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Abstract

II. ABSTRACT

Hepatitis B Virus (HBV) leads to chronic infection of the liver and is a risk factor for the
development of cirrhosis and hepatocellular carcinoma. Virus persistence requires the
establishment and maintenance of covalently closed circular (ccc)DNA, serving as the episomal
template for transcription of viral genes in the nucleus of infected hepatocytes. Viral cccDNA-
dependent gene expression requires HBV X protein (HBx) and HBx-mediated degradation of
the host restriction factors structural maintenance of chromosome 5/6 (SMC5/6). A prerequisite
for SMC5/6 ubiquitination and degradation is that HBx binds DNA damage-binding protein 1
(DDBI) and further recruits Cullin 4A ring ligase complex, which requires neddylation for its

activation.

After the establishment of a reliable quantitative PCR, the kinetics of cccDNA formation
in four in vitro infection systems and the effect of drugs (interferon-a, nucleos(t)ide analogues,
entry inhibitors, and capsid inhibitors) on cccDNA were analyzed. Compared to replicative
relaxed circular (rc)DNA, copy numbers of cccDNA in infected hepatocytes are unexpectedly
low (1~6 copies per infected cell). Entry inhibitor, Myrcludex B, efficiently blocked cccDNA
formation. Interferon-a reduced cccDNA level at high dose, whereas nucleos(t)ide analogues
did not reduce it. Treatment with capsid inhibitors during the infection phase but not afterward

led to a decline of cccDNA levels.

Using HBx-minus virion for infection, we verified HBx as a key controller of cccDNA
transcription. HBx expressed by its authentic promoter showed nuclear localization. Using
lentiviral-based transcomplementation assay to restore the transcription of HBx-minus virus to
the wild-type level, key fragments and residues of HBx were identified. The whole C-terminus
of HBx (51~154 amino acids) was sufficient and indispensable to enhance transcription of
HBx-minus virus, whereas N-terminal HBx (1~50 amino acids) displayed no transactivation.
In addition, two shorter truncations (51~142 and 58~142 amino acids) showed residual function.
Remarkably, the HBx(R96E) mutant with impaired binding activity to DDBI1 totally abolished
its transactivation activity, supporting that foundation of the HBx-DDB1 complex is required

for maximal transcription from cccDNA.

We further investigated whether blockage of neddylation hampers transcription.
MLN4924, a specific NEDDS8-activating enzyme 1 inhibitor, was identified to notably possess
antiviral potential. MLLN4924 potently reduced HBV transcription and viral antigen expression
at nanomolar doses. After the establishment of cccDNA, the drug profoundly suppressed
transcription from cccDNA without affecting cccDNA levels. Withdrawal of MLN4924 did not

lead to restoration of cccDNA transcription in HepaRGM™ TP cells, however fast HBV rebound
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was observed in infected HepG2"™TCP cells. Peculiarly, transcription from cccDNA of HBx-
minus virus was not significantly affected, suggesting that MLLN4924 effect on wild-type virus
replication is HBx dependent. MLLN4924 selectively reduced transcription from all HBV
promoters on cccDNA but not integrants. MLN4924 prevented SMC6 from degradation and

the restoration of SMC6, in turn, silenced transcription from cccDNA.

Taken together, nuclear HBx binds DDBI, induces SMC6 degradation and thereby
promotes transcription from cccDNA. Targeting neddylation blocks transcription from
cccDNA and restores SMC6 restriction on cccDNA. Therefore, MLN4924 treatment traps
cccDNA in “transcriptional silence”. Small molecules that target the HBx-DDB1-Cullin

complex might be foresight as the next possible therapeutic option combating HBV.
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Zusammenfassung

II1. ZUSAMMENFASSUNG

Das Hepatitis B Virus (HBV) kann zu chronischer Leberinfektion fiihren und ist ein
Risikofaktor fiir die Entstehung von Leberzirrhose und dem hepato-zelluldren Karzinom. Fiir
die Persistenz des Virus ist die Bildung und die Aufrechterhaltung der kovalent geschlossenen
zirkuldaren DNS (,,covalently closed circular® (ccc)DNS) zwingend notwendig, da sie als
episomale Matrize filir die Transkription im Kern der infizierten Hepatozyten dient. Die an
cccDNS gebundene virale Transkription hdngt vom HBV X Protein (HBx) sowie den durch
HBx initiierten Abbau des wirtsspezifischen Restriktionsfaktors ,,structural maintenance of
chromosome 5/6* (SMC5/6) ab. Eine Grundvoraussetzung fiir die Ubiquitinierung und den
Abbau von SMC 5/6 ist, dass HBx das Protein “DNA damage-binding protein1* (DDB1) bindet
und somit den Cullin 4A Ringligasekomplex rekrutiert, welcher fiir seine Aktivierung

neddyliert werden muss.

Nachdem eine verléssliche quantitative PCR etabliert wurde konnte die Kinetik der
cccDNS Bildung in vier verschiedenen in vitro Infektionsmodellen sowie der Einfluss von
Medikamenten (Interferon-a, Nukleos(t)id-Analoga, Inhibitoren des viralen Zelleintritts
(,,entry Inhibitor*) und Kapsid-Inhibitoren) auf die cccDNS untersucht werden. Im Vergleich
zum Replikationsintermediat der gelockerten zirkuldren (,,relaxed circular; (rc)DNS) sind die
Kopienzahlen der cccDNS in infizierten Hepatozyten niedrig (1-6 Kopien/infizierter Zelle). Der
»entry Inhibitor* Myrcludex B unterband effizient die (ccc)DNS Bildung. Hohe Interferon-a
Dosen verringerten die cccDNS Menge wahrend Nukleos(t)id-Analoga diese nicht vermindern
konnten. Die Gabe von Kapsid Inhibitoren wihrend der Infektionsphase, aber nicht zu einem

spiteren Zeitpunkt, fiithrte zu einer Verringerung der cccDNS Menge.

Indem wir HBx negative Virionen fiir die Infektion verwendet haben, konnten wir die
Schliisselrolle von HBx in der Kontrolle der cccDNS Transkription verifizieren. Wird HBx
transient von einem authentischen Promotor exprimiert befindet es sich im Zellkern. Mit Hilfe
eines lentiviral basierten Transkomplementationsansatzes, in dem die Transkription von HBx
defizienten Virionen auf das Level von Wildtypviren gehoben wurde, konnten
Schliisselfragmente und -bereiche des HBx bestimmt werden. Der gesamte C-Terminus von
HBx (Aminoséduren 51-154) war sowohl ausreichend als auch unentbehrlich um die Replikation
HBx-defizienter Viren wieder herzustellen wéhrend der N-Terminus (Aminoséduren 1-50) keine
transaktivierende Funktion aufzeigte. Zusitzlich waren zwei kiirzere Fragmente (Aminosaure
51-142 und 58-142) teilweise funktional. Bemerkenswerterweise wies die HBx Mutante
(R96E), welche nur noch eine geringe Bindeaktivitit zu DDB1 aufweist, liberhaupt keine
Transaktivierungsaktivitit mehr auf, was darauf hindeutet, dass die Bildung des HBx-DDB1

Komplexes fiir die maximal mogliche Transkription der cccDNS nétig ist.
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Zusammenfassung

Des Weiteren untersuchten wir ob eine Hemmung der Neddylierung die Transkription
erschwert. MLN4924, ein spezifischer Inhibitor des NEDDS8-aktivierenden Enzyms 1 zeigte ein
bemerkenswertes antivirales Potenzial. MLN4924 verringerte die HBV Transkription und
virale Antigenexpression wirksam in nanomolarer Dosierung. Nach der Bildung der cccDNS
unterdriickte das Medikament hochgradig die Transkription selbiger ohne dabei die cccDNS
Menge zu beeinflussen. Die Unterbrechung der MLLN4924 Gabe fiihrte in HepaRGNTCP Zellen
nicht zu einer Reaktivierung der cccDNS Transkription, wohingegen in HepG2NT¢P Zellen eine
schnelle Erholung von HBV beobachtet wurde. Bemerkenswerter Weise wurde die
Transkription der cccDNS HBx-defizienter Viren nicht signifikant beeinfluss, was darauf
schlieBen ldsst, dass der MLLN4924 Effekt auf das Wildtypvirus HBx-abhingig ist. MLN4924
verringert dabei selektiv die Transkription aller HBV Promotoren im Kontext der cccDNS,
jedoch nicht bei integrierter viraler DNA. MLN4924 verhinderte der Abbau von SMC6,

forderte dessen Wiederherstellung und unterband somit die Transkription der cccDNS.

Zusammenfassen ldsst sich sagen, dass nukledres HBx DDB1 bindet, den Abbau von
SMC6 induziert und so die Transkription der cccDNS fordert. Ein Angriff auf die Neddylierung
unterbindet die Transkription der cccDNS und stellt die SMC6-abhiangige Restriktion der
cccDNS wieder her. Somit friert eine MLLN4924 Behandlung die cccDNS in einem Zustand der
»transkriptionellen Stille* ein. Kleine Molekiile, die auf den HBx-DDB1-Cullin Komplex

zielen konnten somit eine Vorausschau auf die nachstmogliche Therapie fiir HBV sein.
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1. INTRODUCTION
1.1. Hepatitis viruses

According to WHOQO’s statistics, annually killing more people than HIV, tuberculosis and
malaria, viral hepatitis has become the seventh leading cause of death and disability worldwide
(Stanaway et al., 2016). Viral hepatitis is acute or chronic liver inflammation induced by viral
infection. Most of common causes of viral hepatitis are one of the five hepatotropic viruses as
shown in Table 1.1.: hepatitis A virus (HAV), hepatitis B virus (HBV), hepatitis C virus (HCV),
hepatitis D virus (HDV), and hepatitis E virus (HEV) (Zuckerman, 1996). It can not be
neglected that a number of new-class hepatitis viruses discovered later (HGV, TT, SEN) may
also lead to viral hepatitis (Reshetnyak et al., 2008). In addition, other viruses including herpes
simplex virus, Epstein-Barr virus, and cytomegalovirus also cause local liver inflammation.
Although all the five hepatitis viruses induce liver damage, they are genetically unrelated to
each other and classified in distinct genera. A myriad of basic and clinical features of these

viruses are summarized as shown.

Table 1.1. Hepatitis viruses.

HAV HBV HCV HDV HEV

Classification Picornavirus | Hepadnavirus | Hepacivirus | Deltavirus Hepevirus
Genome +ssRNA dsRNA-RT +ssRNA -ssRNA +ssRNA
Incubation (d) | 20~40 45~160 15~150 30~60 15~60
Transmission Fecal-oral Parenteral Parenteral Parenteral Fecal-oral
route Perinatal Perinatal Sexual

Sexual Sexual
Chronicity Acute 5-10% chronic' | 70% chronic | Chronic with | Acute®#

80% neonates HBV
Carcinogenesis | — + + - -
Prophylaxis vaccine vaccine NA HBV vaccine | vaccine®
Therapy NA IFN, NUCs DAAs IFN RBV

'5~10% in immunocompetent adults; ?mild in normal adults and severe in pregnant women;
Jlicensed in China. #: chronic in immunocompromised patients. ss: single stranded, ds: double
stranded, RT: reverse transcriptase, IFN: interferon-a, NUC: nucleos(t)ide analogue, DAA:
direct-acting antiviral, RBV: ribavirin; NA: therapy not required.

Leading to acute hepatitis in most cases, HAV and HEV are usually fecal-oral transmitted
through either person-to-person communication or ingestion of contaminated foods. Decades
ago, both viruses caused outbreaks in the Third World countries (central Africa, southern Asia
and southern America) where hygiene conditions were bad. Until 2012, HAV prevalence was

only high in India, south-Sahara Africa and moderate in the Middle East, North Africa and
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Latin America. For pre-exposure prevention, the application of HAV vaccines worldwide is
highly effective in protecting healthy people for ten years. However, HEV is highly endemic in
the whole Asia, northern and eastern Africa, Mexico and also present in the whole Europe, USA
and South America, threatening more people in larger geographic regions. The first HEV
vaccine was approved in China in 2011, yet it is not available in other countries (Tahaei et al.,
2012).

One the other hand, HBV, HCV and HDV cause chronic infection and lead to a more
serious global burden of public health. In 2013, HBV and HCV accounted for more than 95%
of viral hepatitis-related mortality. By the year 2018, it was estimated that chronically infected
people worldwide are 240 million (caused by HBV mono-infection), approximate 15~20
million (by HBV/HDV co-infection) and 75 million (by HCV infection) (WHQO’s statistics
2018). Recent estimates have ranked viral hepatitis and associated clinical manifestations that

account for more than 1 million death cases every year (Stanaway et al., 2016).

HCV is a blood-borne hepatitis virus and prevalent all over the world. In 70% of HCV-
infected patients, HCV develops persistent infection and gradually leads to cirrhosis and
hepatocellular carcinoma over the years. Because of its high mutation rate during replication,
HCV vaccine is still not available. Combinational therapy of interferon and ribavirin was not
efficient enough to control the virus. However, 25 years after its characterization, interferon-
free direct-acting antivirals have been developed. Antiviral medication using inhibitors
targeting two or three HCV viral enzymes at the same time was approved and this therapy
resulted in sustained virological response (SVR) rate to above 90% in patients. Reduced therapy
duration and side effects of direct-acting antivirals allow a cure of HCV within 8 or 12 weeks
(Asselah et al., 2016).

In contrast to HCV, HBV and HDV chronic infections are not curable by the approved
drugs. HBV is commonly transmitted from mother to neonate during birth delivery, as well as
in adults through contact with blood or other body fluids. In immunocompetent adults, acute
HBYV infection is self-cleared and resolved in 90~95% of infected individuals, 80% of the
neonates, however, can not naturally eliminate the virus. 5% of infected adults and 80 % of
infected newborns develop chronic infection and are, similar to HCV chronic infection, at a
very high risk of developing liver cirrhosis and hepatocellular carcinoma over decades.
Therefore, among hepatitis viruses, HBV is the major health problem. HDV, a satellite virus of
HBV, requires HBV envelope proteins for entry, assembly and spread. Patients with HBV and
HDV coinfection show the most severe live injury and are with the highest risk to develop liver

diseases.
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1.2. Hepatitis B virus

Hepadnaviridae 1s a collection of viruses with natural hosts, humans, apes and birds. Belonging
to the Hepadnaviridae, all the viruses are divided into two genera: Avihepadnavirus that infects
avian hepatocytes, and Orthohepadnavirus, with the best-known member the hepatitis B virus
(HBV), which merely infects humans and chimpanzees (International Committee on Taxonomy
of Viruses, 2018). HBV is a hepatotropic, small DNA virus in size and genome length, which
is categorized into four serotypes (adw, ayw, adr, ayr) and into at least eight genotypes (A
through H). Diseases and complications associated with chronic HBV infection contain

hepatitis, liver cirrhosis and hepatocellular carcinomas.

Three centuries ago, there were epidemic outbreaks of jaundice and of serum hepatitis
after receiving vaccination in civilians, although people did not know what caused hepatitis.
Later on, it was postulated that this infectious jaundice was caused by an unknown virus. In
1946, MacCallum classified “infectious hepatitis” termed hepatitis A and “serum hepatitis” as
hepatitis B (Mac, 1946). Using molecular biology that was further developed, Blumberg et al
discovered the “Australia antigen” (HBsAg) among Australian aborigines and characterized a
new pathogen, HBV. A few years later Dane et al observed the “dane” particle (complete HBV
particle) isolated in the serum of infected patients (Blumberg et al., 1965, Dane et al., 1970).

After HBV characterization, researchers started to seek preventive and therapeutic options.
In the early 70s, Blumberg and his colleagues developed the first HBV vaccine that was a heat
inactivation of the virus. In 1981, a plasma-derived HBV vaccine produced by inactivating
pooled blood of HBsAg-positive donors by formaldehyde and pasteurization was approved.
Merck further developed this inactivated type of vaccine as “Hepavax”. Nowadays safer, more
effective and genetically engineered recombinant HBV vaccines have completely replaced the
old ones (Hepatitis B Foundation, 2019). On the other hand, Interferon-a-2b (Intron A) as the
first drug was approved by the FDA in 1981. In recent 25 years, Lamivudine (1998), Adefovir
dipivoxil (2002), peginterferon (2002), Entecavir (2005), Telbivudine (2006), Tenofovir (2008)
were one-by-one approved for treating chronic HBV infection as shown in Figure 1.1 (Thomas

et al., 2015). The prodrug of tenofovir, Tenofovir alafenamide, was approved in 2016.
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17th-19th eemuneel | QOutbreaks of epidemics of jaundice in miltary and civilian populations during wars |

| Characterization of outbreaks of sarum hepatitis following vaccination | Vi rologic
characterization

| McDonald postulates that the infectious jaundice is caused by a virus I

| WWII—A saries of outbreaks after vaccination for measles and yellow fever |

I MacCallum class#ies viral hapatitis into two types; viral hepatitis B was classfied as serum hepatitis

| Blumberg discovers Australia antigen (HBsAg) in aborigines I

I Dane discovers the dans particle (complete HBV particle) I

| Plasma-derived HBV vaccine

FDA approves interferon-a 2b to treat hepatitis B

| FDA approved Lamivudine to treat hepattis B

| FDA approved Adefovir dipivoxil fo treat hepatitis B 2002

| FDA approved the use of long-acting interferon (peginterieron a-2z) to treat hepatitis B l 2005

| FDA approved entecavir to treat hepatits B

Therapeutic | FDA approved tebivudine 1o treat hepatitis B 2006

development
| FDA approved tenofouir to treat hepatitis B 2012 ﬁ

Figure 1.1. Timeline of HBV virologic characterization and therapeutic development.
Events in discovery history and early HBV science (right upper, 1885~1970) and treatment
options (1981~2012). (Emmanuel Thomas, 2015) with permission.

1.2.1. Epidemiology

In the global regions, WHO estimates that there are 240 million people with chronic HBV
infection, which is defined as HBsAg positive. HBsAg prevalence is highest in Southeast Asia
and Middle Africa (> 6%) and China (> 5%) in all-aged individuals. Prevalence is moderate in
East Europe and South-East Asia (China excluded)(2.6~5%). HBsAg positive rate is pretty low
in Australia, Western Europe (< 1%) and the whole America (0.7%) (Polaris Observatory, 2018)
(Figure 1.2.).

HBsAg prevalence Totalinfected
O=10% « 1million
B 11-25% @ 10 million
. 26-50% .wo million
3 51-100%
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Figure 1.2. HBsAg prevalence estimates in all-aged individuals in 2016. Estimated for
countries with data and data extrapolated from countries in the same global burden of diseases
with available data (all ages). Rates of HBsAg prevalence are shown in colors as indicated.
Circles show absolute infection numbers (millions) (The Polaris Observatory Collaborators,
Lancet, 2018) with permission.

The epidemiological study also showed HBsAg prevalence in children at 5 years old. This
value reveals preventive efforts in the regions by vaccination since mother-to-child
transmission is one of the major routes accounting for HBV prevalence. Initiated a national
vaccination program for 30 years, nowadays China has controlled HBsAg prevalence rate down
to < 0.5% in children aged at 5 years, compared to 10~50 fold higher prevalence in all-age
people (> 5%) (Polaris Observatory, 2018) (Figure 1.3.), however, China still has more than
100 million chronic HBV carriers in the elders, waiting for a curative therapy (Figure 1.2). In
contrast, rates of HBsAg prevalence in children aged at 5 year in India and Indonesia are
ascending compared to the rates in all-aged individuals, which may be due to unstable

vaccination programs towards newborns under high birth rate.

HBsAgprevalence Total Infected

[ Nodata 5000
CJ<01% * 50000
E0.2-05% . 500000
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M >2.0%

Figure 1.3. HBsAg prevalence estimates in children aged at 5 years in 2016. Estimated
for countries with data and data extrapolated from countries in the same global burden of
diseases (children only aged at 5 years). Colors: HBsAg prevalence. Circles: total infected
numbers. (The Polaris Observatory Collaborators, Lancet, 2018) with permission.

1.2.2. Genomic organization

Inside equipped capsid, HBV has a small but compact genome, which is a single copy of relaxed
circular (rc)DNA with the length of 3182~3248 bp among genotypes (3182 bp, genotype D as
shown in Figure 1.4.). Every rcDNA is covalently bound to one viral polymerase (P). Double-
stranded rcDNA consists of an entire minus strand and one partial plus strand. The minus-strand
DNA is not covalently closed but covers the entire genome, while the plus strand starts from
direct repeat 2 (DR2) and has variable 3’ ends at 50~80% of the whole genome (Lutwick and
Robinson, 1977). 5’ plus strand terminates with a short RNA oligo that is derived from the 5’
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end of pregenomic RNA (pgRNA), the template for reverse transcription of the minus strand.
Minus strand is covalently bound to polymerase via phosphotyrosine and has a short nucleotide
terminus, which is essential for the formation of rcDNA, when sequences of DR1 and DR2 are
identical (Seeger et al., 1986). In addition to rcDNA, approximate 10% of HBV genomes
contain double-stranded linear DNA (dsIDNA) generated from in sifu priming of plus strand
synthesis when DR1 and DR2 share mismatches (Staprans et al., 1991). After infection,
dsIDNA is the major component for HBV integration by homologous recombination (Tu et al.,
2017).

The circular HBV genome contains four authentic promoters (core/preS1/preS2/X) and
two enhancers (Enh1/Enh2). All transcripts have the same polyadenylation signal at their 3’
ends. Accordingly, open reading frames (precore-core/P/preS1-preS2-S/X) are under the four
promoters. RcDNA and dsIDNA are genomes in virus, however in cell rcDNA is converted
into another type of genome, covalently closed circular (ccc)DNA by host DNA repair
machinery including o/x/A polymerases, ligases and topoisomerases (Nassal, 2008, Qi et al.,
2016, Long et al., 2017, Sheraz et al., 2019, Tang et al., 2019). CccDNA serves as the major
template of viral transcription and all transcripts can be expressed by the minus strand on the
same cccDNA genome, then capped at their 5° ends and polyadenylated at 3’ ends. At RNA
level, HBV expresses preC/C (3.5 kb), preS1 (2.4 kb), S (2.1 kb), X transcripts (0.6~0.8 kb)
and spliced RNA. They mostly share the same 3’ ends by the polyadenylation signal (Cattaneo
et al., 1983b, Cattaneo et al., 1984). Furthermore, pgRNA (the shorter 3.5 kb) is -as a replicative
pre-genome- encapsidated in infected cells as the template for rcDNA synthesis via reverse
transcription but also is translated to core protein (HBcAg) and polymerase, whereas non-

genomic precore mRNA (the longer 3.5 kb) is translated and processed to HBeAg (Figure 1.4.).



Introduction

Figure 1.4. HBV genomic structure. In the center, it shows the genomic scale (3182/1: EcoRl
cutting site). The HBV genome is composed of a circular and double-stranded rcDNA. rcDNA
is repaired to form cccDNA with both strands entired and closed that serves as the template
for viral transcription to generate viral RNAs with 3.5 kb (two, different starting points), 2.4 kb,
2.1 kb and 0.6~0.8 kb (uncertain) in size. Among these transcripts, the longer 3.5 kb PreC
mMRNA is translated to a pre-core protein and cleaved to HBeAg, whereas the shorter 3.5 kb
pgRNA is translated to HBcAg and polymerase. The 2.4 kb mRNA is translated to the large
surface antigen (L) and the 2.1 kb mRNA is responsible for the middle (M) and small (S)
envelope proteins. The smallest mMRNA encodes HBXx protein. PreC: precore; pol: polymerase;
DR1: direct repeat 1; DR2: direct repeat 2; Enh: enhancer; AAAA: polyadenylation ends.
(Robert Gish, Antiviral Res, 2015) with permission.

1.2.3. Structure and viral proteins

Infectious virions (Dane particles) are made of 120 dimers of core proteins (T=3 or T=4
symmetry) with an inner size of 22 nm (Dryden et al., 2006). The capsids are surrounded by a
lipid membrane containing three viral envelopes, large (L), middle (M) and small proteins (S).
Outer size of the enveloped particle is 47 nm. Molecular ratio of the L, M, and S proteins are
1:1:4 (Heermann et al., 1984). Every nucleocapsid contains one copy of rcDNA genome that
covalently links to one viral polymerase at 5’ end of its minus-strand. The virion has a density
of 1.24~1.26 g/mL in CsCl gradients. Besides, non-infectious subviral particles, spheres and
filaments, are also generated during HBV replication. Spheres with a size of 22 nm contain M
and S proteins at a ratio of 1:2 and very little amount of L protein (Heermann et al., 1987).

However, filaments are organized as a rod-like structure with variable length and contain L, M,
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and S proteins at the same ratio of 1:1:4, similar to virion (Short et al., 2009). These subviral
particles do not contain any viral rcDNA genomes and stay at a density of 1.18 g/mL in CsCl

gradients (Figure 1.5.).

HBYV encodes seven viral proteins, five of which are structural (polymerase, core, L, M

and S proteins) and two are non-structural (HBeAg and HBx protein) (Gish et al., 2015).

Core protein has 183 amino acids with a molecular weight of approximate 21 kD. Within
it, 45 amino acids in the center form a spike (Bringas, 1997). Carboxyl amino acids are arginine-
rich and this domain is required for pgRNA encapsidation and productive rcDNA synthesis
(Nassal, 1992). It was further demonstrated that arginines in the SPRRR motif help pgRNA
packaging and DNA replication (Lewellyn and Loeb, 2011). The C-terminus of core protein
also contains three serine sites (Ser 155/162/170) that are phosphorylated and overlapped with
the arginine-rich SPRRR motif. Phosphorylation of core protein is responsible for its nuclear
localization (Eckhardt et al., 1991, Kann et al., 1999, Lan et al., 1999, Li et al., 2010a, Liao and
Ou, 1995, Yeh et al., 1990).

The HBeAg precursor is translated from precore mRNA with an upstream start codon in
the frame of the core ORF. After translation, HBeAg precursor undergoes a cleavage of its C-
terminal 34 amino acids and anchors to the ER membranes via its signal peptide, before it is
secreted as a 15 kD mature HBeAg from infected cells (Bruss and Gerlich, 1988, Garcia et al.,
1988, Ou et al., 1986, Ou et al., 1989, Standring et al., 1988, Zhou and Standring, 1991).
Secreted HBeAg suppresses host immune response and increases the frequency of chronic
infections. However, HBV mutations that lead to devoid of HBeAg expression have been
frequently identified in long-term chronic infection in HBeAg negative patients (Brunetto et al.,
1999).

L (preS1-preS2-S) and M proteins (preS2-S) are N-terminally longer than S protein. All
three proteins share the same C-terminus. They also share topogenic signal I and II and
hydrophobic C-terminus that direct these proteins to the ER membranes. L protein is N-
terminally myristoylated (glycine 2) and M protein is acetylated (Persing et al., 1987, Schmitt
et al., 1999). N-terminus of L protein is crucial to capsid binding and is exposed on the surface
of the virion and initiates effective infection of hepatocytes (Prange and Streeck, 1995). Another
region located at transmembrane domain II and hydrophobic C-terminus of S contains a second
infectivity determinant (Le Duff et al., 2009, Salisse and Sureau, 2009). M protein is
dispensable for infectivity but acts as a spacer for virus assembly (Ni et al., 2010). M and S
proteins containing export signals can be assembled and independently secreted as subviral

particles as described in Figure 1.5..
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HBYV polymerase with a size of 90 kD consists of three domains: terminal protein (TP) for
the priming of minus-strand synthesis, reverse transcriptase (RT) for DNA synthesis and RNase
H region for pgRNA degradation. Spacer with unclear function is a flexible region between the
TP and RT domains (Bartenschlager and Schaller, 1988, Chang et al., 1990). The viral
polymerase is specific to pgRNA template, utilizes itself to bind the € packaging signal at the
5’ end of pgRNA and results in the priming of reverse transcription in the TP domain (tyrosine
65) (Lanford et al., 1997, Wang and Seeger, 1992, Weber et al., 1994). Once encapsidated, one
single polymerase catalyzes a complete round of DNA synthesis. Polymerase and pgRNA
template co-exist at similar amounts but the molar ratio of polymerase molecules per virion
DNA is approximate 0.7 in each virion (Bartenschlager et al., 1992, Bartenschlager and Schaller,
1992, Zhang and Tavis, 2006). Owing to its enzymatic activity, reverse transcriptase becomes
an antiviral target of approved nucleos(t)ide inhibitors. RNase H is also a target of potential
inhibitors in development. Moreover, the polymerase may regulate host responses. Uncoupled
from its function in DNA synthesis, polymerase anchors to the mitochondria via mitochondrial
targeting signal in its TP domain (Unchwaniwala et al., 2016). Via its RT domain, polymerase
interacts with the stimulator of interferon genes (STING), blocks its polyubiquitination and

thereby suppresses interferon production (Liu et al., 2015)

The other non-structural protein encoded by HBV is HBx, which has 154 amino acids
(16.5 kD). HBx was identified to bind many cellular proteins and involved in multiple host
processes. In terms of its high importance in this thesis, the biological functions of HBx were

separately introduced in session 1.3.2..
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Figure 1.5. Structure of virions and subviral particles. Infectious virions (Dane particles)
are composed of envelopes (L (preS1-preS2-S): M (preS2-S): S = 1:1:4) embedded with
nucleocapsids (black). Polymerase (TP-RT-RNase H) and its associated rcDNA (dsIDNA is
not shown in this scheme) are located inside the nucleocapsid. Non-infectious subviral
particles, spheres with mostly M and S proteins, flaments with L, M and S proteins (1:1:4), are
made up by envelope proteins but do not contain any DNA genomes. TP: terminal protein; RT:
reverse transcriptase. Adapted from an internal scheme in Urban’s laboratory.

1.2.4. Overview of the HBV life cycle

HBYV infection initiates with an L envelope-dependent binding to heparan sulfate proteoglycans
(HSPG) on the cellular membrane (Schulze et al., 2007). After attachment, myristoylated N-
terminal preS1 domain via the NPLGFFP motif binds the bona fide receptor, sodium
taurocholate cotransporting polypeptide (NTCP) (Yan et al., 2012). Reconstitution of human
NTCP but not rodent NTCP renders human hepatoma cells susceptible to HBV infection (Ni et
al., 2014). After membrane fusion and uncoating, nucleocapsids are transported into the nuclear
periphery, where capsids move into the nucleus in an importin o/-dependent manner (Rabe et
al., 2006, Schmitz et al., 2010). In the nucleus, rcDNA genome is released (Rabe et al., 2003,
Rabe et al., 2009). How rcDNA is converted to cccDNA is not fully understood, it is likely that
tyrosyl-DNA-phosphodiesterase 2 (TDP2) specifically cleaves the viral polymerase out of
rcDNA (Koniger et al., 2014), and DNA polymerase /A and ligases 1 and 3 are involved in
rcDNA-to-cccDNA conversion (Qi et al., 2016, Long et al., 2017).

Once cccDNA is formed, it serves as a template for viral transcripts, including pregenomic
RNA (pgRNA), subgenomic RNAs, preCore mRNA and HBx mRNA. pgRNA acts as the
template for translation of core and polymerase proteins and for the generation of new rcDNA.
When translated, viral polymerase binds the epsilon signal € of pgRNA, this ribonucleoprotein
complex further recruits HBcAg and is packaged into nucleocapsids (Bartenschlager and
Schaller, 1992, Hirsch et al., 1990, Huang and Summers, 1991). Within capsids, minus-strand
DNA is firstly synthesized by reverse transcription complementary to pgRNA and the
polymerase remains covalently bound to the minus-strand (Gerlich and Robinson, 1980,
Molnar-Kimber et al., 1983, Molnar-Kimber et al., 1984). Then pgRNA template is degraded
by the RNase H activity of viral polymerase (Chen and Marion, 1996, Radziwill et al., 1990,
Summers and Mason, 1982). Plus-strand DNA synthesis always starts after complete synthesis
of minus-strand DNA and is primed via the remaining RNA oligomer of pgRNA. To prime it,
the RNA oligomer anneals with DR2 that is identical to DR1 (Lien et al., 1986, Seeger et al.,
1986, Will et al., 1987, Staprans et al., 1991). If DR1 and DR2 are not exactly the same, their

mismatches block rcDNA formation but promote an in situ DNA priming leading to the
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formation of dsIDNA that can be integrated into host genomes (Figure 1.6.) (Staprans et al.,
1991, Condreay et al., 1992, Yang and Summers, 1998).

