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Abstract

Abstract

New therapies to cure the hepatitis B virus (HBV) infection have been limited by a lack of
suitable animal models. The discovery of sodium-taurocholate co-transporting polypeptide
(NTCP), bile acid transporter, has been identified to expand the selection of natural hosts
for HBV. It has also allowed the generation of permissive cell lines supporting robust viral

infection in vitro. The HBV-permissive cell lines provide a valuable tool to develop new drugs.

In this study, we first established a luciferase-NTCP co-expression-based assay to evaluate
the animal species specificity of NTCP. The HBV binding and infection studies revealed that
NTCPs from mammals including humans, woodchucks, ferrets, aardvark, horses, rabbits,
whales, big brown bats, cats and rhinoceroses rendered HepG2 cells susceptible to HBV
infection. A replacement of either HBV binding or functional domain of NTCPs from mice,
macaques, pigs, or hamsters, with their counterpart in human NTCP enables or enhances
viral infection in NTCP-expressing HepG2 cells. In addition, horse NTCP was the best
candidate compared to all the other NTCP variants for supporting HBV infection including
human NTCP.

In the second part, the capability of human NTCP and horse NTCP to mediate HBV infection
was compared employing different approaches. HepG2 cell surface staining of NTCP
demonstrated that horse NTCP was expressed on the plasma membrane at levels twice as
high as human NTCP. Therefore, HBV particle binding was enhanced on the HepG2 cells
expressing horse NTCP. Single amino acid mutation screening displayed that the residue
G157 of horse NTCP increased efficiency for NTCP membrane localization. Moreover,
horse NTCP rendered HepG2 cells more susceptible to HBV by increasing virus infection

rates and covalently closed circular DNA (cccDNA) formation.

The third part of this thesis was to characterize the susceptibility of murine hepatocyte cell
line AML12 to HBV infection upon human NTCP and horse NTCP expression. AML12 cells
complemented with each of these NTCPs allowed for HBV uptake and infection, while horse
NTCP also facilitated cccDNA formation. Southern blot analysis of cccDNA or relaxed
circular DNA (rcDNA) proved the robust establishment of HBV infection in AML12 cells.
Titration of HBV on AML12 cells expressing horse NTCP and human NTCP revealed a dose-
dependent infection rate, and AML12 cells expressing horse NTCP even permitted lower
titer HBV infection.

My thesis closed with an evaluation of the impacts of small molecules, naming as
compounds A0, A2, and GO, on HBV infection. Compound AO and A2 inhibited HBV infection
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Abstract

early events in HepG2-NTCP-K7 cells, HepaRG cells and primary hepatocytes, and GO
blocked HBV infection in HepaRG cells and primary hepatocytes. Furthermore, my results
indicated that compounds A2 and GO did not interfere with HBV binding to heparan sulfate
proteoglycan (HSPG) and NTCP. Moreover, it seems that A2 interrupted HBV entry prior to
the establishment of HBV infection but after HBV endocytosis on HepG2-NTCP cells and
inhibited HBV endocytosis on HepaRG cells. In contrast, GO interfered with HBV infection
prior to cccDNA establishment but during later steps of uptake.

Overall, my study provides new sights into the species specificity of NTCP and identifies an
advanced HBV receptor that mediates highly efficient HBV infection on human and murine
hepatocyte cell lines, and identifies two chemical compounds limiting HBV infection.
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Zusammenfassung

Zusammenfassung

Bis heute sind neue Therapien zur Heilung einer Hepatitis-B-Virus (HBV)-Infektion durch
den Mangel an geeigneten Tiermodellen eingeschrankt. Die Entdeckung des
Gallensauretransporters Natrium-Taurocholat-Cotransport Polypeptid (NTCP) hat die
Auswahl an nattrlichen Wirten fir HBV erweitert. Dies ermdglichte auch die Erzeugung
permissiver Zelllinien, die eine robuste Virusinfektion in vitro unterstitzen. Die HBV-

permissiven Zelllinien sind ein wertvolles Instrument fiir die Entwicklung neuer Medikamente.

In dieser Studie wurde zuerst ein Assay fur die Koexpression von Luciferase und NTCP
etabliert, um die Speziesspezifitat von NTCP zu bewerten. Die HBV-Bindungs- und
Infektionsstudien zeigten, dass NTCPs von Saugetieren wie Menschen, Murmeltieren,
Frettchen, Erdferkeln, Pferden, Kaninchen, Walen, grof3en braunen Fledermausen, Katzen
und Nashdrnern HepG2-Zellen anfallig fiir eine HBV-Infektion machten. Der Austausch von
entweder HBV-bindenden oder funktionellen Domanen des NTCP-Rezeptors aus Mausen,
Makaken, Schweinen und Hamstern gegen ihr menschliches NTCP-Gegenstiick ermdglicht
oder verstarkt die virale Infektion von NTCP-exprimierenden HepG2-Zellen. Darliber hinaus
war das Pferde-NTCP im Vergleich zu anderen NTCP-Varianten, einschlie3lich des

menschlichem NTCPs, der beste Kandidat.

Im zweiten Teil dieser Studie wurde die Fahigkeit von humanem NTCP und Pferde-NTCP
eine HBV-Infektion zu vermitteln in verschiedenen Ansatzen verglichen. Die HepG2-
Zelloberflachenfarbung von NTCP zeigte, dass Pferde-NTCP auf der Plasmamembran
doppelt so stark exprimiert wurde wie menschliches NTCP. Daher war die Bindung von
HBV-Partikeln an HepG2-Zellen, die das Pferde-NTCP exprimieren, verstarkt. Das
Screening einzelner Aminosauremutationen zeigte, dass der Rest G157 des Pferde-NTCPs
die Effizienz fur die NTCP-Membranlokalisierung erhdhte. Dariiber hinaus machte Pferde-
NTCP HepG2-Zellen anfalliger gegenuber HBV, indem es die Virusinfektionsrate und die
Bildung der cccDNA (covalently closed circular DNA) erhéhte.

Im dritten Teil dieser Arbeit wurde die Anfalligkeit der murinen Hepatozyten-Zelllinie AML12
fur HBV-Infektionen bei Expression des menschlichem NTCPs und des Pferde-NTCPs
charakterisiert. AML12-Zellen, die mit jedem dieser NTCPs komplementiert wurden,
ermoglichten eine HBV-Aufnahme und -Infektion, wahrend das Pferde-NTCP auch die
Bildung der cccDNA erleichterte. Southern Blot Analysen der cccDNA oder der rcDNA
(relaxed circular DNA) bewiesen die robuste Etablierung einer HBV-Infektion in AML12-

Zellen. Die Titration von HBV zeigte eine dosisabhangige Infektionsrate in AML12-Zellen,
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Zusammenfassung

die Pferde- und menschliches NTCP exprimierten. AML12-Zellen, die Pferde-NTCP-

exprimierten, ermdglichten sogar eine HBV-Infektion mit niedrigerem Virustiter.

Am Ende dieser Arbeit wurden die Auswirkungen von Kkleinen Molekilen, die als
Komponenten A0, A2 und GO bezeichnet wurden, auf eine HBV-Infektion untersucht. Die
Komponenten A0 und A2 hemmten frilhe Ereignisse der HBV-Infektion in HepG2-NTCP-
K7-Zellen, HepaRG-Zellen und primaren Hepatozyten. GO blockierte eine HBV-Infektion
von HepaRG-Zellen und priméren Hepatozyten. Daruber hinaus zeigten die Ergebnisse,
dass die Komponenten A2 und GO eine HBV-Bindung an Heparansulfatproteoglykan
(HSPG) und NTCP nicht beeintrachtigten. Des Weiteren scheint A2 den HBV-Eintritt vor der
Etablierung einer HBV-Infektion, aber nach der HBV-Endozytose in HepG2-NTCP-Zellen zu
unterbrechen und die HBV-Endozytose in HepaRG-Zellen zu hemmen. GO dagegen
beeintrachtigte die HBV-Infektion vor der Etablierung der cccDNA, jedoch wahrend spéteren
Schritten der Aufnahme.

Zusammenfassend liefert meine Studie neue Einblicke in die Speziesspezifitdt von NTCP
und identifiziert einen fortgeschrittenen HBV-Rezeptor, der eine hocheffiziente HBV-
Infektion auf menschliche und murine Hepatozyten-Zelllinien vermittelt. Darlber hinaus

wurden zwei chemische Komponenten identifiziert, die die HBV-Infektion begrenzen.
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Introduction

1. Introduction

Two-hundred fifty-seven million individuals suffer from chronic hepatitis B (CHB) infection
worldwide with increased risk of liver cirrhosis or hepatocellular carcinoma (HCC), that lead
to an estimated 820,000 deaths in 2019 (WHO 2021). A major issue with current treatments
is the ineffective targeting of the viral transcriptional template in infected hepatocytes. This
thesis therefore addresses the establishment of new infection models and the evaluation of
novel hepatitis B virus (HBV) entry inhibitors.

1.1 Hepatitis B virus (HBV)

The following chapter introduces molecular biology, the viral entry receptor, various animal
infection models, and different CHB treatment options of HBV.

1.1.1 Classification

Human HBYV is the prototype of the Hepadnaviridae family and a small enveloped DNA virus,
sharing liver tropism and a narrow species specificity (Meyer et al. 1997; Schaefer 2007;
Watashi and Wakita 2015). Hepadnaviridae family are divided into two genera; 1.
Orthohepadnaviridae and 2. Avihepadnaviridae (Schaefer 2007). The Orthohepadnaviridae
members like human HBV, woodchuck hepatitis virus (WHV) or ground squirrel hepatitis
virus (GSHV) mainly infect mammals, while members of the Avihepadnaviridae genus like
duck hepatitis B virus (DHBV) and heron hepatitis B virus (HHBV) preferentially infect birds
(Summers et al. 1978; Mason et al. 1980; Schaefer 2007) .

HBV subdivides phylogenetically into nine genotypes, A-l, based on a nucleotide
divergence of more than 7.5% across the whole genome sequence (Kramvis 2014; Velkov
et al. 2018). HBV genotypes are distributed geographically (Figure 1). Genotype A exists
predominantly in Europe, South Africa, and Central America. Genotypes B and C are most
frequently found in Asia, Oceania, and Australia. Genotypes F and H are distributed in
Southern and Central America. Genotype D can be found worldwide, whereas genotype E
is most common in Western and Central Africa; genotype G, in parts of Europe and America;
and genotype I, in Asia (Kramvis 2014). The proposed new genotype J was discovered in a
Japanese patient in 2009 (Tatematsu et al. 2009). Additionally, HBV can be classified into
nine different serological subtypes, based on the antigen variability of the surface protein
(HBs), which can be categorized in four major serotypes ayw, ayr, adw, and adr (Kramvis
2014).
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Figure 1: Graphical representation of global HBV genotype distribution. Pie charts reflects
statistical representation of each HBV genotype in each respective region (Velkov et al. 2018).

[l Genotyping data available
"1 No data available

1.1.2 Morphology

HBYV infectious virions, also designated as “Dane particles,” are 42 nm in diameter (Dane et
al. 1970). As depicted in Figure 2, HBV particles are enveloped by an outer layer containing
small (S), middle (M), and large (L) HBs that are embedded in a lipid bilayer and share a C-
terminal region (Nassal 2015). The icosahedral capsid is formed of 120 dimers of T3- or T4-
core protein subunits (HBc) (Crowther et al. 1994). Within the capsid resides the partially
double-stranded relaxed circular(rc) DNA as viral genome, bonded covalently to the viral
polymerase protein (P protein) by its 5’ end of the minus strand (Gerlich and Robinson 1980;
Nassal 2015). Aside from the infectious HBV particles, DNA-free subviral-particles (SVPs)
are produced, termed spheres, with a size of 22 nm and filaments. Spheres are formed of S
and M proteins, whereas filaments contain all three forms of HBs. Subviral-particles are
produced in 1000-fold to 10,000-fold excess during viral replication, probably explaining the
immune evasion mechanism (Bruns et al. 1998; Urban et al. 2014a).

Hepatitis B virion

Figure 2: A schematic representation

Pres1- B

A ';"s"}”"“'" — of the virion and subviral particles’
_— structure of HBV. (A) HBV virion, Dane
particle with a  DNA-containing

22 nm sphere . . . .
Polymerase nucleocapsid, which is enclosed in the
Mg compactly packed protein envelope
amer - comprising the L, M, and S surface

protein. (B) Spherical 22 nm SVP
consisting of mostly S and M proteins.
(C) Filamentous SVP comprising of L,
M, and S proteins (Urban et al. 2014a).
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1.1.3 Genome organization

The HBV rcDNA genome has a total length of only 3.2 kb and is therefore tightly organized
with four partially or fully overlapping open reading frames (ORF), termed S, C, P, and X
(Figure 3); these frames encode for the seven viral proteins. The HBV surface protein
variants (S, M, L) share the same C-terminal domain(s) but differ in the additional N-terminal
extension named preS2 (for M) and preS1 (for L), respectively. ORF C encodes for the
precore (preC) protein containing the entire sequence of the core protein (HBc) resembling
the subunits for viral capsid plus an amino-terminal extension. PreC is proteolytically
processed and secreted as hepatitis B e antigen (HBeAg) (Seeger and Mason 2015). HBeAg
thereby seems important for the induction of certain immune responses, such as the down-
regulation of host T-cell response to core antigen (Chen et al. 2005). The P protein encodes
enzymes by ORF P for synthesis of the viral genome (reverse transcriptase, RNaseH and
primer) (Seeger and Mason 2015). The non-structural HBV X protein (HBx; X) is responsible
for the initiation and maintenance of viral transcription (Lucifora et al. 2011).

Figure 3: HBV Genome organization.
Outer lines denote viral transcripts with
arrow heads indicating transcription
starts, where ¢ stands for the RNA
encapsidation signal on pregenomic
(pg) RNA. Green arrows depict
promoters, Enh I/Enh I, transcriptional
enhancers, (DR)1/DR2 direct repeats,
wiggly red line RNA primer on (+)-DNA)
(Nassal 2015).

1.1.4 Viral life cycle

HBYV replication cycle is depicted schematically in Figure 4. HBV life cycle is initiated by the
interaction of Dane particles with glycosaminoglycan side chains of cellular heparan
sulphate proteoglycans (HPSG) (Schulze et al. 2007). Next, the myristolylated preS1 motif
of the L-protein specifically binds to sodium-taurocholate co-transporting polypeptide
(NTCP), which has been identified as an entry receptor for HBV and hepatitis delta virus
(HDV) (Yan et al. 2012; Ni et al. 2014). The interaction of the virus with its entry receptor
results in internalization via the endocytic route by clathrin- and caveolin-dependent
pathways (Huang et al. 2012a; Herrscher et al. 2020; Chakraborty et al. 2020). During
endocytosis, viral particles are proposed to fuse with the endosomal membrane, initiating
uncoating, which is followed by the release of the genome-containing capsids into the host

cytoplasm. From there they are transported to the nuclear membrane and disassembled at
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the nuclear basket leading to the release of rcDNA into the nucleus (Schmitz et al. 2010).
There, rcDNA is converted or repaired to fully double-stranded, covalently closed circular
DNA (cccDNA), persistently located as an episome in the nucleus of the infected cells. As a
transcriptional template, cccDNA serves uses the host the RNA polymerase Il to produce all
viral transcripts, including subgenomic mRNAs (sgRNA), the pregenomic RNA (pgRNA),
and precore RNA. pgRNA offers as a template for P and for core proteins but is also reverse-
transcribed by viral P protein into rcDNA in novel capsids (Datta et al. 2012; Nassal 2015;
Seeger and Mason 2015). Mature rcDNA-containing capsids are either reimported into the
nucleus to maintain cccDNA pool (Lucifora and Protzer 2016; Ko et al. 2018) or transported
to the endoplasmic reticulum for enveloping and subsequent secretion via multivesicular

bodies into the extracellular space (Ko et al. 2017).

Dane particle

uncoating

8l =) (3] (&
transport to nucleus e reverse \Vieg
/ transcription

(:@)“/ —_— =) i
p e S B

genome \ N

l ————————AAA @ RNA
release pgRNA—AAA\ &\ Pg
'%A

. — AAA \\)
repair of )
rcDNA translation
© transcription / 8 [e] HBeAg
———

surface proteins
\ translation —{5—
\ _——— % x

multivesicular
bodies

:3@\3 encapsidation

endoplasmic
reticulum

@ isoviated presi A BV core protein x HBx }V\K heparan sulfate
domain of HBV L-protein proteoglycans
2 FHEV ® heat shock cognate sodium taurocholate

preS2-domain o a ) 3Na

® L- and M-protein & HBVpolymerase ‘ protein 70 (Hsc70) T cotransporting polypeptide

b (NTCP)

S protein / S-domain of HBeA; 8 ribosome

® HBV L- and M-protein . 8

Figure 4: HBV life cycle in hepatocytes. Initial attachment of HBV to HSPG, followed by
subsequent specific interaction with NTCP. Viral particles are internalized by endocytosis and
uncoated, leading to the release of capsids into the cytoplasm. Next, capsids are transported to
the nuclear membrane, where the genome is released into the nucleus. There, rcDNA is
converted to cccDNA, which serves as a template for all viral transcripts. The pgRNA is

16



Introduction

encapsidated together with polymerase (P protein) in newly formed capsids, where it is reverse
transcribed to rcDNA. Newly formed rcDNA-containing capsids are either re-transported into the
nucleus or enveloped at the endoplasmic reticulum and released via multivesicular bodies (Ko
et al. 2017).

1.1.5 The cccDNA —the persistent form of HBV

HBV cccDNA is associated with cellular proteins forming an episomal minichromosome. It
represents the type of viral persistence in infected hepatoma cells and lacks efficient
targeting by current anti-viral treatments, for example IFN-alpha or nucleos(t)ide analogues
(NA). Treatment of chronic HBV infection with such components can rarely result in a
functional cure, but complete eradication of cccDNA pool is required to achieve clearance
of the virus (Nassal 2015; Schreiner and Nassal 2017). The cccDNA is converted from
rcDNA by removal of the viral polymerase linked to the 5’ end of the (-) strand DNA and one
of the redundant sequences (either in the 3" and 5’ end), followed by the removal of the RNA
primer linked to the 5’ end of the (+) strand and completion of the viral (+) strand DNA. Finally,
the DNA extremities for both (+) and (-) strands are ligated. As shown in Figure 5, the HBV
mini-chromosome is associated with the histone proteins H3 and H2B, but only with minor
levels of H4, H2A, and H1M alongside non-histone proteins (Bock et al. 2001; Nassal 2015).
HBc protein binds to the CpG island of HBV cccDNA (Guo et al. 2011), potentially
rearranging the chromatin architecture through the reduction of the nucleosome spacing of
the nucleoprotein complexes by 10% (Bock et al. 2001). Transcription from the cccDNA
template depends on histone posttranslational modification (PTM) levels demonstrating
defined correlation of transcription status with certain PTM (Tropberger et al. 2015). Notably,
in the absence of HBx, cccDNA appears to be rapidly silenced, whereas HBx promotes a
transcriptionally active state by preventing deacetylation of cccDNA-attached histones
(Lucifora et al. 2011; Riviere et al. 2015) and avoiding deposition repressive marks of
cccDNA histones (Riviere et al. 2015). The cccDNA-bound H3/H4 histones acetylation
status is essential for HBV replication (Pollicino et al. 2006), whereas repression is induced
by methylation of cccDNA (Riviére et al. 2015). HBV cccDNA persists in infected cells in low
copy numbers but is demonstrated a long half-life time. For chronically infected ducks, a
mean of 10 cccDNA copies per cell (Zhang et al. 2003) and 35 days half-life time (Addison
et al. 2002) were described, whereas in mean of 2.4 cccDNA copies per cell (Tropberger et
al. 2015) and approx. 40 days half-life time (Ko et al. 2018) were observed for HBV.
Meanwhile, it was demonstrated that maintenance of the cccDNA pool is achieved by
secondary HBV infection and intracellular recycling pathways of rcDNA-containing

nucleocapids (Ko et al. 2018).
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1.2 Sodium-taurocholate co-transporting polypeptide

NTCP, a bile acid transporter, was first identified as an important viral receptor through a
combined biochemical and proteomic approach using primary cultures of treeshrew
hepatocytes (Yan et al. 2012), This finding was further validated by subsequent bioinformatic
analysis of comparative expression arrays (Ni et al. 2014). The long-standing questions of
whether (a) HBV/HDV specifically infects the liver and whether (b) cross-species, the entry-
level barrier prevents the infection of other animals with human HBV were immediately
answered by the discovery of HBV receptor (Li 2015). The discovery of NTCP as viral
receptor led to the establishment of new cell culture models such as HepG2-NTCP or HuH7-
NTCP stably overexpressing human NTCP. These new tools enabled the investigation of
HBV entry mechanisms, including visualization of the entry processes of the virus, and

allowed high-throughput screenings for antiviral substances.

NTCP is encoded by human SLC10Al gene and is mainly associated with sodium-
dependent bile acid uptake from the portal blood and important for the homeostasis of
enterohepatic levels of bile acids. The expression of NTCP is highly liver-specific and
regulated by microenvironment (e.g., bile acids, cytokines, and hormones) (Jung et al. 2004;
Zhang et al. 2016). NTCP was shown to be rapidly downregulated in isolated primary
hepatocytes, indicating for a half-life time of less than 24 h (Rippin et al. 2001, Li 2015). The
NTCP gene SCL10A1 belongs to the SCL10A transporter gene family, including six other
members, but only NTCP, ASBT (apical bile salt transporter; SLC10A2), and SOAT (Na+-
dependent organic anion transporter; SLC10A6) can transport the substrate, including bile
salt (NTCP, ASBT) and sulphated taurolithocholate as well as sulphated steroid metabolites
(SOAT) (Anwer and Stieger 2014). NTCP is embedded in the plasma membrane on

basolateral/sinusoidal side of hepatocytes, while ASBT is localized at the apical membrane
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of cholangiocytes, ileum, and renal proximal tubules (Anwer and Stieger 2014). Despite the
sequence and structure being similar to those of NTCP, neither ASBT nor SOAT show

binding of MyrB-preS1 or support HBV infection (Kdnig et al. 2014).

