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INTRODUCTION

Introduction

1. Historical Introduction to the Hepatitis Delta
Virus (HDV)
Hepatitis Delta Virus (HDV) is the smallest virus known to infect humans. It belongs to the
Deltaviridae family and to the Deltavirus genus. HDV is a satellite RNA virus that requires the
surface proteins of Hepatitis B Virus (HBV) for its assembly and for the release of infectious
particles1.
HDV was firstly described by the group of Dr. M. Rizzetto in 1977 when an Italian cohort of
HBV-infected patients with severe hepatitis was examined. The analysis of liver biopsies of
those patients revealed the presence of a new viral antigen termed Delta Antigen (HDAg). As
this new antigen showed an identical distribution pattern to the HBV core antigen (HBcAg), it
was thought that the Delta antigen was another HBV-encoded protein2. However, thanks to
experimental infectivity studies performed in chimpanzees, HDV was soon identified as a new
virus that requires the envelope proteins provided by HBV to initiate the infection and to
disseminate3.

2. Clinical Features of HDV Infection
HDV causes the most severe form of acute viral hepatitis in humans. Chronic HDV-infected
patients have a higher risk of developing cirrhosis and hepatocellular carcinoma (HCC) as well
as hepatic decompensation and increased mortality in comparison with HBV monoinfected
patients4. The virus spreads by direct contact with infectious body fluids, via parenteral and/or
sexual transmission. The severity of the pathology depends on the modality of HDV
acquisition, which can be co-infection or super-infection with HBV. HDV co-infection is the
result of simultaneous infection with HBV, while super-infection occurs when a patient
previously infected with HBV is exposed to HDV. These two different scenarios determine the
development of an acute- or a chronic-HDV infection, respectively, and this can be influenced
by the HDV serotype1. The main virological markers of HBV/HDV acute and chronic hepatitis D
are summarized in Figure 1.
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Figure 1: Virological markers of HDV co-infection and super-infection. Adapted from .

2.1 Acute HDV infection
The symptoms of an acute HDV infection start after 3-7 weeks of incubation. The principal
parameters that characterize an acute infection are a sharp and transient increase in alanine
transaminase (ALT) and aspartate aminotransferase (AST) levels, high serum bilirubin levels,
and the subsequent emergence of jaundice. Nausea, fatigue, and dark urine may also be
observed during this period. HBV/HDV co-infection is usually self-limited, as the rate of
progression to chronicity is less than 5%6. However, some patients can suffer a more severe
clinical course, characterized by two peaks of serum ALT and AST. Moreover, HBV/HDV coinfected patients present an increased risk of acute liver failure compared to HBV monoinfection which leads to death in 80% of the patients7,8.

2.2 Chronic HDV infection
HDV induces a form of chronic hepatitis that presents a broad range of clinical manifestations,
with asymptomatic cases as well as rapidly progressive hepatitis, but it usually exacerbates the
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preexisting liver damage associated with HBV9. Chronic HDV infection is commonly associated
to super-infection; in this pattern of infection, the preexisting HBV surface proteins (HBsAg)
favor the entrance of HDV in hepatocytes and the rapid expression of HDAgs promoting a
faster establishment of the viral cycle10. Among chronic HDV patients, it is estimated that 70%
of them will develop cirrhosis within 5 to 10 years11. Clinically, three major phases have been
described in HDV super-infection: the acute phase, with active HDV replication, high ALT levels
and suppression of HBV replication; chronic phase, with decreasing HDV markers, moderate
ALT levels and reactivation of HBV infection; and late phase, characterized by the development
of cirrhosis and hepatocellular carcinoma12.

3. Histopathology of HDV Infection
HBV/HDV co-infection commonly reflects similar histological patterns as those observed during
HBV infection, such as ground-glass hepatocytes or sanded nuclei. Ground-glass hepatocytes
are characterized by a proliferation of smooth endoplasmic reticulum (ER) in response to
HBsAg production, and are commonly observed during chronic hepatitis (Figure 2A), while
Sanded nuclei are the result of nuclear eosinophilic inclusions due to an excess of HBcAg
(Figure 2B).
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Figure 2: Histological features of HBV infection . A) Ground-Glass hepatocytes have glassy
eosinophilic cytoplasm representing proliferation of smooth ER in response to HBsAg production. B)
Sanded Nuclei represent the nuclear accumulation of HBcAg.

HDV infection is also characterized by ballooning degeneration (swelling and rounding up of
the hepatocytes) (Figure 3A) and Piecemeal necrosis, or interface hepatitis, which is
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characterized by inflammation associated with necrosis of hepatocytes (Figure 3B).
Furthermore, chronic HBV/HDV infection is mostly characterized by an intense and diffuse
portal and lobular inflammation, the accumulation of macrophages and lymphocytes in the
parenchyma and the portal areas, and an increase in eosinophilic hepatocytes, which
correspond to cells undergoing apoptosis10,14. These histopathological features, despite being
common to other types of viral and non-viral hepatitis, are observed more frequently during
severe HDV infection.

15

Figure 3: Histopathological features of acute and chronic hepatitis infection . A) Ballooning
hepatocytes and apoptotic bodies (black arrow) , B) Piecemeal necrosis, with a high presence of
eosinophils and plasma cells.

4.

Diagnosis of HDV Infection

Currently, the European Association for the Study of the Liver (EASL) recommends performing
enzyme-linked immunosorbent assay (ELISA) to detect immunoglobulin G (IgG) and
immunoglobulin M (IgM) anti-HDV in all HBsAg-carriers. Then, the presence of HDV RNA in
serum should be confirmed by reverse transcription followed by quantitative PCR (RT-qPCR) at
least twice to detect an active replication in anti-HDV-positive individuals16. The importance of
following these guidelines is to identify and treat HDV patients at an early stage in the
infection since HDV presence leads to cirrhosis more frequently than a mono-infection with
HBV17.
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5. Epidemiology
Worldwide, approximately 587 million people present chronic HBV infection. Recent
publications estimate that among HBsAg carriers 4,5% are also co-infected with HDV, while
this percentage increases to 16,4% in patients with HBV-related liver disease, representing
approximately 26-96 million people18. However, these studies could underestimate the global
HDV-prevalence since only data from HBsAg-positive patients was included, and HBV/HDV
super-infection usually leads to a decline in HBV markers.
Countries with an HBV vaccination program have achieved a decline in HDV prevalence.
However, countries with an unsuccessful HBV vaccination program still have a high percentage
of HDV cases, such as Mongolia (36,9%), Guinea-Bissau (23,9%), Gabon (22%), Mauritania
(19,4%), Republic of Moldova (15,0%), Vietnam (10,8%), Pakistan (9%) and Romania (7%) 18–20.
Moreover, the global distribution of HDV differs from that of HBV, being the countries with the
highest HBV-prevalence China, India, Nigeria, Indonesia, the Philippines, and the Democratic
Republic of Congo21.
Eight HDV genotypes have been described worldwide, with genotype 1 being the most
ubiquitous. Genotypes 2 and 4 predominantly occur in Asia, while genotype 3 is restricted to
South America. Genotypes 5, 6, and 7 are present in Africa, principally in Nigeria, Cameroon,
and Mauritania. Interestingly, the United Kingdom and Switzerland show a high prevalence of
genotype 5, while genotype 6 has emerged in France, probably related to population migration
from Africa to Europe. Finally, HDV genotype 8 is restricted to Gabon22 (Figure 4).
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Figure 4: Global Distribution of HDV Genotypes 23 . HDV genotype 1 presents the highest prevalence
worldwide, especially in Europe, the Middle East, North America , and North Africa. HDV genotypes 2
and 4 are found in the Far East, while HDV genotype 3 is seen exclusively in the northern part of South
America. Genotypes 5-7 are restricted to Africa. The HDV prevalence degree is indicated by colors.

