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ABSTRACT

Hepatitis B virus (HBV) infection is a global health issue that is responsible for
approximately 900,000 deaths each year, by inducing liver cirrhosis and hepatocellular
carcinoma (HCC). A few markers are used to classify HBV infection and monitor treatment
efficacy, including HBV DNA, surface antigen (HBsAg) and e antigen (HBeAg) in serum as
well as HBV DNA and RNA in liver tissue. The recent discovery of the receptor NTCP

facilitates in vitro studies of HBV.

The aims of this thesis were (I) to characterize a new marker of HBV infection, HBV RNA
in serum (II) to investigate in vitro the neutralizing effect of HBV encoded subviral
(HBsAg) particles (III) to develop and apply a new method to discriminate viral and
integrated DNA in liver tissue (IV) to analyze focal differences within the liver of HBV and
hepatitis D virus (HDV) and (V) to explore HBV RNA profile in liver biopsies by digital
PCR.

High levels of serum HBV RNA was found in the majority of 95 patient samples utilized in
this study. This RNA was of full genome length, appeared in fractionation together with
HBV DNA. Sequencing data supported that HBV RNA in serum represents virus-like

particles with failing reverse transcription of the pregenomic RNA (pgRNA).



The role of subviral particles (SVP) during HBV infection was explored in HepG2-NTCP
cell line. The results support that SVP functions as a decoy to neutralize antibodies

synthesized by the host.

A novel droplet digital PCR (ddPCR) method was developed and applied on 70 liver
biopsies to quantify circular and linear HBV DNA, in order to estimate the amount of
integrated HBV DNA in the human genome. A complimentary study on the same material
was performed to obtain an RNA profile using ddPCR to amplify six target regions.
Together, these results indicate that integrated DNA represents the majority of
intrahepatic HBV DNA in late stages of infection and is responsible for maintaining high
HBsAg levels in serum. The results also suggest that reduced transcription of pgRNA via

a novel mechanism may contribute to low HBV replication in HBeAg-negative phase.

ddPCR analysis of a range of HBV markers was used to study focal differences in infection
in 15-30 pieces of liver explant tissue from six patients with HBV or HDV induced
cirrhosis. Large differences in focality was observed especially in patients with low degree
of viral replication or with HDV coinfection and the results also support expression of S
RNA from integrated HBV DNA. HDV infection was less focal with presence of high HDV
RNA levels in the absence of HBV.

In summary, this thesis compilation contributes to better understanding of HBV serum

and tissue markers and their relationship to replication and integration.

Keywords : hepatitis B virus, NTCP, HBV DNA, HBV RNA, subviral particles, integrations,
droplet digital PCR
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SAMMANFATTNING PA SVENSKA

Infektion med hepatit B virus (HBV) ar ett globalt hilsoproblem som star for ungefar
900 000 dodsfall arligen genom att orsaka skrumplever och levercancer. De biomarkorer
som idag anvands for att klassificera HBV-infektionen och 6vervaka behandlingseffekt
inkluderar HBV-DNA, ytantigenet HBsAg, e-antigenet HBeAg i serum samt HBV-DNA och
HBV-RNA i levervdvnad. Nyligen upptacktes HBV-receptorn, NTCP, vilket underlittar in

vitro-studier av HBV.

Syftet med denna avhandling var att: (I) karakterisera en ny biomarkér for HBV-infektion
(HBV-RNA i serum); (II) unders6ka den neutraliserande effekten av HBV-kodade
subvirala partiklar (HBsAg) in vitro; (I11I) utveckla och applicera en ny metod for att skilja
pa viralt och integrerat HBV-DNA i levervdavnad; (IV) analysera fokala skillnader i
forekomst av HBV och hepatit D-virus (HDV) i levervavnad; (V) utforska HBV-RNA-

profiler i leverbiopsier med digital PCR.

I en majoritet av serumprover fran 95 patienter uppmattes hoga nivaer av HBV-RNA.
Detta RNA motsvarade hela HBV-genomets lingd och férekom vid fraktionering i
partiklar med samma densitet som de med HBV-DNA. Sekvensering indikerade att HBV-
RNA i serum motsvarar viruslika partiklar dar omvand transkription av pregenomiskt

RNA (pgRNA) ej fungerat.

Funktionen av HBsAg-barande subvirala partiklar (SVP) i HBV-infektion undersoktes i
cellinjen HepG2-NTCP. Resultaten stoder hypotesen att HBsAg/SVP minskar den

virusneutraliserade effekten av antikroppar riktade mot virusets ytprotein.

En ny metod, baserad pa droplet digital PCR (ddPCR), utvecklades och anvédndes for
analys av 70 leverbiopsier. Metoden kvantifierade cirkuldrt och linjart HBV-DNA for att
kunna uppskatta maingden integrerat HBV-DNA i det humana genomet. En
kompletterande studie pa samma material utfordes for att ta fram virus-RNA-profiler
genom att med ddPCR amplifiera sex olika malregioner. Sammantaget pekar dessa

resultat pa att integrerat HBV-DNA utgor den storsta andelen av intrahepatiskt HBV-DNA



i senare stadier av infektionen, och att detta integrerade DNA uttrycks sa att hoga nivaer
av HBsAg i serum bibehadlls. Resultaten tyder ocksad pa att nedreglering av pgRNA via en

ny mekanism skulle kunna bidra till lagre replikation av HBV i HBeAg-negativa patienter.

ddPCR-analys av flera olika HBV-markoérer anviandes for att studera fokala skillnader i
HBV-infektionen i 15-30 bitar av leverexplantat fran sex patienter med HBV- eller HDV-
orsakad skrumplever. Stora skillnader i fokalitet observerades sarskilt i patienter med
laggradig virusreplikation och resultaten stoder hypotesen att S-RNA uttrycks fran
integrerat HBV-DNA. HDV-infektion (hos tvd av patienerna) var jamntare utspridd i

levervavnaden med hoga nivaer av HDV-RNA oberoende av HBV.

Sammanfattningsvis bidrar denna avhandling till battre forstdelse av serum- och

levermarkoérer vid HBV-infektion och deras koppling till replikation och integration.
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1 INTRODUCTION TO HEPATITIS B VIRUS

In 1967, Dr Blumberg and his associate discovered a new protein in serum of patients that
underwent blood transfusions, specifically in Australian aboriginals. This protein named
“Australian Antigen” (AuAg) became the first of many discoveries confirming the
presence of viral hepatitis [1]. In 1970, Dr Davis S Dane described 42nm virus-like
particles in patients with AuAg and named them “Dane Particles” [ 2] which is now known

as Hepatitis B Virus (HBV).

The viral infection caused by HBV still remains a global public health issue in-spite of
decades of research and availability of a preventive vaccine since 1982. HBV belongs to
the family of hepatotropic DNA viruses that can cause both acute (infection cleared within
6 months of exposure) and chronic (infection that persists >6 months) infection of the
liver. The World Health Organization as of 2017 estimates that 2 billion individuals are or
have been infected with HBV of which 257 million have a chronic infection [3].
Approximately 900,000 deaths each year is caused by HBV related complications such as

liver cirrhosis and hepatocellular carcinoma (HCC) [4].

HBV can be transmitted percutaneously via sharing of blood products, through sexual
transmission or by means of vertical transmission, i.e.,, to a newborn from an infected
mother. According to the World Health Organization’s (WHO) statistics, about 80-90% of
infants and 30-40% of children under the age of 6 who are infected with HBV will develop
a chronic disease, but when acquired as adults 95% will clear the infection. The
pathogenesis of complications involves immune mediated killing of hepatocytes causing
liver injury with subsequent regeneration by clonal expansion of hepatocytes eventually
leading to scarification of the liver (fibrosis) and later on cirrhosis and HCC. Other
contributing factors for pathogenesis are integration of viral DNA into the host genome
and oncogenic effects of viral protein [5]. Patients showing signs of progressive liver
damage are given long-term treatment with nucleoside / nucleotide analogues (NA) in
order to prevent these complications, but with it arises the possibility for resistant strains

to emerge via mutation [6-8].



During the course of this PhD, various aspects of HBV infection was investigated in order
to answer some pressing questions. Interesting associations were explored, and
intriguing hypotheses are presented as a compilation with the hope that these studies will
aid better understanding of disease progression and assist the clinical community in

development of new treatments for patients with HBV.

1.1 Molecular structure

HBV is classified as one of the smallest known DNA viruses measuring approximately 42
nm in diameter belonging to the family of Hepadnaviridae viruses. It has a 3.2 kb sized
relaxed circular (rcDNA) genome that is partially double stranded (ds) with a complete
minus (-) strand and an incomplete plus (+) strand that is covalently bound to a viral
polymerase atits 5’ end. This genome is enclosed within an icosahedral nucleocapsid core
protein (core antigen, HBcAg) that is surrounded by viral surface protein (hepatitis B

surface antigen, HBsAg).
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Figure 1: HBV particle containing the partially double stranded genome with complete - strand and

an incomplete + strand covalently bound to the viral polymerase

HBV genome has four overlapping reading frames (ORF) that codes for viral proteins (i)
precore / core gene for nucleocapsid core and secretory “e” protein (HBeAg) (ii) PreS / S
gene for small (S HBsAg), middle (M HBsAg) and large (L HBsAg) envelope proteins (iii)

X gene for regulatory X protein and (iv) polymerase gene for viral polymerase.
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Figure 2: HBV genome that is partially double stranded. Represented here are 4 overlapping reading

frames responsible for translation of viral proteins.

Along with HBV DNA containing viral particles (VP), an excess production of 22 nm sized
rod and circular empty subviral particles (SVP) comprised of only HBsAg can be detected

in the patient’s serum.
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Figure 3: Sphere and rod forms of HBV subviral particles with large, middle and small surface

proteins that lack a viral genome.



1.2 Viral entry and replication

Although presence of hepadnaviruses in extrahepatic tissues such as lymph nodes,
kidneys, skin and colon have been detected, the only target for these viruses are
hepatocytes [9] because of the presence of cell specific receptors expressed by the

hepatocytes.

The first step in viral entry involves interaction of the pre S1 domain of viral surface
antigen with hepatocyte specific heparin sulphate proteoglycan [10] followed by
attachment to the sodium taurocholate co-transporting polypeptide (NTCP) receptor
[11]. The uptake of the virus into the hepatocyte is hypothesized to take place via clathrin
or caveolin-1 mediated endocytosis through which the encapsidated viral genome is
transported into the host cell [12, 13]. The microtubules in the cytoplasm then transport
the nucleocapsid containing the viral genome and the polymerase into the cell's nucleus
where the capsid disassociates and the rcDNA is released [14]. A sequence of highly
precise steps to convert rcDNA into the highly stable mini chromosome cccDNA takes
place. The incomplete + strand is elongated to the 5’ end of the - strand. After this step,
the polymerase is removed followed by the elimination of eight terminally redundant
nucleotides from the - strand. At this juncture the 5’ and the 3’ ends of the + and the -

strand can be ligated and supercoiled to form cccDNA [15].

It has been estimated that around 1-50 copies of the cccDNA remain within each infected
hepatocyte as mini chromosomes that serves as a transcriptional template for viral
replication. Transcription of cccDNA results in the formation of four mRNAs of sizes 3.5kb,
2.4kb, 2.1kb and 0.7kb that are translated into seven viral proteins (Figure 4). The 3.5kb
genomic mRNA includes precore (preC) mRNA that is translated into secretory “e
antigen” HBeAg protein and pregenomic RNA (pgRNA) that is translated into core and
polymerase proteins needed for viral replication. They are larger that genome length
because of the presence of terminal redundancies on both 3’ and 5’ ends. The other
transcripts termed subgenomic RNAs are represented by PreS1 mRNA (2.4 kb) that
translates into L. HBsAg, the PreS2/S mRNA (2.1 kb) for M and S HBsAg, and X mRNA (0.7
kb) for regulatory HBx protein.
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Figure 4 : Genomic placements of different ORFs and genome with polyadenylation at 3’ and 5’
regions are both represented in a linear form. All RNAs transcripts of different length with a 5’ cap

and a 3’ polyadenylation (An) is represented.

The pgRNA and precore RNA encompasses two highly conserved sequence regions
termed as epsilon (g) that forms a secondary stem loop structure at the 5’ and 3’ regions.
The 5’ ¢ structure directs encapsidation of RNA along with viral polymerase that
undergoes reverse transcription to form functionally infectious DNA containing virions
[16-18]. However, only pgRNA is encapsidated to form infectious DNA [19] while precore
RNA is cleaved in the endoplasmic reticulum and is secreted as HBeAg. Figure 5 describes
highly precise steps required to convert pgRNA into infectious viral genome. These
replication steps generate encapsidated relaxed circular HBV DNA (rcDNA), that can
either (i) acquire HBsAg and be secreted as viral particles or (ii) be recycled within the

hepatocyte to increase or maintain cccDNA pool [20].