NTCP is a multi-span transmembrane protein with the N-terminus being exo- and C-
terminus endo-cytoplasmic. The complete protein structure remains unknown; however, X-
ray crystallographic studies of ASBT might indicate that NTCP has nine transmembrane
domains and harbors several extracellular loops (Hu et al. 2011; Zhou et al. 2014; Yan and
Li 2015). As shown in Figure 6, two N-linked glycosylation sites are presented, located
within the exoplasmic N-terminus of NTCP, as five sites were predicted (Hallén et al. 2002).
N-linked glycosylation of NTCP influences efficient NTCP localization at the plasma
membrane. In addition, low cellular abundance and insufficient HBV infection were observed
in HepG2 cells expressing glycosylation-deficient NTCP (Appelman et al. 2017).
Interestingly, non-glycosylated NTCP expressing on differentiated HepaRG cells, can
mediate culture-derived HBV infection after being introduced into the HepG2 cell line, but
demonstrating differential susceptibility (Lee et al. 2018). These findings indicate that other
host factors are involved in mediating HBV entry, outside of the N-linked glycosylation of
NTCP. Residues 157-165 of NTCP were indicated as key determinant for preS1-NTCP
interaction during NTCP discovery (Yan et al. 2012; Ni et al. 2014). The phylogenetical
analysis in new world monkey NTCPs also revealed aal58 to play a significant role in HBV
infection (Muller et al. 2018; Takeuchi et al. 2019). The substitution of amino acid (aa) at
position 158 of the human NTCP to the monkey sequence abrogated the capacity for HBV
infection, demonstrating aal58 to be a crucial position for HBV L protein binding (Takeuchi
et al. 2019). Moreover, modification of mouse NTCP with the use of human NTCP to mediate
HBYV infection indicated residues 84—87 to be another restriction site, in addition to the 157—
165 motif (Yan et al. 2013). Furthermore, the mutations of residues in NTCP associated with
sodium-binding (Q68, S105N106, E257) and bile-acid binding (Q261 N262, Q293 and L294)
were found to interfere with viral infection, suggesting common essential residues for
substrate transport and viral entry (Yan et al. 2014; Yan and Li 2015). The single nucleotide
polymorphism (SNP) S267F in Asian groups, at a frequency ranging from 3.1% to 9.2%,
abolishes bile acid uptake and HBV infection, decreasing the risk of cirrhosis and HCC (Yan
et al. 2014; Hu et al. 2016).
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Figure 6: Structure of human NTCP.
NTCP was present at the cell surface
exposed N-terminus. It is a muti-span
transmembrane protein located on the
basolateral/  sinusoidal side  of
hepatocytes. N-linked glycosylation
sites at N-terminus are indicated
(Appelman et al. 2017).

Although the function for substrate transportation by NTCP is conserved in mammalians,
the protein sequences of NTCP are specific to certain species (Yan et al. 2012). A
comparison of HBV receptors, NTCP and GPCS5, over millions of years of primates, rodents,
and bats, revealed positive selection of HBV-binding motif in those species and different
selection patterns also suggested NTCP to be a naturally-occurring genetic barrier for cross-
species transmissions (Jacquet et al. 2019). The cells were rendered susceptible to HBV
infection by overexpression of macaque and pig NTCP modified with the human aal57-165
or 157-167 binding motif as well as mouse NTCP harboring aa84—87 of human NTCP in
HepG2 cell lines (Yan et al. 2013; Wettengel 2019; Protzer et al. 2019). The only species
known to be susceptible to HBV and HDV infection are humans, chimpanzees, and a small
mammal, the treeshrew. Other species either prevent infection through entry-level barriers
or narrow species liver tropism. Cynomolgus macaque, rhesus macaque, and pig
hepatocytes, complemented with human NTCP, allowed for the establishment of HBV
infection (Lempp et al. 2017) and the in vivo expression of human NTCP overcame the entry
barriers of macaque to HBV infection (Burwitz et al. 2017). In contrast, mice are susceptible
only to HDV rather than HBV, upon expression of humanized mouse NTCP (He et al. 2015).
Interestingly, the species difference was also indicated on the post-translational regulation

of the plasma membrane localization of human and rodent NTCP (Anwer and Stieger 2014).
1.3 Invitro and in vivo model systems to study HBV

1.3.1 Invitro model systems

The shortage of reliable appropriate cell culture models and laboratory animals limited the

study of HBV infection and the development of new therapies for the CHB virus infection.

The commonly used cell culture models include primary human hepatocytes (PHH),
HepaRG cells, NTCP-complement hepatoma cells (HepG2-NTCP), and human hepatoma
cell lines stably transfected with HBV DNA constructs (e.g., HepG2.2.15 and HepAd38). The
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evaluation of PHH susceptibility to HBV infection demonstrates a physiological system
allowing infection with serum and cell-culture-produced HBYV particles supporting whole life
cycle, especially under the condition of optimized cell culture (Gripon et al. 1988; Schulze-
Bergkamen et al. 2003). However, HBV infection efficiency depends on the host’'s genetic
background and the loss of cell polarization after culturing (Gripon et al. 1988; Glebe and
Urban 2007). Primary hepatocytes isolated from the treeshrew Tupaia belangeri acts as an
alternative for HBV infection experiments (Glebe et al. 2003) and were used as a valuable
tool for the identification of NTCP as viral receptor (Yan et al. 2012). HepaRG cells display
more physiological features than hepatoma cell lines. These cells are bipotent progenitor
cell lines isolated from the liver tumor of a female patient suffering from HCC and hepatitis
C infection (Gripon et al. 2002). The cell line exhibits specific hepatocyte functions and
hepatocyte-like morphology but supports HBV infection only in the presence of corticoids
and dimethyl sulfoxide (DMSO) (Gripon et al. 2002). However, the time-consuming
differentiation steps of HepaRG to achieve hepatocyte-like cells and the low level of viral
infection make this cell culture model impractical for high-throughput screening approaches
(Hu et al. 2019).

Overexpression of NTCP on the hepatoma cell line HepG2 made the full life cycle of HBV
possible in vitro, enabling HepG2-NTCP cells as an in vitro model for the study of the early
stages of HBV infection, cccDNA establishment, and maintenance (Qi et al. 2016; Luo et al.
2017; Long et al. 2017; Ko et al. 2018), as well as for testing antiviral agents (Seeger and Sohn
2014; Shimura et al. 2017). HBV infection efficiency was increased with the addition of
polyethylene glycol (PEG) into inoculum, and the cells were maintained in present of DMSO
(Ko et al. 2018). The transformed HepG2-NTCP cells are absent of many features of human
hepatocytes, influencing the susceptibility to HBV infection (Hu et al. 2019).

HepG2.2.15 cells (Sells et al. 1987) and HepAd38 cells (Ladner et al. 1997) supporting full
viral gene expression and viral replication were generated by stably transfected recombinant
HBV DNA constructs. HepG2.2.15 cells contain HBV DNA as chromosomally integrated
sequences and episomally as relaxed circular, covalently closed, and incomplete copies of
the HBV genome (Sells et al. 1987), while HepAd 38 directly constitutes cDNA of pgRNA
under tetracycline-responsive CMV-IE promoter (CMVtet) control (Landmann et al. 1998;
Ladner et al. 1997). Moreover, these cells have been widely used to produce cell culture-
derived HBV, antiviral-drug screenings and as convenient systems for studying HBV
replication including capsid assembly, as well as the cccDNA formation and secretion of
virion particles. The significant shortcomings of these cells include their usage limitations
and failure to reflect many aspects of response in the infected hepatocytes in vivo, including

potential innate immune response (Hu et al. 2019).
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In addition, the murine hepatocyte cell line AML12 (TGFa-mouse liver) overexpression of
human NTCP was found susceptible to HBV infection. This cell line were isolated and
immortalized from human-TGFa transgenic CD1 mice liver (Wu et al. 1994; Lempp et al.
2016b; Qiao et al. 2018). However, in contrast to HepG2-NTCP, AML12-NTCP cells
demonstrated lower infection rates, indicating inefficient HBV entry or cccDNA
establishment. Nevertheless, the discovery of murine hepatocyte cells AML12 as a HBV-
permissive cell line enables the development of new mouse models for HBV infection, but
also may help to identify the host factors limiting HBV infection in murine hepatocytes.

1.3.2 Invivo model systems

Mice are the most convenient and best-characterized small laboratory animals, but not
infectable with HBV. Therefore, HBV transgenic mice expressing either single viral proteins
— for example, HBsAg (Chisari et al. 1985; Chisari et al. 1986), HBeAg (Milich et al. 1990),
HBcAg (Milich et al. 1994) and HBx (Kim et al. 1991), or entire viral genomes (Guidotti et al.
1995) — were generated. The HBV virions produced by these mice are infectious and
morphologically indistinguishable from human-derived virions (Guidotti et al. 1999). These
mice were used to investigate oncogenic potential of each viral protein, allowing the
evaluation of the efficacy of antiviral agents and innate immune responses (Allweiss and
Dandri 2016; Hwang and Park 2018). However, since the HBV genome is integrated, full
clearance of the virus cannot be achieved in these models. To overcome the limitations of

HBV transgenic mice, vectors are used to introduce HBV DNA into mouse livers.

Two types of vectors contain HBV genomes, based on plasmids delivering adenovirus
(AdV)- or adeno-associated viruses (AAV). HBV protein production can be observed up to
three months after intravenous injection of high doses of adenoviral vectors containing HBV
(Ad-HBV). High doses of Ad-HBYV injection mimicking an acute infection result in strong B-
cell and T-cell mediated responses against HBV proteins and the AdV itself (Sprinzl et al.
2001; Hartman et al. 2007; Freyend et al. 2011), followed by HBV clearance. In contrast,
low doses of Ad-HBV lead to persistent infections in immune-competent mice, resembling
chronic infection of HBV. The adeno-associated virus—HBV (AAV-HBYV), in general, mimics
chronic HBV infection and does not induce certain immune responses, resulting in HBV
persistence in injected immune-competent mice (Huang et al. 2012b). Since these mice
establish an immune tolerance to HBV, they can be used to develop therapeutic HBV
vaccine. In addition, injection of mice with AAV-HBYV results in establishment of cccDNA that
is distinguishable with injected AAV-HBV genome (Lucifora et al. 2017; Ko et al. 2021; Xu
et al. 2021). Therefore, mice injected with AAV-HBV could provide a unique platform for
studying HBV cccDNA and developing novel antivirals against HBV infection. Aside from
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viral vectors, previous approaches used plasmids containing overlength HBV DNA,
delivered using hydrodynamic injection to allow transient gene expression in the
hepatocytes. Such a delivery approach is very stressful for the animals and could lead to
significant liver damage (Kobayashi et al. 2004). However, as with Ad-HBV, hydrodynamic
injection of the plasmids containing HBV DNA results in high levels of HBV replication, high
serum DNA, and strong immune response, leading to a rapid clearance of HBV (Yang et al.
2002).

In contrast to transgenic or transduced mouse models, human liver-chimeric mice are
generated by engraftment of human hepatocytes. To achieve the engraftment and
reconstitution of mouse liver with PHH, requirements must be met: the destruction of
endogenous murine hepatocytes to create the space and regenerative stimulus, as well as
the reduction of immunity to enable the survival of transplanted xenogeneic hepatocytes
(Allweiss and Dandri 2016). The most widely used human liver chimeric mouse models are
the albumin-urokinase-type plasminogen activator (alb-uPA)/severe combined
immunodeficiency (SCID) mouse and triple knockout FAH"RAG27IL2RG” (FRG) mouse
(Mercer et al. 2001). These mice support HBV infection and cccDNA formation in
transplanted hepatocytes; they are therefore useful for the study of in vivo viral infection and
related diseases. However, due to the deficiency of their immune system, they are

unsuitable for the study of immune responses induced by HBV or vaccine development.
1.4 Antiviral treatment for CHB

1.4.1 Current treatment for CHB

No specific treatment exists for acute HBV infection, since it is a self-limiting disease.
Therefore, maintaining adequate comfort and nutritional balance and avoiding unnecessary
medications are more carefully considered than the treatment itself in the clinic (WHO 2021).
For CHB, the current treatments contain mainly two classes: interferon alpha (IFNa) or
pegylated-IFNa (PEG-IFNa) and nucleos(t)ide analogues (NA), such as entecavir (ETV),
lamivudine (LAM), adefovir, telbivudine, tenofovir (TDV), and tenofoviralafenamid (TFA)
(Rajbhandari and Chung 2016).

Treatment with IFNa or PEG-IFNa can eliminate cccDNA in different ways. Firstly, IFNa as
a cytokine, triggers innate and adaptive immune responses, eliminating the cccDNA (Bloom
et al. 2018). Secondly, treatment with IFNa can induce transmembrane proteins (IFITMs), a
triparticle motif-containing protein 5 alpha (TRIM5a), and especially APOBEC3 family
proteins such as APOBEC3A or APOBEC3B. Deamination by these proteins gives rise to
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apurinic/apyrimidinic (AP) sites in the cccDNA, leading to cccDNA degradation, initiated by
the activation of the TNT receptor superfamily member lymphotoxin (LT)-B receptor
(Lucifora et al. 2014; Wang et al. 2021). In addition, IFNa indirectly represses cccDNA
transcription by targeting enhancer 1l/promoter region of the HBx gene, and effects on
epigenetic modification of cccDNA also lead to repression of HBV (Wang et al. 2021).
However, long-term IFNa administration is inefficient for entire seroconversion, with only
38.8% of patients who can experience HBeAg seroconversion (Wang et al. 2021).
Additionally, IFNa has severe side effects such as fatigue, bone marrow suppression,
depression, or the unmasking of autoimmune diseases, as can be observed in treated,

chronic HBV infection patients (Zoulim et al. 2016).

TDV and ETV, as oral drugs, are recommended as first-line monotherapies for treatment of
CHB by the WHO (WHO 2021). TDV and ETV are effective antiviral drugs for CHB, as they
target reverse transcriptase and HBV polymerase, respectively (Rivkin 2005; Marcellin et al.
2008; Langley et al. 2007). Treatment with ETV or TDV in HBeAg-positive yielded a loss of
HBV DNA in 67% and 76% of patients, respectively, while HBeAg seroconversion was
observable in 21% of patients for both treatments after one year (Rijckborst et al. 2011). In
an HBeAg-negative patient, the HBY DNA was undetectable in 90% and 93% of patients
post-treatment (Rijckborst et al. 2011). In addition, it has been confirmed that TDV is
effective in CHB patients whose treatments with previous NAs had failed (Marcellin et al.
2008; Rijckborst et al. 2011).

1.4.2 HBV entry inhibitors

Aside from these approaches described above, novel therapies aiming to interfere with HBV
life cycle (e.g., HBV entry, translation, capsid assembly and HBsSAg secretion) and to
activate innate and adaptive immunity have been investigated in humans (Fanning et al.
2019). As this thesis focuses mainly on the HBV entry, the following chapter concentrates
on HBV entry inhibitors.

Either blockage of the HBV envelop protein or host cellular HBV receptor are suited to
reduce HBYV infection at the entry level. During HBV infection, specific neutralizing antibodies
targeting either the antigenic loop/preS1-region of L-, M- or S-HBsAg can interfere with the
attachment to HSPG on hepatocytes or the preS1-region that block the binding to NTCP
(Corti et al. 2018; Hehle et al. 2020). Hepatitis B immunoglobulin (HBIG) was first used in
liver transplantations for HBV positive patients (Samuel et al. 1993). The long-term treatment
with HBIG after transplantation decreased the reinfection of graft tissue and significantly
improved patient survival rates. In addition, combined treatment with HBIG and HBV

vaccines benefits new-borns, preventing vertical transmission from mother to child (Lempp
24



Introduction

and Urban 2014; Urban et al. 2014b). IgGs from HBsAg specific memory B cells encode
various neutralizing HBV antibodies that recognize different HBsAg epitopes suppressing
viremia in vivo HBV mouse models and allowing post-therapy control of the infection (Hehle
et al. 2020). However, monoclonal antibodies remain under investigation; for example, S
protein specific antibodies entered clinical trials reporting viral suppression and HBsAg

clearance post-treatment.

The novel HBV entry inhibitor, Myrcludex B (MyrB), contains aa2—48 of preS1-domain of
HBV L-protein that specifically binds to NTCP, therefore interfering with HBV/HDV binding
to their specific receptor NTCP and blocking HBV/HDV entry into hepatocytes (Petersen et
al. 2008; Meier et al. 2013; Yan et al. 2012; Ni et al. 2014). Since this blockage is highly
specific, MyrB can be used as a potential drug in treatment of HBV, but especially HDV
(Cheng et al. 2021). This potential was confirmed in clinical trials, in which MyrB
demonstrated a 2.84-fold decrease of HDV RNA levels after 48 weeks of treatment. This
effect was enhanced through a combination approach with IFNa over the same dosing
period and increased amounts of MyrB (a 4.81 log decrease for 2 mg MyrB and a 5.59 log
decrease for 5 mg MyrB) (Fanning et al. 2019). In 2020, the European Union (EU) approved
MyrB, whose commercial name is Hepcludex, as a first-in-class entry inhibitor for chronic
HDV infection applied for HDV-RNA-positive adult patients as well as compensated liver
diseases (Gilead 2020; Kang and Syed 2020). Another HBV entry inhibitor is Cyclosporin A
(CsA), which has been identified to suppress the replication of various viruses, including
HBYV (Watashi et al. 2014). CsA was demonstrated to target the binding between NTCP and
HBV L proteins, significantly reducing HBV internalization, but it also has slight effects on
the attached HBV DNA (Nkongolo et al. 2014; Watashi et al. 2014). In addition, CsA-derivate
SCYX1454139 was identified as harboring higher anti-HBV potency, with a median inhibitory
concentration of <0.2 uM (Watashi et al. 2014).
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1.5 Aims of the study

The natural hosts of HBV are only humans and chimpanzees. An explanation of this strict
host-tropism can be offered through either a species-specific NTCP protein sequence or
certain host factors limiting HBV infection and cccDNA establishment. Since current
available antiviral treatments are unsuitable to eradicate established cccDNA, targeting HBV
replication, especially HBV entry, represents a promising approach by which to interfere with
HBYV infection. Therefore, the overall aim of this thesis is to analyze the NTCP’s species
specificity for animals of interest and to enable the development of new HBV animal models
and entry inhibitors.

The first aim of this thesis was to define which animal NTCP permits HBV infection and
which domains of NTCP contributing to species-specific entry-barriers. Therefore, MyrB-
atto488 staining and HBV infection should be performed on HepG2 cells transfected with
selected animal NTCP, to define whether the respective NTCP supports HBV binding and

infection.

The second aim was to further characterize the physiology of the horse NTCP, which
demonstrated enhancement towards HBYV infection, as compared to the human variant. For
that purpose, hepatoma cells should be transfected with horse NTCP variants. In addition,
HepG2-humanNTCP and HepG2-horseNTCP cell lines should be generated and used to
depict the effect of HBV infection mediated by horse NTCP, to investigate which domains of

horse NTCP promote HBV infection and which entry steps are supported.

The third aim of this work was to analyze whether the expression of horse NTCP enhances
HBYV infection in murine hepatocyte cell lines. Transfection of IVT mRNA should be used to
express similar amounts of human and horse NTCP proteins. Subsequent infection with
HBV should be quantified by HBV infection parameters, and cccDNA formation should be
detected by southern blot.

The final aim of this thesis was to evaluate prescreened, novel HBV entry inhibitors.
Therefore, HepG2-NTCP cells, HepaRG cells, and PHH cells were to be used to evaluate
the inhibition effects of different compounds. To this end, it should be analyzed which step
of viral entry is blocked and whether this effect applies for all cell lines. Furthermore, a
potential synergic effect to inhibit HBV entry and stimulate adaptive immune response

should be investigated.
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2. Results
2.1 Species specificity of NTCP for HBV infection
2.1.1 Establishment of NTCP expression and quantification systems

Sections 2.1.1 and 2.1.2 were completed in collaboration with Dr Wettengel, and some of
the results in section 2.1.1 have also been reported in Dr Wettengel's Ph.D. thesis
(Wettengel 2019).

As mentioned in that thesis, the lack of specific NTCP detection antibodies for Western blots
or immunofluorescence (IF) staining for different species variants stimulated the generation
of the vector pcDNA_CMV_Cluc_Linker_dNTCP (P-Cluc-dNTCP). This construct allows for
the co-expression of NTCP and Cypridina luciferase (Cluc), connected via a linker sequence
consisting of a furin sequence, a V5 epitope, a GSGS linker, and a T2A sequence (Figure
7A). Since Cluc is secreted in the supernatant of transfected cells, expression of Cluc and

linked NTCP can be easily measured.

To check whether the Cluc and the NTCP are co-expressed, HepG2 cells were transfected
with P-Cluc-humanNTCP (P-Cluc-hNTCP). Cluc expression in the supernatant was
measured three days post transfection (dpt). Control vector (P-Cluc), which expressed only
Cluc, served as positive control (Figure 7B). In addition, hNTCP protein expression was
detected by a Western blot. HepG2-NTCP cells used as positive control (Figure 7C). The
results demonstrated that Cluc and NTCP were both expressed. To confirm membrane
localization of NTCP as well as specific HBV-NTCP interactions, atto488-labelled MyrB was
used. MyrB containing aa2—48 of preS1-domain of HBV L-protein interacts specifically with
aal57-165 of NTCP (Gripon et al. 2005; Yan et al. 2012; Yan et al. 2013; Zhong et al. 2013;
Ni et al. 2014) (Figure 7D). Human NTCP linked to Tdtomato served as a positive control.
The results indicated expressed NTCP localizing in the plasma membrane. To analyze the
function of NTCP as HBV receptor, P-Cluc-hNTCP transfected HepG2 cells were
differentiated for two days. Differentiated NTCP expressing HepG2 cells were inoculated
with either radioactive labelled bile acids (taurocholate [3H]) for 15 min, or HBV particles at
an multiplicity of infection (MOI) of 1000 vp/cell for 24 h. Internalized radioactive bile acids
(Figure 7E) and HBeAg secreted at four and seven days post infection (dpi) (Figure 7F)
were detected, demonstrating that the expressed NTCP constructs were functional for bile

acid uptake and HBYV infection.
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Figure 7: Evaluation of the NTCP co-expression construct. (A) Construction of Cluc and
NTCP co-expression plasmid connected via a linker sequence containing a furin sequence, a
V5 epitope, a GSGS linker and a T2A sequence. HepG2 cells were transfected with P-Cluc-
hNTCP and analyzed at 3 dpt. Cluc expression by luciferase assay (B) and NTCP protein
expression by western blot (C) were measured at 3 dpt. (D) Fluorescence images of P-Cluc-
hNTCP transfected HepG2 cells were stained with MyrB-atto488 at 3 dpt. (E) Uptake of 3H
taurocholate was determined at 3 dpt in P-Cluc-hNTCP transfected HepG2 cells. Measurement
was performed using a scintillation analyzer. (F) P-Cluc-hNTCP transfected HepG2 cells were
differentiated for two days and inoculated with HBV particles at an MOI of 1000 vp/cell in the
presence of PEG for 24 h before removal of the inoculum. Secreted HBeAg was detected at 4
and 7 dpi. Data represent one experiment as technical triplicates.