Nucleocapsids gain the opportunity to interact with envelopes (Huovila et al., 1992,
Lenhoff and Summers, 1994, Patzer et al., 1984). Through the ER-Golgi apparatus, it is
plausible that ubiquitin ligase Nedd4, y2-adaptin and thioredoxin-related transmembrane
protein 2 (Rost et al., 2006, Hartmann-Stuhler and Prange, 2001, Toh et al., 2005) help virions
locating at the ESCRT vesicles (endocytic sorting complexes required for transport) in which

supports virus budding. Virions are secreted by multivesicular bodies. Alternatively, non-

preS/S mRNA
PANAANNNS
A HBx mRNA

)

enveloped nucleocapsids can be secreted as naked capsids.
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Figure 1.6. Overview of the HBV life cycle. HBV entry begins with a reversible attachment
to HSPG (not drawn in the scheme) and a preS1 protein-mediated specific interaction with
hepatocyte-specific bile acid cotransporter NTCP. After membrane fusion and uncoating, the
nucleocapsid is either assembled out or transported into the nucleus to release viral rcDNA
genome. rcDNA afterward is repaired by cellular proteins to convert to cccDNA, which is
coupled with histones and core proteins and forms a mini-chromosome. RNA polymerase II-
driven transcription of cccDNA produces five capped and polyadenylated transcripts (PreC
MmRNA, pgRNA, preS, S and X mRNA) that are exported into cytoplasm where they are
translated to seven viral proteins. One of these proteins, viral polymerase, binds the ¢ signal
region of the pgRNA. This ribonucleoprotein complex is encapsidated with phosphorylated
core proteins. In most nucleocapsids, reverse transcription of pgRNA generates a complete
minus-strand DNA and further pgRNA is degraded and partial plus-strand DNA is synthesized.
In a minority of nucleocapsids, dsIDNA is formed and responsible for HBV integration. rcDNA-
containing nucleocapsids are either recycled into the nucleus, directly secreted as naked
capsids (not shown), or enveloped in the ER membrane and secreted as virions. Virions are
secreted by multivesicular bodies. Spheres and filaments (see 1.1.4.) are secreted via the
classical secretory pathway. (Tong et al. 2016) with permission.
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1.3. cccDNA, HBx and HBx-mediated transcription of cccDNA
1.3.1. cccDNA and mini-chromosome

CccDNA plays a central role in HBV replication. Nucleocapsids in the cytoplasm either enter
the nucleus to release rcDNA genome or being assembled with envelopes and secreted as
virions. In the first option, released rcDNA is converted to cccDNA (Tuttleman et al., 1986).
As a non-integrated circular genome, the cccDNA is not replicative as genomic DNA by host
DNA synthesis system, however it produces all viral transcripts essential for protein production
(Mason et al., 1982). In a non-dividing hepatocyte, cccDNA formation occurs early when viral
envelope expression is low in DHBV infection (Summers et al., 1990). Once formed, the
cccDNA pool is relatively stable and cccDNA copy number per cell is 1~50 (Jilbert et al., 1987,
Kajino et al., 1994, Miller and Robinson, 1984, Zhang et al., 2003). The pool has a long half-
life comparable to its host in non-dividing cells (Levrero et al., 2009) but during mitosis loss of
cccDNA was observed in in vivo experiments (Lutgehetmann et al., 2010, Allweiss et al., 2018).

Due to its stability, cccDNA is also the key factor responsible for chronic HBV infection.

For transcription, nuclear episomal cccDNA is bound to histones and transcriptional
regulators. They organize into a chromatin-like structure termed “mini-chromosome”, which
recruits also liver-specific nuclear proteins and viral HBcAg (Bock et al., 1994, Bock et al.,
2001, Newbold et al., 1995). The organization of viral DNA and nucleosomal proteins is usual
for human papillomavirus and adenovirus (Favre et al., 1977, Tate and Philipson, 1979). Unlike
latent DNA viruses, HBV replication requires a minichromosome composed of
transcriptionally active chromatin. It is believed that RNA polymerase II binds cccDNA,
bypasses the polyadenylation signal located in the core region and continues transcription for
another 3.2 kb to generate 3.5 kb pre-C/C transcripts (Russnak, 1991). In addition to RNA
polymerase and histones, under physiological situation, many liver-specific (HNF1, HNF3,
HNF4a) and non-specific host factors (RARa/B, RXRa, PPARa, C/EBP, etc.) may be
involved in transcription of cccDNA (Quasdorff and Protzer, 2010, Courtois et al., 1988, Guo
et al., 1993, Lopez-Cabrera et al., 1990, Raney et al., 1995, Chen et al., 1994, Ori and Shaul,
1995). Besides, two enhancers Enhl and Enhll, regulate the transcription from all four
promoters and enhance the expression amounts of pgRNA, PreC, preS/S and HBx mRNA
(Tryjillo et al., 1991).

1.3.2. Multi-functional HBx

HBx is a multifunctional protein of all orthohepadnaviruses and essential to initiate infection

and maintain replication in vivo and in vitro (Zoulim et al., 1994, Lucifora et al., 2011). Early
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conceptions were established by overexpression analysis of HBx in various hepatoma and
HEK?293T cells, using these systems HBx was identified to interact with more than fifty host
factors, including transcriptional factors and co-activators, key proteins in DNA damage,
ubiquitin-proteasome pathway, mitochondrial components and effectors in signaling cascades
(Bouchard and Schneider, 2004, Murakami, 2001). Transfection studies without HBV infection
suggested that HBx is involved in various cellular processes (transcription, cell cycle, cell
adhesion, DNA repair, apoptosis, protein stability). However, most functions were not further

characterized in authentic infection systems.

HBx is encoded by all orthohepadnaviruses. Although DHBV genome has a hidden open
reading frame (ORF) as X-like encoding region and the putative protein expressed by a
construct activated mitogen activated protein kinase (MAPK) pathway and was localized in the
cytoplasm (Chang et al., 2001), a follow-up study showed that DHBV with a stop codon in the
X-like ORF showed similar infectivity and replication level in vivo compared to the WT DHBV,
questioning whether DHBV HBx-like protein really exists (Meier et al., 2003). Functional X
proteins have been identified in infected mammals (humans, chimpanzees, woodchucks [WHx],
ground squirrels [GSHx], horseshoe and tent-making bats [bat X] and so on). HBx protein has
154 amino acids. WHx, GSHx and bat X have between 139~142 amino acids and a shorter C-
terminus compared to the HBx (Figure 1.7.). The additional C-terminal HBx (143~154 amino
acids) is essential for its stability, transcriptional activation and replication stimulation (Lizzano
etal., 2011, Luo etal., 2012, Li et al., 2016b).
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Figure 1.7. Alignment of HBx, WHx, GSHx and two bat X. Representative HBx proteins
from all genotypes (A2, B2, C2, D, E2, F, G2, H) and WHXx, GSHXx, X from horseshoe and tent-
making bat were aligned using VectorNTI software. Homology was shown in different colors
(yellow: the same residues; green: high conserved; blue: moderate conserved; white: not
conserved).

Full-length HBx protein has been divided into five regions based on their sequence

homologies among eight genotypes. Three of the five regions (1~20, 58~84 and 120~154 amino
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acids) are conserved and contain eight conserved cysteines (C7, C17, C61, C69, C115, C137,
C143, C148) and two histidines (H52, H139), the other two (21~57 and 85~119 amino acids)
however are less conserved (Kumar et al., 1996). This similarity suggests that HBx among all
eight genotypes have common biochemical features. Purified recombinant HBx protein
(genotype D) contained metal ions in particular zinc and iron (Jiang et al., 2016). Further
characterization showed that zinc binding activity through conserved CCCH motif (C61, C69,
C137 and H139) is required for its function (Ramakrishnan et al., 2019) (Figure 1.8.)
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Figure 1.8. Alignment of HBx from eight genotypes. HBx proteins among eight genotypes
(A2, B2, C2, D, E2, F, G2, H) were aligned using VectorNTI| software. Conserved domains:
1~20 aa, 58~84 aa and 120~154 aa. Conserved C61, C69, C137 and H139 residues are
shown in yellow. Variable domains: 21~57 aa and 85~119 aa. Yellow: the same residues;
green: high conserved; blue: moderate conserved; white: not conserved.
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Figure 1.9. Scheme of the HBx protein. HBx has 154 amino acids and 17 kD in size. This
scheme presents identified HBx domains. For transcriptional regulation, a negative regulatory
domain (light purple) is located at the N-terminus (1~50 aa) and C-terminal HBx (51~154 aa)
is the trans-activation region (brown). Highly variable disordered region (red) is overlapping
with the dimerization region (Serine and proline rich). Other regions are responsible for binding
of 14-3-3 protein (white) (26~31 aa), DDB1 (dark purple) (88~100 aa), p53 binding (light blue)
(101~154 aa) and mitochondrial targeting (light green) (111~116 aa). The scheme is adapted
from the ExPASy database.

As shown in Figure 1.9., modulating transcription is one of the major functions of HBx.
The N-terminal domain (1~50 amino acids) was firstly identified as a transcriptional repressor
in trans (Murakami et al., 1994) and this repression was further mapped to the conserved 1~20
amino acids (Misra et al., 2004). The N-terminal one third (1~50 amino acids) is not required
but the whole C-terminal two-thirds (51~154 amino acids) is the trans-activation domain, which

was confirmed using alanine scanning mutagenesis assay (Tang et al., 2005). Specifically, two
14



Introduction

regions (52~65 and 88~154 amino acids) are crucial for the augmentation function of HBx.
This finding showed similar findings as the earliest report presenting that HBx C-terminus
(58~140 amino acids) retained trans-activation and was indispensable. In the nucleus, HBx
promotes transcription from cccDNA, presumably associated with DNA-damage binding
protein 1 (DDBI1) by binding the motif (88~101 amino acids) (Li et al., 2010c). Although the
association of HBx and DDBI1 is not sufficient for maximal HBV replication (Hodgson et al.,
2012), this complex recruits host ubiquitin machinery and promotes degradation of SMC5/6
restrictive on cccDNA to enhance HBV replication (Decorsiere et al., 2016) (Murphy et al.,
2016, Livingston et al., 2017). These findings provided concrete evidence that HBx in an
authentic infection system enhances transcription of cccDNA. C-terminal HBx also binds p53
and inhibits p5S3-mediated transcriptional trans-activation, apoptosis and DNA-specific binding

(Elmore et al., 1997).

HBx is primarily located in the nucleus and also accumulates in the cytoplasm (Cha et al.,
2009). Since HBx has a nuclear export signal (key residues L98 and L100) that is overlapping
with DDBI binding domain, the interaction of HBx and nuclear export receptor Crm1 allow
cytoplasmic trans-localization of HBx (Forgues et al., 2001). When HBx is located in the
cytoplasm, it forms a complex with MEKK1, SEK1, SAPK/JNK and 14-3-3 proteins (Diao et
al., 2001). These interactions result in prolonged cell survival and maintain a cellular

environment favorable to HBV replication.

Besides nuclear localization, a proportion of HBx is transported to the mitochondria via
its six amino acids at the C-terminus (111~116 amino acids). When cysteine 115 was mutated
to alanine, mitochondria targeting of HBx was lost (Li et al., 2008). Mitochondrial HBx disrupts
innate immunity by binding and down-regulating mitochondrial antiviral signaling protein
(MAYVYS) and inhibits the activation of interferon regulatory factor 3 (IRF3) and B-interferon in
vitro and in vivo (Wei et al., 2010, Wang et al., 2010, Kumar et al., 2011). On the mitochondria,
HBx also binds the anti-apoptotic Bcl-2 protein to increase intracellular calcium level for virus
replication and induces cell death (Bouchard et al., 2001, Chami et al., 2003, McClain et al.,
2007, Gearhart and Bouchard, 2010, Yang and Bouchard, 2012, Casciano and Bouchard, 2018).
Similarly, HBx interacts directly with the Bcl-2 homolog CED-9 through Bcl-2 homology 3
(BH3)-like motif, and as a result, trigger cytosolic calcium increase and cell death (Geng et al.,
2012a, Geng et al., 2012b). Later on, a structural study confirmed the binding of a synthesized
BH3-like HBx peptide (110~135 amino acids) with recombinant Bcl-2 protein. Remarkably,
the binding of HBx peptide and Bcl-2 required iron and zinc for its stability (Jiang et al., 2016).
HBx also interacts with Bcl-xL with a similar structure as Bcl-2 via the same motif (Zhang et

al., 2019). Nevertheless, most findings were based on the overexpression of HBx using
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transfection. Due to its low expression level during HBV replication, it is unclear whether HBx

displays the same functions in infection models.

1.3.3. HBx-mediated transcription of cccDNA

Efficient transcription from cccDNA requires a collection of transcriptional factors and co-
factors, including ubiquitous factors and liver-specific factors (Quasdorff and Protzer, 2010).
Chromatin immunoprecipitation method (ChIP) allows the identification of the DNA binding
sites of these factors. Using this technique, H3 and H4 Histones were identified to bind cccDNA
and transcription from cccDNA was enhanced when the histones are acetylated (Pollicino et al.,
2006). ChIP-seq analysis further identified that high levels of methylated and acetylated
histones associate with active transcription occurring at specific regions on the cccDNA,
whereas low levels of modified histones correlate with transcriptional repression (Tropberger
et al., 2015). HBcAg and HBx are also associated with the minichromosome by direct or
indirect binding (Belloni et al., 2009).

HBx protein associates with the ubiquitin-proteasome system (Minor and Slagle, 2014,
Slagle and Bouchard, 2016, Slagle and Bouchard, 2018). Twenty years ago, HBx was firstly
reported to interfere with cellular DNA repair (Becker et al., 1998). DDB2 directly binds
damaged DNA and the whole DDB1-DDB2 complex is required for repair. HBx associates
with DDBI but not DDB2 and induces cell death, but this function is antagonized by DDB2
(Bontron et al., 2002). In turn, DDB2 induces nuclear accumulation of HBx that is independent
of its DDB1 binding, and HBx protein is stabilized by the DDB1-DDB2 complex (Nag et al.,
2001, Bergametti et al., 2002). However, HBx protein stimulates HBV replication viaa DDB1-
dependent manner distinct from that leading to cell death, when DDB?2 is also required (Leupin
et al., 2003, Leupin et al., 2005). Binding of HBx and DDBI affects the cell cycle and causes

chromosome segregation defects (Martin-Lluesma et al., 2008).

There are two predicted roles of the HBx-DDB1 complex in cccDNA transcription. The
first model suggested that HBx does not directly bind cccDNA but associates with cccDNA via
DDBI binding, and the C-terminal HBx recruits transcriptional factors. However, so far no
evidence using ChIP method supports the DDB1-cccDNA binding. The second model predicted
HBx to recruit the whole DDB1 and ubiquitin ligases to “degrade a host restriction factor” or
“prevent degradation of a dependency factor in transcription from cccDNA” (Hodgson et al.,
2012). Later, such restriction factors were identified. HBx binds DDB1 and hijacks the Cullin
4A, an E3 ubiquitin ligase (L1 et al., 2010c, Guo et al., 2014). HBx therefore bridges Cullin 4A
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and ubiquitin-proteasome complex and promotes degradation of SMC5/6 and Talin-1 proteins
that are all host restriction factors suppressing transcription from cccDNA (Decorsiere et al.,
2016, Murphy et al., 2016, van de Klundert et al., 2016a).

1.4. Neddylation

Post-translation modification of proteins enlarge biological utilization efficacy of each protein
and enable degradation of proteins when they are redundant. Proteins can be modified in
different ways, such as ubiquitination, sumoylation and neddylation involving conjugation of

small messenger proteins.

Ubiquitin is a well-characterized modifier required in many cellular processes that link to
the ubiquitin-proteasome machinery (Ravid and Hochstrasser, 2008). Ubiquitination requires
either one ubiquitin connected to the target protein (monoubiquitination) or -in most cases- a
chain of multiple ubiquitins (polyubiquitination). Secondary ubiquitins are linked to one of the
lysine residues or the first methionine of the primary ubiquitin that couples to the target protein
and that number referring to the residues is defined for instance as “K48”, “M1”. Most K29 and
K48 ubiquitination recruits the proteasome and initiates degradation of the target protein,
whereas monoubiquitination and M1 and K63 polyubiquitination may regulate the protein but
not mediate its degradation (Miranda and Sorkin, 2007). Of another ubiquitin-like messenger,
SUMO (small ubiquitin-like modifier) labeling regulates protein aggregation, DNA repair and
transcription (Gareau and Lima, 2010), Coupling of ATG8 and ATG12 regulates autophagy
(Schreiber and Peter, 2014).

NEDDS (neural precursor cell expressed developmentally downregulated protein 8) has
been characterized as a modifier of its major target, the E3 ubiquitin ligase family of Cullin-
ring ligases (CRL) (Enchev et al., 2015). NEDDS is a conserved nuclear protein (Kamitani et
al., 1997) and usually overexpressed with other neddylation enzymes in human cancers (Hori
et al., 1999). Despite sharing 59 % similarity, NEDDS8 and ubiquitin have no interchangeable
functions because of their structural differences (Whitby et al., 1998). Mature NEDDS protein
is transferred by specific E1 and E2 enzymes and finally conjugated by E3 enzymes to a specific

lysine in a targeted substrate protein.

1.4.1. NAE1 mediated NEDDS transfer cascade
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As shown in Figure 1.10.., the NEDDS transfer cascade begins with one of the E1 activating
enzymes (NAE] in this thesis as an example), which is a heterodimer composed of amyloid-3
precursor protein binding protein 1 (APPBPI1) and ubiquitin activating enzyme 3 (UBA3)
subunits. Binding NEDDS8, ATP and magnesium at the adenylation site of UBA3 subunit is
followed by AMP binding to the NEDDS8 and leads to a pyrophosphate release. Therefore,
NEDDS is activated and attacked by the catalytic domain of the NAE1. At this step, the ATP
binding of NEDDS8 and NAE1 can be chemically blocked by a small molecule, termed
MLN4924, which is an ATP competitor (Zhao et al., 2014). NAEI restructures itself to be a
closed confirmation that allows thiolation of the NEDDS8 to the NAEI active site and AMP
release. NAE1 afterward recovers to its open confirmation and adenylates a second NEDDS
leading to conformational rearrangement again. Dual NEDDS8-loaded NAET1 binds specific E2
enzymes, like UBE2M and UBE2F (not shown in the scheme). They catalyze a thiolation
reaction and the transfer of NEDDS from the active site of NAE1 onto the active site of the E2
enzyme (Huang et al., 2005). In addition, UBE2M directly binds the NEDDS8 conjugated with
the NAE1 (Huang et al., 2007). In both cases, NEDDS is transferred from NAE1 to UBE2M or
UBEZ2F in close proximity. Furthermore, E3 ligases catalyze the transfer of NEDDS8 from the
E2 enzymes onto the substrate protein. The well-characterized E3 ligases are the ring domain
subunit ring-box protein 1 (RBXI1), one of the components of CRLI1~4, and their close
homologue CRLS5 complex (Walden et al., 2003, Huang et al., 2007, Huang et al., 2009, Olsen
et al., 2010). Fully validated neddylation substrates are the cullin members that nucleate the
largest class of ring ligases, CRLs. CRL neddylation leads to the activation of ubiquitin transfer
activity by alternative conformations of RBX1 and the CRLs (Duda et al., 2008, Saha and
Deshaies, 2008, Yamoabh et al., 2008).
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Figure 1.10. Scheme of the NEDD8 transfer cascade. The C-terminus of progenitor NEDD8
protein is cleaved to generate mature NEDD8 messenger. One of eight host enzymes, NAE1,
couples NEDDS8 protein to the E1 enzyme in an ATP-dependent manner. NEDDS8 protein is
further loaded on the E2 enzyme, the E3 enzyme and finally substrates (mostly Cullin-ring
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ligases). Neddylation of the substrates is reversible by cleaving NEDD8 out of the targets by
the NEDD8 isopeptidase. Adapted from (Zhao et al., 2014) with permission.

1.4.2. NAE1 inhibitor MLLN4924 and its antiviral potential

HBx enhances HBV replication in vivo and in vitro (Balsano et al., 1993, Lucifora et al., 2011).
HBx induces degradation of host restriction factor(s) (Minor and Slagle, 2014) that were
identified as SMC5/6 proteins, which are ubiquitin labelled and degraded in an HBx-dependent
manner (Decorsiere et al., 2016, Murphy et al., 2016), raising up the opportunity that this
function of HBx may become a drug target. A prerequisite of SMC5/6 degradation is the HBx
binding of DDB1 and recruitment of host E3 ubiquitin ligase CRL4A. As depicted above, to be
fully activated, CRL4A neddylation is mandatory, and thereby neddylation inhibitor MLN4924
may result in the unavailability of the HBx-DDB1-CRL4A complex.

Pharmacologic inhibition of CRL4A neddylation is thus practical. MLN4924 is a first-in-
class NAE]1 inhibitor being tested in phase III clinical trial towards patients with melanoma and
lymphoma, since it selectively and potently inhibits catalytic activity of NAE1 at ECso value of
nanomolar concentration (ECso= 4 nM in biochemical analysis) (Soucy et al., 2009, Brownell
et al., 2010). MLN4924 resembles AMP and binds the adenylation site of NAE that competes
for loading of NEDD8. MLN4924 also forms a sulphamate adduct and inhibits CRL4A
neddylation and activity (Embade et al., 2012). From the virological point of view, it has been
reported that MLLN4924 blocks simian immunodeficiency virus and lentiviral infections by
disrupting Vpx-mediated neddylation-dependent SAMHD1 degradation, suggesting that host
neddylation signaling is hijacked by retrovirus and the inhibition of neddylation restricts
lentivirus replication (Hofmann et al., 2013, Wei et al., 2014). Furthermore, a recent study
extends MLN4924 application to broader and more potent antiviral activities against human
and mouse cytomegalovirus, and herpes simplex virus (Le-Trilling et al., 2016). Taking that
HBx also hijacks host CRLs in the context of transactivation into account, it is reasonable to

speculate that MLN4924 may have an antiviral effect on HBV replication.

1.5. Antivirals for HBV

Vaccines and antivirals are two major ways of preventing or controlling viral infection.
Although HBV vaccines are safe and effective, they have no effect against established chronic
HBYV infection. Potential therapeutic vaccines that may stimulate the host immune system for
HBYV clearance are far from being approved. Moreover, some people who do not generate
protective anti-HBsAg antibodies after complete vaccinations are deemed “non-responders”. It

is estimated that 5% of people who are at elder age or have cigarette smoking, alcohol drinking,
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obesity, chronic illness and other factors might not respond to vaccines. HBV vaccine non-
responsiveness also varies among each subject population (Saco et al., 2018). In addition, a
small proportion of people are responders but have a rapid decline of anti-HBsAg titer over 2~3
years after successful vaccination (Propst et al., 1998). Therefore, antivirals with curative

potential are required.

1.5.1. Overview of anti-HBV agents
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Figure 1.11. Antiviral targets on HBV replicative steps in development. Listed entry
inhibitors interfere with HBV entry via NTCP. rcDNA-to-cccDNA conversion can be affected by
sulfonamides. cccDNA can be degraded by specific CRISPR or transcriptionally silenced by
histone deacetylase inhibitors. Transcription of cccDNA is hampered by specific siRNA.
Reverse transcription is blocked by nucleos(t)ide analogues (NUC). Capsid assembly is
targeted by capsid modulator (CpAM). Assembly ad secretion of HBsAg is blocked by nucleic
acid polymers. Adapted from (Durantel and Zoulim, 2016) with permission.

As shown in Figure 1.11., except HBx, most of the viral proteins and replicative steps have
been targeted with approved drugs or investigational inhibitors. Targeting viral entry, entry
inhibitors Myrcludex B and cyclosporine derivatives interfere with preS1-mediated NTCP
binding. How virus trafficking after its entry is largely unknown, but the rcDNA-to-cccDNA
conversion has been tested as an in vitro drug target. Two disubstituted sulfonamides, termed
CCC-0346 and CCC-0975 and selected from a small molecule library with 85,000 compounds,
affect rtcDNA conversion to cccDNA without inhibiting viral polymerase and rcDNA
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replication (Cai et al., 2012). Decomposition of established cccDNA can be induced not only
by cytokines (IFN-a, IFN-y, and TNF-a) (Xia et al., 2016) but theoretically also by exogenous
engineered nucleases (ZFNs, TALENs, and CRISPR/Cas9) (Bloom et al., 2013, Weber et al.,
2014, Seeger and Sohn, 2014, Seeger and Sohn, 2016). In the next step, cccDNA transcription
may be silenced by epigenetic modifiers targeting cccDNA methylation, histone methylation
and acetylation (e.g. HDAC inhibitors). Host nuclear receptors (e.g. retinoid X receptor a)
seems to positively regulate cccDNA transcription. RXRa-specific agonist Bexarotene was
found to inhibit HBV replication and silencing of RXRa led to evaluated cccDNA formation
and antigen production (Song et al., 2018).

Whether HBx will be a pharmacologic target? It may be an ideal target of blocking
transcription of cccDNA that requires HBx. Although one of the FDA-approved drugs,
terbinafine, specifically and potently inhibits HBx-mediated HBV RNA transcription in
HepG2.2.15 and transfected HepG2 cells, it is unclear whether it inhibits transcription from
authentic cccDNA in de novo infection (van de Klundert et al., 2016b).

Many silencing RNAs (siRNA) induce degradation of viral transcripts without specificity.
Among them (ARB-1467, ARB-1740, ARC-520, RG6004, ARO-HBV, ALN-HBV, etc.),
ARC-520 consists of two siRNAs conjugated to cholesterol and shows favorable tolerability in
phase I clinical trial (Schluep et al., 2017). In the phase II trial, HBsAg is strongly suppressed
in treatment-naive HBeAg positive patients but less significantly reduced in patients who are

either HBeAg negative or received long-term NUC treatment (Wooddell et al., 2017).

For the next step, NUCs are approved as first-line drugs. As HBV polymerase is a reverse
transcriptase with ribonuclease H activity, the latter is also a target of specific RNase H
inhibitors (Tavis et al., 2013, Hu et al., 2013, Cai et al., 2014, Lu et al., 2015, Tavis and

Lomonosova, 2015, Lomonosova et al., 2017, Tavis et al., 2018).

Disturbing nucleocapsid formation and assembly, at least three classes of capsid inhibitors
are in development. However, neither NUCs nor capsid modulators induces HBsAg reduction.
Nucleic acid polymers (NAPs) are first-in-class HBsAg secretion inhibitors, which interfere
with the formation of subviral particles and prevent the release of them from infected
hepatocytes. Two of the NAPs, REP 2139 and REP 2165, are well tolerated and have substantial
antiviral activity in patients in phase I/II trials. REP 2139 administration leads to rapid
elimination of HBsAg and reduction of viral load in patient sera (Roehl et al., 2017, Bazinet et
al., 2017). Recently, a small molecule, RG7834, belonging to the dihydroquinolizinones, was

discovered by screening a small molecule library with one million compounds. RG7834
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profoundly reduced HBsAg as well as viral load in infected PHH and humanized mice.
Moreover, Entecavir and pegylated IFN-a-2a when treated in combination with RG7834

resulted in more potent reductions of HBsAg and DNA levels in humanized mice (Mueller et
al., 2018).

Taken together, small molecule inhibitors in development have targeted most of the
intracellular steps in HBV replication. However, elimination of cccDNA or silence of HBx-
mediated transcription from cccDNA (one way of functional cure) is still not possible. In the
following table, all compounds approved and in development for chronic hepatitis B are
summarized (Table 1.4.).

Table 1.2. Compounds approved and in development for therapeutic use (updated July
2019).

Name Brand Name Nature Mechanism Company Status
IFN-a-2b Intron A cytokine immunomodulator Merck Approved
Pegylated IFN Pegasys cytokine immunomodulator Genentech Approved
Lamivudine Epivir NUC inhibits polymerase  GlaxoSmithKline Approved
Adefovir dipivoxil Hepsera NUC inhibits polymerase Gilead Approved
Entecavir Baraclude NUC inhibits polymerase Bristol-Myers Approved
Squibb
Telbivudine Tyzeka NUC inhibits polymerase Novartis Approved
Tenofovir Viread NUC inhibits polymerase Gilead Approved
Tenofovir Vemlidy NUC  inhibits polymerase Gilead Approved
alafenamide
ANA 380 Besivo NUC inhibits polymerase lldong Pharma  Approved§
Myrcludex B Bulevirtide peptide NTCP MYR GmbH Phase llI
Cyclosporin A Sandimmune peptide NTCP Norvatis Approved#
HBIG HepaGam B antibody L/M/S Aptevo Bio Approved
BAY 41-4109 HAP capsid assembly Bayer GmbH Preclinical
GLS4 (morphothiadin) HAP capsid assembly HEC Pharma Phase Il
NVR 3-778 SBA capsid assembly Janssen Phase Il
JNJ 56136379 CpAM  capsid assembly Janssen Phase |l
ABI-H0731 CpAM  capsid assembly Assembly Bio. Phase ll
AB-506 SBA capsid assembly Arbutus Bio. Phase |
RG7907 CpAM  capsid assembly Roche Phase |
VIR-2218 siRNA  RNAi silencer Vir Biotech Phase |l
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RG6004 siRNA  RNAi silencer Roche Phase Il
ARO-HBV siRNA  RNAi silencer Janssen Phase Il
AB-729 siRNA  RNA:i silencer Arbutus Bio. Phase |
DCR-HBVS siRNA  RNAi silencer Arbutus Bio. Phase Il
EBT106 sgRNA CRISPR/Cas Excision Bio.  Preclinical
RNase H inhibitor inhibits polymerase Arbutus Bio. Preclinical
ccc_RO8 cccDNA decay Roche Preclinical
RG7834 carboxylic acid HBsAg inhibitor Roche Phase |
REP 2139 NAP  HBsAg inhibitor Replicor Phase |l
REP 2165 NAP  HBsAg inhibitor Replicor Phase |l
EYPOO1 unknown  FXR agonist Enyo Pharma Phase |

NUC: nucleos(t)ide analogue, NTCP: sodium taurocholate cotransporting polypeptide, HAP:
heteroaryldihydropyrimidines, SBA: sulfamoyl benzamides, CpAM: core protein allosteric
modifiers. NAP: nucleic acid polymer.

§: approved outside USA, #: approved for other diseases. Adapted from the Hepatitis B
Foundation.

1.5.2. Interferon-a and pegylated interferon-ou

Interferon-a. (IFN-a) is the first drug, which was approved by the FDA in 1991. As a natural
first-line defense against viruses, [FN-o with interferon-stimulated genes (ISG) has a broad
antiviral activity. Later on, polyethylene glycol was conjugated to IFN-o and this modification
allows interferon lasting longer in vivo. Pegylated IFN-a was licensed in 1995. Both pegylated
IFN-o and IFN-B are medically used, yet only pegylated IFN-a-2a (PegaSys) and IFN-a-2b
(IntronA/Peglntron) given by subcutaneous injection are currently used for chronic HBV
treatment. However, the response rate of pegylated interferons remains low (5~20%) and side

effects are common including influenza-like symptom, headache and fatigue (Janssen et al.,
2005, Xia and Protzer, 2017).

IFN-a and ISG play pleiotropic roles in counteracting HBV replication. Firstly, IFN-a.-
treated HBV-infected HepaRG cells release soluble factors that compete with the virus for
HSPG binding and restrict HBV spread to neighbor cells. The interferon-induced secreted
factors inhibited HBV binding to heparin. Size exclusion purification showed that they are
larger than 100 kD, although the nature of these factors was never characterized (Xia et al.,

2017b). Secondly, high doses of [IFN-a mediate non-cytolytic clearance of cccDNA in infected

PHH and HepaRG cells. To be specific, IFN-a specifically induces nuclear deaminase

APOBEC3A, which is also an ISG and binds nuclear HBcAg to tether on cccDNA (Lucifora et
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al., 2014). Deaminated cccDNA by APOBEC3A becomes prone to be degraded by hydrolysis
of another nuclease ISG20 (personal communications with Daniela Stadler). [IFN-o upregulates
APOBEC3A level in vitro and in the livers of treated patients and chimpanzees, the response
to IFN-a treated patients correlates with IFN-mediated base excision repair that leads to
cccDNA decay (Li et al., 2017). Thirdly, IFN-a inhibits transcription of viral RNA from
cccDNA minichromosome by regulating its epigenetic modification in vitro and in humanized
mice. [FN-a leads to histone hypo-acetylation (via reducing the H3K9 and H3K27 acetylation)
and recruitment of transcriptional repressors such as histone deacetylase 1 (HDACI) on
cccDNA (Belloni et al., 2012, Liu et al., 2013). The reduction of histone activity by IFN-a in
HBV-infected PHH can be recapitulated by an epigenetic modulator, C646, which inhibits
histone acetyltransferases (Tropberger et al., 2015). Fourthly, IFN-induced tripartite motif 22
protein (TRIM22) inhibits HBV core promoter activity and gene expression in vitro and in vivo
(Gao et al., 2009). Fifthly, many ISGs restrict viral transcription. For instance, zinc finger
proteins trigger viral RNA decay in vitro and in vivo (Mao et al., 2013, Chen et al., 2015).
Myeloid differentiation primary response protein 88 (MyD88) facilitates this decay (Li et al.,
2010b). Myxoma resistance protein 1 (Mx1) impedes pgRNA encapsidation (Gordien et al.,
2001, Li et al., 2012). APOBEC3G induces genome hyper-mutation and it is incorporated into
cytosolic nucleocapsids to inhibit viral DNA replication (Noguchi et al., 2005, Nguyen et al.,
2007, Nguyen and Hu, 2008). Sixthly, IFN-o upregulates RNA-dependent protein kinase (PKR)
that inhibits the synthesis of viral proteins. Consequently, the intracellular level of capsid
proteins is reduced (Park et al., 2011). Finally, IFN-a treatment enhances tetherin expression
that blocks the egress of HBV particles. Tetherin colocalizes with virions at the multivesicular
bodies and therefore reduces virus budding without affecting intracellular viral replication (Yan
et al., 2015). In sum, IFN-a and ISGs almost target all the replicative steps in the HBV life
cycle. Besides, IFN-a is a strong immunomodulator that stimulates adaptive immune responses.

Recruited cytotoxic T cells are able to kill the HBV infected hepatocytes.

1.5.3. Nucleos(t)ide analogues

Beside IFN-a and pegylated IFN-a, six nucleoside and nucleotide analogues (NUCs) are
licensed by FDA for treating chronic hepatitis B: Epivir (Lamivudine, approved in 1998),
Hepsera (Adefovir dipivoxil, 2002), Baraclude (Entecavir, 2005), Tyzeka (Telbivudine, 2006),
Viread (Tenofovir, 2008), and Vemlidy (Tenofovir alafenamide or TAF, November 2016).

