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Abstract

The Hepatitis B virus (HBV) affects around 296 million people worldwide. Of them,
more than 5% are coinfected with Hepatitis delta virus (HDV), causing the most
severe viral hepatitis. HDV is a viroid-like virus since it presents a catalytically active
RNA portion known as ribozyme, and a region encoding for the unique viral protein,
called delta antigen (HDAg). HDV is a satellite virus of HBV and strongly inhibits the
expression of its helper. The mechanism behind this inhibition isn’t fully known yet,
but the activation of type I interferon (IFN) and its stimulated genes such as
mutagenic enzymes (APOBEC/AID or ADAR1) might play a role.

Of note, both viruses are characterized by a high degree of genetic variability and
circulate as a dynamic mix of closely related variants called quasispecies (QS). The
next-generation sequencing (NGS) allows for a deep analysis of the complete viral
QS, supporting the study of the QS evolution and the detection of newly generated
and infrequent haplotypes. This thesis aims to analyze HDV and HBV QS variability
through NGS and it is composed of two studies focused on:

e Studying QS conservation and evolution from chronic hepatitis delta (CHD)
patients in the ribozyme and comparing it with the 5'"HDAG region.

e Inspecting the impact of HDV in HBV variability and the role of type I IFN in
an HDV-superinfected HBV-transgenic mouse model with the IFNo/f
receptor knock-out (KO).

In the first study, two longitudinal serum samples were collected from 25 CHD
patients. The QS was analyzed by NGS (Miseq, Illumina) to determine ribozyme QS
conservation and its evolution and compare this last with the 5-HDAG. The most
relevant mutations observed in the ribozyme were also tested in vitro. The ribozyme
QS was overall conserved, with a hyperconserved region (nt 715-745). No
differences in QS were observed over time. Thirteen mutations were detected, three
with higher frequency (T23C, T69C and C64 deletion). Of them, C64 deletion
reduced 1log the HDV replication in vitro. Compared to the 5'HDAG, the latter one
was more complex and variable. In terms of evolution, the viral QS evolved
differently depending on the region analyzed.

In the second study, wildtype (WT) or KO for the IFNo/ receptor HBVtg mice were
injected with adeno-associated vectors (AAV) containing HDV (superinfection) or
luciferase (monoinfection). HBV expression was analyzed by quantifying the
circulating HBV DNA and RNA and the intrahepatic RNA (pgRNA). The QS of the
intrahepatic viral RNA was analyzed by NGS at 7- and 21-days post-infection (dpi)
in the X and SRT regions for HBV and the HDV 5’HDAG. In this model, HDV



determined an inhibition in circulating HBV DNA and RNA, and limitedly impact
pgRNA. The SRT QS was more complex at 7dpi than at 21dpi, different from the HBX.
Multiple SNVs were observed at both times, especially C->T transitions (typical of
APOBEC/AID deaminases) in all the experimental conditions. Among the non-
common variations, some of them mainly affected superinfected mice and seemed
not associated with the activity of specific mutagenic enzymes. HDV QS was more
complex in WT than KO mice, especially at 21dpi, with a higher frequency of G>A
transitions typical of ADARL.

In the study focused on HDV, we identified a hyperconserved region of the ribozyme
as a possible target for gene therapy, and we observed that 5’-HDAG QS evolved
more rapidly than the ribozyme. The second study showed, we saw that the
mutagenic enzymes could contribute to the HBV and HDV variability. Of note, some
mutations, especially in superinfected mice could occur in a type I IFN-independent
way, thus suggesting that other pathways or even the cellular RNA polymerase
might be involved.



Resumen

El virus de la hepatitis B (VHB) afecta a unos 296 millones de personas, mas del 5%
coinfectadas con el virus de la hepatitis delta (VHD), causando la hepatitis virica mas
grave. El VHD presenta un dominio de RNA auto-catalitico, la ribozima, y una regiéon
que codifica parala Unica proteina viral, denominada antigeno delta (HDAg). E1 VHD
es un virus satélite del VHB e inhibe fuertemente la expresién de su “helper”. No se
conoce completamente el mecanismo de esta inhibicidn. La activacién del interfer6n
tipo I (IFN-I) y la activacién de enzimas mutagénicas (APOBEC/AID o ADAR1)
podrian ser relevantes.

Ambos virus presentan alta variabilidad genética y circulan como una mezcla
dindmica de variantes estrechamente relacionadas, denominadas quasiespecies
(QS). La secuenciacion masiva (NGS) permite un analisis complejo de la QS, ademas
del estudio de su evolucidn y detecciéon de haplotipos minoritarios. Esta tesis busca
analizar la variabilidad de la QS del VHD y del VHB mediante NGS. Compuesta por
dos estudios principales:

e Estudio de la conservacion y evolucidn de la QS de pacientes con hepatitis
cronica delta (CHD) en la ribozima y su comparacién con la regiéon 5'HDAG.

e Inspeccionar el impacto del VHD en la variabilidad del VHB y el papel del IFN-
[ en un modelo de ratén VHB-transgénico superinfectado, con el receptor del
[FNo/PB noqueado (IFNa/BR-KO).

En el primer estudio, se recogieron dos muestras longitudinales de suero de 25
pacientes con CHD y se analiz6 la QS mediante NGS (Miseq, Illumina) para
determinar la conservacion de la ribozima, su evolucién y comparar esta dltima con
el 5'-HDAG. Se analizaron in vitro las mutaciones mas relevantes observadas en la
ribozima. La QS de la ribozima estaba globalmente conservada, con una regién
hiperconservada (nt715-745). No se observaron diferencias en el QS con el tiempo.
Se detectaron trece mutaciones, tres con mayor frecuencia (T23C, T69C y deleci6n
C64). La delecién C64 redujo 1log la replicacion del VHD in vitro. En comparacion
con el 5'HDAG, éste era mas complejo y variable. En términos de evolucion, la QS
viral evolucion6 de forma diferente segiin la regién analizada.

En el segundo estudio, los ratones HBVtg wild-type (WT) o [FNa/BR KO fueron
inyectados con vectores adenoasociados (AAV) con VHD (superinfeccion) o
luciferasa (monoinfeccion). La expresion del VHB se analizé cuantificando el ADN y
el ARN circulantes y el ARN intrahepatico (ARNpg). La QS del ARN viral
intrahepatico se analiz6 mediante NGS a los 7 y 21 dias post-infeccion (dpi) en las
regiones Xy SRT del VHB y el 5'"HDAG del VHD. E1 VHD determin6 una inhibicion en



el ADN y el ARN circulantes del VHB, pero limitada en el ARNpg. La QS del SRT fue
mas compleja a los 7dpi que a los 21dpi, a diferencia del HBX. Se identificaron
multiples SNVs en ambos tiempos, especialmente C>T transiciones (tipicas de
APOBEC/AID) en todas las condiciones experimentales. Entre las variaciones no
comunes, algunas afectaban principalmente a los ratones superinfectados y no
parecian estar asociadas con la actividad de enzimas mutagénicas. La QS del VHD
fue mas compleja en los ratones WT que en los KO, especialmente a los 21dpi, con
mayor frecuencia de transiciones G2 A tipicas de ADAR1.

En el estudio centrado en el VHD identificamos una regiéon hiperconservada de la
ribozima como posible diana de terapia génica, y observamos que la QS del 5'-HDAG
evolucionaba mas rapido que la ribozima. En el segundo estudio, vimos que las
enzimas mutagénicas podian contribuir a la variabilidad del VHB y el VHD.
Destacamos que algunas mutaciones, especialmente en ratones superinfectados,
podrian producirse independientemente del IFN-I, sugiriendo que podrian estar
implicadas otras vias o incluso la ARN polimerasa celular.

10



Resum

El virus de I'’hepatitis B (VHB) afecta uns 296 milions de persones arreu del mén,
més del 5% coinfectades amb el virus de I'hepatitis delta (VHD), causant I'hepatitis
virica més greu. El VHD presenta un domini d’ARN auto-catalitic, la ribozima, i una
regié que codifica per I'inica proteina viral, I'antigen delta (HDAg). EI VHD és un
virus satel-lit del VHB i inhibeix la seva expressié. El mecanisme d’aquesta inhibicié
encara no es coneix totalment. L’activacié de l'interferé tipus I (IFN-I) i I'activacio
d’enzims mutagenics (APOBEC/AID o ADAR1) podrien desenvolupar un paper
important.

Ambdos virus presenten una elevada variabilitat genética i circulen com una barreja
dinamica de variants estretament relacionades entre si, denominades quasiespecies
(QS). La seqiienciacié massiva (NGS) permet un analisi complex de la QS aixi com
I'estudi de la seva evoluci6 i detecci6é d’haplotips minoritaris. Aquesta tesis té com a
objectiu analitzar la variabilitat de la QS del VHD i del VHB mitjancant NGS. Esta
composada de dos estudis principals:

e Estudide la conservacid i evolucio de la QS de pacients amb hepatitis cronica
delta (CHD) a la ribozima i la comparacié amb la regi6 5’"HDAG.

e Inspeccionar I'impacte del VHD en la variabilitat del VHB i el paper del IFN-I
en un model de ratoli VHB-transgenic superinfectat, amb el receptor del
[FNo/f inactivat (IFNo/BR-KO).

En el primer estudi es van recollir mostres longitudinals de serum de 25 pacients
amb CHD i es va analitzar la QS mitjancant NGS (Miseq, Illumina) per a determinar
la conservacio6 de la ribozimaila seva evolucié i comparar-laamb el 5’-HDAG. Es van
analitzar in vitro les mutacions més rellevants observades en la ribozima. La QS de
la ribozima estava globalment conservada, amb una regi6 hiperconservada (nt715-
745). No es van observar diferencies en la QS al llarg del temps. Es van detectar
tretze mutacions, tres amb major freqiiéncia: T23C, T69C i la delecié C64. Aquesta
ultima va reduir 1log la replicacié del VHD in vitro. En comparacié amb el d’"HDAG,
aquest ultim era el més complex i variable. La QS viral va evolucionar de forma
diferent depenent de la regi6 analitzada.

En el segon estudi, els ratolins HBVtg wildtype (WT) o IFNa/BR-KO van ser injectats
amb vectors adenoassociats (AAV) amb VHD (superinfecci6) o luciferasa
(monoinfecci6). L'expressié del VHB es va analitzar quantificant ’ADN i I’ARN
circulants aixi com I'’ARN intrahepatic (ARNpg). La QS del ARNpg es va analitzar
mitjancant NGS als 7-21 dies post-infeccié (dpi) en les regions X i SRT del VHB i el
5’HDAG del VHD. El VHD va determinar una inhibicié de '’ADN i ’ARN circulants del
VHB, pero limitada en el ARNpg. La QS del SRT va ser més complexa als 7dpi que als
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21 dpi, a diferencia del HBX. Es van identificar multiples SNVs en ambdés temps,
especialment transicions C>T (tipiques de APOBEC/AID) en totes les condicions
experimentals. Entre les variacions no comunes, algunes afectaven principalment
als ratolins superinfectats i no semblaven estar associats amb l'activitat d’enzims
mutagenics. La QS del VHD va ser més complexa en els ratolins WT que els KO,
especialment als 21dpi, amb major freqiiéncia de transicions G=>A tipiques de
ADARI1.

En l'estudi centrat en el VHD vam identificar una regié hiperconservada de la
ribozima com a possible diana de terapia genica, i vam observar que la QS del 5’-
HDAG evolucionava més rapid que la ribozima. En el segon estudi, vam veure que
els enzims mutagenics podien contribuir a la variabilitat del VHB i el VHD. Cal
destacar que algunes mutacions, especialment en ratolins superinfectats, podrien
produir-se de forma independent del IFN-I, suggerint que podrien estar implicades
altres vies o inclis ’ARN polimerasa circular.
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Chapter 1

Introduction
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1. Hepatitis B virus infection as a global health problem

In 1965, Blumberg and colleagues identified an antigen in the blood of an Australian
aboriginal that could react with the blood of an American haemophilic patient [1].
Four years later this protein was linked to hepatitis and to the Hepatitis B virus
(HBV) surface antigen (HBsAg) [2,3]. In 1970, Dane and colleagues identified HBV
viral particles (so called Dane Particles) by electron microscopy [4]. The complete
viral genome was first sequenced in 1979 by Galibert and partners [5]. Although a
lot had been learned since then in both clinics and basic virology, there is still a lot

to explore.

Hepatitis B virus belongs to Hepadnaviridae family, genus Orthohepadnavirus. This
virus has an exclusive tropism for the liver. Similar viruses have been identified in
other mammals and birds. All of them have a very similar genomic arrangement and
share an essential step of the viral replication: the reverse transcription of the viral

RNA to produce a double-stranded DNA molecule [6].

HBV is found in body fluids such as blood, saliva, urine, semen, or vaginal fluid of
infected people. The transmission route can change depending on the geographical
area. In most high-income countries the infection occurs at adulthood, and it is
spread mainly through sexual contact, parenterally (sharing of needles) or other
direct contacts with contaminated body fluids [7]. Differently, in highly endemic
area, the infection mainly occurs at early age, especially from infected mother to the
child at birth (perinatal transmission) or through the exposition to infected blood

from infected child to another [8,9] .

From 1992, the HBV vaccination has been included in most of the national
vaccination programs. Nonetheless, the World Health Organization (WHO)
estimates that around 296 million people worldwide are living with chronic
hepatitis B, and that in 2019 it caused 820,000 deaths, with 1.5 million new
infections per year (WHO- last update in June 2022) [9]. Of note, the infection is

heterogeneously worldwide distributed, with highly endemic areas such as
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Southeast Asia, China, Taiwan, Alaska, and sub-Saharan regions, regions with
intermediate endemicity such as Mediterranean countries, Eastern Europe, Central
Asia, Middle East, and South America and low endemic regions such as United States
of America, Western Europe, Australia, and Japan [10,11] (Figure 1). Considering

this high prevalence, the WHO considers the HBV infection a global health problem.

= High: = 8% S
= High Intermediate: 5%-7% /
= Low intermediate: 2%-4%

Low: < 2%

No data available

Figure 1. Hepatitis B virus global distribution. In this world map it is indicated the estimated distribution of
chronic HBV infected patients. The prevalence (%) of HBV infected is represented in red scale, from light red for
the less affected areas to dark red, to the more affected areas. Map obtained from Jefferies et al. 2018 and data
extracted from Schweitzer et al. 2015 [12,13].

This concept is even more reinforced if we consider that the total number of HBV
infected people is probably underestimated, especially in vulnerable populations
such as marginalized groups, immigrants, prisoners, or high-risk groups such as

intravenous drug users (IDUs) [14].

1.1. HBV: more than a small virion.

Although HBV is a small virus, it causes a complex infection characterized by the
release of different viral particles, a intricated life cycle, and the expression of
several viral proteins that play key roles in both viral replication and cellular

activity, thus strongly contributing to the pathogenesis of the liver disease.
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HBV is a small DNA virus of 40-42 nm in diameter. The Dane particle (Figure 2) is
composed by an icosahedral nucleocapsid consisting of 180-240 core proteins (HBc)
that holds the viral genome and polymerase and some host proteins (specific
isoforms of protein kinase C (PKC), cellular protein nucleophosmin (B23), Hsp70
and others) [15-17]. The nucleocapsid is covered by a lipidic envelope consisting of
three different-in-length surface proteins that share the C-terminal end and differ in
the length of the N-terminal end: the Large (L-HBsAg), the medium (M-HBsAg) and
Small (S-HBsAg) [18]. Of note, this is not the unique viral particles identified in

serum of infected patients.

During viral replication, the empty subviral particles (SVPs), composed by just the
viral surface antigens, are release with an excess between 1,000 to 100,000-fold
related to the complete virions. They acquire a spherical (25 nm) or filamentous
(22nm) form with variable length [19] and differ in viral proteins composition,
being the first constitute of S-HBsAg, M-HBsAg and hardly L-HBsAg, and the second
especially abundant of the large protein [20,21]. The proportion of L-HBsAg also
affects the SVPs secretion pathway. The filamentous SVP share the same secretion
of the complete virions (the host cell endosomal sorting complexes required for
transport -ESCRT- components and the multivesicular bodies - MVBs), whereas the
spheres appear to be secreted through the constitutive host cell secretion pathway

[22,23].

17



Dane particle
42-47 nm

Figure 2. Structure of HBV Dane particle. HBV is provided of an envelope and present the three viral surface
proteins (L, M and S) that differ for the composition of the three domains (S, PreS1 and preS2). The envelope
protects a capsid composed by dimers of the core protein (black), that inside contains the polymerase protein
with its three domains (in violet, the Retrotranscriptase (RT), RNAse H and the terminal protein (TP)) and the
HBV relaxed circular DNA with its complete negative strand (green) and incomplete positive strand (purple)
[24].

In addition of the SVPs, other viral particles have been described, including those
provided of all the viral proteins but containing viral RNA instead of DNA. Although
the mechanism behind their production is still unclear and they are released at
lower concentrations related to the classical Dane particles [25], the RNA-containing
viral particles are considered a direct surrogate of the expression of the viral

intracellular minichromosome [26].

1.2. HBV genome organization

The HBV genome is formed by a partially relaxed, circular, non-covalently closed
double-stranded DNA molecule (rcDNA) of approximately 3.2 kb (Figure 3). The two
strands are asymmetric, as the negative strand (3’ 5’) or minus strand is 3200 bp
long and contains the full viral DNA sequence, and the positive strand or plus strand
(5’->3’) includes just two thirds of the genome size. It was proposed that the
disparity in the length of the two strands of the rcDNA might be due to a limitation

of the dNTPs within the nucleocapsid during the retrotranscription step [27]. Of
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note, although HBV is a DNA virus, the genome is produced through a retro-
transcription step by using RNA as template called pre-genomic-RNA (pgRNA). This
process will be deeply explained later in this thesis (section 1.3 of this chapter). The
end of both strands is flanked by two 11 nt-long regions, called directed repetitive
DR1 (at 5’-end of the minus strand) and DR2 (at 3’-end of the plus strand), both
essential for the viral replication and the maintenance of the rcDNA circularity
[28,29]. Moreover, the viral genome also comprises two enhancer sequences (Enh1

and Enh2) that contribute to promote viral transcription [30].

Another feature that characterizes HBV DNA is its high degree of overlapping. Four
open reading frames (ORF) have been described, each one overlapping to a different
extent with other ORF. This feature allows the virus to hold a relevant amount of
genetic information into a small virion. The four ORFs encode for the different

structural and functional proteins involved in viral replication, as detailed below.

3182/1

Figure 3. HBV genome organization. HBV genome is formed by a partially double stranded non-covalently
closed DNA (rcDNA) with a complete negative strand (- strand, in grey with continuous line) and an incomplete
positive strand (+ strand, dashed line). The four ORF are represented in colored arrows. The two enhancers are
reported in green (Enh1 and Enh 2), whereas the two direct repeats (DR1 and DR2) in grey. Once inside the
cells, the rcDNA is repaired and forms a covalently closed DNA (cccDNA) that serve as template for viral
transcripts. The different mRNAs and their length are indicated in black line [31] .
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1.2.1. Precore/core ORF

The precore/core ORF has two in-frame starting codons, one at position 1814 and
the second at 1901 in HBV genome and translates for two proteins. If translation
begins at the position 1901, the core protein (HBcAg of 21 kDa) is produced [32],
whereas, if translation starts from position 1814, a soluble non-structural protein of
25 kDa (212-214 aa in-length), known as HBV e antigen (HBeAg) is produced
[33,34]. Notably, the Enhancer II and the Basal core promoter (BCP, nt 1742- 1849)
reside within the core promoter. The BCP contains major nuclear binding sites,

important for the accurate initiation of the pgRNA than the precore mRNA [35].

The HBcAg is composed by 183 or 185 aa depending on the genotype, and its
function is not just limited to being the structural unit of the HBV inner capsid. It is
also essential for the formation and maintenance of the HBV cccDNA [36], and for
the encapsidation of the pgRNA together with the viral polymerase. It can be divided
in two main domains, the N-terminal (149 or 151 aa -long depending on the
genotype) coordinates HBc self-assembly into dimers, and the C-terminal end,
differently, encompasses the last 34 aa and it contains multiple Arginine-rich motifs
for the encapsidation of the pgRNA and seven 7 highly conserved serine and
threonine that can dynamically be phosphorylated or the phosphorylated thus being
crucial for HBV life cycle [37-39].

Considering the key role of HBcAg in viral replication, new antiviral molecules
targeting HBV encapsidation have been proposed, such as the C protein assembly
modulators (CpAMs), that interact with HBc dimers increasing the rate of formation

of deficient capsids lacking pgRNA [40].

The HBeAg, instead, has immunomodulatory activity. It has been associated with
reduced antigen presentation, the downregulation of the Kupffer cells and
macrophages co-stimulatory molecules and the inhibition of T helper (Th)
lymphocytes maturation [41,42]. This immunomodulatory effect might also affect
the immune response and chronification of HBV infection in those neonates infected

through vertical transmission, since this protein can cross the placenta and establish
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Th-specific tolerance [43]. At clinical level, HBeAg is a marker of viral replication,
infectivity, inflammation, disease severity and response to antiviral therapy [42,44].
As HBcAg is an important stimulator of the immune system, it presents several
epitope regions for B and T lymphocytes, mutations in this region could hinder the
recognition of the virus by cytotoxic T cells [45,46]. Mutations have been described
in the BCP and CP, which could affect the production of HBeAg, necessary for the
synthesis of anti-HBe, which are usually associated with immune control of the
infection, for example the double mutation A1762T and G1764A at BCP reduces up
to 70% the production of HBeAg [47,48].

1.2.2. P ORF

The P ORF encodes for the viral 90 kDa polymerase and covers the 70% of the viral
genome. The viral polymerase is a multifunctional protein provided of three
enzymatic properties: retrotranscriptase (RT), DNA-dependent polymerase and a

RNAse-H activity [34].

By a structural point of view, the polymerase consists of four main domains: the
terminal protein (TP, encoded by the nt 2307-2862), the spacer (SP, from nt 2863-
129), the reverse transcriptase (RT, nt 130-1161) and the RNAse H (RH, 1162-1623)
[49]. The TP domain is essential for HBV replication since it allows binding to the
pgRNA thanks to a conserved tyrosine residue, leading the synthesis of the negative
strand (-DNA) during retrotranscription [50]. The spacer (SP) is about 150 amino
acids-long and seems to serve as a junction between the different domains [51]. The
RT domain acts as reverse transcriptase and DNA-dependent polymerase to
synthetize both negative and positive chains of the rcDNA. The RNAse H acts by
degrading pgRNA during rcDNA synthesis and assists during the encapsidation of
the complex formed by pgRNA, viral polymerase and chaperones [49].

The RT polymerase is divided into fingers, palm and thumb domains as predicted
for HIV (Figure 4) [52]. The center of this structure presents the catalytic domain of
the enzyme by which DNA strand extension occurs; this region can be divided into

7 catalytic core domains (A-G). Inside the C domain (aa rt200-210) resides the
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hyper-conserved tyrosine-methionine-aspartate-aspartate (YMDD) motif, which is
involved in the polymerization activity [53]. Mutations in this domain and selected
during antiretroviral therapy could compromise the replicative efficiency of the

viral polymerase [54], and have also been reported to cause antiviral response

failure [55].

When looking the secondary structure of the protein, the HBV RT adopts the right-
hand shape of a DNA polymerase with fingers, palm, and thumb subdomains (Figure
4). The finger and thumb subdomains are primarily composed of a-helices, whereas
the palm regions mainly comprise a-helices and [3-sheets. The catalytic core
domains are distributed mainly in the palm and secondarily in the finger

subdomains (Figure 4).

PreS1 PreS2 S ORF

Aa- 1 183 354 694 845

RT
& A B coDE
*

YMDD
(203-206)

325 404 440 469 520 614 699

TP Spacer Rnase H

Figure 4. Schematic representation of HBV polymerase. This figure represents polymerase gene domains
detailing polymerase retrotranscriptase domain (RT) from aa 325 to 699. There are indicated the three typus of
structure of RT and the amino acids on which they fall; fingers (orange, aa 325-403 and 469-519), palms (purple,
aa 404-440 and 520-613) and the thumb (green, aa 614-699). Also, there are represented the PreS1, PreS2 and
S ORF overlapping regions with arrows in different yellow tones. Catalytic domains from A to F are represented
in dark grey. YMDD domain is highlighted with a red star. Figure modified from Das k, etal. 2001 and Clark D, et
al. 2015 [52,56].

Of note, the polymerase is the specific target of the most common used antiviral
strategy, which is based on nucleos(t)ide-analogues (NUCs). These drugs act as
chain terminators because, due to their similarity to natural nucleos(t)ide, they are
inserted into the nascent strand, prematurely blocking further elongation of the
viral DNA genome [57]. The most administered NUCs are the nucleotide analogues

Tenofovir (TDF) and Tenofovir Alafenamide (TAF), and the nucleoside analogue
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Entecavir (ETV) [58] . Other available analogues are Lamivudine, Telbivudine,

Adefovir, and Besifovir Dipivoxil (only administered in Korea) [59].

In view of the above, several mutations can be selected in this genomic region due
to treatment and cause resistance to NUC-based treatment [52,60]. Moreover,
considering the functional role of the polymerase in the viral life cycle, mutations in
this gene could strongly impact the viral replication. As example, the mutation
rtM204V/1/S has been associated with LMV resistance. Notably, in vitro studies
shows that rtM2041/V mutants replicate less efficiently than wild-type HBV [54,61].
[s also important to consider that around 70% of the polymerase gene overlaps with
the ORF of the surface proteins, which it means that mutations acquired during
antiretroviral therapy could also affect the HBV envelope proteins. This field will be

deeply discussed in the next sub-paragraph.

1.2.3. SORF

The S ORF includes the preS1, preS2 and S genes and encodes for the three different-
in-length surface antigens: the large HBsAg or L-HBsAg (protein of 39kDa, produced
from the preS1, preS2 and S mRNA), the medium HBsAg or M-HBsAg (protein of 33
kDa, obtained from the preS2 and S) and the small HBsAg or S-HBsAg (protein of 24
kDa, encoded by the S gene) (Figure 5). These proteins are also the major component
of the SVPs that are normally produced during HBV infection (section 1.3 of this
chapter). The S domain contains a large hydrophilic portion (from the amino acid 99
to 169) called major hydrophilic region (MHR). It comprises 5 MHR sub-regions
(MHR1-5) according to their conformation and 8 highly conserved cysteines that are
observed in all HBV subtypes and that are involved in HBsAg antigenicity and viral
secretion [62]. The 'a' determinant (between amino acids 124 and 147) is also an
essential part of the MHR and is the major antigenic region of the three surface

antigens [63].
HBV envelope proteins are integral proteins that anchor to the membrane thanks to

the TM regions of the S domain (Figure 6). The N-terminal domain is where the

protein inserts into the membrane and forms the TM1 (aa 8-22). The second
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transmembrane domain (TM2, aa 80-92), directs the translocation of the protein
into the ER lumen. The C-terminal region (aa 170-226) has not yet been fully
characterized but it includes the two transmembrane domains (TM3/4) (Figure 5)

[17,64,65].

In addition to their length, the three surface proteins differ in the post-translational
modifications they undergo (Figure 5). All the proteins share a glycosylation in the
asparagine 146 (N146) in a loop (aa 99-169 of the S domain) oriented towards the
endoplasmic reticulum (ER) lumen. The M-HBsAg has a further N-glycosylation at
the N-terminal end of the preS2 domain (N4), which is also exposed in the ER lumen.
Related to the other proteins, the L-HBsAg has a dual orientation of the preS1, that
can be exposed in the ER lumen or in the cytosol. This different topology is especially
due to the TM1, whose function is to translocate the protein to the lumen. In the
cytosolic orientation of the preS1, the TM1 is not used, so the preS2 domain is
displayed in the cytosol and the N4 cannot be glycosylated, thus allowing the
myristylation of the glycine in position 2 of the preS1 [66,67]. Studies suggest that
in the 50% of the L-HBsAg a posttranslational translocation occurs in which TM1 is
integrated into the membrane and the region of preS1 and preS2 is exposed to the
ER lumen in a kind of maintained balance between types of large isoform [68-71].
Notably, these two forms of LHBs could have different functions: in mature virions
the preS1-preS2 domain is exposed to the outside of the viral particle, and it is
essential for the interaction with the cell, whereas the preS1-preS2 domain that is
exposed to the cytoplasmic face has an essential role interacting with the

nucleocapsid in viral morphogenesis [72,73].

Of note, the myristylation of the PreS1 is a condition required for the viral entry. A
47-nucleotide preS1 mimic peptide, called Bulevirtide (BLV) (before known as
Myrcludex B) has been proposed as therapeutic strategy against HBV infection
(currently in clinical trial), acting as competitive antagonist for the cellular receptor
involved in viral entry. A combination of NUCs with Myrcludex could potentially

limit the de novo infection and prevent hepatocytes re-infection [74] .
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Figure 5. Schematic representation of the three HBV surface proteins. The S domain, which is shared by all
of them has four transmembrane domains (TM1-TM4). This configuration can change in HBV large protein
(HBV-L), where the TM1 can be transmembrane and the preS1-preS2 domain exposed to the ER lumen or can
be intra-cytosolic. The extremes of each sub-domain are reported together with the site of the N-glycosylation
(N146 in all the proteins and N4 in HBV-M). The M isoform can also be involved in O-glycosylation (site
highlighted through an asterisk [75].

As mentioned above, mutations in this ORF, which are associated with viral
clearance and vaccine escape, could affect viral replication, viral particle release and
even liver disease progression. To cite an instance, the mutation G145A in the “a”

determinant is one of the main vaccine immune escape mutations, whereas
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deletions in preS1 and preS2 were usually reported associated to hepatocarcinoma

(HCC) and its recurrence [76,77].

Another point to note about the S ORF is that its sequence completely overlaps with
the P ORF, which means that mutations selected by the immune response in one
case, or by antiviral treatment in the other, could introduce changes in the
overlapping region. For example, mutations in the polymerase gene associated with
Lamivurtide resistance such as rtV173L, rtL180M and rtM204I, seems to introduce
amino acid changes in the surface gene (sI195M and sW196S) [78]. In some cases,
the amino acid change selected in one ORF, might generate a change in the
overlapping region that compensates the first variation, thus maintaining the viral
fitness. This is the case of the substitutions sP120T and sG145R in the “@”
determinant, that introduce in the finger sub-domains of the RT the rtT128N and
rtW153Q mutations, that can stabilize the enzyme functionality of those strains
resistant to the treatment [79,80]. Similarly, changes in the P ORF could introduce
substitutions in the S ORF that improve the viral fitness, such as the rtS878T selected
after ETV/TDF-based treatment that inserts a premature stop codon in the HBsAg
(C69*) that increases the viral transcription, generates immune escape, and

promotes the release of exosomes-mediated virions [81].

1.2.4. X ORF

The X ORF is the smallest HBV open reading frame and encodes for the homonymous
17 kDa protein HBx. Its main function is to transactivate the viral expression by
interacting with different host proteins involved in the regulation of cellular
transcription [82]. Thanks to its property, HBx can not only promote viral
expression, but also interfere with various cellular processes, making it the most

important viral protein involved in carcinogenesis [83].
The x protein is 154 amino acids-long and it is formed by two main functional

domains (Figure 6) [84]. The transactivation domain resides in the C-terminal

domain (from the amino acid 50 to 154) while the N-terminal domain (aa 1-50) is
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the negative regulatory domain fundamental to repress HBx-mediated

transactivation [85].

The transactivation domain is essential for HBx activity, as previously reported by
Tang et al, who demonstrated the loss of transactivation activity when this region
was truncated [86]. Between the amino acids 88 and 100 of HBx there is a region
that is conserved throughout the Hepadnaviruses, able to bind the DDB1 (Damage
specific DNA binding protein 1) with CUL4-ROC1 (CRL4) ubiquitin ligase E3 that
promotes the degradation of the Smc5/6 (Structural maintenance of chromosomes
5 and 6) complex. This complex acts by interfering with the acetylation of the
histones H3 and H4, thus inhibiting the transcription of extrachromosomal elements
such as cccDNA [82,87]. The interaction of HBx with the DDB1 hijacks the DDB1 to
target the Smc5/6 and promotes the degradation of this restriction factor, thus

enhancing HBV replication [88].

HBx
Ser/Pro rich DDB1 binding P53 binding region
NH2- Dimerization region | ! -COOH
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1 21 50 88 100 154
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HBX ORF
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Figure 6. HBV X protein and ORF. The HBx protein covers a key role in HBV replication. It can be divided
in two main domains: the regulatory domain (aa 1-50) and the transactivating domain (aa 51-154). The
regulatory domain encompasses the Ser/Pro-rich dimerization region, whereas in the transacting domain reside
both the DDB1 binding domain (aa 88-100) and the p53 binding domain (101-154). By a nucleotide point of
view (in red), the HBX ORF overlaps with a portion of the polymerase (in green nt 1374-1621), with the core
promoter and BCP (in pink, nt 1616-1849, with the BCP in position 1742-1849), and the precore region (in blue,
nt 1816-1836). In the X ORF also reside some transcriptional regulator domains, such as the DR2 (nt 1590-
1600), Enhancer 2 (1626-1744) and DR1 (1824-1834).

The negative regulatory domain also has a serine- and proline-rich region (aa 21-
50) which is essential for the HBx protein dimerization [89]. In addition, the HBx is

subjected to several posttranslational modifications such as acetylation,
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phosphorylation, and disulfide bond formation, whose biological significance is still
unclear [31,90]. Additionally, nine cysteine residues have been found highly
conserved throughout the protein [91]. Notably, by a nucleotide point of view, the
HBX ORF overlaps with other regions, such as a portion of the P ORF, the core
promoter (including the Enh 2 and the BCP) and the precore region (Figure 6).

As mentioned above, the HBx protein, thanks to its ability to interact with different
host proteins, can strongly modulate different cellular pathways (Figure 7), such as
cell cycle progression, acute immune response, protein degradation pathways,

genetic stability, apoptosis, and the regulation of genes involved in tissue

organization [89].
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Figure 7. HBx modulation of cellular signaling pathways. The diagram shows the different cellular pathways
that can be modulated by HBx and the interacting nuclear and cytoplasmic host factors [92].

Considering the tight interaction between HBx and cellular activity and
homeostasis, and its key role in viral replication, amino acid changes in the viral
protein may strongly contribute to the progression of liver disease [93]. For
example, the mutations in HBX G1386A/C (corresponding to the V5M /L mutation in
the protein), C1653T (H94Y), T1753V (I1127V), and HBx C-terminal deletions or
insertions have been associated with liver disease severity [93]. Substitutions in

specific positions of the C-terminus of the HBx such as the 120, 121, 130 and 131
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can promote the ability of the viral protein to interfere with cellular processes like
the DNA repair process or cell cycle progression thus contributing to the
development of HCC [92,94,95]. Mutations in the HBx can also impact viral
replication. A deletion of 8bp (nt 396-404) has been associated with reduced
secretion of HBV virions and HBsAg and may be involved in occult hepatitis [93].
Another example is the genotype-specific pattern of mutations
(A12S/P33S/P46S/T36D), that were described by our group, that was mainly
observed in low-replicative clinical stages and were also associated with the

reduction of the expression of HBV in vitro [96].

1.3. HBVlife cycle

Hepatitis B virus enters the hepatocytes after crossing the space of Disse. A double
interaction is established between the arginine and lysine residues of the antigenic
loop (AGL) of the pre-S1 of the L-HBsAg with the Heparan Sulfate Proteoglycans
(HSPGs) of the hepatocyte membrane [97]. This initial attachment facilitates the
interaction between the preS1 (between aa 2 and 48) and the Na*-taurocholate co-
transporting polypeptide (NTCP) in the basolateral membrane of the hepatocyte
[98,99]. This second interaction is specific, and the NTCP transportis considered the
cellular receptor of HBV. Two different ways of viral entry have been proposed: by
endocytosis and subsequent release of the nucleocapsids from the vesicles or by

fusion of the cell plasma membrane and the viral envelope [100] (Figure 8).

After this step, the nucleocapsids with the rcDNA are released into the cytoplasm.
These particles are targeted to the nuclear pore complexes (NPCs) and cross the
nuclear membrane through the microtubules by active transport. This is possible by
the recognition of an NLS (nuclear import signal) domain present in the HBc protein
that allows the cross through the nuclear basket, a cage-like structure on the nuclear

side of the NPC [101].

The rcDNA is released into the nucleoplasm by a still unknown mechanism and the
HBc capsids are uncoupled. As previously commented in section 1.2 of this chapter,

the positive strand of rcDNA is one-third shorter than the complete strand, so it must
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undergo a repair process led by the cellular DNA repair complex. Different cellular
factors and enzymes are involved in the repair and ligation of this strand [102]. At
the end of this process, a double-stranded, covalently closed viral DNA is obtained,
which, thanks to viral and cellular proteins, gives rise to a minichromosome known
as cccDNA [36]. As it happens for the cellular chromosomes, the expression of the
cccDNA is regulated by epigenetic modifications such as DNA methylation and
histone acetylationn that involve multiple host factors such as the general control
nonderepressible 5 (GCN5) and Yin Yang 1 (YY1), the activator of transcription
(STAT) 1 and 2, histone deacetylase (HDAC) 1 and 11, sirtuin (SIRT) 1 and 3, protein
arginine methyltransferase (PRMT) 1 and 5, enhancer of zeste homolog 2 (EZH2),
etc. [36,103].

Figure 8. HBV entry into the hepatocyte. HBV entry into the hepatocytes through the interaction, first with
the HPSG, and then the NTCP receptor. It is not still known if the virus entries by membrane fusion or
endocytosis. In this figure, HBV is transported and released inside the cells through endocytic vesicles. Once
inside, the rcDNA and core proteins are delivered into the nucleus where it is repaired by host DNA repair
enzymes, circularized, and then coupled with viral (HBc, or core protein) and to cellular proteins (histones) thus
giving rise to the circular covalently closed viral DNA (cccDNA). The viral x protein (HBx), although it is not a
structural element, could transactivate the cccDNA transcriptional activity. HSPGs: Heparan Sulfate
Proteoglycans; NTCP: Na+-taurocholate co-transporting polypeptide; rcDNA: relaxed circular DNA; HBc: core
antigen or HBcAg.Figure modified from Garcia-Garcia S et al. 2021, Expert Review of Molecular Diagnostics [55].
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The transcription of the cccDNA is carried out by the host polymerase II, giving rise
to the various messenger RNAs required for viral replication and the production of
viral proteins. HBx promotes this step by acting on cccDNA epigenetic modifications,
for example recruiting histone deacetylase [87,104], or interacting with long non-
coding RNA (like the DLEU2) [105], or with the YY1 factor [106]. Another role of the
HBx is also to promote the degradation of the Smc5/6 restriction factor through its
interaction with the DDB1 ligase (as previously cited in section 1.2.4 of this chapter,
entitled “X ORF”). Related to cccDNA transcription, a direct interaction between
cccDNA and host transcription factors have been also reported, such as the
CCAAT /enhancer-binding protein (C/EBP), which binds a site in the Enh2 region
[107]. Several other transcription factors can bind specific sites in the cccDNA
promoter and enhancer, such as hepatocyte nuclear factors (HNF1, 3 and 4),
activator protein 1 (AP-1), TATA binding protein (TBP), cAMP response element
binding protein (CREB) and others [108].

