature

DMEM, high glucose ThermoFisher Scientific, Waltham, USA

DMEM/F12 HEPES ThermoFisher Scientific, Waltham, USA

ELISA coating buffer 13mM Na2CO3, 88mM NaHCO3; pH 9,2

ELISA washing buffer PBS + 0,05% Tween20

ELISA blocking buffer PBS + 0,05% Tween20 + 1% BSA

ELISA dilution buffer PBS + 0,05% Tween20 + 0,1% BSA

Fetal Calf Serum (FCS) Capricorn Scientific, Ebsdorfergrund, Germany

FCS for HEK cells PAN Biotech, Aidenbach, Germany
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2.3 Buffers and solutions

Table 2.6: Continued Buffers and solutions

Name Composition/supplier

GeneRuler 1kb Plus DNA ladder ThermoFisher Scientific, Waltham, USA

HEPES (1M) ThermoFisher Scientific, Waltham, USA,

Hydrocortisone hemisuccinate Sigma-Aldrich, St. Louis, USA

Insulin, recombinant human Sigma-Aldrich, St. Louis, USA

Laemmli Buffer (6X) 9,75mL Tris 0,5M (pH6.8), 15mL Glycerol,
15mL 10% SDS, 3,75mL β-mercaptoethanol,
30mg Bromophenol blue, 6.5mL H2O

LB Agar 300mL LB Medium + 4,5g Agar

L-gluatmine (200mM) ThermoFisher Scientific, Waltham, USA

Loading Dye RNA (2X) ThermoFisher Scientific, Waltham, USA

Loading Dye DNA (6X, purple) New England Biolabs (NEB), Frankfurt a.M.,
Germany

Luciferase assay buffer 10mL Glycyl Glycin (0,5M stock pH7,8), 30mL
KPO4 buffer pH7,8 (0,1M stock), 3mL MgSO4
(1M stock), 4mL EGTA (0,2M stock pH7,8),
153mL H2O

Luciferase lysis buffer 5mL Triton X-100, 25mL Glycyl Glycin (0,5M),
7,5mL MgSO4 (1M stock), 10mL EGTA (0,2M
stock), 50mL Glycerol (99%), 402,5mL H2O

Luria Broth (LB) Medium 50g Bacto-Trypton, 25g Yeast extract, 25g
NaCl in 5L ddH2O and autoclaved

MEM non-essential amino acids
(NEAA, 100X)

ThermoFisher Scientific, Waltham, USA

OptiMEM reduced serum medium ThermoFisher Scientific, Waltham, USA

Paraformaldehyde (4%) Powder dissolved to 4% (w/v) in PBS at 60◦C
under constant stirring

Phosphate buffered saline (PBS,
10X)

80mM NA2HPO4, 1.4M NaCl, 2.7mM KCl,
1.76mM KH2PO4

PBS-T PBS (1x), 0.1% (v/v) Tween-20
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Table 2.6: Continued Buffers and solutions

Name Composition/supplier

Penicillin/Streptomycin (100x) ThermoFisher Scientific, Waltham, USA

Polyethyleneglycol (PEG, 40%) 40% (w/v) PEG8000 in PBS, sterile filtered

Polymerase buffer (10X) New England Biolabs (NEB), Frankfurt a.M.,
Germany

Resolving gel buffer 1,5M Tris Base 0,4% SDS pH 8.8

RiboRuler High Range RNA ladder ThermoFisher Scientific, Waltham, USA

Sodium pyruvate (100mM) ThermoFisher Scientific, Waltham, USA

Stacking gel buffer 1M Tris Base 0,8% SDS pH 6.8

TMB substrate set BioLegend, San Diego, USA

Tris-acetate-EDTA buffer (TAE,
50X)

2M Tris, 2M Acetic Acid, 50mM EDTA, pH 8.3

Tris-borate-EDTA buffer (TBE,
10X)

1M Tris, 1M Boric acid, 20mM EDTA

Tris-glycine-SDS buffer (TGS, 10X) 150mM Tris, 1.92M Glycine, 1% w/v SDS

TN buffer 20mM Tris, 140mM NaCl (pH 7.4)

TN2140 20mM Tris, 2140mM NaCl (pH 7.4)

Transfer buffer (10X) 25mM Tris Base (pH 8.3), 150mM Glycine

Trypsin-EDTA (0,05%) ThermoFisher Scientific, Waltham, USA

Williams‘ E medium, no glutamine ThermoFisher Scientific, Waltham, USA

2.4 Cell lines and cultivating media

Table 2.7: Cell lines

Cell line Characteristics Selection

HEK239T Immortalised human embryonic kidney cell
line [38]

N/A
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2.4 Cell lines and cultivating media

Table 2.7: Continued Cell lines

Cell line Characteristics Selection

HepAD38 HepG2 derived cell line that harbours a Tet-
inducible integration of HBV gtD; produces
infectious particles of HBV [99]

1mg/mL Geneticin

HepaRG Human hepatoma cell line derived from an
HCV infected patient suffering from HCC
[62]

N/A

HepaRG-FGFR4 HepaRG stably expressing FGFR4 5µg/mL Blasticidin

HepaRG-NTCP HepaRG stably expressing NTCP 1µg/mL Puromycin

Hep56.1D-NTCP Murine hepatoma cell line derived from a
C57BL/6J mouse [95], stably expressing
NTCP

1mg/mL Geneticin

HepG2 Human liver carcinoma cell line derived
from a 15 year old patient [1]

N/A

HepG2-NTCP HepG2 stably expressing the HBV receptor
NTCP; kind gift from S. Urban

1µg/mL Puromycin

Huh7 Human hepatoma cell line; derived from a
57-year old patient suffering from HCC [134]

N/A

Huh7-D Huh7 stably replicating HDV; kind gift from
S. Urban

1mg/mL Geneticin

Huh7-END Huh7 stably expressing the HB2.7 con-
struct, NTCP and stably replicating HDV;
produces infectious HDV particles; kind gift
from S. Urban

5µg/mL Blasticidin,
1µg/mL Puromycin,
1mg/mL Geneticin

Huh7-S Huh7 stably expressing S-HDAg; kind gift
from S. Urban

5µg/mL Blasticidin

Huh7-HB2.7 Huh7 stably expressing a subgenomic HBV
fragment; produces HBV subviral particles
and HBx

5µg/mL Blasticidin

Huh7-NTCP Huh7 stably expressing the HBV receptor
NTCP

1mg/mL Geneticin
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Table 2.7: Continued Cell lines

Cell line Characteristics Selection

Huh7-CD81-
NTCP

Huh7 stably expressing the main receptors
of HCV (CD81) and HBV (NTCP)

1mg/mL Geneticin,
5µg/mL Blasticidin

Table 2.8: Cultivating media

Basal medium Supplements Cultivated cells

DMEM 10% FCS (heat inactivated), 100U/mL
penicillin, 100µg/mL streptomycin, 1X
NEAA

Huh7 derivatives,
HepG2 derivatives,
HEK293T, Hep56.1D
derivatives

DMEM/F12 10% FCS (heat inactivated), 100U/mL
penicillin, 100µg/mL streptomycin, 1X
NEAA, 2mM L-glutamine, 1mM sodium
pyruvate, 2µg/mL doxycycline (remove to
induce virus production)

HepAD38

Williams’ E 10% FCS (heat inactivated), 100U/mL
penicillin, 100µg/mL streptomycin, 2mM
L-glutamine, 50µM hydrocortisone-
hemisuccinate, 5µg/mL insulin

HepaRG derivatives

2.5 Chemicals and reagents

Table 2.9: Chemicals and reagents

Name Composition/supplier

Acetic acid Carl Roth, Karlsruhe, Germany

Adenosinetriphosphate (ATP),
100mM

Sigma-Aldrich, St. Louis, USA

Agarose Sigma-Aldrich, St. Louis, USA

Ammoniumperoxosulfate (APS) Carl Roth, Karlsruhe, Germany
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2.5 Chemicals and reagents

Table 2.9: Continued Chemicals and reagents

Name Composition/supplier

β-Mercaptoethanol Sigma-Aldrich, St. Louis, USA

Bovine Serum Albumin (BSA) heat
shock fraction, pH7, protease free

Sigma-Aldrich, St. Louis, USA

Bromophenolblue AppliChem, Darmstadt, Germany

Calcium Chloride (CaCl2) AppliChem, Darmstadt, Germany

Chloroform Carl Roth, Karlsruhe, Germany

4’,6-Diamidin-2-phenylindol
(DAPI)

Sigma-Aldrich, St. Louis, USA, D9542

Diethylpolycarbonate (DEPC) Carl Roth, Karlsruhe, Germany

Dimethylsulphoxide (DMSO) VWR International, Darmstadt, Germany

Dithiothreitol (DTT), 1M Sigma-Aldrich, St. Louis, USA

D-Luciferin PJK Biotech, Kleinblittersdorf, Germany

dNTPs (10mM) VWR International, Darmstadt, Germany

ECL Substrate (Clarity Western) Bio-Rad Laboratories, Hercules, USA

Ethanol absolute 96% Sigma-Aldrich, St. Louis, USA

Ethylendiaminontetraaceticacid
(EDTA)

AppliChem, Darmstadt, Germany

EGTA AppliChem, Darmstadt, Germany

FluoromountG Southern Biotech, Birmingham, USA

Glycerol Sigma-Aldrich, St. Louis, USA

Isopropanol Sigma-Aldrich, St. Louis, USA

iTaq Universal probes supermix Bio-Rad Laboratories, Hercules, USA

Potassium Chloride (KCl) AppliChem, Darmstadt, Germany

Potassiumdihydrogenphosphate
(KH2PO4)

Carl Roth, Karlsruhe, Germany
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2 Materials

Table 2.9: Continued Chemicals and reagents

Name Composition/supplier

Dipotassiumhydrogenphosphate
(K2HPO4)

Carl Roth, Karlsruhe, Germany

Potassiumphosphate (KPO4) Carl Roth, Karlsruhe, Germany

Potassiumhydroxide (KOH) Carl Roht, Karlsruhe, Germany

Glycerol Merck, Darmstadt, Germany

Glycine AppliChem, Darmstadt, Germany

Glycylglycine Sigma-Aldrich, St. Louis, USA

Magnesium Chloride (MgCl2) AppliChem, Darmstadt, Germany

Magnesiumsulfate (MgSO4) Merck, Darmstadt, Germany

Methanol Sigma-Aldrich, St. Louis, USA

Midori Green Advance Biozym, Hessisch Oldendorf, Germany

Milk powder Carl Roth, Karlsruhe, Germany

MyrcludexB (Bulevirtide) Kind gift from S. Urban

Sodiumcarbonate (Na2CO3) Carl Roth, Karlsruhe, Germany

Sodiumchloride (NaCl) VWR International, Darmstadt, Germany

Sodiumhydrogencarbonate
(NaHCO3)

Carl Roth, Karlsruhe, Germany

Disodiumhydrogenphosphate
(Na2HPO4)

Carl Roth, Karlsruhe, Germany

Protein Standard (PrecisionPlus
Dual Color)

Bio-Rad Laboratories, Hercules, USA

Rotiphorese Gel 40 (29:1) Carl Roth, Karlsruhe, Germany

Phenol Carl Roth, Karlsruhe, Germany

Sodiumdodecylsulfate (SDS) 10% SERVA Electrophoresis, Heidelberg, Germany

Sulfuric acaid (H2SO4; 2N) AppliChem, Darmstadt, Germany
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2.6 Consumables

Table 2.9: Continued Chemicals and reagents

Name Composition/supplier

Tetramethylethylendiamine
(TEMED)

AppliChem, Darmstadt, Germany

TritonX-100 AppliChem, Darmstadt, Germany

Tris Base Carl Roth, Karlsruhe, Germany

Tween-20 AppliChem, Darmstadt, Germany

TransIT-LT1 transfection reagent Mirus Bio, Madison, USA

Water, DNase, RNase free MP Biomedicals Germany, Eschwege, Germany

2.6 Consumables

Table 2.10: Consumables

Name Supplier

Amicon Ultra 100k filter units
(4mL, 15mL)

Merck, Darmstadt, Germany

Bacterial plates (10cm) Corning, New York, USA

Cell culture flasks (T25, T75,
T175, T875)

Corning, New York, USA

Cell culture plates (6-Well,
12-Well, 24-Well, 96-Well)

Greiner Bio-One, Frickenhausen, Germany

CellStar R© Cell culture dishes (6cm,
10cm, 15cm)

Greiner Bio-One, Frickenhausen, Germany

Costar aspirating pipets Corning, New York, USA

Coverslips (12mm) Th. Geyer, Renningen, Germany

Cryotubes (1,5mL) Greiner Bio-One, Frickenhausen, Germany

Extra thick filter paper Bio-Rad Laboratories, Hercules, USA

Face mask Meditrade, Kiefersfelden, Germany
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2 Materials

Table 2.10: Continued Consumables

Name Supplier

Filter (0,2µm, 0,45µm) GE Healthcare, Chicago, USA

Filter tips (10µL, 200µL, 1000µL) Biozym, Hessisch Oldendorf, Germany

GenePulser R© electroporation
cuvette (0,2cm)

Bio-Rad Laboratories, Hercules, USA

Gloves, nitrile Starlab, Hamburg, Germany

Gloves, long, nitrile ShieldScientific, Bennekom, Netherlands

Hard-Shell R© 96-Well plates Bio-Rad Laboratories, Hercules, USA

Microscopy glass slides Carl Roth, Karlsruhe, Germany

MicroSeal R© sealing sheet Bio-Rad Laboratories, Hercules, USA

Overshoes, blue Diaprax GmbH, Wesel, Germany

PVDF blotting membrane Bio-Rad Laboratories, Hercules, USA

Reaction tubes (1,5mL, 2mL) Sarstedt, Nümbrecht, Germany

Reaction tubes (5mL) Eppendorf SE, Hamburg, Germany

Reaction tubes (15ml, 50mL) Corning, New York, USA

Reagent reservoir (50mL) Corning, New York, USA

Refill tips non-filtered (10µL,
200µL, 1000µL)

Starlab, Hamburg, Germany

Scalpel Feather Fig. 21 megro, Wesel, Germany

Serological pipettes (5mL, 10mL,
25mL)

Corning, New York, USA

Single-cap PCR tubes Biozym, Hessisch Oldendorf, Germany

Stericup (0,45µm) Merck, Darmstadt, Germany

Syringes (5mL, 10mL , 20mL) BD, Heidelberg, Germany
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2.8 Equipment

2.7 Enzymes

Table 2.11: Enzymes

Name Composition/supplier

Q5 High fidelity DNA polymerase New England Biolabs (NEB), Frankfurt a.M.,
Germany

Recombinant shrimp alkaline
phosphatase

New England Biolabs (NEB), Frankfurt a.M.,
Germany

Restriction enzymes New England Biolabs (NEB), Frankfurt a.M.,
Germany

RNaseR BioCat, Heidelberg, Germany

T4 DNA ligase New England Biolabs (NEB), Frankfurt a.M.,
Germany

T7 RNA polymerase Self made

2.8 Equipment

Table 2.12: Equipment

Name Supplier

ÄKTApure chromatography system GE Healthcare, Chicago, USA

Agarose gel chamber VWR International, Darmstadt, Germany

Analytical scale LP-3102 VWR International, Darmstadt, Germany

Analytical fine scale LA-124i VWR International, Darmstadt, Germany

Biological safety cabinet HeraSafe
2020

ThermoFisher Scientific, Waltham, USA

C1000 Touch Thermal Cycler Bio-Rad Laboratories, Hercules, USA

Cell culture centrifuge Rotina 380R Andreas Hettich GmbH, Tuttlingen, Germany

Centrifuge 5424 Eppendorf SE, Hamburg, Germany
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2 Materials

Table 2.12: Continued Equipment

Name Supplier

Centrifuge 5424 R Eppendorf SE, Hamburg, Germany

Centrifuge Sorvall LYNX4000 ThermoFisher Scientific, Waltham, USA

CFX ConnectTM real time PCR
detection system

Bio-Rad Laboratories, Hercules, USA

CO2 cell culture incubator IncuSafe Sanyo, Moriguchi, Japan

CO2 cell culture incubator C200 Labotect, Göttingen, Germany

Electrophoresis cell
Mini-PROTEAN tetra vertical

Bio-Rad Laboratories, Hercules, USA

Electroporation device GenePulser
Xcell

Bio-Rad Laboratories, Hercules, USA

ECL ChemoCam imager 3.2 INTAS Sciences, Göttingen, Germany

Flow cytometer LSRFortessa II BD, Heidelberg, Germany

Freezer Liebherr premium Liebherr, Kirchdorf a.d. Iller, Germany

Fridge Med Line Liebherr, Kirchdorf a.d. Iller, Germany

Gel documentation system iDoc INTAS Sciences, Göttingen, Germany

Heatblock/shaker ThermoMixer C Eppendorf SE, Hamburg, Germany

Inverted microscope Primovert Carl Zeiss, Jena, Germany

Liquid nitrogen tank Tec-lab, Hünfelden, Germany

Luminometer Mithras LB943 Berthold Technologies, Bad Wildbad, Germany

Magnetic stirrer MR Hei-Standard Heidolph Instruments, Schwabach, Germany

Microscope Nikon Eclipse Ti Nikon, Minato, Japan

Microscope Nikon Eclipse Ts2 Nikon, Minato, Japan

Microwave oven Clatronic, Kempen, Germany

Multiskan EX plate reader ThermoFisher Scientific, Waltham, USA

PipetBoy acu2 Integra, Biebertal, Germany
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2.9 Kits