Along with the mature virion, secretion of empty nucleocapsids, RNA containing viral
particles and to some extent double stranded linear forms (dsIDNA) has also been
observed [21, 22]. During plus strand synthesis, primer translocation failure may cause

viral genome to remain linear instead of circularizing to form rcDNA. This double



stranded linear (dsIDNA) can recirculate into the hepatocyte nucleus and be integrated

into the host chromosome [23].
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Figure 5 : Sequence of steps following pgRNA encapsidation is represented. (A) shows linear pgRNA
within capsid. (B) Binding of polymerase to the ¢ loop at the 5" end. (C) Synthesis of short oligo
followed by translocation of the polymerase and the oligo to the direct repeat 1 (DR1) region where
minus strand synthesis is initiated. (D) Minus strand synthesis is accompanied by degradation of the
PgRNA template where only DR1 sequence and the short oligo from the 5’ end remains. This acts as
precursor for the plus strand synthesis and after a template switch (represented in E) plus strand

synthesis begins and subsequently circularized (represented in F).
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Figure 6: HBV replication cycle

1.3 Serological and intrahepatic markers

Clinical staging of HBV infection is primarily done using quantifiable serological and
intrahepatic markers. HBV is what is known as a stealth virus, that depending on the age
at which infection is acquired, can replicate for decades before immune flare is initiated.
Replication of HBV starts immediately post infection and mature viral DNA along with
HBsAg becomes detectable in the blood. Presence of HBsAg for longer than 6 months is
defined clinically as “chronic infection” and its clearance is usually accompanied by the
appearance of anti-HBs antibodies. Therefore, anti-HBs is an accepted marker to
determine end-point for treatment [24]. HBeAg secreted into the blood from infected
hepatocytes is a marker to determine viral replication [25, 26]. High HBV DNA levels may
however be present also in patients seronegative for HBeAg, because mutations especially
in the precore region, may emerge and preclude synthesis of HBeAg, particularly in HBV
genotypes B, D or E [27-29]. Presence of HBV RNA in serum first reported in 2001 has

been suggested as a diagnostic marker since then, in particular for monitoring the effect



on cccDNA during antiviral treatment [30-33]. During treatment of HBV infection using
NA, HBV DNA is reduced to levels below the quantification limit, after which the effect of
treatment cannot be assessed. Quantification of HBsAg in serum was proposed to
represent cccDNA, but it was later found that this was found to not be true, since the
decline of HBsAg levels was minimal. Since HBV RNA is not directly reduced by drugs that
inhibit reverse transcription, it should be useful as serum marker representing cccDNA

levels in the liver [34].

Intrahepatic cccDNA a highly stable mini-chromosome is the template needed to
synthesize HBV RNA transcripts necessary for virus production. Reduction of viral load
by two logio units during HBeAg negative stage is caused by the loss of intrahepatic
cccDNA copies [35, 36]. In duck model, it has been found that the number of cccDNA
molecules may vary over time, with mean number of cccDNA per infected hepatocyte
ranging between 3 and 9 [36, 37]. Because of its role in maintaining chronic infection and
ability to avoid drug induced clearance [38, 39], quantifying cccDNA and understanding
its relationship to other viral markers are important. Many approaches have been
designed to quantify cccDNA in the liver [36, 40, 41] but because of its presence in low
concentrations, conventional approaches such as southern blot are not adequately
sensitive [42]. A challenge for these assays is to be able to differentiate between cccDNA
from rcDNA, therefore a polymerase chain based assay was designed to target the gap in
plus strand region that would be present only in cccDNA [36, 43]. In addition to
intrahepatic molecular markers such as cccDNA and HBV DNA immunohistochemistry

can be performed to visualize HBsAg, HBcAg, HBxAg and pre-S peptides on liver tissue.

Although liver biopsies provide valuable data, this invasive sample collection method has
to a large extent been replaced by non-invasive techniques such as elastography
assessment of liver fibrosis, a trend that will hamper future research. A drawback to using
biopsy tissues is the risk of sampling error, where the material analyzed is not a true

representation of the disease or infection state.



1.4 Natural history of infection

Diverse nomenclatures have been defined to describe the clinical phases of HBV infection.
Discussed here are phases according to European Association for the Study of Liver
(EASL) guidelines on HBV infection management (i) HBeAg positive chronic HBV infection
(ii) HBeAg positive chronic hepatitis B (iii) HBeAg negative chronic HBV infection (iv)
HBeAg negative chronic hepatitis B (v) HBsAg negative phase [24].

1.4.1 HBeAg positive chronic HBV infection / Immune tolerance

HBV infection that is acquired during early childhood (<2 years), usually through vertical
transmission at birth or later horizontal transmission, usually induces weak immune
responses for several decades. During this phase of HBV infection (often termed the
immune tolerance phase), HBV infects almost all liver cells and replicates actively with
typically > 107 IU/mL HBV DNA detected in patient serum. The individual remains
asymptomatic at this stage and shows normal to mild elevation of alanine
aminotransferase (ALT) levels with normal liver histology and detectable HBeAg detected
in serum. So far, treatment interventions during immune tolerant phase has not been

recommended [44-48].

1.4.2 HBeAg positive chronic hepatitis B

Typically seen to last from the 3rd to 4th decade post infection. This phase is characterized
by active immune mediated clearance of HBV infection, during which, infected liver cells
are eradicated, causing elevation in ALT levels. The duration and level of cellular damage
to the liver determines if the patient gets HBV mediated fibrosis or cirrhosis. Eventually
most patients seroconvert to anti-HBe with suppression of HBV DNA. However, some
patients fail to control viral HBV replication thereby progressing to HBeAg negative

hepatitis.

1.4.3 HBeAg negative CHB / inactive carrier
The detection of anti-HBe along with undetectable or significant reduction of viral DNA

and substantial reduction or normalization of ALT levels in serum of CHB patient indicates



clinical remission. HBV DNA levels vary between < 2000 - 20,000 IU/mL at this point and

in some patients this can lead to HBsAg seroconversion [49].

1.4.4 HBeAg negative chronic hepatitis

Progression from being an inactive carrier to an individual with chronic infection is highly
variable and is associated with factors like age at which infection was acquired, age of
HBeAg seroconversion, duration of infection and genotype. Increase in serum HBV DNA
and ALT levels have been observed in long term follow up studies in the absence of HBeAg
[49-53]. This is mainly due to the presence of mutations in precore region of the viral
genome that survive as an escape mutant and causes relapse of chronic infection

(discussed in detail under the topic genomic variations)[54, 55].

1.4.5 HBsAg negative phase

During this phase patients undergo loss of HBsAg with or without development of anti-
HBs along with anti-HBc antibodies and show normal ALT levels along with undetectable
HBV DNA and presence of cccDNA in liver tissue. In some cases development of “Occult
HBV” takes place, where patient remains negative for HBsAg in the presence of low or
undetectable circulating viral load. Loss HBsAg that occurs either spontaneously or by
treatment interference although considered as “functional cure” does not eliminate the
probability of HCC. Development of cirrhosis before HBsAg seroclearance has been
associated with HCC incidence thereby increasing the need for surveillance after reaching

treatment endpoint [56-58].
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Figure 7 : History of HBV infection as defined by EASL guidelines. There is no clear distinction

between these phases and only a rough estimate is defined here.

1.5 Integrations

Similarities between HBV and retroviruses have been discussed including the potential
for successfully integrate into the host chromosomes [59]. But unlike retroviruses that

need integration for replication, HBV integrations are defined as replicative dead ends
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with the potential to produce viral proteins even in the absence of active replication [60,
61]. Primer translocation failure during plus strand synthesis results in the formation of
double stranded liner DNA (dsIDNA) which separates the precore/core gene from its
promoter. Therefore, this form can neither synthesize pregenomic RNA nor generate
capsids. Since dsIDNA is the precursor for integration [62], only S gene that remains intact
is suspected to be active and be capable of producing HBsAg even in the absence of HBV
replication as indicated by low HBV DNA. This phenomenon was first observed in
hepatocellular carcinoma cell line PLC/PRF/5 [63] and has been described in a recent
study conducted on chimpanzees [61]. Integrations have been observed at early stages of
infection and has been associated with incidence of HCC and affect survival of infected
individuals [64]. Double stranded breaks in host chromosomes have been established as
the preferential site for integrations [65], where the host’s cellular mechanisms integrates
viral into chromosomal DNA damage response (DDR). It has been accepted that DDR
pathways lead to HBV integrations, however the exact methodology by which this is
achieved is debated. Some studies suggest non-homologous end joining (NHE]) [65] for
double stranded break repair are responsible for viral integrations whereas others argue

that it occurs via microhomology-mediated end joining (MME]) method [66].

1.6 Genomic variations

1.6.1 Genotypes and Sub-genotypes

The polymerase present in mature HBV lacks proof reading ability causing the virus
within the capsid to contain genomic sequences with variations and has resulted in an
array of viral strains. When the genomic sequences have a variation >8% they are
classified as genotypes and with variation within a genotype between 4-8% they are
defined as sub-genotypes. Ten different genotypes and 30 sub-genotypes have been
identified so far with a distinct geographical distribution pattern. Variations in these
genotypes also extend to their clinical and virological features. Largely discussed are the
observations with regards to disease progression [67], treatment response, development
of cirrhosis and capability to advance toward HCC [68, 69]. Two studies comparing
genotypes B and C showed that the latter has the potential in association with HBeAg to

cause severe liver disease [27, 70]. Results from a Taiwanese study observed higher
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frequencies of cirrhosis and HCC in genotype C when compared to genotype D [69]. The
same study also discussed larger incidents of HCC in non-cirrhotic patients compared to
genotype B. In a European study comparing genotype A and D, the former was seen to
cause more chronic infections [71] and showed larger incidents of remission post HBeAg
seroconversion than the latter [72]. Frequencies of HBV related deaths are reported to be

higher in patients with genotype F when compared to genotype A [72].

These studies further press on the importance of understanding differences caused by
genotypes on viral load, clinical manifestations and response to treatment; support better

comprehension and aid in advancement of clinical practices.
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Figure 8: Geographical distribution of HBV genotypes

In addition to the lack of polymerase’s proof-reading ability, genetic variability because of
mutations are a product of immune selective pressure and drug resistance. A study
conducted on woodchucks in 1989 approximated 1 error occurring every 107 bases [73,
74]. Selection pressure from immune responses that target wild type viruses may lead to

emergence of genomes with mutations. Mutations have been observed in all 4 ORFs with
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their contribution to clinical outcomes and attribution to disease progression extensively

researched [75].

1.6.2 S ORF mutation

A highly conserved amino acid (aa) region termed as “a” determinant in HBsAg is selected
as a target for vaccine against HBV as well as for clinical diagnosis of disease status.
Mutations in this region was first documented in a patient that had vertically transmitted
HBYV even after vaccination with both HBV DNA and anti-HBs presence in serum [76]. Lack
of epitope recognition can thus lead to vaccine failure [76] and unreliable results from

diagnostic assays [77].

1.6.3 Precore / core ORF mutation

The precore and core regions are responsible for the production of two proteins, the
structural core and the secretory ‘e’ protein. HBeAg is not required for viral production
but has been suspected to serve as a decoy to curb immune response against core [78],
but immune tolerance is eventually lost and anti-HBe is produced along with reduction
and in many patients, clearance of HBV DNA. Failure to clear HBV DNA is seen with
emergence of several mutations in the basal core promoter (BCP) and precore (PC)
regions suggesting selection due to immune pressure [79]. The most common PC
mutation occurs at position 1896 where guanine (G) is replaced by adenine (A) (G1896A)
which induces a stop codon in HBeAg sequence and abrogates HBeAg synthesis [80].
Another common mutation is seen at 1899 where guanine (G) is replaced by adenine
G1899A and this mutation was found both by itself and along with A1896T mutation [80].
Mutations in the BCP region, 1762 (A1762T) and 1764 (G1764A) have also been
associated with contributing to the reduction in HBeAg expression and is correlated with
higher HCC incidents [81]. Low HBV DNA quantifications are observed in patients with PC
mutations along with lower ALT levels that suggest lesser liver damage compared to
infection with wild type virus. However BCP mutations such as thymine replacement with
cytosine (C) at 1753 (T1753C) and also at C1766T reduce HBe secretion via
transcriptional mechanisms and have shown increase in HBV DNA and ALT levels

therefore suggesting higher prevalence of progression towards cirrhosis [82, 83].
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1.6.4 X ORF mutation

The X gene is only found in mammalian hepadnavirus and has important functions
including ability to establish an infection [84], promote viral replication [85], and support
development of HCC [86]. The mutations in the X ORF have been correlated to enhanced

progression towards liver cirrhosis (LC) and HCC [83, 87-89].

1.6.5 Polymerase ORF mutation

Polymerase ORF encodes for the polymerase protein that is encapsidated along with
pgRNA and is responsible for many steps that are necessary for successful completion of
HBYV replication cycle [90-92]. A mutation in the RT region of the polymerase ORF can
dictate and alter replication events. Investigations regarding naturally occurring
mutations have been undertaken in the past few years because it could give information
about possible drug resistance [93, 94]. This may alter a clinician’s decision about
treatment of a patient with these mutations. Associations between different mutations in
the RT region and viral load, degree of liver disease have been published [94-96]. RT
inhibitors are commonly used for the treatment of HBV but can induce a selection
pressure that leads to proliferation of drug-resistant HBV strains. One of the most
common mutations induced by the antiviral drug Lamivudine is seen in the tyrosine-
methionine-aspartate (YMDD) motif of HBV polymerase around nucleotide 552 [97]. This
mutation however is associated with low serum titers of the virus and shows low

probability to cause adverse liver disease [8].

1.7 Treatment

Two classes of drugs have been approved for the treatment of CHB, immunomodulating
agents and nucleoside / nucleotide analogues in order to reduce viral load during
infection to achieve seroconversion of HBeAg and within short duration to minimize
immune mediated liver damage and prevention of adverse events such as LC and HCC.
The drugs used for management of HBV that exists now only manage to keep viral
replication under control, and does not eliminate the highly stable mini chromosome,

cccDNA [38, 98-100].
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1.7.1 Immunomodulators

Interferons are naturally produced proteins that are synthesized by cells in response to
viral infections to induce immune response in retaliation. Immunomodulators such as
interferon alpha (IFN-a) and Pegylated interferon (PEG-IFN) are used in CHB treatment
because of its potential to bind to cellular receptors and activate protein synthesis needed
for cellular defense against invading virus [101]. These drugs cannot however be
prescribed to patients who are affected by decompensation of the liver such as cirrhosis

[102].

1.7.2 Nucleoside / Nucleotide analogues

Drugs under these classifications were initially developed for treatment against
herpesvirus and human immunodeficiency virus (HIV) because of their potential to
impair polymerase function and can be adapted to HBV treatment. There are currently six
drugs that are approved for the treatment of CHB, (i) lamivudine (ii) entecavir (iii)
adefovir (iv) tenofovir (v) tenofovir alafenamide (vi) telbivudine. These medications are
taken orally and are safe to use however, since they only block RT, long term treatment is
required. The formation of drug induced resistant mutations was a main problem earlier,
since lamivudine resistance developed in 15-32% of patients within one year of treatment
[8]. The currently used drugs tenofovir and entecavir however, have high barriers against

development of resistance mutations [103-105].