Notably, all the HBV transcripts contain the viral post-transcriptional regulatory
element (PRE) which includes three conserved RNA structures: the alpha (o), beta
(B), and epsilon (€) stem loops. The € loop is located at the 5’-end of the pgRNA (nt
1847- 1907) and is essential for the viral replication and encapsulation signaling.
The other two loops are in the 3’-end, in position 1292-1321 and 1411-1433 for
respectively the a and 3 loops. Both participate in nuclear export, belonging to one

of the main nuclear export domains (SEP2) [109].

By a functional point of view, the mRNAs produced can be schematically
distinguished based on their downstream expression in respectively sub-genomic

(sgRNA) or pre-genomic RNA (pgRNA) (Figure 9).

The pgRNA serves as a template for the synthesis of new rcDNA molecules by retro-
transcription and thanks to the epsilon loop (or encapsidation signal), forms a
ribonucleoprotein complex consisting of the viral RNA, the core proteins, and the
viral polymerase. This complex will be packaged into a newly formed viral capsid

[110,111]. At this step, a partial dephosphorylation of the phosphorylable residues
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present in the C-terminal domain of the HBc proteins is required for an optimal

encapsidation [112].
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Figure 9. HBV cccDNA transcription. Transcription of the cccDNA gives rise to pregenomic RNA (pgRNA) and
different sub-genomic RNAs: HBx, preS1, PreS2/S and preCore mRNAs. These mRNAs will give rise to the
translation of the viral proteins: HBx, surface proteins (M-HBs, S-HBs, L-HBs), HBe, HBc and the viral
polymerase. The pgRNA, differently, will be encapsidated, together with the viral polymerase, by the new
formed capsid to be retrotranscribed. Figure modified from Garcia-Garcia S et al. 2021, Expert Review of
Molecular Diagnostics [55]

Once the pgRNA and polymerase are wrapped into the capsid, the retrotranscription
step begins. First, the polymerase PT region generates a 4 nt primer (TGAA)
complementary to the 5’ epsilon loop protrusion of the pgRNA and translocates it to
the DR1 region located at the 3’ end of the pgRNA [111,113]. This will promote the
retrotranscrption of the pgRNA, thus obtaining the negative (minus strand). The
RNAseH activity of the same polymerase degrades the pgRNA, except for a sequence
of 11-16 nt at the 5’ end of the pgRNA [114]. This fragment, containing the DR1
sequence, is translocated to the DR2 present in the new produced DNA strand (-)
and acts as priming for the synthesis of the positive DNA strand (plus strand) carried
out by the DNA polymerase activity of the viral polymerase. The synthesis of this
strand is incomplete due to limited availability of dNTPs within the capsid. The
double stranded DNA can, so, acquire the classical circular conformation thanks to
the terminal redundancies of each strand that juxtaposes the DR1 and DR2 [49,115],
or a linear conformation (linear double-stranded DNA - dsIDNA) caused by the
failure of the translocation of the 11-16 nt RNA primer to the DR2 thus giving rise to
viral particles carrying linear dsDNA. This dsIDNA could be integrated into the host
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genome thus forming the pool of integrated HBV DNA [115,116]. Of note, the
integrated DNA is incomplete and can mainly support the expression of HBsAg

[117].

In addition of its role as rcDNA template, the pgRNA allows the translation of the
viral core protein (HBc or HBcAg) and the polymerase (P). The other subgenomic
mRNAs encode for the different viral proteins. Of note, due to the circular
organization of the rcDNA and its overlapping, all the mRNAs share the same

terminal sequence (corresponding with the HBX sequence).

The envelope proteins are co-translationally inserted into the endoplasmic
reticulum (ER) membrane. Part of these proteins are translocated through the ER
lumen and are secreted as 22 nm subviral envelope particles (SVPs) or 42 nm
infectious virions or Dane particles (both particles are deeply explained in section
1.1 of this chapter). In this last case, the mature capsid pass through the
multivesicular bodies (MVB) acquiring the envelope. This process of vesicle
formation is mediated by the ESCRT (endosomal sorting complex required for
transport) machinery, and the virions are finally released into the bloodstream

[100,118] (Figure 10).
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Figure 10. Formation and secretion of the HBV viral particle. The polymerase retrotranscribes the pgRNA
thus obtaining the rcDNA (first the complete negative and the incomplete positive DNA strand). Once
retrotranscribed, the mature capsids go through the endoplasmic reticulum (ER) where they acquire the plasma
membrane modified with HBsAg surface proteins. The complete viral particles are now released into the
bloodstream, being available to infect the neighboring cells. Figure modified from Garcia-Garcia S et al. 2021,
Expert Review of Molecular Diagnostics [55].

1.4. HBV infection by a clinical and therapeutic point of view

The incubation period between the infection and the onset of symptomatology
ranges from 30 to 180 days during an acute infection (as reported by las WHO
report, in June 2022). Most of the time, the infection is self-limited, although the HBV
cccDNA can be detected in the liver of acute infected patients, determining the so-
called occult infection (OBI). This condition is defined as the persistence of
replicative HBV DNA in the liver (cccDNA minichromosome) or HBV DNA in the
blood in HBsAg-negative people [119,120].
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Notably, 10% of the people infected in the in the adulthood, and 90% of the children
infected at birth, develop a chronic infection, defined as the presence of HBsAg in
serum for more than six months [7]. According to the European Association for the
Study of the Liver (EASL), four clinical stages can be distinguished depending on
both virological (HBsAg, HBeAg/anti-HBe, HBV DNA), biochemical (ALT) and

disease markers (fibrosis markers) [57] (Figure 11).

Natural history and assessment of patients with chronic HBV infection

HBV markers Liver disease
HBsAg Biochemical parameters: ALT
HBeAg/anti-HBe Fibrosis markers: non-invasive markers
HBY DNA of fibrosis (elastography or biomarkers)

or liver biopsy in selected cases

HBeAg positive HBeAg negative

Chronic infection Chronic hepatitis Chronic infection Chronic hepatitis
HBsAg High Highfintermediate Low Intermediate
HBeAg Positive Positive Negative Negative
HBV DNA >107 IU/ml 104107 IW/ml <2,000 1U/fmi** >2,000 IU/ml
ALT Normal Elevated Normal Elevated*
Liver disease None/minimal Moderate/severe None Moderate/severe
Old terminology Immune tolerant Immune reactive HBeAg positive Inactive carrier HBeAg negative chronic hepatitis

Figure 11. EASL-defined clinical stages for chronic HBV infection. The figure shows the virological (HBsAg,
HBeAg and HBV DNA), biochemical (ALT) and clinical (liver disease) markers to define the four clinical stages
of chronic HBV infection and the cut-off values suggested by the European Association for the Study of the Liver.
ALT: Alanine Aminotransferase [57].

Of note, the different clinical stages can influence the evolution of the liver disease,
and chronic hepatitis B patients (CHB) usually show higher risk of developing
cirrhosis and HCC (Figure 12).
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Figure 12. HBV infection and liver disease progression. The diagram shows the liver disease evolution and
the risk of progression and the clinical consequences depending on the different clinical stages. Data obtained
from Pollicino et al. 2021 and Flattovich et al. 2008. [120,121]

According to the EASL guidelines, patients with chronic hepatitis, HBV DNA > 2000
[U/mL, elevated transaminases (ALT higher than the upper limit) and presenting at
least moderate necroinflammation should be treated, independently of the HBeAg
state [57]. The current antiviral strategy is based on NUCs (as cited in section 1.2.2
of this chapter, entitled “P ORF”). This strategy enables the optimal control of HBV
replication (with undetectable HBV DNA), and 1-5% of the treated patients
experiences a clearance of the HBsAg in the serum/plasma with or without the
development of anti-HBs, defined functional cure [122]. However, just the 30%
percentage of these patients presented a durable suppression of the viremia,
especially after treatment interruption [123]. This happens because the
antiretroviral therapy does not act on the HBV cccDNA which persists into the
nucleus of the infected cells, being source of the expression of the viral mRNAs and
contributing to viral relapses and/or disease progression. It has been reported that
in Asian patients, the cumulative risk of developing HCC at 5 and 10 years (even in

absence of detectable HBV DNA) has been estimated to be between 1.6 and 5.9%
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respectively [124]. In Caucasians, this risk is lower but still consistent (<1% in no-
cirrhotic and 1.8-5.2% in cirrhotic patients) [125]. To try to guarantee a better
control of HBV infection, new therapeutic approaches are currently in development:
the entry inhibitor Buluvertide (or Myrcludex), the capsid inhibitors, inhibitors of
the release of the HBsAg, gene silencing (silencing RNA or antisense
oligonucleotides) and gene editing agents [126] (Figure 13). On the other hand, the
new strategies are also focused on the acting on the immune response immune
system activators, monoclonal antibodies, checkpoint inhibitors and T cell-targeted

therapies [126].

A gene therapy strategy based on gene silencing could be extremely helpful to
control this infection, since it could inhibit viral replication and interfere with the
liver disease by directly acting on HBV. Small interfering RNAs (siRNAs) are valuable
tools to inhibit gene expression since they are recognized and processed by the
DICER and RNA-induced silencing complex (RISC) promoting the degradation of the
mRNA target [127,128]. These siRNA are usually conjugated with N-acetyl
galactosamine (GalNAc) to guarantee a liver-specificity, since the GalNAc receptor is
highly expressed in the liver and promotes rapid endocytosis [129]. Antisense
nucleotides (ASOs), differently, are single-stranded oligonucleotide and show a
different mechanism of action related to the siRNA, since they promote the

degradation of the RNA target through the RNase H [130].
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Figure 13. Novel therapies against HBV. This illustration shows the direct treatment lines for HBV inhibition.
It shows the entry inhibitors, Nucleotide analogues (NUCs) or RNAseH inhibitors, CpAMs, surface protein
inhibitors (NAPs) and new gene therapy strategies, such as RNA interference (RNAi), Antisense oligonucleotides
(ASO), LNA or RNA destabilizers at cytoplasmic level. In addition, new strategies at nuclear level such as targets
against HBx or cccDNA based on ZFNs, TALENs or CRISPR tools are shown [131].

Improving patient follow-up to define the optimal time to stop antiretroviral
therapy, especially in patients with undetectable HBV DNA, is also of paramount
importance. To this end, two surrogate markers of cccDNA have been studied:
circulating HBV RNA and hepatitis B core-related antigen (HBcrAg) [132].
Circulating HBV RNA is a normal product of the viral replication, it could be an
optimal surrogate for cccDNA activity as it is produced exclusively from the cccDNA
minichromosome [26]. HBV RNA levels vary according to the clinical stage of the
patient and could be a direct predictor of HBeAg seroconversion [26,133,134]. It can
be detected even after years of successful treatment and its undetectability could be

associated with low HBsAg (<100 IU/mL) [135].

Another marker is the core-related antigen (HBcrAg), which simultaneously
measures three viral proteins sharing a 149 aa-long sequence: the HBcAg, the HBeAg
and a 22 kDa truncated pre-core protein (p22) [136,137]. This marker has
important clinical applications, studies have linked increased HBcrAg levels to the
development of HCC or HBV reactivation after NUCs therapy suppression [138,139].
In addition, in patients with occult HBV, it may also predict the risk of HBV

reactivation [140].
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2. Hepatitis delta virus: an overlooked infection

The hepatitis delta virus (HDV) is a satellite virus of HBV since it needs its helper
virus to produce new infectious viral particles. The unique specific viral protein,
known as delta antigen (HDAg) was discovered by Dr. Rizzetto in chronic HBV-
positive patients with a very severe form of hepatitis [141], and the virus was
identified as a new hepatitis virus (called HBV-dependent hepatitis Delta or HDV) in
1980 [142]. The genome was inspected six years later. This HBV satellite virus was
classified as the only member of the Deltaviridae family and the Deltavirus genus

[143].

It has been reported that around 5% of people with chronic HBV infection have HDV
co-infection, accounting for 15 to 20 million affected patients worldwide [144], with
a different prevalence depending on the studied continent (Figure 14). HDV
infection is first diagnosed by detecting anti-HDAg antibodies. However, this test is
usually conducted in HBV patients with a more severe liver disease. In fact, a recent
study performed at the Vall d'Hebron Hospital (Barcelona, Spain) showed that the
incidence of HDV could be about 5 times higher than expected if the anti-HDAg is
analyzed in all HBV-positive new diagnoses [145]. This is even more important
considering that the HBV infection is still poorly studied especially in low-income
countries [144]. A recent metanalysis reported that Mongolia had the highest
national prevalence of HDV infection among the HBsAg carriers (36.9%) and a
prevalence >10% was also estimated in Republic of Moldova, Western and Middle
Africa [146]. In Pakistan there is a region known as HDV “belt” where 30-50% of the
HBsAg-positive patients are HDV coinfected [147]. Of note, a lot of data is still not
available specially in especially in some regions of Africa, South America, and Asia
[148]. Since it is still an overlooked infection, it is difficult to evaluate the real global

prevalence of HDV infection.
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Figure 14. Percentage (%) of the anti-HDV global prevalence. In this world map itis indicated the prevalence
of HDV (positive for the anti-HDAg) among the HBsAg-positive patients. The color scale indicates the percentage
of anti-HDV positive population (from less prevalent, in green, to higher prevalent in red). The white and grey
colors indicate those regions where data is not available or difficult to obtain. Figure extracted from Stockdale
etal. 2020 [146].

Notably, the presence of HDV in the context of HBV infection has serious clinical
implications (Figure 15). HDV can infect simultaneously with HBV (which is defined
as coinfection) or in a context of CHB (superinfection) [149]. The coinfection of HDV
with HBV in adults usually results in the clearance of both viruses, and just a little
percentage of these patients develops a chronic infection. In contrast, it has been
estimated that 90% of the superinfected patients develops a persistent HBV/HDV
infection with a risk of developing liver cirrhosis, HCC and even liver failure of 50-
70% within 5-10 years [147]. Moreover, the risk of developing a fulminant hepatitis
is greater in HDV/HBV patients than in HBV monoinfected or in presence of other

viral hepatitis [150,151] .
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Figure 15. HDV-HBV coinfection and superinfection. The picture shows the clinical evolution of the two
possible scenarios of HDV infection (coinfection and superinfection). The incidence of each clinical condition is
reported, including the incidence per year of cirrhosis and HCC [152].

Notably, although HDV needs its helper virus, the replication of HBV is strongly
inhibited. A large reduction in plasma HBV DNA is usually observed, and a reduction
in both intrahepatic HBV rcDNA and cccDNA has also been reported [153]. This
inhibition of HBV does not affect levels of HBsAg, a component of the HDV virion,
and correlates with HDV-RNA [154]. Nevertheless, the mechanism behind the
inhibition of HBV in the context of HBV/HDV coinfection is still unknown.

2.1. HDV virion: a viroid-like particle

HDV is a viroid-like virus. Viroids are naked infectious agents formed by a non-
coding single-stranded circular RNA molecule, which can present branched or rod-
like structures and are commonly known to infect plants. Viroids are believed to be
ancestral, left over from the ancient world of RNA, which is believed to have existed

before the emergence of DNA and proteins. [155,156]

Although differently mammals infecting Deltaviruses have been reported, HDV is the
only member of this genus able to infect humans [155]. Like plant viroids, HDV is
composed by a circular single-stranded RNA molecule provided of a catalytically
active domain known as ribozyme, whose function will be extensively explained
later in the present chapter. However, differently from the classic viroids, HDV

genome is 4-7-fold higher than viroids (~246 bp in the smallest viroid and 1.6 kb in
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HDV) [155,156]. Other element that differentiates HDV from classical viroids, is that
HDV can produce its own specific viral protein called delta antigen (HDAg). This last
exists in two different-in-length isoforms, produced by the same ORF: the short (S-

HDAg) and the large (L-HDAg) delta antigens [157].

Hepatitis delta virus is the smallest virus present among mammalian viruses, being
about 36 nm in diameter [158]. The delta virion consists of a ribonucleoprotein
(RNP) complex formed by a copy of the viral RNA coupled to the S- and L-HDAg
(Figure 16). The RNP complex is then enveloped by a plasma membrane modified
with the three forms of the HBV surface antigen (as explained in this chapter in
section 1.1)[142]. HDV is a satellite virus of the HBV since it lacks the surface

antigens necessaries to leave and infect the hepatic cells.

The HDV genome is a single stranded circular RNA of negative polarity (3'=>5’), with
asize of 1,668-1,697 nucleotides depending on the genotype. Its sequence has a high
G/C content (around 60%) and a self-complementarity of 74% which gives rise to a
stable rod-like secondary structure, resembling genome plant viroid’s structure

[159,160].

Despite its “simple” structure, by a virological point of view, HDV infection is quite
complex since it takes advantage of the host machinery to promote the expression
of its own antigen and to promote its life cycle. In the next section of my thesis, I will

describe all the features that make HDV such a sophisticated virus.
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Figure 16. Hepatitis delta virus virion. HDV virion in formed by a ribonucleoprotein complex formed by the
viral genomic RNA coupled to both the short and large delta antigen (S- and L-HDAg), and an envelope
presenting the HBV surface antigens (S-, M and L-HBsAg) [161] .

2.2. HDVlife cycle

Since HDV shares with HBV the surface antigens, their mechanism of entry is similar
(section 1.3 of this chapter, entitled “HBV life cycle”). However, another system of
transmission has been recently described. HDV can spread by cell division, meaning
that the viral genome molecules can be transferred from the mother to the daughter
cells during cell division, thus promoting HDV spread by an entry-independent
mechanism [162] (Figure 17). This may explain clinical studies in which HDV
persists after one year in patients with liver transplantation and anti-HBsAg
immunoprophylaxis, and after six weeks in HDV monoinfected mice with

transplanted PHHs [163-165].

Once inside the hepatocyte, the RNP complex reaches the nucleus thanks to the
nuclear localization sequences (NLS) of the HDAg (between aa 69 to 89) and enters
the nucleoplasm through the interaction with the cellular importins that recognize
specific sequences for transport through the nuclear pores [166,167]. This is
another point of difference between HDV and classical viroid since the latter can

transport itself to the nucleus after infecting the plant cell cytoplasm [166,168].
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Once inside nucleus, the genomic RNA is transcribed by the cellular RNA polymerase
[T to produce the mRNA encoding the HDAg, which is essential to promote the viral

replication.
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Figure 17. HDV replication cycle. HDV entries into the hepatocyte through the interaction of the L-HBsAg with
HSPGs and the NCTP receptor (step 1). The ribonucleoprotein complex (RNP) reaches the nucleus (step 2), and
itis used as template to produce that mRNA (step 3) that will be translated into the HDAg proteins, both S- and
L-HDAg (step 4). This step is led by the cellular RNA polymerase II. In addition to the expression of mRNAs, the
genome replicates by forming concatemers of HDV antigenome (through the action of the cellular RNA pol I)
from which the antigenome molecules (5’->3’) are released. The antigenome is then used to produce, thanks to
the cellular RNA polymerase II, a new concatemer of genome molecules (steps 5 and 6). Both genomes and
antigenomes are produced by a Rolling Circle Amplification (RCA) and the individual monomers are released
from the concatemers by a ribozyme, a portion of RNA with enzymatic activity. The L-HDAg proteins produce
during the steps 3 and 4 are subjected to several post-translational modifications, especially the farnesylation
which is necessary for viral assembly (step 7). Both the S- and L-HDAg are coupled to the viral genome thus
forming new RNPs (step 8) that are exported to the cytoplasm and, thanks to the interaction of L-HDAg with
HBsAg, acquires the envelope (step 9). The new viral particles can so be released into the bloodstream and infect
new hepatocytes [169].

HDV genome replicates through a rolling circle amplification (RCA) process and,
since the virus is not provided of a viral polymerase, it uses the host DNA-dependent
RNA polymerase system, like viroids (Figure 18). The RCA consists of the
unidirectional amplification of a circular nucleic acid molecule, and it is quite

common in microorganisms (for example in bacteria’s plasmid) to produce multiple
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copies of the target molecule. The first RCA step in HDV life cycle starts from the
circular RNA genome (3’->5’) and generates a linear concatemer (Figure 18, panel
A) formed by numerous complementary monomer copies with a positive
orientation (5’->3’) [170]. This process is expected to be carried out by the cellular
RNA polymerase I. These monomer units will be then freed by the self-cleavage
activity of the own viral ribozyme activity (the ribozyme will be deeply commented
in the next paragraphs). This process consists of a transesterification reaction 33 nt
downstream of the polyadenylation site of the HDAG with the liberation of linear
antigenome molecules. The released antigenomes are circularized by a yet unknown

mechanism and are used to repeat the RCA process [171,172] (Figure 18, panel B).
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Figure 18. Rolling circle amplification (RCA) of HDV genome. A). The RCA starts with the amplification, led
by the cellular RNA polymerase I (RNA pol I), of the genome sequence to produce a long linear molecule
composed by multiple copies of the genome complementary sequence (concatemer with direction 5’ -> 3’). From
this concatemer, the antigenomic monomers are released thanks to the activity of the viral ribozyme (here
represented with a scissor). B. The antigenomes previously produced are used as templates for another RCA
cycle, this time driven by the cellular RNA polymerase II (RNA pol II) to generate another concatemer with
multiple copies of the genome sequence (direction 3’ -> 5"). Again, the different monomers are released through
the viral ribozyme.

This second RCA process will give rise to a concatemer with several copies of the
genome sequence. Again, the single unit of the genome will be self-cleaved by the
viral ribozyme thus producing multiple monomers of circular genomic RNA
[173,174]. The mechanism behind the circularization of the genomic RNA is still
unclear. It might occur through a host RNA ligase [175], or through a possible self-

ligation mechanism [176].
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The circularized genomic molecules will then interact with the HDAg proteins (both
short and large) into the nucleus thus forming the RNP complexes. The RNPs are so
exported to the cytoplasm and thanks to the interaction of the L-HDAg with the
HBsAg, new viral particles are assembled in the endoplasmic reticulum. New virions
are so released into the bloodstream to infect the neighboring hepatocytes. Of note,
more information about the function of the HDAg and ribozyme will be detailed in

the next paragraphs.

2.3. HDV self-cleaving property: ribozyme

As mentioned before in the preceding section, the ribozyme is essential to release
the genome and antigenome monomers from the concatemers produced during the
RCA process. Crystallized structure was obtained for the first time in 1998 by Dr.
Doudna's group. The sequence found in genomic (nucleotides 688-771) and
antigenomic (nucleotides 900-948) RNA, was not identical, but had the same
structure [177], this suggests that the preservation of the secondary structure of this
region is mandatory to ensure its cleavage activity (Figure 19). It is composed by
five helical regions (P1, P2,3 P1.1 and P4) that together form a nested pseudoknot,
three single stranded regions (J1/2, J1.1/4 and J4/2) and two loop structures (L3
and L4) (Figure 19) [178]. Of note, in figure 19, the L3 and L4 are not highlighted.
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Figure 19. HDV ribozyme secondary structure in genomic (A) and antigenomic (B) sense. Each domain is
highlighted by different colors. The helices are represented respectively in red (P1), dark blue(P2), light blue
(P3), grey (P1.1) and orange (P4). The single stranded regions J1/2 and J1.1/4 are in black and the J4/2, which
contains the catalytic cytosine, is in pink [177].

Although the entire secondary structure is essential for the activity, by a functional
point of view, each region covers a role (Table 1). The P2 and P4 regions are
important to stabilize the structure, whereas the P3, J4/2 and L3 regions are
especially involved in the ribozyme’s catalytic activity [177,179-182]. Moreover, the
P1.1 pseudoknot has a significant role in promoting the catalytic activity since it
promotes the "connection” between the catalytic domain and the substrate of
cleavage (in P1), as reported by testing several mutants introduced in this domain
[183,184]. The J4/2 portion also contains a cysteine at position 75 on the HDV
genome, which is thought to be a key element in ribozyme self-cleavage.
Experiments of mutagenesis and cross-linking suggested that this nucleotide is
important in catalysis, since it could be involved in a dynamic network of hydrogen-
bond interaction that helps the “activation” of the hydroxyl group, leading actor of

the reaction of transesterification [178].
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Table 1. HDV ribozyme regions functions. The table shows the function of each structural region of the HDV

ribozyme, and their positions based on genomic orientation. Table from Been M, et al. 1997 [182].

Domain | Function/s Position

P1 Presents the self-splicing site (nt 1). Requires base pairing to | 1-7/31-37
ensure proper self-splicing.

J1/2 Its function is still not totally known. 8-9

P2 Stabilizes the structure once the split has happened. 10-16/79-86

P3 Participates in the catalysis. 17-20/28-30

P1.1 Like P1, requires base pairing to ensure a correct self- | 21-22/38-39
splicing. G38 interacts with Mg2+ during self-splicing.

L3 It is essential for the correct split. 23-27

J1.1/4 It presents some preserved residues which interact with Mg?* | 40-42
during self-splicing.

P4 Stabilizes the structure of the ribozyme. It does not | 43-56/60-74
participate in catalysis.

L4 Mainly structural region. 57-59

J4/2 It includes nt C75, which is very important for the catalytic | 75-78
activity of ribozyme as it interacts with Mg?* ions and
promotes an acid-base catalysis during the self-splicing.

As cited before in the previous paragraph, the ribozyme release the monomers from
the concatemer by a transesterification in which the hydroxyl group at 2’ in the
ribose of the nucleotide at position -1 (before the first nucleotide of the ribozyme)
produces a nucleophilic “attack” to the contiguous phosphate group (at 3’), thus
forming a 2'-3' cyclic phosphate (at nt -1) and a free hydroxyl group at 5' (atnt 1 in
ribozyme) [185]. This cleaving mechanism appears to be the same as those
described for plant viroids, virusoids and satellite RNAs [186-188]. Notably, to go
ahead with the reaction divalent metal ions are required, such as calcium,
magnesium, and manganese. The reaction could also occur in an alternative manner
in the presence of monovalent ions, but the catalytic activity is greatly reduced

[189].

2.4. The multifunctional HDAg protein

Another characteristic of HDV that distinguishes it from classical viroids is its ability
to encode a specific viral protein. As commented before, it exists in two isoforms,
the short S-HDAg, that consists of 195 amino acids and has a molecular weight of 24
kDa, and the long L-HDAg, which shares the same N-terminal sequence but has 19

amino acids more than the shorter isoform (214 amino acids with a molecular
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weight of 27 kDa) [190]. Notably, both proteins are produced from the same ORF

following the deamination of the adenosine presented in the S-HDAg codon stop.

This process, known as editing, is carried out by the cellular adenosine deaminase
acting on RNA (ADAR) 1. ADAR1 is the most common editing form in metazoa. This
cellular enzyme acts on double stranded RNA molecules (dsRNA). In humans the
ADAR family presents two active forms (ADAR1 and ADAR2) and one inactive form
(ADAR3) of the enzyme. ADARLI is the one responsible for the HDV genome editing
[191], and it has two major splicing isoforms, a small one of 110kDa (p110), which
is constitutively and predominantly expressed in the cytoplasm, and a longer
isoform of 150 kDa (p150) which is localizable in both the nucleus and the
cytoplasm, and whose expression is triggered by the activation the interferon (IFN)
pathway [192,193]. About the target, ADAR1 generally edits both short (around 20-
30 bp) and long dsRNA presenting mismatched bases, bulges, and loops. In addition,
ADAR1 has been shown to primarily edit extremes, preferring adenosines present
at the 3' end of the RNA [194,195]. This enzyme deaminates the C6 of the adenosine
ring thus forming an Inosine (I), which is similar, in term of sequence

complementarity, to a guanosine.

During HDV replication, ADAR1 acts on the HDV antigenome where it deaminates
the adenosine at position 1012, leaving an inosine (Figure 20). During the
amplification of the antigenic material into genomic RNA, this modified nucleoside
(I) is considered as a guanosine, resulting in the introduction of a cytosine (C)
instead of an uracil (U) in the genomic sequence, and the codon in the genome is
changed from AUC to ACC. When the genome is transcribed to produce the HDAg
mRNA or new molecules of antigenomes, the modified codon generates, due to
sequence complementarity, a UGG codon, thus modifying the Amber stop codon
(UAG) in position 196. As a result, the modified mRNA expresses a tryptophan
(*196W), thus resulting in the longer HDAg protein (L-HDAg). Of note, this process
is not absolute, with each mean that during viral life cycle, both HDAg will be
produced for respectively edited (L-HDAG) and unedited (S-HDAG) mRNAs [196-
198].
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Figure 20. ADAR1 editing process on the HDV antigenome. ADAR1 catalyzes the editing of the antigenome
RNA at nucleotide 1012 (aa 196; amber/W). The adenosine (A) at position 1012 is converted to an inosine (I),
which is considered a guanine (G). During the next RCA step, the edited antigenome produces an edited genome
that presents an ACC codon instead of AUC. When new mRNAs encoding the HDAg are produced from the
genome monomers, the mRNA obtained from the edited genome will carry the UGG codon. This editing codon
introduces an amino acid change from a stop codon (in the unedited mRNA) to a tryptophan coding codon (from
the edited mRNA) at position 196, resulting in a 19 aa longer protein, the L-HDAg [169].

Although the two isoforms are both structural elements of the virions, they also play

essential roles in viral replication [199].

The S-HDAg, produced in the early stages of the viral cycle, is essential for viral
replication since it is necessary for the recruitment of the transcription machinery
and promotes the elongation of viral RNA [200-202]. Studies have shown that S-
HDAg interacts with several subunits of especially RNA polymerase II [203]. Both
HDAgs have a sequence similarity with a Negative Elongation Factor (NEF), which
inhibits RNA pol II elongation process. This similarity allows the HDAgs to interact
with the RNA pol occupying the NEF site, thus promoting RNA elongation [204].
Moreover, the S-HDAG directly interacts with the RNA pol II clamp, which is a region
of the RNA pol II that holds DNA and RNA in place, thus affecting RNA pol fidelity
and its shift of template, from DNA to RNA [202]. On the contrary, L-HDAg begins to
accumulate lately related the small isoform. Its main function is the assembly of
virions [205]. It has been suggested that the balance between the ability of S-HDAg
to promote viral replication and the ability of L-HDAg to enhance particle release is

related to the amount of L-HDAg that accumulates during the time in the nucleus:

50



the more protein, the more ribonucleoprotein complex is ready to be exported to

the cytoplasm [170].

When looking the protein sequence, several functional domains have been identified

in the HDAg (Figure 21), most of them shared by both isoforms.

The RNA Binding Domain (RBD) eases the interaction with the viral RNA when
forming the RNP complex. This domain contains two arginine-rich motifs between
aa 97-107 and aa 136-146 (ARM) and has helix-loop-helix (HLH) between the ARM
[206]. In the RNP the HDAg monomers are subjected to antiparallel coiled-coil
mediated dimerization and dimers then form homo- and hetero-multimeric
octamers disposed in groups of 4-5 around which the viral RNA is wrapped [170].
The dimerization occurs at the coiled-coil domain (CCD) between aa 12 and 60
[206]. The nuclear localization signal or NLS (aa 66 and 75), moreover, is important
for the entry of the RNP into the nucleus [167,207,208] , whereas the Pol I Binding
Domain (aa 150-195) allows the binding to the host RNA pol II during viral
replication. In addition, the ribozyme binding site is located between amino acids 24

and 50 [204,209].

Related to the S-HDAg, the large isoform in the C-terminal portion of the L-HDAg (aa
195-214) resides the viral assembly sequence (VAS), which presents: the nuclear
export signal (NES) between aa 198-210 and the isoprenylation signal between aa
211-214 (Iso), important for the following farnesylation of the L-HDAg. This VAS
domain is essential for the formation of viral particles, due to the interaction

between the ribonucleoprotein and HBsAg [210,211].
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Figure 21. Schematic representation of the HDAg functional domains. The different domains included in S-
HDAg and L-HDAg are shown. NLS: Nuclear localization signal, ARM: arginine-rich motif, NES: Nuclear export
signal, RBD: RNA-binding domain. Iso: Isoprenylation signal. The oligomerization domain (pink) and the
Ribozyme and RNA polymerase Il binding domains (dashed lines) are represented [203].

Of note, both the S- and L-HDAg undergo to post-translational modifications such as
phosphorylation, acetylation, or methylations, that promote the efficiency of the

viral replication [212,213] (Figure 22).

Among all these modifications, a particular interest should be focused on the
isoprenylation at the C-terminus of the L-HDAg in the cysteine 211. This process
consists in the addition of a farnesyl phenyl lipid moiety to the cysteine that is
important for inhibiting viral replication and contributes to virion assembly by
assisting the binding between L-HDAg and HBV surface proteins [203]. This step is
targeted by a therapeutic strategy currently under investigation, which consists of
inhibiting farnesyltransferase with an inhibitor (Lonafarnib), thus preventing virion

assembly [214].
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Figure 22. Schematic representation of the HDAg post-translational modifications. The post-translational
modifications that occur during HDV replication are represented. P: phosphorilation, Me: methylation, Ac:
acetlylation, Far: farnesylation. The sumoylation of multiple lysine residues of S-HDAg has been reported [203].

In addition, both S-HDAg and L-HDAg have a high immunogenic capacity, presenting
epitopic regions for B-cells, CD4+ and CD8+ T lymphocytes [215]. Studies have
described that the association of HDAg aa changes with polymorphisms in the

human leukocyte antigen may be associated with immune escape [216].

2.5. Current therapy against HDV

Since the 1980s, the main therapeutic protocol for patients with CHD was interferon
Alpha (IFNa) or pegylated (peg-IFNa). This strategy, however, reached a virological
response (undetectable HDV RNA levels) in just 17-47% of the patients (without
HBsAg seroconversion) [217], and more than 60-97% of the treated patients
experienced viral relapses [218]. It has been calculated that just one-fifth and one-
third of the IFNa or peg-IFNa- treated patients achieve HDV clearance [219].
Moreover, this treatment has important side effects that can strongly affect patients’

quality of life [57].

Of note, during the last years, the scientific research has actively improved the
knowledge about HDV virology, contributing to the development of new therapeutic
strategies. The main example is the Bulevirtide, which has been recently approved
by the European Medicine Agency to treat CHD patients with compensated cirrhosis.
As previously cited in section 1.2.3 of this chapter, this drug is a 47-nt acetylated

fragment derived from the N-terminal domain of HBV preS1 HBsAg, which acts by
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competing for the attachment of HBsAg to the NTCP receptor, thus inhibiting HBV
and HDV entry into the hepatocyte (Figure 16) [220,221]. It is currently in phase III
clinical trials [222].

Other strategies are based on the inhibition of the farnesyltransferase (Lonafarnib,
LNF), which is a relevant step in viral replication (section 2.2 of this chapter), or in
blocking HBsAg release through the nucleic acid polymers (NAPs) such as REP-
2139-Mg or REP-2165-Mg (Figure 23) [223]. Studies conducted in CHB patients
showed that these drugs, in combination with immunotherapies, had a strong
antiviral activity [221,224]. REP-2139 is currently in phase II clinical trial. Other
valuable therapeutic options are the new immunomodulators, especially the lambda

interferon (IFNA) which is currently in phase II of clinical trials [223].

Of note, all these new procedures do not directly interfere with HDV itself. A gene
therapy strategy based on gene silencing could be extremely helpful to control this
infection, since it could inhibit viral replication and interfere with the liver disease
by directly acting on HDV. Small interfering RNAs (siRNAs) or Antisense nucleotides
(ASOs). The JNJ-3989 siRNA that has been tested in CHB patients and a decrease of
the HBsAg has been observed and itis currently under evaluation in phase II clinical
trial in patients co-infected with HDV [128,223]. There are several ASOs in clinical
trials, such as the Bepirovirsen (GSK3228836). A recent study reported a HBsAg
clearance at 29 days after administration of Bepirovirsen in the 23.5% of patients

with CHB, both naive and patients on with NA therapy [225].
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Figure 23. Current HDV therapeutic strategies. The picture shows the current therapeutic strategies (in red
boxes) and the step of the life cycle in which each drug is active. RNAi: interfering RNA [223].
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3. HDV-mediated HBV inhibition

Although HDV needs of the HBsAg to produce infectious viral particles, in presence
of its satellite virus the replication of HBV is inhibited. Indeed, a significant reduction
of HBV DNA levels has been reported in HBV/HDV patients [226-228], as well as a
decrease of HBV replication intermediates in liver biopsies [153]. This viral
interference was also confirmed in vitro in Huh7 cells transfected with DNA vectors
expressing HBV and HDV [229], as well as in in vivo superinfection models in HBV
infected chimpanzees, woodchuck hepatitis and in a humanized HBV-infected

mouse model [230-233] .

The mechanism behind this inhibition is still unknown. The fact that the inhibition
can be completely reproduced in vitro might suggest that it could be independent of

the adaptive immune system [229,233,234].

Some studies had suggested that the effect of the L-HDAg on cellular RNA pol Il could
limit the transcription of the cccDNA, without strongly affecting the expression of
HBsAg which can also be produced from integrated DNA [235,236]. In addition, a
reduction of the amount of the HBV RNAs were found in differentiated HepaRG cells
in vitro, suggesting a possible inhibition of transcription or stability of HBV RNAs
[234]. The inhibition of the transcription of cccDNA has been also suggested by
another study that reported that both S- and L-HDAg are able to inhibit the activity
of HBV Enhancers I and II [237].