6. Current Treatments
The development of specific treatments for HDV infection is challenging due to the lack of viral
targets that could be easily inhibited. HDV does not encode any viral RNA polymerase, and
only HDAgs or its ribozyme are potential targets for direct antiviral treatment. As an
alternative, interference with post-translational modifications of HDAgs could also be useful to
impair viral replication24. Antiviral drugs developed against human RNA viruses such as
Ribavirin, Acyclovir, or Famcyclovir are inefficient for treating HDV infection 25,26. Furthermore,
anti-HBV drugs such as Lamivudine do not affect HDV infection.
Nowadays, the American Association for the Study of Liver Diseases (AASLD) and the EASL
recommend the treatment with Interferon-alpha (IFN-α) for chronic HDV patients and some
new treatments are under evaluation.

6.1 IFN-α
This treatment aims to suppress HBV and HDV replication and to induce a strong immune
response, leading to the production of anti-HBsAg antibodies that can neutralize the infectivity
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of HDV particles. Recently, it has been demonstrated IFN-α treatment suppresses cell divisionmediated spread of HDV genomes27,28.
IFN-α has been used for the last thirty years to treat HDV patients. However, its efficacy is
limited since only 10-20% of HDV-treated patients achieve viral clearance. To improve this
therapy, the standard IFN-α was substituted by PEGylated IFN-α (PEG-IFN-α), as HBV- and
Hepatitis C Virus (HCV)-infected patients showed an improved response rate with it.
Unfortunately, only 25% of chronic HDV patients showed complete HDV clearance after a longterm and high-dose of PEG-IFN-α29. Moreover, since IFN-α receptors are distributed
throughout the body, patients with a prolonged IFN-α treatment need to be monitored for
side effects such as flu-like symptoms, infection, depression, neutropenia, thrombocytopenia,
and thyroid dysfunction30.

6.2 IFN-lambda (IFN-λ)
To avoid the side effects of IFN-α treatment, IFN-λ has been proposed as another therapeutic
option for HDV-infected patients since their receptors are mostly expressed in hepatocytes,
with a limited expression on hematopoietic and central nervous system cells. In preclinical
animal humanize models of HDV-infection, PEG-IFN-λ lowered HDV viremia and HDAgexpression in human hepatocytes31.
PEG-IFN-λ is being developed by Eiger Biopharmaceuticals as an antiviral against HDV. Two
phase II clinical trials called LIMT (PEG-IFN-λ Monotherapy) and LIFT (PEG-IFN-λ combined with
Lonafarnib) in HDV-chronically infected patients have resulted in a decline of HDV RNA serum
levels and the reduction of fibrosis32,33.

6.3 Bulevirtide
Nowadays, a new antiviral drug called Bulevirtide (also known as Myrcludex B or Hepcludex®)
is being developed by MYR GmbH, which has been acquired by Gilead on the 10th December
202034. Bulevirtide is a myristoylated lipopeptide that contains 47 amino acids (aa) of the
PreS1 domain of the L-HBsAg that are recognized by the hepato-specific receptor for HBV and
HDV, which is the human Na+-taurocholate polypeptide (hNTCP). By mimicking the PreS1
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domain, Bulevirtide prevents the association between the HBsAgs and the hNTCP receptor and
thus the entry of HBV/HDV in the hepatocytes.
Bulevirtide has received a conditional authorization in Europe on 31st July 2020 to treat
chronic HDV patients with compensated liver disease but it is not recommended in patients
with severe hepatic impairment as no studies with this population have been yet conducted35.
Furthermore, the drug is undergoing phase III development in Germany, the USA, Sweden,
Italy, Georgia, and Russia, and is also being tested in combination with PEG-IFN-α35.

6.4 Lonafarnib (LNF)
HDV assembly requires the farnesylation of the HDAg large isoform (L-HDAg) by cellular
farnesyltransferases (FT). This step can be abolished by inhibiting the host enzymes with
prenylation inhibitors, such as Lonafarnib (LNF), BZA-5B, FIT-277, and FIT-2153. Among them,
LNF has shown efficacy in reducing HDV levels and it is currently in several clinical trials to treat
chronic HDV patients. In fact, LNF (Sarasar™), developed by Eiger Biopharmaceuticals has been
granted Orphan Drug Designation by the United States Food and Drug Administration (FDA)
and by the European Medicines Agency (EMA).
In the first clinical study, LNF treatment resulted in a decline in HDV RNA levels. However, high
doses of LNF led to gastrointestinal side effects in HDV-treated patients36. To minimize side
effects, in a subsequent phase II trial (called the LOWR HDV-1 study), subjects received
different doses of LNF with or without ritonavir (RTV) or PEG-IFN-α for 4 to 12 weeks. The
combination of LNF with RTV allows decreasing the LNF dose since RTV reduces the
metabolization of the drug by inhibiting CYP3A4 (Cytochrome P450 3A4) which participates in
LNF catabolism37. Chronic HDV patients showed a decline in HDV RNA levels after being
treated with LNF/RTV and LNF/PEG-IFN-α, but HDV viremia and ALT serum concentration
returned to pre-treatment levels within 4 to 24 weeks post-treatment38.
Subsequently, LNF boosted with RTV and PEG-IFN-λ lowered HDV RNA serum levels in chronic
HDV patients in the LIFT Study, a phase IIA open-label trial39. Finally, LNF has entered a phase
III clinical trial called D-LIVR Study to evaluate its efficacy in approximately 400 participants.
The D-LIVR Study includes 48 weeks of treatment with 1) LNF/RTV/PEG-IFN-α versus 2)
LNF/RTV, and it is estimated to be completed by 1st November 2021.
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6.5 Nuclear Acid Polymers (NAPs)
NAPs, such as REP 2139, are phosphorothioated oligonucleotides with a broad-spectrum
antiviral activity. Its amphipathicity allows NAPs to bind surface proteins of many enveloped
viruses40 and to significantly reduce HBsAg and HBV DNA serum levels in HBV infected
patients41. The efficacy of REP 2139 has been tested in combination with PEG-IFN-α in a phase
II trial involving HDV infected patients, leading to an effective clearance of HBsAg and stable
control of HDV RNA42,43.

7. Viral Structure of HDV
HDV is a negative RNA virus that needs to synthesize the complementary mRNA from its
genome for HDAg production. The HDV genome is a single-stranded, circular RNA composed of
1679 nucleotides, with a high G+C content (approximately 60%) that results in around 74%
intramolecular base pairing44. This characteristic gives the HDV genome a double-stranded
appearance45,46.
The HDV genome shares several similarities with plant pathogens, which led to propose a
common phylogenetic origin with plant viroids and RNA virusoids. However, the size of HDV
RNA is four-five times the size of other viroid RNAs, and it encodes the HDAg, while typical
viroids do not encode any protein.
In comparison with HBV particles that are 42 nm in diameter, HDV particles are smaller - 36 nm
in diameter – despite sharing the same envelope. HDV particle comprises: 1) the circular
single-stranded RNA (HDV genome) associated with the small HDAg (S-HDAg) and the L-HDAg
that form the HDV ribonucleoprotein (RNP) and 2) the envelope, which is composed of host
lipids and the three isoforms of the HBsAg5 (Figure 5).