Table 2.12: Continued Equipment

Name Supplier

Pipette Research Plus 10µL, 20µL,
200µL, 1000µL

Eppendorf SE, Hamburg, Germany

Power supply PowerPacTM Bio-Rad Laboratories, Hercules, USA

Pump BVC Professional VacuuBrand, Wertheim, Germany

Rotating mixer multiaxle VWR International, Darmstadt, Germany

Spectrophotometer NanoDrop 1000 ThermoFisher Scientific, Waltham, USA

Tabletop pump Vacusip Integra, Biebertal, Germany

Transfer system Trans-Blot turbo Bio-Rad Laboratories, Hercules, USA

Ultracentrifuge Optima LE-80K Beckman-Coulter, Brea, USA

UV transilluminator Vilber Lourmat, Eberhardzell, Germany

Vortex Genie 2 Carl Roth, Karlsruhe, Germany

2.9 Kits

Table 2.13: Kits

Name Purpose Supplier

High capacity cDNA
synthesis kit

Reverse transcription Applied Biosystems,
Waltham, USA

Mammalian calcium
phosphate transfection kit

Transfection of HEK cells
for lentivirus productin

TaKaRa Bio, Kusatsu, Japan

Monarch plasmid
miniprep kit

Plasmid purification New England Biolabs (NEB),
Frankfurt a.M., Germany

Monarch total RNA
miniprep kit

RNA extraction New England Biolabs (NEB),
Frankfurt a.M., Germany

Monarch gel extraction kit DNA extraction from
agarose gels

New England Biolabs (NEB),
Frankfurt a.M., Germany
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2 Materials

Table 2.13: Continued Kits

Name Purpose Supplier

Monarch DNA cleanup kit Purification of PCR prod-
ucts

New England Biolabs (NEB),
Frankfurt a.M., Germany

NucleoBond PC500 kit Plasmid purification Macherey-Nagel, Düren,
Germany

QIAAmp viral RNA
isolation kit

RNA extraction from viral
supernatants

Qiagen, Hilden, Germany

2.10 Oligonucleotides

Table 2.14: Oligonucleotides for cloning

Name Sequence

BatHepaci-E2-linker ggatcaggagcacaccagcaactttccactgaagcgtatc

BatHepaci-E2-HA gcccgcataatccggcacatcatacggataagcggtagcagtctcgacg

BatHepaci-E2-SbfI-fw gtttacctgcaggatgggactggttttcttcttcttg

BatHepaci-E2-SpeI-rev ggcggactagtgtcaacaccttggatgc

AMDV-env-HindIII-fw ctaggcaagcttgactgggaaatacatcatcaagtc

AMDV-env-NotI-rev ccatagcggccgcgaagaacaaagtagtgcctgtcc

AMDV-S-HindIII aagcttcacaaccacacacgatg

AMDV-HA-S-fw tatccgtatgatgtgccggattatgcggggtcaacattatccaatg

AMDV-HA-S-rev catcgtgtgtggttgtg

AMDV-S-HA-fw tatccgtatgatgtgccggattatgcgtagagatcaatcctgaaaaaactaaatg

AMDV-S-HA-rev acttcctcccgtaatgtgtgaatagg

BgHBV-env-HindIII-fw gtattaagcttgcggggaaccatattcctg

BgHBV-env-EcoRI-rev caattgaattcctcgagagggtacctgac

BgHBV-S-HindIII aagcttagcgaccccaacg
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2.10 Oligonucleotides

Table 2.14: Continued Oligonucleotides for cloning

Name Sequence

BgHBV-HA-S-fw tatccgtatgatgtgccggattatgcgacagggtttttctcagggtg

BgHBV-HA-S-rev catctgtggcggtgacgttgg

BgHBV-S-HA-fw tatccgtatgatgtgccggattatgcgtagaccccgagaaaacaaagtggtcag

BgHBV-S-HA-rev acttcctgtggatccccagagaaagtag

CSKV-env-HindIII-fw ctaggaagcttggaagtttcaccatctgc

CSKV-env-NotI-rev gttggagcggccgccttcaactggagcagtg

CSKV-S-HindIII aagcttgcaactcgacacttctaaac

CSKV-HA-S-fw tatccgtatgatgtgccggattatgcggcaaaaacaccagagatatc

CSKV-HA-S-rev catctcgtccgtctcggttg

CSKV-S-HA-fw tatccgtatgatgtgccggattatgcgtagacatggacaaatctactcctc

CSKV-S-HA-rev acttcccaattccccactcattgaataaac

DHBV-NheI-fw cagctagtagctagcgtcgacgtggaactta

DHBV-NotI-rev cagtatgcggccgctcatgcatgagatcc

DHBV-env-NheI-fw gttactgctagccatgaatcaatagtagg

DHBV-env-NotI-rev cagtatgcggccgccattcaccggagaag

DHBV-S-NheI gctagcccagtgataaaaactcc

DHBV-HA-S-fw tatccgtatgatgtgccggattatgcgtctggtaccttcgggggaatac

DHBV-HA-S-rev cattttcttcttcaaggggg

DHBV-S-HA-fw tatccgtatgatgtgccggattatgcgtaggaataagaataaactttgacaaaac

DHBV-S-HA-rev acttccactcttgtaaaaaagagcag

HBV-env-HindIII gtaccaagcttaaacaacacatagcgcc

HBV-env-NotI gtattgcggccgcagtaaccccatctctttg

HBV-S-HindIII aagcttcttctcgaggattgg

HBV-HA-S-fw tatccgtatgatgtgccggattatgcggagaacatcacatcaggattc
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2 Materials

Table 2.14: Continued Oligonucleotides for cloning

Name Sequence

HBV-HA-S-rev catgttcagcgcagggtcc

HBV-S-HA-fw tatccgtatgatgtgccggattatgcgtagaccctaacaaaacaaagagatg

HBV-S-HA-rev acttccaatgtatacccaaagacaaaag

HeHBV-env-HindIII gattcagaagcttgcaccttgtcccgcaac

HeHBV-env-NotI gattacagcggccgccggggaaggagtcat

HeHBV-S-HindIII aagcttcccaaagctcaccaacaag

HeHBV-HA-S-fw tatccgtatgatgtgccggattatgcgggagctaccttcgggggaatac

HeHBV-HA-S-rev cattttcttcttgttggtgagc

HeHBV-S-HA-fw tatccgtatgatgtgccggattatgcgtagggatcaactttgacaaaatgactc

HeHBV-S-HA-rev acttcctcccgaattcttgaagaaaag

RRHBV-env-HindIII ctttataggacaagcttatccttgg

RRHBV-env-NotI cattaagcggccgcccaccattttgttttatcgg

RRHBV-S-HindIII aagcttgaccctgtccggg

RRHBV-HA-S-fw tatccgtatgatgtgccggattatgcgacaaccgaaaatgcatctcg

RRHBV-HA-S-rev catgtttccccggacagggtc

RRHBV-S-HA-fw tatccgtatgatgtgccggattatgcgtagagataaaccccgataaaacaaaatg

RRHBV-S-HA-rev acttcccccccagatataccagaaag

SkHBV-env-NheI cataagctagcggtaggggtgctatacaag

SkHBV-env-NotI cttaagcggccgccctcgctggttcaggtg

SkHBV-S-HindIII aagcttcaccactagctactc

SkHBV-HA-S-fw tatccgtatgatgtgccggattatgcggcagaagactctgtcacgtc

SkHBV-HA-S-rev catcttctgagttggtggaggc

SkHBV-S-HA-fw tatccgtatgatgtgccggattatgcgtagatgtggacaaatctacacctgaacc

SkHBV-S-HA-rev acttcctgatgatcccatagctttgtag
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2.10 Oligonucleotides

Table 2.14: Continued Oligonucleotides for cloning

Name Sequence

SLHBV-S-HindIII aagcttgacacctcaaccggag

SLHBV-S-NotI ctcgagcggccgcgtac

SLHBV-HA-S-fw tatccgtatgatgtgccggattatgcggcgacaaacgacttttctatg

SLHBV-HA-S-rev catgttctgactctccggttg

TFHBV-env-HindIII cgaaatcaagcttgaacgcctgttaggaccattg

TFHBV-env-NotI gcttaatagcggccgccacaatttgtctggtgg

TFHBV-S-HindIII aagcttgaagctggaagaaaagag

TFHBV-HA-S-fw tatccgtatgatgtgccggattatgcgagcggcgctgtttctcccg

TFHBV-HA-S-rev catgtttgcagttgtactcttttc

TFHBV-S-HA-fw tatccgtatgatgtgccggattatgcgtagactttgacaaatctacactaacc

TFHBV-S-HA-rev acttcctcctgaccccatattgttg

TMDV-env-HindIII gtataagcttctattcatgggaggctcg

TMDV-env-NotI cttaagcggccgccagtccacttagtcttttc

TMDV-S-HindIII aagcttcttcgtccattggac

TMDV-HA-S-fw tatccgtatgatgtgccggattatgcgtttggaccgctcggaggattc

TMDV-HA-S-rev catattggcagccgctgtcc

TMDV-S-HA-fw tatccgtatgatgtgccggattatgcgtagatgaggaaaagactaagtggactg

TMDV-S-HA-rev acttccgttgtatccccaaagattg

WHV-env-HindIII cttggactaagcttcatattcttgggaacacagac

WHV-env-NotI cagattagcggccgccctgaactagtaattacatatcc

WHV-S-HindIII aagcttcctgcactgtcacc

WHV-HA-S-fw tatccgtatgatgtgccggattatgcgtcaccatcaagtctcctaggactc

WHV-HA-S-rev catctccggtgacagtgcag

WHV-S-HA-fw tatccgtatgatgtgccggattatgcgtagatgtcaataaaacaaaatggtg
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2 Materials

Table 2.14: Continued Oligonucleotides for cloning

Name Sequence

WHV-S-HA-rev acttccaatgtatacccaaatcaagaaaaac

Table 2.15: Oligonucleotides for RT-qPCR

Name Sequence

HCV-fw tctgcggaaccggtgagta

HCV-rev gggcatagagtgggtttatcca

HCV-probe 6-FAM-aaaggacccagtcttcccggcaatt-TAMRA

HDV-fw gcgccggctgggcaac

HDV-rev ttcctcttcgggtcggcatg

HDV-probe 6-FAM-cgcggtccgacctgggcatccg-BHQ1

2.11 Plasmids

Table 2.16: Plasmids

Name Backbone Gene of interest Source

pCHT-HBV1.1 pCHT 1,1x HBV gtD Kind gift from M.
Nassal

pcDNA-eGFP pcDNA3.1 eGFP Addgene

pcDNA-gHDV pcDNA3.1 HDV 1,1x genome Kind gift from S.
Urban

pcDNA-HDV-
2xUAA

pcDNA3.1 HDV antigenome not
producing L-HDAg

Kind gift from S.
Urban

pcDNA-SHDAg pcDNA3.1 HDV S-HDAg Kind gift from S.
Urban
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2.11 Plasmids

Table 2.16: Continued Plasmids

Name Backbone Gene of interest Source

pcDNA-nonhuman
HBV

pcDNA3.1 Unitlength genome of
non-human HBV

self-designed

pcDNA-nonhuman-
HBV-env

pcDNA3.1 Non-human HBV env
ORF

Self cloned

pcDNA-nonhuman-
HBV-HA-env

pcDNA3.1 Non-human HBV env
ORF, HA tag on
N-terminus of S

Self cloned

pcDNA-nonhuman-
HBV-env-HA

pcDNA3.1 Non-human HBV env
ORF, HA tag on
C-terminus of S

Self cloned

pcDNA-nonhuman-
HBV-S

pcDNA3.1 Non-human HBV S
protein

Self cloned

pcDNA-nonhuman-
HBV-HA-S

pcDNA3.1 Non-human HBV S
protein, HA tag on
N-terminus

Self-cloned

pcDNA-nonhuman-
HBV-S-HA

pcDNA3.1 Non-human HBV S
protein, HA tag on
C-terminus

Self-cloned

pCMV∆R8.91 HIV gag-pol Addgene

pFK-Jc1 pFK HCV Jc1 full length
genome

Christopher Dächert

pFK-sgJFH1-5A-
mCherry

pFK JFH1 subgenomic
replicon, NS5A tagged
with mCherry

Own group

pJC126 pcDNA HDV 1,1x antigenome Kind gift from S.
Urban

pLX304-HB2.7 pLX304 HBV S, M, L, X Kind gift from S.
Urban

pMD2.G pMD2.G VSV-G Addgene

pWPI-C-NS2 pWPI HCV Jc1 C-NS2 Own group
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2 Materials

Table 2.16: Continued Plasmids

Name Backbone Gene of interest Source

pWPI-CD81 pWPI Human CD81 Own group

pWPI-E1E2 pWPI HCV Jc1 E1E2 Own group

pWPI-NTCP pWPI Human NTCP Kind gift from S.
Urban

pWPI-prME pWPI DENV prME Own group

2.12 Software

Table 2.17: Software

Name Supplier

AlphaFold2 accessed via the Google ColabFold (ColabFold
v1.5.2-patch: AlphaFold2 using MMseqs2), orig-
inally developed by DeepMind [87]

Bio-Rad CFX Maestro Bio-Rad Laboratories, Hercules, USA

ChimeraX Open source software, UCSF, San Francisco,
USA (www.cgl.ucsf.edu/chimerax)

Fiji Open source software (www.imagej.net/
software/fiji) [169]

GraphPad Prism Insight Partners, New York, USA

Ilastik Open source software, EMBL, Heidelberg, Ger-
many [12]

Inkscape Open source, inkscape community (www.
inkscape.com)

INTAS Chemostar INTAS Sciences, Göttingen, Germany

Jalview Open source software (www.jalview.org) [205]

Microsoft office Microsoft, Redmond, USA

NIS Elements Advanced Research Nikon, Minato, Japan
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2.13 Viruses and Bacteria

Table 2.17: Continued Software

Name Supplier

Snap Gene GSL Biotech LLC, Chicago, USA

Unicorn Versions 5.11 and 7.2 GE Healthcare, Chigaco, USA

2.13 Viruses and Bacteria

Table 2.18: Viruses and bacteria

Name Description

HBV Genotype D

HCV Genotype 2a, strain Jc1

HDV Genotype 1, with HBV gtD envelope

Escherichia coli (E.coli) Strain DH5α
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3
Methods

3.1 Cell Culture

3.1.1 Cultivation

Cells were maintained in the respective media (see table 2.8) at 37◦C, 95% relative hu-
midity and 5% CO2. Passaging was done twice a week. Therefore, supernatant was
removed and cells were washed once with PBS. Cells were detached by adding 0,025%
Trypsin/EDTA solution and incubating for several minutes at culturing conditions. Af-
terwards, cells were resuspended in cultivating medium, diluted to the desired concen-
tration and seeded on fresh culturing plates.

3.1.2 Freezing and thawing

For freezing, cells were detached as described for regular maintenance (see section 3.1.1)
but transferred to a 50mL conical tube. After 5min centrifugation at 500g and room
temperature, the supernatant was removed and the cell pellet was resuspended in FCS
+ 10% DMSO. The suspension was distributed in 1mL aliquots to cryo vials and frozen
in an isopropanol freezing container lowering the temperature by approximately 1◦C per
minute to -80◦C. For long term storage, frozen cells were transferred to liquid nitrogen.
Cells were thawed quickly and resuspended in warm cultivating medium. Afterwards,
cells were centrifuged for 5min at 500g and room temperature followed by resuspension
of the pellet and plating cells in cultivating medium, or directly plated after thawing.
One day after plating, the medium was exchanged to remove residual DMSO from the
culture.

3.1.3 Counting

Cells were detached as described for regular maintenance (see section 3.1.1) and trans-
ferred to a 50mL conical tube. For counting, 10µL of the culture were counted in a
Neubauer counting chamber.
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3 Methods

3.1.4 DNA transfection

Plasmid transfection except for production of lentiviral particles was performed using
TransIT-LT1 transfection reagent following the manufacturer’s protocol.

In brief, one day before transfection, cells were seeded to reach 90% confluency at the
day of transfection. Transfection reagent, plasmids and OptiMEM were slowly brought
to room temperature. Approximately, 45min before transfection, the supernatant was
removed and cells were covered with fresh cultivating medium. Transfection mixes were
prepared by first diluting plasmid to the desired concentration in OptiMEM, then adding
TransIT-LT1 transfection mix in a 3X excess to the amount of DNA (e.g. 1µg DNA
in OptiMEM mixed with 3µL TransIT-LT1), and mixing by inverting the tube. Trans-
fection mixes were incubated at room temperature for 20min to allow formation of
lipoparticles and then added to the cells. Plates were gently shook in order to equally
distribute the transfection mix and incubated at cultivating conditions. One day after
transfection, the supernatant was removed, cells were washed 3x with PBS and covered
with fresh cultivating medium.

3.1.5 Generation of stable cell lines

Cell lines stably overexpressing certain proteins of interest were generated by lentiviral
transduction. HEK293T cells were seeded in 6cm dishes at a density of 1,2x106 cells
per dish one day before transfection. 30-45min before transfection, the medium was
exchanged to 4mL cultivating medium. Plasmids encoding for VSV-G (pMD.G; 2,14µg),
HIV gag-pol (pCMV∆R8.91; 6,42µg) and the protein of interest (pWPI-PI; 6,42µg)
were diluted in water to a final volume of 438µL. Subsequently, 62µL CaCl2 and 500µL
2X HBS were added and mixed by gentle pipetting. The entire volume was added
dropwise to the cells and incubated at 37◦C. One day after transfection, the medium
was exchanged to 5mL cultivating medium and target cells were seeded to 6cm dishes for
transduction. Supernatants of transfected HEK293T cells were harvested twice on d2 p.t.
(morning and afternoon) and once on d3 p.t. (morning) and filtered through a 0,45µm
pore size filter unit. Medium on target cells was removed and filtered supernatant was
added to the cells. The afternoon after the third transduction, cells were washed twice
with PBS and split to 10cm dishes. Selection was started during the first split with the
required antibiotic concentration.