Lamivudine, Telbivudine and Entecavir are nucleoside analogues containing a nucleic acid
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analogue and a sugar, whereas Adefovir dipivoxil, Tenofovir disoproxil fumarate and Tenofovir
alafenamide are nucleotide analogues that contain a nucleic acid, a sugar and 1~3 phosphate
groups (Fung et al., 2011, Lo and Wong, 2014). All six NUCs target the viral polymerase and
potently inhibit minus-strand DNA synthesis by reverse-transcription mediated by the viral

polymerase. However, they have their specific features.

Lamivudine (3TC, LAM), used to treat HIV infection, was the first nucleoside analogue
approved for the treatment of chronic hepatitis B at a dose of 100 mg/day by oral administration.
It is a broad reverse transcriptase inhibitor acting at HBV polymerase as well as HIV reverse
transcriptase. It reduces viral DNA load, improves HBeAg seroconversion, normalizes ALT
level and reverses fibrosis (Lai et al., 1998, Dienstag et al., 1999). Upon treatment, Lamivudine
decreases the risk of hepatocellular carcinoma in cirrhotic patients when compared with the
patients without treatment (Liaw et al., 2004, Yuen et al., 2007). However, the major drawback
of Lamivudine therapy is frequent drug resistance mutation at the tyrosinemethionine-aspartate-
aspartate (YMDD) motif in the catalytic domain of the viral polymerase. Emergence frequency
of YMDD mutants arises from 15~32 % in the first year to 69 % in the fifth year of treatment
(Lai et al.,, 2003). Other mutations responsible for drug resistance include rtM204V
concomitantly occurring with rtL180M and rtM2041 occurring alone or together with rtL.180M
(Allen et al., 1998). Nevertheless, Lamivudine is safe, moderately effective and improves liver

function in patients (Kapoor et al., 2000, Yao et al., 2001).

Adefovir dipivoxil (ADV) was the second nucleotide analogue, approved for treating
chronic hepatitis B at a dose of 10 mg/day. Adefovir leads to a thousand-fold reduction on HBV
DNA titer, frequent HBeAg seroconversion, and normalization of ALT concentration compared
with the placebo (Marcellin et al., 2003), although at 10 mg/day dose the speed of viral
suppression was slow (>48 weeks). One great significance of Adefovir is that Lamivudine
resistant rtM204V/I mutant is sensitive to Adefovir (Lampertico et al., 2005). However, upon
Adevovir treatment two major mutations of viral polymerase rtA181V/T and rtN236T are
emerging (Angus et al., 2003). 29 % resistance rate occurs in the fifth year of its treatment
(Hadziyannis et al., 2006). Increased nephrotoxicity is associated with Adefovir treatment at
higher doses. This nephrotoxicity with a decrease in serum phosphate and an increase in serum
creatinine levels started from 4~12 months after therapy. Toxicity was disappeared when the

treatment was terminated (Marcellin et al., 2008).

Entecavir (ETV) was licensed at a dose of 0.5 mg/day for treatment naive patients and 1
mg/day for Lamivudine ineffective patients. As a guanosine analogue, Entecavir inhibits

priming of viral polymerase involving guanosine and allows several additional nucleotides to
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be incorporated prior to termination, in contrast to other NUCs that are obligate terminators
(Langley et al., 2007, Tchesnokov et al., 2008). Compared to Lamivudine, Entecavir showed
up to two thousand-fold efficacy in viral DNA reduction in vitro. The drug resistance of
Entecavir was rare and only 1.2 % after 5-year treatment (Tenney et al., 2009, Chang et al.,
2010), because three mutations are required before virus develops resistance. In addition to
rtL180M and rtM204V mutations responsible for Lamivudine resistance, a third mutation of

rcl169T, rcT184G, rtS2021 or rtM250V is required (Baldick et al., 2008a, Baldick et al., 2008b).

Telbivudine (LdT), a thymidine analogue, was approved for treating chronic hepatitis B at
a dose of 600 mg/day. Telbivudine has stoichiometric L-configuration opposite to natural
nucleosides. It is incorporated into premature chain termination and competes with 5°-
triphosphate thymidine and thereby inhibits viral polymerase. Telbivudine was much superior
to Lamivudine in HBV suppression with the relative lower opportunity of drug resistance (Lai
et al.,, 2007). After 24-week treatment, Telbivudine also showed better HBV suppression
compared with Adefovir. However, mutations are high-frequent rtM204I with or without
concomitant rtL180M and rtL80I/V and rare rtA181T/V and rtL229W/V. For side effect,
peripheral neuropathy was also reported when patients have received a combination of

Telbivudine and IFN-a, thus this combination is forbidden.

Tenofovir disoproxil fumarate (TDF) and its prodrug Tenofovir alafenamide (TAF) were
approved for the treatment of chronic HBV infection at 300 mg/day and 25 mg/day, respectively.
As chain terminator, both drugs compete for the natural substrate of deoxyadenosine 5’-
triphosphate and inhibit viral polymerase, as a result, mediate HBV DNA reduction, HBeAg
seroconversion and ALT normalization (Marcellin et al., 2008, Heathcote et al., 2011). So far,
the sole documented primary resistance to Tenofovir occurred in two patients. A quadruple
mutation of rtS106C, rtH126Y, rtD134E and rtL2691 confers Tenofovir resistance (Park et al.,
2019). Nephrotoxic side effect appears to be mild and less severe compared to Adefovir

(Heathcote et al., 2011, Patterson et al., 2011).

Taken together, all approved inhibitors are potent in HBV DNA reduction and ALT
normalization. However, long-term treatment of most of them leads to multiple drug resistance,
except Tenofovir and Tenofovir alafenamide. This class inhibitors specifically target viral
polymerase but not cccDNA. Therefore, they can suppress HBV replication but none of them

1S curative.

1.5.4. Entry inhibitors
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The human NTCP gene is one of the members in the SLC10A family. NTCP protein is a 34 kD
that can shift to 56 kD upon glycosylation. NTCP is mainly localized on the basolateral
membrane of hepatocytes and it is a transporter of bile salts into hepatocytes (Hagenbuch and
Meier, 1994). In 2012, human NTCP was identified as the HBV entry receptor (Yan et al.,
2012). Constitutive expression of human NTCP renders non-susceptible hepatoma cells
susceptible to HBV and HDV infections (Yan et al., 2012, Ni et al., 2014). Within NTCP, a key
region (157~165 amino acids) is crucial for the binding of HBV preS1 protein and another
region (84~87 amino acids) is responsible for post-binding processes (Yan et al., 2014, Ni et

al., 2014). Later NTCP becomes a drug target.

Before the characterization of NTCP, Urban et al. identified that recombinant DHBV preS
polypeptide inhibits DHBV infection in a dose-dependent manner. An 85-amino-acid preS
peptide showed maximal inhibition (Urban et al., 1998). HBV infection also depends on the N-
terminus of preS1 (3~77 amino acids) (Le Seyec et al., 1999). In the initial test, a myristoylated
preS1 peptide at the large surface protein bound hepatocytes and blocked DHBV infection in
vitro (Urban and Gripon, 2002). In the same year, differentiated HepaRG cell line was
established as an in vitro HBV infection system (Gripon et al., 2002). Using PHH and HepaRG
cultures, the myristoylated N-terminal 47 amino acids (2~48) of the HBV preS1 domain
(genotype D) was found to specifically inhibit HBV infection with the ECso value of § nM
(Gripon et al., 2005). Amino acids (2~18) of the N-terminal preS1 efficiency blocked HBV
infection and the amino acids (28~48) enhanced the inhibitory effect. Myristoylated 2~48
amino acids selectively bound primary tupaia hepatocytes (Glebe et al., 2005). Deletions and
mutations between 11~21 amino acids led to the loss of inhibitory activity and finally key
residues (amino acids 9~15, NPLGFFP) were confirmed. The peptide (2~48 amino acid)
derived from the preS1 was further used to identify NTCP (Yan et al., 2012). Similarly, HDV
infection is inhibited by the same peptide with the same specificity (Engelke et al., 2006,
Schulze et al., 2010, Meier et al., 2013).

Myristoylated preS1-derived lipopeptides are promising candidates for antiviral therapy.
In the preclinical study, the peptides permit subcutaneous delivery, accumulate in the liver and
prevent HBV entry in vivo, when urokinase-type plasminogen activator and severe
immunodeficient mice (USB) were repopulated with PHH or tupaia hepatocytes (Petersen et
al., 2008). One of the peptides was officially designated as “Myrcludex B” (the myristoylated
peptide excludes hepatitis B). Myrcludex B was solid-phase synthesized for preclinical use
(Schieck et al., 2010). In HBV-infected USB mice that were superinfected with HDV,
Myrcludex B treatment efficiently hinders the establishment of HDV infection (Lutgehetmann

et al., 2012). Furthermore, in HBV mono-infection, Myrcludex B efficiently blocks HBV
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spreading from initial infected human hepatocytes to naive hepatocytes. Strikingly, Myrcludex

B hinders amplification of the cccDNA pool (Volz et al., 2013).

In phase Ia clinical trial, Myrcludex B showed well tolerability and mild adverse effects at
a dose of 20 mg by intravenous injection in healthy volunteers. Given by subcutaneous injection,
10 mg and higher doses reached a target saturation for at least 15 h (Blank et al., 2016). In phase
Ib/I1a trials, 24 chronic hepatitis D patients were equally randomized (1:1:1) and received
Myrcludex B, pegylated IFN-a-2a, or both. HDV RNA level is dramatically declined after 24-
week treatment. HDV RNA becomes negative in two of eight patients that received either
Myrcludex B or pegylated IFN-a, and in five of seven patients who have received both drugs.
ALT levels are normalized in six of eight patients in the Myrcludex B group. Virus kinetic
analysis suggests a synergistic effect of Myrcludex B and pegylated IFN-a on HDV
(Bogomolov et al., 2016). Furthermore, a phase IIb trial compares Myrcludex B with Tenofovir
and applies for co-treatment in chronic HDV patients. Another phase IIb trial with larger cohort
amount confirms that HDV is eliminated in 40 % of the HBV/HDV co-infected patients upon
co-treatment of Myrcludex B and IFN-a (Wedemeyer et al., AASLD Meeting 2018 & EASL
ILC Meeting 2019). Besides its therapeutic potential, unlabelled and fluorescein-labeled
Myrcludex B also serve as decent tools to study virus-receptor interaction after hNTCP

identification (N1 et al., 2014, Urban et al., 2014, Li and Urban, 2016).

With weaker activity than Myrcludex B, small molecules can also inhibit HBV and HDV
entry by targeting hANTCP. Cyclosporin A and its derivative SCYX1454139 show some NTCP-
binding affinity (Nkongolo et al., 2014, Watashi et al., 2014, Shimura et al., 2017). Ezetimibe
inhibits HBV entry (Lucifora et al., 2013) and lipase inhibitor Orlistat targets an early step in
the HBV life cycle (Esser et al., 2018). However, none of them is as potent as Myrcludex B and
has respective ECso values at the micromolar range. HBV attachment before NTCP binding

also becomes a drug target of surimin and heparin (Petcu et al., 1988, Schulze et al., 2007).

Table 1.3. Attachment and entry inhibitors.

Class Name Nature Target Clinical status ECso value*
Attachment suramin small molecule  L/M/S approveds 25 uM
Inhibitor heparin glycoglycan L/M/S approvedS 9.4 ng/mL
Entry Myrcludex B peptide NTCP phase llI 8 nM
Inhibitor Cyclosporin A peptide NTCP approvedS 1 uM
SCYX1454139 peptide NTCP preclinical 0.17 uM
Ezetimibe small molecule NTCP approvedS 18 uM
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Orlistat small molecule unknown approvedS 50 uM

§: approved for other diseases but not chronic hepatitis B.

*: PHH or HepaRG cells. Adapted from (Lempp and Urban, 2014)

1.5.5. Capsid inhibitors

Core protein assembles with viral polymerase and pgRNA to form the nucleocapsid shell in
which reverse transcription occurs as long as polymerase-bound pgRNA is encapsidated
(Fletcher and Delaney, 2013). Interaction between core proteins or interference with core
assembly is a target of capsid inhibitors. It has been shown that truncated core protein lacking
its C-terminus retains the ability to assemble (Nassal, 1992). Therefore, mutants of the assembly
domain have been used in vitro to screen modulators of capsid formation and assembly (Stray
et al., 2006, Zlotnick et al., 2007).

Characterized capsid inhibitors are classified as heteroaryldihydropyrimidines (HAP),
phenylpropenamides (AT) and sulfamoyl benzamides (SBA). The earliest HAP inhibitor is
BAY 41-4109, which has an ECso value of 120 nM and reduces the amounts of core protein in
HepG2.2.15 cells (Deres et al., 2003, Klumpp et al., 2015). In HBV transgenic mice (Tg
HBV1.3 {sX(-)3’5’), oral administration of BAY 41-4109 at 15 mg/kg for 28 d induced a
significant reduction of viral DNA and cytoplasmic HBcAg levels in the liver (Weber et al.,
2002). Moreover, BAY 41-4109 at 25 mg/kg for 5 d in humanized mice transplanted with PHH
and infected with HBV led to a 10-fold drop in viral load (Brezillon et al., 2011). BAY 41-4109
has dual effects on capsid assembly. One BAY 41-4109 molecule is sufficient to induce every
five capsid dimers to form non-capsid polymers (BAY: dimer = 1:5), and the formed capsids
are stabilized by BAY 41-4109 at a ratio of one molecule per two dimers (BAY: dimer = 1:2).
However, capsids are destroyed to generate large non-capsid polymers, when the ratio of BAY
41-4109 and capsid dimer is 1:1 or higher (BAY: dimer > 1:1). BAY 41-4109 may induce
aberrant assembly at low concentrations when in excess misdirects assembly by reducing the
stability of capsids (Stray et al., 2005, Stray and Zlotnick, 2006). HAP molecule binds the
pocket of core protein at the dimer-dimer interface. Hence, a V124W core mutation at this
pocket results in HAP resistance and confers HAP-like behaviors (Bourne et al., 2006, Tan et
al., 2013). Further structural modification of the BAY 41-4109 identifies GLS4
(morphothiadine mesilate) which is more potent than BAY 41-4109 in vitro (Wang et al., 2012,
Klumpp et al., 2015). GLS4 is 10-fold more potent with mean ECso values of 15 nM (Klumpp
et al., 2015). Compared to BAY 41-4109, GLS4 has no cytotoxicity up to 25 uM and shows a
sustained decline of viral DNA in nude mice injected with HepAD38 cells. So far, GLS4 is in

clinical evaluation in China (Wu et al., 2013).
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The second class of capsid inhibitors is the AT series. AT-61 is a potent inhibitor of HBV
replication in vitro (King et al., 1998) and its derivative AT-130 shows enhanced potency (Perni
et al., 2000). Both derivatives are very effective against WT and NUC-resistant HBV mutants
(Delaney et al., 2002). AT-130 blocks replication on the step of pgRNA packaging and
nucleocapsid forming (Feld et al., 2007). Although structural studies have shown some
differences between AT-130-bound and free capsids, co-structure of the capsid and AT-130
complex reveal that AT-130 binds the capsid and leads to tertiary and structural changes without
disrupting the capsid structure (Katen et al., 2013). AT-130 locates mainly in the B-subunit
pocket at the dimer-dimer interface, whereas HAP resides in the pocket of the C-subunit, which

differs the two classes.

A third-class nucleocapsid assembly modulator is SBA, originally identified from high
throughput screening using a murine AML12HBV10 cell line with stable HBV integration and
pgRNA transcription (Campagna et al., 2013). Direct comparison of the SBA with BAY 41-
4109 and AT-61 has shown that SBA inhibits HBV replication in a manner to form capsids
devoid of nucleic acids. Interestingly, SBA showed selectivity against HBV, but not WHV or
DHBYV replication in HepG2 cells (Campagna et al., 2013). One of the representative SBA
compounds, NVR 3-778, is the most advanced in development. Six-week NVR 3-778 treatment
in humanized mice leads to the reduction of viral DNA that is comparable to Entecavir treatment.
NVR 3-778 also shows a synergistic effect in combination with pegylated IFN-a and inhibits
DNA levels to an undetectable level (Klumpp et al., 2018). NVR 3-778 is well-tolerated,
pharmacologically effective and as efficient in phase Ia trial as in vitro. In phase Ib clinical trial,
NVR 3-778 shows a marginal reduction in viral load when daily given at 400 mg. A 1.7-log
decline in HBV DNA level, however, was observed at a higher dose of 600 mg/day (Yuen et
al., 2019).

1.6. In vitro cell culture models

HBYV has a narrow species and tissue tropism and thereby HBV study relies on a few in vitro
cell culture models. Although hepatoma cell lines are widely used that support HBV replication
and assembly, when they are transfected with cloned HBV genomes (Sells et al., 1988),
transfection systems have no real cccDNA and thereby transcription from authentic cccDNA

can not be studied (Slagle et al., 2015).

It was a long history when only PHH and primary tupaia hepatocytes (PTH) support the
“pre-transcription” steps in the HBV life cycle that include receptor-mediated entry, uncoating,

import of nucleocapsid in the nucleus, rcDNA repair, cccDNA formation (Gripon et al., 1988,
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Kock et al., 2001). Gripon et al. demonstrated that the supplement of 1.5% DMSO in the culture
medium efficiently enhanced HBV replication in PHH (Gripon et al., 1988). They further
illustrated that the addition of polyethylene glycol increased viral adsorption and penetration
(Gripon et al., 1993). So far PHH is still the gold model. However, once isolated and plated,
primary hepatocytes ex vivo rapidly lose the differentiation state and HBV susceptibility. PHH
also have a short life span of 1~2 weeks in vitro and it is not practical to study chronic HBV
infection. In this year, the long-term functional maintenance of PHH over 4 weeks was achieved
by using a combination of five chemicals in culture medium, whether this new system is the

best physiologically relevant is under debate (Xiang et al., 2019).

In 2002, HepaRG@G, a progenitor cell line, which was isolated and colonized from the liver
of a female HCV-infected patient, supported efficient de novo HBV infection when fully
differentiated and infected. Cellular metabolism and innate immune responses in HepaRG cells
are close to PHH. Similar to PHH, HepaRG cells show undetectable expression level of a-
fetoprotein (AFP) but high levels of aldolase B, Cyp 2E1 and 3A4 liver enzymes (Gripon et al.,
2002, Ni et al., 2014). However, a disadvantage of HepaRG cells includes low infectivity rate
as only 5~10 % hepatocyte-like cells in the total cells could be infected. After differentiation
processes, a majority of co-existing biliary cells are not susceptible to HBV and HDV infection.
Besides, long-term maintenance of HepaRG cells is not available, as all viral markers including

cccDNA stay stable up to 3 weeks p.1i..

After another ten years, the HBV receptor NTCP was discovered (Yan et al., 2012), which
provides a new direction to generate hepatoma cell lines reconstituted with human NTCP
(hNTCP). Stable expression of hNTCP renders HepG2 and Huh7 hepatoma cells fully
susceptible to HBV and HDV infection and enhances the infectivity rate in HepaRG cells (Ni
et al., 2014). Different from Huh7"™T¢P cells with rather low infection rate (5 %) of HBV and
deficiency in innate immunity, HepG2"™TCP cells are more robust and supportive of high HBV
infectivity (20~80 %). Moreover, HepG2"NTCP cells are suitable for long-term cultivation after
infection (eight weeks). Yet low levels of HBsAg secretion is a characteristic in HepG2MNTCP
cells when infected with cell culture (cc)-derived HBV. This low HBsAg level is partially
caused by hNTCP overexpression and specific for HBV genotype D (Li et al., 2016a). Of
special note, a slow proliferating HepG2"™TCP cell clone, HepG2-NTCPsec+, supports viral

spread to neighbor non-infected cells and multiple rounds of HBV infection (Konig et al., 2019)

Ectopic expression of hNTCP in cynomolgus macaque, rhesus macaque and swine
hepatocytes permits HBV infection with comparable replication efficiencies to human

hepatocytes, suggesting that hNTCP is the only limiting host factor in macaques and pigs
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(Lempp et al., 2017). However, reconstitution of hNTCP did not provide HBV susceptibility in
primary mouse, rat and dog hepatocytes, probably due to lack of other human-specific factors
(Lempp et al., 2016a). Remarkably, the first and only mouse cell line, AML12, gains HBV
susceptibility upon hNTCP expression, although the infection rate is rather low (<1 %) (Lempp
et al., 2016b). In this special case, it is plausible that mature nucleocapsids are unstable in the
AML12MNTCP cells and aberrantly released rcDNA converts to cccDNA (Cui et al., 2013, Cui et
al., 2015, Cui et al., 2016).

To closer imitate the liver environment, hepatic co-culture systems have been established
to allow more accurate and physiologically relevant HBV infection and virus-host interactions.
Micropatterned co-culture of PHH and stromal cells support higher productive HBV infection
that can be enhanced by blocking interferon-stimulated genes (e.g. using JAK inhibitor). This
model offers a prolonged and productive infection and represents a new platform for
investigating virus-host interactions and developing antiviral agents (Shlomai et al., 2014).
Furthermore, the co-culture of PHH with mouse stromal cells delays PHH de-differentiation
and thereby supports persistent infection for over 40 days. The platform can be miniaturized to
96-well plate format and also amenable to high throughput screening (Winer et al., 2017).
Avoiding PHH de-differentiation seems important for its long-term infection, as shown in
recent study PHH cultured with the five chemicals efficiently recapitulated HBV infection with

constant levels of cccDNA and other viral markers (Xiang et al., 2019).

Stem cell-derived hepatocyte-like cells have been developed as a new model for viral
hepatitis research (Wang et al., 2019). Pluripotent stem cells can be reprogrammed by co-
expression of the Yamanaka factors (Oct3/4, Sox2, KlIf4, c-Myc) in human fibroblasts
(Takahashi and Yamanaka, 2006). The induced pluripotent stem cells (iPSC) can further be re-
differentiated into hepatocyte-like cells (Sullivan et al., 2010). Similar to iPSC, human
embryonic stem cells (hESC) resided in the liver or bone marrow can also be differentiated
(Lavon et al., 2004). For both iPSC and hESC, the endodermal state is at first induced by
introduction of Wnt3 and Activin A and finished by the expression of transcriptional factors
FOX A2, GATA4 and Sox17. Secondly, DMSO and fibroblast growth factor are added to
express hepatocyte markers, a-fetoprotein (AFP), cytokeratin 19 (CK19), hepatocyte nuclear
factor (HNF) and epithelial cell adhesion molecules (EpCAM). During this process,
endodermal culture turns to be the next state of the hepatic specification. Thirdly, these
hepatoblasts are incubated with dexamethasone and hepatocyte growth factor. Hepatocyte
maturation is associated with the expression of albumin, cytokeratin 18 (CK18) and Cyp 2E1
and 3A4 liver enzymes as shown in Figure 1.12. (Vosough et al., 2013).
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Figure 1.12. Stem cell-derived hepatocyte-like cells. The differentiation steps of iPSC or
hESC contain definitive endoderm induction, hepatic specification, hepatoblast expansion and
hepatic maturation to become HLC that is permissive for HBV infection. The cells are treated
with activin A and Wnt-3A enhancer for 4 days, and HGF and Rock inhibitor Y-27632 for 1 day.
Definitive endoderms are incubated with HGF alone for 1 week. Hepatoblast cells are treated
with dexamethasone (DEX) for 3 days and can be infected with HBV at d 15 p.i.. Infected cells
can be maintained in the presence of insulin, hydrocortisone (HC) and DMSO for another 1
month until d 45 post differentiation. Adapted from (Wang et al. 2019) with permission.

1PSC-derived hepatocyte-like cells support HBV replication, which is further enhanced by
blocking the induction of interferon-stimulated genes (Shlomai et al., 2014). Compared to
1PSC-derived hepatocyte-like cells (IPSC-HLC), immature proliferating hepatic progenitor-like
cells (IPSC-HPC) are less efficient in HBV infection and the infection is dependent on the
expression levels of human NTCP. Since long-term culture of iPSC-HLC is difficult, the
persistence of cccDNA is established in iPSC-HPC further overexpressing human NTCP and
down-regulating Janus kinase signaling (Kaneko et al., 2016). iPSC-HLC is further validated
by antiviral agents Entecavir and Myrcludex B (Sakurai et al., 2017). Notably, both iPSC-
derived and hESC-derived HLC gain efficient HBV infectivity. Xia et al. used an optimized
protocol to differentiate the non-colony type monolayer culture of hESC and iPSC to HLC in
15 d. The HLC maintained its differentiated state and allowed HBV infection for more than 4
weeks. Importantly, the authors demonstrated that the optimized protocol for HLC
differentiation provided the model capable of supporting HBV spread. Notably, the de-
differentiation process occurred at a slower rate in HLC than PHH, as high expression levels of
proviral factors including hNTCP, HNF4a and RXRa for more than 3 weeks, which makes
HLC a suitable model for long-term HBV infection (Xia et al., 2017a). Taken together, all

above in vitro models for HBV infection are summarized in Table 1.2..

In addition to the models that support de novo HBV infection, HepG2.2.15 cells are widely
used in virion production and antiviral studies, despite HBV production is limited (Sells et al.,
1987). Moreover, HepAD38 and HepG2.117 cells were generated. In both cells, the
transcription of pgRNA is induced in a tetracycline-dependent manner (Ladner et al., 1997, Sun

and Nassal, 2006). HBeAg production is cccDNA-dependent in HepAD38 cells, it is difficult
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to reliably quantify HBeAg among excessive HBcAg from nucleocapsids during virus

production. To solve this problem, a second-generation cccDNA reporter cell line, termed

HepBHAeS82, was developed in the principle that an HA tag was introduced into the N-terminus

of PreCore ORF, so that only HBeAg generated from an HA encoding cccDNA but not HBcAg

is tagged. The model is amenable to assess antiviral agents and identify host factors that regulate

transcription from cccDNA (Cai et al., 2016).

Table 1.4. Feasible cell culture models for HBV infection.

Model Infectivity rate  HBsAg HBeAg Advantages Disadvantages
PHH 100% ++++ ++++  the most physiological  donor variability, high
commercially available  cost, limited spread,
support innate sensing  short-term infection
HepaRG 5~10% +++ ++ close to PHH long differentiation
support innate sensing  biliary cells included
short-term infection
low infectivity
HepaRG™'™" 10~20%  ++++  +++  close to PHH biliary cells included
support innate sensing short-term infection
long differentiation
HepG2™T  >50% + ++++  robust, high throughput very low HBsAg
long-term infection secretion
Huh7hNTCP 5% + ++ support integration low infectivity, unstable
NTCP, deficient in
innate sensing
AML12MTCP 19, + - the sole mouse model  very low infectivity
iPSC-derived 25~90% +++ +++  physiological, close to ethical issue, high cost
HLC PHH, support spread,
long-term infection,
personalized
hESC-derived 50~90% ++++ ++++ physiological, close to ethical concern, limited

HLC

PHH, support spread,
long-term infection,

personalized

cell number, not

available from adults

PHH: primary human hepatocytes; HLC: hepatocyte-like cells; iPSC: induced pluripotent stem
cells; hESC: human embryonic stem cells. Antigen expression levels: ++++ high; +++
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moderate; ++ low; + very low; - undetectable. NA: not applicable. Adapted from (Ni and Urban,
2017) with permission.

It is noteworthy to point out that most in vitro infection models support the formation of
cccDNA, expression of HBx protein and show HBx-dependent HBV replication. All the models
are listed in Table 1.3..

Table 1.5. Models for HBx-dependent HBV replication.

Model Entry cccDNA assembly secretion HBxdependency® Viremia  Immunity
PHH + + + + Yes NA NA
HepaRG + + + + Yes NA NA
HepG2"™NTCP 4+ + + + Yes NA NA
HepAD38 NA + + + ND NA NA
Transfected

HepG2/Huh7 NA No + + Yes NA NA

NA: not applicable, ND: not determined. §: Efficient HBV replication in this model depends on
HBx. Adapted from (Slagle et al., 2015) with permission.

1.7. Rationale and aims

The majority of HBx studies have been performed under experimental conditions in which
hepatoma cells were transfected with plasmids encoding more-than-full-length HBV. Authentic
functions of HBx on cccDNA could not be attained in this model, since the transcriptional
template is plasmid but not cccDNA. Consistently, it has been studied that HBx stimulates HBV
replication to less extent: when HBx is expressed from more-than-full-length constructs in
transfected cells, HBV replication in the absence of HBx (introduction of two stop codons in
the HBx ORF) is 2~3 fold reduced, which allows comparable production of Xd virions in these
hepatoma cells with Xd plasmid in the absence of a helper HBx-encoding plasmid. This finding
indicates that HBx is minimally required for transcription from a plasmid template. However,
when susceptible cells (primary hepatocytes, etc.) were infected with Xd virus compared to an
equal amount of WT virus, 50~100 fold weaker replication of Xd virus was observed. Indeed,
replication of Xd virions are severely impaired in woodchucks (Zoulim et al., 1994) and bona

fide infection in PHH and HepaRG cells (Lucifora et al., 2011)(Sonnabend J, thesis, 2013).

The pronounced effect observed in infection models compared to transfection systems can
be hypothesized that a preference of functional HBx is selective on the cccDNA-dependent
transcription of viral genes. The major differences between plasmid and cccDNA templates are
that cccDNA may have relative low-copy numbers per cell, based on the knowledge of DHBV,

and cccDNA has a tremendous transcriptional activity over time. Accurate quantification of
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cccDNA copy number in infection models will provide new understandings on the nature of
cccDNA. Using HBx-minus virus and HBx-encoding lentivirus, the effects of HBx on

formation and transcription of cccDNA can be monitored.

Specific aim 1: Establishment of quantitative analysis of cccDNA numbers in its formation,

maintenance and stability in in vitro infection systems.

To obtain a comprehensive overview, all susceptible hepatocytes and hepatoma cell lines will
be infected with HBV. Except for HBx, all viral markers will be measured. cccDNA levels will
be accurately quantified by reliable qPCR approach, which is specific for cccDNA. Referring

to the percentage of infected cells, cccDNA numbers per infected cell are calculated.

Specific aim 2: Functional analysis of a minimal active domain and key residues for HBx

transactivation in authentic infection.

Previous studies in our laboratory have shown that arginine-proline insertions into the HBx
ORF resulted in significant loss of its transactivation activity. Lentiviral transcomplementation
assay and extended mutational strategy using more truncations and deletions will be used to
define key fragments. Whether HBx function is dependent on some binding proteins will be

also investigated.

Specific aim 3: HBx-mediated formation and transcription of cccDNA and its inhibition.

Previous studies have shown that knockout of HBx within the viral genome profoundly
impaired vial gene expression after infection with Xd virus. My early studies using stable DDB1
knockdown cells also showed that DDBI1 plays an essential role and promotes transcription of
cccDNA. Targeting the HBx-DDB1-CRL complex, new-class inhibitors will be identified and
evaluated. Therapeutic perspectives of neddylation inhibition on HBV replication will be

discussed.
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2. MATERIALS AND METHODS

2.1. Materials
2.1.1. Organisms
2.1.1.1. Viruses
HBV:

Three types of HBV virions were prepared from (1) HepAD38, (2) HepG2-H1.3, and (3) Huh?7

cells.

(1) HBV (subtype ayw) was isolated and originally cloned into plasmid pBR322 (pHBV-1)
(Hirschman et al., 1980). Complementary DNA was subcloned at 3’ terminus of the
CMV-IE promoter of ptetHBV plasmid and stabilized in virus-producing HepAD?38 cells
(Ladner et al., 1997). The supernatant was collected from HepAD38 cells with the
removal of doxycycline in culture medium and virus was further purified by heparin-
affinity chromatography.

(2) A wild-type (WT) 1.3-fold-overlength HBV genome (subtype ayw) was PCR amplified
from pHBV1.3 plasmid and subcloned in pTH1.3 plasmid (Sprinzl et al., 2001, Jost et
al., 2007). In parallel, two stop codons within HBx opening reading frame were
introduced in pTHI1.3 to generate pTH1.3-AX. pTH1.3 or pTH1.3-AX together with
pSV2neo plasmids were stably transfected in HepG2 cells and thereby HepG2-H1.3 and
HepG2-H1.3-AX cell lines were generated (a kind gift from Ulrike Protzer). Secreted
virions were PEG precipitated and 100-fold enriched.

(3) WT 1.1-fold-overlength HBV genome was cloned in pCHT-9/3091(WT) plasmid as
previously described (Nassal, 1992). pCHT-9/3091(Xd) plasmid was generated by
introducing two stop codons of Q8stop and Q87stop (C22T and C259T of the HBx coding
region) within HBx opening reading frame without changing core and polymerase
proteins (Jessica Sonnabend, unpublished). Huh7 hepatoma cells were transfected with
pCHT-9/3091(WT) or pCHT-9/3091(Xd), and secreted WT and Xd virions were PEG
precipitated and enriched. Section 2.2.2.2 describes more details of (2) and (3).

HDV:

HDV genomic-encoding plasmid pSVLD3 (genotype 1) (provided from John Taylor) and
HBV envelope encoding pT7HB2.7 (a kind gift from Camille Sureau) plasmid were co-
transfected in Huh7 cells. Secreted HDV viruses were purified by heparin affinity
chromatography.
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Lentivirus:

Second-generation recombinant lentiviruses were produced by a triple-transfection of
HEK293T cells with pWPI-HBx/pInducer20-HBx, psPAX2 (expressing Gag and Pol of HIV)
and pMD2.G (expressing VSV-G envelopes) (weight: weight: weight = 3: 3: 1). Supernatant
between 24~72 hours post transfection was collected, pooled, filtered through 0.45 uM filter,

ultracentrifuged, and resuspended. Section 2.2.2.5 describes more details.