Other possible source of inhibition can be related to the activation of the
intracellular innate immunity. HBV is considered a “stealth” virus since it limitedly
activates the intracellular Pattern Recognition Receptors (PRR) responsible of the
activation of the intracellular IFN pathway. In contrast, HDV replication significantly
induces innate immune response [238], and even take advantage of one of the
interferon-stimulated gene (ISG), ADAR1, to produce the two delta antigen isoforms.
It was reported, indeed, that when the HDV RNA reaches the cytoplasm, the
ribonucleoprotein is recognized by one of the PRR, the MDAS5 [239], which activates

a mitochondrial antiviral signaling (MAVS) with the downstream activation of

56



transcription factors, such as IFN regulatory factor (IRF) 3/7 and nuclear factor-xB
(NF-xB) [240], thus promoting the expression of type [ IFNs (IFNa and IFN{3) [241].
The expression and release of IFN is essential for the cellular response against viral
infections [242,243]. In addition, the activation of the IFN response could promote
the inhibition of the HBV expression through a direct mechanism the interferon-
inducible cytoplasmic dynamin-like GTPase MxA. This latest could directly interact
with HBcAg thus promoting a perinuclear accumulation of core antigen, limiting the
formation and release of new viral particles without affecting viral mRNA levels
[244]. Moreover, an in vitro study reported that the L-HDAg could increase of 3-fold
the activation of the MxA promoter [237].

Of note, it is still unknown if the activation of the IFN pathway due to HDV could

affect not only HBV expression, if not also its variability.
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4. Viral quasispecies

A viral quasispecies (QS) is a dynamic mixture of closely related but not identical
genomic variants called haplotypes. The term quasispecies was coined by Manfred
Eigen and Peter Schuster in the 1970s to explain the organizational and adaptive
capacity of replicative entities. The viral QS follows an ordered and stable
distribution of mutants dominated by a principal genome, known as master
sequence (those with the highest relative frequency) [245] (Figure 24). Differently,
the term consensus refers to a sequence that shows the most common nucleotide

(or amino acid) per each position in the QS.

The most important feature of a viral QS is its dynamicity, which is a product of
several positive or negative selection processes where the best variants are selected.
During each life cycle, viruses can acquire mutations that will generate new variants
that might differently respond to the environment. Among all the generated
variants, those that are less replicative might gradually disappear from the viral
population. However, the presence of a selection pressure (such as an active
immune response or antivirals) will maintain and select (positive pressure or
genetic bottleneck) the variants that better respond to the modified environment
(in some extents independently from the variant’s fitness). These more resistant
variants will generate a new viral population. When the pressure fails, the QS might
potentially change again depending on new selection step and/or the viral fitness.

Although the relative frequency of each haplotype can provide a measure of the
fitness or of the selection of the unique variant, this value cannot optimally
represent the complexity and variability of the QS [246]. In this doctoral thesis, the
viral quasispecies has been studied by using several complexity and functional

indices, that will be deeply described later, in the following chapters.
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Figure 24. Schematic representation of a viral quasispecies and the bottleneck process. An infected
individual will present a mutant spectrum corresponding to the viral population. This viral population will be
composed by different closely related variants. Changes in the environment can provoke a bottleneck process, a
selection process that will allow the survival of just those mutants able to adapt to this changing event. The
bottleneck can vary in intensity depending on how restrictive the selection is. From the selected mutants, a new
quasispecies will be formed due to the acquisition of new mutations. The different colored geometric shapes
represent the acquired mutations.

The inspection of the dominant sequences (master) of a viral population can be a
determining factor in the study of the course of the disease, the response to the host
immune system or even to episodes of clinical relapses. On the other hand, the high
variability of some viruses, allows them to re-adapt to a changing environment. For
this reason, a deep study of the complete viral population, including minority
variants that forms a QS, might be required [247,248]. Of note, HBV and HDV are

both two extremely variable viruses and circulate as QS.
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4.1. HBV variability

Although it is a DNA virus, its replication consists of a retrotranscription step. Of
note, the viral retro-transcriptase lacks proof-reading activity, so it can introduce 1
mutation each 10> to 107 bases [249], thing that contributes to an evolution rate of
1x10E-05 to 1x10E-04 substitution/site/year [250-252], closed to those of RNA
viruses [253]. Considering the high rate of viral replication (around 1013 viral
particles per day in patients with acute infection and 1011 virions/day in patients
with chronic hepatitis) [254,255], several variants can be produced per day of

infection, generating a complex quasispecies.

In addition to that, intracellular antiviral response could potentially contribute to
HBV QS variability. Some members of the AID/APOBEC deaminase family can hyper
edit HBV as shown for the human immunodeficiency virus [256,257]. In vivo studies
have reported that APOBEC had a deamination frequency of >1x10E-02
substitution/nucleotide in serum samples [258-260]. It has been reported that
APOBEC deaminates cytidines in the intermediate of viral single-stranded DNA
(during the retrotranscription step of the minus strand- C to U mutation), and
adenosines are transcribed from uridines, leading to G-to-A hypermutations in
second-strand DNA [261]. However, a study performed on HBV DNA from a
database of patients with and without HCC observed that patients with HCC showed
a higher ratio of APOBEC mutations in the negative strand of rcDNA than those
without HCC, however, mutations in the positive strand of rcDNA were higher in
those patients without HCC, thus suggesting that deamination might also occur

during the formation or transcription of cccDNA in the nucleus. [262].

A proof of the high HBV variability is the presence of different viral genotypes and
subgenotypes (Figure 25). HBV genomes have been classified in 10 genotypes (from
A to I) with a sequence divergence of 28%. Within these genotypes, at least 35 sub-
genotypes have been identified, with a 4-8% divergence between them [263,264].
The various genotypes show a different geographical distribution, thus suggesting a

different geographical evolution of the viral QS (Figure 25).
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Figure 25. Phylogenetic three of HBV genotypes. The tree shows the genetic divergence between the
different HBV genotypes (A-I) and prevalent sub-genotypes. The geographical area where each genotype is more
prevalent is asl reported. Figure from McNaught [265].

As commented before with each specific viral protein (throughout section 1.2 of this
chapter), HBV variability can strongly impact the infection and the liver disease
progression, such as the adquisition of mutations that confer resistance to antiviral
treatment. The genotype itself can differently impact the antiviral response or
disease progression. A recent study tested in vitro the expression of the different
viral genotypes thus showing that A2 genotype mainly expressed precore mRNA
than pgRNA and is less responsive to Lamivudine inhibition related to other
genotypes such as genotype B2 or D1 [266]. In addition, genotypes C and D and
subgenotype A1l have been identified to be associated with a higher risk of cirrhosis
and HCC than other subgenotypes such as A2, B1 and B6 [267]. This variability is
further enhanced due to the ability of different genotypes to recombine as mainly

product of the co-infection of the same cells [264,268].

Considering this extreme high level of variability and how it influences the clinics,
the study of viral QS could strongly help to identify prognostic or therapeutic factors,
thus adapting the viral population evolution to patient's follow-up as a kind of

personalized medicine [55].
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4.2, HDV variability

Although the HDV genome replicates thanks to the cellular RNA polymerase (see
section 2.2 of this chapter), which is provided of a 3’25’ proofreading exonuclease
activity (with a very low error rate of (~1.00E-06 substitutions/nt) [269].
Nevertheless, HDV is the most variable virus among hepatitis viruses, with an

evolution rate between 9.5E-03 to 1.2E-03 substitutions/site/year [270].

The most accepted theory considered that the cellular RNA pol can introduce errors
(insertions, small nucleotide deletions or intramolecular recombination) due to the
switch of template from DNA to RNA [271,272]. This hypothesis can be further
reinforced by considering that the S-HDAg binds the RNA pol II, accelerating the

direct translocation of this polymerase at the expense of its fidelity [202].

A recent study published by our group showed that in HDV QS the type of changes
that occurred were mainly transitions (G<->A and C<->T) than transversions, thus
suggesting a possible role of mutagenic enzyme (APOBEC, ADAR1) in HDV
variability [273].

Again, a proof of this variability is the high divergence of the 8 genotypes, which is
up to 16% within the same genotype and between 20% and 40% between different
genotypes [274]. To cite some instances, between genotype 1a and 1b there is about
12% of dissimilarity, whereas genotype 3 is the more divergent comparing with the
other ones (nearby 38%) (Figure 26) [275]. Like HBV, excepting genotype 1, which
is worldwide distributed, the other genotypes are usually found in specific

geographic areas are shown in Figure 26, panel A.
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Figure 26. Global distribution and phylogenetic tree of HDV genotypes. Panel A. Genotype 1 (HDV-1) is
worldwide distributed, whereas genotype 2 and 4 (HDV-2 and HDV-4) are mainly found in Taiwan and Japan.
Genotype 2 (HDV-2) is also found in some regions of Russia. Genotype 3 (HDV-3) is mainly found in South
America (mainly in the Amazon region). Genotype 5 to 8 (HDV-5 to HDV-8) are characteristics of the African
continent [276]. Panel B. Phylogenetic tree representing the genetic divergence between the different HDV
genotypes. Each of the genotypes (HDV 1-8) and the sub-genotypes are represented. This panel has been
obtained from https://abdominalkey.com/19-hepatitis-d/.

As reported for HBV, the genotypes can affect the liver disease progression.
Genotypes 1, 2 and 4, for example, have been related with milder liver disease than
the genotype 3, which has been associated with a more severe course of acute
infections and a higher risk of acute liver failure [277-279]. Even the sub-genotypes
can influence the clinics, as reported in a study that shows that patients affected by
genotype 1 can show a different progression of the disease depending on their
geographical origin, suggesting that the African sub-genotype can be less pathogenic

that Caucasian sub-genotype 1 [280].
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The variability of HDV may also be manifested by the introduction of amino acid
changes in the HDAg, which may interfere with the viral-specific adaptive immune

response, such as previously reported in section 2.4 of this chapter.
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5. Studying viral quasispecies: next generation sequencing (NGS)

During the past years, the first-generation sequencing techniques such as SANGER
enabled studying viral genome variability, helping to genotype viruses and to
identify mutations associated with antiviral resistance or immune escape. Although
this technique facilitated the study of the consensus sequence (as reported before,
the most common nucleotide in each position), it showed a big limitation since it
cannot detect variants at a frequency <15-20% [281], and consequently it cannot be

helpful to study the viral QS and its plasticity [55].

Differently, the next generation sequencing (NGS) produces millions of sequences
permitting a deep study of the viral population [248]. This system is extremely
helpful to study the quasispecies complexity, variability, and plasticity, and it allows
to identify variants and their relative frequency in the population. Among the
techniques belonging to this system, the [llumina platform has a high throughput,
with less susceptibility to homopolymer errors and a limited error rate
(introduction of single nucleotide substitution rate of ~0.1%) [55]. As commented
in the previous paragraphs, HBV and HDV QS complexity and variability could play
arole in the progression of the infection and/or the liver disease. In this thesis, the
NGS and specifically the Illumina MiSeq platform have been used to analyze the viral
QS of HDV, to inspect its evolution during the time, and to identify possible targets
of new therapeutic strategy based on gene silencing. Thanks to its depth in
sequencing, it has been also used to study how HDV and the activation of type I
interferon can affect HBV variability. The application of this technology to achieve

both aims shows its high applicability in both translational and basic research.

The Illumina technique is based on the formation of several clusters of identical
molecules, each containing thousands of sequences. Moreover, the introduced
nucleotide is recognized at the time of its insertion thanks to a procedure called

Sequencing by Synthesis (SBS). Of note, the main steps are detailed below.
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5.1. Cluster generation

The clusters are groups of clonally amplified identical sequences obtained from the
previously prepared libraries (collections of amplified genetic fragments, hereafter
called amplicons). As previously commented, each cluster contain thousands copies
of the same sequence, thus generating a clearly bright spot that enables the correct

identification of the nucleotide introduced during sequencing.

Clusters are generated in the flowcell (Figure 27, panel A), a glass device with
channels randomly coated with an oligonucleotide lawn whose sequences are
complementary to the two adapters (respectively forward and reverse) previously
added to the amplicon during the preparation of the libraries. These adapters are
introduced at the 5’ and 3’-end of the amplicons (Figure 27, panel B) and comprise
the P5 or P7 sequence, which are complementary to the oligos on the flowcell
(respectively green and orange in Figure 18), and Rd1 and Rd2 sequences that are

the targets of the [llumina primers used during the sequencing process.

In addition, the library’s amplicons also include an M13 tail, which is a 20 nt-long
tail added at the extremes of the amplicon during the nested PCR step. This tail is
then used as target for the last nested-PCR step, when a sample-specific multiplex
identifier (MID) has been added. This last one will help during the analysis step to
identify the specific analyzed sample (Figure 27, panel C).
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Figure 27. Cluster, flowcell and adapters. A) A cluster is a group of clonally amplified sequences. Each cluster
represents thousands of copies of the same DNA strand in a 1-2-micron spot. B) The flowcell is a glass device
with channels provided of a lawn of oligonucleotides (in green and red). C) Representation of the library
amplicon. This figure shows the DNA insert (our amplified DNA sample) together with its sample specific
adapters M13 and MID. The MID enables the recognition of each specific sample. The Rd1 Seq primer and Rd2
Seq portions are the binding site for the primer together with the index that is separately sequenced, and it helps
to recognize the different pool of amplicons in a library, thus allowing sample multiplexing. Finally, the Miseq
specific adapters P5 and P7 are complementary to the oligonucleotide sequences attached on the flowcell.
Images obtained and modified from Illumina website [282].

To check the sequencing quality, a commercial DNA sequence (PhiX) is added and
analyzed during sequencing. The PhiX is a DNA fragment at a concentration of 10
nM provided of an average size of 500 bp and a balanced base composition (about
45% GC and 55% AT) and derived from a well-characterized bacteriophage small
genome. Moreover, it is also used, in sequencing, to artificially increase sequence
diversity, which is important for an optimal run performance, cluster generation,

sequencing, alignment, and high-quality data generation.

Once attached to the flowcell, each fragment (or amplicon) is isothermally amplified
thus forming the cluster through a process known as bridge amplification. The
amplicons in the library are denaturized and the single-stranded DNA (both forward
and reverse) is attached on the flowcell thanks to the hybridization of the P5 or P7

sequence and the oligos on the flowcell surface (Figure 28, panel A). The
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complementary strand is so produced starting from the oligo covalently bound to
the flowcell resulting in double-stranded DNA molecules (Figure 28, panel B). A new
cycle of denaturation occurs, and the original template strand is run away, thus
leaving the new synthetized complementary strand, which is covalently attached on
the flowcell surface. Thanks to the adapter, this strand forms a new bridge (Figure
19 panel C) with the following synthesis of the complementary strand up to produce
another double-stranded bridge (Figure 28, panel D). After another cycle of
denaturation, the results will be two covalently bound copies of the original strand
(Figure 28, panel E). The other extreme of the de novo strands can now hybridize
the other nearby flowcell’s oligos thus forming several bridges (Figure 19 panel F)
that will give rise to thousands of clonally amplified sequences forming each cluster

(Figure 28, panel F).
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Figure 28. Overview of Illumina cluster formation. A: hybridization of the sequence with the flowcell thanks
to the P5 and P7 adapters and extension of the complementary strand. B: a new cycle of denaturation occurs,
and the original strand is discarded leaving just the covalently attached DNA strand. C: The free extreme can
anneal, thanks to the other adapter, a near oligo on the flowcells thus forming a bridge. D: synthesis of the
complementary strand. E: denaturation of the double strands thus leaving the single stranded DNA sequence
covalently attached to the flowcell F: formation of new bridges and new cycle of denaturations (G) thus resulting
in several copies of the same amplicon attached to the flowcell surface, better known as clusters, that will be

later sequenced thanks to the annealing with the sequencing pimers. Extracted and modified from Illumina
[282].
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5.2. Paired end sequencing

Another essential step of the [llumina platform that strongly improves the yield of
the technique is the paired-end sequencing, which consists in the sequencing of both
forward and reverse strand, thing that is extremely important specially during the
bioinformatics analysis, since it enables the identification of errors or indels. To
guarantee an optimal sequencing efficiency, the two complementary strands are

separately sequenced.

Starting from the cluster, the reverse strand is cleaved and run away, leaving the
clusters with the only forward molecules. To prevent new bridge formation, the 3’-
end of the forward strand is blocked. The sequencing process (read1) occurs thanks
to the [llumina primers that anneals the Rd1 region in the adapter. The nucleotide
added to the growing sequence will be detected during sequencing (SBS). This step

will be explained with more details in the next section.

At the end of this first step of sequencing, the sequenced strand is stripped off and
the 3’-extreme of the templates unblocked. This enables the formation, again, of
bridges as previously explained, thus leaving two adjacent covalently attached
forward and reverse strands. The original forward strand is so cleaved, and the
reverse is sequenced by using the sequencing primers annealing the Rd2 sequence

(read 2).

A set of sequences (reads) will be finally obtained from both forward and reverse
strands (read 1 and read 2). These reads will be bioinformatically filtered (Chapter
4, section 1.4.1) and collapsed to obtain the haplotypes (genomic variant)

sequences.

5.3. Sequencing by synthesis (SBS)

Another element that contributes to the performance of the [llumina platform is that
the added nucleotide is recognized in real-time is a process known as sequencing by

synthesis (SBS). Each of the four nucleotides is bound to a different fluorescent dye
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(Figure 29) as a reversely terminator label. When the dyed nucleotide is
incorporated into the nascent sequencing strand, the attached fluorochrome is
excited and release from the nucleotide emitting a light of a unique wavelength that
will be captured by the camera in the device and recorded. Thanks to that, at each
cycle each cluster will be appeared like a colored spot. This process is repeated until
the end of the sequencing. This procedure allows to read all the clusters from
different amplicons and samples at the same time, enabling a base-by-base
sequencing and limiting errors due to homopolymeric regions. The fragments
analyzed by Illumina can be long up to 2x300 nt, although shorter lengths are

recommended.
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Figure 29. Detailed scheme of Sequencing by synthesis (SBS). Each nucleotide is excited by a fluorescence
lamp and emit a light specific for each nucleotide and recorded.

To summarize, the clustering step permits the obtention of thousands and
thousands of identical sequences, reaching an optimal coverage even for those
genomic variants that display very low relative frequency. The paired-end
sequencing, on the other end, contributes to the coverage and provides a double-
check for the detection of the potential introduced errors. Finally, the sequencing by
synthesis allows the contemporary detection of the introduced nucleotide in each
nucleotide, thus sequencing thousands and thousands of strands at the same time
and limiting the introduction of errors due to the existence of homopolymeric

regions.
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Thanks to all the above-mentioned processes, the [llumina platform is an extremely
valuable instrument for studying quasispecies of highly variable viruses such as HBV

and HDV.

This thesis is especially focused on using this technology to inspect the variability of
HDV and the evolution of its quasispecies and to investigate if the introduction of
mutations in the genome of HBV might be a contributing factor of the inhibition of

the replication of HBV observed in presence of HDV.
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Chapter 2

Hypothesis and
objectives
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Study 1. Inspecting HDV ribozyme conservation and comparison
of quasispecies variability and evolution between ribozyme and
5’-HDAG

Hypothesis

HDV infection affects more than 5% of the HBV-infected patients, and strongly
worsens liver disease progression. The most widely used therapeutic strategy
against HDV is based on pegylated IFN-a, which does not guarantee a sustained
suppression of the viral replication. New therapeutic strategies are now under
study, including silencing strategies based on silencing RNA or antisense

oligonucleotide targeting the HDV helper virus, the HBV.

Like plant viroid, its genomic RNA molecule is characterized by a catalytically active
RNA portion called ribozyme, which plays a key role in the viral life cycle since it is
responsible for the liberation of genomic and antigenomic monomers from the
concatemers during the replication. Of note, HDV is also provided of a genomic
region encoding for the unique viral protein, the delta antigen (HDAg), which is

involved in both virion formation and release, and in viral replication.

Significantly, HDV is the most variable among the hepatitis viruses, reaching a
substitution rate of 1.2 x 10-3 to 9.5 x 10-3 nt substitutions/site/year. As proof of this
variability, 8 viral genotypes have been described with an inter- and intra-genotype
divergence of 16% and 20-40%, respectively. Thanks to this extremely high
variability, HDV circulates as a complex mixture of closely related variants known
as quasispecies (QS). The next-generation sequencing (NGS) is a highly sensitive
technique that allows a deep analysis of the viral QS complexity, variability,

evolution, and conservation.
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Based on these assumptions, in the first part of this thesis, the following hypothesis

were made:

e The high genomic variability of HDV could strongly hinder the design of
silencing molecules directly targeting HDV mRNA rather than HBV.

e Considering the functional role of the ribozyme in viral replication, this
portion of the HDV genome might be highly conserved and could be a
valuable target of a gene therapy strategy.

e Related to the previous point, the presence of mutations in this region should
potentially impact HDV replication, thus limiting it or promoting viral

persistence.

e Based on the previous hypothesis, the ribozyme variability should be

different from the QS variability observed in the HDAG sequence.
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Objectives

Considering the above-mentioned hypothesis, the following objectives were set:

1. To study by NGS the conservation of the HDV ribozyme sequence to identify

hyper-conserved regions that may serve as targets for gene therapy.

2. To detect mutations along the ribozyme, and to study their potential effect

on viral replication.

3. To compare ribozyme QS to that of the HDAG (in the 5’-extreme) to inspect
differences in terms of QS complexity, variability, and evolution between the

two regions.
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Study 2. In vivo study of the involvement of HDV in HBV variability:
the role of type I interferon pathway

Hypothesis

HDV is a satellite virus of HBV. Of note, in presence of the delta virus, the replication
of the HBV is strongly inhibited. The mechanism behind this inhibition is still
completely unknown, however, studies suggest that the activation of the IFN
pathway might play a role. The HBV, indeed, is considered as a “stealth” virus, since
it can limitedly activate the intracellular interferon response, differently from the
HDV, that even takes advantage of this pathway to produce the two isoforms of the
delta antigen (by editing through the ADAR1 the Amber/W stop codon). The
recognition of HDV by the intracellular PRRs induces the expression of different [SGs
including those encoding for the mutagenic enzymes APOBEC/AID and ADARI.
Although HBV is a DNA virus, it shows a degree of variability like RNA viruses. It
replicates through a retrotranscription step, which is considered the main source of
mutations. However, mutations associated with APOBEC have been also reported.
An in vivo model of the HDV superinfection using HBV transgenic mice that
constitutively express high levels of HBV, knock-out and wild-type for the type I IFN
pathway, might be extremely helpful to study the interaction between both viruses

and the role of the HDV-induced IFN in viruses’ variability.

Starting with these promises, the following assumptions were made:

e The activation of the type  IFN pathway due to the presence of HDV may have
a direct role in inhibiting HBV replication.

e The activation of the type [ IFN pathway promotes the expression of different
ISGs including those that encode for the APOBEC/AID and ADARI1
deaminases, which could be hyper-mutagenic in the HBV genome thus
introducing lethal mutations that affect viral replication.

e Moreover, the strong activation of this immune pathway might also
contribute to HDV variability, since this virus is characterized by a double-
stranded RNA molecule that could be edited by ADAR1 in more sites rather

than the unique Amber/W codon.
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Objectives

In the second part of this thesis, the following objectives were planned:

1. To evaluate the inhibition of HBV expression in presence of HDV, and its

relationship with the interferon type I pathway, using HBV transgenic mice.

2. To study if the activation of the type I IFN due to the presence of HDV might
promote HBV variability by analyzing the intrahepatic HBV RNA (before the
retrotranscription step) through NGS in two regions (the SRT and HBX) that
are highly important in the viral replication. To reach this objective, the viral
RNA QS is analyzed at two different timepoints (7 and 21 days post-AAV

injections).
3. To inspect the role of type I IFN in HDV RNA variability in the region of the

5’-HDAG to check if the activation of ADAR1 might contribute to HDV

variability.
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Chapter 3

Materials
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1. Primers and probes

The name, and position of the primers used in this thesis are listed in the following

tables. Of note, the assay where the primers were used is also reported.

Table 2. List of the used primers for qPCR. The table shows the list of all the primers used to produce the results
explained in this thesis, including the target virus, positions in viral genome and sequence. LC610 and BBQ:

Fluorochrome and Quencher of TagMan probe for qPCR. LC640, fluorescein and phosphate: Fluorochrome and
Quenchers of FRET probes for qPCR.

Name Virus Positions Sequence 5’ > 3’
Full X Fw HBV | 1263-1283 GATCCATACTGCGGAACTCCT
Full X Rv HBV | 1408-1388 GHAGGATCCAGTTGGCAGYAC
1289-1313
Probe Full X HBV LC610-CTTGTTTTGCTCGCAGCMGGTCTGG--BBQ
pgRNA Fw HBV | 2407-2429 GTCCCCTAGAAGAAGAACTCC
pgRNA Rv HBV | 2472-2495 CATTGAGATTCCCGAGATTGAGAT
Probe pgRNA HBV | 2449-2469 LC610-TCTCAATCGCCGCGTCGCAGA-BBQ
Primer DP15 Fw | HDV | 815-836 CGTCCTTCTTTCCTCTTCGGGT
Primer DP2 Ry | HDV | 900-919 AGTGGCTCTCCCTTAGCCAT
Probe HDV-FL. | HDV | 848-870 TCCTCCTTCGGATGCCCAGGTCG - fluorescein
Probe HDV-LC | HDV | 873-895 LC640 - CCGCGAGGAGGTGGAGATGCCAT - phosphate

Table 3. List of the used primers for NGS. The table shows the list of all the primers used to produce the results explained
in this thesis, including the target virus, positions in viral genome, sequence, and the procedure. Underlined M13 tail. MID:

Multiplex identifier.

Name Virus Positions Sequence 5’ > 3’ Application
Oligo(dt);; | HBV - TTTTTTTTTTTTTTTTT HBvre."er.se
transcription
HBV 596-614 GTTGTAAAACGACGGCCAGTACCTGTATT SRT
M13 SRT FW CCCATCCCAT amplification
M13SRTRV | HBV 970-990 CACAGGAAACAGCTATGACCACATACTTT SRT
CCAATCAATAGG amplification
EXTXFw | HBV 579-599 TGTATTCCCATCCCATCATC HBX
amplification
EXTXRv | HBV 1912-1936 AGWAGCTCCAAATTCTTTATAAGG HBX
amplification

82




M13 5HBX

GTTGTAAAACGACGGCCAGTATGCGTGGA

1234-1255 5’HBX
FW HBV ACCTTTGTGGCT i
amplification
M13 5HBX 1631-1611 CACAGGAAACAGCTATGACCATGGGCGTT S'HBX
RV HBV CACGGTGGTCT i
amplification
GTTGTAAAACGACGGCCAGTGCACTTCGC )
M133HBX | oo 1581-1600 TTCACCTCTG 3'HBX
FW amplification
CACAGGAAACAGCTATGACCAGWAGCTCC ,
MI3 SHBX | ypy 1936-1912 AAATTCTTTATAAGG SHBX
RV amplification
RiboRT | mpy | 1435-1454 TGGCTGGGAAACATCAAAGG Ribozyme
amplification
ExtRibo FW | Hpv | 14351454 TGGCTGGGAAACATCAAAGG Ribozyme
amplification
ExtRibo RV | HDV 308-326 CCTCCAGAGGACCCCTTCA Ribozyme
amplification
MI3Ribo | . 883-900 CACAGGAAACAGCTATGACCTCGGCATGG Ribozyme
FW CATCTCCAC amplification
I . 663683 GTTGTAAAACGACGGCCAGTCGCGTTCCA Ribozyme
TCCTTTCTTACC amplification
CGGTCCCCTCGGAATGTTG )
HDAgRT | HDV 728-747 >'HDAg
amplification
AGGTCGGACCGCGAGGAGGT )
ExtHDAg | ypy 865-884 >'HDAg
FW amplification
5’HDAg
Ext HDAg RV | HDV 306-328 GCTGAAGGGGTCCTCTGGAGGTG o
amplification
GTTGTAAAACGACGGCCAGTGAGATGCCA
MI3HDAg | ypy 886-909 TGCCGACCCGAAGAG >'HDAg
FW amplification
M13HDAG | . . CACAGGAAACAGCTATGACCCGACGAAGG 5'HDAg
RV AAGGCCCTCGAGAAC amplification
MID FW ] ] MID-GTTGTAAAACGACGGCCAGT HBV and HDV
amplification
MID RV ] ] MID-CACAGGAAACAGCTATGACC HBV and HDV

amplification
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Table 4. List of the used primers for Ribozyme Mutagenesis. The table shows the list of all the primers used to
produce the results explained in this thesis, including the target virus, positions in viral genome, sequence and the
assay or procedure. Underlined the place where the mutation was inserted.

Name Positions Sequence 5’ > 3’ Application
T23C FW 1596-1619 CGGCGCCAGCGGGGAGGCTGGGA Mutagenesis
T23CRV 1596-1619 TCCCAGCCTCCCCGCTGGCGCCG Mutagenesis

C64del FW 1547-1577 TCCCATTCGCCATTACCGAGGGACGGTCC Mutagenesis
C64del RV 1547-1577 GGACCGTCCCTCGGTAATGGCGAATGGGA Mutagenesis
T69C FW 1544-1571 GGGTCCCATTCGCCATTGCCGAGGGGA Mutagenesis
T69C RV 1544-1571 TCCCCTCGGCAATGGCGAATGGGACCC Mutagenesis
Seq Ribo FW 1418-1436 TCGGCATGGCATCTCCAC SANGER
Seq Ribo RV 1803-1823 ACTTATCGTCCCCATCTAGC SANGER
2. Commercial Kkits

Different commercial kits were used in this project. A list of all of them, with their

application, is provided below.

2.1. Serological Markers

e Elecsys® HBsAg Il kit and Elecsys® HBeAg kit (Roche Diagnostics, Rotkreuz,
Suiza): This kit was used for the determination of HBV serological markers
HBsAg and HBeAg, respectively, on the COBAS 8000 automated system. This

determination is performed using a commercial electrochemiluminescence
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2.2,

immunoassay from 150 pL of serum extracted from EDTA tube. From stable
substrates, products capable of emitting photons of electrochemical origin
are generated, the antibody used coats magnetized microparticles, which,
when the antigen-antibody complex is formed, are attached to an electrode
by magnetism. This antibody is conjugated to a marker capable of emitting
photons when a small potential difference is applied to the electrode. This
light energy is detected in a photomultiplier. Lipemic, icteric or haemolyzed

samples do not affect this quantification.

HBV RNA investigational Assay (Roche Diagnostics, Rotkreuz, Switzerland):
This kit allows the determination of circulating HBV RNA in 200 pL of serum
by qPCR on COBAS 6800 automated system. This kit has excellent precision
and linear detection from 10 copies/mL to 10° copies/mL. This kit has a good

accuracy, it has standard deviation below 0.15 log10 copies/mL.

Cobas® HBV Test (Roche Diagnostics, Mannheim, Germany): this kit
quantifies HBV DNA by quantitative PCR (qPCR) on the COBAS 6800 system.
This system uses a universal sample and reagent preparation procedure to
isolate, purify and extract total sample nucleic acids from 650 uL of plasma
extracted in EDTA tube. Once extracted, qPCR simultaneously amplifies and
quantifies the amplification product absolutely. This technique has a
linearity range from 10 to 1.00E+09 IU/mL and a detection limit of 2.7
[U/mL. Lipemic, icteric or haemolyzed samples do not affect this

quantification.

DNA and RNA extraction

High Pure Viral Nucleic Acid Kit (Roche Diagnostics, Mannheim, Germany):
Enables the purification of viral nucleic acids from 100uL. mammalian serum,
plasma, or whole blood. This kit allows viral lysis thanks to the incubation of
the sample with a special lysis buffer/binding buffer containing proteinase
K, which is a broad-spectrum serine protease that allows the cleavage of

proteins for the release of nucleic acids. These nucleic acids bind to the
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surface of the glass fibers in the presence of a chaotropic salt, and are washed
to remove PCR inhibitors, salts, proteins, or cellular impurities and finally

eluted with elution buffer.

MagNA Pure LC Total Nucleic Acid Isolation Kit (Roche Diagnostics,
Mannheim, Germany): automatized purification of total nucleic acid (viral
DNA and RNA) from mammalian serum, plasma, and whole blood. From a
minimum volume of 250 uL of plasma extracted in EDTA tube, lysis of the
viral particles is carried out by incubation at high temperature with a
proteinase K and a chaotropic binding/lysis buffer. This releases the nucleic
acids and protects the released RNA from ribonucleases (RNAses) present in
the plasma. Magnetic glass particles (MGP) are then added, and the nucleic
acids present in the sample are bound to their surface. Unbound substances,
such as salts, proteins, and other impurities, are removed when washing the
MGPs. Finally, the adsorbed nucleic acids are eluted at high temperature with

a low-salt buffer.

QIAamp Viral RNA mini kit protocol (QIAGEN, Hilden, Germany): purification
of viral RNA from cell-free body fluid. The presence of optimized buffers and
enzymes lyses the samples, stabilizes the nucleic acids, avoiding phenol-
chloroform for extraction, and enhancing the selective adsorption of RNA to
the QIAamp silica membrane, while contaminants pass through. To ensure
RNA integrity, samples are lysed under highly denaturing conditions to
inactivate RNAses. Alcohol is added and the lysates are loaded onto the
QIAamp spin column. Wash buffers are used to remove impurities and PCR
inhibitors, such as divalent cations and proteins, which are completely
removed in two efficient washing steps and then pure, ready-to-use RNA is

eluted in low-salinity buffer or water.
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2.3. RNA and DNA quantification

e GoTaq® qPCR Master Mix (Promega, Wisconsin, USA): This qPCR kitincludes
a fluorescent DNA-binding dye, BRYT Green® Dye, which is characterized by
increased fluorescence upon binding to double-stranded DNA (dsDNA).

e Qubit RNA HS Assay Kit (Thermo Fisher Scientific-Life Technologies, Austin,
TX, USA): For the rapid detection and quantification of the RNA, based upon
the use of a fluorogenic dye that selective bind RNA molecules, even at low

concentrations.

e LightCycler RNA Master HybProbe (Roche Diagnostics, Mannheim,
Germany): Easy-to-use Reaction Mix for One-Step RT-PCR using the
LightCycler® Carousel-Based System. It contains a Tth DNA Polymerase,
which is a thermostable enzyme with RNA-dependent reverse transcriptase
activity and DNA-dependent polymerase activity, together with aptamers
that are oligonucleotides that bind the RNA sample preventing the
attachment of primers to the target at temperatures below the optimal
reaction temperature of the Tth enzyme. This principle is used to quantify

RNA samples using FRET technology.

e LightCycler® FastStart DNA Master HybProbe (Roche Diagnostics,
Mannheim, Germany): Easy-to-use reaction mix for the qPCR of DNA
molecules using the LightCycler® Carousel-Based System. This kit allows
specific and accurate detection of both DNA and cDNA. This reaction employs
the enzyme FastStart Taq DNA Polymerase, which is active at high
temperatures, where the primers do not establish non-specific binding. This

principle quantifies DNA and cDNA samples through FRET technology.

¢ Quant-iTTM PicoGreen® dsDNA Assay Kit (Thermo Fisher Scientific,
Camarillo, CA, USA): enables the quantification of double stranded DNA

through a fluorophore that reacts with the target even at low concentrations

(0,25 pg/ml).
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2.4. DNA and RNA amplification and transcription

e MEGAscript T7 Transcription Kit (Thermo Fisher Scientific-Life
Technologies, Austin, TX, USA): kit provides of a T7 RNA polymerase that

allows the in vitro transcription of DNA sequence under T7 promoter control.

e Accuscript HiFi reverse transcriptase PCR kit: The Accuscript HiFi enzyme
enables the retro-transcription of long RNA (0.1-9.6 kb in length) with
limited amount of starting RNA level (from 10-1000 ng of total RNA). More
importantly, this enzyme shows a high specificity and fidelity, which is an
essential factor to avoid the introduction of mutations that could alter NGS

results.

e AccuScript High Fidelity RT-PCR System (Agilent Technologies, Waldbronn,
Germany): This kit features a very accurate retrotranscriptase. This RT-PCR
System allows the amplification of cDNA from 0.1 to 9.6 kb in length from 10
to 1000 ng of total starting RNA.

e PfuUltra II Fusion HD DNA polymerase (Agilent Technologies, Waldbronn,
Germany): This standard enzyme for high-fidelity PCR, has a lower error rate
than other polymerases (1 error/ 2.5 million bp). Can amplify up to 19 Kb of
genomic DNA targets and amplifies up to 70-80% faster than other

polymerases.

e FastStart Taq DNA Polymerase dNTPack (Roche Diagnostics, Mannheim,
Germany): This enzyme is a combination of FastStart Taq DNA Polymerase
and ready-to-use PCR grade nucleotides. This enzyme is thermostable and
rapidly activates at 95°C but is inactive below 75°C to prevent the extension
of non-specific fragments. It is versatile and can be used in a wide range of

applications and instruments.
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DNAse [ (Thermo Fisher Scientificc Camarillo, CA, USA): This
deoxyribonuclease [ digests single and double-stranded DNA into
oligodeoxyribonucleotides presenting 5' phosphate. This DNAse is effective
in amounts of DNA between 10,000 to 25,000 units/mg.

TURBO DNAse (Thermo Fisher Scientific, Camarillo, CA, USA): the method of
removing DNA is the same as previously mentioned for DNAse I, however,
Turbo DNAse is genetically modified with respect to DNAse [, improving DNA
affinity and presenting a 50-fold higher catalytic activity and 350% higher
efficiency than DNAse L.

2.5. Nucleic acid purification

MEGAclear Transcription Clean-up Kit (Thermo Fisher Scientific-Life
Technologies, Austin, TX, USA): kit for the purification of products obtained
by in vitro transcription using the MEGAscript T7 Transcription Kit.

QIAquick Gel Extraction Kit protocol (QIAGEN®, Hilden, Germany): for the
purification of an amplicon with a specific length after separation through
electrophoresis in 1.5% agarose gel. This kit removes any remaining
impurities from the samples (nucleotides, salts, enzymes, agarose, between
others) and ensures a recovery of 80% of the DNA. The gel band is dissolved
in a buffer with an optimum pH indicator for DNA binding. This mixture is
applied to a QIAquick column, and the nucleic acids are adsorbed on the silica
membrane. The columns are washed with 80% ethanol to eliminate
impurities and the DNA is finally eluted in 60 puL of EB buffer (10 mM Tris-Cl,
pH 8.5).

D1000 ScreenTape kit (Agilent Technologies, Waldbronn, Germany):
Automated method for the analysis of the quality of RNA and DNA samples.
[t is an automated electrophoresis solution that allows to analyze the size,

quantity, and integrity of our samples in a fast (1-2 minutes/sample) and
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efficient way. It is recommended to guarantee the quality and purity of

samples for NGS processing.

Exosap IT (Thermo Fisher Scientific-Life Technologies, Austin, TX, USA):
Exosap IT is an enzymatic clean-up product for the amplified PCR product. It
hydrolyses excess nucleotides and primers in a single step, thus minimizing

sample loss in the clean-up process.