3.1.6 RNA electroporation

Cells were detached as described for regular maintenance (see section 3.1.1) and diluted
to 1x107 cells per mL in cultivating medium. After centrifugation at 500g and room tem-
perature for 5min, the supernatant was discarded and the pellet washed in 35mL PBS.
Cells were again pelleted at 500g and room temperature for 5min and then resuspended
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in 200µL freshly prepared Cytomix per electroporation reaction. The cell suspension
was mixed with 2,5-5µg in vitro transcribed RNA and transferred to a 0,2mm gap width
electroporation cuvette. Electroporation was performed at 500µF and 166V for approx-
imately 8-9ms. Afterwards, cells were resuspended in pre-warmed cultivating medium
and seeded to a density of 1,7x106 cells per well for timepoints earlier than d3 and 8x105

cells per well for timepoints d3 and later.

In case of flHCV RNA electroporation, cells were allowed to attach for 4h and then
transferred to BSL-3 conditions.

3.2 Viruses

Experiments including work with infectious full length HBV and HCV were performed
under BSL-3 safety conditions. All work with HDV was performed under BSL-2 condi-
tions including handling pseudotyped HDV.

3.2.1 Infection

Viral infection experiments were performed in infection medium consisting of cultivating
medium supplemented with DMSO (1,5% for Huh7 based cell lines and 2,5% for HepG2
based cell lines). Virus stocks were diluted in infection medium to the desired MOI and
PEG8000 was added to a final concentration of 4%. Infections were performed over night
in half the cultivating volume (e.g. 250µL per 24 well plate). Afterwards, the inoculum
was removed, cells were washed three times with PBS and covered with the full volume
of infection medium.

3.2.2 Viral stock production HBV and HDV

Viral stocks of HBV and HDV were produced using the stable producer cell lines
HepAD38 (HBV) and Huh7-END (HDV). Cells were expanded to 6x T175 flasks to
reach the number of cells required to be seeded on two 5-layer multiflasks (growth area
875cm2) and two T25 control flasks. HepAD38 cells were kept under +2µM Doxycy-
cline conditions until 14 days after seeding, before Doxycycline was removed to induce
virus production. Supernatants from both cell lines were harvested every three to four
days, filtered through a 0,22µm pore size filter unit and stored at 4◦C. The total cul-
turing time was 100 days and 14 days for HepAD38 and Huh7-END, respectively. All
supernatants of Huh7-END and supernatants of HepAD38 showing the highest virus
concentrations, as determined by HBsAg and HBeAg specific ELISA, were pooled for
further processing. Viral particles were purified and concentrated at 4◦C on a HiTrap
5mL HP heparin column using a fully automated ÄKTApure device as described by
Seitz et. al. [174]. Briefly, the column was equilibrated with 3 column volumes (CV) 1X
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TN buffer at 2mL/min. A total volume of 450mL cell culture supernatant was loaded to
the column at 0,4mL/min, before the column was washed with 5 CV at 2mL/min. Viral
particles were eluted over 5 CV at 2mL/min using a linearly increasing salt concentra-
tion ranging from 140mM to 2140mM NaCl in 1X TN buffer. Eluates were collected in
2,5mL fractions and the column was re-equilibrated with 5 CV at 2mL/min. During the
entire procedure, UV absorption was measured at 254nm and 280nm. Collected fractions
were immediately diluted with deionised water in order to reduce the salt concentration
and thereby minimise particle damage. For further concentration of viral particles, frac-
tions around the highest UV-peak were pooled and applied to Amicon Ultra-15 100k
filter units by centrifugation at 3000g and 4◦C for 3h. Concentrated viral particles were
resuspended to 3mL 1X TN buffer + 10% FCS and stored at -80◦C. Viral titers as in-
dicated by genome equivalents per mL were determined by qPCR. For HBV particles,
titer dertermination was kindly performed by Dr. Paul Schnitzler.

3.2.3 Concentration of viral supernatants

Supernatants harvested from transfected or stable cells producing viral particles (besides
virus stocks) were concentrated by either PEG-precipitation or Amicon filter units. In
both cases, cell culture supernatants were filtered through a 0,45µm pore size filter and
then applied to the respective concentration procedure.

Amicon filter unit

Filtered supernatants were directly applied to Amicon Ultra filter units with a 100kDa
weight cutoff and centrifuged for 20min at 4000g and 4◦C. The flow-through was dis-
carded and the filtrate was stored at -80◦C.

PEG-precipitation

PEG8000 (40% (w/v) stock solution in PBS) was added to filtered cell culture super-
natants in a final concentration of 6% and mixed by inverting the tube. After incubation
over night at 4◦C, particles were pelleted by centrifugation for 1h at 10000g and 4◦C.
Supernatants were discarded and the pellet was resuspended in 150µL OptiMEM or 1%
FCS in 1X TN buffer and stored at -80◦C.
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3.3 Nucleic acids

3.3.1 In vitro transcription

Viral RNA used for electroporation was produced by in vitro transcription. HDV
RNA was generated from a plasmid encoding an 1,1x overlength genome (gHDV) or
antigenome (agHDV) and HCV RNA was produced from a plasmid encoding unit length
RNA (flHCV) or subgenomic replicon RNA (sgHCV). In addition, an mRNA analogue
of S-HDAg was synthesised. All plasmids were digested at a quantity of 10-20µg with
suitable restriction enzymes (see tables 3.1 and 3.2) for 2h at 37◦C. Afterwards, the
DNA was run on a preparative agarose gel. The required fragments were excised and
extracted from the gel using the Monarch gel extraction kit as described in section 3.3.7.
In vitro transcription was performed using T7 polymerase in the reaction mix as de-
scribed in tables 3.3, 3.5 and 3.4 over 4h at 37◦C. After 2h incubation, another 2µL of
T7 polymerase was added in order to increase efficiency. The DNA template was di-
gested by 1,5U DNaseI over 1h at 37◦C. In the case of S-HDAg mRNA production, 10µL
poly(A)-polymerase buffer and 5U E.coli poly(A)-polymerase were added and incubated
at 37◦C for 30min. Samples were stored at -80◦C or directly processed for RNA isolation
by phenol-chloroform-extraction.

Table 3.1: Restriction enzymes used for preparation of HDV or HCV full length or
subgenomic RNAs

Construct Enzyme

gHDV SacI, NotI
agHDV MluI, MscI
S-HDAg mRNA SacI, NotI
flHCV SbfI, MluI
sgHCV AfeI

Table 3.2: Template preparation for in vitro transcription. Volumes given are required
for one reaction.

Reagent Amount

Restriction enzyme 1µL
Buffer CutSmart 10µL
DNA template 10-20µg
Nuclease free H2O ad 100µL
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Table 3.3: Reagents for in vitro transcription of full length HDV RNAs. Volumes given
are required for one reaction.

Reagent Amount

10X Polymerase buffer 10µL
rNTPs (25mM each) 12,5µL
RNasin (40U/µL) 2,5µL
T7 polymerase 2µL
RNA template 60µL
Nuclease free H2O ad 100µL

Table 3.4: Reagents for in vitro transcription of S-HDAg mRNA analogue. Volumes
given are required for one reaction.

Reagent Amount

10X Polymerase buffer 8,5µL
rNTPs (25mM ATP, CTP,
UTP; 12,5mM GTP)

12,5µL

ARCA cap analogue 20µL
RNasin (40U/µL) 2,5µL
T7 polymerase 2µL
RNA template 40µL

Table 3.5: Reagents for in vitro transcription of HCV RNAs. Volumes given are re-
quired for one reaction.

Reagent Amount

5X RRL buffer 23µL
rNTPs (25mM each) 12,5µL
RNasin (40U/µL) 2,5µL
T7 polymerase 2µL
RNA template 60µL
Nuclease free H2O ad 100µL
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3.3.2 Phenol-chloroform-extraction

RNA produced by in vitro transcription was mixed with RNase free water, phenol (water
saturated, pH<5) and sodium acetate (2M, pH4,5) according to table 3.6.

Table 3.6: Reagents for phenol-chloroform extraction. Volumes given are required for
one reaction.

Reagent Amount

IVT RNA 100µL
RNase free water 440µL
Sodium acetate (2M, pH 4,5) 60µL
Phenol (water saturated
pH<5)

400µL

The mixture was vortexed for 5s, incubated on ice for 10min and centrifuged for 10min
at 4◦C and 12000g. The upper phase was transferred to a clean 1,5mL tube and mixed
with the same volume of chloroform. After vortexing for another 5s, the samples were
centrifuged for 3min at room temperature and 20000g. The upper phase was transferred
to a clean 1,5mL tube and the RNA was precipitated by mixing with 0,7 volumes of
isopropanol and centrifugation for 20min at room temperature and 20000g. The su-
pernatant was discarded and the pellet was resuspended in 300µL freshly prepared 70%
ethanol. After centrifugation for 3min at room temperature and 20000g, the supernatant
was discarded and the pellet was air-dried for 10min. The RNA was resuspended in 50µL
RNase free water and dissolved by incubation at 37◦C and 450rpm for 5min.

RNA concentration was assessed spectrophotometrically using the NanoDrop1000 device
and RNA integrity was checked by agarose gel electrophoresis in 1X TBE buffer.

3.3.3 RNA isolation from cells

Isolation was performed using the Monarch total RNA miniprep kit according to manu-
facturer’s instructions. If not stated otherwise, centrifugation was performed at 16000g
and room temperature for 30s. In brief, medium was removed and cells were washed
once with PBS. Lysis was performed by adding 300µL Monarch RNA lysisbuffer and
freezing the lysate at -80◦C. Prior to RNA isolation, lysates were thawed at room tem-
perature. The lysate was applied to a gDNA removal column and centrifuged. The
flowthrough was mixed with the same volume of 95% ethanol, applied to an RNA iso-
lation column and centrifuged. The flowthrough was discarded and the column washed
once with 500µL Monarch wash buffer. On-column DNaseI digest was performed by
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adding 5µL DNaseI in 75µL DNaseI reaction buffer to the column and incubating 15min
at room temperature. Afterwards, 300µL Monarch RNA prime buffer was applied to the
column and centrifuged. The flowthrough was discarded and the column washed once
with 500µL Monarch wash buffer. After centrifugation, the column was washed again
with 500µL Monarch wash buffer. Centrifugation was performed for 2min. Columns
were transferred to a fresh 1,5mL tube and RNA was eluted in 50µL RNase free water
by centrifugation. RNA concentration was determined by spectrophotometry using the
NanoDrop1000 device and software. Isolated RNA was stored at -80◦C.

3.3.4 RNA isolation from viral supernatants

Isolation from viral supernatants was performed using the QiaAmp viral RNA isolation
kit according to manufacturer’s instructions. Prior to RNA isolation, supernatants har-
vested from cells after plasmid transfection were incubated with RQ1 DNase for 1h at
37◦C. If not stated otherwise, centrifugation was performed at 11000g and room tem-
perature for 1min. In brief, viral supernatants were brought to 140µL by adding sterile
PBS. Diluted supernatants were mixed with 560µL buffer AVL containing 5,6µL car-
rier RNA and pulse-vortexed for 15s. After incubation at room temperature for 10min,
560µL 95% ethanol was added and pulse-vortexed for 15s. The mixture was applied to
RNA isolation columns in 630µL steps and centrifuged. Columns were washed once with
wash buffer AW1 and centrifuged. A second wash was performed by adding 500µL wash
buffer AW2 and centrifugation for 3min at 20000g. The column was dried by centrifu-
gation at 20000g and transferred to a fresh 1,5mL tube. Elution buffer AVE was added
at a quantity of 50µL and incubated for 1min at room temperature. RNA was eluted
by centrifugation and stored at -80◦C.

3.3.5 Plasmid DNA extraction

Circular plasmid DNA was extracted from 5mL bacterial cultures using the Monarch
plasmid miniprep kit or from 350mL bacterial cultures using the NucleoBond PC500 kit.
Both extractions were performed according to manufacturer’s instructions.

Using the Monarch plasmid miniprep kit, centrifugations were carried out at 16000g and
room temperature for 1min, if not stated otherwise. Cells were precipitated from 5mL
bacterial suspension over 30s centrifugation. The supernatant was discarded and cells
were resuspended in 200µL buffer B1. For lysis, 200µL buffer B2 was added and mixed
well by inverting the tube. After 1min incubation at room temperature, 400µL buffer
B3 was added and mixed by inverting the tube. The suspension was cleared by centrifu-
gation for 10min and 800µL supernatant was applied to the column by centrifugation.
The flowthrough was discarded and the column washed once with 200µL wash buffer 1
and once with wash buffer 2. Elution was performed in 50µL ultrapure water into 1,5mL
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reaction tubes after incubation for 1min at room temperature. DNA concentration was
determined spectrophotometrically using the NanoDrop1000 device.

From larger 350mL bacterial cultures, 1mL was mixed 1:1 with 50% glycerol and stored
at -80◦C for cryopreservation. The volumes given during the procedure refer to the high
copy protocol, numbers given in brackets state deviations if the low copy protocol was
followed. The remaining culture was centrifuged at 6000g and 4◦C for 15min. The su-
pernatant was discarded and the pellet resuspended in 12mL (24mL) buffer S1. For lysis,
12mL (24mL) buffer S2 was added and mixed by inverting the tube. After incubation at
room temperature for 3,5min, 12mL (24mL) buffer S3 was added and mixed by inverting
the tube. The suspension was incubated on ice for 5min, while the column was equili-
brated with 6mL buffer N2. The lysate was applied to the column through a folded filter,
the flowthrough was discarded. The column was washed once with 32mL (twice with
18mL) buffer N3. Elution was performed in 15mL buffer N5 into 50mL conical tubes.
For precipitation, the eluate was mixed with 11mL isopropanol by gently inverting the
tube and centrifuged at 4500g and 4◦C for 30min. The supernatant was discarded and
the pellet transferred to a fresh 1,5mL tube and mixed with 1mL 70% ethanol. After
centrifugation at 4500g and room temperature for 10min, the supernatant was discarded
and the pellet was allowed to dry at room temperature for 15min. Plasmid DNA was
resuspended in 80-100µL ultrapure water and incubated over night at 4◦C. DNA con-
centration was determined spectrophotometrically using the NanoDrop1000 device and
adjusted with ultrapure water to 1µg/µL, if necessary.

3.3.6 Cloning

Generation of new plasmids was performed using PCR amplification of desired fragments
and restriction cloning. Restriction enzymes were purchased from NEB and used in
buffers and at temperatures given by the manufacturer. After restriction digest, the
plasmid backbone was dephosphorylated by adding 1µL recombinant shrimp alkaline
phosphatase (rSAP) to the digest mixture followed by incubation at 37◦C for 30min.
Insert and vector fragments were purified by preparative agarose gel electrophoresis and
gel extraction (see 3.3.7). DNA concentration was determined using the NanoDrop1000
device. Ligation was performed in a reaction volume of 10µL using 400U/reaction T4
Ligase and 1X Ligase buffer. Incubation was performed overnight at 13◦C. Afterwards,
1-5µL of the ligation mixture was transformed into bacterial cells as described in section
3.4.1.

3.3.7 Preparative agarose gelelectrophoresis

DNA was mixed with 6X loading dye and run on 1% agarose in 1X TAE buffer. Desired
fragments were cut out and weighed. Gel extraction was performed using the Monarch
gel extraction kit according to manufacturer’s instructions. Briefly, dissolution of the
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gel was performed by adding four volumes of dissolve buffer and incubation at 50◦C
and 650rpm for approximately 10min. The DNA was bound to the column by adding
a maximum of 800µL per run on the column and centrifuged for 1min at 16000g. The
column was washed twice with 200µL wash buffer (16000g, 1min) and eluted in 20µL
ultrapure water after incubation at room temperature for 1min.

3.3.8 Site directed mutagenesis

In order to add tags or insert point mutations, linear DNA fragments were amplified
by polymerase chain reaction (PCR) using the Q5 high fidelity polymerase. Primers
were designed in a “tail-to-tail” binding orientation allowing amplification of the whole
plasmid sequence to linear DNA molecules. One of the primers carries the desired
mutation or overhang nucleotides in the 3’-end, while the other primer binds with its
entire sequence to the template. The mastermix for one reaction is depicted in table 3.7
and amplification was performed according to table 3.8.

Table 3.7: Reagents for PCR mastermix. Volumes given are required for one reaction.

Reagent Amount

5X Polymerase buffer 5,00µL
5X GC enhancer 5,00µL
10mM dNTP 0,50µL
10µM Primer fw 1,25µL
10µL Primer rev 1,25µL
Template DNA 2ng
Q5 Polymerase 0,25µL
H2O, nuclease free ad 25µL

Table 3.8: Conditions for PCR amplification.

Step Action Duration

1 98◦C 30s
2 98◦C 10s
3 56◦C 10s
4 72◦C 40s/kbp
5 Repeat from step 2 35 cycles
6 72◦C 120s
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Table 3.8: Continued Conditions for PCR amplification.

Step Action Duration

7 4◦C infinite

PCR products resulting from whole plasmid amplifcation were analysed on a preparative
agarose gel and extracted fragments were phosphorylated using 10U of T4 phosphonu-
cleotidkinase (PNK) in a total reaction volume of 20µL supplemented with T4 Ligase
buffer. After incubation at 37◦C for 30min, PNK was heat inactivated by incubation
at 65◦C for 20min and the ligation mix was prepared. In order to deliver fresh ATP,
new 10X T4 ligase buffer was added together with 400U T4 ligase. Ligation was per-
formed over night at 13◦C in a total reaction volume of 25µL and then transformed into
competent bacteria as described in section 3.4.1.

3.3.9 Reverse transcription and quantification of RNA

In order to quantify intracellular or extracellular RNA by quantitative PCR (qPCR),
RNA was reverse transcribed using the high capacity cDNA synthesis kit. For detecting
intracellular RNA, samples were diluted to 16ng/µL in a total volume of 6µL. Per
reaction, 6µL mastermix (see table 3.9) were added and samples were incubated as
follows in table 3.10.

Table 3.9: Reagents for reverse transcription mastermix. Volumes given are required
for one reaction.

Reagent Amount

10X RT buffer 1,20µL
10X Primer 1,20µL
25X dNTP 0,48µL
RNase Inhibitor (40U/mL) 0,60µL
RT 0,60µL

Table 3.10: Conditions for reverse transcription.