2.1.1.2. Prokaryotic bacteria

E.coli strains DH5a and Top10 were used for molecular cloning. Competent cells for high-

efficient transformation were home-made using rubidium chloride chemical sensitization

according to Promega Protocols and Applications Guide.

2.1.1.3. Eukaryotic cell lines

Cell line Description

Huh7 Differentiated hepatocyte-derived carcinoma cell line
originally from a 57-year-old Japanese male HCC patient in 1982

HepG2 ATCC® HB-8065, a human hepatoma cell line from a 15-year-old
Caucasian adolescent in 1979

HepG2hNTCP HepG2 cells stably expressing hNTCP (Ni et al., 2014)

HepaRG Human hepatoma cell line isolated from a liver tumor of a female
HCV and HCC patient (Gripon et al., 2002)

HepaRG"™Tc? HepaRG cells stably expressing hNTCP (Ni et al., 2014)

HepAD38 HepG2-derived cell line with a tet-inducible integrate allowing

pgRNA transcription and virus assembly in a tet-off manner
(Ladner et al., 1997)

HepG2-H1.3(WT)

HepG2-derived cell line with an HBV 1.3-mer supporting
constitutive pgRNA transcription and virus assembly

(Jost et al., 2007)

HepG2-H1.3(AX)

HepG2-derived cell line with two stop codons in HBx ORF

supporting generation of Xd virions (Lucifora et al., 2011)

HBx(WT)-HepG2"™NTeP

HepG2"™ TP _derived cell line with an HA-tagged HBx for

HBx(WT) expression in a tet-on manner (this thesis)

HBx(RI6E)-HepG2™TeP

HepG2"™TCP_derived cell line with an HA-tagged HBx for
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HBx(R96E) expression in a tet-on manner (this thesis)

HBx(WT)-HepaRG"™ TP

HepaRG™™°P_derived cell line with an HA-tagged HBx for

HBx(WT) expression in a tet-on manner (this thesis)

HBX(R96E)-HepaRG"™ TP

HepaRG™T™°P_derived cell line with an HA-tagged HBx for

HBx(R96E) expression in a tet-on manner (this thesis)

PLC/PRF5 ATCC® CRL-8024, a human hepatoma cell line with natural HBs
integrates and continuous HBsAg production
(Daemer et al., 1980)

HEK293T Human embryonic kidney cell line derived from HEK293 cell line

expressing a mutated SV40 large T antigen (DuBridge et al.,
1987).

2.1.1.4. Primary human hepatocytes (PHH)

PHH were isolated from liver specimens obtained after partial hepatectomy and following

written informed consent of the patients (provided by Florian W.R. Vondran). The whole

process was approved by the ethics commission of Hannover Medical School/Ethik-

Kommission der MHH, no.

252-2008.

2.1.2. Inorganic consumables

2.1.2.1. Chemicals and compounds

Chemical

Provider

Catalog number

[a-32P]-deoxyxytidine 5™-triphosphate (dCTP)

Acetic acid (Ph.Eur.,>99.8%)

Acrylamide/Bisacrylamide(30% w/v, 3.3% C)

Agarose, high melting temperature

Ampicillin

Ammonium persulfate (AP)
Bacto-Agar

Bacto-Trypton

Bacto-Yeast extract

BAY41-4109

B.Braun Agqua (ddH20), injektionszwecke

Beta-Mercaptoethanol (2-ME)
Blasticidin S

Hartmann Analytic GmbH
Sigma-Aldrich

Serva Electrophoresis GmbH
Biozym Diagnostic GmbH
Life Technologies, Invitrogen
Fisher Scientific GmbH
Becton-Dickinson
Becton-Dickinson
Becton-Dickinson

Bayer AG

University Hospital Heidelberg
Sigma-Aldrich GmbH

Life Technologies, Invitrogen
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SRP-205(9.25 MBq)
33209-2.5L
10687.01

840004

11593-027
10744171

214050

211705

212720

M6250-250ML
R210-01



Bovine serum albumin fraction V (>98%)

Caesium chloride (ultrapure)
Coelenterazine

Diethyl pyrocarbonate (DEPC)
Dimethylsulfoxide (DMSQO)
Dithiothreitol (DTT) (>98%)
dNTPs (100 mM)

Dulbecco’s Modified Eagle Medium (DMEM)

DMEM/F12 medium (v/v 1:1)
Dulbecco’s PBS (w/o Ca?* and Mg?*)
DNA loading dye (6x%)

Doxycycline

DRAQ5

Ethanol absolute (Ph. Eur.,>99.8%)
Ethidium bromide (EB)

Ethylenediaminetetraacetic acid (EDTA)

Fetal bovine serum gold (FBS)
Fluoromount-G

Formaldehyde (36.5-38%)
GeneRuler 1kb DNA ladder
GLS4 (morphothiadin)

Glycerol (99.9%)

Glycine

Guanidine hydrochloride

Hank’s balanced salt solution (HBSS)
HEPES (1 M)

Hydrochloric acid (>37% fuming)
Hydrocortisone hemisuccinate
Hoechst 33342

lllustra MicroSpin G-25 Column

Insulin

Interferon-a-2b (Intron A, injection use)

Isopropanol (Ph. Eur.,>99.8%)
Laemmli sample buffer (4x)
Lamivudine (3TC) (>98%)
L-Glutamine (100x)

Materials and Methods

Carl Roth GmbH

Invitrogen

PJK GmbH

Sigma-Aldrich GmbH

EMD Millipore
Sigma-Aldrich GmbH

New England Biolabs

Life Technologies, Invitrogen
Life Technologies, Invitrogen
Sigma-Aldrich GmbH
Fermentas

Sigma-Aldrich GmbH

Life Technologies, Invitrogen
Sigma-Aldrich GmbH
Sigma-Aldrich GmbH
Serva Electrophoresis GmbH
PAA, GE Healthcare GmbH
Life Technologies, Invitrogen
Sigma-Aldrich GmbH

Fermantas

Sunshine Lake Pharma Co., Ltd.

Fisher Scientific
Sigma-Aldrich GmbH
Sigma-Aldrich GmbH

Life Technologies, Invitrogen
Life Technologies, Invitrogen
Sigma-Aldrich GmbH
Sigma-Aldrich GmbH

Life Technologies, Invitrogen
GE Healthcare GmbH
Sigma-Aldrich GmbH
Schering-Plough
Sigma-Aldrich GmbH
Bio-rad Laboratories
Sigma-Aldrich GmbH

Life Technologies, Invitrogen
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Nr.8076.2
15507-023
102171
D5758-50ML
1.02950.0500
D0632-1G
N0446S
41965-039
31330-038
D8537-500ML
R0611
Y0001714
62254
32205-2.5L-M
E7637-1G
39760.01
A15-151
00-4958-02
F8775-500ML
SM0312

G/0650/15
G8898-1KG
50950-1KG
14170-112
15630-080
30721-2.5L
H4881
H3570
27532501
91077C-1G

33539-2.5L-M
#161-0747
L1295-10MG
25030-024
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Lipofectamine 3000 transfection reagent

Methanol (>99.9%)
Milk powder (blocking grade)

Non-essential amino acids (100x)

Life Technologies, Invitrogen

Sigma-Aldrich GmbH

Carl Roth GmbH

Life Technologies, Invitrogen

(N-morpholino) propane sulfonic acid (MOPS) Serva Electrophoresis GmbH

NP-40 (IGEPAL CA-630)

PageRuler Plus prestained protein ladder

Paraformaldehyde (PFA)
Penicillin, 10000 U/mL
Peptone

Polyethyleneimine (PEI), branched

Polyethylene glycol (PEG 8000) (ultrapure)

Potassium chloride

Protease inhibitor cocktail solution

Sigma-Aldrich GmbH
Fermentas

Sigma-Aldrich GmbH

Life Technologies, Invitrogen
Life Technologies, Invitrogen
Sigma-Aldrich GmbH
Sigma-Aldrich GmbH
Sigma-Aldrich GmbH
Sigma-Aldrich GmbH

Protease/Phosphatase inhibitor cocktail(100%) Cell Signaling Technology

Puromycin

RiboRuler High Range RNA Ladder
RNase Away reagent

Sodium dodecyl sulfate (SDS)
Streptomycin, 10000 pg/mL
Sodium bicarbonate

Sodium citrate dihydrate (>99%)
Sodium chloride (>99.5%)

Sodium hydroxide

Tenofovir (TDF)
Tetramethylethylene-diamine (TEMED)
TransIT-LT1 transfection reagent
Tris (>99.9%)

Triton X-100

Trypan blue solution (0.4%)
Tween-20

William’s Medium E

InvivoGen

Fermentas

Life Technologies, Invitrogen
Serva Electrophoresis GmbH
Life Technologies, Invitrogen
AppliChem GmbH
AppliChem GmbH
Sigma-Aldrich GmbH
Sigma-Aldrich GmbH
Sigma-Aldrich GmbH

Carl Roth GmbH

Mirus Bio GmbH

Carl Roth GmbH

Merck

Sigma-Aldrich GmbH

Carl Roth GmbH

Life Technologies, Invitrogen

L3000-001
34860-2.5L-R
Nr.T145.2
11140-035
29836.02
18896-50ML
#26620
P6148-1KG
15140-122
211677
408727-100ML
89510-1KG-F
31248-1KG
P8340-5ML
#5872S
ant-pr-1
#SM1821
10328-011
20765.03
15140-122
A3590,1000
A2403,1000
S7653-1KG
30620-1KG-R
SML1794-10MG
Nr.2367.3
MIR2300
Nr.4855.2
1.08603.1000
93595-50ML
Nr.9127.1
22551-022

2.1.2.2. Buffers and solutions (solvent is sterilized water if not specified)

For agarose gel electrophoresis:

TAE buffer (50x): 2 M Tris, 1 M glacial acetic acid, 0.05 M EDTA (pH = 8.0)
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TE bufter (1x): 10 mM Tris, 1 mM EDTA (pH = 8.0)

For CsCl gradient ultracentrifugation and DNA dot-blot:

Caesium chloride gradients: 1.2 g/mL (28.9 g CsCl and 100 g H,0); 1.3 g/mL (40.3 g CsCl
and 100 g H>0); 1.4 g/mL (54.5 g CsCl and 100 g H>0), freshly prepared 20% sucrose in water
(wW/w).

Soak I buffer: 1.5 M NaCl, 0.5 M NaOH

Soak II buffer: 3 M NaCl, 0.5 M Tris (pH =7.4)

SSC buffer (20x): 3 M NaCl, 0.3 M sodium citrate (pH = 7.0)

Denhardt’s buffer (50x): 1 % BSA, 1 % Ficoll PM70, 1 % Polyvinvlpyrrolidone
Hybridization buffer: 10 pg/mL calf thymus DNA, 5x Denhardt’s, 6x SSC, 0.5 % SDS
Dot-blot wash buffer: 1x SSC, 0.5 % SDS

For Northern blotting:
MOPS buffer (10x): 0.2 M MOPS free acid, 0.05 M sodium acetate anhydrous, 0.01 M
NaEDTA (pH =7.5), adjust pH value to 7.0 by adding NaOH. Avoid light at room temperature.

Northern blotting running buffer: 1x MOPS, 0.2 M formaldehyde in DEPC-treated H>O.

1.2 % formaldehyde gel: 116 mL water, 16 mL 10x MOPS buffer, 1.92 gram agarose.
Melting up this mixture and cooling it down to 60 degree, adding 28 mL 37% formaldehyde

solution in a hood with gentle shaking. Casting the gel.
In-gel denature buffer: 0.05 M NaOH, 1.5 M NaCl
Hybridization buffer: QuikHyb Hybridization solution (Agilent), ready-to-use.
Low-stringency wash buffer: 2x SSC, 0.1 % SDS

High-stringency wash buffer: 0.1x SSC, 0.1 % SDS

For Southern blotting:
Southern blotting running buffer: 1x TAE buffer (see above)
Depurination buffer: 0.2 M HCI

Denaturing buffer: 0.5 M NaOH, 1.5 M NaCl
42



Materials and Methods

Neutralization buffer: 1.5 M NaCl, 1 M Tris-HCI (pH = 7.4)
Hybridization buffer: QuikHyb Hybridization solution (Agilent), ready-to-use.

Wash buffer: 1x SSC, 0.1 % SDS

For SDS-PAGE:
Resolving gel buffer (4x): 1.5 M Tris, 0.4 % SDS, 0.01 % NaN3 (pH = 8.8)
Stacking gel buffer (4x): 0.5 M Tris, 0.4 % SDS, 0.01 % NaN3 (pH = 6.8)

SDS running buffer (10x): 0.25 M Tris, 1.92 M glycine, 1 % SDS (pH = 8.3)

For Western blot:

RIPA lysis buffer: 25 mM Tris, 150 mM NaCl, 1 mM EDTA, 0.1 % NP-40, 1x
protease/phosphatase inhibitor cocktail (pH = 7.4)

Blotting buffer: 48 mM Tris, 39 mM glycine, 0.04 % SDS, 10 % methanol
TBS buffer (10x): 0.2 M Tris, 1.37 M NaCl (pH = 8.0)

TBS-T wash buffer: 1x TBS, 0.05 % Tween-20

Blocking buffer: 5 % blocking-grade milk powder in 1x TBS-T buffer

Antibody dilution buffer: blocking buffer or 5 % BSA in 1x TBS-T buffer

For immunofluorescence and confocal microscopy:
Fixation buffer: 4 % paraformaldehyde in 1x PBS or ice-cold methanol
Permeabilization buffer: 0.25 % Triton X-100 in 1x PBS
Blocking buffer: 5 % blocking-grade milk powder in 1x PBS
Antibody dilution buffer: blocking buffer or 3 % goat serum in 1x PBS

Mounting buffer: Fluoromount G (Life Technologies)

For dual-luciferase assay:
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Passive lysis buffer (5%): 125 mM glycyl glycine, 75 mM MgSO4, 20 mM EGTA, 5 mM
DTT, 0.5 % Triton X-100 (pH = 7.8)

Assay buffer: 25 mM glycyl glycine, 15 mM MgSQO4, 4 mM EGTA, 15 mM K,PO4 (pH =
7.8) in order to dilute coelenterazine (the substrate of renilla luciferase). For firefly luciferase,

add 1 mM DTT and 1 mM ATP to the assay buffer prior to D-luciferin dilution.

2.1.2.3. Kits

Kit Provider

GeneJET PCR purification kit Fermentas, Thermo Fisher Scientific
GeneJET Gel extraction kit Fermentas, Thermo Fisher Scientific
GeneJET plasmid mini-prep kit Fermentas, Thermo Fisher Scientific
Plasmid plus midi kit Qiagen

Plasmid maxi kit Qiagen

Megaprime DNA Labeling System Amersham, GE Healthcare GmbH
NucleoSpin RNA kit Macherey-Nagel

NucleoSpin Tissue kit Macherey-Nagel

NucleoSpin Blood kit Macherey-Nagel

High Pure Viral Nucleic Acid Kit Roche Life Science

CytoTox 96 NonRadioactive Cytotoxicity Assay Promega
cDNA reverse transcription kit ABI
NucBuster Protein Extraction kit Merck Millipore

NE-PER Nuclear and Cytoplasmic Extraction Kit  Thermo Fisher Scientific

2.1.3. Biochemical consumables

2.1.3.1. Culture medium

Bacteria culture:

LB medium: 10 g/L trypton, 5 g/L yeast extract, and 10 g/L NaCl

TB medium: 12 g/L trypton, 24 g/L yeast extract, 0.35 % glycerol in 17 mM KH>PO4 and 72
mM KoHPO4

Cell culture:

Cell Medium
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Huh7, HepG2, HepG2™NTeP,
HEK293T, PLC/PRF5,
HBX(WT&RI6E)-HepG2"™NTeP(*)
HepG2-H1.3 (WT&AX)

DMEM, 10 % FCS (heat-inactivated), 2 mM L-
glutamine, 100 U/ml penicillin, 100 pg/ml streptomycin,
1 mM non-essential amino acids.

*: 500 ug/mL G418 added

HepaRG, HepaRG"™ ™" PHH
HBX(WT&R96E)-HepaRGMTCP(*)

William’s E, 10 % FCS (heat-inactivated), 2 mM L-
glutamine, 100 U/ml penicillin, 100 pg/ml streptomycin,
1 mM non-essential amino acids, 5 ug/mL insulin,

50 uM hydrocortisone. During differentiation and
HBV/HDV infection: 1.5 % DMSO added.

*: 250 pg/mL G418 added

HepAD38

DMEM/F-12, 10 % FCS (non-heat inactivated), 2 mM
L-glutamine, 100 U/ml penicillin, 100 pg/ml
streptomycin, 400 ug/ml G418, 5 ug/ml insulin, 50
pg/ml hydrocortisone, 1 ug/ml doxycycline. For HBV

production: doxycycline was removed.

2.1.3.2. Enzymes

Enzyme

Provider

Deep Vent DNA polymerase

Q5 Hot Start DNA polymerase
Restriction endonucleases

Calf Intestinal Alkaline Phosphatase
T4 DNA ligase

T5 exonuclease

Plasmid-safe DNase

iTaq Universal SYBR Green Mix
gScript XLT RT-gPCR Toughmix
PerfeCTa qPCR Toughmix
Trypsin

New England Biolabs

New England Biolabs

New England Biolabs

New England Biolabs

Fermentas, Thermo Fisher Scientific
New England Biolabs

Epicentre, Lucigen

Bio-rad

Quanta Biosciences

Quanta Biosciences

Life Technologies, Invitrogen

2.1.3.3. Antibodies

Primary antibody:
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Antibody/Antisera Species Application Provider
Anti-HBcAg Rabbit polyclonal IF: 1:3000 Dako
Anti-HBcAg (M312) Mouse monoclonal IF: 1:2000 Christa Kuhn
Anti-HBxAg (#641) Rabbit polyclonal WB/IF: 1:500 Christa Kuhn
Anti-HBxAg (#644) Rabbit polyclonal WB/IF: 1:500 Christa Kuhn

Anti-HDAg (GEAO)

Anti-HDAg (VUDA)

Anti-HBsAg (HBC34)

Anti-B-actin
Anti-HA tag
Anti-Flag tag (M2)

Serum of an HBV/HDV IF: 1:3000
co-infected patient
Serum of an HBV/HDV IF: 1:3000

co-infected patient

Human monoclonal IF: 1:3000
Mouse monoclonal WB: 1:2000
Rabbit monoclonal WB: 1:1000

Mouse monoclonal

Heiner Wedemeyer

Heiner Wedemeyer

Davide Corti

Sigma-Aldrich
Cell Signaling Tech.

IP: 1:100; WB: 1:1000 Sigma-Aldrich

Anti-SMC6 Rabbit polyclonal IF: 1:100 Sigma-Aldrich
Anti-SMC6 (M01) Mouse monoclonal WB: 1:500 Abgent
Anti-hnRNP K Rabbit polyclonal WB: 1:500 Proteintech
Secondary antibody:

Antibody Species Application Provider
Alexa Fluor anti-rabbit 488  goat IF: 1:500 Invitrogen
Alexa Fluor anti-rabbit 546  goat IF: 1:500 Invitrogen
Alexa Fluor anti-mouse 488 goat IF: 1:500 Invitrogen
Alexa Fluor anti-mouse 546 goat IF: 1:500 Invitrogen
Alexa Fluor anti-human 488 goat IF: 1:500 Invitrogen
Alexa Fluor anti-human 555 goat IF: 1:500 Invitrogen
HRP anti-rabbit IgG goat WB: 1:10,000 Sigma-Aldrich
HRP anti-mouse I1gG goat WB: 1:10,000 Sigma-Aldrich

2.1.3.4. Peptides

Myrcludex B (myr-preS1 2~48 amino acids)

myr-GTNLSVPNPLGFFPDHQLDPAFGANSNNPDWDFNPNKDHWPEANKVG
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Materials and Methods

Description

Provider

pCHT-9/3091(WT)

Plasmid encoding overlength 1.1-mer HBV

(genotype D, ayw) under CMV-IE promoter

(Nassal, 1992)

pCHT-9/3091(Xd)

Plasmid pCHT-9/3091(WT) with two stop
mutations at Q8 (C22T) and Q87 (C259T)

without alteration of polymerase

Jessica Sonnabend

pcDNA3.1-Zeo(-)-HBx

Plasmid pcDNAS3.1 encoding full-length HBx
under CMV-IE promoter

Jessica Sonnabend

pWPI-HBx-IRES-GFP

Bicistronic expression vector encoding HBx-

IRES-GFP cassette under EF1a promoter

Jessica Sonnabend

psPAX2 Lentiviral packaging plasmid expressing HIV

gag, pol, tat and rev proteins Didier Trono
pMD2.G VSV-G expressing plasmid for pseudo

lentivirus packaging Didier Trono

PWPI-HBx(WT)

Bicistronic lentiviral vector encoding HBx(1-154)

and puromycin resistance gene

Jessica Sonnabend

pWPI-HBx(1-50)

Bicistronic lentiviral vector encoding HBx(1-50)

and puromycin resistance gene

Binggian Qu

pWPI-HBx(51-154)

Bicistronic lentiviral vector encoding

HBx(51-154) and puromycin resistance gene

Binggian Qu

PWPI-HBx(A51-142)

Bicistronic lentiviral vector encoding HBx(1-50

fused with 143-154) and puromycin resistance Binggian Qu

PWPI-HBx(51-142)

Bicistronic lentiviral vector encoding HBx

(51-142) and puromycin resistance gene

Binggian Qu

PWPI-HBx(58-142)

Bicistronic lentiviral vector encoding HBx

(58-142) and puromycin resistance gene

Binggian Qu

pWPI-HBx(R96E)

Bicistronic lentiviral vector encoding

HBx(R96E) and puromycin resistance gene

Binggian Qu

pWPI-HBx(R96A)

Bicistronic lentiviral vector encoding

HBx(R96A) and puromycin resistance gene

Binggian Qu

pWPI-GFP-puro

Bicistronic lentiviral vector encoding GFP
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and puromycin resistance gene Jessica Sonnabend

plnducer20-HBx(WT)

Lentiviral vector encoding HA-tagged HBx(WT)
under TRE2 promoter and neomycin

resistance gene after IRES Emanuela Milani

pInducer20-HBx(R96E) Lentiviral vector encoding HA-tagged

HBx(R96E) under TRE2 promoter and

neomycin resistance gene after IRES Emanuela Milani

pUC18-HBx(WT)

Plasmid pUC18 encoding full-length HBx Jessica Sonnabend

pSHH2.1 Plasmid pSV08 encoding a head-to-tail HBV

dimer under SV40 promoter (Cattaneo et al., 1983a)
pSVLD3 Plasmid containing a head-to-tail trimer of

full-length HDV cDNA under SV40 promoter Camille Sureau
pT7HB2.7 Plasmid encoding a 2700-bp HBV subgenomic

fragment expressing envelopes and HBx under

respective authentic promoters Camille Sureau
pGL3-C-Fluc Plasmid pGL3-Basic containing core promoter

(1403-1817) to express firefly luciferase (Tang et al., 2014)

pGL3-preS1-Fluc

Plasmid pGL3-Basic containing preS1

promoter (2710-2834) to express luciferase (Tang et al., 2014)

pGL3-preS2-Fluc

Plasmid pGL3-Basic containing preS2

promoter (2966-152) to express luciferase (Tang et al., 2014)

pGL3-X-Fluc

Plasmid pGL3-Basic containing X promoter

(950-1310) to express firefly luciferase (Tang et al., 2014)

pRL-SV40-Rluc

Plasmid pRL encoding renilla luciferase under

SV40 promoter Promega
2.1.3.6. Oligonucleotides
Name Sequence (5’ to 3°) Reference
cccDNA-F (p1040) GTGGTTATCCTGCGTTGAT
cccDNA-R (p1996) GAGCTGAGGCGGTATCT
cccDNA-probe (p1085) FAM-AGTTGGCGAGAAAGTGAAAGCCTGC
-TAMRA This thesis

Total DNA-F (p466)

GTTGCCCGTTTGTCCTCTAATTC
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GGAGGGATACATAGAGGTTCCTTGA

(Lucifora et al., 2014)

Human B-globin-F
Human B-globin-R

CAGGTACGGCTGTCATCACTTAGA
CATGGTGTCTGTTTGAGGTTGCTA

(Steinau et al., 2006)

pgRNA specific-F CTCCTCCAGCTTATAGACC

pgRNA specific-R GTGAGTGGGCCTACAAA (Lucifora et al., 2014)
HBs RNA specific-F TGTACCAAACCTTCGGACGG

HBs RNA specific-R ATGCTGTACAGACTTGGCCC This thesis

HBYV total RNA-F TCAGCAATGTCAACGACCGA

HBYV total RNA-R TGCGCAGACCAATTTATGCC This thesis

HDV RNA-F GCGCCGGCYGGGCAAC

HDV RNA-R TTCCTCTTCGGGTCGGCATG

HDV RNA-probe

FAM-CGCGGTCCGACCTGGGCATCCG
-TAMRA

(Ferns et al., 2012)

Smal-HBx-1-F
Mlul-HBx-50-R
Smal-HBx-51-F
Smal-HBx-58-F
Mlul-HBx-142-R
Mlul-HBx-154-R

HBx-A51-142-R

HBx-A51-142-long-F

HBx-A51-142-long-R

Internal-R96E-F

Internal-R96E-R

Internal-R96A-F
Internal-R96A-R

TCCCCCGGGATGGCTGCTAGGCTGTGCTG
GCCGACGCGTTTACCCGTGGTCGGTCGGAA
CGCCCGGGATGGCGCACCTCTCTTTACGCG
CGCCCGGGATGCTCCCCGTCTGTGCCTTCTC
CGACGCGTTTAGACCAATTTATGCCTACAGC

This thesis
This thesis
This thesis
This thesis
This thesis

GCCGACGCGTTTAGGCAGAGGTGAAAAAGTT

GCA

This thesis

TGCTGGTGCGCACCCGTGGTCGGTCGGAACG

GCA (Bold: overlapped with HBx-A51-142-long-F)

This thesis

ACCGACCACGGGTGCGCACCAGCACCATGCA

ACTTTTTCACCTCTGCCTAAACGCGTCGGC

This thesis

GCCGACGCGTTTAGGCAGAGGTGAAAAAGTTG
CATGGTGCTGGTGCGCACCCGTGGTCGGT

(Italic: annealed with HBx-A51-142-long-R)
TCTTACATAAGGAGACTCTTGGAC
GTCCAAGAGTCTCCTTATGTAAGA
TCTTACATAAGGCGACTCTTGGAC
GTCCAAGAGTCGCCTTATGTAAGA

This thesis

This thesis
This thesis
This thesis
This thesis

(underlined: Smal or Mlul cutting site; double underlined: the mutated 96" residue)
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TGCTGTTGACAGTGAGCGCAAACACGAGATTAGAGATCTATAGTGAAGCCACAGATGTA
TAGATCTCTAATCTCGTGTTTTTGCCTACTGCCTCGGA

mature sense: AACACGAGAUUAGAGAUCU
mature antisense: AGAUCUCUAAUCUCGUGUU

shRNA-DDB1-3C

This thesis

TGCTGTTGACAGTGAGCGAAACGTTGACAGTAATGAACAATAGTGAAGCCACAGATGTA
TTGTTCATTACTGTCAACGTTGTGCCTACTGCCTCGGA

mature sense: ACGUUGACAGUAAUGAACA

mature antisense: UGUUCAUUACUGUCAACGU This thesis
2.1.4. Software
Name Application Provider

Adobe lllustrator 6.0

Adobe Photoshop 6.0

Ascent 2.4

CFX Manager

CorelIDRAW Graphics Suite X3
CorelIDRAW Graphics Suite X5
Endnote X7

Fiji (ImagedJ updated)

FlowJo V10

GraphPad PRISM 5

Leica Application Suite
Microsoft Excel

Microsoft Word/Powerpoint
Nanodrop 2000 1.6

Odyssey Software

Quantity One 1-D analysis
Vector NTI Software 11

Vector-based graphic editing
Graphic editing

Luminescence reading
Real-time gPCR signal collection
Vector-based graphic editing
Graphic export to images
Reference management

Image processing

FACS raw-data analyses
Graphic and statistic raw-data
Confocal microscopy

Statistic software

Thesis writing and presentation
Nucleic acid contents

Western blot analyses
Northern/southern blot analyses

Sequence bioinformatics

Adobe Systems
Adobe Systems
Thermo Scientific
Bio-rad

Corel Cooperations
Corel Cooperations
Clarivate Analytics
Open source
Becton-Dickinson
Graphpad, Inc
Leica Inc.

Microsoft

Microsoft

Thermo Scientific
Li-COR Biosciences
Bio-Rad

Life Technologies
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2.2. Methods
2.2.1. Molecular cloning
2.2.1.1. Overlapping PCR and mutagenesis

Mutagenesis is based on two rounds of PCR amplification. The first PCR amplifies two
fragments with overlapping part carrying the mutation introduced by primers. Products of the
first PCR are annealed and become the template of a second PCR reaction. In this thesis, the
eventual PCR product carrying each mutation was inserted back to the original construct to
replace WT HBx. For pWPI-HBx(R96E) generation shown as an example, HBx-1-F and
internal HBx-R96E-R primers amplified N-terminal fragment containing R96E mutation, and
internal HBx-R96E-F and HBx-154-R primers amplified C-terminal fragment with the same
mutation. Two products were purified, mixed in a molar ratio 1:1 and subjected to the template
of a second PCR using HBx-1-F and HBx-154-R primers to generate a full-length HBx(R96E)
insert for ligation. For truncation, one direct PCR reaction was sufficient. For pWPI-HBx(1-50)
shown as an example, HBx-1-F and HBx-50-R amplified a 150 bp product directly used as the
insert. Specifically, the insert of pWPI-HBx(A51-142) was the product of one PCR reaction
using HBx-1-F and a long primer HBx-A51-142 with a 36 bp tail encoding the 143~154 residues
of HBx.

Every 50 uL of PCR reaction using Q5 Hot Start High-Fidelity DNA polymerase included
10 pL of 5% Q5 reaction buffer, 1 uL of 10 mM dNTPs, 2.5 pL of forward primer (10 uM), 2.5
pL of reverse primer (10 uM), 10 ng of pWPI-HBx(WT) plasmid or 100 ng of a mixture of two
fragments (molar ratio 1:1), 10 uL of 5% Q5 High GC Enhancer, 0.5 uL of Q5 DNA polymerase,
and water to 50 pL. PCR program was set up as follows: 98°C 3 min, [98°C 10 sec, 54°C 30
sec, 72°C 60 sec] for 36 cycles, 72°C 5 min, 4°C hold. All PCR products were subjected to

agarose gel electrophoresis.

2.2.1.2. Restriction digestion

After gel electrophoresis, all size-characterized PCR products (c.a. 5 pg) were purified and
subjected to a 50 pL reaction containing 20 U of each restrictive endonucleases; On the other
hand, 5 pg of pWPI-HBx(WT) was incubated with 20 U of each endonuclease in a 50 uL
reaction. All digestions were performed at 37°C for 1 h and endonuclease activity was heat-
inactivated at 70~80°C for 15-20 min. Insert DNA was silica-column purified and backbone

DNA was purified by agarose gel electrophoresis.
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2.2.1.3. Dephosphorylation of vector DNA
Self-ligation of the partially linearized vector is highly reduced by dephosphorylation of 5° ends
of the vector. Linearized products of vector by restriction digestion were incubated with 10 U

of calf intestinal alkaline phosphatase in CutSmart buffer at 37°C for 1 h. Phosphatase activity

was heat-inactivated at 65°C for 20 min and column-purified before ligation.

2.2.1.4. Agarose and formaldehyde gel electrophoresis

For molecular cloning, PCR products of HBx (c.a.500 bp) were mixed with DNA loading dye
and separated in a 2 % agarose gel (0.01% ethidium bromide, v/v) soaked in 1x TAE buffer.
Likewise, pWPI plasmid backbone was separated in a 1 % agarose gel. For 28S/18S ribosomal
RNA visualization, 2 pg of total RNA samples were mixed with RNA loading dye and separated
in a 1 % native agarose gel. Electrophoresis was performed at 140 V for 20~30 min and signals

inside gels were visualized under UV light.

For Southern blotting, DNA samples were separated in a 1.2 % agarose gel without
ethidium bromide. Electrophoresis was performed at 125 V (5 V per centimeter between anode
and cathode electrodes) for approximate 3 h until indicating blue dye went to the edge of the

gel.

For northern blotting, RNA samples were separated in a 1.2% formaldehyde gel (shown
in session 2.1.2.2) without ethidium bromide in pre-cooled 1x MOPS buffer. The formaldehyde
gel was pre-run at 70 V for 30 min and later on RNA samples were loaded and run.

Electrophoresis was performed at 125 V for approximate 3~4 h.

2.2.1.5. Ligation and transformation

Backbone and insert (HBx fragments, amount calculated) were mixed at a molar ratio of 1:5
and incubated with 2 U (sticky end) or 10 U (blunt end) of T4 ligase in 1x T4 ligase buffer at
room temperature for 1 h. Specifically, 10% of PEG4000 was added to blunt-end reactions to

enhance ligation efficiency. One reaction with backbone alone was set up as control.

Competent E.coli DH5a or Topl0 cells were ice-thawed. 5 pL of ligation product was
mixed with 50 uL of competent cells. The mixture pipetted up and down and incubated on ice

for 30 min. Afterward, it was heat-shocked at 42°C for 90 sec and immediately chilled on ice
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for 3 min. 500 pL of antibiotic-free pre-warmed LB or TB medium was added and the recovery
of transformed bacteria was at 37°C for 50 min on a heater with gentle shaking. Bacteria were

dispersed on LB-agar plates containing 100 ug/mL Ampicillin and incubated at 37°C overnight.