To further validate the co-expression approach, we generated constructs encoding NTCPs
from diverse species. Therefore, we obtained the sequences from public databases for the
mouse (Yan et al. 2013), woodchuck (Fu et al. 2017), guinea pig (Caroline G&hler 2011),
capuchin (Carvalho Dominguez Souza et al. 2018), gibbon (Bancroft et al. 1977), ferret
(Wettengel 2019), macaque (Miiller et al. 2018; Wettengel 2019), and tupaia (Yan et al.
2012) as well as pig (Protzer et al. 2019). We compared their functional motif (aa80 to 90)
and binding region sequences (aal50 to 180) with corresponding human residues (Figure
8A). To address the HBV binding capabilities and subsequent susceptibilities for viral
infection, the NTCP sequences of each species were inserted into the P-Cluc and
transfected into HepG2 cells. Protein expression, binding capability, and HBV infection were
analyzed using either MyrB-atto488 staining or inoculation with HBV patrticles at an MOI of
1000 vp/cell for 24 h. The results indicated that the NTCPs from mouse, woodchuck,
capuchin, ferret and tupaia could bind with MyrB-atto488 (Figure 8B), but only woodchuck,
ferret, and tupaia NTCPs rendered HepG2 susceptible to HBV infection. In contrast, the
guinea pig, gibbon, macaque, and pig NTCP neither bound with MyrB-atto488 nor mediated

HBV infection, though Cluc levels showed comparable expression levels (Figure 8C).
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Woodchuck and ferret NTCPs permitted only low HBV infection (Figure 8C). The NTCPs of
guinea pig, gibbon, macaque, and pig lacked an interaction with MyrB-atto488, thereby
preventing HBV entry and infection. In parallel, radioactive labelled bile acids uptake was
determined in NTCP expressing HepG2 cells. Bile acid uptake was detected in mouse,
woodchuck, capuchin, ferret, macaque, tupaia, and pig NTCP expressing HepG2 cells
(Figure 8D), but with low levels of mouse NTCP expressing HepG2 cells and even

undetectable levels for guinea pig and gibbon NTCP expressing HepG2 cells (Figure 8D).

In summary, expression of NTCP from different species using our panel of Cluc-NTCP co-
expression plasmids was established, and the function of NTCP for bile acid uptake and to
enable HBV infection was evaluated. These results demonstrated that the constructs
expressing Cluc-NTCP coupled proteins are sufficient for the evaluation of species-
dependent HBV/NTCP interactions and HBV infection mediated by diverse NTCPs.

29



Results

A
Species HBV (*80-90) Myr-Binding Sequence (*151-180)
Human GKVFRLKNIEA KDKVPYKGIVISLVLVLIPCTIGIVLKSKR
Mouse GKVFHLTSIEA KDKVPYKGIMLSLVMVLIPCAIGIFLKSKR NP_001171032.1
Woodchuck GKVFQLNNIEA EDKVPYNGIMISLVMVLIPCTIGIILKSKR XP_015346065.1
Guinea Pig GKVFSLTNIEA KDKVPYGGIMLSLVMILIPCTIGIFLKSKR XP_005008790.2
Capuchin GKVFRLNKIEA  KDKVPYCGIVISLILVLIPCTIGIVLKSKW  XP_017371957.2
Gibbon GKVFRLKNIEA KDKVPYRGIVISLVLVLIPCTIGIVLKSKR XP_030668498.1
Ferret GKVFRLNNIEA KDKVPYKGIVISLILVLIPCTIGIYLNAKR XP_004739077.1
Macaque GKVFQLNNIEA KDKVPYGRIILSLVPVLIPCTIGIVLKSKR XP_001110268.1
Tupaia GKVFPLNNIEA KDKVPYVGIVISLILVLIPCTIGIFLKSKR XP_006171565.1
Pig GKLFRLNNVEA KDKVPYGSIVISLILIPIPCTIGIILNTKR XP_001927730.1
B
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Figure 8: Analysis of various NTCPs based on NCBI database. (A) Sequence comparison
of the functional motif (aa 80 to 90) and binding region sequences (aal50 to 180) with
corresponding human residues of selected NTCP based on GenBank database are described.
(B) Representative fluorescence images of P-Cluc-dNTCP transfected HepG2 cells stained with
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MyrB-atto488 at 3dpt are shown. (C) Cluc-expression (3 dpt) and HBeAg (4 and 7 dpi) of P-Cluc-
dNTCP-transfected HepG2 cells were measured. (D) Cluc-expression and uptake of °H
taurocholate were determined 3 dpt using P-Cluc-dhNTCP-transfected HepG2 cells.
Measurement of 3H taurocholate was performed using the scintillation analyzer. Data represent
one experiment as technical triplicate.

2.1.2 Analysis species specificity of NTCP for HBV infection

Since the preliminary experiments demonstrated robust results, additional NTCP sequences
of interesting species were compared with corresponding human residues concerning the
functional motif and the binding region (Figure 9A). The functional motif and the binding
region of NTCP for listed animals are conserved, except for the NTCPs from the duck,
clawed frog, and zebrafish (Figure 9A). To analyze NTCP capability to bind HBV and
subsequent render HepG2 cells susceptible to HBV infection, as well as bile acid uptake, P-
Cluc-NTCPs of all species were generated and transfected into HepG2 cells. Again, HBV
binding and infection were detected either by MyrB-atto488 staining or inoculation with HBV
particles at an MOI of 1000 vp/cell. HBeAg expression was measured at 4 and 7 dpi. Bile
acids uptake was determined through a measurement of °H taurocholate after 15 min
incubation. The results showed that NTCPs from horse, rabbit, whale, big brown bat, cat,
rhinoceros, aardvark, and hedgehog were expressed at comparable levels (Figure 9C),
demonstrating binding with MyrB-atto488 (Figure 9B). They rendered HepG2 cells
susceptible to HBV infection (Figure 9C) and mediated bile acid uptake (Figure 9D). In
contrast, NTCPs from goat, hamster, cow, dog, seal, and little brown bat were able to bind
with MyrB-atto488 (Figure 9B), but HBV infection were not observed, even though NTCP
expressions were comparable (Figure 9C). NTCPs from dolphin, duck, clawed frog, and
zebrafish did not demonstrate an interaction with MyrB-atto488 (Figure 9B), thereby
preventing HBV infection (Figure 9C). In the meantime, bile acid uptake of the NTCPs from
goat, hamster, cow, dog, seal, dolphin, and clawed frog but not from little brown bat, duck
and zebrafish were observed (Figure 9D). This absence might be due to the high diversity
of the NTCP sequence. Altogether, these data further demonstrate that NTCP harbors two
crucial domains that responsible to binding (aal57-167) and internalization (aa84-87) of
HBV. The binding and internalizing function of the two domains for HBV seems to be
species-specific. The data reveals that the NTCPs from horse, rabbit, whale, big brown bat,
cat, rhinoceros, and aardvark support the internalization of HBV, rendering hepatocytes
susceptible to HBV upon the expression of these NTCP variants. Therefore, it would also
be interesting to check the susceptibility of hepatocytes from those animals, to improve

knowledge of HBV hosts, identify host factors, or develop new infection models for HBV.
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Rabbit
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Do

Myr-Binding Sequence (*151-180)
KDKVPYKGIVISLVLVLIPCTIGIVLKSKR
KDKVPYGGIVISLILVLIPCTIGIFLNAKR
KDKVPYGGIMISLVMILIPCTIGIILKSKR
KDKVPYGGIIISLILILIPCTIGIILKSKR
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KDKVPYGGIVISLILVLIPCATGIFLNAKR
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Figure 9: Comparison of diverse NTCPs from various species. (A) Sequence comparison of
the functional motif (aa80 to 90) and binding region sequences (aal50 to 180) corresponding to
human residues of selected NTCPs by the GenBank database. (B) Fluorescence images of P-
Cluc-dNTCP transfected-HepG2 cells stained with MyrB-atto488 at 3 dpt. (C) Cluc-expression
on P-Cluc-dNTCP transfected HepG2 cells at 3 dpt and secretion of HBeAg at 4 and 7 dpi were
measured. (D) Cluc-expression and uptake of 3H taurocholate were determined at 3 dpt in P-
Cluc-dNTCP transfected HepG2 cells. Measurement of 3H taurocholate was performed using a
scintillation analyzer. Data represent one experiment as technical triplicates. Both domains of
little brown bat, duck, clawed frog, and zebrafish are not located in the aa80—90 and aa150-180,
due to sequence species specificity.

2.1.3 Modification of NTCPs for HBV infection

The NTCPs permitting HBV infection can be characterized by harboring the conserved
functional domains aa84-87, 84 R/Q, and 87K/N, as well as HBV binding domains aal57—
165 and 158G (Yan et al. 2013; Muller et al. 2018; Takeuchi et al. 2019). NTCP variants
lacking the essential domains for infection with HBV were replaced with homologous
counterparts leading to infection to generate chimeric NTCP. The ability of the chimeric
NTCPs to mediate HBV infection and bile acid uptake were measured by transfection of the
Cluc-chimeric-NTCPs co-expression constructs into HepG2 cells, following with either
inoculation with HBV particles at an MOI of 1000 vp/cell or *H taurocholate for 15 min.
Measurement of HBeAg was performed at 4 and 7 dpi, and bile acids uptake was determined
after 15 min incubation. Pig and macaque NTCPs share high sequence similarity with
human NTCP orthologs (Figure 10A), but reduced capability to bind HBV particles, which
impeded HBYV infection (Figure 9B and C). In contrast, with the substitution of the HBV
binding parts of pig and macaque NTCP by the human NTCP HBV binding part (macaque-
human and pig-human chimeric NTCP), these chimeric NTCPs became capable of binding
HBV particles and supporting subsequent HBV infection (Figure 10A and B) (Wettengel
2019; Protzer et al. 2019). In addition, substituting the HBV binding parts of pig and macaque
NTCP to the human NTCP HBV binding part did not change bile acid uptake capability
(Figure 10D).
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A

Species HBV (*80-90) Myr-Binding Sequence (*151-180)

Human GKVFRLKNIEA KDKVPYKGIVISLVLVLIPCTIGIVLKSKR

Macaque GKVFQLNNIEA KDKVPYGRIILSLVPVLIPCTIGIVLKSKR

Pig GKLFRLNNVEA KDKVPYGSIVISLILIPIPCTIGIILNTKR

Macaque-Human GKVFQLNNIEA KDKVPYKGIVISLVLVLIPCTIGIVLKSKR

Pig-Human GKLFRLNNVEA KDKVPYKGIVISLVLVLIPCTIGIVLKSKR
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Figure 10: Modification and determination of functional domains of NTCPs supporting
HBV infection. (A) Schematic representation of macaque-human and pig-human chimeric
NTCPs. (B) Cluc-expression on P-Cluc-dNTCP transfected HepG2 cells at 3 dpt and secreted
HBeAg at 4 and 7 dpi were measured. (C) Cluc-expression and uptake of 3H taurocholate were
determined at 3 dpt in P-Cluc-dNTCP transfected HepG2 cells. Measurement of 3H taurocholate
was performed using a scintillation analyzer. Data represent one experiment as technical
triplicates.

In contrast, for the NTCPs supporting the binding of MyrB-atto488 but lacking a support of
HBV infection, HBV functional motifs were modified to test whether they could obtain the
capability to mediate HBV infection (Figure 11A). Mouse and hamster NTCP interacted only
with MyrB-atto488, but impaired HBV entry (Figure 9B and C). Therefore, point mutations
were inserted into the functional motif residues at 84—87 of mouse to 85R-86K-87N (Yan et
al. 2013) and 84-87 of hamster to 84R—87N. Repetition of the infection experiment
demonstrated, such that modifications supporting subsequent infection of HBV were
indicated by HBeAg expression at 4 and 7 dpi (Figure 11B). Meanwhile, bile acid uptake

was not abolished with those point mutations in mouse and hamster NTCPs (Figure 11C).
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Species HBV (*80-90) Myr-Binding Sequence (*151-180)

Human GKVFRLKNIEA KDKVPYKGIVISLVLVLIPCTIGIVLKSKR

Mouse GKVFHLTSIEA KDKVPYKGIMLSLVMVLIPCAIGIFLKSKR

Hamster GKVFHLKPIEA KDKVPYGGIMISLVMVLIPCSLGIFLKTKR

MouseH84R-T86K-S87TN GKVFRLKNIEA KDKVPYKGIMLSLVMVLIPCAIGIFLKSKR

HamsterH84R-P87N GKVFRLKNIEA KDKVPYGGIMISLVMVLIPCSLGIFLKTKR
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Figure 11: Modification and determination of functional domains of NTCPs for HBV
infection. (A) Schematic view of mouse NTCP_H84R-T86K-S87N and hamster NTCP_H84R-
P87N. (B) Cluc-expression on P-Cluc-dNTCP transfected HepG2 cells at 3 dpt and secreted
HBeAg at 4 and 7 dpi were measured. (C) Cluc-expression and uptake of 3H taurocholate were
determined at 3 dpt in P-Cluc-dNTCP transfected HepG2 cells. Measurement of *H taurocholate
was performed using a scintillation analyzer. Data represent one experiment as technical
triplicates.

In summary, the results of the NTCP-modification of mouse, hamster, pig, and macaque
indicated that the functional motif enabling HBV infection and HBV binding domain are
pivotal for HBV internalization, as well as infection in HepG2 cells. However, cow, goat, seal,
dog, and little brown bat NTCPs harbor the functional motifs and binding domain, but none
of them mediate HBV infection or allowed only quite low HBV infection rates (Figure 9A-C).
This result reveals that there might be other critical regions for HBV infection. To validate
this hypothesis, we compared the residues between positions 80 and 90 of cat, goat, and
cow NTCP and we found that aa at position 82 of goat and cow NTCP is phenylalanine(F)
instead of Valine(V) in cat NTCP (Figure 12A). That region is potentially to be functional
residues rendering L-mediated HBV infection. The exchange of F to V in goat and cow NTCP
led to HBV infection but with lower efficiency than observed in the cat NTCP (Figure 12B)

and maintaining their capability for bile acid uptake (Figure 12B).
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Species HBV (*80-90) Myr-Binding Sequence (*151-180)
Cat GKVFQLNNIEA KDKVPYGGIVISLILVLIPCATGIFLNAKR
Goat GKFFQLNNVEA KDKVPYGGIVISLFLILIPCTIGIILKSKR
Cow GKFFQLNNVEA KDKVPYGGIMISLILILIPCTIGILKSKR
GoatF82v GKVFQLNNVEA KDKVPYGGIVISLFLILIPCTIGIILKSKR
CowF82v GKVFQLNNVEA KDKVPYGGIMISLILILIPCTIGILKSKR
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Figure 12: Modification and determination of functional domains and amino acids of
NTCPs for HBV infection. (A) Schematic of goatNTCP-F82V and cow-F82V. (B) Cluc-
expression on P-Cluc-dNTCP transfected HepG2 cells at 3 dpt and secreted HBeAg was
measured at 4 and 7 dpi were measured. (C) Cluc-expression and uptake of *H taurocholate
were determined at 3 dpt in P-Cluc-hNTCP transfected HepG2 cells. Measurement of 3H
taurocholate was performed using a scintillation analyzer. Data represent one experiment as
technical triplicates.

The NTCPs of dog and seal harbor the complete functional HBV domain but still do not
support HBV infection (Figure 9A-C). Therefore, we aligned the aa residues of horse, dog
and seal NTCP and generated chimeric NTCPs by swapping counterparts of each species
with horse variants (Figure 13A). We tested the functionality by transfecting those variants
into HepG2 cells, following by incubation with HBV or °H taurocholate. The results indicated
that HBV infection was established upon transfection with P-Cluc-horse-170-dog-NTCP and
P-Cluc-seal-170-horse-NTCP into HepG2 cells, respectively (Figure 13B), and with all
those NTCPs being functional for bile acid uptake (Figure 13B). The data revealed that
aside from the domains already described, others are involved in viral attachment and
rendering cells permissive for virus infection. According to our results these domains are
located in the N-terminus of dog (aa0-170) and the C-terminus of seal NTCP (aal170-349).

Still, further studies are required to characterize the global function of NTCP.
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Figure 13: Modification and determination of functional domains of NTCPs to support
HBYV infection. (A) Schematic of dogT78A, dog-170-horse, horse-170-dog, sealT78A, seal-170-
horse, horse-170-seal NTCPs. (B) Cluc-expression on P-Cluc-dNTCP transfected HepG2 cells
at 3 dpt and secreted HBeAg at 4 and 7 dpi were measured. (C) Cluc-expression and uptake of
3H taurocholate were determined at 3 dpt in P-Cluc-dNTCP transfected HepG2 cells.
Measurements were performed using a scintillation analyzer. Data represent one experiment as
technical triplicates.

In summary, for pig, macaque, mouse, and hamster NTCPs, the HBV functional motif aa
84-87 and binding domain aa 157-165 are crucial for HBV infection. In contrast, goat, cow,
dog, and seal NTCPs are insufficient to unveil NTCP fully functionally for HBV infection. Our
results indicated that there have to be additional, as-yet unknown functional regions within
the NTCP sequence, which must be further described to fully explain the HBV infection

mechanism.

Since we were interested in the phylogenetic development of the various NTCPs, we
generated a phylogenetic tree (kindly provided by Stoyan Velkov) based on the fully
published NTCP sequence (NCBI number in Figure 8A and Figure 9A) (Figure 14).
Interestingly our data revealed that NTCPs rendering cells permissive for HBV infection are
exclusively associated with mammals. In contrast, NTCPs classified to Amphibia, Actinopteri,

and Aves are shown to be non-functional for HBV infection. Among mammals, NTCPs from
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the orders Artiodactyla, Primates, and Rodentia are mostly restrictive to HBV infection,
except those from whales, humans, and woodchucks. NTCPs from the other orders
(Carnivora, Boreoeutheria, Scandentia, Perissodatyla, Eulipotyphla and Lagomorpha) are
mostly supportive of HBV infection except for dog, seal, and little brown bat NTCP.
Interestingly, although the macaque, gibbon, and capuchin primary hepatocytes can permit

HBYV infection upon the expression of human NTCP, their own NTCPs lack the ability to

mediate HBV i

nfection.

Clawed Frog-Xenopus laevis
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Figure 14: The phylogenetic classification of cloned NTCPs from different animals. The
figure was created by RAXML-NG and displays the phylogenetic relationship of NTCPs from
different animals. Common names, given in front of the species names, are used instead of the
full species names throughout the manuscript. Red with HBV infection and black without HBV
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infection (in collaboration with Stoyan Velkov).
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2.2 Characterization of horse-NTCP for enhancing HBV infection

Since horse NTCP (hoNTCP) significantly increased HBV infection in HepG2 cells when
compared to human NTCP (huNTCP) (Figure 15), the underlying mechanism is studied in
this part.

Human-Horse NTCP
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Figure 15: Comparison of huNTCP and hoNTCP for supporting HBV infection.
Measurement of secreted HBeAg on P-Cluc-dNTCP transfected HepG2 cells at 4 and 7 dpi, and
normalization HBeAg value to Cluc levels of measured on P-Cluc-dNTCP transfected HepG2
cells at 3 dpt. Data represent one experiment as technical triplicates.

2.2.1 Establishment of the huNTCP and hoNTCP comparison system
2.2.1.1 Optimization of IVT mRNA NTCP and HBV dose for HBV infection

To investigate hoNTCP and huNTCP, we took advantage of an established and optimized
IVT mRNA-based system (Oswald et al. 2021) to compare both variants. For this purpose,
we produced IVT mRNA encoding for huNTCP and hoNTCP harboring a 5 ARCA cap and
w-UTP/m5CTP modifications. To detect huNTCP and hoNTCP, we implemented an HA-tag
at the C-terminal of the NTCP sequence (Figure 16A). We transfected differentiated HepG2
cells with both NTCP IVT mRNAs using a three-fold titration from 1000 ng to 1 ng and an
additional 2000 ng per well. According to Oswald et al. 2021, expression of NTCP reaches
a peak expression at 24 hpt (hpt) of IVT mRNA, and transfection of extracellular RNAs may
trigger immune responses and lead to cytotoxicity. Therefore, we first determined cell
viability by using the Cell Titer Blue (CTB) assay 24 hpt of IVT mRNAs. The results of the
CTB (Figure 16B) showed no adverse effect for any of the tested concentrations, as
compared to untreated control. NTCP protein expression was analysed by Western blot
using an anti-HA tag antibody (Figure 16C), and their function for bile acid uptake was
determined by measurement of 3H taurocholate (Figure 16D). Since NTCP is usually

glycosylated, we performed an additional deglycosylation step by using PNGaseF treatment
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to allow detection of both, glycosylated (~50 kDa) and deglycosylated (~37 kDa), forms
(Hagenbuch and Meier 1994; Ho et al. 2004; Doring et al. 2012). Western blot analysis
showed that 1000 ng—100 ng of IVT mRNA transfection resulted in dose-dependent
expression of huNTCP and hoNTCP in cells in glycosylated form and deglycosylated form
after PNGaseF treatment (Figure 16C). The bile uptake assay revealed dose-dependent
uptake in cells transfected with 1000 ng—100 ng of IVT mRNA of human and horse NTCP.
To verify the HBV-NTCP interaction, MyrB-atto488 staining was performed with 24 hpt of
titrated mRNA. Fluorescence microscopy (Figure 16E) demonstrated that IVT mRNA-
derived huNTCP and hoNTCP were located on the cell membrane and interacted with MyrB.
In addition, fluorescence microscopy (Figure 16E) and flow cytometry (Figure 16F)
revealed a dose-dependent expression for both NTCPs, while hoNTCPs showed a higher
percentage of MyrB positive cells than did huNTCP. Additionally, calculation of the mean
fluorescence intensity (MFI) showed twice as much hoNTCP as huNTCP on positive
population (Figure 16F). In contrast to our IVT mRNA-transfected cells, HepG2-NTCP-K7
cells, which stably express human NTCP, displayed even higher expression than did the

cells transfected with 2000 ng.
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Figure 16: Optimization and characterization of IVT mRNA-derived huNTCP and hoNTCP.
(A) Schematic view of the construct including NTCP with an HA tag. Determination of cell viability
via CTB assay (B) and the huNTCP and hoNTCP expression (C) by western blot. (D) Bile acid
uptake was determined with 2H taurocholate incubation for 15 min in NTCP mRNA-transfected
HepG2 cells. Measurement was performed using a scintillation analyser. (E) Surface located

41



Results

NTCP staining with MyrB-atto488 24 hpt were performed on three-fold titrated NTCP IVT mRNA
from 1000 ng to 1 ng plus with an additional 2000 ng well transfected on differentiated HepG2
cells. (F) Determination of MyrB-Atto488+ cells (left) and calculation of MFI (right) were
performed with flow cytometry.