Step Action Duration

1 25◦C 10min
2 37◦C 2h
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Table 3.10: Continued Conditions for reverse transcription.

Step Action Duration

3 85◦C 5min
4 4◦C infinite

Samples were then diluted to 5ng/µL with nuclease free water and analysed by qPCR
using 3µL cDNA per reaction and the iTaq universal probes supermix. The mastermix
for one reaction is depicted in table 3.11, the amplification was performed as follows in
table 3.12.

Table 3.11: Reagents for qPCR mastermix. Volumes given are required for one reac-
tion.

Reagent Amount

2X iTaq Universal Probes Su-
permix

7,5µL

100µM Primer fw 0,06µL
100µM Primer rev 0,06µL
100µM Probe 0,03µL
cDNA template 3µL
Nuclease free H2O 4,35µL

Table 3.12: Conditions for qPCR amplification.

Step Action Duration

1 95◦C 3min
2 95◦C 15s
3 60◦C 1min
4 Repeat from step 2 45 cycles

Quantification of viral genome copies was performed using a standard curve ranging
from 102 – 108 copies per qPCR reaction. The standard curve was produced from in
vitro transcribed RNA and processed in parallel to the samples.
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3.3.10 Sequencing

Determination of DNA sequences was performed using the Eurofins light run DNA se-
quencing service. Samples were diluted to 100ng/µL and mixed in a ratio of 1:1 with
10µM primer using one sequencing primer per tube and sent to Eurofins. Determined
sequences were analysed using the SnapGene software package.

3.4 Bacterial Work

3.4.1 Plasmid amplification

Amplification of circular plasmid DNA was performed after heat shock transformation
in the E.coli strain DH5α. Briefly, bacterial cells were thawed on ice and 50µL of the
suspension were mixed with 1µL plasmid (100ng/µL or less). The mixture was incubated
on ice for 30min. Heat shock was performed by incubation at 42◦C for 45s followed by
immediate incubation on ice for 2min. Cells were mixed with 300µL LB medium without
antibiotic and incubated at 37◦C and 450rpm for 1h. Afterwards, cells were pelleted at
full speed for 20s. 250µL supernatant was discarded, cells were resuspended in the
remaining volume, and plated on LB plates containing 1mg/mL Ampicillin (LB-Amp).
Plates were incubated over night at 37◦C. Single colonies were picked and incubated in
5mL or 350mL LB-Amp over night at 37◦C and 200rpm.

3.5 Protein Work

3.5.1 Flow cytometry

Expression of reporter proteins was investigated using flow cytometry. Cells were trypsinised
from 6-well plates as for regular maintenance (see section 3.1.1) and transferred to a 2mL
tube. After centrifugation for 8min at 1000g, the supernatant was discarded and cells
were resuspended in PBS + 1% FCS. If cells needed to be fixed in order to inactivate
virus, they were pelleted for 3min at 11000g and resuspended in 100µL Cytofix/Cy-
toperm solution and incubated in the dark for 20min at 4◦C. Cells were pelleted again
for 3min at 11000g, washed once with PBS and once with PBS + 1% FCS and finally
resuspended in 1mL PBS + 1% FCS.
Measurement was performed a the LSRFortessa II gating for respective fluorescent pro-
teins.
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3.5.2 Immunofluorescence

Cells for investigation by immunofluorescence (IF) were seeded in 24 well plates on glass
coverslips. At desired time points, cells were washed once with 500µL PBS and fixed
with 500µL 4% PFA in PBS for 10min at room temperature. PFA was removed, cells
were washed three times with PBS and stored at 4◦C, covered in PBS until the staining
was performed.
In order to reach intracellular targets, cells were permeabilised with 250µL 0,5% TritonX-
100 in PBS over 10min at room temperature. After washing three times with PBS, cells
were transferred to a tray covered with parafilm, and blocked with 100µL 3% BSA in
PBS for 1h at room temperature. Incubation with the primary antibody (dilutions see
table 2.2) was performed in 0,5% BSA in PBS over night at 4◦C in a humid chamber. The
primary antibody was discarded and cells were washed three times with PBS. Secondary
antibody incubation (dilutions see table 2.3) was performed in 0,5% BSA in PBS for 1h at
room temperature and covered from light. Staining for DNA in the nuclei was performed
with 4’,6-Diamidin-2-phenylindol (DAPI, 1:5000) in parallel to the secondary antibody
incubation. Afterwards, cells were washed three times with PBS and dipped once in
deinonised water. Excess liquid was removed using a tissue and coverslips were mounted,
with the cells facing the object trays, using 6µL FluoromountG solution. Samples were
allowed to dry over night at room temperature and then investigated using the Nikon
Eclipse Ti fluorescence microscope. Image analysis was performed using Fiji and Ilastik
software.

3.5.3 Luciferase assay

Detection of firefly luciferase activity was performed in order to detect replication of a
luciferase tagged HCV replicon. After electroporation of in vitro transcribed RNA as
described in section 3.1.6, cells were harvested at different time points for investigating
the luciferase activity. The supernatant was discarded and cells were washed once with
PBS. Lysis was performed by adding 100µL luciferase lysis buffer supplemented with
1mM DTT per 24-Well and freezing at -80◦C. Luciferase substrates were prepared during
thawing of the plates as described in table 3.13.

Table 3.13: Reagents for luciferase substrate solution. Volumes given are required for
25mL.

Reagent Amount

Luciferase assay buffer 22,5mL
D-Luciferin 2mL
ATP (100mM) 500µL
DTT (1M) 25µL
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After washing and priming the luminometer, measurement was performed by injecting
4x 100µL substrate solution per well, shaking and measuring luciferin counts.

3.5.4 Structure prediction

Protein structure prediction was performed using AlphaFold2 with MMSeq2 accessed
via Google ColabFold (see section 2.12). Protein sequences, which were translated from
the plasmid nucleotide sequence using the web based Expasy translate tool [183], were
used as input files. Prediction was performed without amber relaxation and run until
five ranked models were obtained. If not stated otherwise, rank 1 model was used for
visualisation in the ChimeraX software.

3.5.5 Western blot

Cells were washed once with PBS and lysed in 1X Laemmli buffer. Samples were incu-
bated at 95◦C for 5min or 65◦C for 30min (for HBsAg specific samples) and stored at
-20◦C. Proteins were separated on 12% acrylamide-bisacrylamide gels and transferred to
methanol activated PVDF membranes using the semi-dry transfer method at 0,1V and
25mA for 1h. Afterwards, membranes were incubated shortly in 0,1% Tween20 in PBS
(PBS-T) to remove remaining methanol and then blocked in 5% BSA or skim milk in
PBS-T for 1h at room temperature. Primary antibody incubation (dilutions see table
2.4) was performed in 5% BSA or skim milk in PBS-T over night at 4◦C. Antibodies were
re-used up to 6 times and in the meanwhile stored at -20◦C. Membranes were washed
three times with PBS-T (20min per washing step) and HRP-coupled secondary antibody
(dilutions see table 2.5) incubation was performed in 5% BSA or skim milk in PBS-T
over 1h at room temperature. Membranes were washed three times in PBS-T and pro-
teins were detected at the INTAS Western Blot Imager after adding ECL peroxide and
luminol/enhancer solution in a ratio of 1:1. Image analysis was performed using Fiji
software.

3.5.6 Quantification of secreted viral antigens

Secreted HBsAg and HBeAg in cell culture supernatants were analysed at the analytic
center of the University Hospital Heidelberg. Detection was performed using the ARCHI-
TECT chemoluminescent microparticle immunoassay (Abbott, Chicgao, USA) for HB-
sAg and the ADVIA Centaur XPTM automated chemoluminescence system (Siemens,
Berlin, Germany) for HBeAg.

Extracellular HDAg was detected using a home-made enzyme linked immunosorbant
assay (ELISA) in 96-well half-area plates. Plates were coated over night at 4◦C with anti-
HDAg (FD3A7, rabbit) 1:2000 in 50µL coating buffer per well. The next day, the coating
solution was discarded and wells were washed three times with 150µL washing buffer.
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Wells were blocked over 1h at RT with 100µL blocking buffer. After discarding the
blocking buffer and washing once with 150µL washing buffer, wells were incubated over
1h at 37◦C with 100µL sample or controls diluted in dilution buffer. Infectious material
was inactivated with 1% TritonX-100 before applying to the plate. Dilution buffer
only was used as negative control, wheras inactivated HDV virus stock with an amount
corresponding to 1x107 viral copies determined by RT-qPCR served as positive control.
The supernatants were discarded and the plate washed five times with 150µL washing
buffer. Incubation with anti-HDAg secondary antibody coupled to HRP (FD3A7, mouse)
was performed 1:2000 in dilution buffer over 1h at 37◦C. After discarding the secondary
antibody, the plate was washed five times with 150µL washing buffer. TMB substrate
solution A and B were mixed 1:1 and incubated with 50µL over 10min at RT. Reaction
was stopped by addition of 25µL 2N sulfuric acid and absorbance was measured at
450nm and 570nm for background correction.

3.6 Statistical analysis

Statistical analysis was performed using the GraphPad Prism software package version
10. Two-way ANOVA followed by multiple comparison testing was applied to determine
statistical significance and asterisks were used to depict significance levels as follows: *:
p<0,05; **: p<0,01; ***: p<0,0001; ns: not significant
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Results

To investigate the potential envelopment and spread of HDV by different helper viruses,
my initial objective was to develop systems that would allow me to study the role of
HCV for HDV transmission based on RNA transfection or viral infection. In a second
step, I focused on assessing the ability of VSV-G protein to provide an envelope for
HDV. Additionally, I explored possible reasons why HDV transmission without an HBV
envelope might not occur. Finally, I expanded the knowledge about potential alternative
hepadnaviral helper viruses by investigating their SVP production and envelopment
capacity for HDV.

4.1 Envelopment of HDV by human non-HBV viruses

4.1.1 Establishment of a co-replication system for HDV and HCV

In order to investigate HDV and HCV co-replication, it is crucial to deliver both viral
RNAs simultaneously into the same cell. For HCV, transfection of in vitro transcribed
RNA is well established. In contrast, HDV research is often based on plasmid transfec-
tion of an 1,1x overlength antigenomic sequence (agHDV), which is sufficient to initiate
replication in several cells. However, in natural infection, genomic RNA (gHDV) is deliv-
ered together with S-HDAg, which has been shown to promote viral replication [96, 58].
Therefore, I aimed to initiate HDV replication by providing S-HDAg using the stably
S-HDAg producing cell line Huh7-S. Furthermore, I examined the replication efficiency
of RNA delivered in agHDV and gHDV orientation. However, stable S-HDAg expres-
sion of initially used Huh7-S cells could interfere with IF based detection of HDAg after
transfection. To overcome this issue, I evaluated provision of S-HDAg by co-transfection
of an mRNA analogue instead.

As seen in Fig. 4.1A, initiation of viral RNA replication was most efficient when gHDV
was present, either transfected alone or together with agHDV. Transfection of agHDV
resulted in clearly lower amounts of intracellular RNA compared to gHDV, but showed
similar kinetics. I both cases, intracellular RNA levels reached a plateau around d6p.t.
The detection of intracellular protein, which was primarily influenced by the stable
expression of S-HDAg in Huh7-S cells, resulted in approximately 70% HDAg positive
cells in Mock transfected cells (see Fig. 4.1B and C). Similar levels were observed in
cells transfected only with agHDV. However, upon transfection with gHDV, this number
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Figure 4.1: Replication of genomic HDV RNA in Huh7 cells.
Huh7-S cells were transfected with 2,5µg in vitro transcribed RNA for agHDV, gHDV or
agHDV + gHDV. A) Intracellular viral RNA was quantified by RT-qPCR between 4h-
d9. B, C) Intracellular HDAg was determined by IF at d3 and quantified. The number
of positive cells was determined by analysing the staining of HDAg and DAPI. Dots
represent the values of three technical replicates. Scalebar: 100µm, N=1
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increased to over 90% of the cells becoming positive for HDAg. Considering the higher
viral replication and the similarity of gHDV to the naturally delivered RNA during
infection, the following experiments were performed using gHDV transfection.

In a next step, I aimed to investigate the provision of S-HDAg by an mRNA analogue to
improve detection of HDAg by IF. Additionally, I investigated co-replication of gHDV
and HCV. To focus exclusively on the aspect of replication and potential interference of
HDV and HCV at this point of the replication cycle, I made use of a subgenomic HCV
replicon lacking the structural proteins (sgHCV) [107].
To measure intracellular viral RNA copies and investigate intracellular viral protein, I
used Huh7-wt (co-transfected with S-HDAg mRNA analogue) and Huh7-S cells. The
results, as shown in Fig. 4.2, indicate that there is no significant difference in HDV repli-
cation between Huh7-wt and Huh7-S cells. The initial drop of HDV RNA copy numbers
was more pronounced in Huh7-wt cells, but it did not reach statistical significance. Anal-
ysis of intracellular protein expression in Huh7-wt cells confirmed a broad expression of
S-HDAg in almost all cells, which is comparable to what has already been observed in
Huh7-S cells (see Fig. 4.1). Therefore, S-HDAg mRNA analogue was co-transfected in
all following experiments.

Comparing the replication efficiency of sgHCV and gHDV, similar RNA levels could be
observed for both viruses in both settings (co-transfection and mono-transfection). Total
levels of HCV RNA were slightly lower than for HDV. Analysis of intracellular protein
expression of HDAg and HCV NS5A as surrogate for viral replication clearly showed up
to 50% HDAg/NS5A positive cells, indicating co-replication in the same cell.

In order to investigate potential envelopment and spread of HDV by HCV envelope
proteins, co-transfection of both viral RNAs was repeated using the full length RNA
of HCV (flHCV). This RNA encodes for all HCV proteins and is therefore suitable for
producing progeny viruses.
Viral replication was assessed by determining intracellular RNA copies, as well as in-
tracellular HDAg and HCV NS5A. As for the subgenomic replicon before, there were
no significant differences observed in the replication of both HDV and flHCV. Similarly,
HCV RNA levels were slightly lower than HDV RNA levels (see Fig. 4.3A). Analysis
of intracellular viral protein expression further confirmed the co-replication of HDV and
HCV in the same cell. Both viral proteins, HDAg and NS5A, remained in their respec-
tive localisation: HDAg intranuclear and NS5A in the cytoplasm (see Fig. 4.3B). The
number of cells showing expression of HDAg or NS5A did not significantly differ between
single and co-transfected cells. The number of HDAg/NS5A positive cells was with ap-
proximately 20% lower compared to sgHCV/gHDV transfected cells, likely resulted by
the lower number of HDAg positive cells (see Figs. 4.3C and 4.2).

Supernatants of transfected cells were harvested, concentrated and subsequently used to
inoculate Huh7-CD81-NTCP cells. These cells express the relevant receptors for infection
of both HCV and HBV-enveloped HDV and would allow for detection of possible HCV-
enveloped HDV. As determined by RT-qPCR at d6p.i., HCV but not HDV RNA could
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Figure 4.2: Figure legend on the next page66
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Figure 4.2: Robust subgenomic virus replication in co-transfected cells.
Huh7-wt or Huh7-S cells were transfected with 2,5µg in vitro transcribed RNA for
sgHCV, gHDV or sgHCV/gHDV. In the case of Huh7-wt cells, gHDV was transfected
in combination with 1,5µg S-HDAg mRNA analogue. A) Intracellular viral RNA was
quantified by RT-qPCR between 4h-d9p.t. B) Intracellular viral protein (HDAg and
NS5A, respectively) was determined by IF at d3 and is representatively shown for Huh7-
wt cells. C) Quantification of intracellular viral protein detected in IF. The number of
positive cells was determined by analysing the staining of HDAg, HCV NS5A and DAPI.
Ordinary two-way ANOVA with Tukey’s multiple comparison test, ns = not significant.
Scalebar: 100µm, N=3

be detected in these target cells. Additionally, the presence of HDV in the originally
transfected cells did not impair the transmission efficiency of HCV (see Fig 4.4).

4.1.2 Establishment of a co-infection system for HDV and HCV

After observing efficient co-replication of HDV and HCV in transfected cells, but no
production of HCV-enveloped HDV particles, I aimed for investigating HCV-mediated
transmission of HDV in a co-infection system. This system was considered more relevant,
as it covers all steps of the viral replication cycle, including entry. In addition, it might
provide insights into potential interference mechanisms during early steps of the viral
replication cycle.

As shown in Fig. 4.5, HDV and HCV exhibited co-replication after co-infection. Total
RNA levels are comparable between both viruses and between mono- and co-infection.
Analysis of intracellular HDAg and NS5A revealed 1,9% double infected cells at d6p.i.
(see. Fig 4.5B), displaying the characteristic staining pattern of intranuclear HDAg
and cytoplasmatic NS5A. Co-localisation of both proteins was not observed, confirming
the data obtained from co-transfection experiments (see Fig. 4.3). Interestingly, the
percentage of HDAg or NS5A positive cells did not significantly differ between mono- and
co-infection. However, the percentage of HDAg/NS5A positive cells after co-infection
was significantly lower than expected based on the calculated co-infection coefficient
(CIC). The CIC, calculated using the formula described by B. Erbes [44], indicates a
potential viral interference during co-infection. The formula for CIC is described as
CIC = p(HDV/HCV )

pexp(HDV/HCV ) , where p(HDV/HCV) equals the percentage of HDAg/NS5A
double positive cells in co-infection and pexp(HDV/HCV) equals percentages of double
positive cells estimated from multiplication of HDAg and NS5A single positive cells in
single infection. To this end, CIC = 1 would indicate no interference between both
viruses, whereas CIC <1 would indicate a co-infection exclusion and CIC >1 a co-
infection enhancement. As seen in Fig. 4.5D, CIC <1, indicating a potential viral
interference during co-infection.
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Figure 4.3: Robust co-replication of HDV and HCV in co-transfected cells.
Huh7 cells were transfected with 2,5µg in vitro transcribed RNA for gHDV/S-HDAg,
flHCV or gHDV/S-HDAg+flHCV. The S-HDAg mRNA analogue was transfected at
1,5µg. A) Intracellular viral RNA was detected by RT-qPCR between 4h-d9p.t. and
B) intracellular viral protein (HDAg and NS5A, respectively) by IF at d3p.t. Scalebar:
100µm C) Quantification of intracellular viral protein determined by IF at d3. The
number of positive cells was determined by analysing the staining for HDAg, HCV
NS5A and DAPI. Ordinary two-way ANOVA with Tukey’s multiple comparison test: ns
= not significant, N=3
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Figure 4.4: No production of infectious HDV particles from co-transfected
cells.
Supernatants of co-transfected cells (see Fig. 4.3) were harvested, pooled and concen-
trated using Amicon Ultra-15 100kDa cutoff filter units. The entire volume was used
for infection of Huh7-CD81-NTCP cells. Cells were harvested at d6p.i. and intracellular
viral RNA was assessed by RT-qPCR. A) Viral copy number per reaction was deter-
mined using a standard curve of in vitro transcribed RNA measured in RT-qPCR. B)
Viral copy number in infected cells was determined on 15ng RNA input by RT-qPCR
using this standard curve. Data of one representative experiment is shown. Error bars
indicate the deviation between technical replicates.