2.2.1.6. Colony characterization

The next day after transformation, three colonies on each plate with the recombinant product

and one colony on the control plate were picked up and propagated in Ampicillin-containing
LB medium overnight at 37°C. Recombinant plasmids were extracted using a mini preparation

kit. These plasmids were either characterized by restriction digestion (choose one endonuclease
on the insert and the other on the backbone) or by PCR amplification using Deep Vent DNA

polymerase. Validated recombinant plasmids were further expanded by midi plus or maxi prep.

2.2.1.7. Sanger sequencing

5 uL of mini-prep recombinant plasmid (80-100 ng/puL) were mixed with 5 pL of pWPI-seq-F
sequencing primer (5 uM). Sequencing reactions were sent to GATC Company. Two days later,
results of Sanger sequencing were aligned with expected correct sequences and read sequence

by sequence using Vector NTI software. Successful plasmids were used for cell culture

experiments.

2.2.2. Cell culture
2.2.2.1. Maintenance, thawing and freezing of cells

All eukaryotic cells used in this thesis were cultivated in 37°C incubator with 5% CO, supply
and 95% humidity. During maintenance, cells were split twice or three times per week, except
HBx(WT)-HepaRG"™TP cells once every two weeks. In detail, cells were rinsed once with 1x
PBS and incubated with trypsin (e.g. 700 uL/T75 flask) at 37°C for 3~10 min. When detached,
the cells were resuspended in complete culture medium by pipetting up and down to obtain
single cell suspension. The splitting factor for one passage was 1:5 ~ 1:20. Mycoplasma tests
were randomly performed using PCR Mycoplasma Test Kit (Promokine) according to the

instructions.

HepaRG and HepaRG"™TCP cells were seeded (2x10° cells/12-well format or 1x10°

cells/24-well format) in the absence of DMSO. After two-week maintenance, they were
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cultivated with differentiation medium containing 1.5 % DMSO for another two weeks to
become susceptible for HBV and HDV infection. For MLN4924 experiments, HepAD38 cells
were seeded as a monolayer and maintained for 7 d in the presence of 1 pg/mL of doxycycline.
Later on, cells were washed with PBS for three times and cultivated with the same medium

depleting doxycycline, which allows robust pgRNA transcription and virus assembly.

To thaw cells, frozen aliquots in -80°C or liquid nitrogen were immediately thrown in 37°C
water bath with shaking. As soon as they were thawed, the cells were suspended with complete
medium and centrifuged at 500 rpm for 5 min. Pellets were resuspended in medium and cells
were seeded in a culture flask. One day later, the medium was changed in order to remove the

remaining DMSO.

To freeze cells, cells in the proliferating phase were trypsinized and suspended in complete
medium. Survival rate was determined by trypan blue staining and cells more than 95% survival
were considered to be frozen. The cells were centrifuged at 500 rpm for 5 min and pellets were
resuspended in 90 % FCS and 10 % DMSO and aliquoted in cryotubes. Aliquots were kept in
freezing box containing isopropanol at -80°C overnight before further transferred in liquid

nitrogen.

2.2.2.2. Production and enrichment of HBV mutants

As shown in session 2.1.1.1, HepAD38 cells were cultivated as a monolayer in a multi-layer
flask for two weeks in the presence of tetracycline. After removal of tetracycline, the
supernatant was collected twice every week from week 2 to 8. Every 400 mL of supernatant
was filtered and subjected to heparin affinity chromatography. The heparin-sepharose binding
virus was eluted in 15.5 mL of Tris-NaCl buffer and immediately supplemented with 1.8 mL

of pure FCS. This WT HBV virus was aliquoted and kept at -80°C.

For WT and Xd virus production, HepG2-H1.3 (WT) and HepG2-H1.3 (Xd) cells were
seeded in 15-cm petridish as a monolayer. The supernatant was collected twice every week
from week 1 to 5. Alternately, these viruses were produced by transfection of Huh7 cells in 15-
cm petridish with pCHT-9/3091(WT) or pCHT-9/3091(Xd) using the PEI reagent (see 2.2.2.7
transfection). Two days post transfection, cells were washed with PBS for three times and
supernatant from d 2~7,d 7~12, and d 12~17 was collected. Supernatant from each preparation

was centrifuged at 4000 rpm for 15 min and filtered sterile. The supernatant was mixed with

PEGS8000 at a final concentration of 6% and incubated at 4°C overnight. The next day, the
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supernatant was centrifuged at 10,000 rpm at 4°C for 1 h and the pellet was resuspended in 1%
of the original volume with PBS supplemented with 10% FCS. The resuspension was rotated

at 4°C overnight and centrifuged at 8000 rpm for 10 min. Clear supernatant containing

concentrated WT or Xd virions was kept at -80°C.

2.2.2.3. HBV and HDV infection

Before infection, produced HBV virus from stable cells was titrated using HBV real-time PCR,
whereas virus from plasmid-transfected Huh7 cells was titrated by CsCl gradient
ultracentrifugation and DNA dot-blot. PHH, HepaRG, HepaRGMTCP HepG2MNTCP cells were
seeded in 24-well plates at a density of 2x10° PHH, HepaRG, HepaRG"™T?/well or 4x103
HepG2"™TC/well. For infection, 540 pL of medium (PHH, HepaRG, differentiated
HepaRGMTC? supplemented with 1.5% DMSO; HepG2"™NTCP without DMSO) was mixed with
60 puL of 40% PEG8000 and then HBV virus (mge/cell ranging from 100 to 3000). The infection
inoculate was added onto the cells and cells were incubated at 37°C overnight. The next day,
cells were washed twice with PBS and complete medium (PHH, HepaRG, differentiated
HepaRG"™TCP with 1.5% DMSO; HepG2MTCP with 2% DMSO) was added. The medium was
changed every 2~3 days until the end of experiments. For entry inhibition, the cells were pre-
treated with 1 uM of MyrB for 15 min at 37°C and MyrB was included in inoculates during the

infection.

Before HDV infection, the virus was titrated using HDV-specific real-time PCR.
Differentiated HepaRG"NTCP cells were inoculated with 540 uL of medium supplemented with
1.5% DMSO, 60 uL of 40% PEG8000 and HDV virus (mge/cell = 100) at 37°C overnight.

Later on, cells were washed and medium with 1.5% DMSO was changed every 2~3 days.

2.2.2.4. Production and concentration of lentivirus

Pseudo-lentivirus were produced in HEK293T cells by triple-transfection of the plasmids: (i)
HBx-encoding pWPI-HBx or pIncuder20-HBx or shRNA-expressing pAPM, all of which were
compatible with packaging helpers (i1) and (ii1); (i1) psPAX2 encoding HIV genes (gag, pol, tat
and rev) that support lentivirus replication; (iii) pMD2.G encoding VSV-G glycoproteins for

lentivirus entry.
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Six million HEK293T cells were seeded in a 15-cm petridish on one day before co-
transfection. 27 pg of HBx-expressing plasmid, 27 pg of psPAX2 and 9 pg of pMD2.G were
co-transfected (as shown in session 2.2.2.7). 24 h post transfection, the medium was gently
changed. Supernatant from 24~48 h and 48~72 h post transfection was collected, pooled,

centrifuged at 4000 rpm for 15 min at 4 'C and filtered sterile. The clear supernatant was
ultracentrifuged at 20,000 rpm for 2 h at 4°C. After this centrifugation, the supernatant was
discarded and the pellet was resuspended in 500 uL of William's E medium supplemented with
10 % FCS and rotated for 2 h at 4°C. After final centrifugation at 8000 rpm for 10 min, the

supernatant was kept at -80°C.

2.2.2.5. Lentivirus transduction

Before transduction, lentivirus was titrated by real-time PCR using primers that bind to the
woodchuck Hepatitis Virus posttranscriptional regulatory element (WPRE) within packaging
plasmids. For transient lentiviral trans-complementation assay, HepG2"™T¢? and HepaRG"NT¢P
cells in 24-well plates were transduced with 25 pL of concentrated lentivirus per well (mge/cell
= 50) in the medium supplemented with 8§ ug/mL of polybrene, which enhances transduction
efficiency in retroviral infection. The next day, inoculates were discarded and fresh medium

was added.

2.2.2.6. Generation of HBx-HepaRGMTCP and HBx-HepG2MTCP cells

HepG2"™NTCP and undifferentiated HepaRG"™TCP cells were seeded at 50% density in 6-well
plates and transduced with 100 uL of concentrated lentivirus that either encodes WT or HBx
RY96E mutant. On d 1 post transduction, inoculates were discarded and fresh medium was added.
On d 3 post transduction, the cells were split and cultivated in complete medium supplemented
with 1 mg/mL of G418. Untransduced cells were treated similarly as antibiotics selection
control. Between 7 and 10 days post transduction, when all untransduced cells were killed and
detached, transduced cells were trypsinized and transferred in a T75 flask with 1 mg/mL of
G418 until d 14. The cells were maintained with 0.5 mg/mL of G418 from d 14 to 28. Most
cells were frozen in liquid nitrogen for long-term storage and the rest was maintained. To
characterize, 1 pg/ml of doxycycline was added in the medium for 72 h and inducible HBx

expression was confirmed by western blot and immunofluorescence.
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2.2.2.7. Transfection

Cells were seeded one day ago to achieve 60-70% density at the moment of transfection. For
plasmid transfection, TransIT-LT1 and lipofectamine 3000 reagents were used. Specifically,
one transfection mixture was prepared (0.5 pug of plasmid, 1.5 pL. of TransIT-LT1, 50 pL of
antibiotic-free serum-reduced Opti-MEM, 24-well format), while lipofectamine 3000
preparation required two mixtures (mixture A: 0.5 pug of plasmid, 1 pL of P3000, 50 uL of Opti-
MEM; mixture B: 1 uL of lipofectamine 3000 in 50uL of Opti-MEM), which were mixed later.
Each transfection mixtures was incubated at room temperature for 15~30 min and dropwise

added onto the cells.

For HBV and lentivirus production, affordable PEI reagent was used as similar as
lipofectamine but with different amount rates of plasmid and PEI (w/w = 1:1 in Huh7 cells;

w/w = 1:3 in HEK293T cells)

For siRNA, a reverse transfection protocol was adapted according to manufacturer’s
instructions. Firstly, siRNA was diluted to 50 nM concentration in 100 uL of Opti-MEM
medium and then 1 pL of lipofectamine RNAIMAX was added in this one transfectant. The
transfection mixture was directly added into the plate for 20 min at room temperature prior to
cell seeding. Secondly, during this 20 min, HepG2 cells were trypsinated, counted and adjusted
to 1x10° per well. Finally, the cell suspension was added on the top of the transfection mixture.
3 d post transfection, knockdown efficiency of target genes was analyzed by real-time PCR or

western blot.

2.2.3. Assays

2.2.3.1. DNA and RNA extraction

HBYV virion DNA was extracted from heparin-purified virus stocks or unpurified supernatant
of HepAD38 cells using the High Pure Viral Nucleic Acid Kit according to the manufacturer’s
instructions. 200 uL of virus or supernatant, 200 puL of freshly prepared working solution
supplemented with carrier RNA and 50 uL of proteinase K solution was mixed and incubated
for 10 min at 72°C. 100 pL of binding buffer afterward was added and thoroughly mixed. This
mixture was transferred to a High Pure Filter tube and centrifuged at 8000 g for 1 min. Binding
to the column, DNA was washed by 500 uL of inhibitor removal buffer once and 450 pL of

wash buffer twice. DNA was eluted in 50 pL of pre-warmed water.
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HBV DNA from infected hepatocytes was extracted using the NucleoSpin Tissue Kit
according to the manufacturer’s manuals. Briefly, cells were washed with PBS for three times
and immediately lysed in 200 pL of buffer T1 to obtain total lysates. The lysates were mixed
with 25 pL of proteinase K and 200 pL of buffer B3 and incubated at 70°C for 1 h. The product
was mixed with 210 pL of ethanol and loaded to silica columns, washed by 500 uL of buffer
BW once and 600 uL of buffer BS twice. Eventually, DNA was eluted in 50~100 uL of pre-

warmed water. DNA content and A260/A280 absorbance values were measured using

NanoDrop 2000 spectrophotometer.

HBYV virion RNA was extracted from the supernatant of HepAD38 cells using the High
Pure Viral Nucleic Acid Kit. Viral RNA extraction was performed similarly as described above
and eluted in 50 uL. of RNase-free water. The eluate was digested by RNase-free DNase at 37°C

for 30 min.

HBYV total RNA from infected hepatocytes was extracted using the NucleoSpin RNA kit.
Infected cells were lysed in 350 pL of buffer RA1 containing 3.5 uL of B-mercaptoethanol at
room temperature for 5 min with gentle shaking. Viscose lysates were applied through the
NucleoSpin Filter and centrifuged at 11,000 g for 1 min. The flow-through was mixed with the
same volume of 70% ethanol by pipetting up and down. Then samples were loaded onto the
silica columns and desalted by one wash of 350 pLL. of MDB. To remove cellular DNA, bound
RNA was in-column incubated with 100 uL of reconstituted RNase-free rDNase for 15 min at
room temperature. Columns were washed by adding 200 uL. of RAW?2 buffer once and 600 uL
of RA3 buffer twice. Finally, RNA was eluted in 30 pLL of RNase-free water. RNA content and
A260/280 absorbance values were measured using a spectrophotometer. For northern blotting

use, the concentration of RNA samples must be more than 1 pg/plL.

2.2.3.2. TS exonuclease hydrolysis

Prior to cccDNA quantification, total DNA extracted from in vitro infected hepatocytes was
incubated with TS5 exonuclease, in this step, rcDNA, dsIDNA as well as genomic DNA were
hydrolyzed to dNTPs and cccDNA was intact, since total lysates containing high copy numbers
of rcDNA provided false positive signals in cccDNA quantification. Among a panel of
exonucleases, TS exonuclease but not plasmid-safe DNase was identified to be the most

efficient one that removes rcDNA in the presence of genomic DNA (Figure 2.1.A). The
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combination of TS5 exonuclease treatment and cccDNA-selective primers allowed specific

quantification of cccDNA in in vitro infected hepatocytes (Figure 2.1.B).

To be specific, 5 uL of DNA eluate was incubated with 3.5 uL of water, 1 puL of 10x
reaction buffer #4 and 0.5 puL of T5 exonuclease (5 U) at 37°C for 1 h and 70°C for 20 min.

Digestion products were frozen at -20°C or directly subjected to cccDNA-specific qPCR

quantification.
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Figure 2.1. T5 exonuclease preserves cccDNA and efficiently removes rcDNA and
genomic DNA. (A) Virion DNA or pUC18-HBx plasmid (3.2 kb) was digested with T5
exonuclease (T5 Exo, 5 U) or plasmid-safe DNase (PSD, 5 U) in the absence or presence (2
ug) of genomic DNA (top panel) at 37°C for 1 h and the products were loaded to Southern
blotting (lower panel). (B) Virion DNA (rcV) or pSHH2.1 plasmid was incubated with T5 Exo (5
U) or PSD (10 U) at 37°C for 1 hour, and the products were further analyzed by total DNA
primers (pp466-541, left) or cccDNA primers (pp1040-1996, right), respectively. ns: no
significance.

2.2.3.3. cccDNA Tagman quantitative PCR (qPCR)
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After comparison of a series of master mixes provided from several companies (Bio-rad, Qiagen,
and Quanta Biosciences), one of them, the PerfeCTa qPCR Toughmix (95112-012), was chosen
and used in the Bio-rad CFX96 TouchTM Real-time PCR thermocycler (data not shown).

Real-time quantitative PCR reaction was set up by mixing 2 uL of TS5 exonuclease-
digested DNA sample, 0.6 pL of p1040, 0.6 uL of p1996, 0.6 uL of probe p1085, 7.5 uL of
PerfeCTa qPCR Toughmix and 3.7 pL of water (total volume 15 pL). Optimized two-step
qPCR program was established: 95°C for 15 min, followed by 95°C for 5 seconds (denaturation)

and 63°C for 70 seconds (annealing, elongation) for 50 cycles. Relative fluorescence unit was
read after each of the cycles. pSHH2.1 plasmid carrying a head-to-tail HBV dimer was 1:10
serial diluted to generate a standard curve. For low-copy standards (10, 102, 10 copies), 10-
fold serial dilutions were specifically performed using a solvent (Tris 10 mM, EDTA 0.1 mM,
yeast tRNA 10 ng/ml, and Tween-20 0.01%) instead of water (Quanta Biosciences, personal
communication). Samples that were not digested by TS5 exonuclease were used for human (-
globin quantifications. Levels of 3-globin, a single-copy gene, were used to normalize the input
signals. For data analysis, “cccDNA copies/well” was primarily determined by measuring total
cccDNA copies in all eluates and it was further calculated to “cccDNA copies/cell” by dividing
cell numbers in one well. Finally, the number of “cccDNA copies/infected cell” was determined
by using “cccDNA copies/cell” to infectivity rate. Besides, HBV total DNA numbers were
quantified in undigested samples using p466 and p541 primers by SYBR-green based real-time
PCR described in session 2.2.3.5. Scheme of 2.2.3.2 and 2.2.3.3 is shown (Figure 2.2).

2.2.3.4. Reverse transcription of total RNA

Total RNA samples with HBV transcripts in HBV infection or HDV genomes in HDV infection
were extracted as described above. Reverse transcription was performed using the High-
capacity cDNA Reverse Transcription Kit and reaction was prepared by mixing 3 pL of RNA
(<1 pg), 2 uL of 10x buffer, 2 pL of random primer, 0.8 uL of ANTP (100 mM), 1 pL of
RNase inhibitor, 1 uL of RTase, and 10.2 uL. of RNase-free water (total volume 20 uL). The
mixture afterwards was subjected to RT-PCR using the program: 25°C for 10 min (annealing
of random primer and RNA template), 37°C for 2 h (reverse transcription), and 85°C for 5 min

(RTase heat inactivation), 4°C hold. Complementary DNA products were 1:10 diluted.
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Figure 2.2. Working flowchart of cccDNA quantification. Susceptible cells (PHH,
HepaRGN™®P, HepG2"™°P) infected with high mges (> 300) of HBV are lysed. (A) Lysates are
incubated at 70 °C in the presence of proteinase K and later loaded on a silica column and
eluted. (B) T5 exonuclease (5 U/1 h) removes host genomic DNA (black) and HBV replicative
intermediates (rcDNA, dsIDNA, efc.) (green) and preserves cccDNA intact (red). (C) cccDNA
is amplified by p1040/p1996 primers and detected by probe p1085.

2.2.3.5. Quantitative PCR of HBV transcripts and HDV RNA

Expression levels of pgRNA, HBs and total transcripts were quantified using specific primers
shown in session 2.1.3.6. PCR reaction contained 2 pL of diluted complementary DNA, 7.5 pLL
of 2x SYBR green mix, 0.6 puL of forward primer, 0.6 pL of reverse primer and 4.3 uL of water
(total volume 15 uL). The qPCR was performed as follows: 95°C x 5 min, [95°C x 10 sec, 60°C
%30 sec, plate read] x 40 cycles. As standard, pSHH2.1 plasmid was 1:10 serial diluted to obtain
standard samples with 10°, 108, 107, 10, 10°, 10%, 103 copies/uL and loaded aside in the same
plate.

Reverse-transcribed HDV complementary DNA was quantified using the “Ferns” primers
in a reaction including 2 uL of diluted DNA, 7.5 uL of 2x SYBR green mix, 0.6 uL of forward
primer, 0.6 puL of reverse primer and 4.3 pL of water (total volume 15 pL) using the above
program. Besides, copies of HDV RNA could be directly quantified using one-step qScript
XLT RT-qPCR Toughmix in a reaction with 2 uLL of the RNA template, 7.5 pL. of 2x qScript

XLT Toughmix, 0.6 uL of forward primer, 0.6 uL of reverse primer, 0.3 pL of probe and 4 L
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of water. RT-qPCR program was 50°C x 10 min (reverse transcription), 95°C x 3 min, [95°C x
10 sec, 60°C x 30 sec, plate read] x 40 cycles. For both HDV qPCR, overlength HDV pJC126
plasmid was 1:10 serial diluted to 103, 107, 10%, 10°, 10%, 10°, 10? copies/uL and loaded as

standard aside.

2.2.3.6. CsCl gradient ultracentrifugation

CsCl density gradients were prepared by slowly one-by-one loading 500 uL of 1.4 g/mL CsCl
at the bottom of ultracentrifugation tube, 500 puL of 1.3 g/mL CsCl, 500 uL of 1.2 g/mL CsCl
and freshly prepared 500 uL of 20 % sucrose. Finally, 2.3 mL of virus supernatant or 2.3 mL
of medium containing 50 uL of the concentrated virus was carefully loaded on the top without
interference of CsCl layers. Ultracentrifugation tubes were accurately balanced (weight
difference < 0.01 g). Ultracentrifugation was performed at 58,000 rpm for 3.5 h at 20°C. Later

on, fractions were collected using Beckman Fraction Recovery System in a 96-well plate (7~8

drops of the first fraction, 6 drops of the second to the twelfth fractions). The fractions were

immediately subjected to DNA dot blot or frozen at -20°C overnight.

2.2.3.7. DNA dot blot

For quantification of HBV DNA amounts in the fractions collected from CsCl density
ultracentrifugation, PBS pre-wet positive-charged nylon membrane on the top of two pieces of
Whatman papers were assembled on the vacuum-based 96-well dot-blot system. Standard DNA
samples were prepared by 1:20 diluting the HO stock (1x10!'! copies/50 uL of pCHT-9/3091
plasmid) to obtain H1 (5%10° copies/50 uL), which was further 1:5 serial diluted to H2 (1x10°
copies/50 uL), H3 (2x10% copies/50 uL), H4 (4x107 copies/50 uL), H5 (8x10° copies/50 uL)
and H6 (1.6x10° copies/50 uL). Standards and fractions were loaded onto the nylon membrane
and washed twice with PBS. The membrane was air-dried, rapidly incubated with Soak I buffer
(1.5 min, twice) and afterward Soak II buffer (1 min, four times). It was air-dried again and

DNA was crosslinked twice under UV crosslinker.

To develop DNA signal on the membrane, radioactive HBV-specific DNA probe was
produced using the Megaprime DNA labeling kit. In detail, 5 uL. of template (Sacl-linearized
pCHT-9/3091 plasmid, 5 ng/uL) was mixed with 5 uL of random 9-mer oligonucleotide and

16 uL of water. This mixture was denatured at 95°C for 10 min and immediately chilled on ice
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for 3 min. Pre-cooled 4 uL. of dATP, 4 uL of dGTP, 4 uL of dTTP and 5 pL of reaction buffer
were added to the mixture. Bringing this mixture to the iso-lab, 2 pL. of Klenow fragment (1
U/uL) and 5 pL of [a-3?P]-dCTP were added. The mixture was incubated at 37°C for 15 min
with gentle shaking. The product was purified using a MicroSpin G25 column to remove free
radioactive labeled nucleotides and thereby the flow-through contained 15~30 bp radioactive
incorporated double-strand oligos, which were denatured at 95°C for 10 min and immediately

chilled on ice again and ready for hybridization use.

The membrane with crosslinked DNA was pre-hybridized with home-made hybridization

buffer at 68°C for 1 h. The denatured probe was then dropwise added into the buffer and
hybridization was performed by rotating the membrane and incubating with the probe at 68°C
overnight. The next day, the membrane was washed twice with prewarmed wash buffer for 30
min each, air-dried. After washes, radioactivity value on the membrane was measured by a
counter (usually the value is 100~500). The membrane was incubated with a B-radiation 3?P-
sensitive film (Fuji) in a locked cassette overnight. The third day, the signal on the film was

read by a phosphorimager (Fuji Typhoon FLA-7000).

Using Quantify One software, a standard curve was created based on the signals from
standards. Accordingly, signals of other dots were calculated into absolute HBV DNA copies.
Specifically for the virus produced in transfected Huh7 cells, virus titer was the sum of DNA

copies in three consensus dots representing only enveloped virions but not naked nucleocapsids.

2.2.3.8. Southern blotting

Southern blotting allows the detection of DNA samples with different sizes and structures. DNA
samples extracted using the High Pure Viral Nucleic Acid Kit or the Hirt method were loaded
on a 1.2% agarose gel. Gel electrophoresis was at 125 V for approximate 3 h until the

bromophenol blue dye went to the boundary of the gel.

After running, the gel was soaked with 0.2 M HCI and gently agitated for 10 min at room
temperature to depurinate DNA. The gel was shortly rinsed in water for three times, soaked in
denaturing buffer with gentle agitation for 1 h at room temperature. Rinsed for three times in
water, the gel was soaked in neutralizing buffer for 1 h at room temperature. Shortly rinsed in
water, the gel was agitated and balanced for 15 min in 20x SSC buffer. To blot DNA onto nylon

membrane, the transfer apparatus was assembled as follows:
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Lay two pieces of Whatman 3MM paper on a scaffold chamber higher than the surface of
20x SSC buffer. Soak tails of Whatman papers in the buffer and completely wet the papers, get

rid of the bubbles between papers using a plastic roller.
Lay the gel on the top of Whatman papers, remove bubbles.

Place pre-soaked positive-charged nylon membrane on the top of the gel, remove bubbles

between the gel and the membrane.

Lay two pieces of Whatman papers on the top of the membrane, remove bubbles. Seal the

boundaries of the gel with parafilm.

Put a stack of dry paper towels on the top of Whatman papers, avoid connection to the
buffer.

Add some ballast (1000 gram) on top of the whole apparatus and let the capillary transfer

running overnight.

The next day, disassemble the blotting apparatus, air dry the membrane, and crosslink it
twice under UV crosslinker or bake it up to 80°C for 1 h (both steps stabilize DNA onto the

membrane). Probe production, (pre-)hybridization and signal development are the same as
those described in DNA dot blot.

2.2.3.9. Northern blotting

Owing to RNA instability and its self-complementary, RNA samples were pre-denatured before
gel electrophoresis and kept denature conditions relying on formaldehyde in the gel. 1.2 %
formaldehyde gel was pre-run in 1x MOPS buffer supplemented with 0.2 M formaldehyde at
70V for at least 15 min. During the pre-run process, 10 uL of total RNA (1 pg/uL) was mixed
with 30 pL of Formaldehyde Loading Dye (Ambion) by pipetting up and down. This mixture
was heated up to 65°C for 15 min to denature RNA secondary structures and chilled on ice for
5 min. In the cool room, denatured RNA samples were loaded into the formaldehyde gel and
electrophoresis was performed at 120 V for about 3.5 h until the dyes went to the edge of the
gel. After running, the gel was rapidly rinsed with water twice and soaked in denaturing buffer
(0.05 M NaOH) for 20 min at room temperature. The gel was rinsed with water for three times,
further soaked in DEPC-treated 20x SSC buffer for 15 min before blotted using the facility as
described above (Figure 2.3.) and transferred to nylon membrane overnight. After blotting, the

membrane was crosslinked and hybridized as described above in session 2.2.3.7.
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2.2.3.10. LDH cytotoxicity assay

Released lactate dehydrogenase (LDH) was measured using a CytoTox 96 Non-Radioactive
Cytotoxicity kit (G1780, Promega) according to the protocol. Briefly, collected supernatant was
centrifuged at 400 g for 5 minutes to remove cell debris. 50 pl of the supernatant was incubated
with 50 pl of CytoTox96 reagent for 30 min with protection from light. Then, 50 ul of stop
solution was added, and the colorimetric absorbance at 490 nm was measured. The untreated

group was set up as 100% and viability for all the groups was normalized.

2.2.3.11. WST-1 cytotoxicity assay

PHH, HepG2"™T¢? and HepaRG"™TCP cells treated with MLN4924 were washed twice with PBS
and incubated with medium freshly supplemented with 1:15 diluted WST-1 stock (Roche
11644807001) at 37°C for 15 min. The absorbance at 450 nm was measured using an EnVision
multilabel reader (Perkin-Elmer). The untreated group was set up as 100% and the relative

survival rate was calculated.

2.2.3.12. HBsAg and HBeAg measurement

The culture medium of HBV infected cells was collected and centrifuged at 4000 rpm for 5 min.
Depending on distinct cell types, the supernatant was undiluted or 1:2 ~1:20 diluted with PBS.
Absolute HBsAg and/or HBeAg levels were detected by commercial assays, HBsAg was
measured by an Architect assay (Abbott), while HBeAg was quantified by an ADVIA Centaur
XP Immunoassay System (Siemens Diagnostic). Values more than 0.05 IU/mL for HBsAg or

1.0 index for HBeAg were regarded as positive.

2.2.3.13. Immunofluorescence

Infected cells were washed twice with PBS, fixed with 4% paraformaldehyde for 30 min at
room temperature. After PBS washes, cells were permeabilized with 0.25% Triton X-100 for
30 min at room temperature. Afterward, the cells were blocked with 5% milk in PBS for 1 h at
room temperature and incubated with primary antibody at 4°C overnight (dilution factor
summarized in session 2.1.3.3). The next day, after three five-minute washes, the cells were
incubated with 1:500 diluted Alexa Fluor 488/546/555-conjugated goat anti-
rabbit/mouse/human IgG (H+L) antibody and 1 pg/mL of Hoechst 33342 dye at room
temperature for 1 h. After three washes, images were taken under a DFC350 FX microscope
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(Leica) and analyzed using the Fiji software. Moreover, in order to calculate the infectivity rate,
both HBcAg-positive and Hoechst-positive cell numbers were counted by eyes in twenty
random views under a microscope, and HBcAg-positive cell number in every 100 Hoechst-

positive cells was shown.

2.2.3.14. Confocal microscopy

Confocal microscopy for SMC6 and HBcAg co-staining according to a Gilead’s protocol with
minor modifications. HBV infected cells grew on coverslips were fixed with 4 % PFA
supplemented with 1 % sucrose for 10 minutes at room temperature. The cells were washed by
PBS for three times and permeabilized with 1% Triton X-100 for 30 minutes at room

temperature. Because of the instability of SMC6 epitope, fixed cells were immediately stained
on the same day. The cells were blocked with 3% goat serum in PBS at 4°C for 1 h and then

co-stained with rabbit anti-SMC6 antibody (Sigma-Aldrich HPA042733, 1:100 diluted) and
mouse anti-HBcAg antibody (homemade M312, 1:1000 diluted) for 1 h at room temperature.
As shown in Figure 2.4., the anti-SMC6 antibody was validated and very specific. After washes
with PBS for eight times, the cells were co-incubated with Alexa Fluor 488 anti-rabbit IgG and
546 anti-mouse antibody and 5 uM of DRAQS nuclear dye for 1 h at room temperature. After
eight washes with PBS, coverslips were rinsed by pure water and air-dried for 30 min at room
temperature protected from light. Finally, the mounting reagent was dropped on the slides and
coverslips were faced down and attached on the slides. The next day, high-resolution images
were taken under Leica confocal microscope (excitation wavelength: 488 nM SMC6, 546 nM
HBcAg, 647 nM nucleus. All images were colorized, analyzed and merged by the Fiji software.
Figure 2.3. Validation of the anti-SMC6 antibody by siRNA transfection and intracellular
staining. HepG2™TCP cells were mock-transfected or reverse-transfected with siRNA against
EGFP (red) and SMC6 (blue). 48 h post transfection, the cells were fixed, permeabilized, and
subjected to intracellular SMC6 staining using the Sigma-Aldrich antibody (1:200 diluted).
SMC6 expression levels were analyzed by flow cytometry and shown in this histogram. Black
curve: unspecific background staining; yellow curve: endogenous SMCG6 level; red curve:

EGFP negative control; blue curve: SMC6 knockdown by specific siRNA. Flow cytometry
analysis was assisted by Pascal Mutz.
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2.2.3.15. Western blotting

HBx(WT)- and HBx(R96E)-HepG2'™TCP cells were lysed with 1x Laemmli buffer (Bio-rad
#161-0747) supplemented with 1% protease/phosphatase inhibitors (Cell Signalling
Technology #5872S) on ice for 20 min. Total cell lysates were denatured at 98°C for 10 min
and chilled on ice for 3 min. After short-time centrifugation, the lysates were loaded into a 4-
20 % SDS gel for protein separation at 80 V in the stacking part and 120 V in resolving part.
Proteins were blotted onto methanol-activated PVDF membrane, which was further blocked
with 5% milk in TBS buffer and incubated with anti-HA antibody (1:1000) (Cell Signalling
Technology #3724S) or anti-B-actin antibody (1:2000) (Sigma-Aldrich A1978) at 4 C
overnight. Membranes were washed by TBS-T buffer for 10 min for three times and incubated
with HRP-conjugated secondary antibody (1:10,000) (Sigma-Aldrich A0545 and A9044) at
room temperature for 1.5 h. After washes for three times, membranes were incubated with
enhanced ECL substrate (Perkin-Elmer NEL104001EA) and the chemical signal was developed

by an ECL chemocam imager (Intas).