11

Introduction

Figure 5: Schematic representation of HDV and HBV particles. The HDV genome is associated with the
S- and L-HDAg to form the RNP complex. Then, the HDV RNP is enveloped by the three forms of the
HBsAg (S-, M- and L-) and by host lipids to form mature virions. Regarding HBV particles, they are
bigger in size, with an internal icosahedral nucleocapsid core. This nucleocapsid, formed by the
HBcAg, encloses the HBV genome, the relaxed-circular DNA (rcDNA), and the HBV DNA polymerase.

It is calculated that around 30-200 HDAgs particle-units interact with one copy of the HDV
genome46–48. This ability of S-HDAg and L-HDAg to bind the HDV RNA is essential for viral
assembly and nuclear trafficking of the viral genome. In addition, the association between
HBsAg and HDV RNP takes place in the ER via a lipid farnesyl-moiety on the L-HDAg that binds
to the cytoplasmic loop of the S-HBsAg and is indispensable to promote viral spreading and to
complete the HDV life cycle49
The HBV and the HDV envelopes are formed by cell host lipids and the HBsAgs, as depicted in
Figure 6. The large HBsAg (L-HBsAg) is composed of the preS1, the preS2, and the S domains;
the medium HBsAg (M-HBsAg) is composed of the preS2 and the S domains, and the small
HBsAg (S-HBsAg) only contains the S domain. Moreover, the three HBsAg isoforms contain the
antigenic loop (AGL) that is located in the S domain and is crucial for the attachment of HBV
and HDV to human hepatocytes. The relative percentage of the S-, M- and L-HBsAgs that is
present in the outer membrane of HDV is 95%, 5%, and 1%, respectively. This proportion is
more similar to the one found in HBsAg empty particles than to the one of HBV infectious
particles, where the levels of the S-, M- and L-HBsAgs are 88%, 4%, and 8%, respectively50,51.
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Figure 6: Domain structure of the L-, M- and S- HBsAg. All three proteins contain the S domain
consisting of 226 aa where the AGL is located. The M -HBsAg has an additional 55 aa region, which is
the preS2 domain. The L-HBsAg is N-terminally extended by the PreS1 domain, consistin g of 108 aa,
that binds to hNTCP. AGL: Antigenic Loop.

8. Life Cycle
The following sections describe the main steps of the HDV life cycle and Figure 7 depicts a
simplified, schematic version.

Figure 7: Hepatitis D virus life cycle. HDV particles attach to the hepatocyte membrane by binding
HBsAg to HSPG (step 1). This recognition facilitates the binding of HBsAg to hNTCP that will internalize
the viral particles (step 2); once in the hepatocyte, the RNP is uncoated (step 3) and translocated to
the nucleus via interaction between HDAg and importins (step 4). HDV uses host RNA polymerases to
replicate its genome for HDV antigenomes and mRNA production (step 5). The HDV mRNA moves to
the ER for HDAg translation, which then returns to the nucleus via importins. Once in the nucleus,
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new HDV genomes and HDAgs assemble to form the RNP, which is exported to the cytoplasm via
exportins (step 6). Subsequent post -translational modifications of HDV RNP occur at the Golgi
apparatus (step 7). The prenylation of the L -HDAg in the C-terminal CXXX box is essential for the
interaction with HBsAg and the formation of new HDV particles (step 8). HSPG: Heparan Sulfate
Proteoglycans. hNTCP: Human Sodium Taurocholate Co -transporting Polypeptide.

8.1 Mechanism of Entry
HBV and HDV particles enter the hepatocytes by an identical mechanism that requires multiple
steps. Firstly, HBsAgs interact with HSPGs present on the hepatocyte surface through the AGL
located at the S domain that is present in the three isoforms of the HBsAgs52,53. More
specifically, Gly-119, Pro-120, Cys-121, Arg-122 and Cys-124 residues of the S domain (Figure
6) are essentials for HBV/HDV infectivity54.

Secondly, in 2012, the hNTCP was identified as the cellular receptor needed for viral entry of
both HBV and HDV. This receptor, encoded by the SLC10A1 gene, is a bile salt transporter with
multiple transmembrane regions55,56. NTCP is functionally conserved in mammalians, but their
protein sequences differ among species, hence this determines the specificity of HBV/HDV for
human hepatocytes. The interaction between the receptor and HBV/HDV takes place between
the PreS1 region of L-HBsAg and residues 157-165 (KGIVISLVL) of the hNTCP. Apart from this
sequence, the viral entry of HBV/HDV is also mediated by another region of the NTCP receptor
that is located in its first extracellular loop (residues 84-87), composed of Arg-Leu-Lys-Asn. In
the murine NTCP (mNTCP), this sequence is composed of His-Leu-Thr-Ser and, consequently,
murine hepatocytes do not support HBV/HDV entry57,58. Apart from mice, the NTCP version of
pigs (Sus Scrofa), cynomolgus macaque (Macaca fascicularis), and rhesus macaque (Macaca
mulatta) do not support the entry of HBV/HDV in the hepatocytes59. A schematic
representation of the interactions between HBV, HDV, and the hepatocyte is shown in Figure
8.
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Figure 8: Schematic representation of the interactions between HDV RNP, HBsAg isoforms, and host
cell surface components. HDV virions are recognized by receptors located in the basolateral
membrane of human hepatocytes. First, the AGL of HBsAg interacts with HSPGs. This association
favors the subsequent attachment of HDV to the hNTCP receptor through the PreS1 region of L -HBsAg.

Once HDV is inside the hepatocyte, the viral membrane fuses with the endosomal membrane
to release the viral RNP, which then traffics to the nucleus. The translocation to the nucleus is
facilitated by a Nuclear Localization Signal (NLS) that is found within the sequences of both
HDAgs and is recognized by karyopherin, a host factor located in the cytosol that binds
proteins with a NLS for nuclear import. During this process, the α2 subunit of karyopherin binds
directly to NLS, while its β subunit favors the internalization of HDV RNP into the nucleus by
binding α-karyopherin-NLS complex to the Nuclear Pore Complex (NPC)60.

8.2 Viral Replication
HBV provides HDV RNP envelopment and allows its transmission to human hepatocytes, but it
is not required for HDV replication. While HBV replication is restricted to hepatocytes, HDV can
replicate in different types of cells of non-hepatic origin61,62.
Typically, RNA viruses undergo replication through a virus-encoded RNA-dependent RNA
polymerase. However, HDV does not encode any polymerase but it is able to recruit the host
RNA polymerase (RNA pol) II. This polymerase, under normal conditions, recognizes cellular
DNAs as templates to synthesize complementary RNAs. However, upon interaction with
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HDAgs, the rod-like structure of the HDV RNA enables the host RNA pol II to interact with and
replicate the HDV genome using a rolling-circle mechanism that is very similar to the
mechanism of replication described in plant viroids63 (Figure 9). Hence, the genomic RNA is
used as a template to generate concatemers of the complementary strand designated as the
HDV antigenome. Once the antigenomes are produced, they follow the same replication steps
to produce new HDV genomes. This strategy of viral replication confers the ability to produce
multiple copies of the viral RNA. Particularly, an HDV-infected hepatocyte can contain around
300.000 copies of HDV RNA64.
Then, the linear concatemers of HDV genomes and antigenomes are self-cleaved to form linear
monomers by an intrinsic catalytic RNA domain present in each RNA strand: the HDV
ribozymes. Then, the linear monomers are ligated into new circular RNA molecules, but it is
unclear if this process is carried out by the HDV ribozyme or a host RNA ligase 65.