1.8 Cell culture & animal models

Cell culture and animal models facilitate better understanding of a disease and aids with
treatment development. Due to specific host requirements for HBV, there are limitations
on animal models that can be used for research [106]. Some animals such as chimpanzees,
tupaias, ducks and human chimeric mice have been used to study HBV [107]. Of these, the
immune response of chimpanzees are the closest to humans and it was precisely this

reason that led to the use of this model to test efficacy of preventive HBV vaccine [108].

Cell culture systems such as hepatoma cell lines HepG2 and Huh7 have been available for

a long time now and have supported research regarding transcription and synthesis of
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new virion particles [109-111]. Even though they are hepatoma cell lines and are
available in plenty, they do not support infection due to the lack of the receptor NTCP.
HepRG cells can support infection, however they require complicated differentiation
steps in a fashion similar to the induced hepatocytes (iHep) [112]. Comparing these two
cell lines, HepRG has lower efficiency of infection than iHep and can support the entire life
cycle of the virus. Primary human hepatocytes (PHH) is another system that is used to
study HBV infection and although this is the closest condition possible to mimicking
natural state of infection, it is less efficient, more expensive and is hugely dependent on
donor availability [113]. NTCP was recently discovered as the cellular receptor for HBV /
HDV viral entry [11, 114]. The receptor was then expressed in the HepG2 hepatoma cell
line to make it susceptible to HBV / HDV infection. This discovery opened up new avenues
to explore different facets of infection and replication. Although these cells can be infected
there are certain limitations that needs to be addressed. This system requires large
quantities of input and does not promote long term infection; since this is cancerous cell
line, it lacks many of the pathways needed to study host-virus interactions; and post
infection only a small amount of cccDNA is expressed; although the cell system can be
infected, it needs in addition polyethylene glycol (PEG) to enhance infection by promoting

glycosaminoglycan binding and dimethyl sulphoxide (DMSO) to aid infection.
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2 INTRODUCTION TO HEPATITIS DELTA VIRUS

In 1977 a new antigen associated with HBV was discovered in patients who were HBsAg
positive [115]. It was later in 1980 using chimpanzees as a model system that delta
antigen was determined to be a defective infectious agent that interferes with HBV
replication [116]. Since then many studies have shown hepatitis delta virus (HDV) to be a
satellite virus to HBV that requires surface antigen production from HBV to envelope its

genome to gain access into hepatocytes for successful infection [116].

HDV is the smallest known RNA virus that infects mammals [117] and is the only member
of the deltavirus genus. Transmission of HDV happens in the same routes as HBYV,
percutaneously via sharing of blood products or through sexual transmission or in rare
cases via vertical transmission. A study in 2003 estimated that 5% of the world’s
population with HBV also has HDV [118], but according to WHO many countries do not
test for HDV co-infection in HBV positive patients and in countries such as Mongolia

where 60% of the population tested positive for HBV may also be infected with HDV [3].

HDV may be acquired as a simultaneous infection with HBV causing mild to severe acute
hepatitis, where development into chronic HDV infection is rare occurring in less that 5%
of the cases [119]. If an individual with chronic HBV is superinfected with HDV,
development of chronic HDV infection is almost inevitable, leading to LC more often and

faster than in a patient with HBV monoinfection [116, 120].

2.1 HDV genome and replication

HDV is a small single stranded RNA virus with a circular genome containing 1679
nucleotides. With 74% intramolecular base pairing [121], the genome forms a rod like

structure that can be found along with delta antigen (small, S-6Ag and large, L-dAg).
For viral replication, HDV engages in a mechanism termed as “the double rolling-circle

amplification” where it uses the host’s cellular polymerase to synthesize a complimentary

RNA strand called the antigenomic 8 RNA and an mRNA with 5’ cap and a polyadenylated
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3’ end that codes for the delta antigen protein [122]. With the production of antigenome,

viral replication continues and the virus is secreted with an envelope containing HBsAg .

Figure 9: (A) Single stranded HDV with large and small forms of &-antigen. (B) HDV genome

surrounded by S, M and L surface proteins from HBV.
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Figure 10 : HDV replication cycle aided by HBsAg synthesis by HBV. Highlighted in pink is the “Rolling

circle mechanism” of HDV replication.
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Two variants of delta antigen are synthesized from the mRNA and they have two distinct
functions. The S-0Ag is responsible for viral replication where-as the L-3Ag inhibits
replication and promotes virion assembly. Therefore, the balance in the production of

these proteins is very important to establish a successful infection.

2.2 HBV suppression by HDV

It has been recorded in cell culture and animal model systems that the presence of HDV
reduces the expression of HBV [123]. The mechanism through which this is achieved
remains unknown, but in cell culture model systems the L-0Ag and S-6Ag have shown the
ability to activate MxA gene to increase IFN-a response towards HBV and activate cellular

immune protein synthesis to control infection [124-126].

2.3 Treatment

Since HBsAg is necessary for successful HDV infection and subsequent replication, the
current preventive vaccine for HBV that targets and neutralizes the surface antigen works
very effectively against HDV [127]. But once infection is actived the treatment options are
quite bleak. Since HDV only requires surface antigen from HBV, blocking HBV replication
is not effective [128], and the only treatment for HDV currently available is INF-a. [129].
Treatment with INF-a has shown significant improvements in histological response and
loss of HDV RNA and HBsAg in some patients [130], butlong term studies have also shown
relapse in most patients with failure to clear HDV [131]. A few new treatment options for
chronic HDV infections are underway, including Myrcludex B that blocks HBV/HDV viral
entry into hepatocytes [132], but in-vivo it has been shown that HDV can propagate via

cell division even in the presence of this drug [133].
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3 AIMS

The overall aim of this project was to explore and understand different facets of chronic
hepatitis B virus infection by means of studying patient serum and liver tissue from

biopsies and explanted liver. Specific aims were as follows:

Paperl
To quantify and characterize HBV RNA in serum in terms of sequence length, particle
association, concentration and correlations with HBV RNA in liver tissue and HBV DNA in

serum

Paper II
To investigate in vitro the influence of subviral particle on infection and explore its effects

on anti-HBs.

Paper III
To develop a new method to analyze HBV DNA in liver tissue in order to discriminate viral

and integrated DNA.

Paper IV
To analyze intrahepatic focal differences in the patients undergoing transplantation due

to HBV or HBV/HDV related liver disease.
Paper IV

To explore HBV RNA profiles in liver biopsies of patients representing different stages of

chronic infection by using droplet digital PCR method.
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4 MATERIALS AND METHODS

4.1 Materials

Paper I : 95 patient serum from a previous study that included 160 samples was stored
and available for further analysis [134]. These samples represent both HBeAg positive
and negative groups belonging to genotypes A, B, C and D. One anonymous patient sample
with HBV DNA concentration of 1081U/mL that also tested positive for HBeAg and HBsAg

was included in this study.

Paper Il : Two anonymous serum samples one with positive HBeAg and HBsAg with HBV
DNA concentration with 108[U/mL and the other negative for HBsAg and anti-HBc from
a vaccinated individual were selected. Both these samples were also negative for anti-

HCV, anti-HIV, anti-HAV IgM and positive for anti-HAV IgG.

Paper III : 76 stored liver biopsies out of 160 that were included in a previous cross
sectional study were available for further analysis [134] of which 70 were positive with
digital PCR method. The samples chosen represented genotypes A, B, C and D, with liver
damage ranging from mild to severe, either with or without HBeAg. They were also
negative for HIV, hepatitis C or D and were untreated for HBV when biopsy was

performed.

Paper IV : This study included tissue material obtained from 6 patients undergoing liver
transplant because of HBV related chronic liver disease where all patients presented liver
cirrhosis. Two patients had HCC; one patient with cirrhosis developed acute liver
decompensation brought on by acute-on-chronic hepatitis and presented with very high
serum HBV DNA; two patients were also co-infected with HDV. Samples were collected

during surgery and subsequently stored at -80°C until it was prepared for analysis.

Paper V: 76 of the 77 liver biopsies that were used in paper IIl were also used for analysis

in this work.
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Paper 1

95 serum samples representing
genotypes A, B, C, D

An anonymized serum sample
positive for HBsAg
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Paper II1 & V Paper I1
70 Liver biopsy from the same In addition to the above, another
patients collected at the time of anonymized serum sample positive
blood sampling for anti HBs was used
Paper IV

Liver pieces obtained during liver
transplant on patients with HBV or
HBV/HDV related liver disease

Figure 11 : Schematic representation of patient samples used in different papers compile din this

thesis.

4.2 Methods

4.2.1 Nucleic acid extraction from serum & tissues

Total nucleic acid extraction was carried out on both tissue and serum samples in an
automated MagNA Pure LC system (Roche Applied Science) according to manufacturer’s
protocol. For serum extraction MagNA Pure LC total nucleic acid isolation kit (Roche
Applied Science) was used and for tissue material MagNA Pure LC DNA isolation kit II

(Roche) was used.

4.2.2 DNase and RNAse treatment
A portion of the total nucleic acid extracted was treated with TURBO DNA-free kit
(Thermo Fisher Scientific) in a rigorous two-step protocol according to manufacturer’s

instruction to remove contaminating DNA, for RNA analysis.
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A Serum sample was treated with RNAse (Thermo Fisher Scientific) prior to and post
MagNA Pure LC (Roche Applied Science) extraction to quantify free HBV RNA content in

serum.

4.2.3 Polymerase chain reaction

Molecular biology techniques have come a long way since establishing the Watson-Crick
model in 1953. The polymerase chain reaction (PCR) method was invented in 1983 and
allows amplification of specific DNA segment of interest. [t was based on the identification
of the species Thermus aquaticus in 1969 that requires a temperature of 70 - 79°C for its
growth [135], and the isolation of its polymerase termed as the “Taq Polymerase” in 1976
[136], an enzyme that could withstand high temperatures. This enzyme is used to copy a
specific DNA sequence in a PCR reaction that is supplemented with (i) a target to be
amplified (ii) oligonucleotide sequences called primer that are specific to the target (iii)
nucleotides needed for creating new target sequences (iv) Taq polymerase to place each

nucleotide in the right order for sequence extension.

4.2.3.1 Reverse Transcriptase PCR

The only difference between a standard PCR and a reverse transcriptase PCR (RT-PCR) is
the template used for amplification. The former uses double stranded DNA (dsDNA)
whereas the latter uses RNA as starting material. During an RT-PCR, an enzyme termed
as reverse transcriptase is used to create a complimentary DNA (cDNA) strand to the RNA.
This enzyme also contains the RNAse H activity where the RNA template is degraded after
copying. Now, using the new cDNA as template a second strand is synthesized to have a
complete dsDNA. Amplification of this newly synthesized DNA is carried out using the

principles of standard PCR.

4.2.3.2 Quantitative PCR and quantitative RT PCR

A quantitative PCR (qPCR) is a method that is widely used in clinical diagnostics and
research alike. There are typically two methods available to quantify the sequence of
interest, (i) dye-based method and (ii) probe-based method. In the first method, a green
fluorescent dye that intercalates with all double stranded products is used and the
increase in fluorescence is measured at each cycle [137]. The technique that is extensively

used in this study is probe based PCR method that just like the dye-based method can
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measure in “real time” the amplification of target sequence. This procedure makes use of
a strand specific probe that is tagged with a fluorophore on one end and a quencher on
the other. When kept in close proximity, the quencher quenches that fluorescence emitted
by the fluorophore. The polymerase in addition to adding specific nucleotides for strand
extension has a second responsibility to remove any double stranded sequences in its
path and replace it with available nucleotides this is termed as “exonuclease activity”.
Therefore, when it encounters the probe, it cleaves the probe thereby separating the
fluorophore from the quencher and the fluorescence now emitted can be captured and
measured. An advantage to using this technique is the ability to measure multiple targets
in the same reaction which was pursued on paper IV and V using the digital PCR method.
For an RNA target, reverse transcriptase (RT) enzyme was included to create the first

cDNA strand and the standard PCR protocol was followed.

4.2.3.3 Digital PCR

The term Digital PCR (ddPCR) was coined in 1999 when two researchers Bert Vogelstein
and Kenneth Kinzler studying rare mutations in colorectal cancer developed a PCR system
where multiple reactions were used to study a single target from the same patient sample
[138]. The disadvantage with a qPCR system is that it requires a standard curve to
determine the initial quantity that was present in the reaction which means small
variations in the samples go unnoticed. To avoid this, Vogelstein and Kinzler hybridized
two fluorescent probes to the amplified product one that binds to the specific target and
the second that binds to all sequences as a control and measured the fluorescence. By
doing this they obtained an absolute quantification of the mutation. This came with
certain disadvantages like time required for the analysis and the need for large quantity
of starting material. The simplified commercialized procedure now enables the
separation of each reaction into 20,000 nano droplets using water-emulsion technology.
Following a standard PCR, targets amplified is assessed by an automated system where
the fluorescence is measured within each droplet. Using Poisson statistics an absolute

quantification of the target can be obtained.

4.2.4 Nycodenz fractionation
Fractionation of serum sample in paper I to show the presence of viral RNA within capsids

and in paper II to separate viral and subviral particles was carried out using Nycodenz -
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a substance used commonly for isolation of many cell types. This substance is widely used
because of its non-cytotoxic nature, ability to be autoclaved without compromise and non-
interference with downstream analysis [139-141]. This method was utilized in paper I
and II where different products synthesized by HBV infection present in serum was
separated in different Nycodenz fractions depending on their density. The separated
fractions were then subjected to analysis such as TagMan PCR, RT PCR and in-vitro

infection of Hep G2 NTCP cells.

4.2.5 Sanger sequencing

Extracted HBV RNA sequence from patient serum was in the presence of RT enzyme and
areverse primer that targets the poly-A tail at the 3’ end, used to create a complimentary
cDNA strand. The cDNA was then subjected to two PCRs that target the 5’ and 3’ regions
of the cDNA and the amplicons obtained were sequenced using Sanger method to identify
mutations that may contribute to the presence of RNA in serum where reverse

transcription has not occurred.