Especially for SMC6 detection, nuclei of infected cells were isolated, washed and lysed to
obtain nuclear lysates using the NucBuster Protein Extraction kit according to the
manufacturer’s instructions. The nuclear lysates were loaded into an SDS gel, wet blotted at 30

V overnight. Following steps were the same as described above.
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2.2.3.16. Co-immunoprecipitation (co-1P)

To perform the co-IP assay, HBx(WT)- and HBx(R96E)-HepG2"NTCP cells were transiently
transfected with pcDNA3-Flag-DDB1 plasmid. 24 h post transfection, the cells were washed
with PBS twice and MLLN4924 was added for 48 h in the medium in the presence or absence of
1 nug/mL of doxycycline. The cells were lysed in modified RIPA buffer (50 mM Tris-HCI, 150
mM NaCl, 0.1 % NP-40) with 1 % protease/phosphatase inhibitors and 1 mM of PMSF on ice
for 30 min. The lysates were centrifuged at 12,000 rpm for 10 min at 4°C and the clear
supernatant was transferred to new tubes, where proteins were incubated with mouse anti-Flag
M2 antibody (Sigma-Aldrich F1804, 2 uL of antibody per 200 uL of supernatant) at 4C on a
rotator overnight. The next day, protein G sepharose beads (GE Healthcare 10164015) were
added at 4°C for 2 h to capture Flag-DDB1 and HA-HBx(WT or R96E) complex. The beads
were centrifuged down, washed with ice-cold lysis buffer for 5 cycles and finally resuspended

with 1x Laemmli buffer. After 98°C denaturation, samples were subjected to western blot.

2.2.3.17. Dual luciferase assay

Huh7 cells seeded in 24-well plates were co-transfected with 50 ng of pRL-SV40-Rluc plasmid
as well as 450 ng of pGL3-HBV-promoter-Fluc plasmid overnight. The cells were treated with
5 uM of MLLN4924 or 5 uM of Lamivudine for another 48 h. Later on, cells were washed with
PBS for three times and lysed with 100 pL. of 1x passive lysis buffer for 20 min at room
temperature. 20 plL of the lysates were transferred into a white-wall 96-well plate. Using
luminometer, 100 pL of coelenterazine substrate in assay buffer was automatically added to the
lysate and 5 seconds later renilla luciferase unit was read. Furthermore, 100 uL of luciferin
substrate in assay buffer supplemented with DTT and ATP was added and firefly luciferase unit

was measured in the luminometer. Relative luciferase unit was calculated as the rate of firefly

unit and renilla unit.
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3. RESULTS

Results

3.1. Kinetics of cccDNA establishment and evaluation of inhibitors on cccDNA stability

3.1.1. Raising the mge results in an increase of infected cells and cccDNA copies

MGE/cell  Untreated  Myrcludex B

30

100

300

1000

3000

HBCcAg

Nucleus

Using the method of TS5 exonuclease digestion of total
DNA samples followed by cccDNA-specific qPCR, the
kinetics of cccDNA formation was firstly analyzed in
the HepG2"™TCP cells infected at different mge’s. By
rising the mge of HBV in inoculates, the accumulation
of cccDNA in the HepG2"™TCP cells was measured.
Using mge’s of 30, 100, 300, 1000 and 3000 per cell as
shown in Figure 3.1., expression levels of intracellular
HBcAg confirmed productive infection. At mge from
30 to 1000, evidently more HBcAg positive cells were
observed, however the infection at the highest mge
3000 did not lead to a further increase of HBcAg™ cells.
On the other hand, at mge >1000 the entry inhibitor
MyrB profoundly reduced HBcAg expression,
suggesting that HBV replication under those conditions
is exclusively initiated by the receptor-mediated entry
of virions and therefore HBcAg expression is cccDNA-
dependent.

Figure 3.1. HBcAg expression levels in infections
with increasing mge. HepG2"™ ™" cells were infected
with different amounts of virus inoculates (mge/cell =
30, 100, 300, 1000, 3000). As control MyrB (1 uM) was
co-administered during the infection to verify NTCP-
mediated entry of the virus. On d 10 p.i., intracellular

HBcAg expression levels (red) were visualized. Nuclei
were indicated by Hoechst staining (blue).

The rise of mge per cell from 30 to 1000 led to not only

an increase of infected cells but a correlative increase of total cccDNA copies per well.

Similarly, the level of total DNA was also increased in a linear manner. However, at an mge

of 3000 no proportional increase of cccDNA and total DNA numbers was observed (Figure

3.2.A). Therefore, cccDNA copy numbers show saturated when very high mge of the virus is

used under conditions when the majority of cells have been infected, although the mechanism

how the host controls cccDNA copy number is still unknown. Consistently, the correlation of

mge with HBeAg and HBsAg secretion and an increased number of infected cells was
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observed previously in HepaRG cells and PHH (Schulze et al., 2012). Indeed, at mge’s from
30 to 1000, both HBeAg and HBsAg levels were accordingly increased. From mge’s 1000 to
3000, the increase of HBsAg level was not proportional but HBeAg level was greatly inclined,
probably due to the cross-detection of nucleocapsids at such a high mge (Figure 3.2.B).
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Figure 3.2. cccDNA and secreted antigen levels in infections with increasing mge. (A)
HepG2"™NTCP cells were infected with different amounts of virus inoculates (mge/cell = 30, 100,
300, 1000, 3000) in parallel and total DNA samples were prepared on d 10 p.i.. Samples were
hydrolyzed by T5 Exo (5 U/60 min) at 37°C for 1 h, and cccDNA level was determined using
pp1040-1996 primers. Total DNA copy numbers were determined in undigested samples using
pp466-541 primers. (B) Within the same infections, extracellular replicative markers, secreted
HBsAg (grey) and HBeAg (white) values from d 7 to 10 p.i., were measured.

3.1.2. Comprehensive kinetics of cccDNA establishment in infected hepatocytes

To achieve moderate infection rates, an mge of 300 was used for infection. The cccDNA
formation over time p.i. in PHH, HepaRG, HepaRG"™T? and HepG2"NTCP cells was analyzed.
Under the same infection conditions, infection rates of HepG2"™NTCP, HepaRG"™TCP, HepaRG
cells and PHH were 24%, 8.6%, 5.3% and 16.7%, respectively, which were determined by
counting HBcAg" cells at d 7 p.i. as shown in Figure 3.3..

It was observed that 24.0 % of HepG2"™TCP cells were infected, which provides the
maximal infectivity among all models. To my surprise, the infectivity rate in HepG2™TCP cells
was even higher than PHH with physiological hNTCP expression. However, differentiated
HepaRGMTCP (8.6%) and HepaRG cells (5.3%) at the same mge value were less infected,

suggesting that HBV has a strict hepatocyte-specific tropism and in these models co-existing
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biliary cells can not be infected. This was confirmed by the observation that cytokeratin 18

protein, a hepatocyte-specific marker (Wells et al., 1997), was expressed in 7.8% of total

differentiated HepaRGMTCP cells, which was very close to the infectivity rate 8.6%.
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Figure 3.3. Infectivity of infected hepatocytes at an mge value of 300. Infectivity rates (d 7
p.i., mge/cell = 300) in indicated cultures were determined by counting HBcAg-positive and
Hoechst-positive cell numbers from twenty random views under a microscope.
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Figure 3.4. cccDNA formation and accumulation in infected PHH. PHH were infected at
an mge of 300. MyrB (1 uM) and Tenofovir (15 uM) were used as controls shown in the timeline.
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(A) Total DNA was extractedond 1, 3, 7, 10 p.i.. T5 exonuclease treatment (37°C, 5 U/60 min)
was performed prior to cccDNA quantification (left). cccDNA copy number was normalized by
a factor derived from p-globin level to eliminate variation from inputs and further calculated to
“cccDNA copies/cell”. Finally, the value of “cccDNA copies/infected cell” was determined by
using “cccDNA copies/cell” to divide the elution rate and infectivity rate (Figure 3.3.). (B)
Undigested DNA samples were used for quantification of total HBV DNA (right). (C) Productive
infection in this infection was validated by measuring secreted HBeAg (white) and HBsAg (grey)
values during d 7 to 10 p.i..
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Figure 3.5. cccDNA formation and accumulation in differentiated HepaRG cells.
Differentiated HepaRG cells were infected at an mge of 300, MyrB (1 uM) and Tenofovir (15
uM) were used as controls shown in the timeline. (A) Total DNA was extractedond 1, 3, 7, 10,
14 p.i.. T5 exonuclease treatment (37°C, 5 U/60 min) was performed prior to cccDNA
quantification (left). (B) Undigested DNA samples were used for quantification of total HBV
DNA (right). (C) Productive infection in this infection was validated by measuring secreted
HBeAg (white) and HBsAg (grey) values during d 7 to 10 p.i..

Next, the kinetics of cccDNA formation was comprehensively analyzed in all infection
models. In PHH, cccDNA was hardly detectable on d 1 p.i. but accumulated swiftly to an
average of 5.8 copies per infected cell at d 10 p.i. (Figure 3.4.A). Mean copy numbers of
cccDNA in PHH from three donors ranged from 2.5 to 10.5 (data not shown). As expected,
cccDNA formation was blocked by MyrB but not Tenofovir treatment. Input virion DNA was
detected on d 1 p.i. and total HBV DNA (rcDNA and cccDNA) produced from viral replication

rapidly increased at later time courses (> d 3), suggesting pgRNA synthesis and its reverse
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transcription. Total DNA synthesis was sensitive to Tenofovir treatment (Fig. 3.4.B). In
differentiated HepaRG"™TC? and HepaRG cells, cccDNA was detectable on d 1 p.i. A unique
feature was that cccDNA copy numbers increased rapidly until d 3 and remained at a stable
level of 1~4 copies per infected cell until d 14, which suggests that most of the cccDNA
molecules are formed simultaneously and do not undergo amplification after d 3 p.i. (Figure
3.5.and 3.6.). CccDNA formation in infected HepG2M™TCP cells was similar to that in PHH with
a linear increase from 0.5 copy per cell at d 3 p.i to approximate 1 copy per cell at d 14 (Figure
3.7.). Furthermore, although the kinetics of cccDNA formation differs in PHH and other cell
lines, the mean values of cccDNA numbers in all the models are generally low (< 6 copies per
infected cell). The cccDNA pool does not undergo intracellular amplification during two weeks
after infection, which implies that significant amplification of cccDNA after the first-round

establishment does not occur in all those models (Qu et al., 2018)

Regarding total HBV DNA, hundreds of copy numbers representing input virions were
detected in all the systems on d 1 p.i.. Later on, a steady increase of total DNA levels
representing the majority of rcDNA inside progeny nucleocapsids could be observed in all the
models. However, even after two weeks p.i., there were merely 3-fold more progeny DNA than
the inoculated DNA in PHH. Likewise, replicative HBV DNA produced in HepaRG"™TCP and
HepG2"NTCP cell models was never more than the inoculates (Figure 3.4.~3.7.B). This in vitro
data contrast the concept that HBV successful infection in chimpanzees requires inoculated

dosage as low as 10 mge per animal.
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Figure 3.6. cccDNA formation and accumulation in differentiated HepaRG"™ ™" cells.
Differentiated HepaRG™ ™" cells were infected at an mge of 300 as shown in the timeline. (A)
Total DNA was extracted on d 1, 3, 7, 10, 14 p.i. and cccDNA levels were quantified (left). (B)
Level of total HBV DNA (right) was measured similarly as shown in Figure 3.5.. (C) Productive
infection was validated by measuring secreted HBeAg (white) and HBsAg (grey) values during
d7to 10 p.i..
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Figure 3.7. cccDNA formation and accumulation in infected HepG2"™'°" cells.

HepG2"™TCP cells were infected at an mge of 300 as shown in the timeline. (A) Total DNA was
extracted on d 1, 3, 7, 10, 14 p.i. and cccDNA levels were quantified (left). (B) Level of total
HBV DNA (right) was measured similarly as shown in Figure 3.5..(C) Productive infection was
validated by measuring secreted HBeAg (white) and HBsAg (grey) values during d 7 to 10 p.i..
MyrB (1 uM) and Tenofovir (15 uM) were used as controls.

3.1.3. Effects of different drugs on cccDNA formation

As shown above, the kinetics of cccDNA accumulation in HepG2hNTCP

cells is very close to
that in PHH. Hence HepG2™TCP cells were further used for evaluation of the effect of
representative drugs on cccDNA formation, which act at different steps of the HBV life cycle.
The inhibitors tested were interferon-a-2b (Intron-A, Schering-Plough), two nucleos(t)ide

analogues Lamivudine and Tenofovir, two entry inhibitors Myrcludex B (MyrB) and
cyclosporine, and two capsid inhibitors GLS4 and BAY41-4109.

First, IFN-a, MyrB and cyclosporine were co-administered with the virus whereas
nucleos(t)ide analogues and capsid inhibitors were treated p.i.. Compared to the untreated group,
IFN-o did not lead to a considerable reduction of HBcAg at 100 IU/mL however moderately
reduced its level at 1000 IU/mL. MyrB blocked viral entry and subsequent HBcAg expression,
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whereas cyclosporine as a weaker entry inhibitor slightly reduced it. Lamivudine and Tenofovir
failed to reduce HBcAg level. In contrast as capsid inhibitors, both BAY41-4109 and GLS4
profoundly reduced HBcAg at 1 uM (Figure 3.8.).
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Figure 3.8. Effect of antiviral drugs on HBcAg expression. Infected HepG2"™T°" cells
(mge/cell = 300) were treated with interferon-a-2b (100 and 1000 1U/mL), Lamivudine (1 and
10 uM), Tenofovir (1 and 10 uM), MyrB (0.5 and 5 uM), and Cyclosporine A (1 and 10 uM) for
six days or one week as shown. On d 7 p.i., cells were fixed and HBcAg staining was performed
by an immunofluorescence assay (red). Hoechst staining indicates nuclei (blue).
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Figure 3.9. Effect of antiviral drugs on cccDNA establishment and maintenance. IFN-a-
2b, entry inhibitor MyrB and cyclosporine (entry inhibition activity via NTCP binding), were co-
administered with HBV inoculates during infection in HepG2™™°" cells. The drugs were
maintained in cell culture medium for one week. Lamivudine, Tenofovir, BAY41-4109, and
GLS4 were added from d 1 to 7 p.i. (A) Cell viability was determined by an LDH release assay.
Survival rate: % to untreated set as 100 %. Dashline: 80 %. (B) Secreted HBeAg values, (C)
calculated cccDNA (left) and (D) total DNA copies (right) per infected HepG2™T°" cell were
shown.

Except 10 uM of BAY41-4109 and cyclosporine A, all treatments did not induce more
than 20% cell death as shown in Figure 3.9.A. IFN-a inhibited cccDNA formation and HBeAg
secretion in a dose-dependent manner when it was administered up to 1000 IU/mL, which is
consistent with a recent report (Shen et al., 2018). MyrB completely blocked viral entry,
cccDNA formation and subsequent HBeAg secretion, when it was co-administered with the

virus. A similar but weaker effect was observed for cyclosporine that also prevents HBV entry
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by interacting NTCP (ECso = 8 uM). Nucleos(t)ide analogues hardly affected cccDNA levels
when they were applied at d 1 p.i.. At 1 uM, neither GLS4 nor BAY41-4109 affected cccDNA
copy numbers when they were administered at d 1 p.i.. However, a 30% reduction of cccDNA

copy numbers was observed at 10 uM (Figure 3.9.C).
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The second experiment was set up to compare MyrB, capsid inhibitor GLS4 and nucleotide
analogue Tenofovir. This data revealed that MyrB as entry inhibitor was functional in blocking
cccDNA formation when it was co-administered with the virus, but not post treated. Indeed,
MyrB profoundly reduced cccDNA levels at an ECsp value of 10 nM and an ECo value of 100
nM (Qu et al., 2018). To less extent, co-administration of GLS4 at a high dose of 2 uM with
virus, affected early cccDNA formation, however post treatment of GLS4 seldom reduced
cccDNA level, which is consistent with the observation that such capsid inhibitors can directly
act on already assembled capsids and functionally alter their structures (Guo et al., 2017,
Schlicksup et al., 2018). However, the concentrations required for this activity are far exceeding
the ECso values for interference with virus assembly (Figure 3.10.). This data shed light on dual
functions of capsid inhibitors, including the destruction of nucleocapsids during infection and

interference of virus assembly p.i. (Berke et al., 2017).

Taken together, the results in this session demonstrate that (I) not only HepaRG but the
recently developed NTCP-transduced cell lines, are suitable systems to study cccDNA early
formation and medium-term accumulation, (II) absolute cccDNA copy numbers are extremely
low (less than 6 copies per infected cell) in all in vitro infection models, (III) entry inhibitor

MyrB blocks cccDNA formation and to less extent GLS4 interferes with cccDNA formation.
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3.2. Nuclear HBx promotes transcription from cccDNA

3.2.1. HBx expressed by its authentic promoter is located in the nucleus

A

As depicted in the introduction, HBx is
regarded as a multi-functional non-structural
protein involved in many nuclear and
cytoplasmic cellular processes. The first
scientific question I thought was whether HBx
is expressed in the nucleus, cytoplasm, or both.
In terms of reliable detection of HBx protein in
authentic HBV infection, there are two major
problems: low expression level of HBx protein
and long-term restriction of an antibody with
the maximal sensitivity. All commercial anti-
HBx antibodies and homemade anti-HBx sera
were tested in order to visualize HBx
expression in real HBV infection in various
models (PHH, HepG2™TCP and Huh7"NTCP
cells) and at multiple mge’s (mge/cell = 300,
1000, 3000). However, over years none of
these attempts gave rise to one reliable
visualization of HBx protein measured by
either western blot or immunofluorescence
(data were not shown). In order to study HBx
localization, I stepped backward to perform
transient transfection using conditions that are
closer to virus infection. Therefore, Huh?7
hepatoma cells were transfected with several
formats of plasmid encoding HBx by different
promoters (pcDNA3.1-HBx; pWPI-HBx;
pCH-9/3091-HBV-1.1mer) and in each case

HBx subcellular localization was monitored.

To my surprise, HBx localizations
diversified. As shown in Figure 3.11.A, HBx
protein was mostly located within cytoplasm

when it was expressed by the CMV promoter
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(pcDNA3.1-HBx). It was observed that HBx aggregated and formed speckles in the cytoplasm
when its expression level was extremely high by a strong promoter like CMV. Only a small
proportion of HBx appeared in the nucleus. Besides, loss of cells that was shown by reduced
nuclear staining was correlated with HBx expression at such high level, suggesting that cell

death might be induced in the presence of aberrantly high expression of HBx.

In contrast, when HBx was expressed by the EF1a promoter (pWPI-HBx) that is weaker
than CMV promoter, HBx became mostly nuclear while a minor proportion was located in the
cytoplasm. Unlike cytosolic HBx, nuclear HBx proteins were all diffused in the whole nucleus
without forming any visible aggregates (Figure 3.11.B). Remarkably, when Huh7 cells were
transfected with overlength HBV genome (pCH-9/3091-WT) in which HBx was expressed by
its authentic X promoter, only background unspecific signals were found in cytoplasm due to
the least expression of HBx protein leading to less antibody binding specificity, again, HBx
protein was exclusively located and diffused expressed in the nucleus, which was very similar

to what was shown in the panel B (Figure 3.11.C).

Furthermore, the amounts of HBx expression correlate with HBx subcellular localization.
Driven by the strong CMV promoter, HBx is cytosolic however this situation is artificial and
not physiological. By weaker EFla or X promoter, HBx becomes nuclear but seems not co-
localized with nucleolus and any nuclear bodies (Figure 3.11.). Assuming that HBx protein
expressed from cccDNA in the authentic infection is less transcriptional efficient but similar to
the case of transfection with overlength HBV plasmid containing the same X promoter, it is
speculated that therefore HBx expression level is pretty low and HBx is also localized in
nucleus of infected cells, although it remains not traceable by current methods. Additionally, it
is further expected that the majority of HBx proteins arise in the nucleus and thus regulate
nuclear events during HBV replication. These findings are consistent with insights presented

by experienced HBx researchers (Slagle et al., 2015).

With this, for the first time, this observation suggested that at least HBx protein could be
involved in the nuclear games of HBV replication, mostly meaning cccDNA formation and its
transcription. Therefore, two following scientific questions were raised up: (I) whether HBx
protein is indispensable in cccDNA formation and maintenance of cccDNA stability and (II)
whether HBx modulates cccDNA transcription.

Figure 3.11. HBx is a nuclear protein when it is expressed by the authentic promoter.
Huh7 cells were transiently transfected with plasmids (A) pcDNA3.1-HBx; (B) pWPI-HBx-

IRES-GFP and (C) pCH-9/3091-HBV-1.1mer (WT) (0.5 ug plasmid per well in 24-well plate).
48 hours post transfection, the cells were fixed and stained with anti-HBx rabbit serum (#644,
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1:500 diluted) (red). Hoechst staining indicates nuclei (blue). Magnification factor = 200; For
zoom-in images, magnification factor = 400.

3.2.2. HBx transactivates cccDNA transcription but not affects its formation

To investigate exact roles of HBx in formation and transcription of cccDNA, WT virions
together with HBx-minus (Xd) virions (HBx expression is null by introducing two stop codons
within X ORF without altering polymerase and core ORFs) were generated. Since HBx is not
detectable in infection, virion DNA of Xd stock was amplified by PCR and the PCR product
was Sanger sequenced to confirm stop mutations on HBx (data not shown). As shown in Figure
3.12.A, when HepG2"™TCP cells were infected with the same mge of WT and Xd virions
produced in two independent preparations, comparable cccDNA kinetics over time was
observed, suggesting that HBx is dispensable for the formation of cccDNA and maintenance of
cccDNA stability. Moreover, during d 1 to 3 p.i., levels of pregenomic RNA and total transcripts
were hardly affected. In contrast, compared to Xd, transcription of WT virus was significantly
enhanced in the presence of HBx and this difference started from d 3 to 7 and sustained from d
7 to 10, when transcription is initiated by newly synthesized cccDNA, implying that maximal
HBV transcription of cccDNA requires HBx and HBx also maintains transcription (Figure
3.12.B and C).
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Figure 3.12. HBx is not essential in cccDNA formation but required in cccDNA
transcription in HepG2"™TCP cells. WT and Xd virions were generated by transfection of Huh7
cells and enriched by PEG precipitation. Prior to infection, virus titers were determined by CsCl
gradient ultracentrifugation and DNA dot-blot. HepG2™T°F cells were infected with the same
mge of WT and Xd virions (mge/cell = 100). (A) Atd 1, 3,7, 10, 14 p.i., total DNA was extracted
and cccDNA expression levels were measured. prep.: independent preparations of each virus.
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(B) Atd 1, 3, 7, 10 p.i., total RNA was extracted and pgRNA genome copies were measured.
(C)Atd 1, 3,7, 10 p.i., copies of total HBV transcripts were determined. As a control, MyrB (1
uM) was co-treated during each infection.

A previous study has demonstrated that HBx is a key regulator to initiate and maintain
HBV replication in differentiated HepaRG cells (Lucifora et al., 2011). To confirm it, this
function of HBx protein on cccDNA was further studies in differentiated HepaRG"™T? cells.
When infected with WT and Xd virions, both viruses replicated similarly during d 1 and 3 p.i.,
except some more pgRNA signals from Xd virion on d 1 was detected. However again WT
virion showed enhanced transcriptional activity over time until d 21. The transcription of the
WT virus was declined after d 14, probably due to loss of differentiation status in HepaRG"NT¢P
cells (Figure 3.13.). Moreover, these data implied that functional HBx protein might be
translated very early, as transcription of WT virus started exceeding that of Xd virus atd 3 p.i.,

and the expression of HBx protein could be sustained at least during the first two weeks p.i..
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Figure 3.13. HBx enhances cccDNA transcription in differentiated HepaRG"\®" cells.
Differentiated HepaRG"™ " cells were infected with the same mge of WT and Xd. virions side
by side (mge/cell = 100). (A) Atd 1, 3, 7, 14, 21 p.i., total RNA was extracted and genome
copies of pgRNA were determined. (B) Total HBV transcripts in the same RNA samples were
shown. MyrB (1 uM) was co-treated during infection.

3.2.3. C-terminal mini-HBx is sufficient and indispensable in transactivation

Next, the molecular determinants within HBx protein that mediate regulation of cccDNA
transcription were characterized. Overlapping with ORFs of polymerase and core, HBx is not
suitable for engineering within its genome for virus production, however, the combination of
Xd infection and lentiviral trans-complementation encoding HBx mutants allows genetic

modification of HBx protein.

Firstly, lentiviruses encoding truncation and deletion forms of HBx protein were generated
and validated. When HepG2M™TCP cells were infected with WT virus and superinfected with
lentivirus expressing either GFP or full-length HBx (1-154), cccDNA transcription was not
affected further inclined, indicating that basal level of HBx expressed from the WT virus is
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sufficient to maintain its transcription and redundant ectopic HBx could not further elevate
transcription of cccDNA. Nevertheless, when Xd virus-infected HepG2MTCP cells were
subsequently transduced with lentivirus expressing full-length HBx (1-154), the transcription
level was fully enhanced to the exact level of WT virus, illustrating that the cccDNA templates
of Xd virus stay transcriptional inactive as long as they encounter HBx (1-154) and immediately
become active, even though the HBx proteins are ectopic and late expressed. Most importantly,
when Xd virus-infected cells were transduced with lentivirus expressing HBx truncations,
entire C-terminal HBx (51-154) showed the same enhancing activity of cccDNA transcription
as full-length HBx, the N-terminal HBx (1-50) and a deletion mutant (A51-142), however,
showed no activity anymore on the cccDNA of Xd virus. In addition, two shorter truncations
(HBx 51-142 and 58-142) were partially functional and rescued transcriptional degree of Xd
virus to 50~70 % of the level of WT virus (Figure 3.14.A). Taken together, these data suggested
that C-terminal HBx is sufficient and indispensable to rescue cccDNA transcription of Xd virus.
In the experiments, patterns of secreted HBeAg were very consistent with corresponding
transcription (Figure 3.14. B). Similar to Figure 3.12., no significant alteration of cccDNA
during transduction and expression of these HBx mutants was observed, except that HBx (58-
142) showed a two-fold decrease at the cccDNA level compared to the untransduced group
(Figure 3.14.0).
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Figure 3.14. C-terminal HBx is sufficient and indispensable in cccDNA transactivation.
HepG2"™NTCP cells were infected with WT and Xd virions (mge/cell = 100). On d 2 p.i., infected
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cells were transduced with lentiviruses expressing GFP, HBx (1-154), HBx (1-50), HBx (51-
154), HBx (A51-142), HBx (51-142) and HBx (58-142) (mge/cell = 50) overnight and afterward
medium was changed every 2~3 days. On d 8 p.i., (A) pgRNA and (C) cccDNA expression
levels were determined. (B) Supernatant from d 5 to 8 p.i. was collected and HBeAg values
were measured.

Secondly, attentions were paid on the DDB1-binding deficient mutant, HBx (R96E). Xd

virus-infected HepG2mNTCP

cells were transduced with lentiviruses expressing HBx (WT), HBx
(R96E) and HBx (R96A). Two types of lentivirus vectors, constitute expression vector pWPI-
HBx, and inducible expression vector pInducer20-HBx (kind gift provided by Bernd
Wollscheid, ETH Ziirich), were devised. As a positive control, transduction of HBx (WT)
rescued transcription of Xd virus to the level of WT virus. For both transductions, HBx (R96E)
was not able to enhance the transcription. However, HBx (R96A) still showed 80% rescue

activity as shown (Figure 3.15.).

Since the arginine 96 residue is crucial to HBx-DDB1 binding, it was thereby confirmed
that DDBI1-binding function of HBx, or in another word, the HBx-DDBI complex is
responsible for HBx’s transactivation in authentic infection setting, which provides a forward
step consistent with previous study using plasmid system (Leupin et al., 2003). The R96E
mutation that alters a basic residue to an acidic residue, may inactivate HBx-DDB1 binding
activity. Unlike R96E, R96A mutation itself may cause a mild biochemical change and not

affect the binding activity (Li et al., 2010c).
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Figure 3.15. R96E single-point mutation on HBx abolishes its transactivation activity.
HepG2"™TCP cells were infected with WT or Xd viruses (mge/cell = 100). For Xd infection,
infected cells were transduced with lentivirus (pWPI-HBx and plnducer20-HBx formats,
mge/cell = 50) on d 2 p.i.. After plnducer20-HBx transduction, doxycycline (1 ug/mL) was
added on d 5 p.i. to induce HBx expression. (A) On d 8 p.i., total RNA was extracted and
pgRNA expression levels were examined. (B) For both transductions, supernatant from d 5 to
8 was collected and HBeAg values were measured.
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To sum up this chapter, HBx is a nuclear protein when it is expressed by authentic X
promoter and nuclear HBx functions as a modulator at the cccDNA level. Experiments with
comparison of WT and Xd infections demonstrated that HBx protein is a transcriptional
enhancer in trans but not essential in cccDNA formation. These data suggest the nature of HBx
as a nuclear transactivator in trans. Furthermore, relying on the lentivirus-based trans-
complementation assay, I confirmed that entire C-terminal HBx is sufficient but indispensable
to enhance cccDNA transcription, presumably because generalized DDBI1-binding region
covers the whole C-terminus (61-154) but not the minimal binding motif (88-101) in the middle
of the C-terminus, although the minimal motif is core component responsible for HBx-DDB1
binding. This has been proved by the fact that HBx (R96E) could not rescue the transcription
of Xd virus, indicating that one of the functions of HBx, DDB1 binding, is the major mechanism
for enhancing cccDNA transcription. Entire C-terminal HBx (51-154), termed “mini-HBx”,
plays the same role as WT HBx in modulating HBV replication at the cccDNA level. However,

what is the exact role of its N-terminus (1-50) is still largely unknown.
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3.3. Neddylation blockage inhibits transcription from persistent cccDNA

Recently, two independent groups identified SMC5 and SMC6 as major restriction factors that
are ubiquitinated and degraded during HBV replication (Decorsiere et al., 2016, Murphy et al.,
2016), which provides a new direction that the prevention of this degradation may become a
drug target. From HBV side, HBx protein binds DDB1 and recruits host E3 ubiquitin ligase
Cullin 4A and this complex mediates SMC5/6 degradation. So far, no regimen is available to
interfere with HBx-DDBJ1 interaction or HBx itself. Given that neddylation is required for the
activation of Cullin 4A, subsequent degradation of SMCS5/6 and initiation of cccDNA
transcription, neddylation inhibitor may break down the HBx-DDB1-Cullin 4A complex at the
Cullin 4A level.

3.3.1. MLLN4924 selectively inhibits HBV but not HDV replication
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Figure 3.16. MLN4924 inhibits HBV replication and does not affect HDV RNA replication.
Differentiated HepaRG"™'°" cells were infected with HBV and treated with two-fold serial
diluted MLN4924 (15.6, 31.2, 62.5, 125, 250, 500 nM) from d 1 to 7. (A) Secreted HBsAg and
(B) HBeAg levels from d 5 to 7 were measured. On d 7 p.i., total RNA was extracted and (C)
pgRNA and (D) total RNA genome copies were determined. (E) The same batch of
differentiated HepaRG"™ " cells was infected with HDV and treated with the same indicated
doses of MLN4924 fromd 1to 7. On d 7 p.i., total RNA was extracted and copies of HDV RNA
genome were measured. MyrB (1 uM) was co-treated during infection.
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As shown in Figure 3.16., six-day MLN4924 treatment reduced all HBV transcripts
(pgRNA and total RNA) and secreted viral proteins (HBeAg, HBsAg) in a dose-dependent
manner starting from a very low dose of 30 nM. At higher doses (> 250 nM), the inhibitory
effects were comparable to the levels by MyrB treatment. In contrast, HDV replication at RNA
genome level was not altered up to 250 nM. Since HBV and HDV shared the same envelopes
and strategies of virus entry via NTCP receptor, this data suggested that MLLN4924 does not
interfere with attachment and entry steps. It also implied that neddylation is of importance

specific in HBV but not HDV replication.

Untreated MLN4924 (125 nM) MLN4924 (500 nM) Myrcludex B

Figure 3.17. MLN4924 reduces intracellular HBcAg level but not HDAg expression. (A)
Differentiated HepaRG"™ P cells were infected with HBV and administered with MLN4924 from
d1to7 p.i.. Ond 7, cells were fixed, stained and HBcAg expression levels were visualized.
(B) Differentiated HepaRG™ TP cells were infected with HDV and treated with MLN4924 from
d 1to 7 p.i.. On d 7, infected cells were fixed and HDAg levels were determined. For both
infections, MyrB (1 uM) was co-treated during infection.

HBcAg
Nucleus

HDAg
Nucleus

The other piece of evidence proving that selective effect upon MLN4924 treatment was
the expression levels of HBV and HDV intracellular viral antigens. For HBV infection, HBcAg
was present in all infected hepatocytes in the untreated group and its expression was diminished
at 125 nM and 500 nM of MLN4924. Combining with the data in Figure 3.16, MLN4924 led
to the reduction of all RNA and protein markers during HBV replication. In contrast, HDAg
levels were not affected up to 500 nM in HDV infection. Besides, although cell death occurred

in a small proportion of cells, either the HDAg expression in alive cells or total rate of HDAg
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positive cells was not changed (Figure 3.17.). Hence, in HBV replication MLN4924 at least

targets exactly on the step of RNA production or at the upstream of transcription.

3.3.2. MLLN4924 reduces the production of HBV DNA- and RNA-containing virions

In recent three years, an emerging concept is the identification of pgRNA-containing particles
that are enriched during nucleos(t)ide treatment. RNA-containing virions are infectious and
become a new clinical marker in antiviral therapy (Wang et al., 2016, Wang et al., 2017, Wang
etal., 2018). As shown in Figure 3.17., MLN4924 potentiated inhibition of intracellular pgRNA
expression, one of the follow-up questions was whether MLN4924 also inhibits the production
of RNA-containing virions. To test this possibility, HepAD38, the virus-producing cell that
generates pgRNA and secrets a great number of virions, was incubated with MLN4924 during

virus production and the amounts of RNA- as well as DNA-containing virions were measured.
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Figure 3.18. MLN4924 prevents the secretion of DNA- and RNA-containing virions.
HepAD38 cells were seeded at a confluent density and maintained with supplemented
doxycycline (1 ug/mL) as shown in the timeline (tet-on phase). On d 7 post seeding,
doxycycline was removed and Lamivudine (5 uM), Tenofovir (5 uM), MLN4924 (1 uM or 5 uM),
GLS4 (0.2 uM) and DMSO (0.5%) were added. The supernatant (SN) was collected every 3
days until d 19. Before nucleic acid extraction, the supernatant was centrifuged at 4000 rpm
for 10 min to remove any cellular components. (A) Total DNA was extracted and eluates were
digested with RNase (10 U/60 min) and DNA copies in the product were measured. (B) Total
RNA was extracted and eluates were digested with RNase-free DNase (10 U/60 min) then
RNA copies in the product were determined.