Figure 9: HDV RNA replicates via a rolling-circle mechanism. Both genomic (blue) and antigenomic
(pink) strands contain a ribozyme domain (Ribz) that cleaves the newly synthesized concatamers into
unit-length monomers.

Furthermore, different RNA Pol have been proposed to be implicated in the HDV life cycle. It is
well established that the synthesis of new HDV genomes from the antigenomes is carried out
by the host RNA pol II since this step is inhibited by treating with α-amanitin (an inhibitor of
RNA pol II)66. However, considering that the synthesis of HDV antigenomes from HDV genomes
is not affected by α-amanitin, other RNA polymerases, such as RNA pol I or III, might be
implicated in this process67. Furthermore, the involvement of various RNA polymerases is
further supported by the fact that synthesis of genomic and antigenomic HDV strands occurs in
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different nuclear compartments: while the HDV genome synthesis takes place in the
nucleoplasm, the antigenomic strand is produced from the HDV genome in the nucleolus46, as
it is represented in Figure 10.
Finally, the HDV genomes produced in the nucleoplasm also serve as templates for HDAg
mRNA synthesis, which is suggested to involve RNA Pol II considering that it is located in the
same nuclear compartment68. Then, HDV mRNA is exported to the cytoplasm for translation
and, once HDAgs are produced, they re-enter the nucleus to form new HDV RNPs by binding to
HDV genomes through its RNA-Binding Domain (RBD).

Figure 10: Proposed model of HDV replication. HDV produces new antigenomes from the genome
through a rolling-circle mechanism. This step is thought to be carried out by the host RNA pol I or III
and takes place in the nucleolus ( step 1). Then, HDAgs transport the HDV antigenomes to the
nucleoplasm, where the RNA pol II generates new HDV genomes ( step 2). Newly generated genomes
are again translocated to the nucleolus for the generation of antigenomes in the next amplification
cycle (step 1) or serve as templates to generate the mRNA in the nucleoplasm, probably by the RNA
pol II (step 3).

8.3 Viral Assembly
To complete its viral cycle and form mature virions, HDV needs to interact with the envelope
proteins of HBV that are located in the ER. To access HBsAg, HDV RNPs are translocated from
the nucleus to the cytoplasm by cellular exportins that recognize the Nuclear Export Signal
(NES) of HDAg, which is exclusively located in the L-HDAg.
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In the cytoplasm, L-HDAg undergoes a post-translational modification that is essential for its
interaction with the HBsAgs, the isoprenylation, which is carried out by host FT at the Cys-211
residue. This process allows the HDV RNPs to be anchored to the ER membrane and thus colocalize and interact directly with a Trp-rich motif of the cytoplasmic loop of S-HBsAg that
comprises residues Trp-196, Trp-199, and Trp-20148,69,70. Moreover, the glycosylation of HBsAg
in Asn-146 is also critical in this step71–73.
Recently, it has been discovered that HDV RNPs could be enveloped by distinct viral
glycoproteins, such as those from HCV and Dengue Virus (DENV), and produce infectious HDV
particles74. These findings evidence the potential risk of HDV infection in HBV-negative
patients, and the possibility that the virus reaches different organs due to its association to
other viruses since the tropism is determined by the viral envelopes.

9. HDV Components
9.1 HDV Genome and Antigenome
During viral replication, which takes place in the nucleus, HDV uses its genomic RNA to
generate the circular reverse complementary strand, the HDV antigenome, that represents
around 5%-20% of the total amount of HDV genomes64. Both genomic and antigenomic HDV
RNA can be found associated with the HDAgs within the RNP. However, only the genomic
strand is included in the viral particles, meaning that the antigenome is only used as a
template for viral replication but is not required for viral assembly 48.

9.2 HDV mRNA
HDV contains only a single Open Reading Frame (ORF) that is composed of 800 nucleotides and
is contained within the antigenomic HDV strand. HDV transcription is carried out by the host
RNA pol II via RNA-directed RNA synthesis, and it is polyadenylated at the 3’ end by the host
machinery. Interestingly, both HDAgs suppress this polyadenylation when the HDV genome is
required for the synthesis of new HDV antigenomes75. The mechanism by which HDAgs
suppress the HDV polyadenylation is still unknown but two main hypotheses have been
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proposed: 1) HDAgs bind to the region containing the poly(A) signal to hinder its access to the
cellular polyadenylation machinery, and 2) HDAgs bind to the genomic HDV RNA to stabilize
the rod-like structure, favoring the synthesis of the antigenomic HDV RNA through the rollingcircle mechanism instead of HDV mRNA production75.
Finally, the ratio of these three RNA molecules, HDV genome, antigenome, and mRNA. in an
HDV-infected cell is estimated to be around 500: 100: 1, respectively (Figure 11)76.

Figure 11: HDV RNAs are composed of the HDV genome, antigenome , and mRNA. The position of the
ribozymes (Ribz) on genomic and antigenomic strands is indicated (blue and pink circle, respectively).
Arrows indicate the 5’ to 3’ direction.

9.3 HDV Ribozymes
The HDV ribozyme domains are composed of 85 nucleotides and are located in both HDV
genomic and antigenomic strands77. HDV ribozymes catalyze a transesterification reaction and
are considered the fastest enzymes that self-cleave their RNA. The crystal structure was
obtained by the group of Dr. Doudna in 1998 and revealed that HDV ribozymes comprise five
helical segments connected as a nested, double pseudoknot, and possess four base-paired
regions78. During the viral replication, HDV genomic and antigenomic ribozymes are
responsible for the self-cleavage of the HDV genome and antigenome multimers, respectively.
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9.4 Hepatitis Delta Antigens (HDAg)
The HDV genome encodes only one protein, the HDAg. However, two isoforms are produced
during the HDV life cycle: the S-HDAg and the L-HDAg. The S-HDAg consists of 195 aa, while the
L-HDAg, thanks to a genome editing process, presents 19 aa more in its carboxyl-terminus,
resulting in a total of 214 residues. The molecular weight of S-HDAg and L-HDAg is 24 kDa and
27 kDa, respectively. Both HDAgs contain the same functional domains within their protein
sequence, except for the NES and Viral Assembly Signal (VAS) domains that are only present in
the L-HDAg79.
During the HDV life cycle, the HDV mRNAs produced from HDV genomes are translated initially
to form the S-HDAg. As the HDV infection progresses, some HDV genomes and antigenomes
are edited by the host adenosine deaminase that acts on RNA-1 (ADAR1). ADAR1 exists in two
isoforms: the constitutively expressed small ADAR1 (ADAR1-S) and the interferon (IFN)-αinducible large ADAR1 (ADAR1-L). The first is located exclusively in the nucleus and the large
isoform can be located both in the nucleus and in the cytoplasm. Both isoforms present a
deaminase domain and three repeated copies of a double-stranded-RNA-Binding-Domain
(dsRBD), which confer the ability to bind dsRNAs80.
This enzyme catalyzes the conversion of adenosines into inosines. The most relevant
substitution introduced by ADAR1 during HDV replication affects the adenosine located at
position 1012 in the HDV antigenome, within the stop codon UAG. The resulting inosine is
recognized by the cell translation machinery as guanosine and, consequently, the original stop
codon is converted into a UGG codon that encodes for a Trp. Therefore, this codon is called the
amber/W site since it can be found as a stop or as a Trp codon. The result of this editing results
in the extension of the HDV mRNA and the production of the L-HDAg at later steps of the
infection. Finally, as this editing process is irreversible, the edited HDV genomes in the infected
cell will produce only L-HDAg81.
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Figure 12: Schematic representation of HDAg replication and editing. In the first steps during the
viral cycle, the HDV genome serves as the template to synthesize the HDAg mRNA and produce the S HDAg. During HDV replication, ADAR1 introduces mutations into the HDV RNA. Among these
mutations, ADAR1 catalyzes the conversion of ad enosine 1012 of the codon UAG (in red) to inosine,
resulting in the new codon UGG (green). This leads to the extension of the ORF of the HDAg, the
production of a longer mRNA, and, consequently, the translation of the L -HDAg. The figure was
created with BioRender.com.