In order to check for infectious particles, supernatants harvested from d3-9p.i. were
concentrated through Amicon Ultra-15 100k filter units and used to inoculate Huh7-
CD81-NTCP cells. Qualitative analysis by IF staining for intracellular production of
NS5A and HDAg showed efficient transmission of HCV to new cells (see Fig. 4.6). In
contrast, as expected from co-transfection experiments, HDV could not be transmitted,
neither from single infection nor from HCV co-infection. Notably, HCV particle produc-
tion seemed to be unaffected by HDV co-infection, although direct intracellular effects
would be difficult to observe due to the low number of co-infected cells compared to
HCV only infected ones.

4.1.3 Establishment of a co-transfection system for HDV and other
envelope proteins

Perez-Vargas et. al. demonstrated transmission of HDV through several non-HBV enve-
lope proteins, including HCV and VSV-G [150]. As previously mentioned, transmission
of HDV by HCV could not be observed, neither after RNA transfection nor viral in-
fection. Nevertheless, the aforementioned publication was initially based on plasmid
transfection experiments. To ensure better comparability to published results, experi-
ments in this section were also conducted using plasmid transfection.
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Figure 4.5: Robust co-replication of HDV and HCV in co-infected cells.
Huh7 cells were infected with HDV gt1 (enveloped by HBV gtD envelope proteins,
MOI10 GE/cell), HCV (Jc1, MOI1) or HDV/HCV (MOI10/1). A) Intracellular viral
RNA was quantified by RT-qPCR between 4h-d9p.i. and B) intracellular viral protein
(HDAg and NS5A, respectively) by IF at d3 and d6p.i. Images of one representative
experiment are shown for d6.p.i. Scalebar: 100µm. Additionally, a zoom in to HD-
V/HCV co-infected cells is shown. C) Quantification of d6.p.i IF pictures with regard
to intracellular HDAg and NS5A; Ordinary two-way ANOVA with Tukey’s multiple
comparison test: ns = not significant. D) Calculation of co-infection coefficient (CIC)
by CIC = (p(HDV/HCV ))/pexp(HDV/HCV ), Ordinary one-way ANOVA with Dun-
nett’s multiple comparison test: *** p<0,001; ** p<0,01; N=3
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Figure 4.6: No production of infectious HCV enveloped HDV particles after
co-infection.
Supernatants from Huh7-CD81-NTCP co-infected cells were harvested between d3-
9p.i.and concentrated by Amicon Ultra-15 100k filter units. A) Naïve Huh7-CD81-NTCP
cells were inoculated with 50% volume of the concentrated supernatant and analysed for
intracellular HDAg and NS5A expression at d6p.i. by IF. Images of one representative
experiment are shown and B) quantified. Dots in the graph represent quantification of
different areas on the same slide. Scalebar: 100µm
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Two different constructs were used to provide HCV envelope proteins: E1E2 (containing
both glycoproteins) and C-NS2 (containing core, E1E2, and NS2). The C-NS2 construct
has previously been shown to envelop and transmit sgHCV in an HCV-transcomplement
system [107]. Co-transfection was performed using the established plasmid for 1,1x
overlength HDV antigenome and constructs for envelope proteins of different viruses:
HBV (HB2.7), HCV (E1E2 or C-NS2), VSV-G, or GFP as negative control. Due to the
high cytotoxicity of VSV-G caused by rapid cellular membrane fusion, co-transfection
with VSV-G was performed in a ratio of 1:1 (HDV:VSV-G), while the other constructs
were co-transfected in a ratio of 1:4 (HDV:env). Intracellular viral RNA was analysed by
RT-qPCR after DNaseI treatment to remove residual plasmid, and intracellular protein
(HDAg and HBsAg, E2, or VSV-G) was investigated by IF.

HDV was able to replicate in transfected cells after co-transfection with any of the used
envelope proteins or GFP (see Fig. 4.7A). Intracellular staining showed co-expression of
HDAg and envelope proteins in the same cells, indicating the prerequisite for envelop-
ment and excretion (see Fig. 4.7B).
Supernatants from transfected cells were harvested, concentrated through PEG-precipitation,
and used to inoculate Huh7-CD81-NTCP cells. VSV-G pseudotyped particles use LDL-
R as receptor [52], that is widely expressed on different cell types, and therefore do not
rely on overexpression of an additional receptor molecule. The transmission efficiency
of HDV by different envelope proteins was determined by intracellular HDAg expression
as surrogate for established virus replication.

Fig. 4.8 shows intracellular HDAg expression in inoculated cells with supernatants
from HDV/HB2.7 and, to a lesser extend, HDV/VSV-G. Although there was a clear
tendency towards lower packaging efficiency of HDV by VSV-G compared to HBsAg,
the differences did not reach statistical significance. The efficiency in both cases was
relatively low, but consistent among replicates. Envelopment of HDV could not be
observed by any of the HCV envelope constructs, confirming the data from previous
RNA transfection and virus infection experiments.
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Figure 4.7: Replication of HDV after co-transfection with different envelope
proteins.
Huh7-wt cells were transfected with plasmids encoding for the HDV antigenome (HDV)
and envelope proteins (env) of different potential helper viruses: HBV (HB2.7), HCV
(E1E2 or C-NS2), and VSV (VSV-G). The total amount of plasmid transfected equaled
420ng per 24-well. For HBV and HCV envelope proteins, the ratio between genome
and envelope equaled 1:4. VSV-G was co-transfected in a ratio of 1:1 due to high cell
toxicity. Cells were analysed for A) intracellular viral genome copies between d1-d9p.t.
by RT-qPCR and for B) intracellular viral protein at d3p.t. by IF. As expression of
C-NS2 lead to comparable results as E1E2, images are only shown for E1E2. Scalebar:
100µm, N = 3
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Figure 4.8: VSV-G can mediate HDV transmission with low efficiency.
Supernatants of Huh7-wt cells transfected with HDV and different envelope proteins (as
described for Fig. 4.7) were harvested, concentrated by PEG-precipitation and used to
incoculate Huh7-CD81-NTCP cells. A) Intracellular HDAg was determined at d6p.i. by
IF and B) quantified. The number of HDAg positive cells was determined analysing the
staining of HDAg and DAPI and is stated per well. Every well was imaged at five different
spots to cover almost the entire area. Images of one representative experiment are shown,
Scalebar: 100µm, Ordinary one-way ANOVA with Tukey’s multiple comparison test,
ns=not significant, N=3-4
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4.2 Possible reasons why HDV cannot use the envelope of
non-HBV viruses

The lacking evidence supporting a transmission of HDV through HCV in the experi-
mental conditions used above suggests the presence of a mechanism, either active or
passive, that prevents this process. This section explores and discusses potential factors
that might be responsible for inhibiting the utilisation of non-HBV envelope proteins by
HDV.

4.2.1 Absence of a super-infection exclusion mechanism in HDV/HCV
infected cells

Certain viruses actively prevent infection of an already infected cell by a mechanism
called super-infection exclusion. This phenomenon has been observed in various in-
stances, such as HIV [3], but also duck HBV (DHBV) [202] and HCV [195]. Additional
evidence suggests, that also the human HBV exhibits a super-infection exclusion, which
is dependent on the expression of HBsAg [111].

In order to investigate super-infections of HDV on an established HCV infection and
vice versa, Huh7-CD81-NTCP cells were transfected with in vitro transcribed RNA for
HCV or HDV and subsequently infected with HDV and HCV, respectively at d1p.t. The
replication and infection efficiency were assessed by analysing intracellular viral RNA
and protein.

Intracellular viral RNA copies of HDV or HCV did not differ between single transfection
or infection and the super-infection setting (see Fig. 4.9A). Furthermore, the super-
infection coefficient (SIC) was calculated as described for CIC to determine the presence
of a super-infection exclusion (see section 4.1.3). To this end, a SIC value of 1 indi-
cates no super-infection exclusion mechanism, while SIC > 1 suggests a super-infection
exclusion and SIC < 1 a super-infection enhancement. This analysis revealed that
SIC ≈ 1, especially for HDV super-infection, indicating that neither HDV nor HCV
had a significant influence on super-infection (see Fig. 4.9E).

4.2.2 Dependency of envelopment on L-HDAg

The envelopment of HDV by its natural helper virus HBV relies on the expression and
farnesylation of L-HDAg. Once bound to the HDV RNA, L-HDAg localises the RNP to
membranes, where HBsAg is expressed. Interaction between HBsAg and L-HDAg is me-
diated by the so called tryptophan-rich domain (Trp-rich domain, TRD) in the cytosolic
loop between transmembrane helices III and IV of HBsAg [110]. This interaction leads
to incorporation of the HDV RNP into HBsAg enveloped particles (see section 1.1.3).
Interestingly, newly identified Delta-like agents are thought to utilise an HBV-independent
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Figure 4.9: Figure legend shown on next page76
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Figure 4.9: Absence of a super-infection exclusion mechanism for HDV and
HCV.
Huh7-CD81-NTCP cells were transfected with 2,5µg in vitro transcribed RNA for A, C)
flHCV or B, D) gHDV/S-HDAg and subsequently infected with A,C) HDV (MOI10) or
B,D) HCV (MOI1). A, B)Intracellular viral RNA was quantified by RT-qPCR between
4h-d10p.t. and C, D) intracellular viral protein detected by IF at d3 and d6p.t. Rep-
resentative images for d3 are shown and were quantified E) Super-infection coefficient
(SIC) was calculated as for CIC (see Fig. 4.5 and described by B. Erbes [44]). Ordinary
two-way ANOVA with Tukey’s multiple comparison test, ns = not significant. Scalebar:
100µm, N=3

spreading mechanism [24]. Of relevance for my work is the bat Delta-like agent (BHDV),
as it has been found in rodents and bats through analysis of NCBI sequence read archives
(Stefan Seitz, unpublished data). In both hosts, the same hepacivirus was detected to-
gether with BHDV in the same sequencing run, suggesting the possibility that BHDV
might have spread from one host to another using the hepacivirus envelope (see section
1.2.3).

In order to investigate potential differences that might allow one Delta-like agent to
utilise hepacivirus envelope proteins, while restricting the other virus, I performed se-
quence alignment of HDV and BHDV nucleotide and protein sequences.
By comparing the sequences of HDV and BHDV ORFs and proteins (see Fig. 4.10), it
becomes evident, that they share several similarities, including the length of 645 and
648 nucleotides, respectively. Both possess an amber stop codon (UAG) that can be
edited by the cellular deaminase ADAR1. Editing leads to the conversion of guanosine
to inosine mediating a mismatch basepairing to tyrosine. This subsequently results in
the introduction of an UAA codon in the newly produced genome that encodes for tryp-
tophan instead. In the case of HDV, editing results in elongation of HDAg by 19 amino
acids (AA), which is further farnesylated at C211. On the other hand, BHDV HDAg
could potentially produce a 20 AA extended protein, that, in contrast to L-HDAg, lacks
a cysteine residue for farnesylation.

The absence of a cysteine and farnesylation site in the BHDAg sequence is a clear dis-
tinction between the two viruses. The putative HBV-independent transmission might
therefore be induced or at least not hindered by the absence of this farnesylation. On
the other hand, the human HDV might be forced to use HBV-mediated transmission
due to the farnesylated L-HDAg directing the RNP to the site of HBsAg production.
Consequently, HCV envelope proteins might not be accessible to HDV carrying a far-
nesylated L-HDAg, thereby explaining the absence of HCV-enveloped HDV particles.
In order to test this hypothesis, I investigated the envelopment efficiency of HDV by
HCV in the presence of the farnesyltransferase inhibitor Lonafarnib (LFB) resulting in
non-farnesylated HDAg.
Viral replication was assessed by detecting intracellular viral RNA copies in an RNA co-
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Figure 4.10: HDV and BHDV sequences contain an amber stop codon but
proteins differ in farnesylation capacity.
A) Nucleotide sequence comparison of human HDV and BHDV (identified in Peropteryx
macrotis) reveals presence of an amber stop codon (UAG) that could be edited to a
Trp-codon (UAA). In HDV, editing leads to an extension of HDAg by 19 AA. Editing in
BHDV might lead to a 20 AA extension. B) Protein alignment of HDV and BHDV L-
HDAg was performed using Muscle. Amino acid numbering refers to the positions in the
alignment. L-HDAg is farnesylated at the cystein residue C211 mediating its membrane
localisation. Putative BHDV L-HDAg does not possess a cystein and therefore lacks
the farnesylation motif. The tryptophan resulting from editing in both viruses as well
as the farnesylated cystein in L-HDAg are marked with arrows.

transfection setup as described in section 4.1.1. As a positive control, gHDV transfection
was performed in Huh7-HB2.7 cells stably expressing HBsAg.

Fig. 4.11 shows robust co-replication of HDV and HCV in both cell lines. Both viruses
replicated to similar levels in mono- and co-transfected cells, while LFB treatment did
not have an effect neither on replication efficiency nor cell viability. Supernatants of
transfected cells were harvested, concentrated on Amicon filter units, and used to inocu-
late Huh7-CD81-NTCP cells. Determination of intracellular HDAg served as a surrogate
for HDV replication in infected cells.

These results clearly demonstrated that HDV transmission occurred only in the presence
of HBV envelope proteins under non-treated conditions (see Fig. 4.12). As expected,
LFB treatment completely abrogated HDV transmission by HBsAg. Interestingly, HCV
transmission appeared to be more efficient under LFB treatment. However, it did not
improve transmission of HDV by HCV envelope proteins.

Since inhibiting the farnesylation of L-HDAg did not render HDV susceptible to HCV-
mediated transmission, I further investigated the role of L-HDAg itself. It is possible that
BHDV does not make use of the genome editing and keeps the small protein version, even
though a potential editing site is available. Conversely, the presence of the additional
19 AA in the human L-HDAg might create steric hindrance for the interaction with
HCV envelope proteins. By introducing a stop codon that cannot be edited by ADAR1,
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Figure 4.11: HDV is replication competent under Lonafarnib (LFB) treat-
ment.
Huh7-wt cells were transfected with 2,5µg in vitro transcribed RNA of gHDV and/or
flHCV. Huh7-HB2.7 cells were transfected with gHDV or L(-)gHDV. From 4h after
transfection onwards, cells were constantly treated with 500nM Lonafarnib or left un-
treated. Cells were harvested between 4h-d9p.t. and intracellular viral copy numbers
for A) HDV and B) HCV were determined by RT-qPCR. N=3
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Figure 4.12: HCV does not mediate HDV envelopment under Lonafarnib
(LFB) treatment.
Supernatants from transfected Huh7-wt cells were harvested between d3-d9, concen-
trated on Amicon Ultra-15 100k filter units and used for inoculation of Huh7-CD81-
NTCP cells. Cells were harvested at d6p.i. and intracellular viral protein was deter-
mined by IF. A) Images and B) quantification of one representative experiment are
shown. Dots in the graph represent quantification at different areas on the same slide.
Scalebar: 100µm
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Figure 4.13: HDV with and without L-HDAg is replication competent.
Huh7-wt cells were transfected with 2,5µg in vitro transcribed RNA of L(-)gHDV or
gHDV alone or together with flHCV. Huh7-HB2.7 cells were transfected with L(-)gHDV
or gHDV. Cells were harvested between 4h-d9 p.t. and intracellular viral copy numbers
for A) HDV and B) HCV were determined by RT-qPCR. N=3

the production of L-HDAg can be inhibited in the human HDV. Using this mutant in
RNA transfection together with flHCV, I investigated its envelopment by HCV envelope
proteins, while transfection into Huh7-HB2.7 cells served as positive control.
The mutant virus replicated in Huh7-wt and Huh7-HB2.7 cells, with slightly lower levels
of total viral RNA compared to the wildtype virus. Intracellular HDV and HCV RNA
levels did not differ between mono- and co-transfection settings, as for the wildtype virus
(see Fig. 4.13). After concentrating the harvested supernatants, Huh7-CD81-NTCP
cells were inoculated and intracellular HDAg was determined at d6p.i. (see Fig. 4.14).
As expected, gHDV showed efficient transmission with HBsAg, whereas transmission
was blocked for L(-)gHDV. HCV could be transmitted to new target cells in the same
efficiency while gHDV or L(-)gHDV were present. In contrast, transmission of HDV by
HCV was not observed, neither for L(-)gHDV nor the wildtype virus.
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Figure 4.14: Only HBV envelope proteins render HDV particles infectious.
Huh7-wt and Huh7-HB2.7 cells were transfected as described for Fig. 4.13. Super-
natants were harvested between d3-9p.t., concentrated by Amicon Ultra15-100k filter
units and used to inoculate Huh7-CD81-NTCP cells. Cells were harvested for IF at d6
p.i. A) Images and B) quantification of one representative experiment are shown. Dots
in the graph represent quantification of different areas on the same slide. Scale bar:
100µm
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4.2.3 Investigating the envelopment potential through protein inter-
action using structure comparison

As inhibiting the farnesyltransferase or deleting L-HDAg did not mediate transmission
of human HDV by HCV envelope proteins, I employed AlphaFold2 protein structure
prediction to investigate, whether sites required for HDV packaging in the HBV envelope
proteins are present and accessible in non-HBV envelope proteins.