As expected, Lamivudine as well as Tenofovir, resulted in 300-fold (approximate 2.5 log-
scale) less encapsidated DNA in the supernatant during d 16 to 19. Interestingly, Lamivudine
showed unexpected better inhibitory effect on DNA secretion than Tenofovir, which is more

potent in patients. As a positive control, the capsid inhibitor GLS4 led to a reduction of virus
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production to the same extent as that induced by nucleos(t)ide inhibitors. Upon MLN4924
treatment, 30-fold (1.5 log-scale) less DNA-containing viruses in the supernatant were detected
(Figure 3.18.A). On the other hand, GLS4 showed a similar 300-fold reduction of RNA-
containing particles as DNA-containing particles at the late time course, demonstrating that
GLS4 decreases production of RNA- and DNA-containing viruses in common probably due to
the inhibition of capsid assembly independent on pgRNA conversion to rcDNA. However,
Lamivudine and Tenofovir treatments failed to decline RNA amounts, compared to the
untreated group, which is consistent with their modes of action that block reverse transcription
of pgRNA but do not affect pgRNA itself. Remarkedly, MLLN4924 treatment resulted in 10-
fold less production of RNA-containing particles (Figure 3.18.B). Unlike nucleos(t)ides
selective to DNA inhibition, MLN4924 showed no selectivity on the RNA- and DNA-
containing viruses, although both inhibitory effects were less efficient than GLS4. These data
implied that the mechanism of MLN4924 might be (I) prevention of pgRNA production as
shown in Figure 3.16. and/or (II) blockage of capsid assembly similar but less efficient to GLS4.
Nevertheless, the mechanism (I) is distinct from modes of action of nucleos(t)ide inhibitors and

capsid modulators.
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Figure 3.19. CCs values of MLN4924 in HepaRG"N"°P, HepG2"™ ™" cells and PHH. (A)
Differentiated HepaRG™'°" and (B) HepG2™T°" cells were treated with 1:3 serial doses of
MLN4924 (HepaRG"™'°": 6.7 nM, 20 nM, 67 nM, 200 nM, 667 nM, 2 uM, 6.67 uM, 20 uM;
HepG2"™TCP: 67 nM, 200 nM, 667 nM, 2 uM, 6.67 uM, 20 uM, 66.7 pM, 200 uM) from d 1 to 8
post seeding. On d 8, WST-1 assay was performed and survival rates were calculated
(untreated: 100%). (C) PHH were treated with different doses of MLN4924 (6.7 nM, 20 nM, 67
nM, 200 nM, 667 nM, 2 uM, 6.67 uM) from d 1 to 7 post seeding. On d 7, WST-1 assay was
performed and survival rates were calculated (untreated: 100%).

3.3.3. Transcripts of all HBV promoters on cccDNA are declined upon treatment

Furthermore, pharmacologic index values of MLN4924 in all models were measured. CCso

ZhNTCP

values in PHH and HepaRG"™TCP cells were comparable, however, HepG cells were

much more tolerant with a CCso value of 70 uM (Figure 3.19.). Next, ECso values of MLN4924

were measured in those infection systems. HBV infected HepaRG"™7'CP and HepG2"™TCP cells
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were treated with MLN4924 for 7 days and infected PHH for 6 days. Comprehensive
documentation at secreted HBsAg/HBeAg, total transcripts as well as cccDNA was made. In
HepaRG™TCP cells, the ECso value of HBsAg was 26.9 nM and the value of HBeAg was 15
nM, while the ECso value of transcription was 30.2 nM. Except for 2 uM leading to cytotoxicity
and loss of cccDNA numbers, MLN4924 never induced more than 30% reduction on the

cccDNA numbers, suggesting that MLN4924 is a transcriptional inhibitor (Figure 3.20. A~D).
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Figure 3.20. ECs, values of MLN4924 in HepaRG"™ ™", HepG2"™N™°? cells and PHH.
Differentiated HepaRG™™? cells were HBV infected and treated with MLN4924 (6.7 nM, 20
nM, 67 nM, 200 nM, 667 nM, 2 uM) from d 1 to 8 p.i.. (A) HBsAg and (B) HBeAg levels in the
supernatant from d 5 to 8 were determined. (C) On d 8, total RNA was extracted and total
transcripts were measured and (D) cccDNA level in total lysates was determined. *: cytotoxicity
at 2 uM. HepG2"™TCP cells were infected and treated with MLN4924 (6.7 nM, 20 nM, 67 nM,
200 nM, 667 nM, 2 uM) from d 1 to 8 p.i.. (E) HBsAg and (F) HBeAg levels in the supernatant
from d 5 to 8 were determined. (G) On d 8, total transcripts were measured and (H) cccDNA
level was examined. PHH were infected and treated with MLN4924 (6.7 nM, 20 nM, 67 nM,
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200 nM, 667 nM, 2 uM, 6.67 uM) from d 1 to 7 p.i.. (I) HBsAg and (J) HBeAg levels in the
supernatant from d 5 to 7 were determined. (K) On d 7, total transcripts were measured and
(L) cccDNA level was examined.

In HepG2"™NTCP cells, the ECso value of HBsAg was 175 nM and the value of HBeAg was
30.2 nM, but the ECs¢ value of transcription was much higher at 484.7 nM. cccDNA level,
however, was quite stable upon MLN4924 treatment (Figure 3.20. E~H). In PHH, the ECs
value of HBsAg was 293.4 nM, the value of HBeAg was 143.7 nM and the value of
transcription was 292.4 nM (Figure 3.20. I~L). Overall, all ECso values in all three models were
in the nanomolar range (< 1 uM). Besides, HBV replication in HepaRG"™T“? and HepG2MTCP
cells, compared to PHH, was more sensitive in responding to MLN4924 treatment according to
the ECs values.
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Figure 3.21. MLN4924 mediates irreversible transcriptional inhibition from persistent
cccDNA in HepaRG"™ P cells. Differentiated HepaRG™ " cells were infected with HBV and
maintained until d 14, when cells were pulse-treated with MLN4924 (200 nM and 600 nM) or
GLS4 (200 nM) from d 14 to 17 and d 23 to 26. During d 17 to 23, MLN4924 was removed.
Starting from d 11 p.i., the supernatant was collected every 3 days and (A) HBsAg and (B)
HBeAg values were determined. On d 14, 17, 20, 23, and 26, (C) total RNA was extracted and
total transcripts were examined. (D) cccDNA levels were also measured.
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As shown in Figure 3.20., MLN4924 is a transcriptional inhibitor without interference
with cccDNA. Since cccDNA reservoir has been established in chronic HBV patients, it is
meant to address whether transcription remains hampered upon MLN4924 treatment when the
cccDNA pool has been fully formed. I therefore conducted long-term infection in differentiated
HepaRG"™TCP cells and maintained them for 14 d which was followed by a pulse treatment (3-
day on, 6-day off and 3-day on of MLN4924). Transcription from persistent cccDNA was
rapidly inhibited upon the first round 3-day treatment and sustained inhibition of transcription
was observed during withdrawal of MLN4924. In addition, the second round of 3-day treatment
achieved a 41-fold reduction of transcription. As a result, 27-fold reduced HBsAg and 9-fold
reduced HBeAg levels were observed by the end of the second round treatment. In contrast,
capsid inhibitor GLS4, neither affected transcripts nor HBsAg secretion. Loss of cccDNA
numbers occurred spontaneously in the untreated HepaRG"™ TP cells after 20 d p.i. (7 weeks
post cultivation) and in this case, MLN4924 speeded up cccDNA decay but this acceleration
effect was minimal (approximate 2 fold) (Figure 3.21.). Besides not only cccDNA numbers,
after 14 d long-term infection, levels of transcripts and secreted HBsAg/HBeAg were also
declined without any treatments in differentiated HepaRG"™TC? cells, meaning that the cellular
environment of HepaRG" TCP cells becomes worse and worse to support stable HBV replication

over time.

Since differentiated HepaRGMTCP cells are not the best model supporting stable HBV
replication for more than three weeks, the HepG2M™TCP cells, which allow long-term infection
were infected (Y1 Ni & Binggian Qu, 2016 international HBV meeting) and pulse-treated with
MLN4924 from 14 d p.i. on. During initial 3-day treatment, MLN4924 inhibited cccDNA
transcription as well as antigen secretion. To my surprise, a rebound of transcription occurred
during the removal of MLN4924. Especially during d 3 to 6 post withdrawal (d 20 to 23 p.1.),
the number of transcripts came back to the same level of untreated group, meaning that cccDNA
transcription is completely recovered. Interestingly, the rebound transcription was immediately
inhibited again compared to the untreated by the second round of MLN4924 treatment,
suggesting that MLN4924 can inhibit reactivated transcription from cccDNA being activated
after transcriptional silence (Figure 3.22.A~C). In this model, the cccDNA pool was much more
stable. Except for one outlier (MLN4924, 3 uM, d 20), MLN4924 did not affect cccDNA
stability and thereby this “switch on-and-off” of cccDNA transcription was independent on
cccDNA destruction but relying on its transcriptional manipulation (Figure 3.22.D). The

findings clearly demonstrated that MLN4924 blockage of transcription is reversible in
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HepG2"™NTCP cells and suggested that modes of the exact action of cccDNA transcription in

HepG2"™ T and HepaRGMTCP cells might be distinct.
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Figure 3.22. Rebound of cccDNA transcription after MLN4924 withdrawal is prompt in
HepG2"NTCP cells. HepG2™ TP cells were infected with HBV and maintained until d 14 when
cells were pulse-treated with MLN4924 (1 uM and 3 uM) or GLS4 (200 nM) from d 14 to 17
and d 23 to 26 (3-day on, 6-day off and 3-day on of MLN4924). From d 11 p.i., the supernatant
was collected every 3 days and (A) HBsAg and (B) HBeAg values were determined. On d 14,
17, 20, 23, and 26, (C) total RNA was extracted and total transcripts were examined. (D)
cccDNA level was also quantified.
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As previously shown, MLN4924 is a potent transcriptional inhibitor (Figure 3.20., 3.21.
and 3.22), however it is unclear whether MLN4924 can solely reduce the level of one
subgenomic RNA, or whether it inhibits general transcription of all HBV promoters, including
core, preS1, preS2 and X promoters. The northern blotting analysis showed that MyrB blocked
virus entry and profoundly reduced all transcriptions due to less formed cccDNA. In contrast,
Lamivudine targeting at the reverse transcription of pgRNA, had no effect on transcription.
MLN4924 induced decrease of all the transcripts in a dose-dependent manner, which showed
pronounced effects on pgRNA and X RNA levels at I uM and further strongly reduced preS/S
RNA levels at 5 uM. Although the reduction of preS/S RNA requires a higher concentration,
overall MLN4924 did not show any selectivity on transcription from a specific promoter.
Therefore, this data suggested that MLLN4924 is a pan-transcriptional inhibitor targeting at all
HBYV promoters (Figure 3.23.).

In chronic HBV infection, HBsAg generation is not only relying on transcription from
episomal cccDNA but also from integration into the host genome (Wooddell et al., 2017). Since
MLN4924 inhibits transcription from all promoters located on cccDNA, 1 further evaluated
whether MLLN4924 also affected transcription of HBV integrants HBV by studying PLC/PRF5

the “Alexander” cell, which carries 7~8 natural HBs integrants (without full-length pgRNA
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sequence). When PLC/PRFS5 cells were treated with MLN4924 for 6 days, no significant
reduction of HBs transcription was observed at increasing concentrations up to 3 uM (higher
concentrations e.g. 10 uM, induced cytotoxicity, not shown) (Figure 3.24.). Besides, the same

test was performed using another hepatoma cell, Hep3B, with fewer copies of integrants per

cell. MLLN4924 also did not show any alterations at HBs transcripts in the Hep3B cells (data

not shown).
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Figure 3.24. MLN4924 does not reduce HBs transcription in PLC/PRF5 cells. PLC/PRF5
cells were seeded and maintained until they formed a monolayer (d 4~6 post seeding) when
MLN4924 (0.3 uM, 1 uM, 3 uM) was treated onto the cells for 6 days. On d 6, total RNA was
extracted and HBs transcripts were measured. Lamivudine (5 uM) was added as a negative
control.

Unlike that HBsAg present in the supernatant of Hep3B cells is unmeasurable, PLC/PRFS5
cells produce and secret considerable amounts of HBsAg. The HBsAg levels of PLC/PRFS5
cells upon MLN4924 treatment were measured. As shown in Figure 3.25.A, over time post
seeding intracellular HBsAg was accumulated. Compared to the untreated, 0.3 uM of
MLN4924 showed no reduction on HBsAg, however 1 uM and 3 pM of MLN4924 led to a
slight reduction. For extracellular HBsAg, at d 0~2 post treatment, MLN4924 induced a 35%
decrease and later on d 2~4 and d 4~6, the reduction degree was enlarged up to 70%, indicating
that continuous MLN4924 treatment results in translational inhibition, although transcription

level as previously shown in this model was not changed at all (Figure 3.25.B).
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Figure 3.25. MLN4924 inhibits HBsAg production in PLC/PRF5 cells. (A) PLC/PRF5 cells
were seeded and secreted HBsAg level was measured every two days before treatment and
when MLN4924 (0.3 uM, 1 uM, 3 uM) was treated onto the cells for 6 days. On d 6 post
treatment, intracellular HBsAg was visualized by IF staining (HBC34 anti-HBsAg, 1: 3000
diluted). (B) On d (-6)~(-4), d 0~2, d 2~4 and d 4~6, the supernatant was collected and HBsAg

level was measured, respectively. Lamivudine (5 uM) was used as a negative control.

Q

To summarize this session, MLN4924 was characterized as a transcriptional inhibitor with
determined ECso and CCso values in PHH, HepG2"™NT¢P and differentiated HepaRG"™ TP cells.
As a consequence of transcriptional inhibition, MLN4924 reduced amounts of both DNA- and
RNA-containing particles in the supernatant of virus-producing HepAD38 cells. By pulse-
treatment experiment, a discrepancy that MLN4924 showed the irreversible effect on
HepaRG"™TCP cells and reversible effect on HepG2"™TCP cells was shown. MLN4924 did not
show any promoter specificity but minimized transcription from all four HBV promoters
located at cccDNA. Furthermore, MLN4924 did not inhibit transcription from the same preS1
and preS2 promoters when they are integrated, however MLN4924 showed a moderate
inhibition on HBsAg production probably by targeting at its translation and post-translational

modification.
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3.4. MLLN4924 inhibits cccDNA transcription in an HBx-dependent manner
3.4.1. MLN4924 does not decrease HBx expression or interfere with HBx-DDB1 binding

To investigate whether MLLN4924 effect is dependent on HBx, this hypothesis was firstly tested
in an HBx-null system by performing HBV reporter assay. As shown in Figure 3.26., when
pGL3-HBVpromoter-Fluc (a kind gift from Dongyan Jin, University of Hong Kong) and pGL3-
SV40-Rluc plasmids were co-transfected in normal Huh7 cells, Lamivudine treatment showed
no difference in expression levels of firefly and renilla luciferases. MLN4924 treatment in the
transfected cells also did not change in relative firefly luciferase levels expressed by preS1 and
X promoters. However, MLN4924 even induced 3-fold and 4-fold more luciferase levels
expressed by core and preS2 promoters, respectively, compared to the mock-treated.
Nevertheless, MLN4924 did not inhibit luciferase transcription driven by any of the four HBV

promoters in the absence of HBx protein.

Figure 3.26. MLN4924 does not inhibit

E kﬂjrﬂt&iaggg transcription in the absence of HBx. Huh7 cells

B Lamivudine Were co-transfected with 450 ng of pGL3-core

promoter-Fluc, pGL3-preS1 promoter-Fluc, pGL3-

preS2 promoter-Fluc, pGL3-X promoter-Fluc and

50 ng of pRL-SV40-Rluc (w/w = 9: 1). 24 hours post

transfection, the cells were treated with MLN4924

(5 uM) and Lamivudine (5 uM) for another 48 hours.
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To elucidate the accurate role of HBx upon MLN4924 treatment requires more authentic
systems, two stable cell lines expressing HA-tagged HBx fusion protein under inducible tet-
mini-CMV promoter were generated. As shown in the scheme, integration of the HBx(WT)
cassette was introduced by lentiviral transduction and stabilized by G418 selection in
HepG2"™TCP and HepaRG"™TCP cells. In parallel, HepG2"™TCP and HepaRG"™TCP cells with
stable expression of HBx (R96E) mutant (indicated by red asterisks) that has almost no
transactivation function and impaired DDBI1-binding activity were also generated (Figure
3.27.). Unexpectedly, the proliferation of the HBx(WT)-HepaRG"NTCP cells was extremely slow
compared to parental HepaRG™TC? cells, and it took more than two weeks for one splitting.
Therefore, it was not comparable at all since HBx(R96E)-HepaRGMTC? cells proliferated as
normal as parental cells (data not shown). The HBx(WT)-HepG2"™NT? and HBx(R96E)-
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HepG2"™NTCP cells, however, grew at the same speed. For this reason, the HepG2"™NTCP cells were

selected for further experiments.

HBX(WT)-HepG2NTCP ce| Y HBX(R96E)-HepG2NTCP cel|
(ooB1) /)
(DDB1 (DDB1)
(DDB1 )
(DDB1 |HBX) ;' (DDB1 )

\l Tet-CMV_| HBx 1/ \l Tet.CMV | HBx % |/

Figure 3.27. Generation of stable HBx(WT)- and HBx(R96E)-HepG2"NT°F cells. (Left)
HepG2"™TC" cell line with endogenous expression of DDB1 was transduced with lentivirus
generated from plnducer20-HA-HBx(WT) plasmid that expresses WT HBx in a tetracycline-
/doxycycline-dependent manner. Lentiviral integration was stabilized by G418 (1 mg/mL)
selection for two weeks and reinforced by adding G418 (0.5 mg/mL) for another two weeks.
(Right) The same parental HepG2™T°F cell was transduced with lentivirus expressing R96E
HBx mutant (red asterisks) with impaired binding activity to DDB1. After transduction, the
HBxX(R96E)-HepG2"™TCP cell was G418 selected and maintained similarly.

WT cell R96E cell

0 1 D 0 1 5 MLN4924(uM)
-+ -+ -+ -+ - + - + Doxycycline
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Figure 3.28. MLN4924 does not reduce HBx expression. HBx(WT)-HepG2™™F cell (WT
cell) and HBx(R96E)-HepG2"™T°" cell (RO6E cell) were seeded at the same numbers in parallel,
doxycycline (1 ug/mL) and MLN4924 (mock, 1 uM, 5 uM) were co-treated for 3 d. Total lysates
of these cells were analyzed by western blot to show HBx expression.

The HBx(WT)-HepG2M™TC? (WT cell) and HBx(R96E)-HepG2"NTCP cells (RI6E cell)

allowed investigation of HBx functions upon MLLN4924 treatment in authentic infection. HBx
expression was measured in both cells. When MLN4924 was not treated, both cells showed
doxycycline-inducible expression levels of HBx proteins, compared to the background

expression in the absence of doxycycline, and the final levels of WT and R96E proteins were
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almost the same. HBx expression was very stable in the presence of MLN4924 in the WT cell.
To my surprise, MLN4924 treatment split HBx(R96E) protein to two bands, including one with
the same size as HBx(WT) and the other larger. Since MLN4924 is a neddylation inhibitor, the
larger band was definitely not the neddylated HBx(R96E) but a possible phosphorylation form
of HBx(R96E), when dephosphorylation of the glutamic acid was somehow blocked upon
MLN4924 treatment. Nevertheless, total amounts of the two bands remained equal to the
original amount when MLN4924 was not added. At least, MLN4924 treatment did not alter
HBx expression in the WT cell (Figure 3.28.).

Next, a Flag-tagged DDBI1 fusion protein was transiently overexpressed in those cells, the
Flag-DDBI protein was pulled-down and HBx that binds DDB1 was detected. Ectopic DDB1
fusion bound to HBx protein in the WT cell and MLN4924 treatment could not reduce DDBI1-
HBx interaction (rates of [[P: DDB1; IB: HBx]/[IP: DDB1; IB: DDB1] were unchanged). The
detection of HBx protein in pulled-down DDB1 complex represented authentic HBx-DDB1
binding, since (i) without doxycycline induction this interaction was hardly visualized and (ii)
in the control R96E cell this interaction was profoundly impaired (Figure 3.29.). Consistent
with a previous report (Leupin et al., 2003), the arginine residue was regarded as the major
determinant responsible for HBx-DDBI1 interaction, HBx(R96E) protein had a weak binding
activity to DDB1 and the R96 cell represented a situation where HBx was present but not
functional in transactivation (Figure 3.15.). More importantly, I confirmed that MLN4924
neither reduced HBx(WT) expression nor interfered with HBx-DDB1 association in WT and

R96E cells, which are reliable models allowing an authentic infection to further explore HBx

functions.
WT cell R96E cell
- - -+ + + - - - + + + Doxycycline
015015 015 01 5 MLN4924(uM)
e e we e - wm e» - == w|— |B: Flag-DDB1
IP: Flag-DDB1 | *
- — |B: HA-HBx
— . e e . = = ="|— IB: Flag-DDB1
WCL WM e ™ = |B: HA-HBX
T WS eI | 1B: B-actin

Figure 3.29. MLN4924 does not interfere with HBx-DDB1 interaction. WT and R96E cells
were transiently transfected with a pcDNA3 plasmid expressing Flag-DDB1 fusion protein. 24
h post transfection, transfectants were removed, cells were washed by PBS twice and treated
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with MLN4924 (mock, 1 uM, 5 uM) for another 48 h in medium without or with doxycycline (1
pug/mL). In the end, cells were lysed in modified RIPA buffer (50 mM Tris-HCI, 150 mM NacCl,
0.1% NP-40) and lysates were centrifuged at 12,000 rpm for 10 minutes, the supernatant was
collected and used for the co-IP assay. IP: immunoprecipitation, I1B: western blotting, WCL:
whole cell lysates.

3.4.2. MLLN4924 restricts cccDNA transcription in an HBx-dependent manner

Since full-length HBx has been integrated into the host genome of WT and R96E cells, one
drawback is that when the cells are infected total transcripts from cccDNA can not be reliably
detected by PCR because of a great amount of HBx transcripts generated from integrates.
However, pgRNA expressed only from cccDNA but not from integrated HBx is a decent marker
to reflect the real transcriptional activity from cccDNA. Therefore, WT and R96E cells were
infected with Xd virions, HBx expression was induced by adding doxycycline and pgRNA
levels, as well as HBeAg, were evaluated. PgRNA expression levels were 10-fold enhanced in
WT cell when HBx(WT) was present and MLN4924 treatment could cut off this HBx-
dependent enhancement to the background level. In contrast, HBx(R96E) protein induced a less
than 2-fold increase of pgRNA expression and even this slight enhancement was reduced by
MLN4924 to the basal level (Figure 3.30.A). Similarly, HBeAg value was 4-fold inclined in
the presence of HBx(WT) and MLN4924 completely eliminated enhanced its value to the
baseline level of Xd virus, whereas HBeAg value was not enhanced by HBx(R96E) yet
MLN4924 further declined it by 50% (Figure 3.30.B). As expected, cccDNA was not reduced
in both WT and R96E cells (Figure 3.30.C).

To further illustrate this HBx dependency, in addition to the stable HBx-expressing cells,
Xd infection was combined with lentiviral transcomplementation to study whether MLN4924
showed similar phenotype when HBx was transiently provided in trans. HepaRG"™TCP and
HepG2"NTCP cells were infected with Xd virus, transduced with lentivirus expressing GFP,
HBx(WT) and HBx(R96E) proteins on d 2 p.i., and further treated with MLN4924 on d 5.
Similar to Figure 3.15., HBx(WT), but not GFP or HBx(R96E) fully enhanced pgRNA levels
in both cells. In HepaRG"™TC? cells, MLN4924 but not Lamivudine, completely repressed
transcription from cccDNA back to the level of Xd infection. MLN4924 performance in
HepG2"NTCP cells was not as potent as that in HepaRG"™TCP cells but remained functional. Again
HBx(R96E) protein could not enhance transcription of Xd virus but MLN4924 displayed a 2-
fold reduction of transcription in both cells (Figure 3.31.). Using two different models as shown
in Figure 3.30 and 3.31, mode of MLLN4924 action was confirmed in an HBx-dependent manner.
MLN4924 selectivity on HBx(WT) but not HBx(R96E) also suggested that the mechanism of
MLN4924 was highly relying on the HBx-DDB1 complex.
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Figure 3.30. MLN4924 inhibits transcription from cccDNA in an HBx-dependent manner
in two stable cells. WT cell and R96E cell were infected with Xd virions (mge/cell = 100). Two
days p.i., doxycycline (1 png/mL) was administered on d 2~5 and later MLN4924 (5 uM) was
added during d 5~8 p.i.. (A) Viral pgRNA and (B) HBeAg secretion were examined, and (C)
cccDNA levels were measured. MyrB (1 uM) was used to show NTCP-mediated virus entry.
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Figure 3.31. MLN4924 inhibits transcription from cccDNA in an HBx-dependent manner
when HBx is expressed in trans. (A) Differentiated HepaRG™™P and (B) HepG2™ ™" cells
were infected with Xd virions and transiently transduced with indicating lentiviruses encoding
GFP, HBx(WT) and HBx(R96E) proteins as shown on d 2 p.i.. Transduced cells were further
treated with MLN4924 (5 uM in HepG2™T°P cells/0.5 uM in HepaRG"™ " cells) or Lamivudine
(5 uM in both cells). On d 8 p.i., pgRNA levels were determined by qPCR.

3.4.3. MLLN4924 restores HBx-mediated SMC6 degradation

Recently, SMC5 and SMC6 proteins were identified as major restriction factors that prevent
maximal transcription from cccDNA. HBx protein binds DDB1 and bridges E3 ubiquitin ligase
Cullin 4A and this functional complex induces SMC5/6 degradation. If MLN4924 indeed
serves as a transcriptional inhibitor in an HBx-DDB1-dependent manner but does not reduce
HBx amounts or interfere with HBx-DDBI1 association, it makes sense to speculate that
MLN4924 deactivates the function of HBx-DDBI complex, which mediates SMC5/6

degradation.
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Two-color confocal microscopy allowed visualization of SMC6 and HBcAg at the single
infected HepaRG™TCP cells. SMC6 proteins showed exclusive nuclear expression and very
specific nuclear localization as bright dots in the uninfected hepatocytes, which was consistent
with the recent finding showing co-localization of SMC6 protein and PML nuclear bodies (Niu
et al., 2017). During infection, HBV replication diminished SMC6 signals in HBcAg high-
expressing hepatocytes (Figure 3.32.A). Since long-term MLN4924 treatment resulted in loss
of HBcAg as shown in Figure 3.17., I had to shorten MLN4924 treatment time, focus on cells
with accumulated lower HBcAg level (meaning that the cells have been infected) and seek for
moderate SMC6 expression, which was expected as newly synthesized SMC6 protein upon
MLN4924 treatment, after all old SMC6 proteins were eliminated during the former 6-day HBV
replication. The re-emergence of SMC6 signals evidenced that MLLN4924 deactivated HBx-
DDBI machinery and as a consequence, newly synthesized SMC6 proteins were restored.
However, Lamivudine was not able to restore SMC6 expression in HBcAg-positive cells

(Figure 3.32.B and C).

Untreated

MLN4924(1uM)(d6-d7)

»,

Lamivudine(5uM)(d4-d7)

Figure 3.32. MLN4924 prevents HBx-mediated SMC5/6 degradation in infected
HepaRG"\C® cells. Differentiated HepaRG"™ ™" cells were infected with HBV virions (mge/cell
= 500) and (A) mock-treated, or (B) treated with MLN4924 (1 uM) from d 6~7 p.i., or (C)
Lamivudine (5 uM) from d 4~7 p.i.. The cells were fixed and freshly fixed SMC6 epitopes were
detected by immunofluorescence on the same day of fixation using a validated antibody (green:
anti-SMC6). HBcAg (red: anti-HBcAg) was co-stained. Representative images were taken
under confocal microscopy. Bar: 10 uM.
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Untreated MLN4924(1uM)(d4-d5) Lamivudine(5uM)(d2-d5)

Figure 3.33. MLN4924 prevents HBx-mediated SMC5/6 degradation in infected PHH. PHH
were infected with HBV virions (mge/cell = 500) and (A) mock-treated, or (B) treated with
MLN4924 (1 uM) from d 4~5, or (C) Lamivudine (5 uM) from d 2~5 p.i.. The cells were fixed
and fresh SMC6 epitopes (green: anti-SMCG6) were detected by immunofluorescence on the
same day of fixation. HBcAg (red: anti-HBcAg) was co-stained. Images were taken under
confocal microscopy. Bar: 10uM.

Moreover, more physiological PHH were infected. In HBV infection, most cells were
HBcAg positive that was correlated with complete loss of SMC6 signals. Upon MLN4924
treatment, cells with robust HBcAg and detectable SMC6 expression were found, although the

restoration of SMC6 signals was not as nice as that in infected HepaRG"™T¢? cells (Figure 3.33.).
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Figure 3.34. HBV replication induces SMC6 degradation. HepG2"™'°" cells were infected
with HBV (mge/cell = 600). On d 4 p.i., MLN4924 (5 uM) and Lamivudine (5 uM) treatments
were initiated. On d 7, nuclei of infected cells were isolated, washed and lysed. Nuclear lysates
were subjected to western blotting. levels of SMC6 and hnRNPk were determined.

Detection of SMC6 protein level by western blotting provided an overview beyond single-

cell confocal analysis. When HepG2MNTCP

cells were infected with HBV at a moderate mge
(mge/cell = 600) and SMC6 levels in nuclear fraction were measured, HBV replication induced

3-fold reduction of SMC6 protein level compared to the uninfected, indicating that SMC6
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proteins were largely degraded during infection (considering that at such mge, not all cells were
infected and SMC6 proteins were not eliminated in the uninfected cells). Distinct from
Lamivudine, MLN4924 treatment led to enhanced SMC6 expression level during infection.
However, it seems that the level of another HBx-binding protein hnRNP K was also elevated.

(Figure 3.34.). This issue is still under investigation.

To summarize, endogenous SMC6 is not a specific target of host ubiquitination machinery
in natural condition. In HBV infection, HBx protein at very low expression level hijacks host
ubiquitin ligase via direct DDB1 binding and potential SMC6 association. The complex induces
SMC5/6 degradation. SMC5/6 degradation enables the maximal transcriptional activity of
cccDNA and facilitates robust HBV replication. On the other hand, the neddylation inhibitor
MLN4924 neither reduces the amounts of HBx protein nor disturbs HBx-DDB1 association.
Instead, MLLN4924 probably deactivates the function of this complex by blocking neddylation
of downstream Cullin 4A. Consequently, newly synthesized SMC5/6 proteins can not be

degraded and in turn, the presence traps cccDNA in “transcriptional silence”.

HBx-mediated transcription Transcriptional inhibition

.

)t /" DDB1

Figure 3.35. HBx-mediated transcription from cccDNA and its inhibition by MLN4924.
Left panel: In HBV infection that expresses HBx protein, it binds DDB1 and bridges host Cullin
4A (CUL4) ligase complex with SMC5/6 proteins and thereby mediates SMC5/6 ubiquitination
and degradation. As a result, cccDNA shifts to a “transcriptional active” status to support robust
HBYV replication. Adapted from (Decorsiere et al., 2016).

Right panel: Neither HBx amount nor HBx-DDB1 interaction is affected by MLN4924.
MLN4924 blocks CUL4 neddylation and full activation and thereby SMC5/6 degradation is
prevented to some extent. In the presence of MLN4924, infected cells synthesize new batch
of SMC5/6, which traps cccDNA in “transcriptional silence”.
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4. DISCUSSION
4.1. New insights of cccDNA in HBV biology

Formation and transcription of cccDNA are two of the most mysterious topics in HBV biology.
However, due to the scarcity of susceptible models, knowledge of cccDNA was largely adapted
from studies of other hepadnaviruses, like DHBV and WHV. DHBV cccDNA persists within
hepatocytes with its half-life comparable to that of the host cell, where numbers of 50 or higher
cccDNA molecules are present, especially when L envelope protein is depleted (Summers et
al., 1990, Wu et al., 1990, Kajino et al., 1994, Zhu et al., 2001). In contrast, the copy number
of HBV cccDNA in human hepatocytes seems much lower, although excessive numbers of
replicative intermediates are present, which could replenish and amplify the cccDNA pool
(Nassal, 2015). Indeed, although in the DHBV system cccDNA is rapidly formed and the pool
can be efficiently amplified upon nuclear re-import of newly formed rcDNA-containing
nucleocapsids (Wu et al., 1990), there is no strong evidence whether and to what extent
intracellular amplification of cccDNA in HBV-infected human hepatocytes occurs, especially

in in vitro infection.