9.4.1 Localization of HDAgs
Since HDV does not encode a viral polymerase, the viral RNPs need to enter the nucleus to
recruit the cell machinery for replication. During the HDV replication, S-HDAg co-localizes with
the host RNA pol II in the nucleoplasm, within the SC35 speckles sites that are highly active
sites of transcription and RNA processing. At earlier steps, S-HDAg is predominantly located in
the nucleus, both in the nucleolus and the nucleoplasm. Later in the infection, when L-HDAg
starts to be synthesized, the HDAgs can be found in non-SC-35 speckles sites inside the
nucleus, in the cytoplasm, and in the Golgi apparatus, where the post-translational
modifications take place82–84.
Moreover, in the presence of HBV, the accumulation of HBsAg in the ER triggers the activation
of ER stress, and NF-κB (Nuclear Factor kappa-light-chain-enhancer of activated B cells)
signaling pathway. This activation favors the translocation of L-HDAg from the nucleus to the
cytoplasm and the interaction between HDV RNP and S-HBsAg85.
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9.4.2 Functional Domains of the HDAgs
The protein sequence of S-HDAg and L-HDAg is divided into different domains that determine
its specific functions, such as the RNA-binding capacity, the intracellular location, and the
ability of viral assembly (Figure 13).

RNA Binding Domain (RBD) and Dimerization Domain
The RBD of HDAg consists of two Arg-rich stretches located between aa 97-107 and 136-146.
RBDs allow the HDAgs to bind both genomic and antigenomic HDV RNA strands. Moreover, the
Dimerization Domain or Coiled-Coil Domain (CCD) is located between aa 12 and 60 and is
responsible for HDAg oligomerization86. Both RNA-binding activity and HDAg oligomerization
domain are indispensable for the correct formation of HDV RNP.

Nuclear Localization Signal (NLS)
Once HDV enters the hepatocytes, it moves to the nucleus to hijack the replication machinery
of the host cell and initiate its replication. Studies performed by various groups concluded that
the NLS of both S-HDAg and L-HDAg is located between positions 66 and 75 (EGAPPARAR),
being Glu-66 (E66), and Arg-75 (R75) indispensable for the nuclear import of HDV RNP87–89.

Pol II Binding Domain
HDAgs are able to bind host RNA Pol II to mediate HDV replication. The minimal region that is
indispensable for the correct interaction are aa 150 to 195. Within this region, the conserved
aa Asp-187, Ile-188 and Phe-194 are critical for the interaction, while non-conserved aa such as
Ser-170, Ala-180 and Thr-182 are nonessential90,91.

Nuclear Export Signal (NES)
L-HDAg isoform is responsible for the translocation of HDV RNPs from the nucleus to the
cytoplasm, which is indispensable for viral assembly. The NES is located within the aa 198-210
of the L-HDAg sequence. More specifically, Pro-205 has been described as the critical residue
for the correct functionality of NES92.

Viral Assembly Signal (VAS)
The 19-aa-domain in the carboxyl terminus of L-HDAg is involved in the binding of HDAg to
HBsAg. This extension contains the C211XXQ farnesylation motif, in which a farnesyl group is
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added to Cys-211. This post-translational modification is required for the correct interaction
with HBsAg and, therefore, for the production of mature HDV particles69.

Figure 13: Schematic representation of HDAg isoforms and functional domains. The S-HDAg
comprises aa 1 to 195, while the L-HDAg comprises aa 1 to 214. Both isoforms share the domains CCD
(Coiled-Coil Domain; aa 12-60), two RBDs (RNA-Binding Domains; aa 97-107 and 136-146), and a NLS
(Nuclear Localization Signal; aa 66-75). The minimal region that is required for the RNA Pol II is
represented in orange (aa 150-195). Within the additional aa found in the L-HDAg, it possesses an NES
domain (Nuclear Export Signal; aa 198-210). The residues that are indispensable for each function are
represented in colored circles.

9.4.3 Post-translational Modifications of HDAgs
S-HDAg and L-HDAg undergo different post-translational modifications that are essential for
the HDV life cycle since they modulate their functions (Figure 14).

Acetylation
Both S-HDAg and L-HDAg are acetylated in Lys-72. This modification favors the nuclear
localization of the HDV RNP and is crucial for the accumulation of HDV genomic RNA within the
nucleus93.

Phosphorylation
The number of phosphorylated isoforms of HDAgs increases significantly during HDV
replication showing the relevance of this modification94. Phosphorylation of some residues of
S-HDAg enhances viral replication94. More specifically, phosphorylation of Ser-2 and Ser-177
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promotes HDV replication by increasing the interaction of S-HDAg with RNA Pol II94–96. On the
other hand, phosphorylation of Ser-123 modulates L-HDAg translocation between SC-35
speckles, nucleolus, and cytoplasm97. Furthermore, it has been observed that Ser-180, Thr-182,
Ser-207, and Ser-210 can also be phosphorylated, but the biological relevance of these
isoforms is still unknown. Interestingly, the phosphorylation of Ser-210 depends on the
farnesylation of Cys-211, probably because this modification allows L-HDAg to make contact
with cellular kinases98. Moreover, it has been described that the S-HDAg included in the HDV
infective particles is not phosphorylated, indicating that the status of phosphorylation of SHDAg vary depending on the HDV life cycle99. The main kinases that carry out phosphorylation
of S-HDAg and L-HDAg are casein kinase II (CKII), protein kinase C (PKC), extracellular signalrelated kinases 1 and 2 (ERK1/2), and protein kinase R (PKR)96,100.

Isoprenylation/farnesylation
This covalent post-translational modification makes proteins more lipophilic and modulates
their intracellular localization, commonly associated with cell membranes and facilitating
protein-protein interactions101. This modification involves the addition of a 15-carbon
(farnesyl) or a 20-carbon (geranylgeranyl) isoprenoid moiety to one or more Cys, located in the
C-terminus of a protein. During the HDV life cycle, the host FT attaches a 15-carbon prenyllipid-farnesyl-moiety to Cys-211, within the CXXQ box at the C-terminus of the L-HDAg. This
modification makes L-HDAg more lipophilic and is essential for its interaction with HBsAg in the
ER membrane for the formation of new virions69.

Methylation
HDAg is methylated at Arg-13 by the host protein arginine methyltransferase-1 (PRMT1). This
modification enhances the replication of HDV antigenomes, but not of the HDV genomes 82,102.