The envelopment of HDV by HBsAg is mediated by interaction of L-HDAg and the TRD
in HBsAg. As described in section 1.1.3, the TRD is located between transmembrane
helix III and IV, thereby facing the particle inner side. Residues 196, 199, and 201 are
the tryptophan residues required for envelopment of HDV [92]. The predicted structures
of HCV E1E2 and VSV-G (see Fig. 4.15) were analysed to determine the presence and
accumulation of tryptophan residues (shown in red) that could form a TRD. Further-
more, accessibility of potential tryptophan residues was assessed by investigating the
localisation of transmembrane domains (shown in orange) to estimate whether trypto-
phan residues are on the inner or outer side of the particle. The predicted structure of
HBsAg served as control for comparisons.

Both HCV E1E2 and VSV-G possess single tryptophan residues in the protein sequence.
Accumulation of at least two tryptophan residues was observed for both proteins (marked
with arrows). E2 has three tryptophan residues in close proximity, while VSV-G has two.
Transmembrane domains in E1E2 are localised at the last AA of E1 and E2 [31, 36], and
for VSV-G in the C-terminal end at positions 465-490 [30]. All three proteins possess a
single transmembrane domain as membrane anchor, while the major part of the protein
locates on the particle outer side. The observed accumulations of tryptophan residues in
E1E2 and VSV-G are situated within or near the described transmembrane domain on
the outer side of the particle, indicating that they are likely not accessible. In contrast,
the TRD in HBsAg is located between transmembrane domains and on the particle inner
side rendering it accessible for interaction with L-HDAg.
Due to the distinct origin of these proteins, performing a sequence alignment was not
feasible. However, comparing the local amino acid sequences around the potential TRDs
(see Fig. 4.15C) did not reveal a re-occurring motif in all three proteins that could
indicate an interaction despite the lack of an accessible TRD.
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Figure 4.15: Protein structure analysis of HBsAg, HCV E1E2 (Jc1) and
VSV-G suggests accessible tryptophan enrichment only for HBsAg.
Structure prediction was performed using AlphaFold2. A) shows the prediction confi-
dence using the plDDT score. B) HBsAg is known to form homodimers, with single
proteins of each monomer coloured in either grey or blue. E1E2 form heterodimers
showing E1 in blue and E2 in grey. VSV-G is a monomer and coloured in grey. Trans-
membrane domains are shown in orange and tryptophan residues in red. In case of
HBsAg, transmembrane domains and Trp residues are coloured for one monomer only
for better visibility. Each HBsAg monomer possesses four transmembrane domains,
the Trp residues mediating HDV envelopment (Trp 196, 199, 201) are located between
domains III and IV and marked with arrows. HCV E1, E2 and VSV-G possess only
one transmembrane domain that anchors the proteins on the outer side of the virus
particle. Accumulating tryptophan residues are marked with arrows. The upper row
shows the entire proteins and the lower row a zoom in to the potential tryptophan rich
domains. Views were rotated if necessary for better visibility of tryptophan residues.
C) shows a comparison of un-aligned sequences surrounding potential tryptophan rich
domains. Black boxes indicate tryptophan enrichments.
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4.3 Envelopment of HDV by non-human hepadnaviruses

4.3.1 Sequence comparison of S-ORFs

In recent years, several non-human hepadnaviruses have been identified, some of which
share significant sequence similarities with HBV (see section 1.2.1). These non-human
hepadnaviruses might also have the potential to provide an envelope for HDV, as demon-
strated in the animal model of the woodchuck hepatitis virus (WHV) [141]. In order
to investigate the helper potential for other non-human hepadnaviruses, I performed S-
ORF sequence alignment of several viruses retrieved from NCBI sequence read archives
(sequences obtained from Stefan Seitz, unpublished data). The alignment included rep-
resentatives from all hepadnavirus genera. A phylogenetic tree highlighting the investi-
gated viruses is shown in section 1.2.1, Fig. 1.8. A brief overview of the virus name, its
genus and host species is given in table 4.1 .

Table 4.1: Investigated hepadnaviruses

Virus name Genus Host species

HBV Orthohepadnavirus human

RRHBV Orthohepadnavirus rice rat

WHV Orthohepadnavirus woodchuck

AMDV Metahepadnavirus astatotilapia

BgHBV Metahepadnavirus bluegill

TMDV Metahepadnavirus mexican tetra

CSKV Parahepadnavirus coho salmon

DHBV Avihepadnavirus duck

HeHBV Avihepadnavirus heron

SkHBV Herpetohepadnavirus skink

SLHBV Herpetohepadnavirus spiny lizard

TFHBV Herpetohepadnavirus tibetan frog

A partial sequence alignment focusing on the TRD is shown in Fig. 4.16, the entire align-
ment is shown in the appendix in Fig. 4.17. In both figures, it could be observed that
several animal hepadnaviruses belonging to the clades of Orthohepadnaviruses (RRHBV,
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WHV) and Metahepadnaviruses (AMDV, BgHBV, TMDV) possess an accumulation of
tryptophan residues in the same region as HBV. In contrast, viruses belonging to the
clades of Parahepadnaviruses (CSKV), Avihepadnaviruses (DHBV, HeHBV), or Her-
petohepadnaviruses (SkHBV, SLHBV, TFHBV) do not possess a conserved TRD. The
structure prediction by AlphaFold2 (see Fig. 4.18) revealed similar structures for most
viruses within the same clade, except for BgHBV, which belongs to the clade of Meta-
hepadnaviruses, but shows a very different structure compared to AMDV or TMDV.
In addition, viruses carrying an extended a-determinant (Orthohepadnaviruses and Meta-
hepadnaviruses) exhibit a profound loop structure on the outer side of the particle. Of
note, the local distance difference test score as a measurement for prediction confidence
indicated intermediate to low overall confidence.
The presence and orientation of tryptophans in the identified TRD, similar to the HBV
S protein, suggests that envelopment of HDV by animal hepadnaviruses possessing a
TRD (HBV, RRHBV, WHV, AMDV, BgHBV, TMDV) might be possible.
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Figure 4.16: Partial Sequence alignment of selected hepadnavirus S-ORFs
(tryptophan-rich domain).
A) depicts the topology of the HBV S protein as proposed in literature [110]. Marked
with Roman numbers are the transmembrane domains I-IV. In addition, the cytoso-
lic loop (CYL), the a-determinant and the tryptophan rich domain (TRD) are in-
dicated. B) shows a section of the sequence alignment of selected hepadnavirus S-
ORFs. Sequences were aligned using Muscle, and amino acids were colored using the
Clustal color scheme. Tryptophan residues essential for human HBsAg-HDAg inter-
action are marked with arrows. These residues are conserved in Metahepadnaviruses
(BgHBV, AMDV, TMDV) and Orthohepadnaviruses (RRHBV, HBV, WHV) but not
Parahepadnaviruses (CSKV), Avihepadnaviruses (DHBV, HeHBV) and Herpetohepad-
naviruses (SkHBV, SLHBV, TFHBV). Host species: BgHBV=bluegill; AMDV=asta-
totilapia; TMDV=mexican tetra; RRHBV=rice rat; HBV=human; WHV=woodchuck;
CSKV=coho salmon; TFHBV=tibetan frog; SLHBV=spiny lizard; SkHBV=skink;
DHBV=duck; HeHBV=heron
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Figure 4.17: Sequence alignment of hepadnaviral S protein. Sequence alignment
was performed using Muscle, and amino acids were colored using the Clustal color
scheme. Numbers above the sequences refer to the alignment. Transmembrane domains
of HBV are marked with black bars, the a-determinant is marked with a red bar.
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4.3.2 Production of tagged SVPs

To investigate the capacity of these animal hepadnaviruses to envelop HDV, I first aimed
for SVP production. To achieve this, the S-ORFs were cloned into pcDNA3.1 vectors
for transfection into mammalian cells. Previous research has demonstrated that HDV
can be packaged into self-assembling particles composed solely of the HBV S protein
[180]. Additionally, it has been observed that overexpression of the L protein can inhibit
the secretion of SVPs [151]. Therefore, the cloned constructs exclusively contained the
S protein. In addition, an HA-tag was introduced at either the N- or C-terminus to
facilitate the detection of expressed proteins. Subsequently, plasmids were transfected
into Huh7-wt cells, and the intracellular production of tagged constructs was investigated
by western blot and IF (see Figs. 4.19, 4.20 & 4.21). Negative controls included the
transfection of untagged GFP and no transfection (No TF).

Tagged S proteins of all selected hepadnavirus were detected intracellularly (see Figs.
4.19, 4.20 & 4.21). However, there were differences in the expression level, depending
also on the tag position. For Orthohepadnaviruses (HBV, RRHBV, WHV), successful
protein expression detected by western blot was only achieved with the N-terminally
tagged version. Additionally, HBV and RRHBV exhibited the expected double band
pattern corresponding to the glycosylated and non-glycosylated form of S. In contrast,
for other genera, the tag position did not seem to significantly impact protein expression.
However, there were differences in band intensity, such in the case of TFHBV, where
the C-terminal tag resulted in notably higher expression levels compared to the N-
terminally tagged S. For DHBV and TFHBV, an additional band was observed when
the C-terminal tag was used. Protein expression of BgHBV was too low to be detected by
western blot, but HA-specific signal could be detected through IF (see Fig. 4.20 & 4.21).
Interestingly, C-terminally tagged Orthohepadnavirus S proteins also became visible in
IF. The IF staining for HA tag revealed a widely dispersed cytoplasmic localisation with
certain areas within the cell exhibiting a higher signal intensity.

Following the confirmation of expression for all constructs, I aimed for detection of se-
creted particles. To achieve this, supernatants were harvested and concentrated using
PEG-precipitation. The concentrated supernatants were then subjected to western blot
analysis to determine the presence of tagged S proteins. Fig. 4.22 illustrates that parti-
cles were secreted for Ortho-, Avi- and Herpetohepadnaviruses. As expected, HBV and
WHV particles were only detected when N-terminal tagging was employed. RRHBV was
detected in both the N- and C-terminally tagged versions. Avihepadnaviruses exhibited
an HA-specific signal for both N- and C-terminally tagged proteins as well. It is worth
noting that for this genus, the N-terminally tagged protein was detected at a slightly
smaller size compared to the C-terminally tagged version. Interestingly, both versions
appeared at a comparable size intracellularly. Herpetohepadnaviruses (SkHBV, SLHBV,
TFHBV) were exclusively secreted with a C-terminal tag. A faint band was observed for
TMDV S in the C-terminally tagged version, but not for any other Metahepadnavirus
or CSKV as Parahepadnavirus.
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Figure 4.18: Legend shown on next page
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Figure 4.18: Structure prediction of selected hepadnavirus S protein dimers.
Structure prediction was performed using the AlphaFold2 algorithm. Structures of
the S dimer are shown for A) Orthohepadnaviruses, B) Metahepadnaviruses, C) Para-
and Avihepadnaviruses and D) Herpetohepadnaviruses. The left structure shows each
monomer in blue and grey, respectively, and tryptophan residues in red. Residues being
part of a potential TRD are marked with arrows. The right column shows structures
colored according to the local distance difference test (plDDT) indicating the confidence
of the predicted areas. The color scale runs from red (very low confidence) to blue (very
high confidence).

Figure 4.19: Intracellular production of hepadnaviral HA-tagged S-ORFs
(western blot).
Huh7-wt cells were transiently transfected with constructs (500ng plasmid per 24-well)
of various hepadnaviral S-ORFs carrying an HA-tag on their A) N-terminus (HA-S)
or B) C-terminus (S-HA). Expression of tagged constructs was determined by western
blot at d4p.t. The color scheme corresponds to the different genera: blue = Metahep-
adnavirus, green = Orthohepadnavirus, orange = Avihepadnavirus, brown = Herpeto-
hepadnavirus, purple = Parahepadnavirus. N=1
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Figure 4.20: Intracellular production of hepadnaviral HA-tagged S-ORFs
(IF, HA-S).
Huh7-wt cells were transiently transfected with constructs of selected hepadnaviral HA-
tagged S-ORFs as described for Fig. 4.19. Expression of N-terminally tagged constructs
was determined by IF at d4p.t. The color scheme corresponds to the different genera:
blue = Metahepadnavirus, green = Orthohepadnavirus, orange = Avihepadnavirus,
brown = Herpetohepadnavirus, purple = Parahepadnavirus. Scalebar: 100µm, N=1

92



4.3 Envelopment of HDV by non-human hepadnaviruses

Figure 4.21: Intracellular production of hepadnaviral HA-tagged S-ORFs
(IF, S-HA).
Huh7-wt cells were transiently transfected with constructs of selected hepadnaviral
HA-tagged S-ORFs as described for Fig. 4.19. Expression of C-terminally tagged con-
structs was determined by IF at d4p.t. The color scheme corresponds to the different
genera: blue = Metahepadnavirus, green = Orthohepadnavirus, orange = Avihepad-
navirus, brown = Herpetohepadnavirus, purple = Parahepadnavirus.Scalebar: 100µm,
N=1
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Figure 4.22: Tagged hepadnaviral SVPs do only get secreted for certain gen-
era.
Supernatants from Huh7-wt transfected cells were harvested between d1-d11p.t. and
concentrated using PEG-precipitation. The presence of extracellular HA-tagged con-
structs was determined by western blot. A) displays N-terminally tagged and B) C-
terminally tagged constructs. As a positive control, the lysate of RRHBV-HA-Sonly
was included on the gel. C) presents the ratio of extracellular to intracellular HA
signal (based on the band with highest intensity if more than one band is observed).
The dashed line represents a ratio of 1 indicating similar band intensity intra- and
extracellular. If no signal was detected either extracellularly or intracellularly, no
ratio was calculated, and bars were indicated with nd (not determined). The color
scheme corresponds to the different genera: blue = Metahepadnavirus, green = Or-
thohepadnavirus, orange = Avihepadnavirus, brown = Herpetohepadnavirus, purple =
Parahepadnavirus. N=1
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4.3.3 Envelopment of HDV by hepadnaviral SVPs

Although not all tagged constructs were secreted, their untagged versions might still be
able to provide helper function for HDV. This hypothesis can be tested by measuring
levels of extracellular HDV RNA or HDAg after transfection even in the absence of
antibodies specifically detecting untagged S protein. Therefore, I aimed for a pilot
experiment investigating the envelopment capacity of these hepadnaviral S proteins (see
Fig. 4.23). Huh7-wt cells were co-transfected with plasmids encoding the 1,1x HDV
antigenome and untagged S protein of hepadnaviruses. Supernatants were harvested,
concentrated by PEG-precipitation, and subjected to RNA isolation. The presence of
HDV genome copies was detected by RT-qPCR. As a negative control to account for the
assay background due to residual plasmid, HDV and GFP were co-transfected.

Figure 4.23: Potential envelopment of HDV by hepadnavirus envelope pro-
teins. Huh7-wt cells were co-transfected with plasmids encoding for HDV and un-
tagged hepadnaviral S-ORFs. The total amount of delivered DNA equaled 420ng
per 24-well. Supernatants were harvested between d1-11p.t., concentrated by PEG-
precipitation and further subjected to RNA isolation. Extracellular HDV RNA copies
were determined using RT-qPCR. The dotted line represents the non-enveloped con-
trol of HDV/GFP transfection. Error bars indicate variation between three technical
replicates. N=1

Fig. 4.23 illustrates that HBV and, to a lesser extent, RRHBV S could potentially
envelop and secrete HDV, as expected. According to the literature, WHV S is also
capable of HDV envelopment [141]. However, as demonstrated in Fig. 4.19, the levels
of WHV S might be intrinsically lower in this setting resulting in decreased secretion
levels of HDV particles. Notably, the presence of HDV genome was detected in the
supernatants of various Avi- and Herpetohepadnaviruses (HeHBV, SkHBV, SLHBV,
TFHBV) at low levels. Additionally, co-transfection of TMDV with HDV resulted in
limited secretion of HDV RNA, while no HDV RNA could be detected in the supernatant
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of the two other Metahepadnaviruses (AMDV, BgHBV). Repeating this experiment has
thus far been unsuccessful due to unknown reasons, despite replication attempts in an
alternative cell line (HEK293T) and incorporating an additional ELISA readout for
HDAg (see Fig. 4.24).

Figure 4.24: Repetition of potential envelopment of HDV by hepadnavirus
envelope proteins. The experimental setting is similar to Fig. 4.23 but transfection
was additionally performed in HEK293T cells and supernatants were harvested only
until d9.p.t. From the last harvest, 500µL were directly inactivated with 1% TritonX-
100 for later analysis using ELISA. Remaining supernatants were concentrated by PEG-
precipitation and analysed by RT-qPCR. A) shows extracellular HDV RNA determined
in concentrated supernatants by RT-qPCR and B) extracellular HDAg determined in
non-concentrated supernatants by ELISA. ELISA was performed in duplicates and
repeated in duplicates if values showed high variation in the first measurement. N=1

96



4.4 Studies on hepatitis virus host factors

4.4 Studies on hepatitis virus host factors

A comprehensive analysis of host factors associated with HCV and HBV was planned to
be included in this study and addressed in three different approaches. Firstly, I investi-
gated the involvement of FGFR4 as a dependency factor for HCV. Secondly, I worked
on an HBV reporter system to identify factors in human cells that are essential for HBV
infection. Lastly, I assessed the potential role of CD302 and CR1L as restriction factors
for HBV in murine cells. Unfortunately, the discontinuation of all three investigations
was necessary due to the lack of supportive findings obtained from the conducted experi-
ments, thereby restricting the possibility of pursuing further research on these particular
subjects. The appendix (see section 7.1) includes more comprehensive experimental data
that provides a more detailed description of the key results.
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Discussion

The transmission of HDV has been primarily associated with HBV envelope proteins
[110]. However, a single study has demonstrated that HDV can also be transmitted
through human non-HBV envelope proteins [150]. In my study, I focused on investigating
the transmission of HDV through human non-HBV viruses and non-human HBV-like
viruses.