4.2.6 In-vitro infection

In vitro cell culture techniques are being developed rigorously to efficiently replicate an
infection outside the host in order to improve understanding of the causative agent and
develop appropriate treatment. HepG2 NTCP cell line was recently established after the
discovery of the receptor NTCP needed for HBV to gain entry into the cells [114]. Hep G2
cells stably transfected with HBV specific receptor NTCP was maintained at 37°C under
5% COz in Dulbecco’s modified Eagles medium (DMEM) containing high glucose
(Invitrogen). In accordance with the protocol defined by Ni et al., in 2014, the media used
for culture maintenance and subsequent infection was substituted with 10% FBS,
100U/mL penicillin, 0.1 mg/mL streptomycin and 2mM L-glutamine [11]. Using a
hemocytometer cells were counted and seeded to give approximately 1.25*10> cells per
well. 24 hours later when cells reached optimum confluency, HBV serum sample with or
without prior incubation with anti-HBs antibodies was added to the cells along with 2.5%
dimethyl sulfoxide (DMSO) (Sigma) and 4% polyethylene glycol 800 (PEG800) (Sigma)
and incubated to start infection experiment. The cells were then washed three times with

DMEM after 24 hours and replaced with fresh culture media (CM). Every second day the
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CM from each well was collected and stored for downstream analysis and replaced with

fresh CM spiked with 2.5% DMSO until the end of the experiment.

4.2.7 Architect Assay

This technique was used to quantify HBeAg secreted by infected HepG2 NTCP cells. In this
two-step immunoassay, the sample is first flooded with anti-HBe coated microparticles
followed by introduction to acridinium labeled conjugated anti-HBe. A washing step is
included after both stages to remove any unbound products. The chemiluminescence that
is produced by the bound, labelled target is captured and compared to signal cut off ratio
measured during calibration of the instrument to obtain a quantification of HBeAg in CM

from infected cells.
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5 RESULTS AND DISCUSSION

5.1 Paperl

NAs used for CHB treatment, block polymerase activity that leads to rapid reduction of
HBV DNA, a serological marker quantified to monitor disease progression [24] as well as
a predictor for liver cirrhosis and HCC development [142]. HBV RNA however, is not
affected by the treatment and therefore can be used as a marker of the infection in the

liver [31-33] in addition to serum HBsAg [143-145].

In order to characterize HBV RNA detected in serum, density-based fractionation was
performed using six concentrations of Nycodenz gradients (8, 16, 25, 33,42, and 50 wt%)
followed by quantification using real time PCR. HBV RNA and DNA particles were detected
in the same fractions suggesting similar densities (figure 12 A). An earlier study using
sucrose gradient to fractionate HBV DNA and RNA post entecavir treatment has shown
similar results [146]. Since mature HBV virions are present within nucleocapsids,
treatment with detergent Tween-80 disrupted these capsids causing the peak fraction
containing HBV DNA to move toward higher Nycodenz concentration (figure 12 B). A
similar pattern in RNA suggested presence of RNA within enveloped capsids (figure 12
B).
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Figure 12 : (A) Nycodenz gradient centrifugation of serum sample showing separation of HBV DNA
and RNA (B) Nycodenz fractionation of HBV positive serum after Tween-80 treatment.

HBV DNA and RNA were quantified in serum collect from 95 patients chronically infected

with HBV. The levels of HBV RNA present were similar to HBV DNA in both HBeAg positive

and negative patient groups (figure 13 A).
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Figure 13 : (A) correlation between HBV DNA and RNA present in serum (B) Genotype D showing
significantly higher ratio between HBV DNA and RNA in comparison with non-genotype D samples
(p=0.0001).

Sequencing was used to characterize the 3’ part of HBV RNA from serum. First cDNA from
was synthesized by using a primer with tag sequence targeting the polyadenylated 3’ end.
This was followed up with a forward primer at nt 1550 and a reverse primer targeting tag
sequence inserted during cDNA synthesis. Agarose gel electrophoresis of the PCR
products (figure 14 A) indicated that only a small proportion of RNA was prematurely
polyadenylated. In order to assess if the HBV RNA was of full length, real time PCR
targeting core at 5’ region and X at 3’ region was performed on the cDNA generated by the
poly-T reverse primer (figure 14 B). The results showing similar quantities suggest that

the HBV RNA present in serum was of full (genome) length.

From these results we concluded that HBV RNA in serum was pgRNA inside capsids that
probably were enveloped, likely because the reverse transcription step had failed. To
study if this might be due to mutations in the & sequence, Sanger sequencing was
performed on 3 samples after synthesizing cDNA using a reverse primer targeting the 3’
polyadenylation region. A correct € sequence is necessary for encapsidation [17, 147] and
to initiate reverse transcription [18]. No mutations that would influence the function of
the € sequence was detected. Yet, sequence variation might be of importance for the
failure of reverse transcription, because the ratio between HBV DNA and HBV RNA was

higher in genotype D in comparison to genotype A, B or C (figure 13 B).

29



B

Patient 1 2 3 4

5

H

Log HBV RNA
N w

0

Core X Core X Core X Core X

Figure 14 : (A) Agarose gel electrophoresis showing PCR products obtained from serum sample (B)
Real time PCR targeting 5 and 3’ genomic sequences (core and X) after cDNA targeting
polyadenylated tail at 3’ region.
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Figure 15 : Low correlation between pgRNA in liver to HBV RNA present in serum for HBeAg positive

and negative patients.

The levels of HBV RNA in liver tissue and serum correlated significantly, although less in
the HBeAg-negative group (Figure 15). Comparing results in figure 13 A to data in figure
15, shows that the correlation between levels of HBV DNA and HBV RNA in serum was
stronger than between pgRNA in liver and HBV RNA in serum. This shows that secretion
of virus-like particles with HBV RNA is linked to secretion of mature viral particles

(containing HBV DNA), rather than representing intrahepatic RNA levels.
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In conclusion, the results presented in this article represent high concentrations of
encapsidated, full genomic length RNA in serum and encourages further research to

explain failure of reverse transcription.
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5.2 Paperll

Excess production of SVP during HBV infection in comparison to genome containing VP
has been observed previously at the rate of 2000 SVP for every VP [141, 148]. Both VP
and SVP contain the envelope protein HBsAg, however the ratio of preS1 domain that
recognizes the cell specific receptor NTCP is higher in VP in comparison to SVP. Excess
SVP production has been proposed to act as a decoy to reduce effect of anti-HBs antibody,

but no experimental proof to support this hypothesis is available.

In order to study the effects of SVP, Nycodenz fractionation of patient serum showing
signs of high viral replication was carried out to separate SVP from VP, to be used for
subsequent infection on HepG2-NTCP cells. Serum from an individual with high anti-HBs
levels after being vaccinated for HBV was also used in this study to assess effects of SVP
on host antibodies. HBeAg produced and secreted by infected HepG2-NTCP cells were

measured to quantify infectivity.

Anti-HBs was serially diluted and preincubated with (i) unfractionated serum (containing
both VP and SVP), (ii) VP and (iii) mixture of VP + SVP in 1:1 ratio. Incubation of VP with
anti-HBs showed a marked reduction in the infection of HepG2-NTCP cells (lower HBeAg
levels for the straight as compared with the dotted lines in figure 16). In the presence of
subviral particles (VP+SVP), this neutralizing effect of anti-HBs was reduced, ie higher
concentration of anti-HBs was required to reduce infection. This effect was more
pronounced in unfractionated serum (which likely contained SVP in much higher

concentrations than VP (figure 16 A and B).

To study if SVP can also block VP entry, different concentrations of SVP were mixed with
fixed VP concentrations in the presence or absence of anti-HBs antibodies (table 1 A and
B). SVP neutralized activity of anti-HBs by 55% at a concentration of 200 IU/mL, whereas
SVP alone, in the absence of anti-HBs, showed minimum reduction in infectivity,
suggesting that competition between SVP and VP for binding and cellular entry is not of
significant importance. This result is comparable to previously published data where

artificially synthesized SVP did not block VP entry [149], but a few studies conducted on
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Duck HBV have exhibited SVPs potential to both neutralize anti-HBs and compete for viral

entry [150, 151].
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Figure 16 : Serial dilution of anti-HBs concentration starting from (A) 10,000 IU/L or (B) 30,000
IU/L. Straight and dotted lines represent presence or absence of anti-HBs antibodies. Infection

potential was quantified using HBeAg secreted by cells.

A
SVP concentration (IU/mL) 0 50 100 200
VP concentration (GE/cell) 3.2 3.2 3.2 3.2
Anti-HBs (IU/L) 250 250 250 250
Reduction in antibody mediated
0 5 25 55
inhibition (%)
B
SVP concentration (IU/mL) 0 50 100 200
VP concentration (3.2 GE/cell) 3.5 35 3.5 3.5
Anti-HBs (IU/mL) 0 0 0 0
Decrease in infection - - - Minimal

Table 1 : Experimental design and tabulated result showing higher capacity of SVP to adsorb anti-

HBs (A) than block entry of VP (B).

In conclusion, observations from this study suggest that the main role of SVP during

infection is to act as a decoy and neutralize antibodies produced by the host.

33



5.3 Paperlil

In this article a method was first developed to quantify the circular and linear forms of
intrahepatic DNA from CHB patient biopsies. Nucleotide (nt) position 1830 has been
recognized as a preferential site for HBV integrations and therefore a PCR spanning this
region would differentiate between integrated and non-integrated transcripts. A
discriminating PCR assay was set up using two sets of primers, one spanning nt 1830 (for
circular DNA) and another placed in the X region that would amplify all forms of HBV DNA

(circular and linear).

cccDNA dsIDNA
— — ——

1923R 1550F 1627R 1778F

1923R\‘

K
=¥ “1550F
1778F 1627R

rcDNA Integrated HBV DNA

< — « —
1923R 1550F 1627R 1778F

- Kissor
1778F 1627R

Figure 17 : Discriminating PCR using forward primer at nt 1550 in combination with a reverse
primer at nt 1627 to amplify all HBV DNA forms, and forward primer at nt 1776 in combination with

reverse primer at nt 1924 to amplify only circular forms of HBV DNA.

This discriminating PCR was applied on 70 liver biopsies from patients in different stages
of chronic infection. The results revealed that linear DNA constituted a large fraction of
the total intrahepatic HBV DNA in both HBeAg positive (54%) and negative group (89%).
The variation between these two groups were statistically significant (P<0.0001)

indicating higher quantity of linear DNA in e-negative patients (figure 18).

Control experiments on serum and liver samples showed that linear HBV DNA in liver

tissue (but much less in serum) was sensitive to degradation by endonuclease
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(benzonase), indicating that it was not encapsidated but rather represents HBV DNA

integrated in the chromosomal DNA.

% 100

0O

= °

as)] 80=

I %00°

o

= o

T 604

2

S 40 ©oo° o
= ° °3
£ 204

=

S

° 0

L} L
HBeAg+ HBeAg-
Linear

Figure 18 : Percentage of linear DNA in HBeAg positive and negative HBV patients
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Figure 19 : Percentage of integrated HBV DNA out of total intrahepatic DNA.

To calculate the fraction of integrated HBV DNA out of total intrahepatic DNA, two
assumption were made: (i) dsIDNA (not integrated) is approximately 20% of rcDNA and
(ii) all circular DNA is rcDNA (cccDNA is much lower than rcDNA). These assumptions are
supported by published data, including studies estimating cccDNA to be <10% of total
circular DNA in liver [36, 39, 142]. By using the formula Integrated DNA = total linear DNA
- dsIDNA (assumed to constitute 20% of total rcDNA), integration in HBeAg positive and

negative patients were calculated to constitute 46% and 87% of total intrahepatic linear
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DNA respectively (figure 19). Together, these experiments indicate presence of

integrations in large proportions occurring very early during HBV infection.

Previously published large scale study using inverse PCR technique has estimated
presence of integrations in approximately about 1% of total liver cells [152]. However
due to technical challenges, inverse PCR is said to detect only about 10% of total
integration events [153] which suggests approximately 10% of liver cells carry

integration. This is lower than our estimates, but almost at a similar level.

The high degree of integration, in particular in HBeAg-negative patients, supports that
expression of integrated HBV DNA might contribute to maintaining high levels of serum
HBsAg in patients with low rate of replication. Such high HBsAg levels have been noticed
in clinical diagnostics for a long time [60], and illustrates the striking difference in
immune mediated reduction of HBV DNA and HBsAg. In our samples this was observed
as a large (thousand-fold) difference in the HBsAg/HBV DNA ratio in HBeAg-positive as
compared with HBeAg-negative patients. As shown in Figure 20 this HBsAg to HBV DNA
ratio in serum significantly correlated with the fraction of total HBV DNA in liver tissue
that was linear HBV DNA, likely integrated in chromosomal DNA. This finding supports

that integrated DNA significantly contributes to HBsAg production in HBeAg-negative

patients.
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Figure 20 : Significant correlation (p<0.0001) between ratio of HBsAg and HBV DNA in HBeAg

positive and negative patient serum and proportion of integration indicative of linear DNA in biopsy.
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In conclusion, this study describes a novel and reliable technique to quantify integrations.
In addition, this study also contributes experimental proof using natural HBV infection in
patients, to support the hypothesis that integrations contribute to maintenance of HBsAg

even during low replication rates.
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5.4 PaperlV

Liver biopsies were widely used in the past to estimate intrahepatic injury and analyze
HBV markers by immunohistochemistry staining or molecular methods. In this study, 15-
30 liver tissue from 6 patients undergoing transplantation for HBV related liver disease
was analyzed. The aim of the study was to investigate the relation between different HBV
markers, in particular those representing integration in the host genome, that was
previously hypothesized to be variable by Lindh et al. [154]. This strategy was also
employed to estimate the risk of sampling error, that is, the risk that an analyzed piece of

liver tissue is not representative of the infection status in the whole liver

All patients were on antiviral therapy of short or long duration. Patients 1-4 had HBV-
induced liver cirrhosis, but the infection activity differed greatly. Patients 1 and 3 had
recently experienced reactivation of hepatitis with serum levels of HBV DNA at ~ 8 log
[U/mL prior to initiation of entecavir or tenofovir treatment three weeks and four
months, respectively, before transplantation. Patient 2 had an infection that had been
highly active for along time and had relatively high levels of HBV DNA in serum as a result
of antiviral resistance. Patient 4 had low-active infection and had been on tenofovir for >
two years. Patients 5 and 6 had HBV/HDV co-infection with low HBV DNA and relatively
high HDV-RNA levels in serum.