BigDye Terminator v3.1 Cycle Sequencing kit (Thermo Fisher Scientific-Life
Technologies, Austin, TX, USA). A set of reagents suitable for fluorescence-
based cyclic sequencing with single or double-stranded DNA (Sanger). This
kit offers high throughput for a wide variety of DNA sequences, maximizing
read lengths and allowing the identification of variants up to 5% in the

sample after sequencing.

BigDye® Xterminator™ Purification Kit (Thermo Fisher Scientific-Life
Technologies, Austin, TX, USA): Allows to purify the sequences obtained from
amplification with BigDye terminators. It purifies quickly and fluently the

samples by eliminating unincorporated BigDye terminators and salts.

Kapa Pure beads (Roche Diagnostics, Rotkreuz, Switzerland): positively
charged paramagnetic beads in an optimised buffer containing Polyethylene
glycol (PEG)/NaCl that bind the DNA target through the electrostatic
interaction with the negative charge of the phosphate group in
deoxyribonucleic acid. The proportion of the beads used with this system is
a determinant element for the correct purification of the desired amplicon.
Depending on the length of the PCR product, a different proportion of beads
must be used. In this study the magnetic spheres were used at 0.8X related
to the samples in both studies. In manual purification, magnetic beads with
amplified DNA are incubated for 10 minutes at 222C for DNA attachment to
beads and subsequently there are incubated on a magnet, the DNA is
captured together with the magnetic beads on the magnet and the shortest

fragments are removed by washing twice with 80% ethanol. For the elution
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of the cleaned DNA samples, they are incubated with elution buffer (EB) at
372 for 5 minutes for the dissociation of the DNA from the beads, these beads
are retained thanks to the magnet and the supernatant containing our

purified genetic material is recovered.

2.6. NGS library preparation

e Kapa Hyper Prep Kit (Roche Sequencing, Pleasanton, USA): This kit provides
protocols for several steps of library preparation. It combines several
enzymatic steps and minimizes bead cleanups to reduce sample handling
time. This kit presents the enzymes and buffers needed for: end repair and

A-tailing, adapter ligation and library amplification (explained later).

e SeqCap Adapter Kit (Roche Sequencing, Pleasanton, USA): which contains the

set of adapters that must be used in the library ligation step.

e KAPA HiFi HotStart ReadyMix PCR Kit (Roche Sequencing, Pleasanton, USA):
This kit is used for the amplification step of NGS libraries, the kit contains the
KAPA HiFi HotStart DNA polymerase, which has been developed for fast and
versatile high-fidelity PCR.

e MiSeq Reagent Kit V2 and V3 (Illumina, San Diego, USA): kit with the pre-
filled, ready-to-use reagent cartridges for MiSeq sequencing with a read
length of respectively 2x250 and 2x300bp. This kit allows reaching 15 (v2)

and 25 (v3) millions of reads per run.

e KAPA Library Quantification Kit (Roche Sequencing, Pleasanton, USA): This
kit contains all the reagents needed for the accurate, reliable, and
reproducible qPCR-based quantification of NGS libraries prepared for

sequencing on Illumina platforms.
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2.7. Mutagenesis, plasmid purification and transfection

QuickChange Lightning site-directed mutagenesis kit (Agilent Technologies,
Waldbronn, Germany): It offers a fast (3 hours) single and multiple sites
directed mutagenesis protocol, including the possibility of introducing
insertions or deletions. This kit uses a linear amplification method where
primers are incorporated but not copied. Suitable for lengths from 4 to 14 kb
with an efficiency of more than 80% for single directed mutagenesis and
more than 55% to mutagenesis efficiency for multiple directed mutagenesis.
The kit allows the mutated plasmid purification and cloning into XL-gold

bacteria.

Endotoxin free NucleoBond Xtra Midi plus (Macherey-Nagel, Duren,
Deutschland): this kit is designed for the purification of plasmids, starting
from a bacterial inoculum with the cloned plasmid. Passing through steps of
plasmid extraction from the bacteria, filtering and washing, we obtain the
plasmid DNA ready for further use. It features anion-exchange technology for
faster and more efficient filtration, as well as columns in the kit for better
filtration. In addition, this kit is endotoxin-free, thanks to a washing step that
removes endotoxins from our material. The final step with a finalizer

included in the Kkit, allows a better and faster filtration of plasmid DNA.

Magnetofectamine 02 (OZBiosciences, Marselle, France): kit designed for
transfection of primary or difficult to transfect cells. This kit allows a fast and
efficient transfection, minimizes cell toxicity and enhances gene expression
thanks to the transfection system using a magnetic field. The transfection
method of this kit is performed in several steps, first binding the transfected
DNA with a reagent presenting magnetic complexes and subsequently
incubation of this beads-DNA complex, later they are added to the culture
plate above a magnetic plate for 20-30 minutes allowing the magnetic field

complexes entering the cells.
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3. Cell lines

HUH?7: Hepatocarcinoma cells isolated in 1982 from a 57-year-old male. They
are well-differentiated hepatocytes with a high replicative capacity. They are
adherent cells and grow in 2D monolayers. They were originally used for HCV
and hepatoma research. Currently it is an in vitro model used for HBV
infections and HDV transfections. The culture medium used is Dulbecco's
Modified Eagle Medium (DMEM) supplemented with Glutamax (L-alanyl L-
glutamine in 0.85% of NaCL) and antibiotic (penicillin and streptomycin),

with 10% fetal bovine serum (FBS).
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Chapter 4

Study 1

Inspecting HDV ribozyme
conservation and comparison of
quasispecies variability and
evolution between ribozyme and
5’-HDAG
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1. Methods

1.1. Patients and samples

One of the aims of this thesis was to study HDV quasispecies and its evolution in two
genomic regions that cover essential roles in viral replication: the ribozyme and the
delta antigen. For this purpose, HDV RNA was extracted from plasma samples of
patients suffering chronic hepatitis delta (CHD) and the viral genome was analysed

by next generation sequencing as detailed in the following paragraphs.

Patients were selected from those attending the outpatient clinics at Vall d'Hebron
University Hospital (Barcelona, Spain). All were diagnosed with CHD and presented
at least 3log IU/mL of HDV RNA. Moreover, none of them were treated with IFN at
the time of samples collection. The treatment with NUC against HBV was not
considered as exclusion factor, since these drugs, not acting on HDV, shouldn’t
influence the HDV QS. To limit factors that could have an impact of viral QS

evolution, patients with HIV infection or autoimmune diseases were excluded.

As previously commented (Chapter 1, section 4.2), HDV is a highly variable virus. To
evaluate how viral QS can change during the time, two plasma samples were
collected per each patient: one sample at the beginning of the study and the other

after at least 5 months.

Viral and biochemical markers were evaluated in both samples. HBV virological
markers (HBsAg and HBeAg) were tested in serum by chemiluminescence assays
with the COBAS 8000 instrument (Chapter 3, section 2.1). The HBV DNA was
quantified qPCR through the COBAS 6800 instrument (Chapter 3, section 2.1). Since
samples were surplus of the samples collected during the normal clinical follow-up
of the patients, the data about ALT and AST levels were extrapolated from the

follow-up lab report.

The titter of HDV RNA was quantified through an in-house protocol and by using an

international viral RNA standard (1st World Health Organization International
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Standard for Hepatitis D Virus RNA for Nucleic Acid Amplification Techniques-based
assays. PEI code number: 7657/12) [283]. The protocol used for the quantification
is detailed in the following paragraphs.

Data regarding HDV genotypes was also collected. Viral genotypes were previously
studied in Dr. Sara Sopena’s doctoral thesis. Briefly, a region coding for the HDAG
(between nt 910-1270 of HDV genome) were analysed by NGS and haplotypes were
aligned in reference to each genotype sequence (from genotype 1 to 8). The
genotypes were determined using the Kimura-80 model and a dendrogram was
constructed using the unweighted pair group method with arithmetic mean

(UPGMA) [284].

1.2. HDV RNA extraction

Depending on the volume of sample available, the HDV RNA was extracted by either
automatic or manual kits. For volumes larger than 250 uL, the viral RNA was isolated
by using the MagNA Pure LC Total Nucleic Acid Isolation Kit (Chapter 3, section 2.2)
(with the Automated sample preparation system MagNA Pure 24 [285]. In the other
side, samples with less than 250 puL were manually treated with the QlAamp Viral
RNA mini kit (Chapter 3, section 2.2) following the manufacturer's instructions.

Of note, the WHO international standard used for the viral RNA quantification is a
lyophilized preparation of HDV genotype 1 strain obtained from a positive human
plasma further diluted with human negative plasma [144]. It was estimated that the
standard has a potency of 5.75E+05 International units per mL (IU/mL) when
reconstituted in 0.5 mL of nuclease-free water, and both its potency and stability
were tested by an international collaborative study involving 15 laboratories
performing a wide range of HDV real-time Nucleic Acids Amplification technology

(NAT) assays [286].
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1.2.1. HDV RNA: WHO Standard Curve and Viral Load Estimation

Since a standardized and automatized technique for the quantification of HDV RNA
is still not available, viral genome was quantified by an in-house one-step

quantitative RT-PCR technique using the WHO international standard.

To try to overcome the limitation related to the lack of standardization for HDV RNA
quantification, the WHO international standard was serially diluted to obtain a curve
for the viral titter quantification. Once extracted, the standard HDV RNA was eluted
in 60 pL of AVE elution buffer (provided by the kit) which contains 0.04% sodium
azide diluted into RNase free water to prevent microbial growth and undesired RNA
degradation, and it was 10-fold serially diluted to obtain a curve within a range of

5.75E+05 - 5.75E+01 IU/mL [283].

Since the HDV RNA acquires a rod-like structure due to the high internal rate of base
pairing (about 70%) [159,287], and forms a ribonucleoprotein complex with the
HDAg (Chapter 1, section 2.1), a denaturation step is required to open the RNP
structure and to allow primers annealing. This step consisted of a heat-shock at 95°C
for 5 minutes to break the linkage between the complementary strands, followed by
5 minutes at -802C to prevent possible renaturation. The HDV RNA quantification
was performed by using the Florescence Resonance Energy Transfer (FRET) system
with the primers and probes reported by Schaper et al. [228] (Probes HDV-FL and
HDV-LC and primers DP15 and DP2 in (Chapter 3, section 1, table 2). The FRET
system consists of two oligonucleotide probes provided of two different dyes which
wavelength overlap. When the probes hybridize the target, the dye at 3’ (donor) in
the first probe is excited thus liberating an emission spectrum that overlaps with the
excitation spectrum of the dye (acceptor) at the 5’ of the second probe. This
quantification of viral RNA in a one-step RT-qPCR was performed by using the
LightCycler RNA Master HybProbe kit on the LightCycler 2.0 system (Chapter 3,
section 2.3) The above-mentioned steps (denaturation and qPCR with FRET probes)
were applied to both the standard and sample’s RNA molecules. The protocol

applied is exposed in table 5.
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Table 5. Protocol used for HDV RNA quantification.

Target Hold Acquisition
Analysis Mod
(=) (Time) Mode nalysis Wode
Reverse transcription 61 20 min None None
Desnaturalization 95 10 min None Quantification
95 2 sec None
Amplification (45
55 15 sec Single Quantification
cycles)
72 15 sec None
Cooling 40 30 sec None None

To finally quantify HDV RNA, the number of cycles at the intersection between the
amplification curve and the threshold (named as crossing point -Cp- or cycle
threshold -Ct) per each dilution were correlated to the specific standard’s
concentration to obtain a regression line with the correspondent R-squared (R2).
This value represents the goodness-of-fit of the regression curve, and just those with

a R% = 0.99 were considered valid for quantification.

1.3. Preparation of the library for the analysis by NGS of the ribozyme and
5'-HDAG

1.3.1. HDV ribozyme amplification

As previously commented in Introduction and Objective chapters, the ribozyme is
an essential element of HDV replication as it is responsible of the release of genomes
and antigenome monomers during viral rolling circle amplification (Chapter 1,
section 2.2) This part of my thesis was focused on studying ribozyme variability and

conservation (Chapter 2, “Hypothesis and Objectives”).

The amplicon used in this study and including the ribozyme encompassed the
positions 683 to 899, (ribozyme 688 and 771) on the HDV genome. The HDV RNA
was obtained from the serum samples as reported above in section 1.2.1 of the
present chapter. After extraction, it was subjected to a heat shock step as previously

reported (section 1.2.1), and then retro-transcribed by using a primer reverse

99




complementary to the positions 1434-1453 of HDV genome (Ribo RT. Chapter 3,
section 1, table 3) with the AccuScript high-fidelity reverse transcriptase (RT)
(Chapter 3, section 2.4). Three nested-PCRs were performed, as shown in figure 30,
with a sensitivity limit greater than 1.00E+02 IU/mL. Although the limit of PCR
sensitivity was 1llog below the viremia criteria used at inclusion, we selected
samples with at least 3log IU/mL to guarantee enough number of reads after
sequencing. The first PCR step amplified a larger region (between nt 326 to 1453
HDV genome) (Ext Ribo FW and Ext Ribo RV, Materials, 1) that included the
ribozyme portion. In the second amplification, the ribozyme was amplified with the
addition of M13 sequence (from nt 683 to 899 of HDV genome); M13 Ribo FW and
M13 Ribo RV (Materials, 1). This sequence, as previously explained in the
introduction chapter (Introduction, 5) enables the addition of the multiplex
identifier (MID), the 10 nucleotide-long tail specific for each sample [270]. All the
PCR steps were performed using the high fidelity Pfu Ultra II DNA polymerase
(Chapter 3, section 2.4), protocols of amplification used in each step are reported in

Table 6.

/\/\/\/\/\/\ serum RNA

Reverse Transcription
(RT)

NRRRNGE o

l External/ 1" PCR
326

I

1453

1M13PCR
683 899
T
M13 M13
lMIDPCR
T
MID  M13 M13 MID

Figure 30. Graphical representation of ribozyme amplification. The HDV RNA was retrotranscribed and
converted into cDNA that later underwent to 3 nested amplifications. The first or external PCR encompasses
from nt 326 to 1453. The 2nd PCRs allows the addition of the M13 tail and amplified from nucleotide 683 to 899,
whereas the 34 PCR added to the 2nd sample a specific multiplex identifier (MID). All the positions marked in
this table correspond to HDV genomic sequence.
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Table 6. Amplification protocol for HDV ribozyme amplification. MID: multiplex identifier, specific for each
sample. RT: reverse transcription.

Amplificati
mpslt:;)a tont Primer Protocol
RT Ribo RT RT 42°C 60 min; inactivation 70°C 10 min;
cooling 20°C o

1st PCR ExtRibo FW | g50¢ 1 min; (94°C 20 s, 54°C 20's, 72°C 45 s)
Ext Ribo RV x 40 cycles; 72°C 3 min

vizper B RIBOFW | g50¢ 2 min; (94°C 205, 60°C 2055, 72°C 30'5)
M13 Ribo RV x 35 cycles; 72°C 3 min

MID PCR MIDFW | g5e( 2 min; (94°C 20's, 60°C 20's, 72°C 45 5)
MID RV x 25 cycles; 72°C 3 min

To inspect the correct amplification of the desired amplicon and ensure the absence
of contamination, the quality of the PCR products were checked by gel
electrophoresis on 1.5% agarose gel diluted in 1X tris-acetate-EDTA (TAE) buffer
(Corning Mediatech Inc., Manassas, VA, USA), which enables the separation of the
DNA molecules based on their molecular weight. Those bands corresponding to the
amplicon were cut, weighed, and purified using the QIAquick Gel Extraction Kit
protocol (Chapter 3, section 2.5) following the manufacturer's instructions. As
commented in Materials, this kit enables the extraction of the DNA from agarose gel
and its purification by applying a column composed by silica membrane that adsorbs

the nucleic acids.

The quality of the purification was verified through the 2200 TapeStation System
and the D1000 ScreenTape kit (Chapter 3, section 2.5). This system, together with
the Agilent 2100 Bioanalyzer software, allows the visualization of the purified
amplicon by electrophoresis. Moreover, thanks to the standard curve provided by
the D1000 ScreenTape Kkit, it furnishes details about the presence and length of
different DNA fragments in the sample. This step is essential because the presence

of shorter contaminant fragments might reduce the sequencing yield.
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1.3.2. 5’-HDAG amplification and library preparation

As previously explained in the introduction (Chapter 1, section 2.4), the HDAG
encodes for the unique HDV-specific protein, the HDAg (small and large), which is
an essential structural component of the viral virion and plays a key role in viral
replication. Another open question that I tried to address in my thesis was to
evaluate the existence of a difference in QS variability between the ribozyme and the
5-HDAG. For this purpose, the 5-HDAG was also analyzed by NGS from the same

samples reported for the ribozyme.

Here, aregion between nucleotides 910 to 1270 (genomic positions), corresponding
to the 5’-end of the delta antigen (in genomic sense), was amplified as follows. Of
note, this amplified region also contains the editing site (nt 1012 of the HDV genome,
and amino acid 196 within the HDAg protein in antigenomic sense) that gives rise

to the long isoform of the delta antigen (L-HDAg) (Chapter 1, section 2.4).

The preceding steps of viral RNA isolation, heat shock and reverse transcription
were the same that those used for the ribozyme amplification, but the primer used
for reverse transcription of 5’-HDAG encompassed from nt 728 to 747 of HDV
genome (RT HDAg, Chapter 3, section 1, table 3).

At amplification, 3-nested-PCRs were performed (Figure 31). In the first PCR a
bigger region (between nt 884 to 328 of HDV genome) that encompassed the HDAg
region was amplified (primers: Ext HDAg FW and Ext HDAg RV, Chapter 3, section
1, table 3). In the second amplification step, the 5’-HDAG was amplified with the
addition of the M13 tail-sequence (from nt 910 to 1295 of HDV genome; primers
M13 HDAg FW and M13 HDAg RV, Chapter 3, section 1, table 3), whereas during the
third amplification step the sample-specific multiplex identifier (MID) was added.
All PCR steps were performed using the Pfu Ultra II high-fidelity DNA polymerase
(Chapter 3, section 2.4).
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Figure 31. Graphical representation of ribozyme amplification. The HDV RNA is retrotranscribed and
converted into cDNA that later underwent to 3 nested amplifications. The first or external PCR encompasses
from nt 884 to 328. The 2nd PCRs allows the addition of the M13 tail and amplified from nucleotide 910 to 1295,
whereas the 3rdPCR added to the 2nd sample a specific multiplex identifier (MID). All the positions marked in
this scheme belong to HDV genome sequence.

The detailed protocol used for 5°-HDAG amplification is reported in table 7.

Table 7. Amplification protocol for HDV 5’"HDAg amplification. MID: multiplex identifier, specific for each
sample. RT: retro transcription.

Amplification Primer Protocol
step
RT HDAg RT RT 42°C 60 min; 1pactlv::1)t10n 70°C 10 min;
cooling 20°C oo
Ext HDAg
FW 95°C 1 min; (94°C 20 s, 54°C 20's, 72°C 45s) x
LPCR 40 cycles; 72°C 3 min
Ext HDAg RV yees;
M13 HDAg
2nd PCR FW 95°C 2 min; (94°C 20's, 63°C 20's, 72°C 30s) x
M13 HDAg 35 cycles; 72°C 3 min
RV
MID fw 95°C 2 min; (94°C 20 s, 60°C 20 s, 72°C 45s) x
MID PCR ° :
MID rv 25 cycles; 72°C 3 min
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To inspect the correct amplification of the desired amplicon and ensure the absence
of contamination, the quality of the PCR products were checked by gel
electrophoresis on 1.5% agarose and purified using the QIAquick Gel Extraction Kit
protocol (Chapter 3, section 2.5), and the quality of the purification was done as

reported before for the ribozyme.

1.3.3. Quantification, normalization of the amplicons and library production

The purified amplicons were quantified with the automated system Freedom EVO®
(Tecan, Mannedorf, Switzerland) coupled to the Infinite 200 Pro (Tecan, Mannedorf,
Switzerland) fluorimeter using the Quant-iTTM PicoGreen® dsDNA Assay Kit
(Chapter 3, section 2.3). This assay allows the ultra-sensitive quantification of
double-stranded DNA. Knowing the concentrations of each amplicon per each
sample is essential to normalize all of them to the uniform concentration of 0.5 ng/ul
(with EB buffer: 10mM Tris-HCl, pH 8.0-8.5). This step guarantees an equal

representation of each amplicon in the library when pooled.

1.3.4. Preparation of the library

The term library refers to the pool of the amplicons that will be later sequenced. As
explained in the introduction (Chapter 1, section 5.1) to be sequenced the library
must be attached to the flow cell. This occurs through the interaction of the adapters,
that must be added at the extremes of each amplicon, with the oligos on the flow
cell’s surface. The steps required to attach the adapters to the amplicons are detailed

below.

First, the cohesive ends of the amplicons must be converted into blunt ends to later
permit the ligation of the adapters. For this purpose, the 5' end was phosphorylated
and an adenine nucleotide (A) added to the 3' end. This step was performed using
the Kapa Hyper Prep Kit using the End Repair & A-tailing buffer and the End Repair
& A-tailing Enzyme Mix (Chapter 3, section 2.6) at 20°C for 30 min and 65°C for

another 30 min.
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The ligation of the adapters to the amplicon’s ends was carried out with the SeqCap
Adapter Kit. The thymine (T) present at the end of the adapter anneals with the
adenine (A) added in the previous repair step. To promote the ligation of the
adapter, the amplicons’ pool was incubated with the adapter (at a concentration of

15 uM), in presence of a ligase at 202C for 15 minutes.

The products of the ligation were, again, purified by KAPA Pure Beads at a

proportion of 0.8X. The clean-up procedure is reported in Chapter 3, section 2.5.

1.3.5. Preliminary amplification of pooled amplicons libraries

A further amplification step is usually recommended for libraries composed by
amplicons at low concentration, or difficult to amplify, which is the case of those
obtained from HBV and HDV. For this amplification, the KAPA HiFi HotStart
ReadyMix PCR Kit (Chapter 3, section 2.6) containing the KAPA HiFi HotStart Ready
Mix (2x) and the KAPA Library Amplification Primer Mix (10x) was used following
the manufacturer’s instruction. The KAPA HiFi HotStart enzyme has a low error rate
(1 error per 3.6E+06 incorporated nucleotides) thanks to the strong 3’25

exonuclease (proofreading) activity, which reduces the introduction of artefacts.

The products of this preparatory amplification were purified, again, by using the

Kapa Pure Beads at a proportion of 0.8X, as reported in Chapter 3, section 2.5.

The obtained purified pools were quantified by real time qPCR on the LightCycler
480 instrument by using the KAPA Library Quantification Kit (Chapter 3, section
2.6). This kit contains the KAPA SYBR FAST qPCR master mix, which includes a DNA
polymerase capable to amplify different-in-length DNA fragments with the same
efficiency. The kit also incorporates a platform-specific library quantification primer
premix (banding with P5 and P7 adapters), and a pre-diluted set of DNA standard
(six dilutions). These purified pools were diluted up to 1:10000 in EB buffer and
quantified by using the KAPA Library Quantification Kit in LightCycler 480.
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1.3.6. Preparation of the master pool and sequencing

The term masterpool indicates the combination of different libraries in the same
tube. To ensure that each library is equally presented and to limit unbalanced
amplification during the sequencing procedure, all the libraries were normalised to
4 nM with EB buffer and pooled together. The masterpool, diluted at 1:400 and
1:4000, was quantified through the KAPA Library Quantification Kit (Chapter 3,
section 2.6). Once quantified, the masterpool was adjusted to 4 nM with EB buffer.
Both masterpool and PhiX were denatured with 0.2N NaOH and later neutralised by
adding 200 mM Tis-HCI solution pH 7-8. More information about the PhiX and its
usefulness in sequencing are reported in the Introduction chapter (Chapter 1,

section 5).

After denaturalising the master pool and PhiX, both were diluted to 12-15 pM with
HT1 hybridisation buffer from the MiSeq Reagent Kit v2 for Ribozyme and MiSeq
Reagent Kit v3 for 5’HDAG (Chapter 3, section 2.6). Both master pool and PhiX were
mixed at a ratio of 4:1 respectively. The mix was subjected to a denaturation step at

95°C for 2 minutes and subsequently loaded into the sequencer.

1.4. Sequencing quality filters and bioinformatic analysis

1.4.1. Quality filters

The reads (sequences) obtained from the sequencing were subjected to several
bioinformatic filters by using the open-source R software [288]. The filters are listed

below:

1. The reads were analysed position per position and those sequences with
indeterminations or those reads shorter than the expected amplicon
were eliminated. Moreover, general parameters of the MiSeq Illumina

sequencing quality were also evaluated.

2. Since MiSeq Illumina enables a paired-end sequencing (Introduction, 5)

both forward (R1) and reverse strands (R2) were collapsed by using
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FLASH package in R software [289], imposing a minimum of 20 bp
overlap between R1 and R2 with a maximum of 10% mismatches. The

reads that do not meet the criteria were excluded.

. In this step, the Phred punctuation was used. This parameter measures
the quality of the nucleotides identification during the sequencing by
determining the probability of error. A value of Phred (or Q) equals to 30
corresponds to an estimated accuracy of 99.9% [290]. Based on this
reference value, the reads with 5% or more of bases with a quality lower

than 30 (Q30) were excluded.

. Each read was assigned to the specific amplicon and sample by detecting
the specific sequence MID (Chapter 1, section 5.1). Briefly, the Illumina
adapters were used to distinguish between the different masterpool
libraries and the M13 to discriminate between the genome regions and
between the two strands (up to 3 mismatches allowed). During the MID
assignation, just a base mismatch was accepted since these sequences are
just 10 nucleotide-in-length. At aligning, MID, M13 and adapters were
trimmed, obtaining a fasta file for each MID-adapter-strand combination.
These reads were then collapsed into haplotypes with the corresponding

frequencies.

. In each fasta file, the haplotypes were aligned with the reference
sequence, called master sequence (the most abundant haplotype in the
file) and a quality filter (performance >90%) was applied. Through this
filter, the haplotypes that didn’t cover the entire amplicon, that had more
than two inderterminations, three or more gaps and haplotypes with
more than 99 different bases related to the master sequence were
discarded. The tolerated indeterminations and gaps are repaired

according to the reference sequence.

. Haplotypes with abundance equal or greater than 0.1% at both strands

were selected, and those unique for one strand discarded. The coverage
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of the haplotypes was calculated as the sum of the reads that passed the
quality filter at both strands.

7. For the final selection of haplotypes, those with abundances below 0.25%
were discarded. With the rest of the haplotypes, the following

computational analyses were implemented.

Both the quality filter and the following bioinformatic studies were carried out by

Dr. Josep Gregori.

By applying all the different quality filters, we finally obtained a multiple alignment

of the haplotypes forming all the viral QS, accompanied by the relative frequencies.
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1.4.2. Study of the QS conservation

HDV genome is characterized by a high variability, as extensively explained in the
Introduction (Chapter 1, section 4.2) and the identification of hyper-conserved
regions could help us to identify new targets for gene therapy. In this first study of
my thesis, | analyzed by NGS the QS of HDV to inspect the conservation and
variability of the ribozyme region, and moreover, compare it with the variability of

the 5-HDAG. For this purpose, several bioinformatic analysis were applied.

QS conservation was studied by quantifying the information content (IC) at each
position of the haplotypes’ multiple alignments. This analysis is based on Shannon's
uncertainty. It is defined as the number of binary decisions (number of yes or no
questions) required to find the correct element in a set of N elements. In other
words, it represents the probability to find a nucleotide in those specific positions
of the multiple alignments. The conservation is measured in bits, where the IC
ranges are from 0 bits, indicating maximal variability or uncertainty, to 2 bits

indicating maximal information or conservation [291] (Figure 32).

Cf). = ng:(N} - ZP:J!OQ:(P:;]

Figure 32. Mathematical formula to quantify the information content (IC). j: position in the alignment, pj:
frequency of the haplotype in the viral quasispecies at position j. N: number of possibilities (4 nt or 22 aa). The
information content (IC) varies from 0 (indicating maximum uncertainty) to 2 (maximal conservation, as results
of the logz2(4) where 4 indicates the number of nucleotides.

The information content along the entire amplicon’s length is calculated by applying
a sliding window analysis, in which the IC is calculated in windows of 25 nucleotide
that steps 1 nucleotide forward (Figure 33) At each step the average of bits is
calculated thus resulting in the sliding window’s curve where each point shows the
conservation of each specific position in the multiple alignment. This analysis could

be conducted by considering or not the haplotypes’ relative frequency.
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IC 15t window = A
IC 2" window = B

IC 4th window = D

GGCCGGCATGGTCCCAGCCTCCTCGLTGG

Figure 33. Schematic representation of the information content analysis by sliding window of the viral
quasispecies. A corresponds to the information content calculated for the first 25 nt-long window, B for the
second 25 nt-long window and successively for C, D and E.

The conservation can also be displayed by using a logo representation where the
sequence is showed by the letters representing the four nucleotides and whose
height gives a measure of the specific nucleotide conservation (from 0 to 2 bits)
[292].

1.4.3. Analysis of HDV quasispecies: incidence-based diversity indices

To have a preliminary idea of the composition of the viral population, regardless the
abundance of each variant, we first evaluated incidence-based indices such as the
number of reads per sample, the number of reads of the master sequence (Mstr), the
percentage of the master sequence in the quasispecies (Mptc), and the number of
haplotypes. As commented in the introduction (Chapter 1, section 4) the master
sequence is the most prevalent sequence in the viral quasispecies. The more this
sequence is prevalent the less complex is the quasispecies. Other indices are the
number of polymorphic sites (sites involved in mutations) and the number of the
mutations in the quasispecies per each sample, which provide a measure of the

variability of the viral population.

Although this first evaluations can give a preliminary idea of the quasispecie’s
diversity, these indices cannot reflex the entire complexity of the viral quasispecies,
since they do not take in consideration parameters such as the relative frequency

and the relation between the different haplotypes, which can profoundly impact the
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complexity and variability of the quasispecies. Moreover, the viral quasispecies is
the result of a dynamic system characterized by continuous cycles of acquisition of
mutations and selections, which implies that different indices are needed to have a

complex picture of the viral population and its changes [246,293].

1.4.4. Analysis of HDV quasispecies: abundance-based indices

The Abundance-based indices evaluate quasispecies complexity considering the
haplotypes that form the viral population and their relative frequency. They provide
a measure of either diversity (number and frequency of different haplotypes) or
evenness (uniformity of the haplotype distribution) of the viral quasispecies [246].
Here, we focused on two indices: the Shannon entropy (Sn) and the Gini-Simpson

diversity index (Hgs).

The Shannon Entropy (Sn) defines the complexity of the viral quasispecies by
considering the relative frequency of the haplotypes and, in some measure, their
fitness. In other words, it defines the degree of disorder (increasing randomness),
that is the uncertainty in assigning a random genome to the corresponding
haplotype in the studied population: the greater the disorder the greater difficulty
in associating a random genome to a specific haplotype. It is calculated by
considering the relative frequency of each unique sequences (Figure 34). Values
range from 0 to 1 bit, where 0 is a quasispecies composed by a single haplotype (no
disorder, identical viral population) and 1 a high degree of uncertainty. In term of
haplotypes the presence of rare haplotypes will be contributed to a higher value of

the index.

H
Hi(p) = —Z p,log(p,)

1=1

Figure 34. Formula calculating the Shannon entropy (Sn): pi: relative frequency pf the haplotype i in the QS;
log is the logarithm; the symbol X indicates the summation of the value obtained per each haplotype and H is the
number of haplotypes in the QS population.
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The Gini-Simpson index (Hgcs) indicates the probability of two genomes selected

randomly from the viral population correspond to different haplotypes. This index
ranges from 0 (a unique haplotype) to 1 (infinitive number of haplotypes at the same
abundance) [246,294]. The formula considers the relative frequency of the
haplotypes (as seen for the Shannon entropy), but without calculating the logarithm
(Figure 35), which implicates that this index is less sensitive to the presence of rare
haplotypes (at lower frequency), since it gives more weight to those with higher

frequency.

H
Hgs =1 —ZPEZ
i=1

Figure 35. Formula calculating the Gini- Simpson index (Hgs). pi: frequency of haplotype i in the viral
population. the symbol ¥ indicated the summation of the value obtained per each haplotype.

1.4.5. Analysis of HDV quasispecies: functional indices

Differently from the abundance-based, the functional indices provide information
about the QS variability, the haplotypes’ diversity, and the presence of mutations.
These are highly important since they consider the mutations that distinguish a
haplotype from another in the viral population. In this part of my thesis, two
functional indices were analyzed: the mutation frequency and the nucleotide

diversity.

The mutation frequency (Mf) shows the fraction of mutated sites in the multiple

alignments with respect to the dominant haplotype (master sequence) normalized
to the number of haplotypes that form the QS (Figure 36). Based on this definition,
the presence of highly mutated haplotypes (even at low frequency) will implicate an
increased mutation frequency, as more mutated sites are observed correlated to the

most abundant haplotype [295].

112



1 H
Mf =5 d
1=1

Figure 36. Formula calculating the mutation frequency (Mf). d: Proportion of mutations in the haplotype i
related to the master sequence. H: the number of haplotypes.

The other functional-based index used in my thesis is the nucleotide diversity (m or

Pi). This index evaluates the average number of substitutions between randomly
paired genomes of the viral QS. This provides a measure of the overall heterogeneity
of the population, considering the differences between any two genomes in the
population [246,296]. It is calculated by considering the distance (the number of
substitutions) between two haplotypes of the same population, taking into account

their relative frequency (Figure 37).

H H
m= sz'”’f

i=1 j:l

Figure 37. Formula calculating the nucleotide diversity. pi: the relative frequency of the haplotype i; pj: the
relative frequency of the haplotype j; dij: the number of substitutions between I and j; the symbol X indicate the
summation of the value obtained per each couple of haplotypes.

1.4.6. Variability in HDV quasispecies and single nucleotide variations.

To inspect the presence of single nucleotide variations (SNVs), the distance between
paired quasispecies was calculated and represented by a heatmap. It was calculated
as the logarithm of the division between the distance between the quasispecies X
and the quasispecies Y (Dxy) and the sum of the nucleotide diversity average of each

quasispecies (Dx and Dy) (Figure 38).

|Dg1u(2Dkyrf(Dx + D'!’))

Figure 38. Formula calculating the quasispecies distance. DXY is the distance between the quasispecies X
and Y, whereas DX and DY show the nucleotide diversity average of each one of the quasispecies.
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In the obtained heatmap, the tone of the green indicates the degree of distance, from
the lighter green, which corresponds to a shorter distance, to the darker green,
which indicates greater sample-sample distance. Distance was calculated by

considering the QS consensus of each sample.

Once analyzed the global distance between the different quasispecies, we also
studied the single nucleotide variants (SNVs) in each haplotype. The SNV were
detected by aligning the haplotypes with its specific quasispecies consensus. The
evolution rate during the follow-up for both ribozyme and HDAG was also studied by
normalizing the number of polymorphic sites for the amplicon length and the
follow-up time (years). This enabled to compare ribozyme and HDAG variability

during the time considering that both amplicons were different in length.

1.5. Analysis of the effects of the observed mutations on viral expression in
vitro

As previously commented into the introduction (Chapter 1, section 2.3), the

ribozyme plays a key role in HDV replication, since it is responsible of the liberation

from the concatemer of the single genome and antigenome monomers during

genome amplification. Considering this function, mutations in the HDV ribozyme

sequence could potentially affect the viral replication.

To answer this question, the effect of most relevant mutations was studied in vitro
to inspect how they can impact on viral replication. For this purpose, the mutations
were introduced in an HDV-coding plasmid and the ability of the mutated plasmids
to sustain viral expression was tested by cellular transfection. The methodology

used in these steps is detailed in the paragraphs below.
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1.5.1. Introduction of the mutations in pCMV-HDV-1.2X plasmids

The pCMV-HDV-1.2x plasmid is a plasmid containing 1.2 copies of genomic cDNA of
HDV under the control of a strong promoter, the cytomegalovirus promoter (CMV)
(Figure 39) [297]. This promoter is commonly used for high-level production of
recombinant proteins in mammalian cells [298]. Moreover, this plasmid carries an
antibiotics resistance (against ampicillin) for its following selection in bacteria. The
mutations were introduced using site-directed mutagenesis (QuickChange
Lightning site-directed mutagenesis kit, Chapter 3, section 2.7) following
manufacture’s protocol. The primers for the mutagenesis were designed by using
the Agilent online tool, and they were totally complementary, and both included the
desired mutation in the middle of their sequence. We introduced two-point
mutations (T23C and T69C) and a 1nt-long deletion (C64del). The sequence of the

primers is reported in Materials (Chapter 3, section 1, table 4).

[180...722 CMV promoter|

AmpR S028.. 5687

pAAVCMVHDV 2xxdna - 8510 nt

_|_

14153194 HOWVA x|

!

[hGH poly signal 3256...3738]

Figure 39. pCMV-HDV-1.2x plasmid main regions. The HDV genome (HDV1.2x- nucleotides 1415-3194- in
pink) is under the control of a strong promoter, the CMV promoter (160-722 in dark grey) and the human
Growth Hormone (hGH) polyA signal (nt 3256-3736 in light pink), for the termination and polyadenylation of
the mRNA produced into the cells. The selection is provided by a gene that confers resistance to the ampicillin
(promoter: nt 4760-4788 and gene nt 5028-5687, in respectively blue and green), whereas the replication of
the plasmid into bacteria is allowed thanks to the origin of replication in position 5839-6467 (dark blue- ColE1
origin). The F1 and M13 origin (nt 4433-3993 and 4433-3993, in blue) are two portions (with reverse
orientation) for the encapsidation of the linearized plasmid into phage particles in presence of phage viral
proteins.
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The QuickChange Lightning site-directed mutagenesis kit enables the introduction,
in a plasmid, of site-directed mutations or of limited-in-length deletion or insertions.
The enzyme provided in the kit is a proprietary blend that includes a derivative of
the PfuUltra high-fidelity (HF) DNA polymerase (Chapter 3, section 2.4), for ensure
the optimal amplification with high fidelity of the two strands of the plasmid. Once
amplified, the modified plasmid is subjected to a digestion with Dpnl enzyme which
selectively targets methylated DNA (that are those plasmids directly extracted from

bacteria, such as the original wild-type plasmid).