5.1 Envelopment of HDV by human non-HBV viruses

5.1.1 Establishment of a suitable cell culture model to study HDV
envelopment by HCV

In a first step towards analysis of HCV mediated transmission of HDV, my objective was
to establish a suitable cell culture model that is highly efficient and enables the simul-
taneous investigation of HDV and HCV within the same cell. In cell culture research,
the analysis of HCV replication often involves the transfection of an in vitro transcribed
subgenomic replicon. This replicon is a self-replicating RNA that can be modified by
inserting different reporter genes such as luciferase or fluorescent proteins to assess repli-
cation efficiency [14]. In contrast, studies on HDV primarily rely on plasmid transfection,
which delivers overlength sequences of antigenomic HDV. In this study, I successfully
established an RNA transfection protocol for HDV that is compatible with the settings
used for HCV transfection. It allows for robust investigation of co-replication and pro-
duction of potentially infectious particles due to a high number of transfected cells. This
protocol involves co-delivery of genomic HDV RNA and S-HDAg mRNA, a combination
that has proven to be functional by other researchers as well [119].

Compared to infection based systems, this transfection protocol offers a major advantage
in terms of the high number of cells becoming double positive for NS5A and HDAg (see
Fig. 4.2). While in the Huh7 context HCV shows a high infection efficiency, studies
involving HDV infection are often limited by the low number of infected cells. IF-based
analysis has shown that with heparin purified virus and a high MOI, HDV infection
only results in a maximum of approximately 20% of cells staining positive for HDAg
[143]. Even cell lines that stably replicate and produce HDV [143] reach a plateau of
approximately 30% HDAg positive cells in IF analysis (own preliminary data).
The transfection efficiency of HCV RNA, which is a already well established technique,
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was expected to reach approximately 50%. The majority of these cells exhibited double
positive staining for HDAg and NS5A (see Fig. 4.2), indicating a high level of co-
transfected cells, that is mostly limited by the transfection efficiency of HCV RNA. The
presence of intracellular viral RNA was efficiently detected by RT-qPCR. The IF staining
proved to be highly reliable for detecting both intracellular viral proteins, HDAg and
NS5A. However, some unspecific background was detected in the IF staining for NS5A,
in particular at later time points when cell density was higher (see Fig. 4.5). It is
important to note that in this study transfected cells were monitored for viral protein
expression using IF until d6.p.t. Considering the half-life time of approximately 16h
for NS5A [153] and 25h for HDAg [113], the detected signal most likely originates from
newly synthesised proteins after transfection rather than from proteins produced from
the input RNA. However, as the half-life times of the transfected RNA species were not
determined, a contribution of the input RNA to the assessed protein expression cannot
be fully excluded.

Taken together, the established system is nevertheless well suited for studying HCV/HDV
co-replication and potential envelopment of HDV by HCV.

5.1.2 No efficient transmission of HDV by non-HBV envelope pro-
teins

Investigation of replication efficiency did not reveal significant differences between single
and co-transfected cells, neither for HCV nor HDV (see Fig. 4.3). This holds true upon
infection with HDV and HCV as well and further aligns with previously published data
[150]. Presence of both viruses in the same cell could be shown by IF staining for HDAg
and NS5A. Notably, no significant difference in the amount of cells staining positive for
either protein can be observed upon single or co-transfection or -infection of either HDV
or HCV. In contrast, upon co-infection, the amount of double positive cells is significantly
reduced compared to the expected values calculated by the co-infection coefficient (see
Fig. 4.5). This unexpected result might be attributed to the inherently low number of
HDAg positive cells in the infection experiment, which leads to low statistical power.

Interestingly, the formation of infectious particles was observed exclusively when HCV
envelope proteins and the HCV genome were present. No evidence of HDV transmission
was observed in conjunction with HCV envelope proteins. This finding holds true for
both the co-transfection and the co-infection scenarios (see Figs. 4.4 & 4.6). These re-
sults combined with the distinct separation of IF stainings for HDAg and NS5A indicates
that both viruses indeed replicate within the same cell. However, they remain confined
to their respective compartments without interfering with each other. The absence of
co-localisation between HDAg and NS5A aligns with previous findings indicating that
HCV replication occurs within the virus induced membranous web [42], while HDV
replication is exclusively confined to the nucleus [110]. Of note, as NS5A is part of the
HCV replication complex, it is well suited for detection of viral replication sites. It was
further shown, that it co-localises with E2 in close proximity to lipid droplets for HCV
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assembly [107]. Nevertheless, NS5A cannot exclusively be used for estimating potential
assembly sites of HCV enveloped HDV particles, as it is not part of the envelope. Still,
as HCV E2 does not contain an NLS and was shown to localise to non-modified ER if
not currently involved in an an active assembly process [107], the clear staining of HDAg
in the nucleus indicates minimal chances for interaction with HCV envelope proteins.

The absence of HCV-mediated transmission of HDV, as observed in this study, contra-
dicts published experimental data by Perez-Vargas et. al. [150]. However, it is consistent
with the results of clinical studies [26, 152, 17]. It is estimated that if HCV-mediated
transmission occurs, it is likely to be much less efficient compared to HBV-mediated
transmission of HDV. This could potentially explain the absence of clinical evidence
for the occurrence of HDV enveloped by HCV. Additionally, this might also account
for the inability to observe transmission in vitro during co-infection (see Fig. 4.6), as
the number of cells testing positive for both viruses might be insufficient to generate a
significant number of infectious particles. However, the absence of HCV-mediated HDV
transmission upon co-transfection experiments, where a large number of cells exhibits
double positivity for HDV and HCV indicates an active or passive restriction mechanism
preventing HCV-mediated transmission (discussed in more detail in section 5.1.3).

The previous study by Perez-Vargas et. al. further suggested that other envelope pro-
teins such as VSV-G might have the potential to mediate transmission of HDV [150].
VSV-G is known for its very broad host cell tropism [52], making it an interesting candi-
date for investigating HDV transmission. Given the well established methods for plasmid
transfection, a plasmid co-transfection experiment was conducted to explore the poten-
tial transmission of HDV by VSV-G (see Fig. 4.7).
The results of this experiment revealed that single cells could be infected with super-
natants obtained from HDV/VSV-G co-transfected cells, indicating a potential VSV-
G-mediated transmission of HDV. However, it is important to note that the efficiency
of this transmission appeared relatively low, as only a small number of cells stained
positive for HDAg following infection. It is worth mentioning that even when HDV was
co-transfected with HBV envelope proteins, the transmission efficiency remained low, al-
though higher than that observed for VSV-G. Nevertheless, statistical significance could
not be determined, likely due to overall low efficiency observed throughout the experi-
ment. Notably, no transmission of HDV by HCV envelope proteins was observed in this
plasmid transfection system, which is in line with data obtained from RNA transfection
and viral infection.
Interestingly, the initial transfection efficiency was similar among all tested envelope pro-
teins. However, it was observed that the published ratio of 1:4 (genome:envelope) [150]
for VSV-G and HDV resulted in a strong cytotoxic effect. In contrast, the transfection
of HDV with other envelope proteins in this ratio did not affect cell viability. To address
this issue, the amount of VSV-G encoding plasmid was reduced to a ratio of 1:1, which
might further lead to the lower transmission efficiency compared to HBsAg.

The potential transmission of HDV by VSV-G might have limited relevance, despite
being possible in the experimental setting. VSV is a virus that primarily infects live-
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stock and only sporadically infects human beings. Given that the origin of HDV remains
unclear but Delta-like agents seem to undergo frequent host jumps [13], one could spec-
ulate that the human HDV originated from an ancient zoonotic event. This might have
occurred under close contact to livestock possibly facilitated by a VSV-like envelope,
which still allows HDV susceptibility to VSV envelopment. However, the only known
Delta-like agent identified in hoofed animals was found in the white deer [13], not in
livestock. In addition, the white deer does not appear to be a natural host for VSV
[32], indicating that it might not be the missing link for the transmission of HDV to
humans.

In order to trace back the potential zoonotic origin of HDV and the development of its
strict HBV dependency, further screening of host species for the presence of Delta-like
agents and putative helper viruses is needed. Once identified, these Delta-like agents
can be compared to HDV on genome sequence and protein level providing more insight
into their evolutionary development. Envelopment capacity of putative helper viruses
could further be explored in experimental settings similar to the ones used in this study.
Still, as this hypothesis can neither been proven nor falsified at this point, other scenarios
are at least equally likely. One possibility could connect to a potential evolutionary
relationship between HDV and plant viroids. Striking similarities between those plant
viroids and HDV have already been identified and discussed several years ago [187]. As
they share not only their genome structure and replication strategy, but also e.g. the
ability to redirect DNA dependent RNA polymerases to an RNA template, it could be
hypothesised that they might have a common ancestor. Transmisison of such an ancestor
to human beings or their ancestors might have happened in an hepadnavirus infected
individual through the digestive tract [187].

5.1.3 Possible reasons why HDV does not use non-HBV envelope pro-
teins

The absence of evidence for a non-HBV-mediated transmission, despite efficient co-
replication, indicates the presence of a potential restriction that prevents this type of
HDV transmission. This restriction might be actively regulated (e.g. a super-infection
exclusion mechanism) or a more random coincidence (e.g. no chance for interaction
between genome and envelope due to clear separation of viral replication cycles).

Super-infection exclusion mechanisms, which prevent infection of cells that are already
infected, have been described for several viruses, including DHBV and HCV [202, 195].
These mechanisms might differ between distinct viruses and can operate at different
stages of the viral relication cycle, including entry-related and later steps. For DHBV,
the super-infection exclusion is mediated by the L protein, which leads to receptor down-
regulation. This downregulation prevents binding and internalisation of additional par-
ticles using the same receptor [202]. Super-infection exclusion has also been postulated
for HBV, although an HBV mediated downregulation of NTCP has not been observed
thus far, indicating a different mechanism [111]. In the case of HCV, super-infection
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exclusion is likely to occur at a later replication step, after entry and polyprotein pro-
cessing [195].
The hypothesis of super-infection exclusion, which could lead to a low number of dou-
ble positive cells, was considered due to the potential interference observed when cells
were co-infected with HDV and HCV. This, in turn, would limit or even prevent HDV
envelopment. However, super-infection of HDV or HCV transfected cells with the re-
spective other virus did not lead to a reduced viral RNA copy number or amount of
double positive cells (see Fig. 4.9). Calculation of the super-infection coefficient did not
reveal significant differences and even showed a slight trend towards a higher number
of double positive cells than expected. This observation was specifically made for HCV
super-infection, which potentially increased the number of double infected cells by 50%.
Given the high percentage of HDV transfected cells (approximately 90%) as established
in Fig. 4.1, the chances of HCV infecting HDV negative cells are minimal. An increased
SIC indicates that HCV is more likely to infect cells that are already replicating HDV.
This might be attributed to factors such as an increased receptor expression, which has
been shown to enhance HCV infection efficiency [94]. This effect is known to plateau at
a certain level, potentially explaining the limited increase in SIC. However, it should be
noted that an HDV mediated upregulation of CD81, a receptor for HCV, has not been
reported and would need to be investigated to support this hypothesis.
In addition, it is important to consider that at high cell densities, an increased back-
ground fluorescence signal is observed for NS5A, as mentioned earlier. Although the
algorithm for semi-automated image quantification was trained with multiple training
images to correct for background fluorescence, it might still influence quantification and
calculation of the SIC.

As mentioned above, the sites and mechanisms of replication for HDV and HCV are
largely separated, limiting potential interaction sites between both viruses. The only
commonly used pathway is the general secretory pathway employed for exiting the cell
(see sections 1.1.2 & 1.1.3). However, it is important to consider that HCV replication
happens in a highly shielded environment [42]. Packaging of HCV genomes likely occurs
in very close proximity to these replication sites [8], minimising the transportation of
viral RNA and potential triggering of the innate immune response. Consequently, the
HDV RNP might not get access to HCV envelope proteins. Although presenting indirect
evidence, as discussed above, the very strict localisation of HDAg to the nucleus and the
lack of evidence for co-localisation of HDAg and NS5A support this hypothesis.
However, co-localisation was also not observed for HDAg and HBV envelope proteins
in previous IF stainings. It can therefore not be fully excluded, that HDAg and HCV
envelope proteins do not interact with each other.
In the context of HCV-mediated transmission of HDV in patients, HBV/HCV/HDV
triple infected individuals could potentially serve as a source of these particles. Taking
into consideration that HBV-mediated transmission is likely the most efficient route for
HDV delivery, the co-localisation of HBV as an HDV transmitter, and HCV in liver
samples should also be investigated. However, published data on this aspect is contra-
dictory. Investigating HCV super-infection on HBV in a cell culture setting revealed
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no evidence for viral interference [132]. In contrast, examining HBV super-infection on
HCV in the chimpanzee model, both viruses are rarely found in the same cell but tend
to occupy different spaces in the infected liver [209].

A third possibility why HDV cannot effectively make use of non-HBV envelope proteins
might be related to its very specific interaction with HBsAg. The tight association of
HDV to HBV appears unique to the human virus, as other Delta-like agents found in
several animal species likely depend on different helper viruses [24]. The absence of a
farnesylation site in BHDV, that might potentially spread using hepacivirus envelope
proteins, led to the hypothesis that this mode of spread might only be possible due
to the missing farnesylation. Conversely, human HDV might be compelled to rely on
HBsAg-dependent transmission due to the presence of the farnesyl residue. However,
inhibiting the farnesyltransferase by LFB did not result in the production of infectious
HCV-enveloped HDV particles. This indicates that farnesylation of L-HDAg alone does
not restrict non-HBV-mediated envelopment (see Fig. 4.12).
In contrast, the spread of HCV itself appears to be increased under LFB treatment, which
was initally unexpected. In HCV infected cells, an upregulation of farnesyldiphosphate
farnesyltransferase has been observed, leading to enhanced HCV propagation. Although
this enzyme is involved in the lipid biosynthesis pathway and plays an important role for
the HCV replication cycle [148], it is distinct from the enzyme responsible for transferring
farnesyl residues to proteins like L-HDAg and is not targeted by LFB. However, both
enzymes use the same substrate (farnesyldiphosphate). Therefore, inhibiting one enzyme
might increase substrate availability for the other one, potentially enhancing propagation
of HCV in LFB treated cells.

Another aspect that might contribute to the inability of HDV to utilise non-HBV enve-
lope proteins is the expression of L-HDAg itself. It is currently unknown, whether BHDV
makes use of its potential ADAR1 editing site, although ADAR enzyme orthologs are
expressed in many vertebrates, including bats [138]. Along the same lines, it is hypoth-
esised that L-HDAg as HBV specificity determinant might hinder HCV envelopment of
HDV, possibly through steric hindrance or masking of potential binding sites. However,
even a mutated HDV that is unable to produce L-HDAg while retaining its replication
competence cannot be enveloped by HCV (see Figs. 4.13 & 4.14).
Unfortunately, there is no experimental evidence supporting the hypothetical spread of
BHDV by hepacivirus envelope proteins so far. In a pilot experiment, I was able to
show that BHDAg can be detected using the established anti-HDAg antibody and that
BHDAg can be co-transfected with HA-tagged bat hepacivirus envelope proteins (data
not shown). However, the receptor of this virus is not known, which presents a chal-
lenge for blind cell culture based infection experiments using particles obtained from
co-transfection.

As the presence of HBV specificity determinants in the human HDV does not seem
to prevent usage of non-HBV envelope proteins, I conducted further investigation into
potential factors on the helper virus side. To this end, I screened envelope proteins of
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HCV and VSV for the presence of a potential TRD. Applying a threshold of two tryp-
tophan residues in close proximity (less than four AA apart), I identified one potential
TRD in HCV E2 and VSV-G. However, in both cases, it seems that these tryptophan
residues are located close to or partially within transmembrane domains. The TRD in
HBV also exhibits close proximity to transmembrane domains, but it is believed to be
located precisely between transmembrane domains III & IV [92]. In contrast, HCV E1E2
and VSV-G possess only one transmembrane domain in each protein, anchoring them
in the membrane, while the main parts are ectodomains located outside of the particle
[31, 30, 36]. The potential interaction between these tryptophan accumulation sites and
HDAg, which clearly resides at the inner side of the particle, presents a challenge. This
might help to explain the lack of evidence for HCV-mediated transmission of HDV, but
further investigation is still required.
In contrast, although VSV-G mediated HDV transmission was possible with low effi-
ciency, this protein is not believed to possess an accessible TRD, suggesting that pack-
aging must have happened through a different pathway. One possibility is unspecific
envelopment. VSV-G induces rapid fusion of various cellular membranes, leading to
syncytia formation [165], and the production of extracellular vesicles. These vesicles,
decorated with VSV-G, efficiently package and transport cargo located at intracellular
membranes to potential target cells [124]. Given that the HDV RNP is located at in-
tracellular membranes through its farnesylated L-HDAg, there is a high likelihood of
packaging into these VSV-G pseudotyped particles. Consequently, it would be interest-
ing to investigate, whether Lonafarnib treatment or the use of the L(-) HDV mutant can
inhibit envelopment by VSV-G.
There might also be the possibility of a TRD-independent interaction between HDAg and
envelope proteins. However, the structure of HDAg is not fully resolved and currently
only includes the oligomerisation domain between AA 12-60 [222]. The majority of the
protein is considered intrinsically disordered [5], which further complicates structure pre-
diction using algorithm based approaches. Without a comprehensive understanding of
the protein structure, prediction of potential interaction sites is challenging and cannot
be performed at this stage.