As shown in Figure 21, the degree of infection focality differed markedly between
patients; between viruses; and between different HBV viral markers. For HBV infection,
the most abundant marker was S RNA, followed by core RNA, total HBV DNA and cccDNA.
Patient 1 expressed the highest levels of all HBV markers, and had relatively small
variation in the distribution of infection (all markers detected in all pieces, with CV
ranging between 4.4% and 8.6%). Patients 2 and 3 (P3) had lower levels and higher CV
values for both HBV DNA and RNA, but these markers were still detected in all pieces.
Patient 4 (P4) (on tenofovir for >2 years before transplantation) had low HBV DNA in

most pieces and much higher CV values (Table 2).
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Patient 1 Patient 2 Patient 3 Patient 4
Indication for transplantation Acute liver failure, Cirrhosis HCC and cirrhosis Cirrhosis
cirrhosis
Age at transplantation 43.6 50.5 54.8 34
Geographic origin East Africa Balkan Middle East East Africa
Antiviral treatment Entecavir, Lamivudine, Tenofovir Tenofovir
3 weeks resistance 4 months >2 years
HBsAg serum (log [U/mL) 4.16 3.79 3.61 1.00
HBV DNA serum (log IU/mL) 6.64b 5.55 2.09¢ Neg
Liver tissue data
Pieces analyzed 20 30 25 20
Cells per piece, median (IQR) 2735 1962 2900 5940

HBV DNA, log copies/1000 cells

Total (S target)
Coefficient of variation
Pieces PCR positive

cccDNA, log copies/1000 cells

Coefficient of variation
Pieces PCR positive

HBYV RNA, log copies/1000 cells

3.69 (3.07-4.24)
8.6%
20 (100%)

3.27 (2.78-3.66)

7.3 %
20 (100%)

2.41 (1.66-2.83)
11%
30 (100%)

1.04 (0.31-1.91)

33%
30 (100%)

1.32 (0.59-1.72)
22%
25 (100%)

0.84 (-0.02-1.45)

48%
24 (96%)

0.14 (-0.32-1.72)
135%
16 (80%)

<-1

S target 5.40 (4.96-5.89) 4.24 (2.75-4.83) 2.65 (0.69-3.82) 0.15 (<-1-2.54)
Coefficient of variation 4.4% 12% 30% 187%

Pieces PCR positive 20 (100%) 30 (100%) 25 (100%) 12 (60%)

Core target 5.29 (5.11-5.45) 2.78 (2.55-2.97) 2.24 (1.12-2.81) <-1
Coefficient of variation 4.7% 10% 40% 110%

Pieces PCR positive 20 (100%) 30 (100%) 25 (100%) 9 (45%)

a M204V mutation in the reverse transcriptase region of HBV. b The HBV DNA level was 8.19 log [U/mL when entecavir treatment was initiated 3 weeks before

transplantation. ¢ The HBV DNA level was 7.90 log IU/mL when tenofovir treatment was initiated 4 months before transplantation.

Median and (range) values. CV, Coefficient of variation=standard deviation/mean.

Table 2 : Characteristics of four liver transplanted patients with HBV infection and results from ddPCR analyses of liver explant tissue piec
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Patient 5 Patient 6

Indication for transplantation Cirrhosis HCC and cirrhosis
Age at transplantation 53.3 47.2
Sex Male Male

Geographic origin Middle East Middle East
Antiviral treatment Tenofovir 2 years Entecavir 2 months

HBsAg serum (log [U/mL) 3.27 2.86
HBV DNA serum (log IU/mL) Neg Neg
HDV RNA serum (log copies/mL) 4.99 3.94

Liver tissue data

Pieces analyzed 20 15
Cells per piece, median (IQR) 2130 4721
HBV DNA, log copies/1000 cells
Total (S target) 1.03 (0.43-2.29) <1 (-0.08-1.87)
Coefficient of variation 45% 86%
Pieces PCR positive 19 (95%) 7 (47%)
cccDNA, log copies/1000 cells <-1 <-1

Coefficient of variation

Pieces PCR positive 0 0
HBYV RNA, log copies/1000 cells
S target 2.85(1.31-4.10) 1.91 (1.12-3.74)
Coefficient of variation 29% 42%
Pieces PCR positive 20 (100%) 14 (93%)
Core target 0.75 (0.13-1.38) <-1
Coefficient of variation 68% 18%
Pieces PCR positive 4 (20%) 2 (13%)
HDV RNA, log copies/1000 cells  6.70 (5.26-7.28)  4.28 (3.82-4.99)
Coefficient of variation 11% 8%
Pieces PCR positive 19 (95%) 15 (100%)

Median and (range) values. Coefficient of variation, CV=standard deviation/mean, calculated for levels in
samples with detected target.

Table 3: Characteristics of two liver transplanted patients with HBV/HDV infection and and results

from ddPCR analyses of liver explant tissue pieces

Patients 5 and 6 (P5 and P6) had co-infection with HDV low HBV DNA and relatively high
HDV RNA in serum. In liver tissue, cccDNA was undetected in all pieces, HBV DNA and
core RNA was low or undetected. Yet, S RNA ranged from moderate to high levels in all

pieces. HDV RNA was detected at high levels in all pieces (figure 21 and table 3).

41



The findings in the HDV cases agrees relatively well with those in a previous study
comparing intrahepatic markers in 21 HBV/HDV co-infected and 22 HBV monoinfected
patients [155]. In that study, liver tissue from HDV-infected patients had lower levels of
cccDNA, lower pgRNA/cccDNA and higher S RNA/cccDNA than patients with HBV

monoinfection.

The results show significant focal differences in the distribution and activity of both HBV
and HDV and demonstrates the risk involved when analyzing a single tissue piece to
quantitatively represent intrahepatic levels especially in patients with low viral load. The
risk of obtaining false negative results was relatively low except for HBV markers in tissue

with low HBV load (such as often seen when there is HDV co-infection)

In the following figures, markers are presented pairwise in order to show correlations
and to display differences in more detail by showing values for individual pieces. Figure
22 shows that HBV core RNA and S RNA values correlated strongly in pieces from Patients
1 and 3. This probably reflects that in these patients, core and S RNA were mainly
transcribed from cccDNA, and at similar rates in different pieces. By contrast, the levels
did not correlate in pieces from Patients 2, 4, 5 and 6. In Patient 2, core and S RNA were
both present in relatively high amounts, but without correlation. In Patient 4 the lack of
correlation might to some extent be due to the poorer analytical precision for low target
levels. In Patients 5 and 6 (with HDV co-infection) core RNA was undetectable or much

lower than S RNA.

Figure 23 shows reflection of cccDNA on HBV RNA levels (in the three patients where
cccDNA was detected, P1-3). Overall, core RNA correlated strongly with cccDNA, whereas

for S RNA a correlation was only observed in P1 and P3 but not in P2.

In figure 24 the same data is presented as RNA copies per cccDNA. In Patient 1 who had a
highly active infection the core and S RNA levels per cccDNA were similar and at levels
around 100 RNA copies per cccDNA with little variation between the pieces. In Patient 2
the core RNA levels were slightly lower with relatively little variation, whereas S RNA
levels were much higher and with large variation, from 60 to 8000 S RNA copies per

cccDNA.
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Figure 22. HBV core RNA and S RNA in 15-30 pieces of from four patients (P1-P4) with HBV (A), and
two patients (P5-P6) with HDV/HBV coinfection (B). The values are in log1o copies/1000 cells.
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Figure 23 : Correlations between (A) cccDNA and core RNA and (B) cccDNA and S RNA in pieces of

explanted liver from P1-3. The values are in logio copies/1000 cells.

Since cccDNA is the only template for core RNA whereas S RNA can be transcribed from
cccDNA or from integrated sequences [63, 156], the results suggest that a large
proportion of the S RNA in Patient 2 (and to some extent in Patient 3) may be due to
transcription from integrated HBV DNA. This observation fits both with our findings in
Paper 3 and with data from a recent publication on experimental HBV infection in

chimpanzees [61].
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Figure 24 : Levels represented in P1 -3 as copies/cccDNA.

In the two patients with HDV co-infection, there was no correlation observed between
HDV RNA and HBV S RNA. Presence of high levels of HDV RNA was observed even when S
RNA levels were low, as shown in figure 25A. Accordingly, as shown in figure 25B, the
HDV RNA:S RNA ratio was highly different, spanning from 10:1 to >100,000:1. This
finding suggests that production of HDV RNA is independent of HBsAg and that HDV RNA
might be produced also in cells that do not produce HBsAg. Thus, it seems as if HDV
infection may be present in hepatocytes in different forms: (i) a true co-infection together
with replicating HBV which provides HBsAg from cccDNA,; (ii) in cells without replicating
HBV but with integrated HBV DNA that provides HBsAg so that HDV virus particles can
be formed and secreted; (iii) HDV RNA in cells without HBsAg production, replicating and
translated to delta antigen but not secreted since HBsAg is not provided. This model is
supported by data from previous publications. In one study, HBsAg from integrations was
shown to support HDV replication in vitro [157], and a recent study reported persistence
of HDV during hepatocyte replication and its presence in daughter cells that did not
contain HBV [133].
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Figure 25 : (A) Lack of correlation between HDV RNA and HBV S RNA in P5 and P6 (B) Varied ratio
between HDV RNA and HBV S RNA inP5 and Pé6.

The model proposes that only a minority of cells capable of producing HBsAg (from
cccDNA or transcripts integration) are required for production of high quantities of
intrahepatic HDV RNA (as seen by the lack of correlation between HBV S RNA and HDV
RNA). This may have clinical implications. It would mean that production of HDV virus
particles may occur in a small proportion of hepatocytes that produces HBsAg (from
cccDNA or integrations), but that HDV RNA from these particles might enter a much larger
number of hepatocytes and drastically increase the production of HDV antigens and
expression of their epitopes on the cell surface to provoke harmful immune responses.
This model would not contradict the association between HDV RNA in serum and liver
damage, but rather propose a mechanism by which the pathogenic effects of secreted HDV
could be amplified. If true, this model may help to understand mechanism involved in the
development of severe necroinflammation that is often seen during HDV infection.

Further research is required to clarify these hypotheses.

In conclusion, the analysis of multiple pieces of liver tissue shows wide range of focality
within the same infected liver especially in individuals with low viremia; shows
integrations to be a source of HBV S RNA especially in HDV coinfected patients with low
HBYV viremia; and also proposes novel mechanisms to pave way for future research to

understand aggravated liver injury during HBV / HDV co-infection.
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5.5 PaperV

In this article, biopsy material representing both HBeAg positive and HBeAg negative
infection in 76 patients were used to describe RNA profile of the different transcripts seen
during HBV infection. Levels of the transcripts were quantified to also distinguish its

source (cccDNA or integrated HV DNA).

The PCR targets are shown in figure 26. These PCRs involve amplification of overlapping
targets, and droplet digital PCR technique gives a methodological advantage over real
time PCR since absolute quantification can be obtained without amplification efficiency

bias.

5’ core core S X
ddPCR targets _— — — —_—

5’ precore 3’ precore
Genomic position 1800 3215 1927

Transcripts
Precore

A

Pregenomic A
PreS A
A

A

S
X

From integration (S) ————A,

Open reading frames Pol

Precore/core PreS/S X

Figure 26 : PCR strategy to quantify different RNA species.

Figure 27 shows levels of all RNA species measured in the 76 biopsies, demonstrating that
the RNA profile differed significantly between HBeAg positive and negative patients. In
particular, HBeAg-negative patients had lower levels of pgRNA, core RNA and 3’ precore
regions, a finding that agrees well with recent transcriptome data from liver biopsies

taken from experimentally infected chimpanzees [61].
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Figure 26 : Intrahepatic HBV RNA profiles in patients positive or negative for HBeAg. The box plots
show median levels and interquartile ranges by digital PCR assays targeting different segments of
the genome. The levels of HBsAg and HBV DNA in serum are shown for comparison. The whiskers

show 10t and 90t percentile. PC, precore; pg, pregenomic.. *** p<0.0001; ** p<0.001.

Figure 27 shows levels of core and S RNA from 76 patients. The HBeAg-positive patients
had similar levels of core and S RNA. By contrast, HBeAg negative patients had 10-100
times lower core than S RNA, illustrated in the figure by the distance from the dotted line.
The difference could be due to specific transcriptional down- regulation of core RNA
synthesis. Evidence of epigenetic regulation in HBV has been presented [158], but so far

no data suggests specific control of core RNA.

Quantification of core RNA was performed using two additional primers, targeting its 5’
part (“pgRNA”) or a target region downstream of the core gene. Figure 28 A shows lower
levels of pgRNA (5’ core RNA) than core RNA, in particular in HBeAg negative patients.
Figure 29 presents the levels from 28A as box plots, and with the core RNA values
obtained after subtraction of pgRNA (performed because the values by the core PCR
detects also the pgRNA molecules). This plot clearly demonstrates lower pgRNA levels in

HBeAg-negative patients.
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Figure 27 : Correlation between core and S RNA in HBeAg positive and negative patients.

Since the transcripts lack the 5’ part containing the € region essential for encapsidation
and initiation of reverse transcription, these cannot serve as pregenomic RNA and may
contribute to explain lower level of HBV replication observed in HBeAg negative in

comparison with HBeAg positive patients [24].

Primers targeting the 3’ precore region (the 3’ redundancy) should amplifies the 3’
terminal part of core RNA. The finding that the levels by 3’ precore PCR were lower as
compared to core (figure 28 B) suggest that part of the core RNA is shorter because an
upstream polyadenylation signal at nt 1930 was used [159, 160]. Degradation of the 3"

part might be an alternative explanation to this observed reduction.