SUMOylation
Is a covalent addition of a small ubiquitin-like modifier (SUMO) protein to Lys residues. The
consequences of this modification include nuclear trafficking, enhancement of gene expression
and genomic stability. For this reason, SUMO-modified proteins are commonly located in the
nucleus103. In the case of HDV, it has been described that multiple Lys residues of S-HDAg are
SUMOylated by SUMO-1 protein, leading to an enhancement of genomic HDV RNA and mRNA
synthesis104.
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Figure 14: Summary of post-translational modifications of S-HDAg and L-HDAg. The residues that are
post-translationally modified and the enzymes that catalyze the reactions are listed. CKII: casein
kinase II; ERK 1/2: extracellular signal-regulated kinases I/II FT: farnesyltransferase; PKC: protein
kinase C; PKR: protein kinase R; PRMT1: Protein Arginine Methyl Transferase 1. The figure was created
with BioRender.com

9.4.4 Roles of HDAgs in the HDV Life Cycle and Interactions with
Host Cell Proteins
Despite sharing most of their amino acid sequence, S-HDAg and L-HDAg differ significantly in
their functions. S-HDAg is indispensable for viral replication105, while L-HDAg mediates viral
assembly. In the case of L-HDAg, as previously mentioned, the addition of a farnesyl group
determines the interaction between HDV RNP and HBsAg, and, consequently, it is essential for
viral assembly. In addition, L-HDAg also plays a role in inhibiting viral replication when is
expressed at later steps in the HDV life cycle, and the magnitude of this inhibition is
determined by the ratio between S-HDAg and L-HDAg106,107. Interestingly, in vitro studies in
which L-HDAg was artificially expressed early during the infection resulted in a complete
blockade of HDV replication108. Despite the importance of L-HDAg in regulating the viral cycle,
the mechanism underlying its inhibitory function is still unknown, and their consequences in
HDV-induced pathology have not been described since only in vitro studies have been
performed. One of the hypotheses for the inhibitory role of L-HDAg is that it could somehow
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disrupt the homo-oligomeric S-HDAg multimers that are normally bound to the antigenomic
RNA109. Furthermore, the inhibitory role of L-HDAg has also been attributed to the
isoprenylation motif since studies performed with a non-prenylated L-HDAg did not lead to a
reduction in viral replication105,110.
As mentioned before, HDV needs to recruit the host machinery for its replication and
transcription. The interaction between S-HDAg and RNA Pol II was firstly described by
Yamaguchi et al. in 2001, and involves the carboxyl-terminal domain of the viral protein in
which residues Asp-187, Ile-188 and Phe-194 are essential. RNA Pol II is composed of 12
subunits (Rbp 1-12); S-HDAg directly interacts with Rpb1 and Rpb2 subunits, more particularly
with the clamp domain, which is a mobile structure that holds DNA and RNA in place.
Yamaguchi et al. showed that HDAg increases the elongation rate of RNA Pol II but reduces its
fidelity90,91.
Two main stages can be differentiated during the interaction of S-HDAg and Pol II: the
replication initiation, when the hypo-phosphorylated isoforms of S-HDAg and RNA Pol II are
more abundant, and the elongation step, when phosphorylated S-HDAg at Ser-177 binds
hyper-phosphorylated RNA Pol II91,111. This suggests that regulation of both nonphosphorylated and phosphorylated S-HDAg is essential for a proper interaction with RNA Pol
II and for regulating HDV replication and transcription.
Other mechanisms described that are carried out by S-HDAg to enhance HDV replication are 1)
S-HDAg shows sequence similarities with the subunit A of the Negative Elongation Factor
(NELF-A) that is a negative regulator of the elongation activity of RNA Pol II. S-HDAg, by binding
to RNA Pol II, induces the release NELF-A and promotes RNA Pol II elongation activity90, and 2)
S-HDAg binds the bromodomain (BRD) adjacent to zinc finger domain 2B (BAZ2B) protein,
thanks to the presence in its sequence of a domain (K72acXXR75) that mimics the histone H3
domain (K14acXXR17) implicated in the interaction with BAZ2B. BAZ2B is the regulatory
subunit of BAZ2B-associated remodeling factor (BRF) ISWI chromatin remodeling complex. The
recruitment of the BRF chromatin remodelers to the HDV RNP allows the virus to hijack the
host transcriptional machinery for the replication of its RNA genome. The interaction between
S-HDAg and BAZ2B has been described as essential for proper HDV replication112.
Moreover, S-HDAg and L-HDAg interact with host nucleolar proteins such as nucleolin and
nucleophosmin that facilitate the nucleolar localization of HDAgs and its translocation between
the cytoplasm and the nucleus113,114. Furthermore, the HDV RNPs export is mediated by the
recognition of the NES domain of L-HDAg by the NES-interacting protein (NESI)115 and by the
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host nuclear export factors TAP and Aly. Since these export factors are implicated in host
processes, their association with HDV could impair the normal biological functions of the HDVinfected cells116. Finally, in vitro studies showed that L-HDAg interacts with the N-terminal
domain of the clathrin heavy chain (CHC) in the trans-Golgi network and that this association
mediates the cytosolic localization of L-HDAg and the viral assembly, as well as the HDV exit
from the infected cell117.

10. Innate Immune Recognition of HDV Infection
Innate immunity possesses the capacity to distinguish between self and foreign molecules, as
well as different classes of pathogens by pattern-recognition receptors (PRRs) that detect
distinct pathogen-associated molecular patterns (PAMPs). During viral infections, the innate
immune system senses viral genomes, genome-replication intermediates, and mRNA as well as
special RNA structures that are normally absent in eukaryotic cells. The main families of PRRs
that detect viral RNA are endosomal Toll-like receptors (TLRs) and cytosolic RIG I like receptors
(RLRs), comprising the retinoic acid-inducible gene 1 (RIG I), the Melanoma DifferentiationAssociated gene 5 (MDA5), and the Laboratory of Genetics and Physiology 2 (LGP2). The
recognition of viral RNA by RLRs leads to the activation of the MAVS (mitochondrial antiviral
signaling protein) signaling cascade, which initiates the release of pro-inflammatory cytokines
and the production of type I interferon (IFN-I). Consequently, IFN signaling induces hundreds
of interferon-stimulated genes (ISGs) that establish an antiviral state in order to suppress viral
replication and progeny virus production118.
During active HDV replication, the RLR that senses HDV RNA is MDA5, which is preferentially
located in the cytoplasm, where the progeny HDV RNPs are delivered to produce new infective
virions. This activation leads to the production of type I (α/β) and type III (λ) IFNs through the
MAVS signaling activation119,120. The activation of the type I/III responses results in
overexpression of differents ISGs such as MxA (Myxovirus-resistance protein 1), OAS1 (2'-5'oligoadenylate synthetase 1), and ADAR1-L, the IFN-inducible isoform of ADAR1. Moreover, it
has been recently reported that IFN response affects cell division-mediated HDV spread by the
degradation of HDV RNA or by avoiding the establishment of viral replication in the nuclei of
the daughter cells27,28.
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11. Experimental Models of HDV Infection
11.1 Cellular Models
As has been mentioned before, HBV/HDV infection requires the expression of the human NTCP
receptor. Therefore, cell culture models to study HDV infection are limited since the murine
NTCP does not support HDV entry and dedifferentiated human hepatic cell lines lost hNTCP
expression (summarized in Figure 15). The in vitro system that most closely resembles the
features of a real HBV/HDV coinfection are Tupaia, rhesus macaque, and human primary
hepatocytes (PHHs) that naturally express the NTCP receptor121,122.
Common human liver cell lines such as HepG2 and Huh-7 do not support HBV/HDV entry
unless they are genetically modified to overexpress the hNTCP receptor. In the absence of
hNTCP overexpression, alternative strategies can be followed and include DNA or RNA
transfections with HBV- or HDV-encoding plasmids to initiate the viral cycle123. Using these cell
lines, MDA5 was identified as the key sensor of HDV replication119.
Finally, a susceptible cell line that supports HBV and HDV infections are differentiated HepaRG
(dHepaRG) cells. These cells do not require overexpression of hNTCP and display many innate
immune functions when differentiated with DMSO (dimethyl sulfoxide)124. However, in vitro
differentiation leads to the formation of hepatocyte-like and non-permissive biliary-like
epithelial cell populations. Moreover, HepaRG differentiation requires approximately four
weeks and the rate of infection is usually low125,126. Recently, the addition of chemical
compounds combined with 1.8% DMSO has been shown to accelerate cell differentiation and
increase HDV infection rate127.
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Figure 15: Human cell culture systems for the study of HBV infection (adapted from 128 ). PHHs and
dHepaRG cells support HBV/HDV infection through its entry receptor NTCP and the full replication
cycle. Hepatoma cell lines such as Huh-7 or HepG2 are non-susceptible to infection but can be
transfected with HBV/HDV containing plasmids. Hepatoma cell lines genetically modified to express
the human entry receptor NTCP are permissive for HBV/HDV infection and replication.