So far, efficient in vitro infection in all susceptible cell lines requires inoculation with a
high amount of virions for certain hours (> 4 h) in the additional presence of PEG, as shown in
Figure 3.1 and 3.3. (e.g. 10% infected cells at an mge of 300). Unlike that many viruses require
lower moi of 0.1~1, this unusual infection feature in HBV virology is possibly due to a slow
transition of naive virions to a mature hNTCP-binding competent state that is required for
infection, after sufficient cellular association with HSPG. This profound association of virions
and subviral particles occurs even in non-susceptible cells (Qu et al., 2018). Furthermore, virus
stocks from cell culture supernatants contain rcDNA-containing naked nucleocapsids if not
properly purified by heparin affinity chromatography (Seitz et al., 2016). These naked capsids
also show a strong tendency to attach to different types of cells in the absence of NTCP.
Therefore, on early days after virus inoculation when cccDNA is being formed, the
rcDNA/cccDNA rate is extremely high compared to the in vitro samples harvested at later time
points p.i. or the in vivo samples of patients or humanized mouse livers. The problem of accurate
cccDNA quantification has been solved in this thesis using TS5 exonuclease that removes
cellular DNA and all HBV intermediates via its exonuclease activity targeting free ends of
rcDNA and dsIDNA but leaves cccDNA intact (Qu et al., 2018). Applying the method to this
study, comprehensive cccDNA kinetics in all models was determined and these findings

answered some scientific questions related to cccDNA biology:
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First, it compares the kinetics of cccDNA accumulation in different infection models,
including PHH, HepaRG, HepaRGM™T'C? and HepG2"™NTCP cells. The results demonstrated that
copy numbers are relatively low in all models (<6 per infected cell)(Figure 3.4.~3.7.)(Qu et al.,
2018). The numbers are consistent with previous studies depicted in PHH and HepaRG cells
(Miller and Robinson, 1984, Laras et al., 2006) but contrast earlier studies in the liver of DHBV
infected ducks and primary duck hepatocytes, or WHV infected woodchuck hepatocytes with
the numbers in the range of 10~100 (Mason et al., 1982, Zhang et al., 2003). Of note, Zhang et
al found that using single-cell analysis 90% of the nuclei in chronically DHBV infected duck
had 1~17 cccDNA numbers and the rest of nuclei contained significantly more cccDNA (Zhang
et al., 2003). In this thesis, it is clear that absolute cccDNA numbers in HBV infection were far
less than average cccDNA numbers in DHBYV infection as previously reported. This difference
can be partially explained by a direct comparison of DHBV and HBV in transfected HepG2
cells showing that DHBV rcDNA to cccDNA conversion was more efficient than HBV (Kock
et al., 2010). This unique characteristic enables higher cccDNA numbers in DHBV replication.
Unlike DHBV, cccDNA copy number was approximate 1.5 per cell in chronic hepatitis B
patients. Remarkably, the cccDNA level in HBeAg-negative patients was even 10-fold lower
than that in HBeAg-positive ones. This cccDNA level was comparable with that in in vitro
infected HepaRG and HepG2"™TCP cells and slightly lower than the average level in PHH.
However, so far due to detection sensitivity, HBV cccDNA copy number at the single-cell level
is largely unknown. Recently, one report suggested that nuclear DNA level determined by
fluorescent in situ hybridization assay in HepAD38 cells meets the Normal distribution (Li et
al., 2018b). However, the method can not show cccDNA in a specific way in a nuclear pool
containing protein-free rcDNA. In the future, the exact cccDNA number and its heterogeneity

at the single-cell level need to be further investigated.

Second, cccDNA copy numbers can not be further increased by raising the mge when all
cells are infected (Figure 3.2.)(Qu et al., 2018). This data indicates that there is an intracellular
restriction for the unstoppable conversion of rcDNA to cccDNA. [t is consistent with our earlier
observation that depicted a saturation of HBV antigen level at mge/cell above 8000, when 100%
of PHH were almost infected at this mge (Schulze et al., 2012). In this study, raising mge from
30 to 1000 associates with a linear incline of accumulated cccDNA level. At mge >1000,
however, no further proportional increase of cccDNA and total DNA levels was observed
(Figure 3.2.). The harsh control of cccDNA generation at high mge’s limits HBV cccDNA
numbers lower than the DHBV cccDNA numbers. This unique feature might be explained by
two theories. Firstly, some host factor(s) involved in the processes of cccDNA formation

(nuclear import of capsids, removal of the covalently-bound polymerase, etc.) can be used at

107



Discussion

lower mge’s but completely occupied at mge >1000, which therefore limits rcDNA to cccDNA
conversion. These factor(s) may be HBV specific, since DHBV rcDNA converts much more
efficiently to cccDNA than HBV in the same HepG2 cells in cross-species transfection
experiments (Kock et al., 2010). Secondly, established cccDNA episomes may induce nuclear
innate immune responses to shut-off the host machinery for excessive cccDNA formation. At
lower mge’s, low numbers of cccDNA evade the defense pathway. Once accumulated cccDNA
copies in the nucleus exceed the threshold of sensing (e.g. > 6 copies per infected cell), the host

cell elicits feedback, in turn, locking the nucleus and avoids further cccDNA formation.

Third, the effects of representative inhibitors on cccDNA formation and maintenance were
analyzed. Once established, numbers of cccDNA do not further amplify during late days of
infection, which is in line with the kinetics of cccDNA formation leading to the saturation of
copy numbers (Figure 3.4.~3.7.)(Qu et al., 2018). Staying stable, cccDNA is difficult to be
eliminated. In patients resolved in acute HBV infection, cccDNA is even not completely cleared
for decades although adaptive immunity has been activated (Rehermann et al., 1996). For
approved antivirals, Lamivudine and Tenofovir barely affected cccDNA levels, while IFN-q. at
high dose induced cccDNA reduction with low efficacy, suggesting that first-line therapies are
poorly effective in the elimination of cccDNA pool (Figure 3.9.). The best entry inhibitor, MyrB
(available on market in 2019~2020), has shown drastically inhibitory effect on de novo
establishment of cccDNA when it was pre- and co-administered. In the liver, MyrB protects
uninfected hepatocytes from being secondarily infected by the viruses released from infected
cells (Volz et al., 2013). Post treatment of capsid modulator GLS4 at high dose also led to
cccDNA decline, but co-treatment of GLS4 was more efficient probably due to direct action on
nucleocapsids before rcDNA to cccDNA conversion (Figure 3.10.). This finding is in
agreement with that other capsid assembly modulators upon co-treatment also have interference
with capsids and effect on cccDNA (Berke et al., 2017, Lahlali et al., 2018).

4.2. Transcriptional promotion is the major function of HBx

Using the plasmid transfection system, researchers have revealed that HBx presumably interacts
with a great number of host factors and is required for maximal HBV replication. However, the
exact role of HBx in authentic HBV infection is obscure. All the attempts were restricted for
over twenty years for two major reasons: (I) absence of convenient in vitro infection systems
(Table 1.3.); (II) scarcity of HBx detection in infected cells due to the low expression level of
HBx protein and lack of a specific antibody with sufficient detection sensitivity. In addition,

the biology of HBx protein is partially related to cccDNA, which was also not reliably detected.
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The first issue has been overcome in the era of the discovery of HBV receptor, human
NTCP (Yan et al., 2012) and subsequent generation of a series of stable hepatoma cells with
human NTCP reconstitution that allows HBV entry, cccDNA formation, and replication (Ni et
al., 2014). Later on, reliable cccDNA detection in these cell lines was established, including
handy qPCR assay (Figure 3.2.~3.10.). With these tools, the potential functions of HBx on
cccDNA can be investigated. However, the second problem has not been solved. In all models,
most of the HBV replication markers were well detected, except HBx and polymerase.
Overexpression of tagged HBx protein was widely used in hundreds of studies, although fusing
tags with HBx may alter its conformation (Slagle et al., 2015). In our previous studies,
seventeen home-made anti-sera and commercial HBx antibodies were screened by
immunofluorescence and western blot analysis using hepatoma cells with HBx overexpression.
It was disappointed that only three out of the seventeen anti-sera/antibodies showed enough
detection specificity. Even worse, none of them detected HBx in authentic in vitro infection
(Sonnabend J, thesis, 2013). Detection failure may be caused by its low expression abundancy

or short half-life (approximate 3 h) (Beran et al., the International Liver Congress, 2018).

As shown in Figure 3.11., the expression level of HBx correlated with its subcellular
localization. It was believed that HBx was a cytoplasmic mediator involved in many pathways
and a nuclear transcriptional activator (Doria et al., 1995). When HBx was overexpressed by a
CMV promoter, HBx showed rarely nuclear but exclusively cytoplasmic localization (Figure
3.11.A). In contrast, when HBx was overexpressed by mammalian EF1a promoter or expressed
by its own X promoter from the overlength HBV genome, HBx almost became a nuclear protein
(Figure 3.11.B and C). The alteration of HBx distribution, which is likely of determination by
its expression amount, is consistent with an early study showing that HBx was predominantly
localized in the nuclei in weakly expressing cells (Henkler et al., 2001). Of note, HBx protein -
in physiological occasion- is expressed by the X promoter using either cccDNA or directly
translated from a low amount of virion HBx transcripts (Niu et al., 2017). Therefore, it is
concluded that HBx has an exclusive or at least predominant nuclear localization in authentic
infection. The possibility can not be excluded that HBx protein shuttles between nucleus and
cytoplasm since HBx has both nuclear localization signal and nuclear export signal (Cha et al.,
2009). Nevertheless, nuclear localization of HBx suggests that the biggest function of HBx,
from HBV side of view, takes place in the nucleus and thereby narrows to formation or

transcription of cccDNA.

HBx protein is essential to maintain HBV replication but not for the generation of cccDNA
in infected HepaRG cells (Lucifora et al., 2011). This finding was confirmed in HepaRG"TCP

and the new model HepG2"™TP cells in which Xd virus showed reduced transcriptional activity
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than WT virion starting from d 3 p.i.. In addition, persistent HBx expression maintained HBV
transcription over weeks after infection (Figure 3.12~3.13.). The transcriptional enhancement
can be explained by two DDB1-mediated mechanisms (Hodgson et al., 2012): HBx-DDB1-
cccDNA binding model that requires transcriptional factors recruited directly by HBx binding
to the cccDNA via DDBI. This has been partially supported by an HBx chromatic IP validation
in HBV transfected cells (Belloni et al., 2009), and HBx-DDBI1 displacement model that
requires HBx association with SMC5/6 and DDB1 recruitment of host ubiquitin machinery to

induce degradation of these restriction factors (Decorsiere et al., 2016).

Essential domains located on HBx are essential for this function. Since HBV genome is
too compact to be edited and HBx is undetectable in in vitro infection, a lentiviral-based trans-
complementation assay to restore the transcription of Xd virus to the level of WT infection was
applied. This system is feasible and flexible to introduce HBx truncations and single point
mutations. Using this method, it was proved that the whole C-terminal HBx is sufficient and
functional (Figure 3.14.). Compared to the full-length HBx(1-154), the N-terminal HBx(1-50)
did not rescue transcription of Xd virus, meaning that the N-terminal has no transcriptional
enhancing activity or it is poorly expressed due to its smaller size (6 kD). C-terminal HBx(51-
154) alone was completely functional as HBx(WT) so that the HBx(1-50) could be dispensible,
which was consistent with two previous reports (Murakami et al., 1994, Misra et al., 2004).
Furthermore, deletion of the residues 51-142 led to a complete loss of function, suggesting that
this region at least is essential. Two shorter truncations HBx (51-142) and (58-142) were only
partially functional, indicating that not only 51-142 but 143-154 residues played a role in
transactivation. Overall, the data revealed that transcriptional activation of HBx is not relying
on one short and continuous motif but dependent on the whole C-terminus, or at least three
fragments 51-57, 58-142, and 143-154 at the same time. These findings fit an early study when
separate domains of HBx (around residue 68 and residues 110-139) are both necessary for its
function that was determined by co-transfecting HepG2 cells with an HBx-minus genome
plasmid and the other plasmid expressing mutated HBx (Runkel et al., 1993). It is also
consistent with another finding that residues 58-140 retain transactivation function but with less

activity (Kumar et al., 1996).

In the past twenty years, researchers focused on identifying HBx-interacting proteins. The
trend was initiated when HBx was found to interfere with cellular DNA repair machinery by
binding DDB1, which is one of the authentic binding proteins again characterized in this thesis
(Becker et al., 1998). Of note, DDBI1 is the major but not sole determinant with HBx interaction
and the binding is responsible for transactivation properties of HBx protein (Wentz et al., 2000).

Nevertheless, later one structural study ensured the authentic association of recombinant DDB1
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protein and a promiscuous a-helical HBx peptide and showed that HBx residue 88-101 is the
key motif responsible for DDB1 binding (Li et al., 2010c). The results in this thesis showed
that the HBx(R96E) mutant completely lost its transactivation activity, meaning DDBI1
dependency in the transactivation. Interestingly, the HBx(R96A) mutant was still functional
(Figure 3.15.). One of the explanations is that RO6E mutation results in a major charge turnover
and conformational change of HBx protein that is fierce enough to break up the HBx-DDB1
interaction, whereas RO6A mutation alters the protein to a weaker extent -in this case- allowing
the partial association of HBx and DDB1. As a promising binding partner, DDBI is absolutely
involved in the process of HBx-mediated transactivation. Since DDB1 has two major functions
including DNA repair via formation of DDB1-DDB2 complex (Nag et al., 2001, Leupin et al.,
2005) and recruitment of host ubiquitin-proteasome system (Minor and Slagle, 2014).
Regarding that no evidence has shown that DNA repair is required in cccDNA maintenance
and HBx is not required in cccDNA formation (Figure 3.12.), it is concluded that HBx-DDB1
complex hijacks ubiquitin-proteasome machinery and unlocks SMC5/6 restriction on the
transcription of cccDNA. Overall, transcriptional promotion is the major function of HBx after
HBYV infection.

4.3. Co-evolutionary strategies of HBx, cccDNA and its transcriptional capacity

Except one report insisted that a regulatory protein, allegedly termed DHBx, exists and is
expressed by a hidden reading frame in DHBV genomes (Chang et al., 2001), most researchers
have believed that DHBV lacks a homologue of the X protein. On the other hand, cccDNA
copy number per infected cell in HBV infection is far less than the DHBV cccDNA number. If
the major function of HBx acts only on transactivation of cccDNA, from DHBV to HBV, a
hypothesis comes out that specific evolutionary emergence of HBx in WHV and HBV infection
largely enhances the transcriptional capacity of cccDNA. Compared to DHBV, HBV has more
transcriptional active cccDNA and therefore the cccDNA numbers evolve to fewer copies to

hide in the nucleus and better fits the host.

The SMC5/6 complex serves as a host restriction factor and HBx-induced degradation of
SMC5/6 enhances HBV transcription (Decorsiere et al., 2016, Murphy et al., 2016). In HBV
infection, the internal connection of HBx protein and cccDNA is exclusively dependent on the
SMC5/6 complex. During HBV human adaptation, it is likely that the driven force of HBx
emergence was to degrade SMC5/6 complex, enhance cccDNA transcription. At the very
beginning of HBV replication in human hepatocytes, the first virion evolved HBx protein and

showed significantly enhanced replication efficiency. Over time, the virus encoding HBx
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protein became evolutionarily dominant. Later on, the virus lowered cccDNA copy number.
This hypothesis was supported by a recent study showing that highly divergent GSHBx, WHx,
bat X and HBx were able to degrade mammalian SMC6 protein. Importantly, the HBx-induced
degradation among all X proteins was the most efficient. Vice versa, SMC6 protein is the least
conserved component of the SMC5/6 complex (Abdul et al., 2018). This virus-host “arms race”
suggests that HBx has evolved in several species and eventually becomes completely functional
in transactivation. In addition, whether avian (duck, chicken, etc.) SMC5/6 complex prevents
DHBYV cccDNA transcription, becomes a very interesting topic. If duck complex has no or low
restrictive activity on the transcription of DHBV cccDNA, correspondingly, the “DHBx” is not

required.

Colocalization of SMC6 protein and PML nuclear bodies may hint the specific residence
of cccDNA and explain why cccDNA maintains at low copy numbers. Two recent publications
and our data of SMC6 staining pattern showed that SMC6 was mostly colocalized in the nuclear
bodies (Figure 3.32~3.33) (Niu et al., 2017, Livingston et al., 2017). Niu et al showed that
knockdown of SMC6 fully restored transcription of Xd virus to the level of WT virus, implying
that a majority of active cccDNA transcription (> 95%) is restricted by SMC6 or depends on
HBx-mediated counteraction of this restriction. Therefore, SMC6 protein has to capture the few
copy cccDNA and silence its transcription inside or close to the nuclear bodies where SMC6 is
located. It is further expected that formation and /or transcription of cccDNA prefer to occur in
the nuclear bodies for genomic loci. The interplay among HBx, cccDNA and SMC6 in PML
nuclear bodies will be investigated in future studies. Table 4.1. summarizes properties of HBx,
SMC6 and cccDNA.

Table 4.1. Properties of X proteins, SMC6 and cccDNA among viruses.

Virus cccDNA copy | X protein | SMC6 X-induced
per infected cell restriction SMC6 degradation
HBV + (1~6) HBx Yes Yes
WHYV ND WHXx ND Yes
DHBV ++ (50~100) NA ND No

NA: not available; ND: not determined; +: low copy; ++: high copy.

4.4. MLLN4924 is a new-class antiviral with dual targets

MLN4924 is a new-class antiviral. As shown in Figure 1.10., most steps in the HBV life cycle
have been considered as drug targets except HBx. In drug discovery, viral proteins with
enzymatic activity or known crystal structure are prone to be developed as targets of small

112



Discussion

molecules. For instance, HCV that encodes a batch of viral enzymes (NS3, NS5A and NS5B)
served as candidates of direct-acting antivirals (Sofosbuvir, etc.) (Gotte and Feld, 2016). HBV
encodes only one polymerase with RTase and RNase H activities. However, NUCs have a major
limitation since they selectively block one of the branches in HBV replication, reverse
transcription of pgRNA. Upon NUC treatment, HBeAg translated by precore mRNA derived
from cccDNA and HBsAg translated by preS/S integrates are actively expressed (Wooddell et
al., 2017), although prolonged treatment (median 126 months) may lead to cccDNA decline
(Lai et al., 2017). In this thesis, MLN4924 was identified as a transcriptional inhibitor that
decreases transcription (pgRNA, preS/S RNA and X RNA) from all four HBV promoters
(Figure 3.23.), which further leads to a reduction on HBsAg and HBeAg. Transcription
inhibition of cccDNA is the most promising target of MLN4924.

MLN4924 not only acts as a new antiviral but becomes a tool in modulating HBx-mediated
transcription in in vitro experiments. Six-day removal of MLN4924 led to HBV rebound in
long-term infected HepG2"™NTCP cells but not in HepaRG"™TCP cells (Figure 3.21.~3.22.). Since
it was also reported that MLN4924-mediated inhibition of Cullin 4A neddylation and Vpx-
induced degradation of SAMHDI in HIV infection is reversible (Hofmann et al., 2013), it is

2hNTCP colls and

consistent that MLN4924 acts as a reversible transcriptional inhibitor in HepG
serves as a modulator at the transcriptional level upon pulse treatment, which provides a simple
way to switch on and off transcription and will facilitate future studies on transcription of
cccDNA. However, what causes the discrepancy between HepG2"™NTC? and HepaRG"™ TP cells
is still unclear. One possible explanation is due to the different metabolic kinetics in these cells.
As shown in Table 4.2., differentiated HepaRG"™TCP cells have the lowest ECso values and the
most sensitive upon MLN4924 treatment. Regarding their non-proliferating status,
HepaRG"™TCP cells may not completely decay MLLN4924 after six-day removal (Gripon et al.,
2002). Remaining intracellular MLLN4924 inhibits the rebound of HBV replication. In contrast,
HepG2"NTCP cells with proliferation may be able to dilute out MLN4924 to a concentration that

is much lower than its respective ECso values and in this occasion, HBV replication is

reactivated after six days.

Table 4.2. Summary of MLN4924 ECs, and CCsp values in three models.

ECs0/CCso (nM) PHH HepaRG"™ P HepG2"NTe?
ECso of HBsAg 293.4 [102~860]" | 26.9 [9~66] 175.1 [40~910]
ECso of HBeAg 143.7 [68~298] 15.0 [5~33] 30.2 [0~235]
ECso Of transcription | 292.4 [18~11596] | 30.2 [56~113] 484.7 [>80]
CCso 857.0 [245~3607] | 2442 [1025~6545] | >50000

*Best-fit values [95% CI (profile likelihood) calculated based on independent experiments];
ECso: half maximum of effective dose; CCsp: half maximum of cytotoxicity
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MLN4924°s second target is blockage of HBsAg translation and secretion. In chronic
infection, integrated HBV DNA is another source of HBsAg production (Wooddell et al., 2017,
Tu et al., 2017). My work also revealed the inhibition of HBsAg secretion upon MLN4924
treatment in PLC/PRFS5 cells with natural HBs integration. The mechanism for the inhibition of
HBsAg secretion is probably distinct from that for the inhibition of transcription. Targeting
neddylation inhibits transcription from cccDNA in de novo infection but not from integrated
DNA in the PLC/PRFS5 cells (Figure 3.24.). This phenotype is consistent with the fact that HBx
protein enhances gene transcription selectively from extrachromosomal DNA templates but
shows no effect lentiviral mediated insertion DNA in the host genome (van Breugel et al., 2012).
Indeed, MLLN4924 treatment seems no inhibitory effect on the transcription from natural
integrates. Remarkably, MLLN4924 treatment induced a 3-fold reduction on HBsAg secretion,
although HBs transcription was not affected (Figure 3.25.). Given that the first mode of
MLN4924 action is selective transcriptional inhibition from cccDNA, in addition to that
MLN4924 reduces HBsAg expression or interferes with HBsAg stability at the translational
level. It is totally unknown whether HBsAg can be a direct neddylation target, but HBx protein
itself may require HDM2-mediated neddylation to maintain its function and stability. Mass
spectrometry analysis in HEK293T cells transfected with HBx identified that lysine 91 and 95
are two major neddylation sites (Liu et al., 2017). In conclusion, MLN4924 has dual targets: (1)
prevention of HBx-mediated degradation of SMCS5/6 complex components, as a result,
inhibition of transcription from cccDNA; (2) reduction of HBsAg at the translational or post-
translational level. So far, point (1) was proved in this thesis and (2) requires further

experiments.

As shown in Figure 3.27~3.31., it is confirmed that the mode of MLN4924 action at the
transcriptional level is dependent on HBx-DDB1 complex, using stable cell lines and lentiviral
transcomplementation assay. These findings not only support the authentic availability of HBx-
DDBI1-Cullin 4A interaction in HBV replication but suggest this complex as a novel drug target.
MLN4924 is not a direct-acting antiviral yet since it mainly targets the NAEI-mediated
neddylation that is downstream of HBx-DDBI complex but not HBx-DDBI1 interaction,
although HBx neddylation might be a direct target. Targeting HBx or HBx-DDBI1 complex
must be much more specific and lead to better efficiency and less toxicity on host cells. A major
bottleneck is the lack of structures of HBx protein or HBx-DDB1 complex. At this stage, an
alternative is an efficient and rapid system for assaying HBx-mediated transactivation (Zhou et
al., 2017), which is the only available model to initiate drug screening and investigate small

molecules interfering with HBx-DDB1 complex.
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All the attempts in this thesis shed light on the topic that targeting the HBx-DDB1-Cullin
complex inhibits transcription from HBV cccDNA in susceptible hepatoma cells and the
complex is absolutely druggable (Qu et al., the International Liver Congress 2019). To achieve
this aim, either depleting HBx as shown in Figure 3.13., knocking down DDB1 (data not shown),
interfering with HBx-DDBI1 association, or blocking Cullin 4 neddylation result in remarkable
inhibition at the transcriptional level. Figures 3.32~3.34 showed that HBV replication almost
diminished SMC6 signals in infected PHH and HepaRG"™ TP cells and MLN4924 treatment
restored the expression of SMC6 probably by switching off HBx function. The SMC6 mediated
transcriptional silence of cccDNA seems HBV specific and not universal to foreign episomal
genomes of other DNA viruses, since a recent study has shown that SMC6 protein is not
required at all for the E2-mediated transcriptional activation or E1/E2-mediated transient
replication in human papillomavirus infection, despite its binding activity to viral E2 protein
(Bentley et al., 2018). Perhaps, SMC6 binds cccDNA and this binding recruits other
transcriptional repressors to control the epigenetic status of cccDNA, which would be further

characterized (Belloni et al., 2009).
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Figure 4.1. Proposed working model of MLN4924. In HBV replication, HBx protein is
expressed and located in the nucleus. HBx binds DDB1 and recruits Cullin 4A E3 ubiquitin
ligase, in order to counteract host restrictions on cccDNA and then transactivates cccDNA
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transcription. HBx-mediated cccDNA transcription is the major target of a neddylation inhibitor,
MLN4924, which inhibits Cullin 4A activation and probable neddylation of HBx protein.
Consequently, MLN4924 mediates transcriptional inhibition in an HBx-dependent manner. In
addition, MLN4924 reduces HBsAg production directly at the translational or post-translational
level.

4.5. Comparison of MLLN4924 and other transcriptional inhibitors

Given that MLN4924 is not the only HBV transcriptional inhibitors, other prodrugs are under
development and investigation. For instance, 640 FDA-approved drugs were screened for the
ability to inhibit HBV transcription from a reporter plasmid cotransfected with HBx in
HEK293T cells. Some compounds inhibited HBV transcription in the presence of HBx. These
drugs (Terbinafine etc.) also interfered with HBx-mediated transcription in HepG2.2.15 and
transfected HepG?2 cells (van de Klundert et al., 2016b). However, using the models that do not
form authentic cccDNA, whether the validated drugs target HBx-mediated cccDNA

transcription is unclear. Overexpressed HBx may have artificial effects.

Using HepG2"™TCP infection model, several HBV transcriptional inhibitors were also
identified. 1827 FDA-approved drugs were validated by a recombinant HBV-based NanoLuc
assay and KX2-391, an inhibitor of Src kinase and tubulin polymerization, was identified as a
leading candidate. KX2-391 suppressed HBV replication in PHH and HepG2"™TCP cells in a
dose-dependent manner and inhibited HBV transcription from precore promoter in an HBx-
independent manner but not other promoters (Harada et al., 2017). Distinct from MLN4924 that
inhibits transcription from all four HBV promoters (Figure 3.23.), KX2-391 relies on a specific
host factor, hepatocyte nuclear factor 4a (HNF4a), selective on precore promoter as proposed
in the paper. This suggests that transcriptional factors and co-factors may act on a specific
promoter and could be targets of transcriptional inhibitors. As an example, retinoid X receptor
alpha (RXRa) modulates transcriptional network and controls hepatic lipid metabolism. The
RXR-specific agonist bexarotene inhibits HBV transcription in HepaRG cells, HepG2hNTCP
cells and primary tupaia hepatocytes (Song et al., 2018). Later on, retinoic acid receptor (RAR)
agonists were also identified as transcriptional inhibitors. To be specific, among the agonists
Tazarotene repressed cccDNA transcription in PHH and HepaRG cells and showed the most
potent inhibitory effect on HBsAg secretion in PHH (ECso: ~30nM). RNA sequencing analysis
confirmed that Tazarotene altered the expression level of genes in RAR and metabolic pathways
and inhibited HBV in part through RAR but not RARa (Li et al., 2018a). In our group, we
also have screened 1181 FDA-approved drugs and identified RARa-specific agonist Am80
(tamibarotene) potent in inhibition of transcription from cccDNA. HBV genotypes B, D and E
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were equally inhibited, showing a general role of RARa in HBV replication (Nkongolo et al.,
2019). None of the studies above evaluated HBx dependency of the drugs in infection settings.
Although nuclear HBx targets the SMC5/6 complex, it could not be excluded that HBx also
binds and modulates transcriptional cofactors like HNF4a, RARo/ff and RXR onto the cccDNA

and transactivates its transcription.

Beside small molecules that can repress transcription from cccDNA, RNAi-based
therapeutics have the potential to clear existing HBV transcripts (Wooddell et al., 2013). One
of the siRNA regimens under development, ARC-520, has shown a dramatical reduction on
HBsAg in treatment-ndive HBeAg positive patients but much less reduction in HBeAg negative
or NUC-treated patients (Wooddell et al., 2017). Many integrants in infected chimpanzees
lacked targeting sites of ARC-520 and produced mRNA that was difficult to be targeted.
MLN4924 also showed profound inhibition of transcription from cccDNA but not integrants,
because of the HBx selectivity only on cccDNA templates (Figure 3.24.) (van Breugel et al.,
2012). The selectivity of both ARC-520 and MLN4924 on cccDNA limits their future
applications. Different from ARC-520, MLN4924 showed an additional effect on HBsAg
stability or assembly (Figure 3.25.). However, this effect is too weak to efficiently block a great

amount of HBsAg produced from integrants.

Nevertheless, MLLN4924 is the first available antiviral targeting the HBx-DDB1-Cullin 4A
complex, although at this stage it is not conclusive whether MLLN4924 is also a direct-acting
antiviral if MLN4924 inhibits neddylation of HBx protein and stability of HBsAg. At present,
this finding ensures the HBx-DDB1 complex as a prerequisite in cccDNA transcription and a
promising antiviral target. After two years of my finding (Qu et al., 2016 International HBV
Meeting), one group identified MLLN4924 (Pevonedistat) as a potent HBV inhibitor (Sekiba et
al., 2019a). Very recently, the authors also proposed Nitazoxanide (NTZ), a thiazolidine anti-
infective agent, as an inhibitor of transcription from cccDNA by targeting the HBx-DDB1
interaction (Sekiba et al., 2019b). However, the drugs in both studies showed less pronounced
inhibitory effects on transcription (2~3 fold) compare to my study. More importantly, they lack
key evidence showing HBx dependency in authentic infection (e.g. using Xd virus).
Additionally, the same effects of MLN4924 and Nitazoxanide in two studies are contradictory
to the scientific concept that the effect of Nitazoxanide targeting HBx-DDB1 association should
be more specific and effective than that of MLLN4924 targeting downstream Cullin 4A adaptor.
Therefore, one direction in drug discovery is to seek for or re-design small molecules with better
efficacy that directly deactivate HBx protein or disturb HBx-DDB1 binding. For this view,
either HBx crystal structure (if it exists) or HBx-DDB1 complex structure will be helpful. The
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second way 1is to further unravel the HBx protein and its new and authentic functions. For
instance, what is the exact function of the N-terminal HBx (1~50 amino acids)? Consistent with
my study as shown in Figure 3.14. and 3.15. (Qu et al., 2017 International HBV Meeting),
functional analysis revealed that highly conserved residues, the CCCH motif (C61, C69, C137,
and H139), are required for HBx function and HBx exhibits stoichiometric zinc binding in the
presence of DDBI1 (Fletcher et al., 2017 International HBV Meeting). HBx as a zinc-finger
protein that is highly active in general transcriptional processes, are definitely worthy to be

further studied and new functions are expected to be translated into novel antiviral targets.

4.6. Final summary

240 million people worldwide are chronically infected with HBV. Thus, the urgent need for
curative therapies is unquestionable. To achieve a sterilizing or functional cure, eliminating
cccDNA or silencing its transcription becomes the ultimate goal. In this thesis, a quantitative
and comprehensive analysis of the dynamics and stability of cccDNA in in vitro infected
hepatocytes allows more understandings of cccDNA biology. Accurate quantification of
cccDNA is meaningful to judge clinical endpoint under conventional therapies (pegylated IFNa,
NUCs) in patients when cccDNA level is reduced and also helpful for evaluation of the
outcomes of novel regimens (e.g. phase III trials of Myrcludex B and capsid inhibitors).
Additionally, cccDNA turnover determined based on current and ongoing experimental data in
long-term infection can be translated and built up to mathematical models, which predict
whether and how long elimination of cccDNA occurs and provide a message of the endpoint in

future HBV therapy.

HBx is a nuclear protein and makes use of its entire C-terminus to associate with DDB1.
This complex recruits Cullin 4A unlocks the restriction of SMC5/6 complex on the cccDNA
and maximize its transcription. This virus-host interaction enables and maintains cccDNA
transcription and, as a consequence, guarantees extremely efficient transcription from a few
copies of cccDNA template and lowers the copy number in the long-term evolution. Persistence
of cccDNA transcription highly relies on HBx expression. Therefore, depletion of HBx or loss
of its transactivation function traps cccDNA to a “latent” status, which is frequently occurred
in other DNA viruses (HSV, HPV, etc.). As the sole viral protein acting on transcription from
cccDNA, targeting HBx is much more specific, compared to epigenetic modulators (histone

methylation, acetylation, etc.), which show no selectivity between cccDNA and genomic DNA.

Targeting HBx-mediated transcription by a neddylation inhibitor, MLN4924, is not only

a decent tool switching on and off transcription in basic research but a direction of new-class
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antivirals. In this direction HBx, DDBI1 and Cullin 4A can be targeted. Blockage of HBx-
mediated transcription from cccDNA may open novel translational therapeutic approaches
allowing the functional cure of chronic hepatitis B. In future, these include: (1) evaluation of
MLN4924 and other neddylation inhibitors towards in vivo models and (2) identification of
other HBx inhibitors by targeting HBx zinc-binding activity and HBx-DDB1 interaction.
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5.4. Patents

1. Compounds and combinations thereof for preventing and/or treating HBV and/or HDV
infections

Inventors: Florian Lempp, Stephan Urban, Yi Ni, Lea Nussbaum, Bingqian Qu
Patent number: WO2018054891A1
Application number: PCT/EP2017/073608
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