Since protein expression and MyrB binding of the introduced NTCP protein were confirmed,
we were interested in whether HBV infection would show dose dependency. Therefore,
differentiated HepG2 cells were transfected with three-fold titrated IVT mRNA from 1000 ng
to 1 ng, with an additional 2000 ng/well. At 24 hpt, cells were inoculated with HBV particles
at an MOI of 200 vp/cell. HBV infection efficacy was determined by the measurement of
secreted HBeAg (Figure 17A) and established cccDNA formation (Figure 17B) at 7 dpi.
Dose-dependent HBeAg secretion was observed in cells transfected with 333—-3.3 ng of
hoNTCP IVT mRNA and 333-10 ng of huNTCP IVT mRNA. Relative quantification of
cccDNA revealed corresponding results, showing a significant formation of cccDNA
molecules in cells transfected with 2000-3.3 ng IVT mRNA, along with dose-dependent
cccDNA formation in the transfection of both NTCPs with 333—-3.3 ng IVT mRNA.
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Figure 17: Evaluation of NTCP dose-dependent infection with HBV. Differentiated HepG2
cells were transfected with three-fold titrated NTCP IVT mRNA from 1000 ng to 1 ng plus with
an additional 2000 ng/well, and 24 hpt wtHBV at an MOI of 200 vp/cell was inoculated in the
presence of 4% PEG for 24 h. Measurements of secreted HBeAg (A) and quantification of

cccDNA molecules (B) were performed at 7 dpi. HepG2-NTCP-K7 cells with and without 200 nM
MyB served as controls.

Notably, HBeAg and cccDNA results both demonstrated a maximum level of viral markers
with 333 ng IVT mRNA. In addition, for both parameters, transfection with hoNTCP showed
a higher infection rate than did huNTCP. To ensure comparable protein expression for both
NTCP variants, we performed Western blot analysis at 24 hpt (Figure 18). The results
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demonstrated comparable protein expressions of glycosylated huNTCP and hoNTCP in
cells transfected with 333 ng of IVT mRNA.

kDa Mock HuHA HoHA Mock HUHA HoHA
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Figure 18: Western blot analysis of NTCP expression in differentiated HepG2 cells.
Western blot analysis of NTCP IVT mRNA expression in differentiated HepG2 cells using
333 ng/well for 24 hpt. Detection of glycosylated (top) and de-glycosylated (PNGaseF treatment)
(bottom) NTCP. B-actin was used as a loading control.

After confirming that the expression levels of both NTCP variants were comparable, we were
interested in the uptake behavior of HBV in a synchronized HBV infection upon huNTCP
and hoNTCP expression. Therefore, differentiated HepG2 cells were transfected with
333 ng/well IVT mRNA and inoculated HBV with MOI titration of 500-5 vp/cell 24 hpt. HBV
infection efficacy was determined by measurement of secreted HBeAg (Figure 19A) and
established cccDNA (Figure 19B) at 7 dpi. HBeAg and cccDNA results showed a significant
dose-dependent secretion of HBeAg and formation of cccDNA molecules in cells infected
with MOI 500 to 100 vp/cell. Notability, HBeAg and cccDNA results both showed a
decreasing infection rate at a maximum level with an MOI 500 vp/cell. Thereby, as observed
previously, hoNTCP showed increased infection rates that were indicated by higher HBeAg

as well as cccDNA levels when using MOI 200 and 500 vp/cell, respectively.
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Figure 19: Analysis of HBV dose-dependent infection with IVT mRNA-derived NTCP.
Differentiated HepG2 cells were transfected with 333 ng/well NTCP IVT mRNA and infected with
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titrated wtHBV of MOI 500-5 vp/cell 24 hpt. Measurements of secreted HBeAg (A) and
quantification of cccDNA molecules (B) were performed at 7 dpi. HepG2-NTCP-K7 cells with
and without 200 nM MyrB treatment served as controls.

In summary, our data suggested that titration of IVT mRNA allowed dose-dependent
expression of encoded protein, and that huNTCP and hoNTCP IVT mRNA expressed
comparable protein levels at 333 ng IVT mRNA/well. Thereby, highest infection rates were
reached when using a maximum of 333 ng IVT mRNA/well. Titration of wtHBV showed a
decreasing infection rate correlating to inoculated MOI in cells transfected with 333 ng IVT
mRNA/well. Importantly, we could observe an overall increased infection efficiency using
hoNTCP when compared to huNTCP which we further investigate in the following chapters.

2.2.1.2 Generation of HepG2-HUNTCP and HepG2-HoNTCP cell lines

As observed in the previous chapter, NTCP IVT mRNA was used to analyze specific
characteristics of the synchronized HBV infection on HepG2 cells mediated by huNTCP and
hoNTCP. To further analyze both NTCP variants we decided to generate HepG2-huNTCP
and HepG2-hoNTCP cell lines to reveal the mechanism of how hoNTCP improve HBV
infection. For the generation of HepG2-huNTCP and HepG2-hoNTCP, huNTCP-HAtag and
hoNTCP-HAtagged sequences were cloned into vectors harboring a TTR promotor and
hyperactive piggyBac transposase (hyPBase) cutting sites. The final constructs (TTR
promoter-hu/hoNTCP-HAtag-hyPBase-cutting site castle) were co-transfected with a
hyPBase expression plasmids into HepG2 cells using a 2.5:1 ratio. Two days after
transfection, cells were selected for 9 days treatment with kanamycin. Finally, all cell clones
were screened for huNTCP and hoNTCP proteins expression by Western blot. The results
showed 7 of 12 HepG2-huNTCP cell clones and 11 of 12 HepG2-hoNTCP cell clones were
expressing huNTCP and hoNTCP (Figure 20A), respectively. For the visualization of correct
NTCP localization, 2 of 7 HepG2-huNTCP and 4 of 11 HepG2-hoNTCP cells clones were
stained with MyrB-atto488 (Figure 20B), additionally NTCP levels were quantified by flow
cytometry (Figure 20C). The results confirmed NTCP surface expression of all 6 cell clones
demonstrating by efficient binding of MyrB-atto488. The analysis showed that HepG2-
huNTCP-C12 and HepG2-hoNTCP-C5 displayed comparable MyrB-atto488 positive cell
percentages with 68.2% and 68%, but different MFI levels (124240+7071.07 for huNTCP
and 346097+42426.41 for hoNTCP) (Figure 20C). In contrast, overall NTCP expression
levels were almost the same regarding expression of glycosylated proteins (Figure 20D). In
addition, HepG2-hoNTCP-C5 showed a higher uptake efficiency of bile acid than HepG2-
huNTCP-C12 cells (Figure 20E). Thus, HepG2-huNTCP-C12 cells and HepG2-hoNTCP-

C5 cells were used for further study.
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Figure 20: Generation of HepG2-HUNTCP and HepG2-HoNTCP cell line. (A) Western blot
analysis HepG2-huNTCP and HepG2-hoNTCP cell clones after 9 days of kanamycin selection.
NTCP was de-glycosylated by treatment with PNGaseF. 3-actin was used as loading control. (B)
Images of stained surface located NTCP with MyrB-atto488 of 2 out of 7 HepG2-huNTCP and 4
out of 11 HepG2-hoNTCP cell clones. (C) Determination of MyrB-Atto488+ cells were performed
with flow cytometry. (D) Western blot analysis of HepG2-huNTCP-C12 and HepG2-hoNTCP-C5
cells. Glycosylated (top) and de-glycosylated (PNGaseF treatment) (bottom) NTCP were
analyzed. B-actin was used as loading control. (E) Bile acid uptake was determined with H
taurocholate incubation for 15 min in NTCP mRNA-transfected HepG2 cells. Measurement was
performed using a scintillation analyzer.

2.2.2 HONTCP increases numbers of infected cells and single-cell infection level

To further characterize the higher infection rates of hoNTCP over huNTCP, we infected both
cell lines with increasing MOI of wtHBV, from 100 to 1000 vp/cell, MyrB pretreated and
uninfected cells were used as controls. Analysis of HBV infection was performed by
intracellular core (HBc) protein staining at 7 dpi to determine the total number of HBV-
infected cells (Figure 21A). HBV cccDNA was quantified at 7 dpi by gPCR relative to house
keeper PRNP (Figure 21B) or subsequently normalized to HBc positive cells to calculate
single-cell level of infection (Figure 21B). The results indicated a dose-dependent HBV
infection and more HBV-infected HepG2-hoNTCP-C5 cells than HepG2-huNTCP-C12 cells

45



Results

at various MOI, reaching 52.8% in HepG2-hoNTCP cells compared to 16.8% in HepG2-
huNTCP cells at the MOI 2000 vp/cell, while with 68% MyrB-atto 488 positive rate for both
cell lines. The cccDNA gquantification and normalization indicated higher single-cell infection
efficiency to be mediated by hoNTCP rather than huNTCP. The data here demonstrated
that hoNTCP expressed on HepG2 cells enhances viral infection frequency and single-cell
infection efficiency.
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Figure 21: Comparison of HBc and cccDNA levels of HBV infection mediation by HUNTCP
and HONTCP. (A) HepG2-huNTCP-C12 cells and HepG2-hoNTCP-C5 cells were infected with
decreasing MOI (2000, 1000, 500, and 100 vp/cell) of wt HBV. Cells were fixed and stained for
HBc protein at 7 dpi. The percentage of positive cells is denoted at the bottom-right corner of
each image. (B) HBV cccDNA inside the cells were quantified by gPCR at 7 pdi (right) and
normalised to HBc positive cells (left).
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2.2.3 HONTCP enhances HBYV infection by binding to more HBV particles

To answer the questions which part(s) and which steps of hoNTCP are crucial to enhance
HBV infection, we analyzed HBV infection kinetics early in the viral life cycle. For this
purpose, HepG2 cells expressing comparable huNTCP and hoNTCP were used, which
included huNTCP/hoNTCP IVT mRNA transfection cells (333 ng/ well) and the stable cell
lines (HepG2-huNTCP-C12 and HepG2-hoNTCP-C5). NTCP expression levels were similar
for each group. Virus inoculations were performed with an MOI of 500 vp/cell for 1 h at 4 °C
and then cells were either used to quantify HBV binding or shifted to 37 °C for indicated time
points (3, 6, 24 h, and 7 days) to monitor internalization, uptake, and infection. At each time
point, the cells were either washed twice with PBS (HBV binding) or trypsinized (HBV
internalization and uptake) prior to harvesting, for total HBV DNA analysis. HepG2-NTCP-
K7 cells were selected as a positive control, since HBV infection of these cells is very
efficient (Ko et al. 2018). As shown in Tab.1, with an hour inoculation at 4 °C, hoNTCP
bound 1.5 times of HBV particles better compared to huNTCP on NTCP IVT mRNA-
transfected HepG2 cells and HepG2-hoNTCP cells bound twice as well as HepG2-huNTCP
cells. This superior performance might suggest a strong binding affinity for hoNTCP. HBV
internalization and uptake assay showed two to three times the amount of intracellular HBV
DNA on HepG2 cells expressing hoNTCP than cells expressing huNTCP. Interestingly,
HepG2-hoNTCP bound a similar amount of HBV patrticles as HepG2-NTCP-K7 cells, but
established only half the cccDNA levels, with differences becoming obvious 4h post infection.
This result suggests an intracellular function of NTCP 6-24 h post infection. Moreover, the
HBYV cccDNA established in hoNTCP expressing HepG2 cells was two to four times higher
than that in cells expressing huNTCP.

Tab.1 Absolute quantification of HBV DNA in early events in the life cycle.

mRNA transfection Stable cell lines HepG2-NTCP-K7
Time Human Horse |HepG2-huNTCP-C12 | HepG2-hoNTCP-C5
% of input (% of input % of input % of input % of input
HBV inoculum — — —_ — —
Total HBV DNA 1 hpi 12.6%0.5 18.7+1.8 17.240.6 33.520.8 36.1%5.9
3 hpi 4.3%0.6 8.6£0.7 8.1%0.2 17.7£2.9 18.841.7
Total intracellular
HBV DNA 6 hpi 4.0£0.5 8.240.2 6.7+1.4 14.00.6 16.9+1.3
24 hpi 2.9%0.4 6.5£0.4 3.1x0.4 5.6%1.2 12.1%1.8
cccDNA 7 dpi 0.06£0.01 | 0.24+0.08 0.07+0.03 0.17£0.06 0.40%0.16

Absolute HBV DNA copy numbers relative to cm? of cell-associated HBV for 1 hour at 4 °C
(attachment), total intracellular HBV DNA after 3, 6, 24 hours uptake and cccDNA were
determined. Relative percentages from the input virus (MOI 500 vp/cell) which was set to 100%
were displayed in huNTCP, hoNTCP expressing HepG2 cells and HepG2-NTCP K7 cells. The
experiment was repeated three times. Data represent one experiment as technical triplicates.
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As the previous results showed that HepG2 cells expressing hoNTCP can bind more HBV
particles than huNTCP expressing HepG2 cells — therefore enhancing HBV infection — we
next address how hoNTCP increases HBV patrticles’ attachment over that of huNTCP. In
parallel, various chimeras of huNTCP and hoNTCP were constructed basing on the
sequence alignment on functional motifs and binding domains by overlap PCR to evaluate
the contributions of various domains. Each domain of huNTCP was replaced by its hoNTCP
counterparts or vice versa (Figure 22A). Transfection of P-Cluc-chNTCPs into HepG2 cells
was conducted as previously described, followed by 2 days DMSO differentiation.
Differentiated and transfected cells were inoculated with HBV particles at an MOI of 1000
vp/cell. Supernatants were collected at 3 dpt before HBV inoculation to quantify NTCP
expression. Secreted HBeAg in the supernatant of wild-type and chimeric forms of NTCPs
expressing HepG2 cells were measured at 4 and 7 dpi and subsequently normalized to
expression levels of Cluc (Figure 22B). The results illustrated that chimeric forms of NTCPs
containing the replacement HBV binding part of huNTCP with their corresponding hoNTCP
fragment (human-QN-GIF, human-GIF) enhanced viral infection, while the chimeric forms
horse-RK-KVV and horse-KVV reduced viral infection. The replacement of the functional
motif between huNTCP and hoNTCP did not change viral infection efficiency. The data
revealed that the hoNTCP HBV binding region is important in facilitating HBV infection. In
parallel, bile acid uptake was determined in NTCP variants expressing HepG2 cells. Bile
acids uptake was detected in all NTCP variant-expressing HepG2 cells, indicating that the

modified NTCP variants did not lose their function for bile acid uptake (Figure 22C).
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Figure 22: Modification and determination the amino acid(s) of hoNTCP that enhance HBV
infection. (A) Schematic diagram of chimeric NTCP. (B) HepG2 cells were transfected with
Cluc-chimera NTCP constructions or a vector control. Secreted HBeAg in the supernatant was
measured at 4 and 7 dpi and normalized to Cluc. (C) Bile acid uptake was determined with 3H
taurocholate incubation for 15 min in NTCP variants expressing HepG2 cells. Measurement was
performed using a scintillation analyzer. Corresponding Cluc-expressions were measured at
3dpt.

Next, we focused on the contributions of various sites of the hoNTCP HBV binding region in
viral infection. The hoNTCP HBV binding region here consists of 18 amino acids from
residues 150-177, thus three residues differ between the huNTCP and hoNTCP sequences.
Single point mutations (K157G, V164Il, and V175F) were introduced into huNTCP, with
corresponding mutations in hoNTCP (G157K, 1164V, and F175V) (Figure 23A). Replacing
residue 157 of huNTCP with the hoNTCP counterpart enhanced HBYV infection, while
replacing residue 157 of hoNTCP with huNTCP counterpart reduced HBV infection (Figure
23B), demonstrating that residue 157 of NTCP correlates with HBV infection levels. In
addition, bile acid uptake for NTCP variants expressing HepG2 cells were detected,
indicating that the modified NTCP variants did not lose their function in bile acid uptake

(Figure 23C).
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Figure 23: Modification and determination of the amino acid(s) of hoNTCP that enhance
HBV infection. (A) Schematic diagram of chimeric NTCP. (B) HepG2 cells were transfected
with Cluc-chimera NTCP constructions or a vector control. Secreted HBeAg in the supernatant
was measured at 4 and 7 dpi and normalized to Cluc. (C) Bile acid uptake was determined with
3H taurocholate incubation for 15 min in NTCP variants expressing HepG2 cells. Measurement
was performed with a scintillation analyzer. Corresponding Cluc-expressions were measured at
3dpt.

As residue 157 is located within the HBV binding region, we were interested in whether
G157 of hoNTCP contributes to HBV binding. The experimental results were similar,
showing improved HBV binding for huNTCP-K157G, whereas lowered by hoNTCP-G157K
(Figure 24A), therefore regulating HBV infection levels (Figure 24B). Evidently, residue 157
in the HBV binding region of hoNTCP contributes to the promotion of binding with HBV

particles, increasing the efficiency of HBV infection.
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Figure 24: Evaluation of HBV binding on NTCP-157 expression HepG2 cells. HepG2 cells
were transfected of NTCP-157 chimeras or a vector control. HBV binding and infection were
performed at 3 dpt. (A) HBV attachment (MOI 1000 vp/cell) in NTCP expressing HepG2 cells
was assessed and normalized to Cluc. (B) Secreted HBeAg for HBV infection at 7 dpi in the
supernatant was measured and normalized to Cluc.

2.2.4 Thelocalization levels of hoNTCP regulates HBV infection

Next, we addressed the issue of why hoNTCP demonstrates higher infection rates. This
result could be associated with more efficient trafficking and localization at the plasma
membrane, the greater affinity of hoNTCP for HBV patrticles, or a combination of the two.
NTCP is a multi-pass transmembrane protein comprising an extracellular N-terminus and
cytoplasmic C-terminal domain. To investigate whether the hoNTCP has higher plasma
membrane localization levels or greater affinity with HBV, flag-tag and HA-tag were
introduced at the N-and C-terminus, respectively, of NTCP to determine relative surface and
total expression of NTCP, respectively. Single mutations of residue 157 were introduced as
well, to analyze whether residue 157 contributes to the regulation of hoNTCP trafficking and
localization or rather has an impact on binding affinity (Figure 25A). Hu/hoNTCP-HA
(hu/hoHA), flag-hu/hoNTCP-HA (Fhu/hoHA), and flag-hu/hoNTCP157-HA (Fhu/ho157HA)
IVT mRNA were produced and transfected into differentiated HepG2 cells, with 333 ng per
well. To visualize surface expression, MyrB atto488 staining was performed. The results
demonstrated NTCP expression and localization at the cell membrane of all variants tested
(Figure 25B).
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Figure 25: Comparison and characterization flag-tag-NTCP expression. (A) Schematic of
construction of NTCP with flag-tag and HA-tag. (B) Fluorescence images of surface located
NTCP staining with MyrB-atto488.

To exclude adverse effects of our tagged constructs, bile acid uptake, HBV binding and
infection were carried out on NTCP IVT mRNA-transfected HepG2 cells, as described. Here,
hu/hoHA IVT mRNA served as positive controls. The results indicated that all reconstituted
Fhu/hoHA and Fhu/hol57HA maintained their function of supporting bile acid uptake
(Figure 26A), HBV binding (Figure 26B), and infection (Figure 26C) with a promotion by
hoNTCP expression. Furthermore, replacement residue 157 of NTCP for huNTCP with its
counterpart of hoNTCP, improved HBV binding and infection, while replacing residue 157 of
hoNTCP with its counterpart of huNTCP reduced HBV binding and infection. In addition,
HBc staining of infected cells demonstrated a similar tendency regarding HBV binding and
infection, indicated that flag-tagged NTCP did not alter NTCP function and could be used to
investigate localization efficiency alongside binding affinity with HBV (Figure 26D).
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Figure 26: Comparison and characterization of flag-tag-NTCP function for supporting bile
acid uptake and HBV infection. (A) Bile acid uptake was determined with 3H taurocholate
incubation for 15 min in NTCP mRNA-transfected HepG2 cells. (B) Attached HBV at 4 °C for 1
h and (C) secreted HBeAg and cccDNA at 7 dpi were measured. (D) Cells were fixed and stained
for HBc protein at 7 dpi. The percentage of infected cells is denoted at the bottom-right corner
of each image.