The mutated and digested plasmids were subsequently amplified by transforming
in XL10-Gold ultracompetent bacteria cells by heat shock (30" at 42C, followed by
30” at 422C and 2’ at 42C). Transformed bacteria were pre-incubated with SOC
medium (2 % tryptone, 0.5 % yeast extract, 10 mM NaCl, 2.5 mM KCl, 10 mM MgClz,
10 mM MgS04 and 20 mM glucose) in the shaker at 37°C for 1 hour at 225 rpm. SOC
medium does not contain antibiotics, so it allows the unselective growth of all the
bacteria presented. To later support the growth of just those bacteria that were
optimally transformed with the plasmid (selection), the bacteria in SOC were plated

on ampicillin-treated (1mg/mL) agar plates and incubated overnight at 37°C.

Several colonies were picked and maintained in nuclease-free water at 4°C for the
following PCR and sequencing steps, which will be explained with more details in
the following paragraph. Just that colony that presented the desired mutation in a

clean sequence underwent the extraction protocol.

First the colony was pre-inoculated into 500ul of LB broth with Ampicillin
(Img/mL) for at least 1 hour at 372C and 225rpm. After this time, bacteria were
moved in 100mL of LB broth with Ampicillin (1mg/mL) and incubated at 372C and
225rpm over-night. The following day, the bacteria were centrifugated and the
plasmid extracted from the pellet through the Endotoxin free NucleoBond Xtra Midi
Plus kit (Chapter 3, section 2.7) following manufacturer’s instructions. The purity of
the plasmid was evaluated by charging it on the NanoDrop One system (Thermo
Fisher Scientific, Wilmington, USA) which is an UV-spectrophotometer that enables

the analyses of RNA, DNA, protein, pigments, etc. allowing the determination of the
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extracted DNA’s purity in terms of contamination by RNA or alcohols. The
concentration (ng/uL) of the extracted plasmids was determined by fluorometric

quantification using Qubit fluorometer (Chapter 3, section 2.3).

1.5.2. Sanger sequencing

To ensure the correct introduction of the mutations, the plasmids were sequenced
by Sanger sequencing. For this purpose, the single picked colonies maintained at
49(C, as described in the previous paragraph, were sequenced. A region covering the
full ribozyme was first amplified (primers Seq Ribo FW and Seq Ribo RV, Materials,
1) using the FastStart Taq DNA Polymerase dNTPack (Chapter 3, section 2.4). The
PCR products were analyzed by gel electrophoresis and then purified by ExoSAP-
IT™ PCR Product Cleanup Reagent (Chapter 3, section 2.5), which enables the clean-
up of the PCR products by enzymatically eliminate both the excess of unpaired-
primers and nucleotides. Purified PCR products were afterwards analyzed by

Sanger Sequencing.

This method of DNA sequencing is also known as chain terminator method because
itis based on a PCR called chain-termination PCR, that works like a classical PCR but
differs in the addition of 3’-OH lacking nucleotides (dideoxy ribonucleotides,
ddNTPs). Each of these nucleotides are provided with a different fluorochrome (4
fluorochromes per the 4 nucleotides). In the PCR mix, the ddNTPs are added at low
ratio related to the normal dNTPs. During the elongation step, the nucleotides are
added according to the complementarity of the sequence, until the introduction of
the ddNTPs ceases the elongation step. The result of this step is a mix of DNA
fragments of different length that present at the end a fluorescent ddNTP. These
fragments are thereupon separated and ordered by capillary electrophoresis,
nucleotides are excited by a laser and detected by the fluorochromes. A software
then computes the overlapping or contiguous sequencing resulting in an

electropherogram that shows the sequence of the region of interest.

In this part of my thesis, the BigDye® Terminator v3.1 Cycle Sequencing Kit
(Materials, 2.5) followed by a purification step with the BigDye® Xterminator™
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Purification Kit (Thermo Fisher Scientific, Foster City, USA) was performed

following manufacturers’ guidelines.

1.5.3. Culture of Huh7 cells and in vitro testing

The hepatocarcinoma Huh7 cells were cultured with Dulbecco Eagle’s minimal
essential medium (DMEM) supplemented by 10% of fetal bovine serum (FBS),
penicillin (100 U/mL) (Materials, 3), streptomycin (100 pg/mL), and Glutamax (2
mM). Cells were plated at 160,000 cells/mL and they were transfected with 0.5 pg
of wild-type (WT) or mutated DNA plasmids using the Magnetofectamine 02 kit
(Chapter 3, section 2.7) according to the manufacturer’s protocol. Since HDV needs
of the HBV surface antigen to produce and release new viral particles, a plasmid
containing 1.3-length HBV genome (pTriEx-HBV) was included in each condition.
Both pTriEx-HBV and pCMV-HDV-1.2x WT or mutated were co-transfected, so the

amounts of plasmids were in equal proportion (0.25 pg of each).

The supernatant was collected 72 h after transfection and HDV RNA was extracted
using MagNA Pure LC Total Nucleic Acid Isolation Kit (Chapter 3, section 2.2) with
the Automated sample preparation system MagNA Pure 24 (Roche Applied Science,
Indianapolis, IN, USA). Once extracted, the viral RNA was treated with DNase I
(Chapter 3, section 2.4) to eliminate potentially contaminant DNA plasmid. HDV
RNA was quantified using the LightCycler RNA Master HybProbe kit (Chapter 3,
section 2.3), on the LightCycler 2.0 system (Roche Diagnostics, Mannheim,
Germany) with DP15 and DP2 primers and HDV-FL and HDV-LC probes (Chapter 3,
section 1, table 2), as reported in this chapter section 1.2.1, table 5.
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2. Results

2.1. Patients selected in the study of ribozyme conservation and variability

In the first part of my thesis, I analyzed the conservation and variability of ribozyme
in chronic delta patients (CHD) with more than 3 logi0olU/mL of HDV RNA and
attended in Vall d"Hebron University Hospital (Barcelona, Spain).

Twenty-five patients were included in this study. Considering that one of the goals
of this part was to follow-up the ribozyme quasispecies during the time, we
considered two samples per each patient with a total of 50 samples and a mean of

follow-up of 2.25 years.

Although HDV RNA was extracted and amplified in all the samples, after applying
the quality filter as reported in this chapter, section 1.4.1, only 19 patients (38
samples) were finally considered in the study, with a median (Q1-Q3) of reads of
4550.5 (1342.24-5892.74) per patient. All patients presented more than 3
log10lU/mL of HDV RNA, with no changes between the two timepoints (median (Q1-
Q3) log10 HDV RNA of 5.76 (5.02-5.83) and 5.76 (3.68-5.76), respectively) (Table
8). Moreover, they were not significative differences in term of transaminases and
platelets between both follow-up samples (Table 8). The HBV DNA was indetectable
in both samples in all patients. HBV surface antigen was resemblant in both samples

(median (Q1-Q3) of 3.96 (3.57-4.11) to 3.92 (3.39-4.93) log1o IU/mL).
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Table 8. Main clinical and viral characteristics of chronic hepatitis delta patients Included in the study.
The table shows the clinical and viral characteristics of the patients considered in this study between the 2
follow-up samples (sample A and sample B). The p values were obtained by applying a Kruskal Wallis-test (p-
value = 0.05). Abbreviations: AST -Aspartate aminotransferase (normal value 12-50 IU/mL); ALT- Alanine
aminotransferase (8-50 IU/mL); platelets (140-400 UI/mL); Q1-Q3, Quartile range; HBsAg, Hepatitis B virus
surface antigen; ns, not statistically relevant.

Markers Sample A Sample B P
HDV RNA
Median (Q1-Q3) 5.76 (5.02 - 5.83) 5.76 (3.68 - 5.76) ns
Logio(1U/mL)
AST (UI/L) 88 (45 - 133) 90 (36.25 - 126) ns
Median (Q1-Q3)
ALT (UI/L) 100 (58 - 158.5) 89.25 (44.5 - 133.75) ns
Median (Q1-Q3)
PLATELETS (UI/L) 89 (123 -212) 79 (118 - 197) ns
Median (Q1-Q3)
HBV-DNA (IU/mL) Low/IND Low/IND
HBsAg
Median (Q1-Q3) 3.96 (3.57-4.11) 3.92 (3.39-4.03) ns
Logio(IU/mL)

As previously explained in this chapter’s 1.1 section, HDV genotypes were analyzed
by NGS through the sequencing of the 5’-end of HDAG (nt 910 -1270). Of note, all the
patients were infected by genotype 1. Just a patient showed a non-1 genotype,
however, after the sequencing, these samples did not pass the quality filter, so this

genotype was discarded in the study.

2.2. Conservation of the quasispecies in the ribozyme region

QS conservation was analyzed by aligning all the haplotypes of each sample and
calculating the information content through the application of a sliding window
analysis. As shown in figure 40, the ribozyme (between positions 688 and 771 of
HDV genome) was overall highly conserved and 85% of the nucleotide positions
presented 2 bits of information content (100% of conservation) (Figure 40, panel
A). This analysis was conducted by both considering or not (respectively red and
blue line in figure 40, panel A) the haplotypes’ relative frequency. Of note, no

difference in term of conservation was observed when comparing both lines.
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bits

To deeply inspect the conservation along the ribozyme, the sequence was displayed
as a sequence logo. As explain in Chapter 4, section 1.4.2, the logo shows the
sequence and the degree of conservation of each nucleotide, providing a more
detailed representation of the sequence conservation. As shown in Figure 40, panel
B, of the 85 nucleotides included in the ribozyme sequence, just 3 nucleotide
positions (around 3.5% of the total) presented a conservation less than 1.5 bits.
Although these three positions seemed less conserved, the degree of bits was still
quite high (more than 1.2 bits), thus reinforcing the high level of conservation of this

portion of the HDV genome.

A Sliding window analysis (size = 25nt, steps = 1nt)
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Figure 40. Conservation of ribozyme region by sliding window analysis and represented by logo. (A) The
sliding window analysis is the result of the mean information content (bits) of the 25-nt windows with a
displacement between them of 1-nt obtained by multiple alignments of all the quasispecies (QS) haplotypes. The
analysis was implemented by considering (red line) or not (blue line) haplotypes frequency. The dashed line
represents the maximum level of conservation (2 bits). (B) Logo representation of the nucleotide sequence
corresponding to the entire ribozyme region from the genome positions 688 (corresponding to position 1 in the
ribozyme) to 771 (corresponding to position 86 in the logo representation). The height of each letter represents
the grade of conservation from a maximum of 2 bits to a minimum of 0. The sequence is shown in the genome sense.
The different structural and functional domains of the ribozyme are reported at the bottom [368]
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Despite the general conservation of the ribozyme quasispecies, we tried to identify
the most conserved and most variable portions of the region, since one of the aims
of this study was to identify possible target of a gene silencing therapeutic strategy

against HDV infection.

The most conserved region was between the nucleotide positions 715 and 745
(nucleotides 28 to 58 if considering just the ribozyme region). The 93.6% of the
sequence presented 2 bits, whereas only two nucleotide positions (the 725 and 728,
corresponding to the positions 38 and 41 of the ribozyme) presented a conservation
higher than 1.5 bits. Of note, this highly conserved region comprised part of double-
stranded regions (P3, P1, P1.1 and P4), the complete single-stranded J1.1/4 region
and part of the looped L4 region (Figure 41, panel A). The role of all these above
quoted domains in the ribozyme structure and functionality are reported in the

Introduction chapter (Introduction, 2.3).

The most variable region (Figure 41, panel B) encompassed the positions 739 and
769 (nt 51 to 82 of the ribozyme). Here, 19.3 % (6/31) of the nucleotides presented
lower degree of conservation (between 1.2 and 1.5 bits). The region partially
overlapped with the highly conserved region in a lengthy portion of six nucleotides
(between nucleotides 739 and 745) however, all of them presented the maximum
level of conservation. When looking for the functional domains that fell in this “more
variable” region, we observed that these nucleotides comprise part of the double-
stranded P2 and P4 regions, the entire L4 loop region and single-stranded ]J4/2
region [299].
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Figure 41. Logo representation of the most conserved and most variable portion of the ribozyme. The logo
represents the most conserved (A) (nt 715-745) and most variable (B) (nt 739-769) regions of the ribozyme. The
height of each nucleotide represents its information content in bits (2 bits indicates 100% of conservation). The
sequence is shown in the genome sense.

2.3. Ribozyme Quasispecies (QS) evolution and variability during patient’s
follow-up
The genetic distance (Chapter 4, section 1.4.3) between the samples was determined

to evaluate the ribozyme QS evolution during the patient’s follow-up (Figure 42).

As expected, considering the high level of conservation, the distance between
sample A and B was very short (<0.25) for most of the patients (white-light green in
Figure 42). Although patients P2, P12, P13, P21, and P23 seemed to present a
greater distance (>0.50) compared to the others, when their sequences were
examined in depth, very few nucleotide substitutions were observed. Due to the high
degree of sequence conservation, the presence of few mutations might magnify the

distance between the quasispecies.
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Figure 42. Sequences’ distance between samples. The heatmap shows the distance of the ribozyme
sequences between the different samples included in the study as the logarithm of the ratio between
quasispecies nucleotide distance (Dxy) and the nucleotide diversity average of each quasispecies (Dx and Dy).
The tone of the green indicates the degree of distance, from the lighter green, which corresponds to a shorter
distance, to the darker green, which indicates greater sample-sample distances. Distance was calculated by
considering the quasispecies consensus of each sample.

To obtain a complete picture of the viral population and its composition in the HDV
ribozyme, we analyzed different quasispecies complexity and diversity indices, as
summarized in Table 9. For more details related to the indices and their
determination, please refer to the chapter 4, section 1.4.3. Again, and consistent
with the high degree of conservation and the limited genetic distance between

sample A and B, no differences were observed.
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Table 9. Complexity and diversity indices calculated in samples A and B in the ribozyme region. The table
shows the median and Q1-Q3 of the following indexes: number of reads per sample; number of master sequence
reads (Mstr); percentage of the master sequence (Mpct); number of haplotypes; number of polymorphic sites;
Shannon index; Gini-Simpson coefficient; functional attribute diversity (FAD); mutation frequency (Mf);
nucleotide diversity (Pi) and Pi to Mf ratio. P values were obtained by applying a Kruskal Wallis-test (p-value =
0.05). ns = not statistically relevant.

Complexity index Sample A Sample B
piexity Median (Q1-Q3)  Median (Q1-Q3) P
N reads 3785 (1196.5 - 4909.5 (1550.5 - ns
4981.5) 6460)
2462.5 (1109 - 3161.5 (1440 -
N reads of master (Mstr) 3571.5) 4601.5) ns

9.15 (85.17 -

0, -
Yo Master (Mpct) 94.33) 10.52 (83.9 - 94.4) ns
N haplotypes 25(65-9) 2.5(65-9) ns
Polymorphic sites 3(5-8) 3(5-8) ns
N mutations 3(5-8) 3(5-8) ns
Shannon index 0.32 (0.31-0.63) 0.41(0.29-0.71) ns
Gini Simpson coefficient 0.16 (0.1 - 0.26) 0.18 (0.1 - 0.28) ns
Functional attribute diversity 0.89 (0.7 -1.6) 0.77 (0.1 - 1.48) ns

(FAD)

. 0.001 (0.0006 - 0.0012 (0.0006 -
Mutation frequency (Mf) 0.0017) 0.0018) ns
. . . . 0.002 (0.0012 - 0.0023 (0.0012 -
Nucleotide diversity (Pi) 0.0033) 0.0036) ns

Pi to Mf ratio 0.10 (1.86 - 1.97) 0.11 (1.86-1.97) ns

2.4. Analysis of Mutations

The presence of single nucleotide variations (SNVs) in the ribozyme were studied
by aligning the haplotypes with their master sequence. Although the ribozyme was
conserved overall, when studying each sample individually, a total of 48 mutations
were observed in the full region of the ribozyme. When looking at mutation type, we
observed that the most abundant changes were transitions: C—T (16 mutated

positions), G=A (10 mutated positions) and T—C (9 mutated positions) (Figure 43).

125



30

25

20

15

10

Number of mutations

AT AC AG TA TC TG CA CT CG GA GT GC

Mutation type

Figure 43. Type of the mutations observed in ribozyme sequence. The bar plot shows the number of
mutations per each transition or transversion observed in the ribozyme quasispescies. The number is also

reported.

Of the 48 observed mutations, 12 of them appeared in at least six patients in both
follow-up samples. Each mutation is reported in the table 10 accompanied by its

relative frequency in respectively samples A and B.

Table 10. Most abundant mutations observed in the ribozyme. The table shows the 12 most abundant
mutations observed in the ribozyme. The relative frequency of each mutation in respectively sample A and
sample B is reported as mean * standard deviation. The positions of the mutations are reported by considering

the HDV genome or the first nucleotide of the Ribozyme.

Mutation Mutation
(Position in (Position in Sample A (%freq) Sample B (%freq)
HDV genome) Ribozyme)
G693A G6A 0.84% £ 0.43% 0.83% + 0.31%
T710C T23C 3.04% +2.27% 5.55% +8.91%
T714C T27C 0.12% + 0.3% 0.88% * 3.5%
G727A G40A 0.25% £ 0.22% 0.41% * 0.24%
G746A G59A 0.07% + 0.03% 0.08% + 0.02%
T747C T60C 6.15% + 30.64% 6.42% +35.01%
C748T C61T 0.15% * 0.24% 0.14% + 0.27%
C749T C62T 0.12% £ 0.17% 0.08% + 0.12%
C751d Cé64d 47.17% + 1.66% 48.88% = 2.47%
T752C T65C 6.02% + 39.66% 6.29% + 44.04%
T756C T69C 12.02% = 21.99% 12.75% + 44.04%
G763C G76A 0.53% £ 2.49% 0.44% + 17.68%
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Of the observed mutations, only three involved at least eight patients and were
maintained or selected (mutation frequency that changes between the two
timepoints) during the follow-up: T710C (position 23 if considering the first
nucleotide in ribozyme from position 688), T756C (position 69 in ribozyme) and the
deletion in position 751 (position 64 in ribozyme). The T23C mutation involved 17
of the 19 patients in sample A with a mean frequency of 2.99%, and 18/19 of the
patients with a mean frequency of 4.96% in sample B (Figure 44, panel A). The T69C
mutation was found in both samples in 100% of patients, with a relative frequency
that was maintained during the follow-up (10.6% and 10.8% in respectively sample
A and B) (Figure 44, panel C). The deletion in position 64 (C64d) was highly
prevalent in quasispecies, with a frequency of 98.7% in sample A and 98.3% in
sample B and involved half of the patients (8/19 patients in both samples) (Figure
44, panel B).

T23C C64d
109 17/19 - . 100 "
80 80
g g
2 60 o 60
) £ 8/19 8/19
g 40 g a0
& &
20 20
0 Ot Q 0
Sample A Sample B Sample A Sample B
[CIPatients (%) —O— Mut freq (%) 1 Patients (%) —O—Mut freq (%)
T69C
19/19 19/19
100
80
g
o 60
8
c
g a0
]
a
20
(o, Q ‘
0
Sample A Sample B
[ Patients (%) —O— Mut freq (%)

Figure 44. Incidence of the main mutations observed in the ribozyme. The graphs show the relative frequency
(red line), the percentage (%) and number of patients (blue bar) presenting the mutation T23C (A), C64d (B) and
T69C (C) between the 2 follow-up samples (sample A and B).
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By looking the mutations’ relative frequency in each patient, we didn’t observe
marked changes in most of the patients with some exceptions (Figure 45). The
mutations T23C and T69C, indeed, were positively selected in patient 2 (from 5.29%
to 17.07% and from 43.88% to 71.85% for respectively the positions 23 and 69),
and in patient 12 (from 9.52% to 36.97 and from 2.79% to 24.11%) (Figure 45 panel
A and C). Of note, the T69C was also negatively selected in patient 13 (from 91.15%
to 39.09%) (Figure 6C). In the case of the C64d deletion, it was maintained between

the different timepoints in patients at almost 100% (Figure 45, panel B).
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Figure 45. Evolution of the mutation frequency between the two follow-up samples (A and B). Each patient is
represented by a different color. The x-axis represents the two-follow-up sample, the basal (Sample A) and the follow-
up (Sample B) whereas the y-axis shows the relative frequency (%) of the mutation in the viral quasispecies. T23C
mutation; Panel A, C64 deletion; Panel B and T69C mutation; Panel C.

2.5. Effects of the mutation on the viral expression in vitro

Considering the high degree of ribozyme conservation, the observed mutations may
potentially affect HDV fitness, thus promoting or inhibiting viral expression. To test
the effect of the three main detected mutations (T23C, C64d, T69C) on HDV

expression, they were introduced in a plasmid containing 1.2-in-length HDV full
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genome and mutated plasmid were used to transfect HuH7 cells. HDV RNA titter was

quantified in transfected cells supernatant at 72 h after transfection.

Through this system we efficiently expressed HDV in vitro, reaching a HDV RNA
titter in supernatant of 2.86 * 0.61 log10 [U/mL. The T69C mutant showed a similar
replication rate than WT (2.78 + 1.04 Ul/mL, p = 0.662). Similarly, the mutation
T23C did not affect viral replication (mean # std logio IU/mL = 2.7 + 0.38 [U/mL, p =
1). Differently, the interference with viral expression was stronger in presence of
the deletion in position 64 (C64d), that caused a reduction in viral expression of
around 1.23 log related to the WT virus (mean * sd logioHDV RNA = 1.63 + 0.71
Ul/mL, p = 0.08) (Figure 46). P-value were calculated by applying a Mann-Whitney
test.
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Figure 46. Effect of the most relevant observed mutations in HDV replication in vitro. The graph shows
the HDV titter in cellular supernatant after transfection with HBV and WT or mutated HDV after 72h of
transfection.
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2.6. Ribozyme quasispecies variability and evolution compared to the 5’-
HDAG
To have a more complete sketch of the quasispecies of HDV and its evolution during
the time, we also analyzed HDAG quasispecies (in the 5’-extreme). As explained in
this chapter’s 1.3.2 section, this portion of the viral genome comprises the C-
terminal domain of the HDAg, including the Amber/W site, where the editing
process of the messenger RNA occurs. To evaluate the differences in term of
quasispecies between the ribozyme and the 5’-HDAG, in this second part of my
thesis, we amplified the 5’-HDAG and analyzed this region by NGS by using the same

samples previously analyzed in the ribozyme.

2.6.1. Clinical characteristics of the patients included in the study

The 5'-HDAG was amplified in all the 19 patients of the previous described study,
however after passing the quality filters just 9/19 patients were suitable for the
following analysis, and finally just these patients were involved in the study. As done
for the ribozyme, we analyzed per each patient two longitudinal samples with an
average + standard deviation follow-up interval of 1.3 £ 0.5 years. Patients
presented similar level of HDV RNA and transaminases (ALT and AST) between the
two follow-up samples (Table 11). After the application of the different quality
filters a median (Q1-Q3) of 14720.5 (1679.5-16399.75) reads per sample were
obtained.

Table 11. Virological and biochemical markers. The table shows the evolution of both virological (HDV RNA)

and biochemical (ALT and AST) markers between the two follow-up samples. Each marker is shown as median
(Q1- Q3). The two samples were statistically compared by applying a Wilcoxon test.

Follow-up
median (Q1-Q3)
A B p-value
HDV RNA (log1o 5.4 (4.6-5.7) 4.6 (3.8-5.7) ns
IU/mL)
ALT (UI/L) 58.5 (44.2-71) 63.0 (46-84) ns
AST (UI/L) 44(33.5-64) 57 (34-90) ns
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2.6.2. Viral quasispecies complexity between ribozyme and 5’-HDAG

By comparing the viral quasispecies between the ribozyme and the 5’-HDAG, a
strong difference was observed in term of both abundance and complexity indices.
For an explanation of the different indices considered in this study, please refer to
sections 1.4.4, 1.4.5 and 1.4.6 of this chapter. The ribozyme showed a higher
frequency of the master sequence related to the 5’-HDAG (Figure 47, panel A),
respectively 90.3 % (85.2-94.2) and 19.1% (12.9-27.5) (median(Q1-Q3)). This
result was reverted when comparing QS complexity, the 5’-HDAG showed higher
levels of both Sn and GiniS (median (Q1-Q3) respectively 3.4 (2.9-3.7) and 0.9 (0.9-
1.0)) than ribozyme (Sn and GiniS of 0.5 (0.3-0.6) and 0.2 (0.1-0.3) (Figure 47, panels
B-C).
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Figure 47. QS complexity indices between the two different HDV genomic regions. The figure shows the
comparison between ribozyme and 5’-HDAG in term of frequency of the master sequence (A), complexity indices
(Gini Simpson index and Shannon Entropy, respectively panel B and C). The index for each sample
(independently of the timepoint) is represented by a dot. The p-value and the statistical test used in the
comparison is also reported.
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In term of variability, the 5’-HDAG region presented a higher mutation frequency
(0.004 (0.003-0.007) versus 0.001 (0.001-0.002) in ribozyme, Figure 48, panel A)
and a higher number of polymorphic sites (15.5 (13.3-17.8) versus 7 (5;8), Figure
48 panel B). Of note, when considering ribozyme and 5’-HDAG quasispecies
throughout the time, we didn’t observe any change in term complexity and

variability between both follow-up samples.
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Figure 48. QS variability indices between the two different HDV genomic regions. The figure shows the
comparison between ribozyme and 5’-HDAG in term of diversity indices Mutation frequency (panel A) and
number of polymorphic sites (panel B) The index for each sample (independently of the timepoint) is
represented by a dot. The p-value and the statistical test used in the comparison is also reported.

2.6.3. Quasispecies evolution rate between ribozyme and 5’-HDAG

Since we did not observe great changes when comparing the quasispecies between
the two timepoints for both the viral genomic regions, the evolution rate between
samples A and B was calculated. Because of the different length between the
amplicons, the evolution rate of the QS was calculated by considering the
polymorphic sites per year of follow-up per position. When comparing the evolution
rate between the two HDV genomic regions, we didn’t observe a strong difference
between the regions, although the HDAG appeared to show a tendency of higher
evolution rate (median (Q1-Q3) of respectively 0.021 (0.014-0.026) and 0.025
(0.02-0.038), Figure 49, panel A).

132



HDV amplicon 5-HDAG ®  ribozyme

Wilcoxon, p = 0.19

R=-0.67,p=0.0023

0.075 0.075

0.050

0.050

0.025

Evolution Rate (N polymorphic sites/nt/year)
Evolution Rate (polymorphic site/nt/year)

0.025

‘ 0.000
.

Ribozyme 5-HDAG 0.5 1.0 15 20
HDV amplicon Year (follow-up)

Figure 49. Evolution rate of the QS related to the region and the elapsed time. A) Boxplot shows the
comparison of the Evolution rate (number of polymorphic sites normalized per the amplicon length and the year
of follow-up) between the two HDV genomic regions. The statistical test and the p-value is reported. B)
Spearman correlation between the evolution rate and the time of follow-up. The different colors show the
different HDV amplicons (pink for 5’-HDAG and light blue for ribozyme).

Notably, the highest evolution rate was mainly observed for shorter follow-up time,
and a negative strong correlation was detected when considering together the
evolution rate and the time between the two samples (Figure 49, panel B). This
correlation was even more strong when just considering the 5’-HDAG region alone
(rho = -0.93, p-value = 0.00075- Figure 50, panel B) but not with the ribozyme
(Figure 50, panel A).
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Figure 50. Correlation between evolution rate and follow-up time in respectively ribozyme and 5’-HDAG.
The scatter plots show the correlation between ribozyme (A) or 5-HDAg (B) evolution rate and the time of
follow-up. Each dot represents a patient. The Spearman rho and the p-value are also reported.
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Chapter 5

Study 2

In vivo study of the involvement
of HDV in HBV variability: the
role of type I interferon pathway
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1. Methods

1.1. Superinfection mouse model

To determine the variability of HBV in presence of HDV, we used a model of HDV-
related superinfection in collaboration with the group of Dr. Gloria Gonzalez
Aseguinolaza from the Centre for Applied Medical Research (CIMA) in Pamplona.
The mice employed in this study were kindly donated by Dr. F.V. Chisari (La Jolla,
California). These mice were modified to constitutively express HBV thanks to the
insertion of a terminally redundant over-length 1.3 viral DNA (HBVtg) [300]. The
insert starts just before the X promoter and Enh I region and ends after the single
polyadenylation site of HBV and promotes the expression of viral particles at high
level (more than 106 copies/mL in serum/plasma) comparable to what observed in

patients with chronic hepatitis B (Figure 51).

Poly A nt 3182/nt 0 Poly A

nt 1068 Enh | —Enh I J— — ‘— Enh 1 —Enh I ——nt 1982
C PS S

X X C

Figure 51. Inserted HBV genome. The figure shows the composition of the over-length 1.3 HBV DNA inserted
in HBV transgenic mice, detailing all the regions and ORF included. There are represented the different ORFs (X,
C, PS and S) and both enhancers (Enh I and Enh II). There are also represented the PolyA sites and the
end/beginning of the HBV genome (nt 3182/ nt 0). Figure modified from Guidotti et al. 1995 [300].

To develop the HDV superinfection model, HBVtg mice were administered with
5x1010 vg adeno-associated vectors (AAV) containing an over-length 1.2 copy of the
HDV genotype 1 antigenome (rAAV-HDV). The 1.2x HDV antigenome was obtained
from pDL456 plasmid and cloned into a pAAV-MCS vector (Agilent Technologies,
Santa Clara, United States), as previously presented by Dr. Gracian Camps in his
thesis. To guarantee the tissue-specific expression of HDV, viral genome was
inserted behind a liver-specific chimeric promoter composed by the albumin
enhancer (EAIlb) fused to the hepato-specific promoter of the a-1 antitrypsin (AAT),
followed by the B-globin intron (1), which promotes mRNA intracellular stability
and protein expression [301] (Figure 52). Moreover, the plasmid, so called pAAV-
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EAlb/AAT-HDV, was also provided of a polyadenylation sequence to promote the
RNA nuclear export and translation. The expression cassette was flanked by two
inverted terminal repeats (ITR) which are essential for the encapsidation of the DNA
into the recombinant AAV (rAAV). These latter were produced by co-transfecting
HEK293T cells with pAAV-EAlb/AAT-HDV and pDP8.ape helper plasmid (Plasmid
Factory, #PF478) that provides the genes essentials for AAV replication and
encapsidation. The rAAV containing the 1.2 HDV genome was subsequently
concentrated and purified by lodixanol gradient ultracentrifugation. Once purified
and quantified, rAAV-HDV particles were intraocularly injected to HBVtg mice
(HBVtg AAV-HDV). To avoid biased results, in the HBV monoinfection model the
HBVtg mice were injected with 5x1010 vg of rAAV expressing luciferase (HBVtg AAV-
Luc).

e 3 pgobamon ] hovemonein ]

pa

Figure 52. Insert of the pAAV-EAlb/AAT-HDV. To promote the encapsidation of the 1.2 HDV genome into the
rAAV particles, the viral genome (in blue) was flanked by two IRT (Inverted terminal repeats) sequence. The
high level of expression of the viral genome was ensured by the presence of a strong and tissue-specific promoter
(EAIb/AAT in green). The B-globin intron and the polyadenylation sequence (in respectively orange and red)
supported the stability and translocation of the produced viral RNA. Figure obtained from Dr. Gracidn Camps
thesis.

1.1.1. HBVtg mice knock-out for the IFNa/BR

As reported in the Introduction chapter (Chapter 1, section 3), and differently from
HBV, HDV infection strongly activates the intracellular interferon pathway, which
might impact HBV variability due to the activation of mutagenic enzymes such as
ADARI. To evaluate this effect, a HBVtg mouse model knock-out for the expression
of IFNa/B receptor (IFNa/PR) was produced by Dr. Gracian Camps in Dr G
Gonzalez’s group by using CRISPR-Cas9 system.

Briefly, HBVtg mice were crossed with IFNa/BR KO mice to obtain a progeny

heterozygous for the [IFNa/BR KO. Heterozygous female and male were later crossed

together to obtain a homozygous progeny (HBVtg IFNa /SR KO). Recombinant AAV
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(both HDV and Luc) were injected in both WT or HBVtg IFNa/fR KO to obtain
monoinfected or superinfected models in presence of both, normal and inhibited
type | interferon pathway. A brief report of the four experimental conditions used in
this study is reported in figure 53. Notably, these models were maintained and

manipulated at the animal facility of the CIMA-University of Navarra.

Superinfected and monoinfected mice were sacrificed at 7- or 21-days post-injection

(dpi).

IFN-/fR WT IFN-a/fR KO
0% ® -
AAV-HDV AAV-Luc AAV-HDV AAV-Luc

| | | |

HBVtg AAV-HDV  HBVtg AAV-Luc HBVtg IFN-a/fR KO HBVtg IFN-a/BR KO
AAV-Luc AAV-HDV

Figure 53. Experimental conditions. The figure shows a resume of the experimental conditions used in this
study. Both IFNa/BR WT and KO mice were injected with 5x1010 rAAVs encoding luciferase or HDV to lead to
the monoinfected and superinfected models respectively.

1.2. Analysis of HBV expression in serum

Serum samples were collected from HBVtg mice before (day -2 of AAV injection) and

weekly after rAAV injection.

HBYV titter was measured by Dr. Camps as reported in his thesis. Briefly, viral DNA
was extracted from 100 pl of serum by using the High Pure Viral Nucleic Acid Kit
(Chapter 3, section 2.2). Eluted HBV DNA was later quantified by qPCR with a couple
of primers specific for the HBcAg using the GoTag® qPCR Master Mix (Chapter 3,
section 2.3). A standard DNA of known concentrations was used for the absolute

quantification of HBV DNA and results were reported in vg/ml.
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Circulating HBV RNA was quantified by real-time PCR on the COBAS 6800
instrument using an HBV RNA Investigational Assay (Chapter 3, section 2.1). This
technique has a linearity of 10 to 10E+09 copies/mL and a limit of quantification of

10 copies/mL [135,302].

As previously commented in the Introduction (Chapter 1, section 1.4), HBV RNA is a
direct marker of cccDNA expression [135,302]. In this case, although it represents
the expression from the integrated DNA in HBVtg, this marker might help us to
hypothetically determine the step of the HDV-related inhibition of HBV expression

(if at the time of retrotranscription, or directly at HBV DNA expression).

1.3. Analysis of the intrahepatic HBV expression: pgRNA

Viral RNA was obtained from liver tissue samples at both timepoints (7 and 21 dpi)
and then retro-transcribed to obtain the cDNA for the following quantification and
sequencing of the intrahepatic HBV RNA. All the materials used in the next

paragraphs are reported in Chapter 3, sections 1 and 2.

The commercial High Pure Viral Nucleic Acid Kit (Chapter 3, section 2.2) was used
to extract the viral RNA from mice liver. To avoid DNA contamination, the extracted
RNA was first treated with Turbo DNAse (Chapter 3, section 2.4) at 37°C for 30 min
followed by a heat-inactivation at 75 °C for 10 min and Mg*? remotion by the

addition of EDTA (25 mmol/L EDTA solution).

The transcription of the RNA into cDNA was performed in two steps. In the first step,
the digested RNA was denatured by treating it at 652C for 5 minutes in presence of
the Oligo(dT)17 primer (Chapter 3, section 1, table 3), which is complementary to
the poly-A tale of each messenger RNA. To promote the annealing of the primer to
the denatured RNA, the reaction was cooled up to 20°C for another 5 minutes. In the
second step, the AccuScript High-Fidelity RT-PCR System enzyme (Chapter 3,
section 2.4), was added to the reaction together with the RNAse Out inhibitor
(Thermo Fisher Scientific-Life Technologies, Austin, United States), which is a

recombinant protein that inhibits the ribonuclease thus preventing RNA
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degradation. The reverse transcription step was carried out by incubating at 42°C

for one hour, followed by an inactivation step at 70°C for 15 minutes.

Once retrotranscribed, intrahepatic pgRNA was quantified by qPCR by using a
standard curve consisting of serial dilutions of an in-house produced standard
pgRNA obtained by the in vitro transcription of a plasmid containing the full-length
HBV genome (Figure 54). The standard was obtained by cloning the HBV 1.3 genome
from pTriEx1.1-HBV1.3x plasmid into a pEF6/V5-His-TOPO™ vector (Invitrogen,
Carlsbad, California) (Figure 54, panel A) which is provided of a T7 promoter for the
following in vitro transcription. The HBV DNA was inserted between the T7
promoter and a Notl restriction site (pEF6.HBV1.3). To ensure that the standard
RNA followed the same route of the RNA extracted from the samples, a poly-dA tale
was inserted by site-directed mutagenesis (QuickChange Lightning site-directed
mutagenesis kit, Chapter 3, section 2.7) between the end of the insert and the Notl
site (pEF6.HBV1.3-polyA). To obtain the pgRNA standard, pEF6.HBV1.3-polyA was
linearized by an overnight digestion with NotI (372C followed by a heat-inactivation
at 659C). Linearized DNA was in vitro transcribed through the MEGAscript T7
Transcription Kit (Chapter 3, section 2.4) following the manufacturers’ protocol
specification (Figure 54, panel B). The obtained RNA was purified using the
MEGAclear Transcription Clean-up Kit (Chapter 3, section 2.5). To further prevent
DNA contamination, a DNase I treatment was performed. Standard RNA purity was
evaluated through the NanoDrop spectrophotometer (Thermo Fisher Scientific-Life
Technologies, Austin, TX, United States), whereas its concentration was determined
through the Qubit fluorimeter using the Qubit RNA HSAssay Kit (Chapter 3, section
2.3). RNA concentration was later used to calculate the concentration in number of
copies per mL. The standard curve was made by applying 10-fold serial dilutions

from 7.51 to 1.51 Logio copies/mL (Figure 54, panel C).
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Figure 54. Graphical representation of the in-house obtention of the pgRNA standard curve. A) The insert
from the pTriEx1.1-HBV1.3x plasmid was cloned into a pEF6/V5-His-TOPO™ vector between the T7 promoter
and the Notl restriction site (pEF6.HBV1.3). B) To produce the pgRNA standard, the pEF6.HBV1.3 was linearized
by treating it with Notl enzyme and then in vitro transcribed. The standard RNA also contains a polyadenylation
sequence for the following reverse transcription. C) The obtained standard pgRNA was serially diluted up to
1.51 log1o copies/mL and analyzed by the Lightcyler 2.0 system. The quantification cycle (Cq) obtained per each
dilution was determined in duplicate and related to the standard’s concentrations to obtain a regression curve.
The standard curve is considered optimal when the R-squared (R2) was higher than 0.9.