All RNA that are transcribed from cccDNA should contain the terminal 3’ redundancy
representing nt 1830-1927. Therefore, if cccDNA was the source of S RNA, amplification
by the S RNA and 3’ PC assays should give similar results. As shown in Figure 30 there
was a striking discrepancy, with much lower 3° RNA than and S RNA levels in HBeAg
negative than in HBeAg positive patients. The lower 3’ levels might be due to RNA
degradation, but the finding that 3’ RNA levels were almost as high as S RNA in HBeAg-
positive patients argue against this possibility. The discrepancy between S and 3" RNA

was greatest in HBeAg-negative patients with lower levels of replication. In these cases,
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3’ RNA was 3 logio units lower than S, indicating that>99% of the S RNA was derived from

integrated HBV DNA.
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Figure 28 : RNA levels detected by (A) core and 5’ core (pgRNA) assays and (B)core and 3’ PC RNA.
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Figure 29 : Box plot showing the same markers as in figure 274, but with core RNA values obtained

after subtraction of pgRNA values.
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Figure 30 : Correlation between 3" and S RNA transcripts in HBeAg positive and negative patients.

To explore the putative importance of cccDNA and integrated HBV DNA as sources of HBV
DNA and HBsAg in blood we compared the ratios of these markers in liver tissue and
serum. Figure 31 A shows ratio between cccDNA and total intrahepatic DNA correlating
with ratio between pgRNA (that comes from cccDNA) and X RNA (which can come from
both cccDNA and integrated DNA). The significant correlation fits with the explanation of
cccDNA being the source for pgRNA synthesis. Figure 30 B shows that in the next step, the
ratio between serum HBV DNA and HBsAg correlate with intrahepatic proportions of
between pgRNA and X RNA. These results agree well with the idea that a large proportion
of HBsAg synthesized in HBeAg negative patients are a product of integrations, in
accordance with a recent publication where transcriptome analysis in chimpanzee model

system was used to study integrations [61].
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Figure 30. Correlations between (A) the core RNA/total HBV RNA ratio and the ratio between
cccDNA and total intrahepatic HBV DNA, and (B) the core RNA/total HBV RNA ratio and the serum
HBV DNA/serum HBsAg ratio.

Analyses of multiple biopsies and exploration of RNA transcript ratio by means of digital
PCR has provided valuable support to the theory that most of the HBsAg in HBeAg
negative patients have integrated transcripts as their source. The results also show
presence of intrahepatic HBV core RNA that lacks the 5’ or both 5’ and 3’ end, eliminating
the possibility to function as pgRNA. This is hypothesized to be contribute to the reduction

of HBV replication in patients with HBeAg negative infection.
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6 CONCLUSIONS

Hepatitis B virus (HBV) infection has the potential to cause severe liver damage including
cirrhosis and hepatocellular carcinoma (HCC) which is predicted using diagnostic
markers such as HBV DNA, HBsAg and HBeAg in serum and HBV DNA and RNA in liver
tissue. Nucleoside / nucleotide analogue treatments currently available effectively blocks
viral replication but fails to clear reminiscent cccDNA in liver which can reactivate

replication when treatment is terminated.

Due to rapid reduction in viral replication, HBV DNA in serum cannot be used to evaluate
the long-term effect of treatment on intrahepatic cccDNA. HBV RNA in serum has been
proposed as a potential marker for this purpose since it is not directly influenced by
treatment. In paper 1, this marker was characterized. Analysis of serum from 95 patients
indicate that HBV RNA in serum is encapsidated and of full genomic length RNA and
possibly less abundant in genotype D.

Subviral particles (SVP) in the ratio of >10,000:1 to viral particles (VP) during active
replication has been proposed to act as a decoy to host antibodies (anti-HBs) against
HBsAg. The first experimental support for this hypothesis was described in paper 2, in
results obtained using a recently developed cell line HepG2-NTCP. It was shown that SVP
significantly reduced the neutralizing effect of anti-HBs in in vitro infection, but had a

rather small competing impact on binding to the viral specific receptor.

During HBV replication, a double stranded linear form of the genome (dsIDNA) rather
than the functional circular form, is produced in minority, and may become integrated
into the host genome. A novel strategy to estimate integration by means of measuring
circular and linear forms of HBV DNA in liver using digital PCR was developed and applied
on liver biopsies. A panel of digital PCR assays were also developed to obtain a
quantitative profile of HBV RNA in these biopsies. The results from these analyses suggest
that a majority of HBV DNA found in liver during late infection stage is in integrated forms
that contributes to maintaining high levels of HBsAg in the serum even during low HBV
replication. In addition, results suggesting a novel mechanism associating low pgRNA

transcription to reduced replication during HBeAg negative state were obtained.
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In a separate study, focal differences in the distribution of HBV infection in the liver were
studied using liver explant material from patients undergoing transplantation due to HBV
or HDV induced liver disease. By analyzing multiple tissue pieces extensive differences in
HBV viral load and transcription (a hundred-fold or more between some pieces),
especially in patients with low viremia or with HDV coinfection were found. High levels
of S RNA in the absence of cccDNA or core RNA support the expression of HBsAg from
integrated HBV DNA. The levels of HDV RNA were generally high with lower degree of
focal differences, and without correlation to S RNA levels. We propose that partial HDV
replication and expression of delta antigens may occur also in hepatocytes that are not
co-infected by HBV or even express HBsAg from integrations, and that this might
contribute to the severe necroinflammation that is observed in many HDV infected

patients.
The compiled works presented in this thesis address important questions and proposes

novel mechanisms that hopefully will aid further research and contribute to the

understanding of infections caused by HBV and HDV.

53



7 ACKNOWLEDGEMENTS

[ would like to take this opportunity to thank everyone who has been a part of my life and

made this PhD possible.

First to my supervisor Magnus Lindh for giving me this wonderful opportunity to pursue
research, for all the valuable guidance and all the mid night emails without which these
projects would have been impossible. Thank you for taking the time to teach and inspire

me in spite of your impossibly busy schedule!

To my co-supervisor Heléne Norder, thank you for the support, wonderful insights and
suggestions on all my projects. Your passion for research is something I admire. You are

a wonderful inspiration to all researchers.

To my co-supervisor Simon Larsson, for not just helping me with my projects but also for
being there whenever I needed help! Thank you for being a wonderful mentor and a

friend.

To Maria Andersson, thank you for introducing me to ways of Virologen, for teaching me
all the lab work, for your patience and help with all my projects. But more than anything,

thank you for being a good friend.

To Gustaf Rydell, for being a great mentor and teaching me to be meticulous with my
research. Thank you for all the discussions, for answering my questions no matter how

silly they were and for great collaboration on all my projects.

To Ebba Samuelsson, my partner in crime at Virologen and to my fellow “Indian” (well,
you are more Indian than I could ever be!) thank you for everything! The memories we
shared is something I will cherish for the rest of my life. Thank you for all the chats over
coffee and for the “Monday ice cream” tradition. These 4 years of my PhD would not have

been possible if you weren’t there encouraging me on.

To Giorgia Ortolani, it is said that great friends are hard to come by. Boy! Am I fortunate
to have found you! Thank you so much for being a part of my life, for encouraging and

cheering me on always!

54



To Sofia Brunet, thank you for being a wonderful friend, for hearing out all my frustrations

and never-ending support.

To Rickard Nordén, a person who I have great regard for. Thank you for making time to
teach me, for all the great advices and for your never wavering smiles that says “you’re

gonna be fine!!!!”

To Johan Ringlander, thank you for all the help on my projects and for lively discussions.

[ will cherish your friendship forever!

To Michael Kaan, the coolest boss I have ever known! It has been an absolute pleasure
knowing you. The enthusiasm and vigor you have for research is infectious! Thank you

for the advices, suggestions and for all the fun!

To Thomas Bergstréom, thank you very much for all the suggestions and kind words, for

encouraging budding researches like me and motivating us to do better each day!

To Hao Wang, the person who I bugged the most these four years! You started your PhD
one month before I did, which means I went to you to find out everything one month in
advance! For those of you who don’t know, that’s a lottttttt of questions he answered!

Thank you Hao, for being such a great friend and dealing with my craziness!

To my co-authors Gunner Norkrans, Kristoffer Hellstrand, Catarina Skoglund and all the
staff at transplantation team, although I haven’t met most of you, your contributions to

this project were tremendous! Thank you!

My heartfelt thank you to Maria Johansson, Carolina Gustafsson, Anette Roth, Marie
Karlsson, Freddy Saguti, Johanna Said, Kristina Elfving, Edward Trybala, Theogene
Twagirumugabe, Eric Seruyange, Charls Hannoun, Peter Norberg, Nancy Nenonen, Anna
Lundin, Charlotta Ericsson, Linn Persson, Kristina Nystrom, Ka-Wei Tang, Hedvig
Engstrom, Jackson Thomas, Joel Gustafsson, Sebastian Malmstréom, Shadi Geravandi, Priti
Gupta, Gianluca Tripodi, Yarong Tian, Mila Admek and so many others! This would have

been insurmountable if not for the contribution of each one of you! Saying thank you once

55



is not enough. You have all welcomed me into your lives and made me feel at home here.

For that [ will be eternally grateful!

[ would like to give my special thanks to everyone at the Kvant, Detektion and Hepatit lab
especially to Silviu Nitescu and Cvetla Spirovska taking the time to help me with my

projects and for MAKING ME SPEAK SWEDISH! Tusen Tack for all hjalp och uppmuntran!

To my dearest Maaruthy Kumar Yelleswarapu Venkata Sathya (Yes, I did write your full
name!), [ owe all my success to you my beloved friend! [ will forever cherish our good old
undergrad days! Phew what fun it was! I don’t think I would have ever made it past
“Chemical Engineering” if not for you, I'd probably still be trying. Thank you for being a

part of my life and for everything else!

To Keerthana, Arjun, Sunith, Neethi and Siddharth you are all much more than friends to
me, my family far away from home. For all the crazy days and wonderful memories, thank

you for being there for me through everything!

To my dear family, Sushila Amma, Prakash Appa, Gayu, sweet little Yug, dearest Aro, my
grandmother Sulo, my second parents Bala Amma and Suresh Appa and the rest of my
hugeeeeee family back in India, thank you is not enough to express my gratitude to you.

The strength that all of you give me is unmatched and is what made this possible.

One of my favorite quotes from Harry Potter reads “One who we love never truly leaves
us”.Thave no words to express the love and adoration I have for my dearest grandparents
Nanapa and Chemmi. They are the true inspiration behind everything I have achieved and
will achieve in the future. If [ grow up to be half the person you were, | would consider

myself lucky! Thank you for teaching me the value of education.

Last but not the least, my dear loving husband Ashwin who has been waiting four years
to read this part! How can I ever begin to thank you for all that you have done?
Nevertheless, [ am going to try. Thank you for being with me through all the good times
and the bad, for all the encouragement and love for giving me a shoulder to lean on, for

sharing my happiness and sadness alike! Thank you for being you.

56



8

10.

11.

12.

13.

14.

15.

16.

17.

18.

REFERENCES

Blumberg, B.S., H.J. Alter, and S. Visnich, A "New" Antigen in Leukemia Sera. JAMA,
1965.191: p. 541-546.

Dane, D.S., C.H. Cameron, and M. Briggs, Virus-Like Particles In Serum Of Patients
With Australia-Antigen-Associated Hepatitis. The Lancet, 1970.295(7649): p. 695-
698.

WHO, Global Hepatitis Report 2017. Geneva: World Health Organization, 2017.
Hutin, Y., S. Desai, and M. Bulterys, Preventing hepatitis B virus infection: milestones
and targets. Bull World Health Organ, 2018. 96(7): p. 443-443A.

Chisari, F.V,, M. Isogawa, and S.F. Wieland, Pathogenesis of hepatitis B virus
infection. Pathologie-biologie, 2010. 58(4): p. 258-266.

Nafa, S., et al.,, Early detection of viral resistance by determination of hepatitis B virus
polymerase mutations in patients treated by lamivudine for chronic hepatitis B.
Hepatology, 2000. 32(5): p. 1078-88.

Yuen, M.F,, et al.,, Factors associated with hepatitis B virus DNA breakthrough in
patients receiving prolonged lamivudine therapy. Hepatology, 2001. 34(4 Pt 1): p.
785-91.

Lai, C.L., et al, Prevalence and clinical correlates of YMDD variants during
lamivudine therapy for patients with chronic hepatitis B. Clin Infect Dis, 2003.
36(6): p. 687-96.

Mason, A, et al., Hepatitis B virus replication in diverse cell types during chronic
hepatitis B virus infection. Hepatology, 1993. 18(4): p. 781-9.

Schulze, A., P. Gripon, and S. Urban, Hepatitis B virus infection initiates with a large
surface protein-dependent binding to heparan sulfate proteoglycans. Hepatology,
2007.46(6): p. 1759-68.

Ni, Y., et al,, Hepatitis B and D Viruses Exploit Sodium Taurocholate Co-transporting
Polypeptide for Species-Specific Entry into Hepatocytes. Gastroenterology, 2014.
146(4): p. 1070-1083.e6.

Huang, H.C,, et al., Entry of hepatitis B virus into immortalized human primary
hepatocytes by clathrin-dependent endocytosis. | Virol, 2012. 86(17): p. 9443-53.
Macovei, A, et al., Hepatitis B virus requires intact caveolin-1 function for productive
infection in HepaRG cells. ] Virol, 2010. 84(1): p. 243-53.

Rabe, B., D. Glebe, and M. Kann, Lipid-Mediated Introduction of Hepatitis B Virus
Capsids into Nonsusceptible Cells Allows Highly Efficient Replication and Facilitates
the Study of Early Infection Events. Journal of Virology, 2006. 80(11): p. 5465.
Nassal, M., Hepatitis B viruses: Reverse transcription a different way. Virus Research,
2008.134(1-2): p. 235-249.

Knaus, T. and M. Nassal, The encapsidation signal on the hepatitis B virus RNA
pregenome forms a stem-loop structure that is critical for its function. Nucleic acids
research, 1993.21(17): p. 3967-3975.

Pollack, J.R. and D. Ganem, An RNA stem-loop structure directs hepatitis B virus
genomic RNA encapsidation. | Virol, 1993. 67(6): p. 3254-63.