HBc

To analysis NTCP localization at the plasma membrane and interaction affinity with HBV
particles, we transfected 333 ng/well of Fhu/hoHA and Fhu/ho157HA IVT mRNA into HepG2
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cells. We then performed surface staining with anti-flag antibody, MyrB-atto594, and
intracellular staining with anti-HA antibody 24 hpt, following by flow cytometry analysis.
Surface expression of NTCP was determined by staining with flag antibody, and total NTCP
expression was determined by staining with the HA antibody. Functional HBV binding of
these NTCPs was determined by staining with MyrB-atto594. The results revealed
approximately two times more FhoHA (18.1%) located on the plasma membrane than
FhuHA (8.26%), even though overall expression of both constructs was comparable (39.5%
vs. 43.7%) (Figure 27A). Replacing residue 157 of huNTCP with the hoNTCP counterpart
increased huNTCP localization on the plasma membrane, while replacing residue 157 of
hoNTCP with huNTCP counterpart reduced huNTCP localization on the plasma membrane,
though with an comparable HA positive cells (Figure 27A). We found that hoNTCP
accumulated more efficiently at the plasma membrane than did huNTCP; hence, residue
157 of hoNTCP contributed to the increased localization (Figure 27B). Similar results
regarding MyrB binding with NTCP were observed (Figure 27C) and were strongly
correlated with NTCP localization (Figure 27D). HBV binding affinity was calculated by
normalizing the MFI of MyrB-atto594* cells to the flag* cell. Replacement of residue 157 of
huNTCP and hoNTCP there did not alter binding affinity with HBV particles (Figure 27E),
indicating that huNTCP and hoNTCP bind HBV particles with similar binding affinity.
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Figure 27: Comparison and characterization flag-tag-NTCP localization and HBV binding
affinity. (A) Flow cytometry analysis of flag-NTCP-HA surface localization, MyrB-atto 594
binding, and total expression by surface and intracellular staining 24 hpt. (B, C) Normalization
of flag-tag* cells and MyrB-atto 594" cells to HA-tag* cells. (D) Correlation analysis of flag-tag*
cells and MyrB-atto 594* cells based on normalized to HA-tag* cells. (E) Calculation MFI of flag-
tag* cells based on normalized to MyrB-atto 594+ cells.

To understand whether the higher efficiency of the hoNTCP plasma membrane accumulation
is due to its stability, we repeated the transfection of hu/hoHA, Fhu/hoHA, and flag-
hu/ho157HA IVT mRNA into HepG2 cells and analyzed protein expression at certain time
points (0, 8, 16, 24, 32, 40, and 48 h) by Western blot using the HA antibody (Figure 28).
Results showed a peak expression at 24 hpt of both variants as well as similar degradation
rates 24-48 hpt (Figure 28A). Interestingly, replacing residue 157 of huNTCP with the
hoNTCP counterpart delayed the degradation of huNTCP, while replacing residue 157 of
hoNTCP with huNTCP counterpart accelerated the degradation of hoNTCP (Figure 28B).
This result indicated that residue 157 of NTCP alters the stability of NTCP, therefore
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contributing the variety of HBV infection rates after the replacement of the residues in
huNTCP and hoNTCP.
A B

0 8 16 24 32 40 48 (h) 0 8 16 24 32 40 48 (h)

[ @@ [HHA [ o oo e e |FHUHA

| eeqep@PERSS i\ | CPpEPEPEP®®  |FHuISTHA
|
|

|—m |B-actin e |FHoHA
e - |FHo157HA
| ——— N —"— |B-actin

Figure 28: Expression kinetics of huNTCP and hoNTCP variants in HepG2 cells. Western
blot analysis the expression kinetics of hu/ho-HA, Fhu/hoHA, and Fhu/hol57HA IVT mRNA in
HepG2 cells in 48 hpt.

In summary, we established an IVT mRNA transfection system and selected two stable cell
lines to express comparable levels of huNTCP and hoNTCP. Our results indicate that
hoNTCP accumulated and was more stably expressed on the plasma membrane than did
huNTCP, thus enhancing the binding of HBV particles and improving HBV infection.
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2.3 HBVinfection in murine hepatocyte cell line-AML12
2.3.1 HoNTCP enhances HBYV infection on AML12 cells

Since we can partially explain how hoNTCP enhances HBV infection in human hepatoma
cell line HepG2, we were interested in whether hoNTCP can also render murine hepatocyte
cell lines susceptible to HBV infection. Several huNTCP-expressing murine liver cell lines
were described as showing resistance to HBV infection previously, either due to a lack of
essential host factors or the expression of restriction factors interfering with the viral life cycle
(Yan et al. 2012; Yan et al. 2013; Li et al. 2014; Lempp et al. 2016a). The identification of
murine hepatocytes permissive for in vitro HBV infection would be important to inform cell
culture models, but also would serve as template for the generation of genetically modified
mice supporting in vivo infection. Recently, murine hepatocyte cell line AML12 was reported
to be susceptible to HBV after the reconstitution of huNTCP. (Lempp et al. 2016b; Qiao et
al. 2018). To verify these results, differentiated AML12 cells were transfected with hoNTCP
IVT mRNA, following by inoculation with wtHBV (MOI 500 vp/cell) 24 hpt. HepG2-NTCP-K7
cells and another mouse hepatoma cell line Hep56D served as positive and negative
controls, respectively. HBeAg were detectable at 7 dpi for HepG2-NTCP-K7 cells and
MRNA-transfected AML12 cells but not Hep56D cells (Figure 29A). In addition, we
transduced Ad-HBYV (MOI 5 vp/cell) to show HBV replication from the transfer template in all
the cells. These results suggest hoNTCP expressing AML12 cell are susceptible to HBV.
The specificity of NTCP-dependent HBV uptake was confirmed by addition of MyrB control.
Intracellular HBV DNA and cccDNA were detected in infected HepG2-NTCP-K7 cells and
transfected AML12 cells but not in Hep56D cells at 7 dpi (Figure 29B). These results
indicated that cccDNA was established in AML12 cells, allowing subsequent production of
rcDNA and HBeAg.

Next, we further verified that AML12 cells support the full HBV life cycle and evaluated the
effects of huNTCP and hoNTCP on HBV infection. Differentiated AML12 cells were
transfected with 333 ng/well huNTCP and hoNTCP IVT mRNA, following by HBV infection
at MOlIs of 500, 1000, and 2000 vp/cell 24 hpt. We implemented MyrB as negative control.
At 7 dpi we analyzed various viral parameters (i.e., HBeAg, HBsAg, intracellular cccDNA,
PgRNA, rcDNA, and extracellular rcDNA).
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Figure 29: Murine hepatocyte cells AML12 but not Hep56D cells support HBV infection.
(A) Differentiated AML12 and Hep56D cells were transfected with 333 ng/well hoNTCP IVT
mRNA and infected with wt HBV (MOI 500 vp/cell) and Ad-HBV (MOI 5 vp/cell). HBeAg was
measured at 7 dpi. HepG2-NTCP-K7 served as a control. (B) Intracellular HBV DNA and cccDNA
were measured at 7 dpi. 200 nM MyrB added served as controls.

Our results demonstrated that all viral markers were detectable using each MOI and that
hoNTCP significantly increased expression of HBeAg, HBsAg, cccDNA, and pgRNA
compared to huNTCP (Figure 30A). Interestingly, intra- and extracellular HBV DNA in
hoNTCP transfected cells were only slightly increased compared to huNTCP (Figure 30B),
which could suggest a limiting step in the production of progeny rcDNA in AML12 cells. To
discriminate HBV DNA identity, we performed a Southern blot to detect the HBV protein-
free forms of HBV-DNA including cccDNA, as a Southern blot remains the “gold standard”
technique for cccDNA detection. As depicted in the results (Figure 30C), rcDNA and
cccDNA were detectable in infected AML12 cells upon expression both variants huNTCP
and hoNTCP. In addition, DNA was treated either with T5 exonuclease, to degrade non-
cccDNA species, or with EcoRI restriction enzymes to linearize cccDNA (Figure 30C).
These results indicated a robust establishment of HBV infection in AML12 cells upon NTCP

expression, in particularly when hoNTCP was expressed.
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Figure 30: Analysis of AML12 cells permissivity to HBV infection. (A) Differentiated AML12
cells were transfected with 333 ng/well huNTCP and hoNTCP IVT mRNA, following by HBV
inoculation at MOIs 500, 1000, and 2000 vp/cell 24 hpt. Analysis of different viral parameters
was performed at 7 dpi. 200 nM MyrB served as negative control. (B) Relative quantification by
gPCR of intracellular and extracellular HBV DNA. (C) HBV rcDNA (capsid-associated DNA (left)),
cccDNA and cccDNA identity by treatment DNA extraction with T5 exonuclease or digestion
DNA extraction with EcoRI restriction enzymes (right) were detected by Southern blot with an
HBV-DNA probe.
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As we were interested in the capability of AML12 to HBV infection expressing huNTCP or
hoNTCP, we repeated the transfection as previously described, followed by infection of HBV
in a three-fold titration of MOI from 1000 to 3.3 vp/cell 24 hpt. HBV infection was determined
by measurement of HBeAg at 7 dpi. Results showed a dose-dependent infection in AML12
cells in the range of MOI 1000 to 33 vp/cell upon hoNTCP expression (Figure 31). In
contrast, huNTCP expressing AML12 demonstrated HBeAg secretion only in the range of
MOI 1000-100 vp/cell (Figure 31). The results also indicated that AML12 cells were

susceptible to low titer HBV.
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Figure 31: Analysis of HBV dose-dependent infection with NTCP IVT mRNA-derived
AML12 cells. Differentiated AML12 cells were transfected with 333 ng/well NTCP IVT mRNA
and inoculated with titrated wt HBV staring from MOI 1000 to 3.3 vp/cell for 24 h at 24 hpt.
Measurements of secreted HBeAg were performed at 7 dpi. 200 nM MyrB added to inhibit NTCP-
HBYV interaction served as a control.

In summary, hu/hoNTCP expressing murine hepatocyte cell line AML12 cells are
susceptible to HBV infection and support full life cycle of HBV. HBV infection efficiency is

improved upon expression hoNTCP compared to huNTCP.
2.3.2 Generation of NTCP expressing AML12 cell lines

In order to understand the characteristics of AML12 cells supporting the full life cycle of HBV
upon NTCP expression, we next generated NTCP-expressing AML12 stable cell lines. The
mouse-codon-optimized hoNTCP sequence and the huNTCP sequence were inserted into
vectors harboring a C-terminal HA-tag sequence, as described in 2.2.1.2. The plasmids
encoding huNTCP or hoNTCP were transfected into AML12 cells, and hu/hoNTCP
expressing-AML12 cell lines were selected by nine days treatment with kanamycin. For all
clones, huNTCP and hoNTCP protein expression, protein folding, and localization on the
plasma membrane were confirmed by Western blot or flow cytometry. Western blots results

showed that all hoNTCP-transfected AML12 cells demonstrated strong protein expression,
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as compared to huNTCP-transfected AML12 that showed only weak levels (Figure 32A).
FACS analysis demonstrated approximately 70% MyrB-atto594* of AML12-hoNTCP cells,
whereas none of the huNTCP expressing cells could be detected (Figure 32B). To confirm
the functionality of expressed NTCP variants, HBV infection was performed as described
elsewhere, using an MOI of 500 vp/cell. HBeAg was measured at 7 dpi showing detectable
levels in the supernatant of infected AML12-hoNTCP cells, but not in AML12-huNTCP or
parental AML12 cells (Figure 32C). This result indicated that, we failed to establish
appropriate, AML12-huNTCP cells, while AML12-hoNTCP were successfully established.
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Figure 32: Generation of AML12-Ho/huNTCP cells. (A) Western blot analysis of NTCP
expression in AML12-huNTCP and AML12-hoNTCP cells after nine days selection with
kanamycin treatment. (B) AML12-huNTCP and AML12-hoNTCP cells were stained with 50 nM
MyrB-atto594 and measured by flow cytometry. (C) Differentiated AML12, AML12-huNTCP, and
AML12-hoNTCP were infected with HBV at an MOI of 500 vp/cell, and secreted HBeAg was
measured at 7 dpi.

To check HBV infection rates of our AML12-hoNTCP cells, we repeated HBV infection
experiments titrating the MOIs from 5000 t0100 vp/cell. We implemented HBV infection with
an MOI of 1000 vp/cell and MyrB as a control. Intracellular HB core (HBc) protein staining
was carried out at 7 dpi to determine the number of HBV-infected cells (Figure 33A), and
nuclear staining served as cell number control. Secreted HBeAg and extracellular pgRNA
and HBV DNA were quantified at 7 dpi to determine HBV replication (Figure 33B). The
results indicated a dose-dependent HBV infection and replication rate corresponding to the
MOI used, peaking at 35.4% HBc positive cells using with an MOI of 5000 vp/cell and no
detectable staining at MOI 100 vp/cell. In contrast to HBc staining analysis, more sensitive

analysis of HBeAg, pgRNA, and HBV DNA demonstrated detectable levels across the whole
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MOI range. To understand the mechanism of hoNTCP rendering AML12 cells susceptible
to HBV infection, analysis of the differences of the protein or RNA expression profiles of
AML12-hoNTCP and non-susceptible murine hepatoma cell lines should be performed in

further studies.
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Figure 33: HBV infection rates on AML12-HONTCP cells. (A) Differentiated AML12-hoNTCP
cells were infected with titrated MOIs (5000-100 vp/cell) of HBV. 200 nM MyrB added to inhibit
NTCP-HBYV interaction on AML12-hoNTCP with MOI 1000 vp/cell served as a control. Cells
were fixed and stained for HBc protein at 7 dpi, and the percentage of infected cells is denoted
at the bottom-right corner of each image. (B) HBeAg, intracellular pgRNA, and HBV DNA were
measured at 7 dpi.
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2.4 Evaluation of HBV entry inhibitors
2.4.1 Two compounds were prescreened for inhibiting HBV infection

Prescreening of novel HBV entry inhibitors were performed by Dr Wettengel and Dr Esser,
as described below in this paragraph. HepG2-NTCP-K7 cells were constructed as described
in Ko et al. (2018), and HBV-FluoAlexa647 was established, which allowed us to quantify
the internalization HBV particles by fluorescence measurement. We screened 2560
candidates from ChemBridge compounds library by adding each compound at 10 pM into
the inoculum of HBV-FluoAlexa647 before adding it to differentiated HepG2-NTCP cells,
following a fluorescence measurement 24 h post infection. The pilot screen revealed 0.117%
hits inhibiting HBV-uptake by 240%. Experiments were repeated with 10 candidates for a
second round using HBV-FluoAlexa647. Thus, five candidates were validated that were
used in a third infection experiment in HepG2-NTCP, as well as HepaRG cells by inoculation
with wt HBV, following by HBeAg and cccDNA measurement at 7 dpi (Figure 34A). The
HBeAg results showed that compounds A and G (henceforth, AO and GO) inhibited HBV
infection up to 50% and 70%, respectively in HepaRG cells (Figure 34B). Compound
analogues A1-A9 and G1-G13 of A0 and GO were screened, identifying A2 as inhibiting
HBYV infection as well. The chemical structure of compounds AO, A2 and GO were listed in
Fig. 2.41C.
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Figure 34: Prescreening compounds to inhibit HBV infection. (A) Schematic depiction of the
primary screening analysis. HepG2-NTCP cells were predifferentiated, and inoculated with HBV-
FluoAlexa647 in combination with one out of 2560 candidates from ChemBridge compounds
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library at 10 uM for 24 h. The effects of the compounds on inhibition HBV entry were assessed
by fluorescence measurement. The 10 candidates that responded well were tested again in
HepG2-NTCP cells for 24 h. 5 candidates out of 10 were assessed for their ability to inhibit wt
HBV in HepG2-NTCP and HepaRG cells. (B) Secreted HBeAg in supernatant were measured
at 7 dpi on HepaRG cells. (C) The chemical structure of compounds A0, A2 and GO. The error
bars represent the + SD. *p < .05; **p < .01, as determined by unpaired two-tailed Student’s t-
tests. [Data were kindly offered by Dr Wettengel and Dr Essner]

The inhibition effects of the compounds A0, A2 and GO were evaluated on HepG2-NTCP-
K7 cells, HepaRG cells and primary human hepatocytes (PHH). PHH cells here represent
the ‘gold standard’ for evaluation of HBV infection. Differentiated HepG2-NTCP-K7 cells,
HepaRG cells and PHH cells were inoculated with wt HBV at an MOI of 100 vp/cell in
combination with 10 uM of depicted compound. Secreted HBeAg, intracellular HBVY DNA
and cccDNA were measured at 7 dpi. MyrB treated cells served as a control. Results
demonstrated that compounds A0 and A2 reduced extracellular HBeAg, intracellular HBV
DNA as well as cccDNA in HepG2-NTCP-K7, HepaRG and PHH cells. In contrast,
compound GO only reduced the HBV infection markers in HepaRG and PHH cells (Figure
35). The inhibition effects of A0 and A2 in HepG2-NTCP-K7 cells were comparable (Figure
35A) while A0 and GO showed similar inhibition effects in HepaRG cells (Figure 35B).
Compound A0 showed better but still comparable inhibition with the other two compounds
in PHH cells (Figure 35B). The data indicated that we identified three compounds termed

A0, A2 and GO, which were capable to inhibit HBV entry into various hepatocytes.

A HepG2-NTCP-K7 HepG2-NTCP-K7 = HepG2-NTCP-K7
=150 =150 £ 1501
g == £ T g
g H 5 pres
G 100 S 100 < 100
s 5 =
= 2 <
@ 50 < 50 8 50
< =z s
[ (=] -
o e 2
I 0 8 0 > 0-
Mock HBV MyrB A0 A2 GO Mock HBV MyrB A0 A2 GO £ MockHBV MyrB A0 A2 GO

B HepaRG HepaRG = HepaRG
~150 o = 150 ok <= 150 ok
° o [ ok S ™
= e e o v
c o ls
8100 S 100 = 1001
5 2 <
= s z
o 50 < 507 2 50
< z T
5] a °
: g )

0 S o 2 o0

Mock HBY MyrB A0 A2 GO Mock HBV MyrB A0 A2 GO I MockHBY MyrB A0 A2 GO

C PHH PHH

PHH

=y
a
o

150 —

3

-
o
o

o
(=}

cccDNA (% of control)

HBeAg (% of control)

HBV total DNA(%of control)
o

0 0
Mock HBV MyrB A0 A2 GO Mock HBV MyrB A0 A2 GO MockHBV MryB A0 A2 GO

64



Results

Figure 35: Evaluation of the inhibitory effect of selected compounds on HBV infection on
different hepatoma cells. (A) Differentiated HepG2-NTCP-K7 cells, (B) HepaRG cells and (C)
PHH cells were inoculated with wt HBV at an MOI of 100 vp/cell and treated with 10 uM of
depicted compound. Secreted HBeAg (left), intracellular HBV DNA (right) and cccDNA (middle)
were measured at 7 dpi. 200 nM MyrB served as a control. The error bars represent the + SD.
**p <.01; ***: p <.001; ****: p < .0001), as determined by unpaired two-tailed Student’s t-tests.
Next, EC50s of the compounds A2 and GO (following data missing AO, due to storage issues)
were determined. Therefore, differentiated HepG2-NTCP-K7 and HepaRG cells were
inoculated with wt HBV at an MOI of 100 vp/cell and treated with effective concentrations of
A2 and GO. To determine effects on cell viability, CTB assay was performed 24 hpi. Data
were normalized to mock cells (Figure 36). Results demonstrated that inoculation of
compounds A2 in HepG2-NTCP-K7 and compounds GO in HepaRG cells had no impact
regarding cell viability. In contrast, inoculation of compound A2 in HepaRG cells decreased
the cell viability at certain concentrations (Figure 36A). Secreted HBeAg in supernatant was
measured at 7 dpi to determine EC50 of compounds A2 and GO in HepG2-NTCP and
HepaRG cells. Results showed that compound A2 harboured an ECsp of 12.95 uM in
HepG2-NTCP and an ECso of 18.27 uM in HepaRG cells. A similar range for compound GO
in HepaRG was observed with an ECs of 13.78uM (Figure 36B) and inhibiting effect of GO

in HepG2-NTCP were undetectable in our titration rage (data not shown).
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Figure 36: Cell viability and EC50 measurement of compounds A2 and GO on different
hepatoma cells. (A) Differentiated HepG2-NTCP-K7 cells and HepaRG cells were inoculated
with wtHBV at an MOI of 100 vp/cell and treatment with various concentrations of A2 and GO in
the present PEG for 24 h before the inoculum was removed. Cell viability were determined by
CTB assay after removing the inoculum and normalized the measurement of unpresented
compounds cells. (B) Secreted HBeAg in supernatant was measured at 7 dpi to determine EC50
of compounds A2 and GO on HepG2-NTCP and HepaRG cells.
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In summary, compounds A0, A2 and GO were screened and demonstrated to be capable of
inhibiting HBV entry into hepatoma cells using micromole amounts. Furthermore, the
inhibition effects regarding EC50 (except for A0) of the compounds on hepatoma cells were

comparable.
2.4.2 Compounds inhibit HBV infection by targeting early steps

Since we were interested in the mechanism of the screened compounds regarding the
suppression of HBV infection, we first investigated whether the compounds stimulated
innate immune signaling by measurement of secreted IP10 and IL10 in cell culture media.
The results indicated that compounds A0, A2 and GO did not activate innate immunity on
different hepatoma cells as extracellular IP10 (Figure 37A) and IL10 levels (Figure 37B)
were comparable or less than untreated controls.
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Figure 37: Characterization of the compounds effect on adaptive immunity. Differentiated
HepG2-NTCP-K7 cells, HepaRG cells and PHH cells were inoculated with wtHBV at an MOI of
100 vp/cell and treatment with 10 uM compounds in the present PEG for 24 h before the
inoculum was removed. Secreted IP10 (A) and IL10 (B) were measured by ELISA at 7 dpi. 200
nM MyrB added served as a control.

Next, we were interested whether the compounds directly target cells or interfere with
replication steps after entry. Differentiated HepG2-NTCP-K7 cells were either pretreated
(pre) with compounds A0, A2 and GO, treated during (d0—1) inoculation or after (d1-2) viral
infection establishment (Figure 38A). Inhibition effects were determined by measuring
HBeAg, total HBY DNA and cccDNA levels. Treatment of HepG2-NTCP-K7 cells with
compound AO or A2 during establishment of HBV inoculation significantly reduced HBeAg,
total HBV DNA and cccDNA levels (Figure 38B-D). However, all markers were not affected
when compounds were added either before HBV inoculation or later than 24 h post-infection,
suggesting the role of compound A0 and A2 for inhibiting early HBV infection events (Figure
38B-D). To investigate whether the compounds affect HBV particle infectivity we

preincubated viral particles with depicted compounds prior to infection for 2 h (Figure 38A).
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The results indicated HBV patrticle infectivity was not affected as HBeAg, total HBV DNA
and cccDNA levels levels did not change compared to DMSO control (Figure 38B-D).
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Figure 38: Compounds A0 and A2 inhibiting early HBV infection events. (A) HepG2-NTCP-
K7 cells were either pretreated (pre) with compounds A0, A2 and GO or treated during (d0-1) or
after (d1-1) viral infection establishment or preincubation with either compound prior to HBV
infection for 2 h at an MOI of 100 vp/cell. (B-D) HBeAg, HBV total DNA and cccDNA were
measured at 7 dpi. The error bars represent the £ SD. *p < .05, as determined by unpaired two-
tailed Student’s t-tests.