11.2 Animal Models of HDV Infection
Humans are the only natural host for HDV, however, several other species that also support
HBV infection are susceptible to HDV infection and propagation, extending the host range of
HDV to woodchucks, wooly monkeys, chimpanzees, and Tupaia bulangeri129,130. These natural
models have served as a useful platform to unravel the main features of the HDV life cycle.
However, the relatively large size of those animals, the scarcity of experimental tools, and
ethical considerations have limited the use of these species in the HDV research field and has
enforced the development of new animal models131.

11.2.1 Mouse Models of HDV
Mouse is the most commonly used animal model for experimental research as they resemble
many of the genetic and physiological features of humans and can be easily modified and
manipulated. However, mice are not susceptible to HBV/HDV infection as their hepatocytes
cannot be infected by these viruses due to differences in the sequence of the NTCP protein.
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Therefore, several attempts have been performed to overcome this restriction and to develop
a murine HBV/HDV experimental system.

HDV Transgenic Mice
Transgenic mice expressing HDV antigens in the mouse hepatocytes were developed by the
group of Dr. Frank Chisari at Scripps, La Jolla, CA132. These models were based on the
expression of S-HDAg and L-HDAg encoding sequences under the transcriptional control of the
liver-specific albumin promoter. In these animals, HDAgs can be detected in the hepatocyte
nuclei but did not show any evidence of HDV-induced liver disease. Hence, a possible
implication of the HDAgs in the HDV mediated liver pathology was initially discarded with this
animal model132. However, this model has two different drawbacks: 1) if HDV-induced liver
pathology is due to an antigen-specific response, these transgenic mice are immunologically
tolerant to the HDAg expression, or 2) it is possible that mice resistant to the HDAg cytotoxicity
were selected during the generation of the transgenic lineages. Thus, this model does not
recapitulate the hepatic damage observed during natural infection.
Recently, our group has developed recombinant adeno-associated viral (AAV) vectors
expressing S-HDAg and L-HDAg under the transcriptional control of the liver-specific EAlb/AAT
promoter. In this experiment, a transient expression of both HDAgs was detected and it was
associated with a sharp and transient transaminase elevation133. In addition, the pick of
transaminases also correlates with a high abundance of apoptotic hepatocytes in AAVHBV/HDV-, AAV-S-HDAg- and AAV-L-HDAg-injected animals, meaning that both antigens can
induce cell death injury.
These findings indicated that the HDAgs may play a significant role in the HDV-induced
pathology. However, the experiment with AAV-S-HDAg and AAV-L-HDAg vectors have some
limitations:
a) The AAV vectors containing the S-HDAg and L-HDAg did not contain the HDV
replicative genome, while in a natural HDV infection HDAgs are bound to the RNA
forming the HDV RNP Therefore, its conformation and/or behavior could not be the
same that when they are expressed alone.
b) The AAV-HBV vector was not administered in combination with the AAV-S/L-HDAg
vector. Therefore, the mechanism/s of liver damage induced by the HDAgs alone could
not be comparable with those promoted by the co-infection with HBV.
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Overcoming these limitations, the use of rAAV in the HDV research field could be a suitable
approach to characterize the role of HDAgs in the pathology in an immunocompetent animal
model.
Finally, a transgenic mouse model was developed that expressed the replication-competent
HDV genomic dimer RNA in all organism. In these mice, genomic and antigenomic HDV RNAs
were detected in several tissues, with a strong presence in skeletal muscle. No evidence of
liver damage or inflammation was observed in this animal model, however, signs of muscle
damage were detected, such as nuclear crowding and mild atrophy in muscular cells,
correlating with the highest accumulation of HDV genomes in this tissue. Moreover, in these
mice, the HDAgs were expressed in epithelial cells of bile ducts while only a few hepatocytes
contained high expression levels. In addition, only the S-HDAg was detected, meaning that the
editing event required for the L-HDAg formation did not occur. Therefore, this animal model
displayed many limitations that did not allow recapitulating the main features of human HDV
infection. On the other hand, thanks to this animal model, it was determined for the first time
that HDV is able to replicate independently of HBV and that the envelope proteins of HBV
dictate the tissue-specificity of HDV62.

hNTCP-Transgenic Mice
Another strategy for the study of HDV-induced disease in mice was based on the
overexpression of the HBV/HDV human receptor, hNTCP, in mouse hepatocytes. These hNTCPtransgenic mice were able to support HDV infection but transiently and in only 3% of
hepatocytes, and in very young animals134.
The same research group generated a second hNTCP-transgenic mouse model by modifying
three residues of the mouse NTCP, replacing them with the corresponding human aa (His-84 >
Arg-84, Thr-86 > Lys-86, and Ser-87 > Asp-87)135. However, this model showed several
limitations since it did not support HBV infection and HDV-induced liver damage was not
observed.
Finally, the group of Dr. Dandri developed a new mouse model by using the CRISPR/Cas
technology in which the three residues of the mNTCP receptor mentioned above were
substituted by the human versions and then transplanted to immune-deficient USB
(uPA/SCID/beige) mice. However, the infection of these animals with HDV led to viral
clearance at 21 days post-infection (dpi) without any evidence of liver disease, suggesting that
HDV infection is restricted by other/s specific factor/s present in human hepatocytes136.
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Humanized Mice
Another useful tool for the study of HDV are chimeric mice in which part of the liver has been
replaced by human hepatocytes. These mice are susceptible to HBV and HDV infection 137,138
and have been used to show HDV genome editing, intrahepatic HDV spreading and the efficacy
of Myrcludex B (or Bulevirtide) in blocking the entry of both HBV and HDV 139. However,
humanized mouse livers present some limitations for the study of HBV/HDV-induced
pathology, such as the highly variable susceptibility to HBV/HDV infection, the loss of hNTCP
expression due to the rapid dedifferentiation of human hepatocytes. In addition, it is not
possible to study the interaction between HBV/HDV and the host immune system because the
engrafment of human liver cells requires the use of immunodeficient mice131.