Nassal, M. and A. Rieger, A bulged region of the hepatitis B virus RNA encapsidation
signal contains the replication origin for discontinuous first-strand DNA synthesis.
Journal of virology, 1996. 70(5): p. 2764-2773.

57



19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Nassal, M., M. Junker-Niepmann, and H. Schaller, Translational inactivation of RNA
function: discrimination against a subset of genomic transcripts during HBV
nucleocapsid assembly. Cell, 1990. 63(6): p. 1357-63.

Ko, C,, et al,, Hepatitis B virus genome recycling and de novo secondary infection
events maintain stable cccDNA levels. ] Hepatol, 2018. 69(6): p. 1231-1241.

Zhao, X.L., et al., Serum viral duplex-linear DNA proportion increases with the
progression of liver disease in patients infected with HBV. Gut, 2016. 65(3): p. 502-
11.

Beck, ]J. and M. Nassal, Hepatitis B virus replication. World journal of
gastroenterology, 2007.13(1): p. 48-64.

Yang, W. and ]. Summers, Integration of Hepadnavirus DNA in Infected Liver:
Evidence for a Linear Precursor. Journal of Virology, 1999. 73(12): p. 9710.

EASL 2017 Clinical Practice Guidelines on the management of hepatitis B virus
infection. | Hepatol, 2017.67(2): p. 370-398.

Milich, D. and T.J. Liang, Exploring the biological basis of hepatitis B e antigen in
hepatitis B virus infection. Hepatology, 2003. 38(5): p. 1075-86.

Magnius, L.O. and A. Espmark, A new antigen complex co-occurring with Australia
antigen. Acta Pathol Microbiol Scand B Microbiol Immunol, 1972. 80.

Lindh, M., et al., Core Promoter Mutations and Genotypes in Relation to Viral
Replication and Liver Damage in East Asian Hepatitis B Virus Carriers. The Journal
of Infectious Diseases, 1999. 179(4): p. 775-782.

Rodriguez-Frias, F., et al,, Hepatitis B virus infection: precore mutants and its
relation to viral genotypes and core mutations. Hepatology, 1995.22(6): p. 1641-7.
Suzuki, S., et al., Distribution of hepatitis B virus (HBV) genotypes among HBV
carriers in the Cote d'lvoire: complete genome sequence and phylogenetic
relatedness of HBV genotype E. ] Med Virol, 2003. 69(4): p. 459-65.

Breitkreutz, R, et al., Hepatitis B Virus Nucleic Acids Circulating in the Blood. Annals
of the New York Academy of Sciences, 2001. 945(1): p. 195-206.

Rokuhara, A, et al,, Hepatitis B virus RNA is measurable in serum and can be a new
marker for monitoring lamivudine therapy. Journal of Gastroenterology, 2006.
41(8): p. 785-790.

van Bommel, F,, et al,, Serum hepatitis B virus RNA levels as an early predictor of
hepatitis B envelope antigen seroconversion during treatment with polymerase
inhibitors. Hepatology, 2015. 61(1): p. 66-76.

Jansen, L., et al., Hepatitis B Virus Pregenomic RNA Is Present in Virions in Plasma
and Is Associated With a Response to Pegylated Interferon Alfa-2a and Nucleos(t)ide
Analogues. Journal of Infectious Diseases, 2016.213(2): p. 224-232.

Su, Q., et al., Circulating Hepatitis B Virus Nucleic Acids in Chronic Infection.
Representation of Differently Polyadenylated Viral Transcripts during Progression
to Nonreplicative Stages, 2001. 7(7): p. 2005-2015.

Volz, T., etal., Impaired intrahepatic hepatitis B virus productivity contributes to low
viremia in most HBeAg-negative patients. Gastroenterology, 2007. 133(3): p. 843-
52.

Laras, A., et al, Intrahepatic levels and replicative activity of covalently closed
circular hepatitis B virus DNA in chronically infected patients. Hepatology, 2006.
44(3): p. 694-702.

Zhang, Y.Y., et al,, Single-cell analysis of covalently closed circular DNA copy numbers
in a hepadnavirus-infected liver. Proc Natl Acad Sci U S A, 2003.100(21): p. 12372-
7.

58



38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49,

50.

51.

52.

53.

54.

55.

Werle-Lapostolle, B., et al., Persistence of cccDNA during the natural history of
chronic hepatitis B and decline during adefovir dipivoxil therapy. Gastroenterology,
2004.126(7): p. 1750-8.

Wursthorn, K., et al., Peginterferon alpha-2b plus adefovir induce strong cccDNA
decline and HBsAg reduction in patients with chronic hepatitis B. Hepatology, 2006.
44(3): p. 675-84.

Wong, D.K,, et al,, Quantitation of covalently closed circular hepatitis B virus DNA in
chronic hepatitis B patients. Hepatology, 2004. 40(3): p. 727-37.

Tuttleman, ].S., C. Pourcel, and J. Summers, Formation of the pool of covalently
closed circular viral DNA in hepadnavirus-infected cells. Cell, 1986. 47(3): p. 451-
460.

Cai, D., et al., A southern blot assay for detection of hepatitis B virus covalently closed
circular DNA from cell cultures. Methods in molecular biology (Clifton, N.J.), 2013.
1030: p. 151-161.

He, M.-L,, et al.,, A new and sensitive method for the quantification of HBV cccDNA by
real-time PCR. Biochemical and Biophysical Research Communications, 2002.
295(5):p. 1102-1107.

Marrone, A, et al., Three-phase sequential combined treatment with lamivudine and
interferon in young patients with chronic hepatitis B. ] Viral Hepat, 2005. 12(2): p.
186-91.

D'Antiga, L., et al, Combined Ilamivudine/interferon-alpha treatment in
"immunotolerant” children perinatally infected with hepatitis B: a pilot study. ]
Pediatr, 2006. 148(2): p. 228-233.

Poddar, U,, et al,, Cure for immune-tolerant hepatitis B in children: is it an achievable
target with sequential combo therapy with lamivudine and interferon?] Viral Hepat,
2013.20(5): p. 311-6.

Zhu, S, et al,, Antiviral therapy in hepatitis B virus-infected children with immune-
tolerant characteristics: A pilot open-label randomized study. ] Hepatol, 2018.
68(6): p.1123-1128.

Lal, B.B,, et al., Immunotolerant children with chronic hepatitis B — To treat or not -
The dilemma continues. Journal of Hepatology, 2018. 69(4): p. 979-981.
Hadziyannis, S.J. and G.V. Papatheodoridis, Hepatitis B e antigen-negative chronic
hepatitis B: natural history and treatment. Semin Liver Dis, 2006.26(2): p. 130-41.
Hsu, Y.S, et al, Long-term outcome after spontaneous HBeAg seroconversion in
patients with chronic hepatitis B. Hepatology, 2002. 35(6): p. 1522-7.

Chen, Y.C,, C.M. Chu, and Y.F. Liaw, Age-specific prognosis following spontaneous
hepatitis B e antigen seroconversion in chronic hepatitis B. Hepatology, 2010. 51(2):
p. 435-44.

Zacharakis, G.H,, et al., Natural history of chronic HBV infection: a cohort study with
up to 12 years follow-up in North Greece (part of the Interreg I-11/EC-project). ] Med
Virol, 2005.77(2): p. 173-9.

Bortolotti, F., et al., Chronic hepatitis B in children after e antigen seroclearance:
final report of a 29-year longitudinal study. Hepatology, 2006. 43(3): p. 556-62.
Tong, S.P., et al., Active hepatitis B virus replication in the presence of anti-HBe is
associated with viral variants containing an inactive pre-C region. Virology, 1990.
176(2): p. 596-603.

Raimondo, G., et al., Latency and reactivation of a precore mutant hepatitis B virus
in a chronically infected patient. ] Hepatol, 1990. 11(3): p. 374-80.

59



56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Huo, T.1, et al., Sero-clearance of hepatitis B surface antigen in chronic carriers does
not necessarily imply a good prognosis. Hepatology, 1998. 28(1): p. 231-6.

Chen, Y.C, et al., Prognosis following spontaneous HBsAg seroclearance in chronic
hepatitis B patients with or without concurrent infection. Gastroenterology, 2002.
123(4): p. 1084-9.

Simonetti, ], et al., Clearance of hepatitis B surface antigen and risk of hepatocellular
carcinoma in a cohort chronically infected with hepatitis B virus. Hepatology, 2010.
51(5): p. 1531-7.

Leoni, M.C, et al,, HIV, HCV and HBV: A Review of Parallels and Differences.
Infectious diseases and therapy, 2018. 7(4): p. 407-419.

Omata, M,, et al., Correlation of hepatitis B virus DNA and antigens in the liver. A
study in chronic liver disease. Gastroenterology, 1987.92(1): p. 192-6.

Wooddell, C.I, et al., RNAi-based treatment of chronically infected patients and
chimpanzees reveals that integrated hepatitis B virus DNA is a source of HBsAg. Sci
Transl Med, 2017.9(409).

Chakraborty, P.R, et al, Identification of integrated hepatitis B virus DNA and
expression of viral RNA in an HBsAg-producing human hepatocellular carcinoma cell
line. Nature, 1980. 286(5772): p. 531-3.

Edman, ].C, et al., Integration of hepatitis B virus sequences and their expression in
a human hepatoma cell. Nature, 1980.286(5772): p. 535-538.

Sung, WK, et al, Genome-wide survey of recurrent HBV integration in
hepatocellular carcinoma. Nat Genet, 2012. 44(7): p. 765-9.

Bill, C.A. and ]J. Summers, Genomic DNA double-strand breaks are targets for
hepadnaviral DNA integration. Proceedings of the National Academy of Sciences of
the United States of America, 2004. 101(30): p. 11135-11140.

Zhao, L.-H.,, et al, Genomic and oncogenic preference of HBV integration in
hepatocellular carcinoma. Nature communications, 2016. 7: p. 12992-12992.
Malmstrom, S., et al., Genotype impact on long-term virological outcome of chronic
hepatitis B virus infection. ] Clin Virol, 2012. 54(4): p. 321-6.

Orito, E. and M. Mizokami, Differences of HBV genotypes and hepatocellular
carcinoma in Asian countries. Hepatol Res, 2007.37(s1): p. S33-5.

Kao, ].H., Hepatitis B virus genotypes and hepatocellular carcinoma in Taiwan.
Intervirology, 2003.46(6): p. 400-7.

Shiina, S., et al,, Relationship of HBsAg subtypes with HBeAg/anti-HBe status and
chronic liver disease. Part I: Analysis of 1744 HBsAg carriers. Am ] Gastroenterol,
1991.86(7): p. 866-71.

Mayerat, C., A. Mantegani, and P.C. Frei, Does hepatitis B virus (HBV) genotype
influence the clinical outcome of HBV infection? ] Viral Hepat, 1999. 6(4): p. 299-
304.

Sanchez-Tapias, ].M,, et al., Influence of hepatitis B virus genotype on the long-term
outcome of chronic hepatitis B in western patients. Gastroenterology, 2002.123(6):
p. 1848-56.

Girones, R. and R.H. Miller, Mutation rate of the hepadnavirus genome. Virology,
1989.170(2): p. 595-7.

Locarnini, S., Hepatitis B viral resistance: mechanisms and diagnosis. Journal of
Hepatology, 2003. 39: p. 124-132.

Caligiuri, P., et al., Overview of hepatitis B virus mutations and their implications in
the management of infection. World journal of gastroenterology, 2016. 22(1): p.
145-154.

60



76.
77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Zanetti, AR, et al, Hepatitis B variant in Europe. Lancet, 1988. 2(8620): p. 1132-3.
Hossain, M.G. and K. Ueda, Investigation of a Novel Hepatitis B Virus Surface Antigen
(HBsAg) Escape Mutant Affecting Immunogenicity. PLOS ONE, 2017. 12(1): p.
e0167871.

Dandri, M. and S. Locarnini, New insight in the pathobiology of hepatitis B virus
infection. Gut, 2012. 61(Suppl 1): p. i6.

Inoue, ], T. Nakamura, and A. Masamune, Roles of Hepatitis B Virus Mutations in the
Viral Reactivation after Immunosuppression Therapies. Viruses, 2019. 11(5): p.
457.

Carman, W.F,, et al, MUTATION PREVENTING FORMATION OF HEPATITIS B e
ANTIGEN IN PATIENTS WITH CHRONIC HEPATITIS BINFECTION. The Lancet, 1989.
334(8663): p. 588-591.

Baptista, M., A. Kramvis, and M.C. Kew, High prevalence of 1762(T) 1764(A)
mutations in the basic core promoter of hepatitis B virus isolated from black Africans
with hepatocellular carcinoma compared with asymptomatic carriers. Hepatology,
1999. 29(3): p. 946-53.

Parekh, S., et al., Genome replication, virion secretion, and e antigen expression of
naturally occurring hepatitis B virus core promoter mutants. | Virol, 2003. 77(12):
p. 6601-12.

Malik, A., et al., Hepatitis B virus gene mutations in liver diseases: a report from New
Delhi. PloS one, 2012.7(6): p- e39028-e39028.

Dandri, M., P. Schirmacher, and C.E. Rogler, Woodchuck hepatitis virus X protein is
present in chronically infected woodchuck liver and woodchuck hepatocellular
carcinomas which are permissive for viral replication. Journal of virology, 1996.
70(8): p. 5246-5254.

Reifenberg, K., et al., The hepatitis B virus X protein transactivates viral core gene
expression in vivo. Journal of virology, 1999. 73(12): p. 10399-10405.

Kim, C.M,, et al., HBx gene of hepatitis B virus induces liver cancer in transgenic mice.
Nature, 1991. 351(6324): p. 317-20.

Ghosh, S,, et al., Tracking the naturally occurring mutations across the full-length
genome of hepatitis B virus of genotype D in different phases of chronic e-antigen-
negative infection. Clin Microbiol Infect, 2012. 18(10): p. E412-8.

Wang, Q., et al., Analysis of hepatitis B virus X gene (HBx) mutants in tissues of
patients suffered from hepatocellular carcinoma in China. Cancer Epidemiol, 2012.
36(4): p. 369-74.