Moreover, additional verification of compounds A2 and GO on HBV replication was
performed by transduced Adeno-HBV1.3X- virus with an MOI of 3 vp/cell on HepG2-NTCP
cells, as Adeno-HBV1.3X- virus only expresses HBV proteins but without cccDNA formation.
Adeno-GFP was transduced with an MOI of 3 vp/cell on HepG2-NTCP in determining
transduction efficiency, adeno-empty virus transduction served as a negative control.
Transduction with an MOI of 3 vp/cell AdV was sufficient, since observed GFP expression
was as expected (Figure 39A). Treatment with compounds A2 and GO during the inoculation
of Adeno-HBV1.3X- did not alter HBeAg secretion 3 days post transduction, indicating that
compounds A2 and GO do not interfere with HBV replication (Figure 39B).
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Figure 39: Evaluation inhibition of compounds A2 and GO on HBV replication. HepG2-
NTCP cells was transduced with either Adeno-GFP or Adeno-HBV1.3X- virus at an MOI of 3
vp/cell. Compounds A2 and GO were added during with inoculation of Adeno-HBV1.3X- virus
24 h before the inoculum was removed. (A) Fluorescence images were taken 3 days post

transduction to determine transduction efficiency. (B) Secreted HBeAg in supernatant was
measured at 3 days post transduction. 200 nM MyrB added and Adeno-empty transduction
served as controls.

Since it seems that compounds A2 and GO interfere with early steps of HBV infection, we
were interested in whether both compounds target the same stages of HBV infection and
whether the compounds inhibit the intracellular capsid reimportation. Differentiated HepG2-
NTCP-K7 cells and HepaRG cells were inoculated with wtHBV at an MOI of 100 vp/cell and
treated with the depicted compound alone (10 puM) or in combination (5 uM or 10 uM per
compound), following by treatment with or without 200 nM MyrB, until the final analysis. The
200 nM MyrB added served as a control during the viral inoculation. Secreted HBeAg and
cccDNA were measured at 7 dpi. Treatment with compound combination at 10 uM of each
yielded HBeAg and cccDNA levels similar to those of a single compound treatment of A2 at
10 uM but not GO on HepG2-NTCP cells (Figure 40A). Similar results were observed when
treatment was performed using a compound combination at 10 uM or with single compound
at 10 uM on HepaRG cells (Figure 40B). The data indicated that compounds A2 and GO
interfere with different targets, as they did not show synergistic effects towards the restriction
of HBV infection. This result was also confirmed by unchanged HBeAg and cccDNA levels
when treatment was conducted with compound combination at 5 uM of each on either of
cells (Figure 40). Prolonged treatment of MyrB on HepG2-NTCP-K7 and HepaRG cells did
not change the values of HBeAg, and cccDNA revealed that compounds did not inhibit the

intracellular capsid reimportation in infected cells (Figure 40).
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Figure 40: Evaluation of efficacy of either single or combined treatment and with
subsequent treatment with entry inhibitors on viral infection. (A) Differentiated HepG2-
NTCP-K7 cells and (B) HepaRG cells were inoculated with wtHBV at an MOI of 100 vp/cell and
treatment with either a single compound, at 10 yM, or combined compounds, at 10 yM or 5 uM
of each, for 24 h before the inoculum was removed. The cells were treated with or without 200
nM MyrB after the inoculum was removed, until the final analysis. The 200 nM MyrB added
served as a control during the viral inoculation. Secreted HBeAg and cccDNA were measured
by ELISA and gPCR, respectively, at 7 dpi. The error bars represent the + SD. **: p <.01; **: p
<.001; ****: p <.0001; ns: no significant), as determined by unpaired two-tailed Student’s t-tests.

To characterize which stages of the viral life cycle are inhibited by the compounds, we next
investigated inhibition effects related to HBV binding and uptake. Differentiated HepG2-
NTCP-K7 cells and HepaRG cells were inoculated with wtHBV at an MOI of 100 vp/cell and
treated with either compounds at 4 °C for 1 h or shifted to 37 °C for either 6 h or 24 h. At
each time point, the cells were either washed or trypsinized prior to harvest for either total
bound or intracellular HBV DNA analysis. MyrB and heparin served as controls. Additional,
differentiated HepG2-NTCP-K7 cells were incubated with 400 nM MyrB-atto488 and treated
with or without unlabeled MyrB (200 nM) or compound A2 or GO (10 pM) for 30 min before
unbound MyrB-atto488 was removed. Compounds A2 and GO did not interrupt HBV binding
with HSPG and NTCP, as total HBV DNA did not change compared with non-treatment
group (Figure 41A). In addition, bound MyrB-atto488 demonstrated similar levels compared
with only MyrB-atto488 inoculation (Figure 41B). Compound A2 reduced intracellular HBV
total DNA with 24 h treatment on HepG2-NTCP cells (Figure 41C) and with 6 h on HepaRG
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cells (Figure 41D), while compound GO did not change total intracellular HBY DNA on
HepaRG cells after either 6 h or 24 h treatment (Figure 41D). These data revealed that
compound A2 interrupts HBV entry prior to establishment of HBV infection, but after HBV
endocytosis on HepG2-NTCP cells, and inhibits HBV endocytosis on HepaRG cells, while
compound GO interferes with HBV infection prior to the establishment of HBV infection but

at later steps of uptake.

In summary, two small molecules, compounds A2 and GO, inhibit HBV infection by targeting
the early infection stages of HBV prior to the establishment of HBV infection on hepatoma
cells.
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Figure 41: Characterization inhibition effects of compounds A2 and GO on HBV entry. HBV
binding and uptake assay was performed on differentiated HepG2-NTCP-K7 cells and HepaRG
cells. Cells were inoculated with wtHBV at an MOI 100 vp/cell and treated with either compounds
at 4 °C for 1 hour or shifted to 37 °C for 6 and 24 hours. MyrB and heparin added served as
controls. (A) HBV binding was analyzed by measuring cell-associated HBV DNA relative to PrP
after incubation at 4 °C for 1 hour with subsequent two times PBS wash. (B) Differentiated
HepG2-NTCP-K7 cells were incubated with 400 nM Atto488-labeled MyrB and treatment with
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either with unlabeled MyrB (200 nM) or compound A2 or GO (10 uM) for 30 mins. Unbound MyrB-
atto488 was removed by washing with PBS twice and the cells were fixed with 4%
paraformaldehyde and mounted with Flouromount-G containing DAPI. Images were taken by
Fluoview FV10i microscope (Olympus). (C.D) HBV uptake assay was analyzed by measuring
cell-associated HBV DNA relative to PrP after incubation at 37 °C for 6 and 24 hours with
subsequent trypsinization. Statistical analysis: Student’s unpaired t-test (ns: not significant,
*p<0.05, **p<0.01, ***p<0.001, ***p<0.0001).
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3. Discussion

New therapies to cure chronic hepatitis B virus (HBV) infection have been limited by the lack
of suitable animal models. NTCP, a bile acid transporter, has been identified to expand the
HBV host range as a species-specific key factor for HBV entry and infection (Burwitz et al.
2017; Lempp et al. 2017; Protzer et al. 2019). In this thesis, species-specific NTCP for HBV
binding and infection, the advanced HBV receptor and novel HBV entry inhibitors were
studied, as discussed in the following chapters.

3.1 Species specificity of NTCP for HBV infection

To make it easy for screening HBV permissive NTCPs, we have established Cluc-NTCP co-
expression constructs that allow to quantify the expression of NTCPs and analyze their
function as mediator, activator and trigger of successful HBV infection. Our data
demonstrates that co-expression of Cluc-NTCP could solve the shortage of species-specific
antibodies and detect NTCP expression sensitively (Figure 7- Figure 13). The NTCP
variants detection could also be achieved by either fusion with detection tag or reporter gene.
while the quantification of Cluc in supernatant are more convenient and time-saving. To
verify the sensitivity of Cluc as a marker to detect NTCP expression and the functionality of
co-expressing NTCP for bile acid uptake and HBV infection, we first selected NTCP
sequences that have been reported. The NTCPs from macaque (Miller et al. 2018;
Wettengel 2019) and pig (Protzer et al. 2019) are not able to bind to MyrB-atto488, thereby
preventing viral infection. Mouse NTCP is able to bind to MyrB-atto488 but not support HBV
infection unless amino acid replacement at HBV functional domain (Yan et al. 2013). The
woodchuck (Fu et al. 2017), ferret (Wettengel 2019), tupaia (Yan et al. 2012; Zhong et al.
2013) NTCPs contain the conserved binding and functional domains, therefore these
NTCPs are able to bind to MyrB-atto488 and support viral infection. Those findings were
confirmed with our data for the capability of NTCPs mediating HBV infection. However, it
has shown that HBV infects gibbon in vivo (Bancroft et al. 1977) and guinea pig primary
hepatocytes in vitro (Caroline Gahler 2011). However, opposite results were observed in
gibbon and guinea pig NTCPs since gibbon and guinea pig NTCPs are not attachable for
MyrB-atto488, though comparable Clucs were detected. The possible reasons for that
phenomenon are incorrect sequence information in GenBank database or incorrect protein
expression. Capuchin monkey has been found as the host of novel HBV (Carvalho
Dominguez Souza et al. 2018) but its NTCP only permits MyrB binding not HBV infection.
The only difference at HBV binding domain aa 84-87 is K (Lysine) rather than N (Asparagine)

that is conserved in aa position 87 for NTCP permitting HBV infection. Therefore, that will
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be interesting whether modification of K87 to 87N can endow activity of capuchin monkey
NTCP for HBV infection.

To discover other possible hosts of HBV, we analyzed the capability of NTCPs from
Mammals, Amphibia, Actinopteri and Aves mediating HBV infection. Human HBV belongs
to orthohepadnaviridae family and mainly infects mammals (Summers et al. 1978; Mason et
al. 1980; Schaefer 2007). Our data demonstrates that the NTCPs that mediate human HBV
entry into hepatoma cells mainly adapt from mammals that include woodchuck, ferret, tupaia,
horse, rabbit, whale, big brown bat, cat, rhinoceros, aardvark and hedgehog (Figure 8,
Figure 9 and Figure 14). Horse NTCP was found to enable HepG2 cells more efficiently for
HBV infection than human NTCP either after normalization to secreted Cluc or before
normalization. This observation offers the possibility that horse might be a host susceptible
for HBV infection or horse HBV is in presence in the horse world. This hypothesis has been
confirmed by a recent publication that HBV related Equid HBV (Eq HBV) occurs globally in
donkeys and zebras by screening of 2917 specimens from equid (Rasche et al. 2021). In
addition, alternative entry mechanism of EgHBV is suggested because deltavirus
pseudotypes carrying human HBV and EqHBV infect primary horse hepatocytes while
EqgHBV deltavirus pseudotypes are unable to infect human cells upon human NTCP
expression (Rasche et al. 2021). Furthermore, Equine hepacivirus (EHcV), which is related
homologues of hepatitis C virus (HCV) was identified in Western and Eastern countries
(Tanaka et al. 2014; Walter et al. 2017). Those discoveries demonstrate that the Equid
family as another host of Hepatitis virus could serve as an animal model for preclinical testing
of novel therapies for CHB as well as HCV infection. Duck HBV (DHBV) genome contains
high variability preS (Sprengel et al. 1985; Urban and Gripon 2002) and human myr-preS-
peptide are not able to block DHBV in duck primary hepatocytes (Urban and Gripon 2002).
The duck HBV and probably duck NTCP reveal the different preS-NTCP interaction pattern

in the bird world than mammal world.
3.2 Overcoming the entry-barriers of hepatocytes for HBV infection

Overcoming entry-level barriers of hepatocyte cell lines or hepatocytes are considered to
develop new cell culture and animal models that allow HBV infection. We further
demonstrate that human and murine hepatocyte cell lines complemented with HBV
permissive NTCP allow HBV infection establishment (chapter2.1-2.3). Direct
overexpression of human NTCP in hepatocytes is one way to allow HBV entry. In this study,
HepG2 and AML12 cells expressing hu/hoNTCP allowed HBV entry and cccDNA formation,
thereby supporting complete life cycle of HBV. Expression of human NTCP in macaque and
pig hepatocytes overcome the entry-barrier for HBV infection in vitro and enables HBV
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infection in vivo of macaques (Burwitz et al. 2017; Lempp et al. 2017). However, complement
of murine hepatocytes either in vitro or in vivo with human NTCP only render mice
susceptible for HDV infection rather than HBV (He et al. 2015; Lempp et al. 2017). This

evidence suggests that there are host factors limiting HBV infection.

The second method to overcome entry-barrier of hepatocytes is to modify species-specific
NTCP that enables NTCP permissive for HBV. The motifs aa 157-165 and 84-87 of NTCP
are determined as crucial domains for mediating HBV binding and infection (Yan et al. 2012;
Yan et al. 2013). Swapping HBV binding domains aal57-167 of pig NTCP and aal57-165
of macaque NTCP with its counterparts of human NTCP make it possible to mediate HBV
entry into HepG2 cell (Wettengel 2019; Protzer et al. 2019). Moreover, complement of
humanized-pig NTCP in pig hepatocytes enables HBYV infection in vitro and in vivo (Protzer
et al. 2019). Additionally, replacement of the residues aa 84-87 of mouse NTCP with its
counterparts of human NTCP only renders mouse susceptible for HDV rather than HBV (He
et al. 2016) while HepG2 cells permit HBV and HDV infection upon the modified mouse
NTCP expression (Yan et al. 2013). Similar with mouse NTCP madification at the region aa
84-87, mutation hamster NTCP residues at 84-87 to 84R and 87N made it possible to
mediate HBV infection (Figure 11). The modification of hamster NTCP should break the

entry-barrier for HBV in hamster hepatocytes.
3.3 The impacts of other domains or amino acids for HBV infection

Except of the two important motifs for HBV infection, the other domains or amino acids are
also crucial for viral infection. For instance, the S267F variants abolish bile-acid uptake and
HBYV infection, but without altering its expression or localization (Yan et al. 2014; Hu et al.
2016). This thesis demonstrates that NTCP only holding the two conserved motifs at aa
position 84-87 and 157-165 are insufficient for HBV infection (Figure 12 and Figure 13).
Goat and cow NTCPs are able to bind to MyrB-atto488 but permit low or no HBV infection,
though they harbor the same aa at the position 84-87 with cat NTCP. However, modification
the F82 to 82V of goat and cow NTCPs only significantly improved the efficiency of HBV
infection. The NTCPs from seal, dog and little brown bat are able to bind to MyrB-atto488
and consist the conserved residues at aa 84-87 but without establishment of HBV infection.
Alignment of the NTCP sequence of horse, seal and dog show that single mutation dog/seal
NTCPs T78A did not change the capability of dog and seal NTCPs on mediating HBV
infection. Chimeric horse-dog and seal-horse NTCPs mediating HBV infection on HepG2
cells reveal that functional domains are missing at the N-terminus of dog NTCP and C-
terminus of seal NTCP. Similar with seal and dog NTCP, little brown bat NTCP is insufficient
to support HBV infection, though little brown bat NTCP binds to MyrB-atto488 and contains
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the conserved residues at aa 84-87. The shortage capability for permitting HBV infection of
seal, dog and little brown bat NTCPs shows that there are still other functional domains

unidentified.

The other domains could also impair NTCP function for HBV infection. The localization of
NTCP on the plasma membrane is relative with the C-terminal domains as shown by
mutation of the C-terminal tyrosine-based sorting motifs (Y307-EK-I and Y321-K-A-A) or
truncation of the C-terminal reducing NTCP localization on the cellular membrane
(Appelman et al. 2021). The N-terminal glycosylation status at aa position 5 and 11 also
influence the NTCP function since the absence of both glycosylations reduce the NTCP
abundancy at the plasma membrane (Appelman et al. 2021; Le et al. 2021). Whereas the
opposite conclusion has been obtained for the nonglycosylated forms that is still capable to
mediate HBV infection (Lee et al. 2018). These findings indicate that the complete functional
NTCP requires mature and robust domains or forms of NTCP protein.

3.4 The comparison of huNTCP and hoNTCP for mediating HBV infection
3.4.1 The platforms for comparison of huNTCP and hoNTCP for HBV infection

As we were interested in the underlying mechanism that hoNTCP enhancement of HBV
infection in human and murine hepatoma cells compared to huNTCP, therefore the
comparison platforms for expression comparable total NTCP proteins were needed. We
obtained similar levels of huNTCP and hoNTCP expressing hepatoma cells by either
transfection of the same amount of huNTCP and hoNTCP IVT mRNA or generation of
HepG2-huNTCP and HepG2-hoNTCP stable cells (Figure 16- Figure 20). However, our
experiments demonstrate that the approach of IVT mRNA transfection is much faster and
convenient compared to stable cells generation. Synthetic mRNA is introduced as it provides
viral-free, non-integration, zero-footprint method for protein expression (Oh and Kessler
2018). In contrast, selection of specific characteristics cell lines often shows highly different
cellular homeostasis compared to the original cell population (Sommeregger et al. 2016).
IVT mRNA production is fast using pDNA templates for T7 based synthesis and could be
boosted when using PCR based templates harboring a T7 promotor (Stadler et al. 2021). In
addition, cytotoxicity, protein expression and functionality of introduced IVT mRNA in
differentiated hepatoma cells could be optimized by different cap structures (standard cap
vs. ARCA) and nucleotide modifications (UTP and CTP analogs) (Oswald et al. 2021).

Transfection of same amount of IVT mRNA resulted in similar levels of huNTCP and

hoNTCP expression in differentiated hepatoma cells. However, similar levels of huNTCP
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and hoNTCP protein led to distinguishable ratios for MyrB-atto488 binding and MFI,
suggesting unequal capability of plasma membrane localization or viral binding affinity. The
high binding efficiency of hoNTCP with MyrB-atto 488 was confirmed using additional stable
cells that expressed comparable huNTCP and hoNTCP. Staining HepG2-huNTCP and
HeG2-hoNTCP by MyrB-atto488 showed comparable MyrB-atto488 positive cells but with a
high MFI of HepG2-hoNTCP. Those findings indicate that hoNTCP binding to MyrB-atto488
occurs by very high binding efficiency compared to huNTCP. Altogether, our data suggests
that IVT mRNA is a feasible tool to express exogenous proteins at least in cell culture levels.

3.4.2 HONTCP enhances HBV infection via high surface localization efficiency

Infection studies with different MOIs in huNTCP and hoNTCP expressing cells demonstrate
a dose-dependent infected cell numbers and single cell viral load (Figure 21). Similar results
were shown in HepG2-NTCP-K7 cells that were infected with an increasing MOI (Ko et al.
2018). In addition, our results also demonstrate that hoNTCP improves infected cell
numbers and cccDNA copy number of single cell compared to huNTCP expressing in
HepG2 cells (Figure 21). The enhancement of HBV infection mediated by hoNTCP is
initiated by facilitating more HBV particles bound to target cell membrane (Tab.1). The
inefficient conversion of incoming rcDNA to cccDNA was reported as a rate-limited step in
establishing productive infection (Chakraborty et al. 2020). However, HBV internalization
and infection kinetic studies in this thesis reveal high intracellular encapsidated rcDNA
trafficking efficiency and conversion efficiency of rcDNA to cccDNA in HepG2 cells upon
hoNTCP expression compared to cells expressing comparable huNTCP. These findings

indicate that hoNTCP plays a significant intracellular role for HBV establishment.

A certain threshold of NTCP surface localization levels regulates HBV infection (Oswald et
al. 2021). In this thesis, we demonstrate that hoNTCP locates on plasma membrane much
more efficiently than huNTCP that resulting in high amount HBV binding and infection
(Figure 26 and Figure 27). In addition, hoNTCP localization are influenced by swapping of
aal57 of huNTCP and hoNTCP. Swapping either of the two motifs or both indicate that aa
157-165-175 of hoNTCP promoting HBV infection. Single replacement of those three amino
acids between huNTCP and hoNTCP demonstrate that G157 of hoNTCP enhances HBV
particles bound on cell surface and viral infection (Figure 22- Figure 24). Importantly, the
single aa at 157 of hoNTCP is involved in the delayed degradation of the NTCP proteins,
thereby retaining more NTCP molecules on the plasma membrane. Moreover, flow
cytometry analysis demonstrates that hoNTCP contains comparable binding affinity with
huNTCP (Figure 27). There are several possibilities that cause high plasma membrane
localization levels of hoNTCP. Solute transportation requirement of liver cells is reported to
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regulates NTCP surface localization levels (Anwer and Stieger 2014). This might offer the
possibility that horse liver cells need to take up high amount of bile acid to keep the balance
of microenvironment. Abolishment both glycated residues of N-terminal glycosylation site of
NTCP dropped the NTCP abundancy at plasma membrane, thereby reducing HBV infection
efficiency, demonstrating that modification status also influence plasma membrane
localization (Appelman et al. 2017; Le et al. 2021). The other post-translational regulations
by cAMP and modifications (e.qg., protein kinase C isoforms, S-nitrosylation, phosphorylation
and dephosphorylation) were reported to affect the plasma membrane localization levels
(Anwer and Stieger 2014). However, whether those modifications and regulations are
involving in high levels localization on plasma membrane of hoNTCP still remain to be further
investigated.