To quantify intrahepatic pgRNA, the viral RNA molecules were purified from mice
liver as reported above, and then treated with Turbo DNase to eliminate

contaminant DNA.

The quantification cycle (Cq) for both the standard’s dilutions and the mice were
quantified by using the LightCycler RNA Master HybProbe on the the LightCycler 2.0
system in presence of pgRNA Fw and pgRNA Rv primers and pgRNA probe

(Materials, 1). The used protocol is described in Table 12. The concentration of the
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pgRNA in the sample was finally obtained by applying the linear regression curve

through the software available in the LightCycler 2.0 system.

Table 12. Protocol used for the pgRNA quantification in LightCycler 2.0 system.

Temperature | Hold
. Cycles
(2C) (Time)
Reverse transcription 63 3 min
Desnaturalization 95 30 sec
95 10 sec
Amplification 65 30 sec 45
72 1 sec
Cooling 40 10 sec

Of note, to ensure that the contaminant DNA was efficiently eliminated during the
DNAse step, treated RNA was analysed on the LightCycler 2.0 system through the
LightCycler® DNA Master HybProbe (Materials, 2.3) with the following protocol:
Denaturalization at 952C for 10 minutes, 45 cycles of amplification at 952C for 5
seconds, 30 seconds at 652C and 722C for 15 seconds). This protocol enables to
determine if contaminant DNA was still presented in the DNase-treated RNA sample,

since no reverse transcription step was used.

1.4. Next-generation sequencing analysis of HBV and HDV quasispecies
variability in the liver of superinfected IFNa./B-R WT or KO mice
To inspect the effect of the activation of HDV superinfection and type I interferon in
HBV variability, the viral RNA was extracted from the mice’s liver, treated with
TURBO DNAse and retrotranscribed with Oligo(dt)17 using the Accuscript HiFi
reverse transcriptase PCR kit following the protocol reported in the previous
paragraph. The obtained cDNA was subsequently amplified to analyse by NGS the
viral RNA quasispecies in all the four experimental conditions (HBV monoinfected

and HDV superinfected mice, wild-type or knock-out for the type I interferon
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signalling). The different regions of the HBV RNA that were studied will be described

with more details in the next sub-paragraph (section 1.4.1.).

Since HDV RNA is known to be targeted of intracellular mutagenic enzyme such as
ADAR1, the QS of HDV RNA were also studied in both WT and KO superinfected mice
(as reported in chapter 3, section 1.3.2 for 5-HDAG).

1.4.1. Amplification of the regions of interest in HBV genome

The acquisition of mutations in key portions of viral genome could affect viral fitness
thus promoting the inhibition of the viral replication. With this purpose, we
analysed two main portions of the HBV pgRNA: the X gene, and a portion of the HBS
that overlaps with the viral RT (SRT).

As previously commented in the introduction chapter (Chapter 1, section 1.2.4), the
full X gene encodes for a key protein responsible for transactivating HBV expression.
Moreover, some portions of this sequence that belongs to pgRNA acquire a double
stranded configuration (the o -nt 1292-1321-, - nt 1411-1433- and ¢ -nt 1847-
1907- loops) that could be targets of mutagenic enzymes such as ADAR1. The SRT
amplicon is also important as mutations at this level might affect the release of new
viral particles and/or the retro-transcription of pgRNA to produce new molecules of

rcDNA.

The DNase-treated HBV RNA, obtained as above, was retrotranscribed using the
AccuScript High Fidelity RT-PCR System enzyme (Chapter 3, section 2.4) in presence
of the Oligo(dT)17 primer (Chapter 3, section 1, table 3). This step was common for
all the studied regions of the intrahepatic viral RNA. This reaction was performed in
three phases: a first denaturation phase (at 652C for 5 minutes and 202C for 5
minutes), followed by the retrotranscription (at 422C for 1 hour), and the RT
inactivation at 702C for 15 minutes. The produced cDNA was later amplified by using

different protocols depending on the region under investigation.
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The full X gene was amplified by a 3-step-PCR process with two overlapping
amplicons corresponding respectively to the 5’ and 3’ portion of the gene (Figure
55). In the first PCR or external PCR, a bigger amplicon (from nt 599 to 1936) that
included all the X gene was produced. The 1340bp-long PCR product was later used
for a nested amplification step using two couple of primers (as reported in table 13)
generating two overlapping amplicons: the 5-HBX (nt 1255 to 1611) that
encompassed the HBX promoter and the HBx coding region from nt 1374, and the
3'-HBX (nt 1596 to 1936), which comprised the transactivating N-terminal domain
of the HBx and overlapped with a portion of preCore. During this second step, an
M13 tail was added to both ends of each amplicon, serving as a template for the last
PCR, in which a sample-specific multiplex identifiers (MIDs) was added. The primers
used for the preparation of the library are reported in chapter 3, section 1, table 3,

whereas the protocol used in each step is reported in table 13.

/\W intrahepatic RNA
(treated with DNAse)

|

NRAGAGAAR <o

l

599 1936

LI

External/ 1 PCR
1255 SHBX 1611 ) . 1596 F'HBX 1936
T« ~ LCCTTTTTTTITITT
M13 2pCR M13 M13 a9 prR M13
' '
[N [N
MID  M13 3UpCR M13  MID MID M13 39PCR M13 MID

Figure 55. Graphical representation of the amplification of the HBX gene. The viral RNA extracted from
the liver of the mono and superinfected mice (both WT and KO for the type I interferon pathway) was
retrotranscribed by obtaining a cDNA that was further used as target for the different amplification processes.
In case of HBX, the cDNA first underwent to an external amplification encompassing from the nt 599 to 1936.
This big amplicon was further amplified during the 2nd PCR step producing two different amplicons, the 5’-HBX
(from nucleotide 1255 to 1611) and 3’-HBX (from nucleotide 1596 to 1936). During this step, a M13 tail was
added. The 3rd and last PCR used as template the M13 tails and allowed the addition at the extremes of a
multiplex identifier (MID) specific for each sample and essential to identify the unique sample during the
analysis step.
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Table 2. Amplification protocol and primers for the HBX gene.

Amplification Primer Protocol
step
1st PCR ExtXFW | 95°C 5 min; (95°C 20 s, 53°C 20's, 72°C
Ext X RV 15s) x 35 cycles; 72°C 3 min
M13 5HBX
2nd PCR FW 95°C 2 min; (95°C 20 s, 60°C 20 s, 72°C
(5’ end) M13 5HBX 15s) x 35 cycles; 72°C 3 min
RV
M13 3HBX
2nd PCR FW 95°C 2 min; (95°C 20 s, 62°C 20 s, 72°C
(3’ end) M13 3HBX 15s) x 35 cycles; 72°C 3 min
RV
MIDFW | 95°C 2 min; (95°C 20 s, 60°C 20's, 72°C
MID PCR X .
MID RV 30s) x 35 cycles; 72°C 3 min

Differently, the SRT amplicon (between the positions 616 and 990) was obtained
from the cDNA by a two-step amplification: the primers M13 SRT FW and M13 SRT
RV (Chapter 3, section 1, table 3) to produce the amplicon with the addition of the
M13 tail and a MID PCR as done for the X amplicons. The protocol used is reported

in the table 14.

Table 14. Primer and amplification protocol for SRT gene.

Amplification Primer Protocol
step
M13 PCR M13 SRTFW | 95°C 1 min; (95°C 20 s, 65°C 20 s, 72°C
M13 SRT RV 30s) x 35 cycles; 72°C 3 min
MID PCR MID FW | 95°C 2 min; (95°C 20 s, 60°C 20 s, 72°C
MID RV 30s) x 35 cycles; 72°C 3 min
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1.4.2. Amplicon purification

The purification of the amplicons is an essential stage to guarantee an optimal
sequencing, especially considering the high sensibility of the [llumina system. The
amplicons were purified by using the KAPA Pure beads (Chapter 3, section 2.5) in
the automatized TECAN instrument (Tecan Trading AG, Switzerland). The
proportion of the beads used with this system is a determinant element for the
correct purification of the desired amplicon. Depending on the length of the PCR
product, a different proportion of beads must be used. In this study the magnetic
spheres were used at 0.8X related to the samples (0.8 pL of KAPA Pure Beads per pL
of DNA). This kit enables the positive selection of the desired beads-attached
amplicon during the ethanol-based washing thanks to the interaction of the beads

with a magnet.

The quality of the purification was verified through the 2200 TapeStation System
and the D1000 ScreenTape kit (Chapter 3, section 2.5). This system, together with
the Agilent 2100 Bionalyzer software, allows the visualization of the purified
amplicon by electrophoresis. Moreover, thanks to the standard curve provided by
the D1000 ScreenTape Kkit, it furnishes details about the presence and length of
different DNA fragments in the sample. This step is essential because the presence

of shorter contaminant fragments might reduce the sequencing yield.
Sample quantification, normalization and library preparation were performed as

described in the previous study (Chapter 4, from section 1.3.3 to 1.3.6). For both
HBV and HDV sequencing MiSeq Reagent Kit v3 was used (Chapter 3, section 2.6).
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1.5. Sequencing quality filters and bioinformatic analysis

After sequencing, the samples from this study were filtered according to the same
criteria as the samples from the first study. For review, please refer to Chapter 4,

section 1.4.1.

Both the quality filter and the following bioinformatic studies were carried out by

Dr Josep Gregori.

The finally obtained haplotypes were used to study the viral quasispecies variability
in HDV-superinfected mice in presence of wild-type or knock-out type I interferon

response.

1.5.1. Rare Haplotype Load study

The Rare Haplotype Load (RHL) defines the quasispecies complexity so far as it is
enriched of haplotypes at low frequency. It provides an estimation of the fraction of
molecules at low frequency (in the case of this study at 1%) composing the viral QS.
A study on HCV revealed that this index could be extremely relevant for the study of
highly mutagenic viruses especially in presence of selection pressure, such as the

presence antiviral drugs [303].

1.5.2. Analysis of single nucleotide variations

The term single nucleotide variation (SNV) refers to the substitution of one
nucleotide for another. These mutations were identified by aligning the haplotypes
sequence with the master sequence. SNV’s frequency was calculated as the sum of
the relative frequency of the haplotypes carrying the mutations per each
quasispecies, whereas the frequency per group was obtained computing the average
of the SNV’s frequency in quasispecies between the mice presenting the mutation.
The presence of the different SNVs in the experimental conditions were highlighted
by using a Heatmap representation (R software [304]). Colours indicate the relative

frequency of each SNV, which were rearranged using a dendrogram algorithm that
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shows the relationship between mutations. In addition, to identify a pattern of
mutations that might be related to intracellular mutagenic enzymes, the number of
transitions (A<->G and C<->T) and transversions (change of purine - A or G- to a
pyrimidine -C or T- and vice versa) were calculated by counting the number of

positions that presented the specific type of change.
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2. Results

2.1. HBV expression in superinfected mice

HBVtg mice express high level of hepatitis B virus. It is well known that HDV
infection strongly inhibits the replication of its helper virus. To inspect the effect of
HDV expression on HBV replication in our superinfection mouse model, we analyzed
different HBV serological and intrahepatic replication markers at different
timepoints. Moreover, to inspect how type I Interferon could be involved in the
mechanism of inhibition, the viral markers were considered also in knock-out for

the IFNa/B pathway mice.

2.1.1. Serological evaluation of HBV replication

To evaluate HBV expression in the superinfected mice model and to relate it with
the activation of interferon, a plasma sample was weekly collected up to the end of

the experiment (21 dpi) per each mouse.

Similar HBV DNA levels were observed in both monoinfected conditions (HBVtg Luc
and HBVtg x IFNa/BR KO Luc) over time. As expected, in presence of HDV, a strong
inhibition of HBV DNA was observed in wild-type mice (HBVtg HDV) with an
average of logio of viral genome/ml -vg/mL- of 6.19 £ 0.5, 5.56 + 0.49 and 5.33 £ 0.5
atrespectively 7, 14 and 21 dpi, versus 6.85 £ 0.85,6.56 £ 0.8 and 6.5 = 0.9 for HBVtg
Luc mice (Figure 56). Such inhibition was not observed when suppressing
interferon pathway (HBVtg x [FNa/BR KO HDV). Notably, the KO monoinfected
mice (HBVtg x I[FNa/BR KO Luc) presented higher HBV DNA concentrations in
plasma that those HBVtg Luc mice (1.1, 1.13 and 1.18 log1o of difference between
HBVtg x IFNa/BR Luc and HBVtg Luc at 7, 14 and 21 dpi).
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Figure 56. HBV DNA in mice’ s plasma. The graph shows the HBV DNA levels (vg/ml) in plasma of each group
of mice at basal (before AAV injection), 7-, 14- and 21-days post injection. Each group is represented by a
different color (grey and black for WT mice, respectively monoinfected AAV-Luc and superinfected AAV-HDV;
pink and red for KO mice respectively monoinfected and superinfected). The central line shows the group’s
mean. The standard deviation is also reported. P-values are shown as asterisks (* for <0.05, ** for <0.01, *** for
<0.001, **** for <0.0001) and were obtained by using an Anova test with the Tukey analysis for multiple
comparison after applying the Shapiro Wilk test (p = 0.05).

Likewise, in HBVtg HDV mice we observed a strong suppression of the HBV RNA
levels (Figure 57). Nevertheless, unlike the HBV DNA, in HBVtg HDV mice the HBV
RNA was very low even at 7dpi (0.75 £ 1.1 logio cps/mL) and maintained this trend
up to 21dpi (0.49 = 1.2 logio cps/mL). Monoinfected mice, both WT and KO,
presented similar level of circulating HBV RNA in all the explored timepoints.
Differently, HBVtg x IFNa/BR KO HDV seemed to present a quite smaller amount of
HBV RNA in plasma, especially at 21dpi, although the difference was not statistically

significant.
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Figure 57. HBV RNA in plasma samples. The graph shows the HBV RNA levels (log10 cp/ml) in plasma of each
group of mice at 7, 14 and 21 dpi. Each group is represented by a different color (grey and black for WT mice,
respectively monoinfected- AAV-Luc- and superinfected -AAV-HDV; pink and red for KO mice respectively
monoinfected and superinfected). The central line shows the group’s mean. The standard deviation is also
reported. P-values are shown as asterisks (* for <0.05, ** for <0.01, *** for <0.001, **** for <0.0001) and were
obtained by using an Anova test with the Tukey analysis for multiple comparison after applying the Shapiro Wilk
test (p 2 0.05).

It must be emphasized that none of the mice had liver damage. The level of ALT
transaminase was tested by Dr. Gloria Gonzalez's group and no differences were

found between the groups over the time.

2.1.2. Intrahepatic HBV expression

To test the viral intrahepatic expression, the HBV pgRNA was quantified at 7 and 21
dpi by qPCR as described in Chapter 5, section 1.3.

At 7 dpi, the mean values among all groups of mice oscillated from 5 to 5.5 log10
cp/mL. For HBVtg Luc mice, a significant difference was observed between IFNa/[3
R WT and KO mice, although the average concentrations were quite similar (HBVtg
Luc: 5.14 £+ 0.2 cps/mL and HBVtg x [FNa/BR KO: 5.43% 0.19 cps/mL). The same
situation was observed for HBVtg HDV mice, where a little increased of the pgRNA
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titter was detected in IFNo/BR KO mice related to the WT (respectively 5+ 0.15
cps/mL and 5.34+ 0.16 cps/mL for HBVtg X IFNo/BR WT HDV and KO) (Figure 58,
panel A). If considering monoinfected versus superinfected mice, no relevant

differences were observed for both WT and KO mice.

At 21dpi (Figure 58, panel B) we didn’t observe any difference in the intrahepatic
concentration of pgRNA between HBV monoinfected transgenic mice (HBVtg LUC)
WT or KO for type I interferon signaling (5.28 £ 0.27 and 5.25 + 0.39 for HBVtg Luc
respectively WT and KO). When comparing HBVtg Luc mice with HBVtg HDV mice,
adecrease of around 1 logio cps/mL was detected (pgRNA titer of 5.3 £ 0.3 and 4.42+
0.31 logio cp/mL for HBVtg Luc and HBVtg HDV). Notably, this reduction was
reverted in superinfected mice knock-out for type I interferon (HBVtg x IFNa/BR
KO HDV), where the level of pgRNA was the same that in those monoinfected mice
(5.3£0.3810g10 cp/mL).
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Figure 58. Intrahepatic HBV pgRNA expression in transgenic mice at 7 and 21 dpi. This graph shows the
levels of the intrahepatic pgRNA (log10 cp/mL) in the different groups of mice at 7 (panel A) and 21 dpi (panel
B). Monoinfected mice (AAV-Luc) are represented by black dots whereas superinfected mice (AAV-HDV) by red
dots. P-values is reported as asterisks (p < 0.05 and ** p < 0.01) and was obtained by an Anova test with the
Tukey analysis for multiple comparison after applying the Shapiro Wilk test (p = 0.05).
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2.2. Analysis of the intrahepatic HBV RNA quasispecies in SRT at 7 and 21
dpi

HBV surface antigen is a key viral protein involved in HBV replication and it
completely overlaps with the viral polymerase gene, so mutations acquired in these
genes could potentially impact both the release of viral particles and the
intracellular viral replication. As explained in the Chapter 5, section 1.4.1, here we
amplified, at both 7 and 21dpi, a region encompassing the nucleotide positions 615
to 969 of the P gene of HBV genome, that contains the active domain of the RT, and
that overlaps with the nt 615 to 835 of the S gene (corresponding to the last 72
amino acids - aa 155 - 227).

At 7dpi, the amplicon was correctly amplified from the liver of 22 sacrificed mice as
follows: 5 HBVtg Luc, 4 HBVtg HDV, 6 HBVtg x IFNa/BR KO HDV and 7 HBVtg x
[FNo/BR KO Luc (Table 15). After applying the required quality filters, a median
(Q1-Q3) of 16938.5 (31631.25- 48575.75) of reads were obtained. To evaluate the
evolution of the changes observed in this region at 7 dpi, the intrahepatic HBV RNA
was also analyzed at 21 dpi. For this study, 5 mice were included for both HBVtg Luc
and HBVtg HDV type mice and 4 mice were included for both knock-out conditions.
A median (Q1-Q3) of 35292.5 (56025-91317.5) reads were achieved.

Table 15. Scheme of the mice included in the study per condition and timepoint.

(Mice thgt passed
filter)
Mouse strain (5x1 Olﬁlyg/ (i)rfleeZt\i;}Irlnouse) 7 dpi 21 dpi
HBVig AAV-HDY : :
HBVtg IFN-a/BR KO 223_’;3% Z i

When comparing the viral quasispecies in terms of RHL, no significant differences
were observed between the different experimental conditions, although the
superinfected (AAV-HDV) mice (both HBVtg and HBVtg x [FNa/BR KO) appeared to

show higher values related to the monoinfected (AAV-Luc) mice (Figure 59).
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Notably, the median RHL was slightly higher in HDV wild-type mice than in the
knock-out (median (Q1-Q3) 11.6 (11.01 - 12.09) for HBVtg HDV mice and 11.46
(8.87 - 13.26) for HBVtg x IFNa/BR KO HDV mice). A small difference was also
observed between monoinfected wild-type and knock-out mice, being higher in the
first one (median (Q1-Q3) 11.38 (9.67 - 11.63) in HBVtg Luc vs. 10.79 (10.69 -
11.54) HBVtg x IFNa/BR KO Luc).

At 21 dpi, the complexity of the HBV RNA quasispecies in term of RHL at 1% was
systematically higher than in 7 dpi. The median of RHL was slightly higher in
superinfected than monoinfected mice, both WT and KO for type I IFN signaling
(HBVtg HDV median (Q1-Q3): 13.94 (13.61 - 14.34), HBVtg IFN-a/BR KO HDV:
14.12 (13.97 - 14.27), HBVtg Luc: 13.66 (13.47 - 13.79) and HBVtg IFN-a/pBR KO
Luc: 13.01 (12.79 - 13.53), nevertheless, the differences were extremely limited and

without statistical relevance after applying a Kruskal Wallis test.

7 dpi 21 dpi

| é@%glg
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Rare Haplotype Load (RHL) 1%

HBVtg HBVtg x IFNa/BRKO  HBVtg HBVtgx IFNa/BRKO  HBVtg HBVtgx IFNa/BRKO  HBVtg HBVtg x IFNa/BR KO
AAV-Luc AAV-Luc AAV-HDV AAV-HDV AAV-Luc AAV-Luc AAV-HDV AAV-HDV

Condition

Figure 59. Rare Haplotype Load (RHL) at 1% of the intrahepatic HBV RNA SRT region. The boxplot shows
the median and Q1 and Q3 of the RHL per each experimental condition. Each point represents a mouse. On the
left RHL at 7 dpi and on the right at 21 dpi. The RHL value per each mouse in the group is also reported with dot.
P-value was calculated by applying a Dunn Test for pairwise multiple comparisons with the Holm correction.
The Kruskal Wallis test showed a non-significant statistic.
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After observing the complexity of the different groups by RHL, we analyzed, at both
timepoints, the presence of SNVs in the region corresponding to the HBV genome
positions 615 and 629. At 7 dpi, we observed 27 mutated positions in the amplified
region (considering single positions involved in mutations occurring in at least two
mice), whereas at 21 dpi the number of mutations was reduced to 17 SNVs. At both
7 and 21 dpi, 5 SNVs were detected in all conditions (monoinfected and
superinfected mice both WT and KO- Figure 60, panel A and B). Of them, the C628T,
G750A and C928T mutations were identified in all conditions at both timepoints (in
bold in Figure 60).

A 7 dpi
616 (nt) 990 (nt)
511 (aa) 629 (aa)
P (RT domain)
* * * Kk K
) S 2 e 8 8
N o N s ~
616 (nt) 835 (nt)
155 (aa) 227 (aa)
B 21 dpi
616 (nt) 990 (nt)
511 (aa) 629 (aa)
P (RT domain)
* * * Yok
a S S 3 §8
5 g & &3
616 (nt) 835 (nt)
155 (aa) 227 (aa)

Figure 60. Mutations in the HBV RNA in the region corresponding to the SRT at 7 and 21 dpi. The
mutations observed in all the experimental conditions are reported as stars. Their positions are also reported.
Those SNVs that interested both 7 and 21 dpi are shown in bold.

Of these SNVs cited above, the variations C628T and G760A might introduce
respectively an aminoacidic change (R515W and A559T). Another mutation
observed at both timepoints, the C928T mutation, upon translation led to a stop
codon at the Polymerase in position 615 (Q615*). Among the other variations that

interested just a timepoint, some of them might also introduce aa changes, such as
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the G944T (C620F aa substitution) at 7 dpi and the T963G (1626M aa change) at
21dpi.

Among the mutations that not affecting all groups of mice, 22 of them were found at
7 dpi, while 12 were identified at 21 dpi. At 7 dpi, most SNVs were observed at a
higher frequency in superinfected mice both WT and IFN-a/BR KO. Some of them
clustered together such as the mutations G685A, C919T, C864T, T813C, C910T and
T812C in HBVtg HDV, and T711C, G670A, C761T and A834T in HBVtg IFN-a/f3R KO
HDV mice (Figure 61, panel A).

At 21 dpi, the SNVs were widely and quite randomly distributed in all groups. Some
SNVs involved three of the four groups, such as the mutations T698G, C921T and
A616C in HBVtg Luc and in HBVtg IFN-a/3R KO Luc mice, the C864T, C866T, C919T
and C728T in both IFN o/BR WT and KO HBVtg Luc, and the C971A, C958T, C955T
in HBVtg Luc mice but also perceived in HBVtg HDV and in HBVtg IFN-a /3R KO HDV
mice (Figure 61, panel B). Notably, some mutations were detected at both

timepoints (in bold in the heatmaps of Figure 61).
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GB685A
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cse4T
T813C
C910T
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Figure 61. Heatmap of the SNVs observed in the intrahepatic HBV RNA at SRT QS. The heatmap shows the
relative frequency of each SNVs observed in the SRT (the darker blue, the highest frequency) related to the
different experimental conditions (heatmap’s columns) at 7 (panel A) and 21 dpi (panel B). The relative
frequency is the result of the average of the frequency of each change considering all the mice belonging to each
experimental condition. The position and type of the SNV is reported on the row (on the right), together with
the result of applying a dendrogram algorithm (on the left) that shows how the SNVs are related to each other.
Mutations observed in both timepoints are reported in bold.
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We also analyzed the effects of the above-mentioned mutations regarding amino
acidic changes in both S and P (RT) ORF (Table 16 and 17). By considering the S ORF,
at 7 dpi, we found three non-synonymous substitutions in the final portion of the S
protein (P203S, F220L and F220S), all in the transmembrane domain 4 (TM4). All of
them presented higher frequency in superinfected mice: the P203S and F220S
substitutions in HBVtg IFN-a/BR KO HDV mice, while the F220L in HBVtg HDV. In
the RT portion, we identified 8 aminoacidic changes: 7/8 located in the RT palm and
one in the thumb domains. Notably, 7/8 changes presented higher frequency in

superinfected mice both HBVtg HDV and HBVtg IFN-a/BR KO HDV mice (Table16).

Table 16. The amino acid changes identified in HBV RNA in the SRT region at 7 dpi. This table shows the
non-synonymous mutations that give rise to an amino acid change in both S and RT proteins. In addition, the
domain in which they are located and the groups that present them are represented (indicating in red the group
in which they are most frequently present). The changes that were observed at both 7 and 21dpi are reported
in bold. Syn = Synonymous mutations (mutations that interested the third nucleotide of the codon without
introducing changes in the encoded amino acid).

HBV SRT mutations at 7dpi

7 dpi Surface (S) mutations

Structural/functional

SNV (nt) Post-translational change (Aa) Most frequent condition

Domain
C761T P203S TM4 HBVtg x IFNa/BR HDV
T812C F220L T™M4 HBVtg HDV
T813C F220S T™M4 HBVtg x IFNa/BR HDV

7 dpi Polymerase (RT) mutations

Structural/functional

SNV (nt) Post-translational change (Aa) Most frequent condition

Domain
G685A A534T Palm HBVtg HDV
C703T R540C Palm/ B domain HBVtg x IFNa/BR Luc
C761T A559V Palm/ C domain HBVtg x IFNa/BR HDV
T812C P576P Palm HBVtg HDV
A834T L583F Palm/ E domain HBVtg x IFNa/BR HDV
Co10T P609S Palm HBVtg HDV
C919T H612Y Palm HBVtg HDV
C970A P629S Thumb HBVtg x IFNa/BR HDV

At 21 dpi, we found only a substitution (W182G) in the transmembrane domain 3
(TM3) of the S protein that corresponded to the SNV T698G. In the RT protein we
found just 5 amino acid changes, less than those identified at 7dpi. These changes
are reported in Table 17, together with the RT domain in which they are located, as

well as the group in which they were found at higher frequency. Notably, 3 of these
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5 mutations were found at higher frequency in superinfected mice, 2/3 in HBVtg

HDV and the remaining in HBVtg IFN-a/R KO HDV.

Table 17. Most relevant amino acid substitutions identified in the HBV RNA in the SRT region at 21 dpi.
This table shows the non-synonymous mutations that give rise to an amino acid change in both S and RT
proteins. In addition, the domain in which they are located and the groups that present them are represented
(indicating in red the group in which they are most frequently present). The changes that were observed at both
7 and 21dpi are reported in bold. Syn = Synonymous mutations (mutations that interested the third nucleotide
of the codon without introducing changes in the encoded amino acid).

HBV SRT mutations at 21 dpi

21 dpi Surface (S) mutations

SNV (nt) Post-transl(a‘t\;o)nal change Structtl;:)arlrl‘faui:ctlonal Most frequent condition
T698G W182G T™M3 HBVtg HDV

21 dpi Polymerase (RT) mutations

SNV (nt) Post-transl(a;iao)nal change Structtslzzfaui:ctional Most frequent condition
A616C 1511L Finger/ B domain HBVtg x IFNa/BR HDV
T698G V538G Palm HBVtg HDV
C919T H612Y Palm HBVtg Luc
C955T L624F Thumb HBVtg HDV
C971A P629H Thumb HBVtg x IFNa/BR Luc

To try to determine the source of this variability, the SNVs were grouped

considering the type of nucleotide change.

At 7 dpi, a wide variety of types of changes per position were observed (Figure 62,
panel A), although the most prevalent were C=>T transitions, with a total of 33
among all the groups. HBVtg IFN-a/BR KO, both monoinfected and superinfected
presented higher number of C to T transition per position than WT mice (10 SNVs
in both HBVtg IFN-a/BR KO Luc and HBVtg IFN-a/ R KO HDV KO mice versus 5 and
8 in HBVtg Luc and HBVtg HDV mice, respectively).

At 21 dpi, we generally observed an increase of the number of positions involved in

SNV with, again, a predominance of C=>T changes in all the experimental conditions
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(Figure 62, panel B). In this case, these transitions mainly involved HBVtg Luc than
the others, although the number of positions with this change were quite similar
between the groups (10 positions in HBVtg Luc vs 8, 8, 7 for respectively HBVtg IFN-
a/BR KO Luc, HBVtg HDV and HBVtg IFN-a/BR KO HDV).
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Figure 62. Types of changes in the HBV RNA QS of the SRT. This graph represents the number of the unique
mutated positions per each type of mutation at 7 (panel A) and 21 dpi (panel B). Each experimental condition is
highlighted by different colors. The different types of variation are reported on the x-axis.
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2.3. Analysis of the intrahepatic HBV X gene quasispecies at 7 and 21 dpi

Since the HBX gene encodes for a key protein of the HBV life cycle (Chapter 1, section
1.2.4) involved in both viral replication and disease progression, we would like to
inspect if the activation of type I Interferon (and the consequent activation of the
[FN-dependent mutagenic enzymes), in presence of HDV could be a factor increasing

HBx variability.

The HBX was sequenced from the intrahepatic RNA in two overlapping amplicons
(named 5’ and 3’-HBX). At 7 dpi, a median (Q1-Q3) of 17934.25 (50437-32502.75)
of reads were obtained for the 5’-HBX, whereas a median (Q1-Q3) of 53521.75
(95739.25-42217.5) of reads were achieved in the 3’-end from a total of 23 mice
(the number of mice per each amplicon and experimental condition is reported in

Table 18).

As done for the SRT, and as the effect of inhibition of the HBV replication due to HDV
infection was higher at later timepoints, the quasispecies of the virus was also
analyzed at 21dpi. A median (Q1-Q3) of 46731.5 (63832.25-17100.75) reads were
obtained after passing the quality filters for the 5’-HBX, while a median (Q1-Q3) of
41412.25 (77884-36471.75) reads were achieved for the 3’-end. The number of

mice included in this second part of the study are reported in Table 18.

Table 3. Number of mice used to analysis the quasispecies of the intrahepatic HBV RNA in the HBX at both 7 and
21dpi. The table shows the number of mice per each experimental condition for which HBV RNA was optimally
amplified and sequenced per each experimental condition.

n
(Mice that passed filter)

7 dpi 21 dpi

AAV injection

(5x1019vg of AAV/mouse) SHBX  3HBX SHBX  3HBX

Mouse strain

AAV-L 4
HBVtg e ; : ;
AAV-HDV 4 4 8 8
AAV-LUC 7 7 e 0
HBVtg IFN-a/BR KO AAV-HDV 7 5 2 E
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As for the SRT, we first studied the quasispecies by considering how much it was
enriched of haplotypes at a frequency below 1% (RHL) at both timepoints (Figure
63). At 7dpi, HBVtg mice, both mono and superinfected, presented a median (Q1-
Q3) value of RHL in the 5’-HBX of 17.49 (17.23 - 17.56) and 17.92 (17.84 - 17.96),
respectively. Notably, the presence of HDV seemed to be a determinant factor in
increasing even more the RHL, as shown by the higher RHL value of in HBVtg x
[FNo/BR KO HDV mice related to in HBVtg x IFNa/BR KO Luc (median (Q1-Q3) RHL
17.39 (16.81 - 17.62) and 16.28 (16.26 - 16.63) for KO mice, respectively super and
monoinfected). Curiously, at 21 dpi QS complexity decreases in all groups (Figure
63), especially in HBVtg HDV with a median (Q1-Q3) of RHL of 11.83 (10.08 - 12.6).
Of note, by applying a Kruskal Wallis test, differences between the different

experimental groups were not statistically relevant.
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Figure 63. Rare haplotype load of the 5’-HBX quasispecies at 7 and 21 dpi. The boxplot shows the RHL at
1% at 7dpi (left) and 21 dpi (right) of the quasispecies of the HBX 5’-end in the four experimental conditions.
The RHL value per each mouse in the group is also reported with dot. P-value was calculated by applying a Dunn
Test for pairwise multiple comparisons with the Holm correction. The Kruskal Wallis test showed a non-
significant statistic.
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In the 3'-HBX region, the RHL was quite similar between the groups at 7dpi. As seen
for the 5’-HBX, at 21dpi a reduction in the RHL index for all the groups was detected,
without big difference between them (Figure 64). Notably, if we compare both
amplicons, at both timepoints the RHL was lower in 3’-HBX than 5’-HBX.
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Figure 64. Rare haplotype load of the 3’ HBX quasispecies at 7 and 21 dpi. The boxplot shows the RHL at
1% at 7dpi (left) and 21 dpi (right) of the 3’ end HBX quasispecies in the four experimental conditions. The RHL
value per each mouse in the group is also reported with dot. P-value was calculated by applying a Dunn Test for

pairwise multiple comparisons with the Holm correction. The Kruskal Wallis test showed a non-significant
statistic.

As previously explained in chapter 5, section 1.2.2, the SNVs were checked by
aligning the haplotype’s sequences with the master, and to avoid biased results due
to the presence of random mutations, just those SNVs that were observed in at least
two mice were considered. Of note, the SNVs were analyzed considering the entire

gene (5’ plus 3’-HBX).

A total of 15 SNVs were identified at 7 dpi, while the number of mutations reached
a total number of 35 at 21 dpi. Of these observed changes, at 7 dpi 9/15 were
common to all experimental conditions (Figure 65, panel A), and at 21 dpi, 15/35

were common to all four groups of animals (Figure 65, panel B). Interestingly, 7
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SNVs were maintained at both timepoints. Of them, 2 fell on the X promoter (C1261T
and G1355A) and other two on the core/preCore promoter (G1606A and G1803A).
At 21 dpi, we also observed other synonymous mutations that involved the X

(C1340T) and the core promoter (C1684T).

A 7 dpi
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Figure 65. Mutations in X gene at at 7 and 21 dpi. In this graph are represented the mutations present in all
experimental conditions and in which position of the RT and S gene they are found. The mutations in bold are
those identified at both 7 and 21 dpi.

As previously commented, the HBx is a key protein in viral replication since it acts
as trans-activation factor of viral transcription. Aminoacidic changes in this protein
could potentially impact the efficiency of the viral replication. Moreover, the HBX
nucleotide sequence includes some genomic regions that are essential for the viral
replication (Chapter 1, section 1.2.4). The SNVs leading to post translational

modifications were analyzed in depth to inspect the functional effects they might

have on viral replication.
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Related to the mutations that affected all groups of mice, at 7dpi we found a total of
5 amino acid changes (C7T, A44V, A66V, R78H and A144S, corresponding to SNVs
G1393A, C1504T, C1570T, G1606A and G1803A), two in HBx regulatory domain,
and the other three in the trans-activating domain. Notably, apart from the C7T
substitution (G1393A), all the others were maintained at 21 days after AAV
injection. At this last timepoint, two more amino acidic changes were detected, the

L58F and S104L, corresponding to the SNVs C1545T and C1684T.

When considering those SNVs that were not shared by all the groups of mice, we
identified 6/15 SNVs at 7dpi and 20/35 at 21 dpi. Among all the mutations, just one
was observed at both timepoints (C1451T). At 7 dpi, just one mutation (C1439T)
was detected in HBVtg IFN-a/BR KO HDV mice, differently from the other groups
that shared all the other 5 mutations with different relative frequency (Figure 66,

panel A).

At 21 dpi, we detected 18 SNVs, each one differently represented in a group related
to the other (Figure 66, panel B) and some of them were forming patterns of
mutations. Of note, the most frequent variations were especially observed in
superinfected mice, both WT and KO, especially the group of mutations
C1912T+C1909T+C1575T and T1346C, T1293C and C1562A, were mainly observed
in HBVtg HDV mice, and the pattern C1391T+T1406C+C1562T and C1451T,
T1488C, C1408T and C1305T were featured in HBVtg IFN-a/BR KO HDV mice (Red
boxes in figure 66, panel B).
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Figure 66. Heatmap of the SNVs observed in HBX at 7 and 21 dpi. The heatmap shows the relative frequency
of each SNVs observed in the HBX (the darker blue, the highest frequency) related to the different experimental
conditions (heatmap’s columns) at 7 (panel A) and 21 dpi (panel B). The relative frequency is the result of the
average of the frequency of each change considering all the mice belonging to each experimental condition. The
position and type of the SNV is reported on the row (on the right), together with the result of applying a
dendrogram algorithm (on the left) thar shows how the SNVs are related to each other’s. The red box shows the
most important SNVs in the superinfected groups.
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To inspect if the above-mentioned mutations might have a functional impact into
the viral protein activity, the introduction of amino acid substitution was also
studied at both timepoints (Tables 19 and 20). Moreover, the presence of
synonymous variations that could affect functional or regulatory domains of the

HBV expression was also reported.

Among the SNVs at 7 dpi, all were synonymous mutations, except for the C1545T
that introduced a change from lysin to phenylalanine in position 58 (L58F) and
involved the transactivating domain of the protein. This change was mainly
observed in HBVtg HDV mice. the other three synonymous mutations were detected
in core promoter (C1802T, G1910A and A1911T), las two of them also involved
preCore promoter and had higher frequencies in HBVtg IFN-a/BR KO Luc mice
(Table 19).

Table 19. Most relevant mutations identified in HBV RNA in the X region at 7 dpi. This table shows the
mutations present in the HBV promoters as well as the non-synonymous mutations that give rise to an amino
acid change in the region. Corresponding with the full HBX. In addition, the domain in which they are located
and the groups that present higher relative frequencies are reported. Syn = Synonymous mutations (mutations
that interested the third nucleotide of the codon without introducing changes in the encoded amino acid).