5.2 Envelopment of HDV by non-human hepadnaviruses

The ability of non-human hepadnaviruses to envelop HDV has been demonstrated for
the woodchuck model. In this model, replication of HDV and production of infectious
HDV particles enveloped with WHV envelope proteins were observed [141]. However,
attempts to envelop the woodchuck Delta-like agent with HBV envelope proteins failed
to produce infectious particles, potentially due to the lack of an L-HDAg mediating
interaction and envelopment with HBsAg [81].
In contrast to the woodchuck model, there is no evidence that DHBV, which is the
best studied model for HBV, can provide helper function for HDV. This difference in
helper function might be attributed to differences in the sequences of the S protein,
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particularly the TRD. The TRD plays a crucial role in the interaction between L-HDAg
and HBsAg for HDV envelopment [92]. Comparing the TRD sequences of different
hepadnaviruse, it becomes evident that differences in this particular sequence are genus
specific (see Fig. 4.16). Representatives of the genus Orthohepadnavirus (like WHV)
and Metahepadnavirus have TRDs similar to HBV. In contrast, representatives from the
other clades only possess the conserved tryptophan residue corresponding to Trp196 in
HBV, but lack the following tryptophan residues. This difference in the TRD sequence
might explain the ability of WHV to provide helper function for HDV and the inability
of DHBV to do so.

In order to test the hypothesis that only hepadnaviruses presenting a TRD similar to
HBV are able to provide helper function for HDV, I first aimed for generation of these
hepadnaviral SVPs. The detection of tagged versions of the S protein was successfully
achieved for representatives of all tested hepadnavirus clades by western blot, IF, or
both techniques (see Figs. 4.19, 4.20 & 4.21). It is worth noting, that in western blot all
proteins appeared at a smaller size than expected based on their calculated molecular
weight. This phenomenon had been previously observed for HBsAg in our lab and was
therefore not surprising.
The position at which successful tagging occurred varied between different genera. For
HBV, previous studies have demonstrated that C-terminal tagging with GFP inhibits
particle secretion, but allows secretion when a smaller tag like HA is used [102]. In
contrast to published data, I could not observe intracellular production of C-terminally
HA-tagged S in Orthohepadnaviruses. Interestingly, in Metahepadnaviruses, which are
the closest related genus to Orthohepadnaviruses, the production of these S proteins ap-
peared to be independent of the tag position. In these viruses, both N- and C-terminally
tagged S proteins were produced intracellularly, but were not secreted. Notably, no intra-
or extracellular S protein was detected in western blot analysis for BgHBV. In contrast,
representatives of Avi- and Herpetohepadnaviruses showed a preference for C-terminal
tagging, as it resulted in successful of intracellular production and secretion of SVPs.

Interestingly, a specific signal was observed upon staining HA in IF for all constructs.
This was observed not only for BgHBV but also for Orthohepadnavirus S proteins tagged
at the C-terminus, which were not detected in western blot. The intracellular distribu-
tion of the tagged proteins appeared to be widely dispersed in the cytoplasm, with certain
regions exhibiting higher fluorescence intensity. It would be interesting to investigate,
whether these regions colocalise with markers of specific organelles, such as ER, Golgi,
Endosomes/MVBs, or vesicles of the autophagy pathway. This could provide insights
into the potential exit routes used by these particles.
It is important to note that the comparison between western blot and IF yielded par-
tially contradictory results. This discrepancy could be attributed to differences in the
sensitivity of the two assays, which might explain the divergent findings. Furthermore,
it is possible that incorrectly processed or aggregated S proteins can still be detected if
they retain the correctly folded and accessible HA-tag. These aggregates might not be
resolved under the reducing conditions used in western blot and could appear at higher
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band size than expected. Since the membranes were only probed for HA within the ex-
pected size range of S proteins, there is the possibility of a loss of information regarding
signals that could correspond to aggregated proteins.

Previous studies have demonstrated that tagging of S protein does not interfere with
correct glycosylation despite potential misfolding [102]. The presene of a double band
pattern, similar to what has been observed for HBV, where one band corresponds to
the glycosylated form and the other one to the non-glycosylated form [86], indicates
potential glycosylation of Orthohepadnavirus S proteins. This finding suggests that
the membrane topology of these proteins might be correct, exposing the glycosylation
sites to the ER lumen. In the case of DHBV, a potential glycosylation site has been
reported but not utilised [157, 198]. Furthermore, a truncated version of the S protein
of approximately 10kDa in size has been identified in purified DHBV SVP preparations,
which likely facilitates proper transmembrane translocation and folding of DHBV S
protein [61]. Interestingly, I could observe different running behaviour of the DHBV S
protein depending on the position of the tag. N-terminal tagging resulted in the expected
single protein band pattern, while C-terminal tagging led to the appearance of a second
band. Assuming that the more prominent, lower band corresponds to the S protein,
the upper band would represent a potentially glycosylated version. Treatment with
endoglycosidase H, which removes sugar moieties, could help determining the origin
of the second band. Alternatively, assuming the upper band represents the correct S
protein of DHBV, the lower band might correspond to a truncated version. In this case,
the production of normally produced S would be greatly reduced in DHBV and only
possible with the C-terminal tag. However, the size of this band is closer to 15kDa than
the expected 10kDa, pointing more support for the glycosylation hypothesis.

Not all species were detectable in concentrated supernatants of transfected cells, par-
ticularly Meta- and Parahepadnaviruses, despite their intracellular production being
observed in most cases. One possible explanation is that the tag interferes with proper
protein folding, leading to retention of the protein in the ER. This issue could potentially
be overcome by using a different tag or altering the tag position. Another factor that
could contribute to the lack of secretion is the absence of a signal sequence directing the
proteins to the secretory pathway. However, for HBsAg it has been demonstrated that
correct transmembrane topology is achieved through co-translational translocation, re-
lying on internal signals that differ from a classical N-terminally cleaved signal peptide
[40, 41, 173]. The precise definition of these signals remains challenging and requires
mapping and screening in the remaining hepadnavirus genera.
Another reason for the non-detection of Meta- and Parahepadnaviruses could be their
infection of fish, which have a lower body temperature compared to mammals or birds.
It is possible, that these proteins do not undergo proper folding at the experimental
conditions used in this study. Repetition of the experiment in fish cells could potentially
address this issue, but has not yet been performed due to time reasons.

The quantification of the ratio between exta- and intracellular protein was challenging
due to the incomplete secretion and weak intracellular detection of some constructs. In

107



5 Discussion

addition, the separation of extra- and intracellular protein to different blots further com-
plicated the interpretability of these results. It is important to approach these findings
with caution, particularly for Meta- and Parahepadnaviruses, as they exhibited low or
no intracellular production and no secretion of the S protein. Nevertheless, a clear trend
emerges, with N-terminally tagged HBV and RRHBV being secreted very efficiently,
while constructs for HeHBV or SkHBV showed only a small portion of produced protein
reaching the supernatant, regardless of the tag position (see Fig. 4.22C). The remaining
constructs generally displayed comparable levels of extra- and intracellular S protein,
resulting in a ratio close to 1. This indicates that there is no significant shift towards
either secretion or retention of these S proteins. Of note, the detection of extracellu-
lar S protein might indicate successful production of SVPs, but it does not prove this
hypothesis. Therefore, the next step would be to visualise particles, for example using
negative stain electron microscopy, once an efficient purification pipeline is established
that allows recovery of SVPs.

Of note, the detection of extracellular tagged S protein for Metahepadnaviruses, which
might have the highest likelihood after Orthohepadnaviruses to envelop HDV, was chal-
lenging. Nevertheless, as discussed above, this could be due to tag-dependent misfolding,
leading to intracellular retention of the proteins. It is possible that untagged versions
might still get secreted. However, the detection of untagged S proteins remains chal-
lenging, as specific antibodies targeting the different hepadnavirus S proteins are not
available, and antibodies against HBV or DHBV S protein do not cross-react with other
species.
To investigate the envelopment of HDV by non-human hepadnaviruses, a preliminary
pilot experiment was conducted, focusing on the detection of extracellular HDV RNA
(see Fig. 4.23). The results showed envelopment by HBV and RRHBV S proteins but
not WHV, which aligns with expectations. Especially, assuming that the expression of
WHV S protein is as low as compared to the tagged version, and that HDV envelopment
by WHV S has only been shown in the animal experiment, an envelopment is unlikely.
Surprisingly, some Avi- and Herpetohepadnaviruses, along with TMDV as representative
of Metahepadnaviruses, exhibited the potential to envelop HDV.
Regrettably, this experiment encountered challenges due to high background signals from
the initial plasmid transfection. Despite attempts to mitigate this issue through DNaseI
treatment, the background detection persisted, thereby limiting the scope of meaningful
interpretation. In addition, the repetition of this experiment yielded contradictory re-
sults, which were further confirmed by ELISA based detection of HDAg and performing
the experiment in an additional cell line (see Fig. 4.24). The detection of extracellu-
lar HDAg by western blot was unsuccessful due to technical difficulties. The reasons
behind the substantial discrepancies observed between the two experiments remain elu-
sive. Transfection efficiency, as determined by GFP co-transfection, was comparable and
therefore cannot explain the strong deviations. Potentially, the passage effects of the cell
lines might have contributed to these discrepancies and this could be addressed through
further repetitions of the experiment.
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With respect to the question whether HDV might be able to use non-human hepad-
naviruses and whether this might relate to its origin as a human pathogen, the above
mentioned experiments clearly require repetition and refinement. However, given that
HDV envelopment by WHV was demonstrated by others [141], one could still speculate
that transmission to human beings might have happened or could happen again through
an animal helper virus. Whether this transmission relies on a TRD, could be clarified
in an experimental setting exchanging TRDs from different hepadnaviruses (e.g. Avi-
and Orthohepadnaviruses) and investigating the capacity to provide helper function for
HDV. In addition, screening of further animal species for presence of hepadnaviruses
being able to provide an envelope for HDV might contribute to the understanding of
HDV’s origin and zoonotic potential.
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Summary and outlook

In this study, I was able to show that HDV exhibits a preference for spread by HBV enve-
lope proteins compared to other tested viruses. The main focus was on investigating the
transmission of HDV by HCV. The findings suggest that there is likely no active mech-
anism restricting non-HBV envelopment. HDV and HCV were found to be capable of
co-replication and infecting the same cells, without an evident super-infection exclusion
mechanism. However, the interaction between HDV and HCV appears to be limited, as
no co-localisation of viral proteins was observed. The absence of a TRD in HCV E1E2
or VSV-G, which is responsible for the interaction of HBsAg with farnesylated L-HDAg,
further indicates why HDV cannot specifically utilise these proteins. These observations
contradict previously published experimental data of a single study, which has not been
confirmed independently thus far.

One intriguing aspect is that Delta-like agents, unlike HDV, probably do not rely on
hepadnaviral envelopment. Removing determinants that are unique to HDV, such as L-
HDAg and its farnesylation, did not render HDV susceptible to non-HBV envelopment.
This indicates that a putative helper specificity of Delta-like agents is likely determined
by other factors. Identifying additional Delta-like agents and, even more important,
clarifying the role of helper viruses for these agents could help to improve the under-
standing of these questions. The role of putative helper viruses could experimentally be
addressed by investigating various enveloped viruses for providing helper function for
different Delta-like agents as described in this study.
In addition, creating chimeras of HDV and Delta-like agents containing different por-
tions of each virus could provide further insights, whether differential helper dependency
might be determined at different sites and whether these can be exchanged. This could
further help to understand whether and how Delta-like agents co-evolved with their re-
spective helper viruses. A key aspect contributing to a comprehensive understanding of
why and how HDV developed its HBV specificity, is the identification of the time point
when diversification from other Delta-like agents occurred and the specification towards
the HBV helper emerged.

The issue of HDV envelopment by non-human hepadnaviruses as a potential origin in the
human host remains unresolved in this study. There are indications that hepadnaviruses
closely related to HBV might mediate envelopment of HDV, but further experiments are
required to confirm this observation. In addition, refinement of experimental conditions
and constructs is needed to investigate and improve secretion and morphological analysis
of animal hepadnavirus SVPs and pseudotyped HDV.
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In conclusion, non-HBV mediated spread of HDV appears to play a limited role in the
human host. However, if HDV or Delta-like agents are able to use several helper viruses
for spread, there is a risk of zoonotic events. Obtaining more information about the
spread of Delta-like agents as well as non-human HBV pseudotyped HDV particles is
therefore necessary to provide further insights into the putative zoonotic origin and
potential of HDV, and the co-evolution between HDV and its helper viruses.
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Appendix

As indicated in section 4.4, a subsequent analysis was undertaken regarding host factors
associated with HCV and HBV. The following section provides a description of the
primary findings derived from these experiments

7.1 Studies on hepatitis virus host factors

7.1.1 FGFR4 as a potential dependency factor for HCV in HepaRG
cells

Investigating triple infections of HBV/HCV/HDV in vitro is challenging due to the
limited availability of cell culture models supporting replication of all three viruses. In
fact, only primary human hepatocytes (PHH) can be infected with HBV, HCV, and
HDV. However, infection efficiency is low in these cells, especially for HCV [49], and
significant inter-batch and -patient variations are observed. HepaRG serve as the next
closest model to PHH and support robust replication of HBV and HDV [62, 199]. They
have also been shown to support HCV replication [139]. However, in our lab, we were
unable to establish productive HCV replication in this cell line. A former member of our
group identified FGFR4 as a potential dependency factor for HCV in HepaRG cells [167].
Therefore, I investigated the replication of a luciferase-tagged sgHCV in HepaRG cells
overexpressing FGFR4 (HepaRG-FGFR4) upon RNA transfection. While this replicon
efficiently induced replication in Huh7 cells, no luciferase activity could be observed in
HepaRG and HepaRG-FGFR4 cells (see Fig. 7.1). Therefore, FGFR4 was not further
explored as a potential HCV dependency factor in HepaRG cells.

7.1.2 Development of an HBV reporter system

Murine cells are not susceptible to HBV infection, potentially due to the absence of a
necessary dependency factor [109]. In order to identify human host dependency factors,
I aimed to construct an HBV reporter system. This system, originally developed by
former lab members, involves inserting a reporter gene into the Pol/S ORF. A split
Cre system was used as reporter gene, where the enzmye is divided into an N- and C-
terminal part. When these parts come into close proximity, they associate and regain
enzyme activity [18].
In the developed HBV reporter system, the reporter virus harbors the N-terminal part
(NCre), while the reporter cells harbor the C-terminal part (CCre) along with a double
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Figure 7.1: FGFR4 as potential HCV dependency factor. HepaRG-FGFR4
overexpressing, HepaRG-empty and Huh7-wt cells were transfected with 2,5µg in vitro
transcribed RNA for sgHCV harboring Firefly luciferase or a replication deficient mutant
(dGDD), without RNA or left untreated at all. Replication efficiency was determined
measuring luciferase activity at depicted time points post transfection. Error bars indi-
cate variation between three technical replicates. N=1
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7.1 Studies on hepatitis virus host factors

fluorescent reporter cassette. This cassette consists of DsRed flanked by LoxP sites,
followed by GFP without a promoter, and an IRES-accessible Puromycin resistance
cassette. In a non-infected cell, DsRed is expressed, and cells transduced with the
reporter cassette can be selected by adding Puromycin. Upon successful infection with
reporter virus, Cre is reconstituted, leading to recombination of the LoxP sites and
excising the DsRed sequence. Consequently, GFP is expressed, causing infected cells to
turn green. In order to screen for potential host factors, I aimed to overexpress a human
library using lentiviral vectors in murine NTCP expressing cells, followed by infection
with the reporter HBV.

I successfully generated reporter cells expressing the fluorescent reporter cassette, NTCP,
and CCre. Transfection of an NCre plasmid confirmed the functionality of the reporter
system, as demonstrated by microscopy and flow cytometry analysis (see Fig. 7.2). In
order to produce the reporter virus, I successfully generated HepG2 and Huh7 helper
cells overexpressing Pol and S ORFs required to transcomplement the defective reporter
virus DNA (see Fig. 7.3). However, introducing the reporter HBV genome into these
cells proved to be challenging. Despite attempting different delivery methods, such as
circular or linear plasmid or transposon transfection, the production of reporter viruses
remained unsuccessful. Consequently, this project was discontinued.

7.1.3 Potential restriction factors for HBV in murine cells

Two potential restriction factors for HCV replication in murine cells, CR1L and CD302,
were recently identified [15]. These factors were hypothesised to potentially restrict
HBV replication in murine cells as well. Therefore, I conducted an investigation into
HBV replication by knocking down these factors in Hep56D.1-NTCP murine cells and
overexpressing them in susceptible human HepG2-NTCP cells. The knockdown and
overexpression were confirmed using RT-qPCR, and cells were subsequently infected
with HBV. However, neither knockdown in murine cells nor overexpression in human
cells showed any improvement or restriction of HBV replication (see Fig. 7.4). As a
result, these factors were not further explored in this study.
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Figure 7.2: Reporter cells are functional. Cells stably expressing the double-
fluorescent reporter cassette and CCre were transfected with 1µg plasmids per 6-well
encoding for GFP, fullCre or HBV-NCre and expression of DsRed and GFP was inves-
tigated after fixation of cells by flow cytometry at d1p.t. N=1
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Figure 7.3: Production of HBsAg and Pol from helper cells. HepG2 or Huh7
cells were stably transduced with HB2.7 and HBV polymerase. After successful antibiotic
selection, cells were tested for A) HBsAg secretion by ELISA between d1-13 and B) Pol
production by RT-qPCR at d13; N=1
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Figure 7.4: No effect of knockdown or overexpression of mCD302 and
mCR1L on HBV infection. Both factors were knocked down via shRNA in Hep56.1D-
NTCP or overexpressed using lentiviral transduction in HepG2-NTCP cells. A) Knock-
down and overexpression efficiency was checked by RT-qPCR (data kindly provided by
Aileen Krüger). Error bars indicate variation between three technical replicates. B)
Productive infection with HBV (MOI 100 GE/cell) was checked by ELISA for HBeAg
and HBsAg at indicated time points; Hep56.1D-NTCP N=1; HepG2-NTCP N=3
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