3.5 NTCP expression levels regulate HBV infection efficiency

HBYV infection efficiency is relative to inoculated MOI and the presence of PEG and DMSO
(Gripon et al. 1993; Ni et al. 2014; Ko et al; 2018). Our data shows that HBV infection
efficiency is strongly correlated to NTCP expression levels. Dose-dependent NTCP
expression derived from increased transient mMRNA influences HBV binding and infection
(Figure 16 and Figure 17). Transient of increasing NTCP mRNA resulted in a maximum
NTCP expression at 1000ng/well, along with a clearly increasing curve of MyrB-atto488
binding cells and MFI of MyrB-atto488 positive cell, demonstrating a dose-dependent
localization level of NTCP on plasma membrane. Similar result was reported that
transfection different concentrations of NTCP IVT mRNA shows a dose-dependency of
MyrB binding susceptibility of hepatoma cells (Oswald et al. 2021). However, high amounts
of NTCP mRNA (1000 ng and 2000 ng) and low amounts of NTCP mRNA (<100 ng)
transient in HepG2 cells reduced HBV infection efficiency compared to 333 ng and 100 ng
NTCP mRNA transient cells (Figure 17). In contrast, highest HBV infection efficiency was
observed at 1000ng/well of human NTCP mRNA transfection in HepG2 cells (Oswald et al.
2021). This phenomenon might be explained by overexpression of exogenous NTCP
influencing the cellular metabolism homeostasis compared to the native cell population
(Wang et al. 2020), especially when excessive physiological amounts of IVT mRNA are used
for translation. HepaRG cells express lower levels of NTCP upon differentiation in a non-
transformed and physiological system that support efficient HBV infection as it shares similar
characteristics with PHH (Marion et al. 2010). Therefore, a certain threshold of NTCP
expression is required to promote HBV entry and infection, and that infection efficiency at

least in cell culture depends on the surface NTCP.
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3.6 Potential intracellular roles for NTCP in HBV entry

Along with the discovery of NTCP as entry receptor for HBV, its functions as mediator for
HBV specific binding and internalization were depicted (Yan et al. 2012; Ni et al. 2014;
Chakraborty et al. 2020). However, besides the function of NTCP as a receptor, our results
also show an intracellular, unknown role of NTCP for HBV infection. Similar levels of HBV
particles bound to HepG2-NTCP-K7 cells and HepG2-hoNTCP cells, while two to three
times of intracellular HBV DNA 24hpi and cccDNA 7dpi were observed in HepG2-NTCP-K7
cells compared to HepG2-hoNTCP cells (Tab 1). In addition, HepG2-NTCP-K7 cells express
high amount of NTCP compared to HepG2-hoNTCP cells (data not shown). This study
suggests that high amount of NTCP expression may enhance either HBV particles or
capsids transportation. Since cellular entry of HBV mimicking particles (bio-nanocapsules
coupled with myristoylated L-protein of HBsAg) is mainly driven by HSPG-mediated
endocytosis regardless of NTCP expression, cell-surface NTCP may not be involved in HBV
attachment to cell surface as well as its uptake, but an intracellular roles of NTCP (Somiya
et al. 2016). Similar results were observed as add-in heparin blocked most of HBV binding
as well as uptake while MyrB only reduced low amount of viral binding and uptake (Figure
41). The low block efficiency may be explained by the insufficient concentration of MyrB but
same amount MyrB resulted in rarely cccDNA formation (Figure 35, Figure 38, Figure 40
and Figure 41).

HBV entry and trafficking are supposed to be mediated by endocytosis in either clathrin or
caveolin-dependent manner in hepatoma cells (Macovei et al. 2010; Herrscher et al. 2020).
NTCP has been described that co-localization with Rab4 in the early endosome and with
Rabll in the recycling endosome, but undetectable in the late endosome (Sarkar et al.
2006). These studies were confirmed as HBV escapes from early endosomes in the
presence of NTCP (Chakraborty 2020). Altogether, those data suggest that NTCP interact
with HBV patrticles at plasma membrane and subsequently may play intracellular roles for

HBV entry by endocytosis.
3.7 AML12 cells are susceptible for HBV infection upon NTCP expression

The discovery of NTCP overcomes the entry-levels barrier for HBV infection but host factors
of mouse restrict HBV infection in vitro and in vivo in mice (Li et al. 2014; He et al. 2015;
Lempp et al. 2017). However, the murine hepatocyte cell line AML12 cells was found
susceptive for HBV infection upon overexpression of human NTCP (Lempp et al. 2016b;
Qiao et al. 2018). Our data demonstrate that AML12 cells complemented with NTCP,

especially hoNTCP, allows efficient establishment of HBV infection and formation cccDNA
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(Figure 29- Figure 30). Moreover, overexpression of hoNTCP in AML12 cells allowed for the
establishment of low MOI HBV infection (Figure 31). Infection assay with different MOls of
HBV on huNTCP- and hoNTCP IVT mRNA transfected AML12 cells indicates that AML12
cells overexpression of hoONTCP support much lower amounts of HBV for establishment of
viral infection compared to huNTCP. The cccDNA as the robust HBV infection marker was
detected by a specific southern blot (Guo et al. 2007; Ko et al. 2018). Our data, rcDNA and
cccDNA southern blot analysis, indicate cccDNA establishment in the AML12 cells (Figure
30). Moreover, T5 exonuclease treatment where non-cccDNA species are digested (Xia et
al. 2016) and restriction enzyme digestion that linearizes cccDNA (Ko et al. 2018) further
confirmed the cccDNA identity.

AML12 cells were immortalized from isolated primary hepatocytes of TGFa transgenic CD1
mice. Our results show that CD1 mice is not the main reason for susceptibility of AML12
cells. To confirm the purity of AML12 cells, multiplex cell contamination test was performed.
The results exclude other species cells contamination and indicate the cells are original from
mice. CD1 mice background, TGFa and immortalization process may lead to missing factors
expression in AML12 cells that are responsible for either trafficking viral particles, capsids
or establishment cccDNA. That overexpression of TGFa on murine hepatoma cells did not
alter the capability for HBV infection (Lempp et al. 2016b) excludes the possibility of TGFa
as the missing factor. For CD1 mice, the intrahepatic expression of NTCP failing to form
cccDNA indicate that CD1 mice are not able to support establishment of HBV infection (data
not shown). However, CD1 mice contains entire immune system, therefore challenge with
HBV in CD1 mice may result in immune response against HBV, following with HBV
clearance. The other possibility is that immortalization process from CD1 primary
hepatocytes to AML12 cells may change protein expression profile and concludes the
susceptibility of AML12 cell for HBV infection. The huge different of mRNA profile for CD1
primary hepatocytes and AML12 cells (data not shown, RNA seq was performed by Andreas
Oswald) have demonstrated the hypothesis that AML12 cell line is a new cell line compared
with its original primary hepatocytes. Therefore, specific factors-related susceptibility of

AML12 cells for HBV infection remains to be further investigated.

Mice serum derived HBV from transgenic mice infects chimpanzees, revealing the mice
hepatocytes producing infectious virions (Guidotti et al. 1999). However, our data
demonstrate that progeny virus produced by AML12 cells are not infectious, even though
high level of the HBV DNA genome was detected in the supernatant (data not shown). Either
co-culture of infected and naive AML12-hoNTCP cells or transfer supernatant of infected
AML12-hoNTCP to naive AML12-hoNTCP cells did not result in new infection in naive
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AML12-hoNTCP cells (data not shown). Detection of cccDNA in AML12HBV10 cells indicate
that uncoated viral capsid reimport into the nucleus for cccDNA establishment (Xu et al.
2010; Cui et al. 2015). However, without NTCP expression in AML12HBV10 cells, the
experiment excludes cccDNA formation derived from infectious particles. In addition, high
amount of Dane particles is required to achieve sufficient HBV infection (Ko et al. 2018;
Wettengel et al. 2021). With those findings, the shortage of viral spreading between AML12-
hoNTCP cells could be explained by either low titer progeny virus production or
nonfunctional HBsAg induced by AML12 cells.

3.8 The impacts of new compounds on HBV establishment

Currently, PEG-IFNa and NA such as ETV and TDF are the first line drugs for treatment
CHB patients that eliminate cccDNA and suppress viral replication, respectively. However,
neither single nor combined treatment of CHB leads to a loss of HBsAg. Thus, more effective
therapies that target multiple steps during life cycle, thereby strongly blocking cccDNA
formation and reducing viral replication are needed to be developed. The HBV entry inhibitor
MyrB, which is under evaluation in a phase lla clinical trial, is able to prevent viral spreading
between hepatocytes but therefore must be delivered by intravenous injection, thus is not

suitable for general HBV infected patients (Blank et al. 2018) .

In our study, we reported and demonstrated three novel compounds as anti-HBV agents by
inhibiting early stages of viral infection without stimulating immune response (chapter 2.4).
Treatment with compounds A0, A2 and GO during establishment of infection significantly
reduced cccDNA levels in HepG2-NTCP-K7 cells, PHH and HepaRG cells (Figure 35);
however, at concentrations around 10-20 uM were needed to inhibit HBV entry (Figure 36).
Neither pretreatment of cells before HBV infection for 24 h nor treatment after cccDNA
establishment affected cccDNA levels, indicating a targeting of early stages of HBV infection
(Figure 38). HAP_RO01 was shown targeting extracellular HBV particles by preincubation of
HBYV patrticles with the antiviral compounds and reduces particle infectivity (Ko et al. 2019).
In our study, pretreatment of viral particles with either compound did not alter the levels of
cccDNA establishment (Figure 38). IFNa triggers innate and adaptive immune responses,
resulting in the elimination of the cccDNA (Bloom et al. 2018). Similar IP10 and IL10 levels
were measured of the compound treatment and non-treatment group, indicating that
compounds interfere unknown HBV-host interactions rather than stimulating innate immune

responses (Figure 37).

To investigate whether those two compounds target same stages or HBV-host interaction,

combined treatment of the two compounds on HepG2-NTCP-K7 cells and HepaRG cells
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were performed. Our results indicate A2 and GO target different stages of viral infection as
similar HBeAg and cccDNA were measured compared to single treatment group (Figure 40).
Heparin and MyrB add-in assay reduce HBV preS1 binding to cellular membrane that is
mediated by either HSPG and NTCP (Yan et al. 2012; Ni et al. 2014; Somiya et al. 2016;
Chakraborty et al. 2020). That HBV patrticles bound on HepG2-NTCP-K7 cells and HepaRG
cells after treatment by A2 and GO were not significantly reduced demonstrate that A2 and
GO did not interrupt HBV binding with HSPG and NTCP (Figure 41). Prolonged treatment
up to 24 hours when the cccDNA is first detected (Ko et al. 2018; Chakraborty et al. 2020),
indicate that compound A2 inhibits HBV endocytosis on HepaRG cells and interrupts HBV
entry prior to establishment of HBV infection but after HBV endocytosis into HepG2-NTCP
cells(Figure 41). Recently, five components, e.g., PCNA, the replication factor C complex,
DNA polymerase 6, FEN-1 and DNA ligase 1, that lagging strand synthesis forming cccDNA
were reported (Wei and Ploss 2020). The GO interferes with the establishment of the HBV
infection may undergo impairment rcDNA to form cccDNA as 24 hours treatment didn’t alter
HBV total DNA levels but converted cccDNA formation was reduced. However, the
mechanism of how A2 and GO inhibiting HBV endocytosis and cccDNA, respectively, still

need further investigation.
3.9 Summary

In this study, we have established Cluc-NTCP co-expression constructs that allows
quantifying the expression of NTCPs and analyzing their function as mediator, activator and
trigger of successful HBV infection. Co-expression of Cluc-NTCP could solve the shortage
of species-specific antibodies and detect NTCP expression sensitively. We also have proved
that only NTCP from Mammals, including aardvark, rabbit, whale, big brown bat, cat,
rhinoceros and horse, in contrast to Amphibia, Actinopteri and Aves allows HBV binding and
uptake. The evaluation of selected NTCP variants highlights the importance of two functional
domains at aa 82-87 and aa 157-165 of NTCP to support HBV infection. Besides the two
functional domains, additional unknown motifs may also play a role to complete NTCP
function in mediating HBV infection. Notably, we described horseNTCP as an advanced
HBV receptor to enhance HBV infection in human and murine hepatocytes cell lines
compared to humanNTCP. Thus, horse NTCP is a promising candidate to create new in
vitro and in vivo models and help to clarify NTCPs mode of action during HBV entry.
Moreover, murine hepatocytes cell line AML12 permitting HBV infection upon NTCP

expression have paved new ways to develop animal models for HBV infection.
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Last but not least, we also identified two HBV inhibitors that target different steps before
HBV infection establishment. The two novel HBV inhibitors might be able to be used for

combined drugs to treat CHB.
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4. Materials and Methods

4.1 Materials

4.1.1 Cell lines

Name

Description

HepG2-NTCP-K7

HepG2 derived clone transduced with lentiviral based
expression cassette for NTCP (Ko et al. 2018).

HepG2 Hepatocellular carcinoma cell line (Knowles et al. 1980).

HepaRG Human hepatoma cells, can be differentiated into
hepatocyte- and biliary-like cells, susceptible to HBV
infection (Gripon et al. 2002).

AML12 Murine hepatocyte cell lines overexpressing human TGF

a (Wu et al. 1994).

HepG2-huNTCP

NTCP.

HepG2 derived clone stably overexpressing human

HepG2-hoNTCP

HepG2 derived clone stably overexpressing horse NTCP.

AML12-hoNTCP

AML12 derived clone stably overexpressing horse NTCP.

E. coli TOP10

Chemically competent E. coli (Thermo Scientific)

Ecoli 10-BETA

Chemically competent E. coli (NEB)

E. coli Dam-/Dcm-

Chemically competent E. coli (NEB)

4.1.2 Cell culture media

Cells Components Standard Differentiation
HepaRG/ William’s E medium 500 ml 500 ml
AML12 FBS (fetal bovine serum) | 10 % 10 %
Fetal clone I
Penicillin/streptomycin 100 U/ml 100 U/ml
Glutamine 2 mM 2 mM
Human insulin 0.023 U/ml 0.023 U/ml
Hydrocortisone 4.7 yg/ml 4.7 yg/ml
Gentamicin 80 pg/ml 80 pg/ml
DMSO 1.8%
PHH William’s E medium 500 ml 500 ml
FBS (fetal bovine serum) | 2 % 2%
Fetal clone Il
Penicillin/streptomycin 100 U/ml 100 U/ml
Glutamine 2 mM 2 mM
Human insulin 0.023 U/ml 0.023 U/ml
Hydrocortisone 4.7 pg/ml 4.7 pg/ml
Gentamicin 80 pg/ml 80 pg/ml
DMSO 1.8%
HepG2/ Dulbecco’s Modified 500 ml 500 ml
HepG2-NTCP-K7 Eagle’s Medium
Heat-inactivated fetal calf | 10 % 10 %
serum (FCS)
Penicillin/streptomycin 100 U/ml 100 U/ml
Glutamine 2mM 2 mM
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Non-essential amino 1x 1x
acids

Sodium pyruvate 1mM 1mM
DMSO 2.5%

4.1.3 Oligonucleotides for PCR

Oligonucleotides were purchased from Microsynth AG, Balgach, Switzerland.

Name Sequence (5°-3’)
cccDNA 2251+ agctgaggcggtatcta
cccDNA 92- gcctattgattggaaagtatgt

HBYV DNA 1745

ggagggatacatagaggttccttga

HBV DNA 1844

gttgcccgtttgtcctctaattc

PRNP F tgctgggaagtgccatgag

PRNP R cggtgcatgttttcacgatagta

18s F aaacggctaccacatccaag

18s R cctccaatggatcctcgtta

pPgRNA F ctcctccagcttatagacc

pgRNA R gtgagtgggcctacaaa

SheepNTCP F gatccgggcccagaggccttcaatgagtcttcceeg
CowNTCP F gatccgggcccagaggcctticaacgaatcttccecg

HorseNTCP F

gatccgggcccagaggeccacaatgegtecac

RabbitNTCP F

gatccgggcccagaggcgcacaacgagtecg

Big brown batNTCP F

gatccgggcccagaggcecctcaatg

LittlebrownbatNTCP F

gatccgggcccagagcectaccagagtagac

Cat NTCP FF gatccgggcccagagccccacaatgt
DanRerNTCP F gatccgggcccagtggtcacaattaatccaactac
DogNTCP F gatccgggcccagacgcccccaacatc

DolphinNTCP F

gatccgggcccagaggccctcaatgag

RhinoceNTCP F

gatccgggcccagaggcccacaatgceatc

SealNTCP F

gatccgggcccagaggceccacaatgtga

AardvarkNTCP F

gatccgggcccagagaccctgaacacgtc

XenopusNTCP F

gatccgggcccaaatgacagcagggaacaaga

DuckNTCP F

gatccgggcccaaacaagtccaggggagectct

AlINTCP R

cagcgggtttaa actcaaggggcttc

Mouse NTCP F

gat ccg ggc cca gag gcg cac aac gta tcagec

Mouse NTCP R

cag cgg gtttaaactcaa ggggct tc atg ctaatttgccatct

HamsterNTCP8487 F

gtcctgggcaaggtcttccgtitgaaaaatattgaggcactggecatcc

HamsterNTCP8487 R

ggatggccagtgcctcaatatttttcaaacggaagaccttgcccaggac

Goat NTCP F82V F

ctgggcaaggtcttccagctgaacaacgtc

Goat NTCP F82V R

gacgttgttcagctggaagaccttgcccag

CowNTCPF82V F

cctitggactgggcaaggtcttccagctgaataac

CowNTCPF82V R

gttattcagctggaagaccttgcccagtccaaagg

HorseDoSe NTCP F

ctggttctcattccttgcaccatagggatc

HorseDoSe NTCP R

gatccctatggtgcaaggaatgagaaccag

DogT78A F caccttgcccagcgcgaaggcagtgagag
DogT78A R ctctcactgccttcgcgcetgggcaaggtg
SealT78A F accttgcccagcgcgaaggcagtgagg
SealT78A R cctcactgccttcgcgcetgggcaaggt

Horse ntcp 157164 R

aaggaatgagaaccaggaccagtgatatgacaatgcctttatagggtacc

tgtc

Horse ntcp 164175 F

cactggtcctggttctcattccttgcaccatagggatcgtcctcaatgec
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Humanntcp 157164 R

aggaatgagaaccaggatcagtgatatcacgatgcctccatagggcacct
tg

Humanntcpl157164 F

cactgatcctggttctcattccttgcaccatagggatcttcctcaaatcc

HUNTCPR84QK86N
R

gtgcctcaatgttattcagctggaagaccttgec

HUNTCPR840QK86N F

ggcaaggtcttccagctgaataacattgaggca

HONTCPQ84RN86K F

caaggtcttccggctgaagaacgtggag

HONTCPQ84RN86KR

cctccacgttcttcagccggaagaccttg

HUNTCP K157G F

acaaggtgccctatggaggcatcgtgata-

HUNTCP K157G R

tatcacgatgcctccatagggcaccttgtcc

HUNTCP V164I F

cgtgatatcactgatcctggttctcattc

HUNTCP V164l R

gagaaccaggatcagtgatatcacga

HUNTCP V175F F

caccatagggatcttcctcaaatccaaa

HUNTCP V175F R

tttggatttgaggaagatccctatggtge

HoNTCP G157K F

acaaggtaccctataaaggcattgtcatatc

HONTCP G157K R

atgacaatgcctttatagggtaccttgtct

HONTCP 1164V F

attgtcatatcactggtcctggttctcattc

HONTCP 1164V R

aatgagaaccaggaccagtgatatgacaa

HoNTCP F175V F

caccatagggatcgtcctcaatgccaaa

HoNTCP F175V R

ttggcattgaggacgatccctatggtge

mRNAalIntcpHA R

gtggtgggatccctaagegtaatctggaacatcgtatgggtaggetgtgcaa
ggggagca

MRNA HUNTCP F

agctggctagcgcecaccatggaggceccacaacgcgte

MRNA HoNTCP F

agctggctagcgcecaccatggaggcccacaatgegtc

MRNA HUNTCP Flag
F

agctggctagcgccaccatggactacaaagacgatgacgacaaggaggc
ccacaacgcgtc

MRNA HoNTCP Flag
F

agctggctagcgcecaccatggactacaaagacgatgacgacaaggaggce
ccacaatgcgtc

pcDNA-HUNTCP F

gacaggctcgagtgccaccatggaggcccacaacgcgtce

pcDNA-HONTCP F

gacaggctcgagtgccaccatggaggcccacaatgegtc

pcDNA-alintcpHA R
FC

agcgggcggccgcctaagegtaatctggaacatcgtatgggtaggctgtge
aaggggagca

pcDNA-Hontcp4mice
F

gacaggctcgagtgccaccatggaagcccacaacgccage

pcDNA-Hontcp4miHA
R

agcgggcggcecgcctaagcegtaatctggaacatcgtatgggtaggeggta
caagggctgcac

4.1.4 Kits

Product

Supplier

GeneJET Gel Extraction Kit

Fermentas, St. Leon-Rot, Germany

GeneJET Plasmid Miniprep Kit

Thermo Scientific Scientific Scientific,
Schwerte, Germany

mix

Lightcycler 480 SYBR Green | Master

Roche, Mannheim, Germany

NucleoSpin RNA isolation Kit

Machery-Nagel, Diren, Germany

NucleoSpin Tissue Kit

Machery-Nagel, Diiren, Germany

SuperScript Il First-Strand Synthesis
SuperMix for gRT-PCR

Invitrogen, Carlsbad, CA, USA

DIG Luminescent Detection Kit

Roche, Mannheim, Germany

hiscribe t7 arca mrna kit (with tailing)

New England Biolabs, Ipswich, USA

Kit

Phusion HotStart 1l High-Fidelity PCR

Thermo Fisher Scientific, Waltham, USA
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Human IP 10 ELISA kit

Biolegend, San Diego, CA, USA

Human IL 10 ELISA kit

Biolegend, San Diego, CA, USA

4.1.5 Antibodies

Name Supplier Catalogue number

NTCP abcam ab131084

HA abcam ab9110

flag abcam Ab205606

HBV core Cell marque Ru021611030

b-actin sigma AC-15

HRP-Anti-mouse Sigma-Aldrich A0168

HRP-Anti-rabbit Sigma-Aldrich A0545

4.1.6 Plasmids

Name Encoding features

pDNA-T7-huNTCPHA Production template human NTCP fused
with HA tag

pPDNA-T7-hoNTCPHA Production template horse NTCP fused
with HA tag

PDNA-T7-FLAGhoNTCPHA

Production template horse NTCP fused
with FLAGtag and HA tag

PDNA-T7-FLAGhuNTCPHA

Production template human NTCP fused
with FLAGtag and HA tag

PDNA-T7-FLAGhoNTCP157HA

Production template horse NTCPG157K
fused with FLAGtag and HA tag

PDNA-T7-FLAGhuNTCP157HA

Production template human NTCPK157G
fused with FLAGtag and HA tag

pcDNA3.1_CMV_CLuc_LS_NTCPs

Encodes the gene cassette from
Cypridiana luciferase, the linker
sequence (LS) and the corresponding
NTCP sequence, the NTCP sequences
were then cloned from the respective
synthesized sequences (via the primers
NTCP-Synth-fw and NTCP-Synth-rv) or
the corresponding pcDNA3.1 plasmid into
this vector with Bsp120l and Mssl)

pcDNA3.1_CMV_CLuc_LS huNTCP-
TDtomato

Encodes Cluc and huNTCP-TDtomato
fusion proteins

PRR_TTR_huNTCP

Encodes huNTCP proteins

PRR_TTR_hoNTCP

Encodes hoNTCP proteins

pRR_TTR_hoNTCP op2mice

Encodes mice-condon optimized
hoNTCP proteins

pcDNAG6.2_hyPB

Encodes the hyperactive Piggy-Bac
transposase (kindly made available by
Prof. Roland Rad, Klinikum rechts der
Isar of the Technical University of Munich
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4.1.7 Chemicals and reagents