7dpi X mutations (HBX)

SNV (nt) Post-translational Structural/ft{nctlonal Most frequent condition
change (Aa) Domain
C1545T L58F Transactivating domain BEVOEEY

Transactivating domain,
C1802T Syn CCAAT/enhancer-binding protein-a HBVtg HDV
(C/EBPa) domain, Core promoter

G1910A Syn HBVtg x IFNa/BR Luc
preCore, Core promoter
A1911T Syn HBVtg x IFNa/BR Luc

At 21 dpi, most mutations were synonymous, so did not change the encoded amino
acid. However, 8 of the 18 could have a functional impact in HBV replication and 7
showed higher frequency in HBVtg HDV mice. All these changes are reported in
Table 20.

167



Of them, four mutations were synonymous and two were positioned in the X
promoter (T1293C and T1346C) and two in the preCore and Core promoter
(C1909T and C1912T). The other 4 SNVs that might have an impact in HBV
replication introduced amino acid changes. Of note, three of them had a higher
frequency in HBVtg HDV mice (F63L, P68S and L89F), and took place in the

transactivating domain of the proteins.

Table 20. Most relevant mutations identified in HBV RNA in the X region at 21 dpi. This table shows the
mutations present in the HBV promoters as well as the non-synonymous mutations that give rise to an amino
acid change. In addition, the domain in which they are located and the groups that present them are represented
(indicating in red the group in which they are most frequently present). Syn: Synonymous mutations.

21 dpi X mutations (HBX)

SNV (nt) Post-translational Structurallfu.nctlonal Most frequent condition
change (Aa) Domain

T1293C Syn — HBVtg HDV

T1346C Syn P HBVtg HDV

B ioeaA A Transactivating domain LG ¢

C1575T P68S 9 HBVtg HDV
Transactivating domain, CCAAT/enhancer-

Gian AI6T binding protein-a (C/EBPa) domain, DR2 HBVig Luc
Transactivating domain, CCAAT/enhancer-

G1640T L89F binding, protein-a (C/EBPa) domain, Enh I, HBVig HDY

Core promoter
CAGET o reCore, Core promoter TE Y
c1912T Syn e it HBVtg HDV

As done with the SRT region, and to inspect the possible source of variations, we
also analyzed the type of changes. At this step, the HBX was again considered in its

entirety.

At 7dpi, the most prevalent changes in the HBX RNA quasispecies were C 2T (with
a total of 29 changes) and G>A (24 total mutations) transitions. Curiously, the
number of positions with G to A mutations was the same in all the groups, similarly
to the C>Ts, apart from the HBVtg x IFNo/BR KO HDV mice that had only 5 changes
(Figure 67, panel A). Of note, changes that interested the portion of the amplicons

that overlaps between 5’ and 3’-end were referred once.

168



At 21dpi we observed a total of 45 SNVs per position in the full HBX region. When
analyzing the type of the variations, we observed that most of them were again C>T
and G—>A transitions (52 positions mutated for C=>T and 26 for G=>A changes)
(Figure 67, panel B), however we didn’t observe any statistical difference between

the groups.
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Figure 67. Types of SNVs in the HBX quasispeces at 7 and 21 dpi from intrahepatic HBV RNA. The graph
shows the number of the total unique positions involved on each type of change along all the HBX sequence
(both 5’- and 3’-HBX) at 7 (panel A) and 21 dpi (panel B). The different experimental conditions are represented
by colors.
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2.4. INF-1dependent HDV variability

As extensively described in the introduction (Chapter 1, section 3), HDV takes
advantages of the activation of the IFN signaling, and the [FN-related expression of
ADAR1 to edit HDAG mRNA to produce the large isoform of the protein. The
proportion of the mutated codon defines the percentage of editing of HDV genomes.
To inspect the role of type I interferon in HDV variability, we studied the

intrahepatic HDV quasispecies at the two timepoints.

At 7dpi, the quasispecies of the 5-HDAG were optimally amplified and analyzed by
NGS in 4 HBVtg HDV-and 6 HBVtg IFN-a/R KO HDV mice (Table 21). After passing
the different quality filters, a median (Q1-Q3) of 7324.25 (20836.75-23512) reads

were obtained.

To inspect deeply the effect of IFN signaling knock-out on HDAg variability, we
analyzed also the 5-HDAG from the intrahepatic HBV RNA at 21dpi. For both
conditions, 6 mice passed the filter and were included in the study, with a median

(Q1-Q3) 0f 21316 (5112.5-26428.5) reads.

Table 21. Scheme of the number of mice used for studying HDAG quasispecies at 7 and 21 dpi.

n
(Mice that passed
filter)
. AAV injection . .
Mouse strain (5x1010vg of AAV/mouse) 7 dpi 21 dpi
HBVtg AAV-HDV 4 6
HBVtg IFN-a/BR KO AAV-HDV 6 6

In terms of complexity, at both 7dpi and 21dpi, the complexity of intrahepatic HDV
RNA in the 5-HDAG tended to be lower in KO that in WT, especially at 21dpi,
although the difference was not statistically relevant with a median (Q1-Q3) RHL at
1% of 24.19 (22.86 - 25.33) and 23.03 (21.92 - 23.89) for respectively HBVtg HDV
and in HBVtg x IFNo/BR KO HDV mice at 7dpi, and median (Q1-Q3) of 25.4 (22.91 -
27.11) and 22.96 (19.27 -24.78) at 21dpi (Figure 68).
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Figure 68. Rare haplotype load of the 5’ HDAG quasispecies in HBVtg HDV mice at 7 and 21 dpi. The
boxplot shows the RHL at 1% at 7dpi (left) and 21 dpi (right) of the 5" HDAG quasispecies in the two
experimental conditions. The RHL value per each mouse in the group is also reported with dot. P-value was

calculated by applying a Dunn Test for pairwise multiple comparisons with the Holm correction. The Kruskal
Wallis test showed a non-significant statistic.

As explained in methods (Chapter 4, section 1.3.2.), the amplicon encompasses the
stop codon for the S-HDAg thus allowing the quantification of the percentage of
editing (the percentage of mutated mRNA, from the TAG to TGG, that allows the
transduction of the L-HDAg) in the viral QS.

At 7dpi, the percentage of edited genome (deamination of the adenosine in codon
196) was quite similar between HBVtg HDV and in HBVtg x [IFNo/BR KO HDV mice
(6.93% + 1.87% and 5.86% * 2.07% respectively) (Figure 69). Regarding the editing
of HDV genome at 21 dpi, as expected, we observed a relevant statistical difference
in the percentage of edited genome between HBVtg HDV (around 13% of the edited
genome) and HBVtg x IFNa/BR KO HDV (8% of the genomes were edited).
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Figure 69. Editing of the HDV RNA in superinfected mice at 7 and 21dpi. The percentage of edited genome
in viral QS was calculated by summing the relative frequencies of all the haplotypes carrying the edited
adenosine in each mouse for both HBVtg HDV and HBVtg [FNa/BR KO HDV. All the data presented a normal
distribution analysed by the Shapiro Wilk test (p value >0.05). P-values are reported as asterisks (* for < 0.05,
** for < 0.01, *** for < 0.001 and **** for < 0.0001) and calculated by applying an Anova test with a Tukey for
multiple comparisons.

Analyzing the SNVs observed in this region at an early infection (7 dpi), a total of 64
SNVs were obtained. We also compared the detected SNVs between both groups at

a late infection (21 dpi) when just 25 mutations were detected.

At 7 dpi, among all the SNVs, the 65% (42/64) were found in all experimental
conditions, while at 21 dpi, the percentage of mutations shared by all the groups was
76% (19/25) (Figure 70, panel A for 7dpi and panel B for 21dpi). Notably, 10 SNVs
(A341G, T344C, C390T, T397C, A408G, A418G, A432G, A458G, G497A and G555A-

represented in bold in Figure 70) were identified at both timepoints.
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Figure 70. Mutations in 5’HDAG gene at at 7 and 21 dpi. In this graph are represented the mutations present
in all experimental conditions and in which position of the 5’HDAG gene they are found. The mutations in bold
are those identified at both 7 and 21 dpi.
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Of the 64 SNVs observed at 7 dpi, 22 of 64 showed a different incidence between
superinfected WT and KO mice and formed pattern of mutations (Figure 71, panel
A). Ten mutations were mainly observed in WT mice (G569A+A427G+G416A,
C595T, G604A+G449A+G517A, A422G+T580A, G412A), whereas the other 12

especially  concerned KO  mice  (C485T+C584T+C532T+C638T+C605T,
C602T+C438T+C634T+A565G+A362T, G526A and T630C).

As previously commented, at 21 dpi just the 6 SNVs didn’t involve both groups.
Notably, 5 of 6 mutations were found in WT mice: A387G+T499C, A483G+A381G
and T535C. The only variation spotted in both timepoints was the T580A, whose
frequency was higher in WT than KO mice at 7dpi and vice-versa at 21dpi (Figure
72, panel B).
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Figure 72. Heatmap of the SNVs observed in the intrahepatic HDV RNA at 5’HDAG QS. The heatmap shows
the relative frequency of each SNVs observed in the 5’"HDAG (the darker blue, the highest frequency) related to
the different experimental conditions (heatmap’s columns) at 7 (panel A) and 21 dpi (panel B). The relative
frequency is the result of the average of the frequency of each change considering all the mice belonging to each
experimental condition. The position and type of the SNV is reported on the row (on the right), together with
the result of applying a dendrogram algorithm (on the left) thar shows how the SNVs are related to each other’s.
Mutations observed in both timepoints are reported in bold.
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Regarding the types of changes observed in the sequence at an early timepoint, most
of them were again C->T transitions (23 and 31 for wild-type and knock-out mice,
respectively), with a prevalence in HBVtg x [FNo/BR KO HDV mice. Of note, other
types of change such as A 2 G, G=>A and T->C changes were also detected (Figure
72, panel A).

At late timepoint (21dpi), the number of unique positions involved in changes was,
as expected, lower. The incidence of C> T transitions was strongly reduced, whereas
changes as A>G and T->C were increased (Figure 72, panel B). In most of them, the
number of SNV per position was similar between both groups, excepting of the
transition A= G that involved 9 unique positions in HBVtg HDV versus 6 in HBVtg x
[FNo/BR KO HDV mice. It should be pointed out that, looking the prevalence of no-
shared mutations between both groups, at 21dpi all the mutations observed in
HBVtg HDV mice were A to G or T to C transitions, which are typically associated
with ADART1 activity.
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Figure 71. Types of SNVs in the intrahepatic HDV RNA in 5’'HDAG quasispecies at 7 and 21 dpi. The graph
shows the number of the total unique positions involved on each type of change along all the 5’"HDAg sequence)
at 7 (panel A) and 21 dpi (panel B). The different experimental conditions are represented by colors.
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Chapter 6

Discussion
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Study 1. Inspecting HDV ribozyme conservation and comparison of
quasispecies variability and evolution between ribozyme and 5’-
HDAG.

HDV variability results in eight genotypes worldwide distributed with 20-40%
divergence between them and up to 12% divergence within genotypes. Despite the
hyper-conservation of the ribozyme, HDV is an extremely variable virus as
previously described in Chapter 1, section 4.2, presenting an evolution rate between

9.5E-03 to 1.2E-03 substitutions/site/year [270].

The first part of this thesis has been focused on HDV variability in a highly functional
region of the HDV genome, the ribozyme. As part of the “RNA world” hypothesis,
which suggests that life on Earth began with a single RNA molecule, the sequences
acting as ribozymes are considered to be an ancient system for transferring genetic
information and catalyzing biochemical reactions [305]. This non-coding portion of
the HDV RNA plays a key role in viral replication, as it is essential for the release of
the genome and antigenome monomers from the concatemer formed during the
rolling circle amplification of the HDV RNA. Based on this assumption, the HDV

ribozyme may be an optimal target for new therapeutic strategies.

Due to the lack of viral polymerase, there is no specific antiviral therapy for HDV
infection as previously commented in the introductory chapter (Chapter 1, section
2.5). The activation of the immune response through the pegylated IFN a has been
the main antiviral strategy. However, only 25-40% of the treated patients reach a
suppression of the HDV RNA after 1-2 years of treatment [306]. Furthermore, this
suppression was not sustained, as reported in a long follow-up study (up to 4 years)
after interferon interruption, which showed that about half of the patients who
tested HDV RNA negative 6 months after interruption were HDV patients at the last
follow-up visit [307]. Therefore, new treatment options against HDV, such as
inhibition of HBsAg release, prenylation or viral entry, are currently under
investigation [169]. Among them, the entry inhibitor Bulevirtide (BLV) has recently
been approved for use alone or in combination with peg-IFNa in CHD patients with

compensated liver disease [308,309]. Also, a recently published study showed the
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first case of possible HDV cure in a cirrhotic patients treated with BLV monotherapy.
However, none of these new therapeutic tools target the HDV life cycle. Although
BLV seems to be a very promising drug in HDV treatment, since it blocks the further
spread of the infection, it might not perturb the intracellular replication of the viral
genome and the expression of delta antigen, especially in highly-viremic CHD

patients who show few signs of liver damage [310].

Notably, a gene therapy approach may be a valuable strategy to promote HDV RNA
elimination and block disease progression. Due to their intranuclear location, the
genome and antigenome seem to be resistant to interfering RNA (siRNA) activity
[311], whose silencing activity is developed in the cell cytoplasm. However, HDV
genomes can be targeted by antisense oligonucleotides (ASOs), that are active
within the nucleus [312]. Although inhibition of the expression of HBsAg through a
siRNA may interfere with HDV infection [313], a combination of silencing molecules
targeting both viruses may be a highly valuable therapeutic strategy. Unlike HBV, no
HDV-specific silencing molecules have been reported to date [130]. The extreme
variability of HDV RNA makes the design of an effective antisense oligonucleotide
very difficult. To this end, the identification of highly conserved regions in the HDV
genome to use as targets for gene silencing may be essential to obtain a valuable

strategy regardless of the extreme variability of the virus.

Notably, the HDV genome has been mainly inspected using Sanger sequencing
[314,315], which limits the study to the consensus sequence. Deep sequencing
analysis is needed to have a full perspective of the viral conservation and variability.
The first study included in this thesis aims to analyze hepatitis delta QS by next-
generation sequencing. Of note, very few studies have focused on using this

technique to study HDV QS.

In this study two longitudinal samples of 25 CHD patients were included and
followed up for an average of 2.25 years. HDV was optimally extracted and
sequenced from 19 patients. To ensure optimal quality of the sequencing, different

quality filters (as reported in Chapter 4, section 1.4.1) were applied, thus resulting
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in an average of 4550.5 reads per patient. This enables an extremely deep analysis

of HDV QS in the ribozyme region.

The first step was to study QS conservation. As expected, the ribozyme was overall
highly conserved (85% of nucleotides presented 100% of conservation), with a
hyper-conserved region encompassing positions 715-745 (93.6% of this region
presented 100% of conservation). This portion of HDV RNA involves the P1 domain,
which is essential for ribozyme activity since the ribozyme cleaves at the base of the

P1 helix [172].

To evaluate the evolution of ribozyme QS during follow-up, the two follow-up
samples per patient were paired. Notably, when considering sequence distance or
complexity indexes, no differences were observed between the two longitudinal
samples, suggesting that the QS in this portion of the genome did not vary over time.
This is consistent with the extremely important role that this non-coding RNA

portion plays in viral replication.

However, a variable region between nt 739-769 was also identified (around 20% of
nucleotides presented a conservation between 1.2 and 1.5 bits), although changes
were observed in just a few nucleotide positions (specifically in six positions). This
variable region falls into the P4 structural domain as observed in a previous study
that reported a higher mutation level for both genomic and antigenomic RNA in this
region [215]. In fact, the P4 domain is mainly involved in structural stability rather
than self-cleavage activity. Studies have reported that the removal of the P4 domain
doesn’t inhibit ribozyme activity [179,182]. Although this domain is not directly
involved in the self-cleavage process, it has been reported that the conservation of
the nucleotide sequence is essential for a stable base pairing, which is a necessary

condition for efficient self-cleavage activity [316].

A recently reported study suggested that the conservation of the sequence is a
prerequisite to guarantee ribozyme activity under co-transcriptional conditions
[317]. As expected, some positions are essential for the cleavage activity such as the

uridine in position 23 of the antigenomic RNA, which forms a cross-link with the P1
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stem, thus promoting the ducking with the catalytic site. Mutations at this site, such
as the U23A, can disrupt this cross-linking and potentially alter ribozyme folding
[318]. Moreover, the C24 and 25 are involved in the formation of the P1.1 which
appears to be involved in the trapping of the ribozyme cleavage site into the catalytic
domain [318]. Another study published by Tanner et al. in 1994 proposed a model
by introducing mutations that suggested that thymine 20, cytosine 21, and cytosine
75 in the HDV genome were closed to the cleavable phosphate and were involved in
coordinating the Mg*? ion and cleavage catalysis [319]. However, mutations in the

ribozyme could affect the cleavage activity differently [320].

Of note, the analysis of the full HDV genome in CHD patients by using 6 overlapping
amplicons showed that several mutations can be found in the ribozyme sequence
[215]. Here we identified a total of 48 mutations, 12 of which were found in at least
six patients. The identification of mutations in such a conserved and active region of
the HDV genome may suggest that they do not affect viral fitness. As previously
reported, the observed mutations mainly involved the P4 domain (ribozyme
positions 60, 61, 62, 64, 65 and 69) [315]. Of these 12 mutations, three presented a
relative frequency of 1% or more and were maintained between the two follow-up
samples. To assess whether these changes could impact viral replication, they were
tested in vitro. These changes were the T23C in the L3 domain, and the C64d and
T69C, both in the P4 domain.

The mutation T23C has been previously reported and the in vitro testing of the
ribozyme self-cleavage activity in the presence of the T23C mutations showed a 103-
fold decrease in cleavage rate [320]. This mutation falls into the L3 domain, which
is an important element in cleavage activity [182,313]. Notably, when we tested this
mutation in vitro, we observed that it had a limited impact on viral replication. This
is consistent with previously reported studies showing that this change might be
less effective in interfering with ribozyme activity than others (e.g., at positions 20,

21, and 25) [315].

The mutations at positions 64 and 69, differently involved the P4 domain. The

hyper-variable region observed in HDV QS also interested this domain. Higher
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mutation levels in this domain have been previously reported [315]. As previously
mentioned, this domain shows a stabilizing function of the ribozyme structure, and
itis notdirectly involved in RNA catalysis. Although the presence of the T69C change
did not affect viral replication, the deletion at position 64 strongly reduced HDV
replication by more than 1 log IU/mL. Considering the non-essentiality of the P4
domain, the presence of this 1nt-long deletion in this portion could probably alter
the secondary structure of the ribozyme and thus affect viral replication.
Furthermore, this change was observed at a relatively high frequency (about 50%).
The fact that it was observed and maintained at such a high frequency in viral QS
suggests that this mutation may promote viral persistence, as has been reported for

other viruses such as hepatitis C [321], and human immunodeficiency viruses [322].

In contrast to the ribozyme, the HDAG variability has been studied more thoroughly.
The mutation rate for this region has been estimated to be around 1.4x10E-02 and
1.5x10E-03 substitutions/site/year [323]. This rate was also confirmed by a study
published by our group in 2016, where the 5’ extreme of the HDAG was analyzed by
NGS (454 GS junior system), thus revealing a mutation rate of 9.5x10E-03 to
1.2x10E-03 substitutions/site/year [270]. Of note, if HDV acquires mutations
mainly due to the lack of fidelity of the cellular RNA polymerase (as reported in
Chapter 1, section 4.2), the ability of the viral genome to acquire mutations should
be similar along the entire sequence. To evaluate this, we compared the QS and its
evolution among the two functional portions of the viral genome, the ribozyme and
the HDAG (at the 5’-end extreme). To date, few studies have analyzed HDV QS by
NGS [324,325].

As expected, also considering the high degree of conservation of the ribozyme, and
consistent with the role of the ribozyme in the HDV replication, the viral
quasispecies were less complex and variable in this region related to the 5¢-HDAG,
especially when considering both complexity (Gini Simpson index and Shannon
entropy) and diversity indexes (Mutation frequency and number of polymorphic
sites). Notably, all indexes did not change during follow-up, suggesting that the QS

remained quite stable in a state of stable HDV viremia.
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To inspect and compare the acquisition of mutations in the two different regions, we
calculated the evolution rate by considering the number of polymorphic sites
normalized to the amplicon length and we related it to the years of follow-up.
However, when we considered the evolution rate, we did not observe a significant
difference between the different amplicons. This result would suggest that the
acquisition of mutations per se is an event that is independent of the viral genomic

region analyzed.

Interestingly, the evolution rate was inversely correlated with the years of follow-
up, suggesting that a process of selection of the variants occurred over time. Notably,
when the two amplicons were considered separately, this correlation was
maintained and was stronger when considering the 5’-HDAG. In this region, a lower
rate of evolution was observed at longer follow-up times. This is consistent with
previous results published by our group, where an exponential decay with the time
elapsed between samples was observed when analyzing the same amplicon during
longer follow-up [270]. Of note, the HDAG quasispecies is subject to positive and/or
negative selection processes as shown by the identification of several escape
mutations in the HDAg protein, which are also associated with specific
polymorphisms of the human leukocyte antigen complex (HLA) [216,326]. This
negative relationship observed between the HDAG QS and the time might suggest
that multiple selection processes occurred, resulting in a reduction in the evolution

rate.

In contrast, ribozyme variability seems to be more stable over time, probably
because the presence of variants in this portion could be mostly associated with
fitness-based selection processes, and this region could tolerate mutations that have

none or a limited impact on viral replication [327].

183



Study 2. In vivo study of the involvement of HDV in HBV variability:
the role of type I interferon pathway.

As reported in the introduction, HBV is known as a "stealth" virus since it doesn’t
trigger an intense intracellular antiviral response. Although the hepatocytes express
a broad range of PRRs (Pattern Recognition Receptors), studies suggest that HBV
can escape this step because the rcDNA is released directly from the nucleocapsid
into the nucleus and because the pgRNA (which presents an unusual stem-loop
sequence as a packaging signal that could potentially be recognized by the PRR) is
rapidly encapsidated. HDV, on the other hand, is a virus that markedly activates the
intracellular innate immune response, and even takes advantage of this to produce
the L-HDAg. HBV and HDV co-infection experiments conducted on humanized mice
reported that HDV strongly activated the innate immunity as shown by the
increased expression of several IFN-stimulated genes (ISGs), cytokines, and
chemokines such as hIFNf3 and hIP10, together with the increased of HDV viral load
[238]. Notably, in presence of HDV, an inhibition of HBV has been observed, and
approximately 64% of HBV/HDV patients present a decrease in the replication of
HBV and its intermediates [228]. These data have also been corroborated by in vitro
experiments, liver biopsies, or humanized mice models [153,229-233] . The
mechanism by which this inhibition is generated is still unclear and several possible

scenarios have been suggested [328].

The upregulation of the IFN pathway in the context of HBV/HDV infection could
potentially impact the replication of HBV. It has been reported that treatment with
[FNoa (which was the main therapeutic strategy for HBV years ago) could modify the
epigenetic regulation of the cccDNA and thus affecting its transcription [329].
Several IFNa-induced proteins could be involved in such transcriptional control,
such as signal transducer and activator of transcription 1 (STAT1), structural
maintenance of chromosomes flexible hinge domain containing 1 (SMCHD1), or
promyelocytic leukemia (PML), as shown by the restoration (even partial) of the
cccDNA expression after downregulation of these proteins [330]. A study published

by Dr Lucifora et al. reported that treatment with IFNa or the activation of the LTRf
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could upregulate the expression of nuclear APOBEC (A3A and A3B), which, thanks
to the interaction with the intranuclear HBcAg, could promote the deamination of
the cccDNA (when it is single-stranded, during transcription), thus introducing
uracils and double-stranded breaks into the DNA sequence that are recognized as
errors, thus promoting cccDNA degradation [331]. Furthermore, a transcriptomic
study suggested that this mechanism involves another ISG, the ISG20, an
exonuclease that is observed mainly in acute and self-limiting HBV infection rather
than in chronic hepatitis [332]. Nevertheless, the same group demonstrated in vitro
that the presence of HDV and the consequent stimulation of the IFN pathway
allowed the reduction of HBV expression (in terms of HBeAg, total viral DNA and
pgRNA) without sensibly affecting the cccDNA pool [234], highlighting that the
above-mentioned effects on cccDNA degradation are associated with higher
concentrations of IFN-a, such as those resulting from treatment. Even then, IFN- a
treatment leads to HBV DNA suppression in only 30-40% of the HBeAg-positive and
about 20-40% of HBeAg-negative viremic patients, promoting HBsAg loss in only
10% of the patients treated with PeglFN-a and/or NUC administration after 5-year
follow-up [333].

In addition to the effect on cccDNA suppression and/or degradation, the activation
of APOBEC3 could introduce mutations into the HBV rcDNA. In HIV infection, it was
reported that APOBEC3G (A3G) could introduce sublethal mutations in the cDNA
during retrotranscription [334], thus contributing to HIV variability. Of note, both
HIV and HBV replicate through a retrotranscription step. A similar effect of A3G has
been observed in HBV infection, with the introduction of C>T changes in the rcDNA
during the retrotranscription step [335]. This editing might have important clinical
implications. For example, an upregulation of APOBECs family members (especially
A3G) has been detected in viral hepatitis-related cirrhotic patients [336], which
could introduce hypermutations and contribute to viral evolution and potentially

immune escape.
Moreover, HDV uses the ADAR1 enzyme to change the Amber/w codon and produce

the L-HDAg. ADAR1 is another ISG and has an editing specificity on long double-
stranded RNA (> 100 bp) [194]. As previously reported in the introduction (Chapter
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1, section 1.3), HBV RNA is composed of three loops, including the epsilon loop
which is essential for pgRNA encapsidation and retrotranscription. The introduction
of mutations at this level might potentially affect the ability of HBV RNA to be
introduced into new viral particles or to be retrotranscribed thus reducing the
release of rcDNA. Indeed, it is still unknown whether the activation of these
mutagenic enzymes, particularly ADAR1, could alter the variability of HBV and thus

affect its replication.

The second part of this thesis has been focused on studying the role of HDV and the
type I interferon pathway on HBV intrahepatic viral RNA variability.

To demonstrate the worth of our HBV/HDV system, we first analyzed HBV
expression in the presence of HDV by quantifying both circulating and intrahepatic
markers such as circulating HBV DNA and RNA and intracellular pgRNA. As
expected, we observed that the presence of HDV affected the circulating HBV RNA
and DNA levels, and this effect was reverted when type I interferon signaling was
inhibited. This evidence suggests that HDV reduces the release of rcDNA in an IFN-
dependent way. Notably, the extreme inhibition of circulating HBV RNA was
congruent with the HBV DNA titer, as a difference of up to 3-log has been reported
in CHB patients [135]. However, when we closely examined the expression of
intrahepatic pgRNA we observed a slight reduction (less than 1 log) in WT mice
superinfected with HDV compared to KO mice. However, this decline was very
limited when compared to the reduction of circulating rcDNA. These results suggest
that, in our system, the interaction between HDV and HBV might not be at the
transcriptional level. However, it must be considered that the model used in this
thesis cannot replicate the cccDNA, since the HBV DNA here was inserted into the

mouse genome.
Once evaluated that our in vivo system was suitable for studying the interaction

between HBV and HDV, we focused on studying if the presence of HDV could

influence HBV variability.
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This project was focused on the SRT and HBX genes. As explained in the previous
chapters, (Chapter 5, section 1.4.1), the SRT interested the overlapping region
between the active domain of the polymerase (RT) with the C-terminal region of the
protein (S) (SRT region), because of their functions in viral replication and because
mutations in one gene could be involved in the other [78]. The X gene (Chapter 1,
section 1.2.4), instead, encodes for a protein that is essential for the transactivation

of viral replication.

Looking at the SRT region, we observed that intrahepatic HBV RNA was more
complex at 21 dpi than at 7dpi (higher rare haplotype load, or RHL). However, when
we considered the different single nucleotide variations (SNVs), we observed a
lower number of mutations in the QS at 21dpi rather than at 7dpi. This hypothetical
incongruence could be explained by considering that the RHL measures complexity
as much as the QS is enriched of haplotypes at low frequency, which means that the
QS in this region might evolve by acquiring more haplotypes at low frequency but
carrying few mutations. Some of these mutations were detected in all the
experimental groups and at both timepoints. Among them, the C928T in the pol gene
had also been reported in genotype C- infected CHB patients [337].

When considering the mutations that were detected differently between the
experimental groups, we saw that at 7dpi superinfected (SI) WT mice presented
more SNVs than the monoinfected (MI) mice. However, when we knocked down the
type I IFN pathway, we didn’t observe a decrease in the number of SNVs. Otherwise,
KO mice presented even more mutations, with a different pattern between MI and
SI mice. Notably, more than half of these mutations were C to T transitions,
suggesting that other pathways rather than type I IFN could be involved in the
activation of mutagenic enzymes at this timepoint. Notably, monoinfected WT mice
have a complete predominance of this kind of transitions at this timepoint. Some of
the mutations observed in the different groups could introduce amino acid changes
in the S and/or RT, some of them of clinical interest. For example, a substitution at
position 203 of the S gene (P203R) that has been associated with HCC in Vietnamese
CHB patients [76], or the substitution in position 220 (F220L), which, together with

other changes such as the V190A or S210N, determined a decrease in the secretion
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of HBsAg in vitro and was associated with lower viremia (<10000 [U/mL) in CHB

patients [338].

At 21dpi, the SNVs observed were less than 7dpi and they were generally distributed
between the groups, especially when comparing WT MI and SI mice. However, the
type of changes differed between HBVtg AAV-Luc and AAV-HDV since most of them
were C to T transitions (7/8 mutated positions) in the first, whereas a more
heterogeneous range (3/8) of changes characterized the second. The pattern of
mutations changed when the type I interferon signaling was knocked down. This
observation would hint that the changes observed at 21dpi in WT mice might
potentially depend on the type I interferon activation. When comparing KO SI with
MI mice, we observed two different groups of mutations in one group that were
related to each other, but some of them were also observed in WT mice, thus
indicating that the acquisition of these changes was not related to HDV expression

or IFN I activation.

In the HBX, we observed a different trend than in the SRT. Both the 5' and 3' ends of
the HBX revealed a decrease in the RHL at 21 dpi related to the early timepoint.
Notably, the lowest value was seen in the 5’-HBX in SI WT mice, and a similar trend,
although to a lesser extent, was detected in the 3’-HBX in the same group. In contrast
to the RHL, the number of SNVs in the HBX increased strongly from 7 to 21dpi. This
could indicate the existence of few haplotypes at low frequency, but highly mutated.
A similar situation was described in a study published by our group when studying

HBV DNA QS of chronically infected patients in the 5’-HBX region [96].

When analyzing the mutations found at 7 dpi, most of them appeared in almost all
the groups, and some of them were also detected at 21dpi. This scenario changed at
21 dpi when more mutations were detected. When comparing wild type mice
(HBVTg Luc vs HBVtg HDV), we found more changes along the entire gene in HBVtg
Luc mice, with a prevalence of C->T transitions. However, in HBVtg HDV mice the
mutations were more concentrated in the portion of the amplicon encoding for the
transactivating domain of the HBx. Furthermore, the most relevant mutations

observed implicated the HBVtg HDV mice that could introduce synonymous
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variations involving enhancer or precore/core promoters that might potentially
affect HBV expression [93]. Of them, just three were C->T transitions and the other
mutations resulted in aa changes in the transactivating domain. Point mutations in
the transactivating domain could affect the efficacy of HBx to promote HBV
expression, as reported in a study that saw that substitutions introduced between
nt 1554 and 1583 in the HBV genome could limit the transactivation of HBV
expression with a substantial reduction of both intracellular total RNA, incapsidated
rcDNA and HBsAg secretion [339]. Based on our results, the aa changes that
presented a higher frequency in HBVtg HDV mice (F63L, P68S and L89F) were
within a so-called Kunitz domain (aa 58 to 70). These domains are considered to be
highly conserved because they protect HBx from cellular proteases-mediated
degradation [340,341]. Of note, the effects of all the observed mutations on HBV

expression remain to be elucidated.

Looking at the results viewed in HBV intrahepatic RNA QS altogether (in both SRT
and HBX), we surprisingly detected a higher number of mutations and QS complexity
than what was expected considering the model used. In fact, this in vivo model
doesn’t allow for the spread of infection (the exponential growth rate of the
infection) associated with HBV re-infection. For this reason, and to avoid biased
results, we focused on just those mutations that were present in at least two mice.
Of note, some mutations were observed independently of the presence of HDV or a
WT IFN pathway and interested both timepoints and sometimes were more
frequent in different groups, such as the C1451T in the SRT highly frequent in HBVtg
Luc at 7 dpi and in HBVtg IFN-a/BR KO HDV mice at 21dpi. Furthermore, most of
these changes were C->T transitions, which are usually the result of deamination

processes associated with APOBEC/AID family enzymes [342].

As previously commented, the mutagenic effects of cytosolic APOBEC (mainly A3G)
on HBV rcDNA occur during pgRNA retrotranscription. In this study, we analyzed
HBV QS at the transcription level, by focusing on the viral mRNAs prior to their
eventual encapsidation. Of note, a quite recent in vitro study has reported that
mouse APOBEC1 can introduce somatic mutations in animal genome without

generating double-strand breaks due to its limited activity [343]. Like APOBEC, AID
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can introduce C(G)->T(A) transitions in the cellular genome, an essential step during
the development of antibody response [344]. Although APOBEC/AID seem to mainly
edit ssDNA, the ability of A3A to introduce C->T changes into the mRNA has been
demonstrated in vitro cultured monocytes and macrophages [345]. Moreover, a
potential role of APOBEC in contributing to variability and evolution of SARS-CoV-2
(which is an RNA virus) has also been proposed [346-348]. Another in vitro study
also reported that AID could promote HBV transcripts deamination and reduction
[342,349]. The fact that all the C to T transitions involved all the experimental
groups, might suggest that other pathways rather than type I interferon or HDV

could be involved.

Notably, the image of HBV as a stealth virus is progressively changing. Indeed, a gene
expression study of the liver of CHB patients versus uninfected showed that HBV
infection increased the activation of the lymphotoxin B (LTB) signaling, which
activates the non-canonical NF-kf pathway and, so the expression of APOBEC
enzymes [350,351]. Moreover, an in vitro study suggested that HBx could directly
enhance the NF-Kf pathway [352,353]. This pathway is also involved in inducing
the expression of APOBEC3B, which is also responsible for cccDNA degradation
[354].

Moreover, other types of IFNs can induce the expression of the ISGs, and the
activation of this pathway can also be related to the parenchymal context of liver
tissue, such as the presence of resident immune cells. In fact, a study from Real C.I.
et al, published in Scientific Report in 2016, showed that naked HBV particles (due
to HBsAg deficiency) could stimulate liver Kupffer cells to promote immune
responses, such as the expression of IFNI, IFIT1 and ISG15 [355]. Of note, the
presence of naked capsid in the form of antibody complexes and carrying HBV RNA

has been described in the plasma of CHB patients [356].

Another point to consider is that in our system the expression of HBV is slightly
forced, since the integrated HBV genome presents 1.3 copies, with both enhancers I
and II in duplicate, as well as the X gene which results in a high level of viral DNA

replication in HBVtg mice with 1.3-fold integrated HBV genome [300]. This
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construct might also explain why we observed more changes in HBX than SRT, since
HBX transcripts, which are the shorter ones, could be expressed twice in this system.
All these previously published data would suggest that all this high variability that
we saw in all the experimental groups, and that was especially characterized by
transitions associated with APOBEC/AID activity, could be related to the activation
of these mutagenic enzymes in a type I-independent manner and that might directly
involve HBV expression or the activation of different types of IFNs. Of note, a
relatively large proportion of the SNVs observed in all the animals were repeated at
both timepoints. This evidence would exclude that these changes were not an
artifact and might suggest the existence of a hotspot of APOBEC/AID mutations in
HBV transcripts.

However, in the presence of HDV, we didn’t observe a strong increase in the
proportion of C->T transitions corresponding to an augmented activation of the IFN
signaling pathway. As previously reported, although the majority of SNVs identified
in WT monoinfected mice were C->T, the typology of mutations in SI mice was more
heterogeneous. This was even more evident when looking at HBX, where the not
common change’s types were in addition to C=>T, also T->C and C->A mutations,
and involved both SI mice (WT or KO). This observation would suggest that these
changes might be produced by a different mechanism. Of note, it is well known that
the interaction of S-HDAg with the cellular RNA pol Il promotes RNA elongation and
decreases polymerase fidelity [209,357]. The HBV genome is transcribed employing
of the same cellular polymerase. The lack of fidelity of this polymerase could
potentially introduce changes in HBV transcripts and contribute to the variability

generated by APOBEC/AID enzymes.

Regarding HDV QS complexity, it was lower in KO mice than in WT at both
timepoints, which suggest that this pathway might play a role in determining HDV
variability. Firstly, this pathway induces the expression of ADAR1, which is
responsible for the production of the long isoform of the delta antigen (L-HDAg). At
21 dpi, as expected, we observed a lower editing percentage in I[FN-I pathway KO
mice than in WT. The difference in the editing activity of this enzyme appears to be

aremarkable effect of interferon. However, the limited but consistent percentage of
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editing in KO HDV mice would suggest that another pathway rather than the
interferon-a/f might be involved, such as type IIl IFB (IFN A) [239,358,359].
Moreover, we must keep in mind that ADAR1 has several promoters, one interferon-

inducible, and two that maintain its expression constitutively [360,361].

As commented in the introduction, the source of HDV variability is still not
completely clear. Considering that the main source is the lack of fidelity of the
cellular RNA pol II due to the interaction with S-HDAG, the reduction of the QS
complexity at 21dpi might be related to the increase of the L-HDAg ratio, which
limits the activity of the cellular polymerase. As reported in the introduction, the
intranuclear level of L-HDAg is a determinant element to change the balance from

viral RNA replication to viral particle release [170].

[t is noteworthy that if we consider only the mutations that concerned WT versus
KO mice, we saw that the number of SNVs decreased from 7 to 21 dpi. The difference
in the type of changes between the two timepoints is outstanding. At 7 dpi, we
observed mainly C>T changes, whereas at 21 dpi the main type of changes were
A->G and T—>C transitions, which could correspond to ADAR1 activation. This is
even more evident when we look at the non-common SNVs at 21dpi. At this
timepoint, all the five SNVs observed in WT mice were A/T->G/C transitions. Of note,
ADAR1 edits viral antigenomic RNA when it is in the double-stranded rod-like
structure. Although its highly specificity for the Amber/W site [362], the
promiscuous editing in the non-Amber/W sites has been reported in vitro[363]. In
this study the authors transfected HuH7 cells with plasmids expressing the genome
and antigenome of HDV and then analyzed the variability by sequencing clones to
identify the presence of A->G mutations in non-Amber/W site, thus observing that
promiscuous editing mainly interested edited sequence and were very infrequent
(with 0.16 in genome and 0.32 in antigenome modified adenosine). Another study
in woodchuck infected model showed that transitions probably associated with
ADAR1 could appear at 73 weeks post-infection in the chronically infected animals,
and that these changes were more frequent and occurred early in those animals that
recovered from HDV infection [364], thus suggesting that the hyper-mutation of
HDV RNA could affect the viral fitness thus promoting the control of the infection.
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Remarkably, all the sequencing methods used in the above-mentioned studies were
based on sequencing clones, which enables the analysis of just the most

representative variants forming a QS.