Shinkai, N., et al., Influence of hepatitis B virus X and core promoter mutations on
hepatocellular carcinoma among patients infected with subgenotype CZ2. ] Clin
Microbiol, 2007.45(10): p. 3191-7.

Jones, S.A,, etal,, In Vitro Epsilon RNA-Dependent Protein Priming Activity of Human
Hepatitis B Virus Polymerase. Journal of Virology, 2012. 86(9): p. 5134-5150.
Wang, G.H. and C. Seeger, The reverse transcriptase of hepatitis B virus acts as a
protein primer for viral DNA synthesis. Cell, 1992. 71(4): p. 663-70.

Gong, Y., et al,, Evidence that the first strand-transfer reaction of duck hepatitis B
virus reverse transcription requires the polymerase and that strand transfer is not
needed for the switch of the polymerase to the elongation mode of DNA synthesis. ]
Gen Virol, 2000. 81(Pt 8): p. 2059-65.

Zhang, X., et al., Potential resistant mutations within HBV reverse transcriptase
sequences in nucleos(t)ide analogues-experienced patients with hepatitis B virus
infection. Scientific Reports, 2019.9(1): p. 8078.

61



94,

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Kim, ]J.-E., et al.,, Naturally occurring mutations in the reverse transcriptase region of
hepatitis B virus polymerase from treatment-naive Korean patients infected with
genotype C2. World journal of gastroenterology, 2017.23(23): p. 4222-4232.

Xu, J., et al,, Pre-existing mutations in reverse transcriptase of hepatitis B virus in
treatment-naive Chinese patients with chronic hepatitis B. PLoS One, 2015. 10(3):
p.e0117429.

Liu, B.M,, et al.,, Characterization of potential antiviral resistance mutations in
hepatitis B virus reverse transcriptase sequences in treatment-naive Chinese
patients. Antiviral Res, 2010. 85(3): p. 512-9.

Bartholomew, M.M,, et al., Hepatitis-B-virus resistance to lamivudine given for
recurrent infection after orthotopic liver transplantation. Lancet, 1997.349(9044):
p. 20-2.

Moraleda, G., et al.,, Lack of effect of antiviral therapy in nondividing hepatocyte
cultures on the closed circular DNA of woodchuck hepatitis virus. ] Virol, 1997.
71(12): p. 9392-9.

Dandri, M., et al,, Increased hepatocyte turnover and inhibition of woodchuck
hepatitis B virus replication by adefovir in vitro do not lead to reduction of the closed
circular DNA. Hepatology, 2000. 32(1): p. 139-46.

Bowden, S., et al,, Covalently closed-circular hepatitis B virus DNA reduction with
entecavir or lamivudine. World ] Gastroenterol, 2015. 21(15): p. 4644-51.
Rijckborst, V. and H.L.A. Janssen, The Role of Interferon in Hepatitis B Therapy.
Current hepatitis reports, 2010. 9(4): p. 231-238.

Tan, G., et al., When Hepatitis B Virus Meets Interferons. Frontiers in microbiology,
2018.9:p.1611-1611.

Zoulim, F., Hepatitis B virus resistance to antiviral drugs: where are we going? Liver
international : official journal of the International Association for the Study of the
Liver, 2011. 31 Suppl 1: p. 111-116.

Cho, W.H,, et al,, Development of tenofovir disoproxil fumarate resistance after
complete viral suppression in a patient with treatment-naive chronic hepatitis B: A
case report and review of the literature. World journal of gastroenterology, 2018.
24(17): p.1919-1924.

Yamada, N,, et al., Resistance mutations of hepatitis B virus in entecavir-refractory
patients. Hepatology communications, 2017. 1(2): p. 110-121.

Guo, W.-N,, et al.,, Animal models for the study of hepatitis B virus infection.
Zoological research, 2018. 39(1): p. 25-31.

Dandri, M. and ]. Petersen, Animal models of HBV infection. Best Pract Res Clin
Gastroenterol, 2017. 31(3): p. 273-279.

McAuliffe, V.J., R.H. Purcell, and ].L. Gerin, Type B hepatitis: a review of current
prospects for a safe and effective vaccine. Rev Infect Dis, 1980. 2(3): p. 470-92.
Sells, M.A,, M.L. Chen, and G. Acs, Production of hepatitis B virus particles in Hep G2
cells transfected with cloned hepatitis B virus DNA. Proceedings of the National
Academy of Sciences, 1987. 84(4): p. 1005-10009.

Tsurimoto, T., A. Fujiyama, and K. Matsubara, Stable expression and replication of
hepatitis B virus genome in an integrated state in a human hepatoma cell line
transfected with the cloned viral DNA. Proc Natl Acad Sci U S A, 1987. 84(2): p. 444-
8.

Yaginuma, K, et al., Hepatitis B virus (HBV) particles are produced in a cell culture
system by transient expression of transfected HBV DNA. Proceedings of the National
Academy of Sciences, 1987. 84(9): p. 2678.

62



112.

113.

114.

115.

116.

117.

118.
119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

Gripon, P, et al, Infection of a human hepatoma cell line by hepatitis B virus.
Proceedings of the National Academy of Sciences, 2002. 99(24): p. 15655.

Galle, P.R,, et al,, In vitro experimental infection of primary human hepatocytes with
hepatitis B virus. Gastroenterology, 1994. 106(3): p. 664-73.

Yan, H., et al, Sodium taurocholate cotransporting polypeptide is a functional
receptor for human hepatitis B and D virus. Elife, 2012. 1: p. 5233.

Rizzetto, M., et al., Immunofluorescence detection of new antigen-antibody system
(delta/anti-delta) associated to hepatitis B virus in liver and in serum of HBsAg
carriers. Gut, 1977.18(12): p. 997-1003.

Rizzetto, M,, et al., Transmission of the hepatitis B virus-associated delta antigen to
chimpanzees. ] Infect Dis, 1980. 141(5): p. 590-602.

Wang, K.S,, et al,, Structure, sequence and expression of the hepatitis delta (delta)
viral genome. Nature, 1986. 323(6088): p. 508-14.

Farci, P, Delta hepatitis: an update. | Hepatol, 2003. 39 Suppl 1: p. S212-9.
Caredda, F., et al.,, Prospective study of epidemic delta infection in drug addicts. Prog
Clin Biol Res, 1983. 143: p. 245-50.

Smedile, A, et al.,, INFLUENCE OF DELTA INFECTION ON SEVERITY OF HEPATITIS
B. The Lancet, 1982. 320(8305): p. 945-947.

Kuo, M.Y,, et al,, Molecular cloning of hepatitis delta virus RNA from an infected
woodchuck liver: sequence, structure, and applications. | Virol, 1988. 62(6): p. 1855-
61.

Branch, A.D. and H.D. Robertson, A replication cycle for viroids and other small
infectious RNA's. Science, 1984. 223(4635): p. 450-5.

Wu, J.C,, et al., Production of hepatitis delta virus and suppression of helper hepatitis
B virus in a human hepatoma cell line. Journal of virology, 1991. 65(3): p. 1099-
1104.

Williams, V., et al., Hepatitis delta virus proteins repress hepatitis B virus enhancers
and activate the alpha/beta interferon-inducible MxA gene. | Gen Virol, 2009. 90(Pt
11): p. 2759-67.

Krogsgaard, K., et al., Delta-infection and suppression of hepatitis B virus replication
in chronic HBsAg carriers. Hepatology, 1987.7(1): p. 42-5.

Farci, P, et al., Acute and chronic hepatitis delta virus infection: direct or indirect
effect on hepatitis B virus replication? ] Med Virol, 1988.26(3): p. 279-88.

Koff, R.S. Hepatitis vaccines: recent advances. International Journal for
Parasitology, 2003. 33(5): p. 517-523.

Farci, P, et al., Treatment of chronic hepatitis D. Journal of viral hepatitis, 2007. 14
Suppl 1: p. 58.

Farci, P. and G. Anna Niro, Current and Future Management of Chronic Hepatitis D.
Gastroenterology & hepatology, 2018. 14(6): p. 342-351.

Farci, P., etal., Treatment of chronic hepatitis D with interferon alfa-Za. N Engl ] Med,
1994.330(2): p. 88-94.

Lau, D.T,, et al., Resolution of chronic delta hepatitis after 12 years of interferon alfa
therapy. Gastroenterology, 1999. 117(5): p. 1229-33.

Blank, A, et al., First-in-human application of the novel hepatitis B and hepatitis D
virus entry inhibitor myrcludex B. | Hepatol, 2016. 65(3): p. 483-9.

Giersch, K., et al., Hepatitis delta virus persists during liver regeneration and is
amplified through cell division both in vitro and in vivo. Gut, 2019. 68(1): p. 150-
157.

63



134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

Lindh, M, et al., Hepatitis B virus DNA levels, precore mutations, genotypes and
histological activity in chronic hepatitis B. ] Viral Hepat, 2000. 7(4): p. 258-67.
Brock, T.D. and H. Freeze, Thermus aquaticus gen. n. and sp. n., a nonsporulating
extreme thermophile. | Bacteriol, 1969. 98(1): p. 289-97.

Chien, A, D.B. Edgar, and ].M. Trela, Deoxyribonucleic acid polymerase from the
extreme thermophile Thermus aquaticus. Journal of bacteriology, 1976. 127(3): p.
1550-1557.

Kralik, P. and M. Ricchi, A Basic Guide to Real Time PCR in Microbial Diagnostics:
Definitions, Parameters, and Everything. Frontiers in microbiology, 2017. 8: p. 108-
108.

Vogelstein, B. and K.W. Kinzler, Digital PCR. Proceedings of the National Academy
of Sciences, 1999.96(16): p. 9236.

Rickwood, D., T. Ford, and . Graham, Nycodenz: A new nonionic iodinated gradient
medium. Analytical Biochemistry, 1982. 123(1): p. 23-31.

Ford, T.C. and D. Rickwood, Formation of isotonic Nycodenz gradients for cell
separations. Analytical Biochemistry, 1982. 124(2): p. 293-298.

Desire, N., et al., Definition of an HBsAg to DNA international unit conversion factor
by enrichment of circulating hepatitis B virus forms. ] Viral Hepat, 2015. 22(9): p.
718-26.

Chen, C.-]., Risk of Hepatocellular Carcinoma Across a Biological Gradient of Serum
Hepatitis B Virus DNA Level JAMA, 2006.295(1): p. 65.

Larsson, S.B., et al., HBsAg quantification for identification of liver disease in chronic
hepatitis B virus carriers. Liver international : official journal of the International
Association for the Study of the Liver, 2014. 34(7): p. e238-45.

Thompson, A, et al., Serum hepatitis B surface antigen and hepatitis B e antigen
titers: disease phase influences correlation with viral load and intrahepatic hepatitis
B virus markers. Hepatology, 2010. 51(6): p. 1933-44.

Cornberg, M,, et al., The role of quantitative hepatitis B surface antigen revisited. ]
Hepatol, 2017. 66(2): p. 398-411.

Wang, |, et al., Serum hepatitis B virus RNA is encapsidated pregenome RNA that
may be associated with persistence of viral infection and rebound. | Hepatol, 2016.
65(4): p. 700-710.

Junker-Niepmann, M., R. Bartenschlager, and H. Schaller, A short cis-acting
sequence is required for hepatitis B virus pregenome encapsidation and sufficient for
packaging of foreign RNA. Embo j, 1990.9(10): p. 3389-96.

Gerlich, W.H., Medical Virology of Hepatitis B: how it began and where we are now.
Virology journal, 2013. 10(1): p. 239-25.

Chai, N, et al., Properties of subviral particles of hepatitis B virus. Journal of virology,
2008.82(16): p. 7812-7817.

Klingmuller, U. and H. Schaller, Hepadnavirus infection requires interaction between
the viral pre-S domain and a specific hepatocellular receptor. ] Virol, 1993. 67(12):
p. 7414-22.

Bruns, M., et al, Enhancement of Hepatitis B Virus Infection by Noninfectious
Subviral Particles. Journal of Virology, 1998. 72(2): p. 1462.

Mason, W.S,, et al., HBV DNA Integration and Clonal Hepatocyte Expansion in
Chronic Hepatitis B Patients Considered Immune Tolerant. Gastroenterology, 2016.
151(5): p. 986-998.e4.

Tu, T, et al., Hepatitis B Virus DNA Integration Occurs Early in the Viral Life Cycle in
an &lt;emé&gt;In Vitro&lt;/Jem&gt; Infection Model via Sodium Taurocholate

64



154.

155.

156.

157.

158.

159.

160.

Cotransporting Polypeptide-Dependent Uptake of Enveloped Virus Particles. Journal
of Virology, 2018.92(11): p. e02007-17.

Lindh, M., G.E. Rydell, and S.B. Larsson, Impact of integrated viral DNA on the goal
to clear hepatitis B surface antigen with different therapeutic strategies. Curr Opin
Virol, 2018. 30: p. 24-31.

Pollicino, T., et al., Replicative and Transcriptional Activities of Hepatitis B Virus in
Patients Coinfected with Hepatitis B and Hepatitis Delta Viruses. Journal of Virology,
2011.85(1): p. 432.

Twist, E.M,, et al., Integration pattern of hepatitis B virus DNA sequences in human
hepatoma cell lines. Journal of virology, 1981.37(1): p. 239-243.

Freitas, N,, et al., Envelope Proteins Derived from Naturally Integrated Hepatitis B
Virus DNA Support Assembly and Release of Infectious Hepatitis Delta Virus Particles.
Journal of Virology, 2014. 88(10): p. 5742.

Levrero, M., et al.,, Control of cccDNA function in hepatitis B virus infection. Journal
of Hepatology, 2009. 51(3): p. 581-592.

Freitas, N, et al., Relative Abundance of Integrant-Derived Viral RNAs in Infected
Tissues Harvested from Chronic Hepatitis B Virus Carriers. ] Virol, 2018. 92(10).
Schutz, T., A. Kairat, and C.H. Schroder, DNA sequence requirements for the
activation of a CATAAA polyadenylation signal within the hepatitis B virus X reading
frame: rapid detection of truncated transcripts. Virology, 1996. 223(2): p. 401-5.

65