Chemical or reagent Supplier
Agar-agar Roth, Karlsruhe, Germany
Agarose Peglab, Erlangen, Germany

Amersham ECL Prime Western
Blotting Detection Reagent

GE Healthcare Life Sciences, Freiburg,
Germany

Ampicillin Roth, Karlsruhe, Germany

APS Roth, Karlsruhe, Germany

Blasticidin S HCI Invitrogen, Carlsbad, USA

Collagen R Serva Electrophoresis, Heidelberg,
Germany

DMSO Sigma-Adlrich, Steinheim, Germany

Ethanol Roth, Karlsruhe, Germany

FCS (heat-inactivated)

Gibco/Invitrogen, Carlsbad, USA

FBS Fetalclone Il, Hyclone

GE Healthcare Life Sciences, Freiburg,
Germany

Dulbecco’s Modified Eagle’s | Gibco/Invitrogen, Carlsbad, USA
Medium

Fish (herring) sperm DNA Invitrogen, Carlsbad, USA
Formaldehyde Roth, Karlsruhe, Germany
Geneticin (G418) Thermo Scientific, Rockford, USA
Gentamicin Ratiopharm, Ulm, Germany
Glutamine Sigma-Aldrich, Steinheim, Germany
Hydrocortisone Pfizer, New York, USA

Insulin (Insuman Rapid)

Sanofi Aventis, Frankfurt, Germany

CellTiter-Blue (CTB)

Promega, Madison,USA

Isopropanol

Roth, Karlsruhe, Germany

LDS Sample Buffer, Non-Reducing
(4X)

Thermo Scientific, Rockford, USA

Lipofectamine 3000

Life Technologies, Carlsbad, USA

Lipofectamine MessengerMax

Life Technologies, Carlsbad, USA

Methanol

Roth, Karlsruhe, Germany

Milk powder Roth, Karlsruhe, Germany
NaCl Roth, Karlsruhe, Germany
OptiMEM Gibco/Invitrogen, Carlsbad, USA

Non-essential amino acids 100x

Gibco/Invitrogen, Carlsbad, USA

Page Ruler Plus Prestained protein
ladder

Thermo Scientific, Rockford, USA

PBS

Gibcol/Invitrogen, Carlsbad, USA

PEG6000

Merck, Hohenbrunn, Germany

Penicillin/streptomycin

Gibco/Invitrogen, Carlsbad, USA

Pierce RIPA buffer

Thermo Scientific, Rockford, USA

Polyacrylamide

Roth, Karlsruhe, Germany

Protease Inhibitor (complete)

Roche, Mannheim, Germany

RotiSafe

Roth, Karlsruhe, Germany

Sodium pyruvate

Gibco/Invitrogen, Carlsbad, USA

SDS

Roth, Karlsruhe, Germany

SmartLadder DNA (10kb)

Eurogentec, Seraing, Belgium

ssRNA Ladder

New England Biolabs, Ipswich, USA

Low Range ssRNA Ladder

New England Biolabs, Ipswich, USA

T5 Exonuclease

New England Biolabs, Ipswich, USA

88




Materials and Methods

TEMED Roth, Karlsruhe, Germany
Tris base Roth, Karlsruhe, Germany
Tris HCI Roth, Karlsruhe, Germany
Trypan blue Gibco/Invitrogen, Carlsbad, USA
Trypsin Gibcol/lInvitrogen, Carlsbad, USA
Tween 20 Roth, Karlsruhe, Germany

Yeast extract

Roth, Karlsruhe, Germany

Loading Dye 2x RNA

New England Biolabs, Ipswich, USA

EDTA

Roth, Karlsruhe, Germany

Pseudo-UTP (W-UTP)

Jena Bioscience, Jena, Germany

5-Methyl-CTP (m5CTP)

Jena Bioscience, Jena, Germany

William’s medium E

Gibco/Invitrogen, Carlsbad, USA

3-(2,3-dihydro-1H-inden-2-yl)-8-(3-
furylmethyl)-1-(2-methoxyethyl)-
1,3,8-triazaspiro [4.5] decane-2,4-
dione (GO0)

ChemBridge, San Diego, USA

5-({3-[(2-ethyl-2,5-dihydro-1H-
pyrrol-1-yl) carbonyl] isoxazol-5yl}
methoxy) isoquinoline (AQ)

ChemBridge, San Diego, USA

N,N-dipropyl-5-[(quinolin-6-yloxy)
methyl] isoxazole-
3carboxamide(A2)

ChemBridge, San Diego, USA

Heparin

Ratiopharm, Ulm, Deutschland

Cypridina Luciferin

PJK, Kleinblittersdorf, Deutschland

4.1.8 Laboratory equipment and consumables

Product Supplier
Amersham Hybond PVDF GE Healthcare Life Sciences, Freiburg,
membrane Germany

Amersham nylon membrane
Hybond N+

GE Healthcare Life Sciences, Freiburg,
Germany

BEP (HBeAg measurement)

Siemens Molecular Diagnostics, Marburg,
Germany

Cell culture flasks and plates

TPP, Trasadingen, Switzerland

Cell culture incubator HERACcell
150i

Thermo Scientific, Rockford, USA

Centricon Plus-70

Merck Millipore, Billerica, USA

Centrifuge 5417C / 5417R

Eppendorf, Hamburg, Germany

ELISA 96well plates Nunc

Thermo Scientific, Rockford, USA

Falcon tubes 15ml, 50ml

Greiner Bio One, Kremsmiinster, Austria

Fluorescence microscope CKX41

Olympus, Hamburg, Germany

Freezing container

Thermo Fisher Scientific, Waltham, USA

Fusion Fx7 (chemiluminescence
detection; UV light system)

Peglab, Erlangen, Germany

Gel chambers (agarose gel
electrophoresis)

Peqlab, Erlangen, Germany

Gel chambers (SDS-PAGE)

Bio-Rad, Hercules, USA

Heating block

Eppendorf, Hamburg, Germany

Hemocytometer

Brand, Wertheim, Germany

Light Cycler 480 Il

Roche, Mannheim, Germany

Nanodrop Photometer

Implen, Munich, Germany

Pipette “Accu-jet pro”

Brand, Wertheim, Germany
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Pipette filter tips

Starlab, Ahrensburg, Germany

Pipette tips 2 - 50ml

Greiner Bio One, Kremsmunster, Austria

Pipettes

Eppendorf, Hamburg, Germany

PVDF membrane

Bio-Rad, Hercules, USA

gPCR 96-well plates

4titude, Berlin, Germany

Reaction tubes

Eppendorf, Hamburg, Germany

Sterile filters 0.45um

Merck, Millipore, Billerica, USA

Sterile hood

Heraeus, Hanau, Germany

Tecan plate reader Infinite F200

Tecan, Mannedorf, Switzerland

Transwells 0.4 um

Corning, Amsterdam, The Netherlands

Ultracentrifuge Beckman SW40
rotor

Beckman Coulter, Brea, USA

Western Blotting Chamber
(Transblot SD Semi-Dry)

Bio-Rad, Hercules, USA

Western Blotting Chamber (Wet
Blot)

Bio-Rad, Hercules, USA

Whatman paper

Bio-Rad, Hercules, USA

Architect Abbott Laboratories, Chicago, IL, USA
Cryo vials Greiner Bio One, Kremsmunster, Austria
Cytoflex Beckman Coulter, Brea, CA, USA

Fuorescence microscope LEICA
DMB8i

Leica Biosystems, Wetzlar, Germany

Confocal microscope, FV10i

Olympus, Hamberg, Germany

4.1.9 Software

Software name

Supplier

Graph Pad Prism 8.4.1.

Graph Pad, La Jolla, USA

Image J

NIH, Bethesda, USA

LightCycler 480 Software

Roche, Mannheim, Germany

Windows 10

Microsoft, Redmond, USA

FlowJo, LLC

BD, Franklin Lakes, USA

Windows 7/8/10, MS Office

Microsoft, Redmond, USA

Affinity designer 1.9

Serif (Europe) Ltd, Nottingham, UK

Serial Cloner 2.6.1

Serial Basics, Paris, France
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4.2 Methods
4.2.1 Cell culture

All used cells were cultured under standard cell culture conditions (37 °C, 5 % CO2, 95 %
humidity) and cell culture experiments were carried out with mycoplasma-negative cells
under sterile conditions. HepG2 cells and derived cell lines were cultured in complete DMEM
medium and passaged twice a week with a maximum dilution of 1:10. The seed HepG2 cells
and derived cell lines were differentiated for two days for HBV infection (Ko et al. 2018).
AML12 cells and derived cell lines were cultured in complete William’s E medium and
passaged twice a week with a maximum dilution of 1:10. AML12 cells and derived cell lines
were differentiated for two days for HBV infection. HepaRG cells were seeded and grown
for two weeks in William’s E complete medium and then differentiated for another two weeks
in William’s E differentiation medium (Gripon et al. 2002). Only fully differentiated HepaRG
(dHepaRG) cells were used for HBV infection (Gripon et al. 2002). Isolated fresh PHH cells
were maintained in PHH standard medium for one day and then maintained in PHH

differentiation medium for HBV infection.
4.2.2 Cloning

To obtain different NTCPs’ expression plasmids, the primers consist appropriate restriction
enzyme sites were designed and PCR processes were performed by using 2x Phusion
Mastermix (NEB). For PCR reaction, 1 uL template (synthesis sequence stock solution 10
ng/uL; plasmids: 100 ng/uL) was mixed with 2 pL forward primer (10 uM), 2 pL reverse
primer (10 uM), 20 uL H20 and 25 pL 2x Phusion Mastermix. Samples were transferred to
PCR machine using following program: 94°C 5 min (1 Cycle); 94°C 10s, 60°C 15 s, 72°C 40
s (40 Cycles); 72°C 10 min (1 Cycle), 4°C (cooling). PCR products were checked in 1%
agarose gels (0.5 g agarose solved in 50 mL 1x TAE buffer with 5 uL RotiSafe) and
visualized on UV-table of Fusion Fx7 machine (Peqglab). Then PCR products were extracted
from gels using gel extraction kit (Thermo Scientific). The extracted PCR products as well
as target plasmids were digested by appropriate restriction enzymes. Therefore, 7 pL of
PCR products or 7 uL of prediluted plasmids (~ 10 ug) were mixed with 1 puL of each
restriction enzymes, 1 uL of FastDigest Buffer (10x) and incubated 30 mins at 37°C. The
digested PCR products or plasmids were analyzed by gel and extracted from gel using gel
extraction kit (Thermo Scientific) according to the manufacturer’s protocols. For the DNA
fragments ligation, the inserts and target plasmids were mixed with moler ratio at 1:3 plus
with 1 pL T4 Ligase and 1 pL ligation Buffer (10x) (Invitrogen) for 20mins at room

temperature. The ligation products were then transformed into E.coli TOP10 using heat-
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shock for 90 s at 42°C, following with recovery for 1 h at 37°C (after addition of 200 uyL SOC
medium) and incubation overnight on selective antibiotics containing LB plates. Clones were
transferred to 3 mL LB medium containing selective antibiotics and incubated overnight at
37°C. Isolation of plasmids was performed using GeneJet Miniprep Kit (Thermo Scientific)
according to manufacturer’s instructions. To analysis correct clones, PCR was performed
mentioned above. The correct clones were analyzed using Sanger sequencing (GATC) for

correct sequences.

For sequence mutation, additional PCR was performed to get two separated DNA
sequences that contain 15-20bp overlap sequence and target mutation(s). Then the
standard cloning procedures mentioned above (two separated DNA sequences mixed as
templates) were carried out to get mutated NTCPs expression plasmids.

4.2.3 Production of in vitro transcribed (IVT) mRNA

IVT mRNAs were produced according the protocol mentioned in Oswald et al. 2021.

4.2.4 Transfection

Plasmids transfection was performed using Lipofectamine 3000 (Invitrogen) according to
manufacturer’s protocol. For mRNA transfection, lipofectamine Messenger Max (Invitrogen)
was used with 1:3 ratio of plasmid(ug) and transfection regent(ulL) according to

manufacturer’s instructions at cell confluence 90-100% or during differentiation.
4.2.5 Fluorescence microscopy and Confocal Microscopy

For fluorescence microscopy, cells were stained with either MyrB-atto488 or MyrB-atto594
at 50mM for 15mins and washed with PBS to removed unbound MyrB-atto488 or MyrB-
atto594. Fluorescence images were obtained with 20x objectives in phase contrast using

Leica DMi8 fluorescence microscope.

For confocal microscopy, cells on coverslips were fixed with 4 % PFA for 10 minutes at room
temperature after washing with PBS. Then cells were washed once with PBS, permeabilized
with 0.5 % saponin in PBS for 10 minutes and blocked with 0.1 % saponin and 10 % goat
serum for 2 hours. Primary antibody was added into blocking solution and kept on cells
overnight at 4 °C. After three times washing with PBS, cells were incubated in secondary
antibody with 0.1 % saponin and 2 % goat serum for two hours at room temperature.
Subsequently cells were washed three times with PBS and mounted on slides using

Fluoromount G. Fluorescence images were obtained using Olypus fluorescence microscope.
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4.2.6 Flow cytometry

For flow cytometry analysis of MyrB staining, cells were stained with either MyrB-atto488 or
MyrB-atto594 at 50mM for 15mins, washed with PBS, detached with trypsin for 10 min at
37°C, resuspended in FACS Buffer (PBS with 1% FBS) and transferred to 96 V well plates.

Cells were washed once and resuspended in FACS Buffer.

For flow cytometry analysis flag-NTCP-HA expressing cells, the cells were washed once
with PBS, detached with trypsin and transferred to V-bottom 96 wells plate. Cell pellets were
suspended with 50ul FACS buffer/well containing flag-antibody (abcam 1:700) and NIR
(Thermo 1: 2000). The plates were incubated on ice for 30 mins and subsequently added
150 ul FACS buffer/well. Cell pellets were suspended again with 50ul FACS buffer/well
containing 2" antibody (Thermo 1:1000) and MyrB-atto594 (1: 1000). After incubation in
dark, 4°C on ice for 30 mins, cells were subsequent added 150 ul FACS buffer/well to dilute
and wash the unbound antibody. Then the cells were added 70-75ul /well Cytofix (BD
Cytofix/Cytoperm™) for fixation & permeabilization in dark, 4°C on ice for 17min, following
with adding 150ul/well Perm/wash buffer to dilute and wash cytofix. The cells were then
incubated with HA-antibody (abcam 1:700) and 2" antibody in Perm/wash buffer in
subsequently. Finally, the cell pellets were suspended with 200 FACS buffer/well.

All flow cytometry analyses were performed with Cytoflex machine and data processing was

performed using FlowJo software.
4.2.7 HBV uptake and infection assay

HBYV uptake (Chakraborty et al. 2020) and infection (Ko et al. 2018) were performed as
described. Briefly, HBV stock was mixed with appropriated differentiation medium, 4%
polyethylengylcol 6000 (PEG 6000) solution, vortexed and added to cells. For the uptake
assay, the plates were incubated on ice for 1 hour and then shifted to normal cell culture
condition for certain time points (1, 3, 6 and 24 hours). For HBV infection, the cells were
incubated under normal cell culture condition for 24 hours, following twice PBS wash and
complemented with fresh differentiation medium. 200 nM MyrB added to infection mixture

services as infection controls.
4.2.8 Taurocholate Uptake assay

[*H] taurocholate uptake assay for all cell lines were performed as previously described
(Kubitz et al. 2004). Briefly, Hot Mix stock ((1940 uL basal medium, 66 uL 15 mM cold TC
(Sigma-Aldrich) and 1 pL hot TC (Hartmann Analytic, Braunschweig, Germany)) was

prepared and diluted at 1:10 in basal medium. 250 pL/well of hot mix was added to the
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samples and incubated for 15 min at 37 °C. Cells were placed on iced after incubation and
washed three times with ice-cold PBS after hot mix removed. Next, cells were lysed with
500 pL lysis buffer (0.05 % SDS, 0.25 mM NaOH) and lysed cells were transferred to
scintillation vials. Finally, 4 mL scintillation liquid was added, vials were closed and vortexed

for 30 s. Measurement of 3H taurocholate was performed with a scintillation analyzer.
4.2.9 DNA isolation

Total cellular DNA or extracellular DNA were extracted using Genomic DNA tissue kit
(Machery&Nagel).

4.2.10 DNA T5digestion

DNA T5 digestion was performed according to protocol (Xia et al. 2016). 8.5 uL cellular DNA,
1 yL NEBuffer 4 (10x) and 0.5 uL of TS5 Exonuclease (10 U) (NEB) were mixed and incubated
for 30 min at 37°C with subsequent heating inactivation for 5 min at 99°C. Samples were 4-
fold diluted with 30 yL ddH20 to exclude interferon of remaining buffer components for
gPCR reaction.

4.2.11 Isolation of total RNA and cDNA synthesis

Total cellular RNA was extracted using RNA isolation Kit (Machery&Nagel). cDNA synthesis
was performed using SuperScript Il First-Strand Synthesis SuperMix for gRT-PCR

(Invitrogen).
4.2.12 Quantification of viral HBV markers using gPCR

Total HBY DNA, cccDNA, HBV pgRNA were determined by gPCR using LightCycler480
Real-time PCR system (Roche) and normalized to reference genes PRNP or 18S. Each of
gPCR reaction consisted 5 L LightCycler 480 SYBR Green | Master mix (Roche, 2x), 0.5
uL of each primer (20 uM) and 4 uL of DNA or cDNA template. HBeAg quantification was
performed using automated BEP Il system (Siemens, Healthcare).

gPCR program for HBV DNA and PRP:

T [°C] t [sec] Ramp Acquisition | Cycles
[°C/sec] mode
Denaturation | 95 300 4.4 1
Amplification | 95 25 4.4 Single 40
60 10 2.2
72 30 4.4
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Melting 95 1 4.4 continuous: 1
65 60 2.2 5/°C
95 0.11

Cooling 40 30 2.2 1

gPCR program for HBV cccDNA:

T[°C] t [sec] Ramp Acquisition | Cycles
[°C/sec] mode
Denaturation | 95 600 4.4 1
Amplification | 95 15 4.4 Single 50
60 5 2.2
72 45 4.4
88 2 4.4
Melting 95 1 4.4 continuous: 1
65 15 2.2 5/°C
95 0.11
Cooling 40 30 2.2 1

gPCR program for pgRNA and 18S:

T[°C] t [sec] Ramp Acquisition | Cycles
[°C/sec] mode
Denaturation | 95 300 4.4 1
Amplification | 95 15 4.4 Single 45
60 10 2.2
72 25 4.4
Melting 95 10 4.4 continuous: 1
65 60 2.2 5/°C
95 0.11
Cooling 40 1 2.2 1

4.2.13 Statistical analysis

Numeric values are presented as means with standard deviation. Calculation of p-values
was performed with Student’s unpaired two-tailed t-test with Welch’s correction or one-way
ANOVA using Prism 8.4.1 software.
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Appendix

Appendix

Optimized hoNTCP sequence based on mice codon:
ATGGAAGCCCACAACGCCAGCACCCCTCTGAACTTCACCCTGCCTCCAAACTTCGGC
AAGAGGCCTACAGATCTGGCCCTGAGCGTGATCCTGGTGCTGATGCTGTTCATCGTGA
TGTTCAGCCTGGGCTGCACCATGGAATTTGGCAAGATCAAGGCCCACTTCTGGAAGC
CTAAAGGCCTGGCTATCGCCCTGGTGGCTCAGTACGGAATCATGCCCCTGACAGCTTT
CGCCCTGGGCAAAGTGTTCCAGCTGAACAACGTGGAAGCCCTGGCCATCCTCGTGTG
TGGATGTTCTCCTGGCGGCAACCTGAGCAACATCTTTAGCCTGGCCATGAAGGGCGA
CATGAACCTGTCTATCGTGATGACAACCTGCAGCACCTTCTTCGCTCTGGGCATGATG
CCCCTGCTGCTGTACGTGTACTCCAGAGGCATCTACGAGGGCGACCTGAAGGACAAG
GTCCCATACGGCGGAATCGTGATCAGCCTGATTCTGGTGCTCATCCCCTGCACAATCG
GCATCTTCCTGAACGCCAAGAGGCCCCAGTACGCCCGGTACATGGTCAAGAGCGGCA
TGATCATTATGCTGCTGTTCTCCGTGGCCGTGGCCGCTCTGTCTGCTATCAACGTGGG
CAAGAGCATCATGTTTGTGATGACCCCTCATCTGCTGGCCACCAGCAGCCTGATGCCT
TTCATCGGTTTTCTGCTGGGCTACATGCTGAGCGCCCTGTTCAGACTGAACGGCAGAT
GTAGAAGAACCGTGTCCATGGAAACCGGCTGCCAGAATGTACAGCTGTGCAGCACAAT
CCTGAACGTGACATTCCCTCTGGAGGTGATCGGCCCTCTGTTCTTCTTCCCACTGCTG
TATATGATCTTCCAGCTCGGCGAGGGACTGCTGCTGATCGCTCTGTTTAGATGCTACGA
GAAGATGAAGCCCAGCAAGGACAAGACCAAGATGATCTACACCGCCGCCACCACCGA
GGAAACAATCCCTGGCGCTCTCGGCAACGGCACCCACAAGGGAAAAGAGTGCAGCC
CTTGTACCGCC
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