Furthermore, although the main ADAR1 isoform that edits the Amber/W site is the
constitutive and nuclear p110, an excess of the inducible isoform, for example due
to an excessive stimulation of the IFNs pathway, could promote hypermutations on
HDV [365]. The results on HDV QS would suggest that the role of ADAR1 in HDV
replication might not be exclusively centered on editing and production of L-HDAg,
if not also on viral QS variability. Again, since the model used in this project doesn’t
permit reinfection cycles, the mutations we observed remained at very low

frequencies, and their impact on viral fitness cannot be evaluated in this system.

As deeply explained above in the introduction chapter, HDV can strongly activate
the IFN response and promote the expression of the ISGs, but we didn’t observe a
strong increase in APOBEC or ADAR1-associated transitions in superinfected mice,
which might suggest that this system was not the unique source of variability in the

presence of delta virus.
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Chapter 7

Limitations of the
studies
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Based on the first study, the following limitations were identified:

e Although 25 patients were selected, only 19 of them were correctly amplified
and passed the quality filters. It would be optimal to increase the number of
patients and improve the amplification and purification of the genetic

material to obtain a larger number of samples.

e All patients were infected with HDV genotype 1, which is the main genotype
in infected patients in Spain [366]. The inclusion of more patients, with other
origins, will be crucial to deeply inspect the ribozyme QS conservation,

considering the high divergence among HDV genotypes and sub-genotypes.

e In silico modeling should be implemented to highlight the effects of the C64
deletion, T23C and T69C mutations on the secondary structure and

consequently on the function of the ribozyme.

e Due to the difficulty in obtaining samples that amplified and passed the
filters, it was also difficult to find paired samples for both HDV genomic
regions analyzed, thus requiring further studies with more samples to
provide a more in-in-depth assessment of the association between viral
activity, quasispecies evolution, and immune response and the impact on

disease progression and infection.
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According to the second study, several limitations were identified:

The transgenic mouse model used in this study is based on an integrated HBV
genome that shows a high expression rate due to the presence of two copies
of both expression enhancers. This might make it difficult to fully highlight
the HDV-related inhibition of HBV, as a consistent HBV expression was

present after 21dpi.

Animals were sacrificed at 21dpi when HBV was still detectable. Extending
the study to longer timepoints would help to determine the mechanism
associated with HBV suppression and the specific role of HDV and IFN in HBV

variability.

Although the virus is produced following the stimulation of its own
promoters, the viral particles released into the bloodstream cannot reinfect
the cells and promote the spread of the infection since the hepatocytes do not
express the receptor for the human hepatitis infection. Therefore, this system
lacks expression of cccDNA. Moreover, the absence of reinfection processes
impacts the frequency of the variants identified, since it is impossible to
select the haplotypes forming the QS based on their fitness. Of note, the
absence of reinfection could also be an advantage since it enables the
detection of very low frequency and low fitness variants that might be lost

after reinfection.

In this study, the transgenic mouse model was generated with the IFN-a/f3
receptor inhibited (IFN-a/BR KO), thus inhibiting all the signaling associated
with this receptor. However, the intracellular mutagenic enzyme can be
stimulated by other pathways, including other types of IFN or another

canonical or noncanonical signaling.
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Regarding the first study we concluded:

1. As expected, considering its essential role in the viral life cycle, the ribozyme
is overall highly conserved in the viral QS and did not change over time. The
most conserved portion involved a domain that plays a direct role in the
auto-catalysis process and may be a valuable target for the development of a

new gene-silencing strategy against HDV.

2. The most variable region, however, involves a domain that is not essential
from a functional point of view, but a deletion in this region may strongly
impair viral replication. Considering its relatively high frequency, it may be a

potential mechanism of viral persistence.

3. Considering data from previous reports, our results suggest that HDV
quasispecies acquire mutations as a normal event during replication.
However, the quasispecies evolve differently depending on the genomic

portion.

4. In the case of the ribozyme, the quasispecies is less complex, and the
variability is similar over time, as variants with lower fitness might rapidly

disappear, leaving only those that have a limited effect on viral fitness.

5. In the case of HDAg, quasispecies are more variable, especially at shorter
time-points, and their time-dependent decay might be the result of selection
events that are likely to be related to both viral replication and immune
pressure. Further studies are required to provide a more in-depth evaluation
of the association between viral activity, quasispecies evolution, and immune

response and its impact on disease progression.
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Considering the second study we concluded:

1. Type I IFN-mediated inhibition of HBV in the presence of HDV was observed
at circulating DNA and RNA levels, but such inhibition was not observed
when intrahepatic RNA (pgRNA) was analyzed, suggesting a possible

inhibition of HBV at the time of encapsidation.

2. The number of changes in both regions at the different timepoints was
different, suggesting to us that each HBV region presents a different

susceptibility to variability.

3. Ingeneral, high variability was found in the HBV RNA, with a high prevalence
of C to T transitions, which are mutations typically introduced by
APOBEC/AID family enzymes. This variability was not necessarily linked to
the activation of the IFN-I pathway or to the presence of HDV, suggesting that
HBV itself could activate an alternative pathway that downstream promotes

the activation of this mutagenic enzyme.

4. Although HDV expression should strongly increase the activation of the IFN
pathway, we didn’t observe an increased proportion and frequency of the
C->T transitions in superinfected mice (both WT and KO). Conversely, these
two groups were the only ones to show alterations that weren’t identified in
the other groups, including alterations that couldn’t be related to an
intracellular mutagenic enzyme. These mutations could potentially be
introduced by the same cellular RNA polymerase, which shows a reduced

fidelity during transcription due to the presence of S-HDAg.

5. As expected, HDV is highly mutated at both timepoints, especially at 7 dpi.
This is consistent with the higher expression of S-HDAg (less editing at this
timepoint) which promotes RNA elongation and consequently the

acquisition of mutations. However, at 21dpi, the most prevalent changes
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were G to A transitions, which are associated with ADAR1 activity, thus
suggesting that ADAR1, together with cellular RNA polymerase, ADAR1
might contribute to HDV protein and QS variability.

The NGS technique used for both studies, allows an in-depth study of the viral QS,
and thanks to this platform we were able to perform an in-depth analysis of the viral
quasispecies for both HBV and HDV. It allows us to study viral quasispecies, their
evolution and their sequence conservation. This is extremely important for a highly
variable virus such as HDV, especially when examining regions of the viral genome
that are highly functional or under different selection pressures. In addition, this
sequencing method also finds application in basic research, for example, to evaluate
the acquisition of variation and its possible source, and to study mechanisms of

interaction between viruses at the genetic level.
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Futures perspectives
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Concerning the first study, to have a complete spectrum of the conservation of the
ribozyme, our attention is now focused on including HDV samples from other
geographical areas, to compare the conservation of the region observed with
genotype 1 with those of other genotypes. The hyper-conserved region observed in
the HDV ribozyme could be a candidate for the design of an antisense

oligonucleotide (ASO), as a new and direct antiviral strategy against HDV.

Finally, considering that the evolution rate of the QS in the HDAG changed depending
on the follow-up time elapsed, the study of the evolution of the QS in this region
could help to understand the mechanism (both virological and immunological)

behind the fluctuations in HDV viremia observed in the CHD patients [367].

The model used in the second study of the thesis is a very helpful model to sudy the
interaction between both viruses in vivo, however, longer timepoints are required
to fully evaluate the role of HDV in HBV inhibition. In this sense, we have planned
new experiments, in which the mice are sacrificed at HBV DNA undetectability, to
evaluate the changes of intracellular pgRNA and try to determine the step in which

HDV could inhibit HBV expression.

In addition, the analysis at later timepoints could allow the accumulation of variants
thus elucidating the mechanism behind the variability of HBV in our system. To
determine whether the interaction of HDAg with the RNA polymerase II could affect
HBV variability, an in vitro assay is needed. In this experiment, the variability of HBV
after natural infection will be studied by NGS in the presence of S-HDAg or L-HDAg

alone.
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Abstract: The hepatitis delta virus (HDV) genome has an autocatalytic region called the ribozyme,
which is essential for viral replication. The aim of this study was to use next-generation sequencing
(NGS) to analyze the ribozyme quasispecies (QS) in order to study its evolution and identify highly
conserved regions potentially suitable for a gene-silencing strategy. HDV RNA was extracted from
2 longitudinal samples of chronic HDV patients and the ribozyme (nucleotide, nt 688-771) was
analyzed using NGS. QS conservation, variability and genetic distance were analyzed. Mutations
were identif ed by aligning sequences with their specif ¢ genotype consensus. The main relevant
mutations were tested in vitro. The ribozyme was conserved overall, with a hyper-conserved region
between nt 715-745. No difference in QS was observed over time. The most variable region was
between nt 739-769. Thirteen mutations were observed, with three showing a higher frequency:
T23C, T69C and C64 deletion. This last strongly reduced HDV replication by more than 1 log in vitro.
HDV Ribozyme QS was generally highly conserved and was maintained during follow-up. The most
conserved portion may be a valuable target for a gene-silencing strategy. The presence of the C64
deletion may strongly impair viral replication, as it is a potential mechanism of viral persistence.

Keywords: hepatitis delta virus; ribozyme; next-generation sequencing; quasispecies; conservation;
variability; viral f tness; persistence; target; gene silencing

1. Introduction

More than 250 million people worldwide are living with the hepatitis B virus (HBV),
and between 15 and 20 million of them are chronically co-infected with hepatitis delta virus
(HDV). HDV coinfection is associated with a higher risk of cirrhosis, hepatocellular carci-
noma (HCC), and liver decompensation, causing the most severe form of viral hepatitis [1].
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Like HBV, HDV is differently distributed in the world, with regions with a high prevalence
such as Central and West Africa, Central Asia, the Pacif ¢ Islands, the Middle East, Eastern
Europe, and South America (Amazon basin) [2,3].

HDV is composed of an RNA molecule with high intermolecular self-complementarity,
giving rise to a rod-like structure. This 1.2 kb genome presents only one reading frame
and codes for a protein existing in two isoforms of different length: the short (S-HDAg)
isoform consisting of 195 amino acids (aa) and the long (L-HDAg) delta antigen with 214 aa
(27 kDa) [4]. HDV genomic RNA replicates through a rolling circle process mediated by
cellular RNA polymerase [5], by producing a concatemer of antigenomic monomers. The
individual antigenomic molecules are obtained through a self-cleavage process led by the
viral ribozyme [6,7]. Some of these antigenomic monomers are later circularized by a still
unclear mechanism [8,9] to be used as templates for the genomic RNA synthesis through
another process of rolling circle amplif cation. The remaining antigenomic molecules enter
the transduction process by producing HDAg.

Therefore, an essential step in the viral life cycle is the co-transcriptional self-cleavage
activity of the viral ribozyme, which generates both genome and coding viral RNAs. The
ribozyme sequence is mainly observed in plant viroids and can catalyze biochemical
reactions involved in RNA splicing, gene regulation and other processes [10]. The hepatitis
delta virus is the only mammalian virus possessing this auto-catalytic 85-nucleotide-long
sequence [10,11]. Notably, its secondary structure is a determining feature for its catalytic
activity [12]. It is characterized by four double-stranded domains (P1, P1.1, P2, P3, and P4),
three single-stranded regions (J1/ 2, J1.1/ 4, and J4/ 2) and 2 loop regions (L3 and L4) [13].
The ribozyme cleavage site resides in the P1 domain (positions 689/ 688 and 901/ 900 in
genomic and antigenomic RNA, respectively). The P2 and P4 regions are fundamental for
structure stabilization; P3 and J4/ 2 are involved in catalytic activity, and L3, part of the
catalytic site, is essential for the correct RNA split [14-16].

Similarly to HBV, HDV shows a high variability and circulates as a population
of closely related genetic variants called quasispecies (QS) [17,18]. A mutation rate of
1.4-3.2 x 107> base substitutions/ site/ year has been reported for HBV [19], mainly caused
by the viral reverse transcriptase which lacks proof-reading capacity. Consequently, a
higher QS diversity has been reported in HBV-DNA related to HBV-RNA [20].

The origin of HDV genome variability, on the other hand, is still unclear [21]. Al-
though the cellular RNA polymerase has proofreading activity with a low transcription
error rate, HDV shows a high rate of evolution (1.2 X 1073 to 9.5 X 1073 nt substitu-
tions/ site/ year) [22,23]. As proof of this variability, eight different genotypes have been
described worldwide [24], with a divergence of up to 16% within the same genotype and
between 20% and 40% between different genotypes [25].

The next-generation sequencing technique (NGS) is a very sensitive technique that
makes it possible to analyze the less frequent polymorphisms within a variant’s population,
providing valuable information on the viral QS and its evolution [26-28].

To date, the therapeutic strategy mainly used against HDV infection is based on
interferon @, which has a limited administration time due to its adverse effects, without
providing long-term suppression of viral replication [29]. Moreover, it has been reported
that treatment with nucleotide analogues (NA) targeting HBV reverse transcriptase did not
provide an improvement of HBV/ HDV patients’ clinical outcome [30]. Notably, new and
specif ¢ therapeutic options are currently under study or have been recently approved in
Europe, such as the Bulevirtide (BLV) (Hepcludex®), an acetylated fragment that inhibits
viral entry [31].

Gene silencing is another promising antiviral strategy [32]. Silencing HDV and HBV
expression may inhibit viral expression and limit liver disease progression [21]. How-
ever, due to the high viral genome variability, identifying highly conserved regions is
essential to designing a strategy that may be effective in the presence of different viral
genotypes and quasispecies. Notably, the HDAg region is characterized by high variability,
which does not make it an optimal target [33]. On the other hand, due to its essential
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function in HDV replication, the ribozyme may be a valuable candidate for designing
gene-silencing molecules.

We used NGS to analyze the ribozyme region in two longitudinal samples in order
to study QS evolution in this region and identify highly conserved regions that may be
valuable targets of a gene-silencing strategy.

2. Materials and Methods
2.1. Patients and Samples

Patients were selected from those attending the outpatient clinics at Vall d’Hebron
University Hospital, Barcelona, Spain. Enrolled patients presented at least 3log IU/ mL
of HDV RNA and presented chronic hepatitis (CHD). Patients with other co-infections
or autoimmune disease were excluded. Two plasma samples were collected per patient:
one sample at the start of the study and the other at the end, with a mean follow-up
of 2.25 years.

2.2. Serologic and Molecular Assays

Quantif cation of HDV-RNA was performed by means of an in-house one-step quanti-
tative RT-PCR technique using the WHO international standard (1st World Health Organi-
zation International Standard for Hepatitis D Virus RNA for Nucleic Acid Amplif cation
Techniques-based assays) [34] with linearity ranging from 5.75 X 10 to 5.75 X 10° IU/ mL
and a detection limit of 5.75 X 10! IU/ mL. HBV DNA was quantif ed using real-time
PCR with a detection limit of 10 IU/ mL (COBAS 6800, Roche Diagnostics, Rotkreuz,
Switzerland). HBV serological markers such as surface antigen (HBsAg) were tested us-
ing commercial chemiluminescent assays on a COBAS 8000 analyzer (Roche Diagnostics,
Rotkreuz, Switzerland).

The virus was genotyped by analyzing the HDAg region (between nt 910-1270)
using next-generation sequencing (Table S1). Genotypes were determined using the
Kimura-80 model and a dendrogram was constructed using the unweighted pair group
method with arithmetic mean (UPGMA).

2.3. Next-Generation Sequencing of the Ribozyme Region

HDV RNA was extracted depending on the sample volume using the automated
MagNA Pure LC system (Roche Applied Science, Indianapolis, IN, USA) or by man-
ual extraction following the QIAamp Viral RNA mini kit protocol (QIAGEN®, Hilden,
Germany). Extracted HDV RNA was denatured at 98 'C for 5 min and immediately trans-
ferred to 0 80 "C and successively retro-transcribed using Accuscript HiFi enzyme (Agilent
Technologies, Santa Clara, CA, USA). To amplify the ribozyme (positions 688-771 on the
antigenome), three nested PCRs were performed, as shown in Table 1. The f rst PCR step
amplif ed a larger region (between nt 1454-308) that included the ribozyme portion. In the
second amplif cation, the ribozyme was amplif ed with the addition of M13 sequences that
were used to include the multiplex identif er (MID) specif ¢ to each sample in the third and
last step. PCR products were charged on 1.5% agarose gel diluted in 1X tris-acetate-EDTA
(TAE) buffer (Corning Mediatech Inc., Manassas, VA, USA), analyzed by electrophoresis
and purif ed using the QIAquick Gel Extraction Kit protocol (QIAGEN®, Hilden, Germany).
Purif ed samples were f uorometrically quantif ed with the automated system Freedom
EVO® (Tecan, Mannedorf, Switzerland) coupled to the Inf nite 200 Pro (Tecan, Mannedorf,
Switzerland) f uorimeter using the Quant-iTTM PicoGreen® dsDNA Assay Kit (Thermo
Fisher Scientif ¢, Camarillo, CA, USA).
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Table 1. Protocols for ribozyme amplif cation. The table shows the different steps for ribozyme
amplif cation, including the retro-transcription and the three nested-PCR (1st PCR; M13 PCR, MID
PCR). The primer sequence and amplif cation region for each step is shown. The M13 sequence tail is
underlined. Abbreviations: Fw indicates forward; Rv, reverse; MID, multiplex identif er.

Amplif cation Step Primer Amplif ed Region Primer Sequence (59 39 Protocol
RT 42 C 60 min; inactivation
RT RTrv 1435-1454 TGGCTGGGAAACATCAAAGG 70 9C 10 min; cooling 20 0C 1§
la fw 1435-1454 TGGCTGGGAAACATCAAAGG 955C 1 min; (94°C20's,
1st PCR 540C 205, 720C4555) x
larv 308-326 CCTCCAGAGGACCCCTTCA 40 cycles: 72°C 3 min
M13-fw 883-900 CACAGGAAACAGCTATGACCTCGGCATGGCATCTCCAC 957 C 2 min; (94 °C20's,
M13 PCR 600C205s,728C3055) x
M13-rv 663-683 GTTGTAAAACGACGGCCAGT CGCGTTCCATCCTTTCTTACC 35 cycles: 72 'C 3 min
MID fw MID-GTTGTAAAACGACGGCCAGT 95°9C 2 min; (94°C20's,
MID PCR 600C205s,720C4555) x
MID rv MID-CACAGGAAACAGCTATGACC 25 cycles: 72 'C 3 min

Samples were then normalized to the concentration of 1.00 X 10'° molecules/ pL.
Samples were pooled and then processed using NGS according to the Miseq illumina
platform protocol (Illumina, San Diego, CA, USA).

2.4. Quasispecies Analysis and Statistics

The sequences (reads) obtained were bioinformatically f ltered (R software [35]). Only
those reads with a complete sequence, a good overlapping between forward and reverse
strands (less than 10% of mismatches), and optimal quality were maintained and demulti-
plexed to obtain the unique QS sequences (haplotypes).

QS conservation was analyzed by calculating the information content (IC) of each
position in a multiple alignment of all haplotypes obtained by means of NGS, followed by
a sliding window analysis, as previously described by our group [36].

Inter-patient and intra-patient sequence distance was studied to evaluate QS variability.
Moreover, different complexity indices were also considered, as previously reported by our
group [37]: number of reads per sample, number of master reads (Mstr), master percentage
(Mpct), number of haplotypes, polymorphic sites, number of mutations, Shannon index,
Gini-Simpson coeff cient, functional attribute diversity (FAD), mutation frequency (Mf),
nucleotide diversity (Pi) and Pi to Mf ratio. The mutations in ribozyme sequences were
identif ed by aligning the QS sequence for each sample and each patient with its specif c
genotype consensus. Mutation frequency was obtained by summing the relative frequencies
of each haplotype carrying the specif ¢ mutation.

2.5. In Vitro Test of Mutations

To evaluate the effect of the observed mutations in HDV replication capacity, the most
relevant changes were introduced using site-directed mutagenesis (QuickChange Lightning
site-directed mutagenesis kit -Agilent Technologies, Waldbronn, Germany), in a plasmid
(pCMV-HDV-1.2X) containing 1.2 copies of genomic cDNA [38], following the manufac-
turer’s protocol. The correct introduction of the mutation was ensured by analyzing the
plasmid using Sanger sequencing. Mutated plasmids were extracted using the Endotoxin
free NucleoBond Xtra Midi Plus kit (Machery-Nagel, Diiren, Germany). The concentration
(ng/ WL) of the extracted plasmids was determined by f uorometric quantif cation using
Qubit f uorometers (Thermo Fisher Scientif c-Life Technologies, Waltham, MA, USA).

Hepatocarcinoma Huh? cells were cultured with Dulbecco Eagle’s minimal essen-
tial medium (DMEM) supplemented by 10% of fetal bovine serum (FBS) and penicillin
(100 U/ mL), streptomycin (100 pg/ mL), and Glutamax (2 mM). Cells were plated at
160,000 cells/ mL and transfected with wild-type (wt) and mutated plasmids using the
Magnetofectamine O2 kit (OZbiosciences, Marseille, France) according to the manufac-
turer’s protocol. To guarantee production of HDV viral particles, a plasmid containing
1.3-length HBV genome (pTriEx-HBV) [39] was included in each condition. The supernatant
was collected 72 h after transfection.
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To quantify HDV RNA release in vitro, viral RNA was extracted from the cell super-
natant using the automated MagNA Pure LC system (Roche Applied Science, Indianapolis,
IN, USA). To ensure plasmid removal, a DNAse step of the extracted RNA was performed
(DNAse I, Amplif cation grade, Thermo Fisher Scientif ¢, Camarillo, CA, USA). HDV
RNA was then quantif ed as reported above for plasma samples. To ensure that trans-
fection did not affect cell viability, control negative cells were transfected with the empty
pCMV backbone.

3. Results
3.1. Patients and Sequencing

Twenty-f ve patients were included in the study with a total of 50 samples. Most
patients were infected by genotype 1, but 1 patient presented genotype 8 HDV (P04). How-
ever, after applying the quality f Iters, only 19 patients (38 samples) were later considered.
Notably, all of them were infected by genotype 1 virus. HDV viremia did not change
between the two timepoints (median [IQR] log10 HDV RNA of 5.76 (5.02-5.83) and 5.76
(3.68-5.76), respectively (Table 2).

Table 2. Main clinical and viral characteristics of chronic hepatitis delta (CHD) patients included
in the study. The table shows the clinical and viral characteristics of the patients between the two
timepoints (Sample A and Sample B). P values were obtained by applying the Kruskal-Wallis test.
Abbreviations (normal quantif cation values): HDV, Hepatitis delta virus, AST, Aspartate aminotrans-
ferase (normal value 12-50 IU/ mL); ALT, alanine aminotransferase (normal value 8-50 IU/ mL);
platelets (140-400 UI/ mL); IQR, interquartile range; HBsAg, hepatitis B virus surface antigen;
IND, indetectable.

Markers Sample A Sample B P
HDV RNA
Median (IQR) 5.76 (5.02-5.83) 5.76 (3.68-5.76) 0.383
Log10 (IU/ mL)
AST (UI/ L)
Median (IQR) 88 (45-133) 90 (36.25-126) 0.551
ALT (UI/ L)
Median (IQR) 100 (58-158.5) 89.25 (44.5-133.75) 0.439
PLATELETS (UI/ L)
Median (IQR) 89 (123-212) 79 (118-197) 0.966
HBV-DNA (IU/ mL) Low/ IND Low/ IND
HBsAg
Median (IQR) 3.96 (3.57-4.11) 3.92 (3.39-4.03) 0.827
Log10 (IU/ mL)

Among the 38 samples that passed this f lter, we obtained a median (IQR) of reads of
4550.5 (1342.24-5892.74) per patient.

3.2. Ribozyme Conservation

QS conservation was analyzed by aligning all the haplotypes, applying a sliding win-
dow analysis, and calculating the information content considering their relative frequency
or not. The ribozyme (between positions 688 and 771) was overall highly conserved and
85% of the nucleotide positions presented 2 bits of information content (100% conservation)
(Figure 1A). No difference was observed between considering or not considering haplotype
frequency. Of the 85 nucleotides included in the ribozyme sequence, just 3 nt positions
(around 3.5% of the total) presented a conservation of less than 1.5 bits (Figure 1B).
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Figure 1. Conservation of ribozyme region by sliding window analysis and represented by logo.
(A) The sliding window analysis is the result of the mean information content (bits) of the 25-nt
windows with a displacement between them of 1-nt obtained by multiple alignments of all the
quasispecies (QS) haplotypes. The analysis was implemented by considering (red line) or not (blue
line) haplotypes frequency. The dashed line represents the maximum level of conservation (2 bits).
(B) Logo representation of the nucleotide sequence corresponding to the entire ribozyme region from
the genome positions 688 (corresponding to position 1 in the ribozyme) to 771 (corresponding to
position 86 in the logo representation). The height of each letter represents the grade of conservation
from a maximum of 2 bits to a minimum of 0. The sequence is shown in the genome sense. The
different structural and functional domains of the ribozyme are reported at the bottom [40].

The most conserved region was between nt 715-745 (Figure 2A), where 100% of
the nucleotide presented a conservation of more than 1.5 bits. The most variable region
encompassed positions 739 and 769, as described previously [41]. In this region, 3 nt
positions presented a conservation of less than 1.5 bits (3/ 31 nts), although 80% (25/ 31) of
the nts showed a high level of conservation (Figure 2B).

A
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B 739:769
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Figure 2. Logo representation of the most conserved and most variable portion of the ribozyme. The
logo represents the most conserved (A) (nt 715-745) and most variable (B) (nt 739-769) regions of the
ribozyme. The height of each nucleotide represents its information content in bits (2 bits indicates
100% of conservation). The sequence is shown in the genome sense.
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3.3. Ribozyme Quasispecies (QS) Evolution and Variability during Follow-Up
The genetic distance between samples was determined to evaluate ribozyme QS
evolution during the patient’s follow-up (Figure 3).

10g10(20,,/(D, + Dy))
000 025050 0.75

Figure 3. Sequences distance between samples. The heatmap shows the distance of the ribozyme
sequences between the different samples included in the study as the logarithm of the ratio between
QS nucleotide distance (Dxy) and the nucleotide diversity average of each quasispecies (Dx and Dy).
The tone of the green indicates the degree of distance, from the lighter green, which corresponds to
a shorter distance, to the darker green, which indicates greater sample-sample distances. Distance
was calculated by considering the QS consensus of each sample.

As expected, considering the high level of conservation, no distance (<0.25) was
observed between the 2 samples for each patient (Figure 3). Although patients 2, 12,
13, 21, and 23 presented a greater distance (>0.50) compared to the others, when their
sequences were examined in greater depth, this greater distance was determined by just
a few nucleotides.

To inspect even more ribozyme QS variability, different complexity indices were
analyzed and compared between sample A and sample B. Notably, no difference was
detected for any tested index (Table S2).

3.4. Analysis of Mutations

Mutations were identif ed by aligning haplotypes sequences with the corresponding
genotype consensus. Although the ribozyme was conserved overall, when studying each
sample individually, a total of 48 mutations were observed. Of these, 12 were in at least six
patients (Table 3). When looking at mutation type, we observed that the most observed
changes were transitions: Cll T (16 mutated positions), GO A (10 mutated positions) and
TO C (9 mutated positions) (Figure S1). Moreover, four of the 12 mutations observed
involved the P4 domain, as reported in previous studies [42].
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Table 3. Most prevalent mutations observed in the ribozyme. Table shows the 12 most prevalent
mutations observed in the ribozyme. The relative frequency of each mutation between sample A and
sample B is reported as mean + standard deviation. Mutations are numbered starting from the f rst
nt in the ribozyme (nt 688).

Mutation Sample A (%freq) Sample B (%freq)
G6A 0.84 + 0.43% 0.83 £ 0.31%
T23C 3.04 £227% 5.55 + 8.91%
T27C 0.12 £ 0.3% 0.88 + 3.5%
G40A 0.25 + 0.22% 0.41 £ 0.24%
G59A 0.07 £ 0.03% 0.08 £ 0.02%
T60C 6.15 % 30.64% 6.42 £ 35.01%
Ce1T 0.15 £ 0.24% 0.14 £0.27%
ce2T 0.12 £0.17% 0.08 +0.12%
Cé4d 4717 £ 1.66% 48.88 +2.47%
T65C 6.02 % 39.66% 6.29 £ 44.04%
T69C 12.02 + 21.99% 12.75 + 44.04%
G76A 0.53 £ 2.49% 0.44 £ 17.68%

Of the observed mutations, only three involved at least eight patients and were
maintained or selected (mutation frequency that changes between the two-time point) in
the follow-up samples: T710C (position 23 if considering the f rst nt in ribozyme starting
from 688), T756C (T69C) and the deletion in position 751 (C64d). The T23C mutation
involved 17 of the 19 patients in sample A with a mean frequency of 2.99%, and 18/ 19 of
the patients with a mean frequency of 4.96% in sample B (Figure 4A). The T69C mutation is
found in both samples in 100% of patients, with a relative frequency that was maintained
between the two samples in the follow-up (10.6% and 10.8% in sample A and B, respectively)
(Figure 4C). The deletion in position 64 was observed in eight of the 19 patients in both
samples with a frequency of 98.7% in sample A and 98.3% in sample B (Figure 4B).

T23C Cé64d
9
100 o - 18/1 100 g — —
80
g 3
= <
-} £ 8/19 8/19
g 40 g w0
H H
20 20
0 ) 0 |
Sample A Sample B Sample A Sample 8
Patients (%) —O— Mut freq (%) Patients (%) —O—Mut freq (%)
T69C
19/19 19/19
100
80

60

40

Percentaje (%)

20 |
r——\i
0

Sample A Sample B

JPatients (%) —O— Mut freq (%)

Figure 4. Incidence of the principal mutations observed in the ribozyme. Graphs show the relative
frequency (red line), the percentage (%) and number of patients (blue bar) presenting the mutation
T23C (A), C64d (B) and T69C (C) and how they change between the 2 time points (between sample A
and sample B).
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Although the relative frequency of mutations is generally maintained, in some patients
some mutations were positively or negatively selected, such as the T23C mutation in patient
2 (from 5.29% to 17.07%), and in patient 12 (from 9.52% to 36.97) (Figure S2A) and the
T69C mutation in patients 2 (from 43.88% to 71.85%) and patient 12 (from 2.79% to 24.11%)
retracted in patient 13 (from 91.15% to 39.09%) (Figure S2C).

3.5. In Vitro Test of Mutations

Considering the high degree of ribozyme conservation, the observed mutations may
potentially affect HDV f tness, thus promoting or inhibiting viral expression. To test
the effect of the three detected principal mutations (T23C, C64d, T69C) of HDV expres-
sion, the plasmids carrying the desired mutations will be transfected in the presence of
HBV and the HDV RNA titer was quantif ed in transfected cell supernatants 72 h af-
ter transfection. We eff ciently expressed HDV in vitro, obtaining a mean =+ SD titer of
2.86 £ 0.61 IU/ mL 72h after transfection. The T69C mutant showed a similar replication
rate than wt (2.78 £ 1.04 UI/ mL, p= 0.662). Of note, in the presence of the mutation
T23C (2.7 £0.38 IU/ mL, p = 1), the HDV titer was reduced around 1.05-fold. The in-
terference with viral expression was even more strong in presence of the deletion in
position 64 (C64d) that caused a reduction in viral expression of around 1.22log (HDV
RNA = 1.63 £ 0.71 UI/ mL, p= 0.08) (Figure 5).

HDV RNA in transfected cells

35

2.5

15

10log HDV RNA {UI/mL)
~
—

0.5

WT T23C Cead T69C

Wild type Mutations

Figure 5. Effect of the most relevant observed mutations in HDV replication in vitro. The graph
shows HDV titer in cell supernatant after transfection with HBV and HDV wt or mutated p values
were obtained by applying the Mann-Whitney test.

4. Discussion

Due to the lack of a viral polymerase, no specif c antiviral therapy is available against
HDV infection. New treatment options against HDV are currently under study, such as
HBsAg release, prenylation and viral entry inhibitors [43]. Among them, the entry inhibitor
BLV has been recently approved for use, alone or in association with peg-IFNa, in CHD
patients with compensated liver disease [44,45].

Notably, a gene therapy approach may be a valuable strategy to promote HDV RNA
elimination and block disease progression. Due to their intranuclear location, the genome
and antigenome seem to be resistant to interfering RNA (siRNA) activity [46], whose
silencing activity is developed in the cell cytoplasm. HDV genomes, however, may be
targeted by antisense oligonucleotides (ASOs), which are active within the nucleus [47].
Although inhibition of the expression of HBsAg through a siRNA may interfere with HDV
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infection [48], a combination of silencing molecules targeting both viruses may represent a
highly valuable therapeutic strategy. To date, however, no silencing HDV-specif ¢ molecules
have been reported. The extreme variability of HDV RNA may make it very diff cult to
design an effective antisense oligonucleotide. To this end, identifying highly conserved
regions in the HDV genome to use as target may be essential.

Ribozyme activity is crucial to producing the excision of unitary RNA monomers
during viral replication. Given its key role, this region may be a valuable target for antisense
oligonucleotides. Although the HDV genome has been extensively studied using Sanger
sequencing [42,49], this is the f rst report to focus on studying ribozyme QS conservation
and variability using next-generation sequencing. As expected, the ribozyme was overall
highly conserved, with a hyper-conserved region encompassing positions 715-745. This
region involves the P1 domain, which is essential for ribozyme activity since it is the region
where the self-cleavage site resides [50].

To evaluate ribozyme QS evolution during follow-up, two samples were included per
patient. Notably, when considering sequence distance or complexity indices, no differences
were observed between the two longitudinal samples, suggesting that the QS in this genome
portion did not vary over time.

However, a variable region between nt 739-769 was also identif ed, although changes
were observed in just a few nucleotide positions (specif cally in six positions). This variable
region falls into the P4 structural domain as observed in a previous study that reported
a higher mutations level for both genomic and antigenomic RNA [42]. Although this
domain is not directly involved in the self-cleavage process, it has been reported that the
conservation of the nucleotide sequence is essential for a stable base pairing, which is a
necessary condition for eff cient self-cleavage activity [51].

A recently reported study shows that a wt ribozyme sequence guarantees the optimal
ribozyme activity in co-transcriptional conditions [52]. Different mutations were experi-
mentally introduced in ribozyme sequence to study its functional domains, demonstrating
that some positions cover important roles in cleavage activity such as the U23 and C24
in the L3 domain [53] or the T20, C21 and C75 which are involved in coordinating Mg?*
ion and cleavage catalysis [54]. By analyzing the HDV full genome in CHD patients,
different mutations were found in the ribozyme sequence [42]. Notably, many of these
identif ed mutations were also observed in this study. We identif ed a total of 48 mutations,
12 of which were found in at least six patients. The identif cation of mutations in such
a conserved and active region of the HDV genome may indicate that they do not affect
viral f tness. As previously reported [42], the observed mutations mainly involved the
P4 domain (positions 60, 61, 62, 64, 65 and 69). Of these 12 mutations, three presented a
relative frequency of 1% or more and were tested in vitro: T23C (in L3 domain), C64d, and
T69C (both in P4 domain).

In vitro testing of the ribozyme self-cleavage activity in the presence of the T23C
mutations showed a decrease of 10°-fold of the cleavage rate [53], however when we tested
the viral replication in vitro in the presence of this mutation, we observed that the change in
position 23 had a limited impact on viral replication. This mutation falls into the L3 domain,
which is an important element in the cleavage activity [16,48]. Of note, as previously
reported, this change is less effective in interfering with ribozyme activity than others (in
positions 20, 21, and 25) that may entail the loss of ribozyme activity [42].

Changes in positions 64 and 69, however, involved the P4 domain. Higher mutation
levels in this domain have been previously reported [42]. As previously mentioned, this
domain shows a stabilizing function of the ribozyme structure, and it is not directly
involved in RNA catalysis. Indeed, it has been observed that its elimination does not
compromise virus replication [15,16]. Although the presence of the T69C change did not
impact viral replication, the deletion in position 64 strongly reduced HDV replication by
more than 1log IU/ mL. Considering the non-essentiality of the P4 domain, the presence of
this Int-long deletion in this portion could probably alter the ribozyme secondary structure,
thus affecting viral replication. Moreover, this change was observed at a relative frequency
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of around 50%. The fact that it had been observed and maintained at such a high frequency
in viral QS suggests that this mutation may promote viral persistence, as has been reported
for other viruses such as hepatitis C [55] and human immunodef ciency viruses [56].

This is the f rst study to focus on studying ribozyme QS using NGS, but it does have
some limitations. Although 25 patients were selected, only 19 of them were correctly
amplif ed and passed the quality f Iters. In addition, all patients were infected with HDV
genotype 1, which is the main genotype in infected patients in Spain [57]. More patients,
infected with more viral genotypes should be included to conf rm these results. Moreover,
in silico modeling should be implemented to highlight the effects of the C64 deletion on
the secondary structure and, consequently, on the function of the ribozyme.

In conclusion, as expected considering its essential role in the viral life cycle, the
ribozyme is overall highly conserved in viral QS and did not change over time. The most
conserved portion involved a domain that plays a direct role in the auto-catalysis process
and may be a valuable target for designing a new gene-silencing strategy against HDV. The
most variable region, however, involves a domain that is not essential from a functional
point of view, but a deletion in this region may strongly impair viral replication. Consider-
ing its relatively high frequency, it may be a potential mechanism of viral persistence.

Supplementary Materials: The following are available online at https:/ / www.mdpi.com/ article/
10.3390/ v14020215/ s1, Table S1: Protocols for delta antigen (HDAg) encoding HDV genome region
amplif cation, Table S2: complexity indexes calculated in samples A and B in the ribozyme region,
Figure S1: Number and type of mutations found in the ribozyme region, Figure S2: Evolution of
mutation frequency between the two follow-up samples (A and B).
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