AAV Vectors Delivering HBV- and HDV Replication-Competent Genomes
Recently we have developed a new HDV mouse model taking advantage of the high capacity of
the rAAV vectors to deliver genetic material to the liver of immunocompetent mice to initiate
HDV replication. AAV-HDV was constructed by the insertion of 1.2x copies of the HDV
antigenome (genotype 1) under the transcriptional control of the α-1 antitrypsin (AAT) liverspecific promoter fused to the albumin enhancer (EAlb) (Figure 16A). In the case of the AAVHBV vector, it was constructed by the insertion of 1.3x copies of the HBV genome (genotype D,
serotype ayw) (Figure 16B). Then, the AAV genomes were packaged in hepatotropic AAV
serotype 8-capsids (AAV8). The beauty of the AAV-based model is that the genome carried by
the vector can be easily manipulated and HDV can be delivered to different transgenic animal
models to perform mechanistic studies to characterize the disease.
The co-injection of AAV8-EAlb/AAT-HDV and AAV-HBV in WT C57BL/6 mice resulted in HDV
viral replication in the liver of mice (genome and antigenome formation) for at least 45 days. In
addition, antigenome editing occurred as shown by next-generation sequencing and the
presence of HDV large antigen. Importantly, for the first time in a murine model, it was shown
that HDV-HBV “co-infection” induced the development of liver damage, as seen in a natural
infection, demonstrated by the elevation of liver transaminases and alteration of liver
histology. Furthermore, this animal model showed that MAVS is a key player in HDV-mediated
induction of IFN type I response120.
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Figure 16: Schematic representation of the pAAV-EAlb/AAT-HDV and pAAV-HBV constructs. AAV
genomes were packaged in AAV8 capsids to deliver the viral genomes into mouse hepatocytes. A) 1.2x
copies of the HDV genome were inserted under the transcriptional control of th e EAlb/AAT promoter.
B) AAV-HBV was constructed by the insertion of 1.3x copies of the HBV genome of genotype D.
EAlb/AAT: enhancer of albumin/ α-1 anti-trypsin promoter;

12. Mechanism of HDV-mediated liver pathology
In comparison with HBV-mono-infection, HBV/HDV co-infection leads to more severe liver
damage. Despite the severity of the disease, the cellular mechanism/s underlying the liver
injury has/have not yet been fully characterized. Clinical observations initially suggest that
hepatitis D promotes mostly an immune-mediated disease process. Thus, HDV-associated liver
damage was thought to be immune-dependent like in HBV and HCV infections132. In line with
this hypothesis, the analysis of liver biopsies of chronic HDV patients revealed that HDV
replication was found to be associated neither with biochemical and histological markers of
disease, indicating that HDV is not a direct cytopathic virus140.
However, other authors have attributed to HDV a direct cytopathic effect. Concerning this
hypothesis, it was found a correlation between nuclear HDAg expression and the appearance
of histopathological changes in the hepatocytes, such as small-droplet steatosis and necrotic
cells141. Moreover, these hepatocytes were accompanied by many macrophages and
lymphocytes141. The role of HDV in the pathology was strengthened by the correlation
between serum ALT levels and the extension of the HDAg-stained area in liver sections of
infected chimpanzees. Those animals presented large numbers of macrophages and no
alterations in the number of intrahepatic lymphocytes. Therefore, the authors suggested two
hypotheses to explain the mechanism of HDV-induced liver damage: 1) HDV induces directly a
cytotoxic mechanism, or 2) macrophages are effective mediators of tissue injury142.
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Thanks to further studies in HepG2 cells, the cytopathic effect of HDV was mainly attributed to
S-HDAg, at least during the acute phase of HDV infection, since cells expressing the small
isoform showed cellular alterations and a reduction in cellular RNA synthesis, suggesting that
the recruitment of host RNA polymerases by S-HDAg could impair biological functions143.
Furthermore, the same authors found that RNA-editing and the appearance of L-HDAg results
in down-regulation of HDV replication that seems necessary for cell survival143.
Despite the potential role of L-HDAg in regulating S-HDAg-induced cytotoxicity, it also
promotes the chronicity of HDV infection and the inflammatory response. Studies performed
in Huh-7 cells have shown that L-HDAg activates signal transducer and activator of
transcription (STAT) 3 and NF-κB via TNF-α stimulation144, and the TGF-β pathway145, which
overexpression contributes to the promotion of liver fibrosis and later cirrhosis146.
Therefore, experimental models of the acute phase of HDV infection usually reflect a strong
tissue injury correlating with a high replicative rate61, while chronic infections result in the
development of HCC more frequently due to the favored expression of L-HDAg147. In line with
these results, livers from chronic HDV patients show an increased ratio of L-HDAg/S-HDAg,
compared with acute HDV patients148.
As previously indicated, the mouse model based on the use of AAV8 vectors to deliver both
HBV and HDV genomes was the first system that has recapitulated several important features
of the acute HDV infection observed in patients120, such as transaminase elevation, lobular
inflammation, cytoplasmic swelling, mitotic figures, and sanded nuclei, that were not observed
in AAV-HBV mice. Furthermore, microarray analysis of liver sections revealed that AAVHBV/HDV injected mice presented a significant alteration of the expression of genes
associated with the induction of liver damage, necrosis, and cell death, inflammation,
proliferation, fibrosis, and cirrhosis, all of which were not observed in AAV-HBV injected
animals.
Using this animal model, the role of T-, B- and NKT cells in the pathology was determined by
administering AAV-HBV/HDV vectors to RagB6 mice, but none of these cells was found to be
essential for the induction of liver damage since transaminases levels were similar to those
obtained in C57BL/6 mice133.
Furthermore, pro-inflammatory cytokines such as IFN-gamma (IFN-γ), transforming growth
factor-beta (TGF-β), and tumor necrosis factor-alpha (TNF-α) were found to be overexpressed
upon AAV-HDV administration. These pro-inflammatory cytokines were also found to be
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released by human macrophages when incubated with extracellular vesicles (EVs) derived
from PHHs, Huh-7-hNTCP, and HepG2-hNTCP cells infected with HDV149.
Thanks to the use of this model, we determined that TNF-α plays a major role in HDV-induced
liver damage since the inhibition of the TNF-α signaling pathway ameliorates the liver
disease133. With this experiment, TNF-α was identified as a critical factor in HDV-pathogenesis
and its inhibition could be considered as a therapeutic option to ameliorate liver injury in
acute-HDV patients.
Due to the potential clinical translation of these findings, it is essential to understand which
viral component elicits TNF-α expression and hence, exacerbates HDV-induced pathology, and
which host cell/s (hepatocytes or immune cells) are responsible for the TNF-α production upon
HBV/HDV coinfection.
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Hypothesis & Objectives

1. Hypothesis
Based on previous results we hypothesize that HDV replication induces the production of TNFα by infected hepatocytes or by liver immune cells and that the HDAgs play a significant role in
the HDV-induced pathology. A deeper analysis of the mechanisms implicated in the liver
damage promoted by the HDAgs, their post-translational modifications, and their intracellular
localization could help to identify more effective strategies to treat HDV-infected patients.

2. Objectives
This research project aimed to identify the main viral and host factors involved in the induction
of hepatocyte damage and liver inflammation in the AAV-HBV/HDV mouse model.
The specific goals were:
I.

To identify the main cell source of TNF-α production in livers of AAV-HBV/HDV coinfected mice.

II.

To determine the relevance of HDAgs in HDV pathogenesis

III.

To examine the involvement of HDAgs post-translational modifications and HDAgs
subcellular localization in the exacerbation of HDV-induced liver damage.
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Materials & Methods

1. Materials
1.1 Primers for cloning
The names and sequences of all primers used for the generation of HDV mutants are listed in
Table 1.
HDV Mutant

Primer

Sequence

Kit

Fw 1

5’-ACTCCGGACCTGGGAAGAGGCCTCTCAGGGGAGGATTCAC -3’

Rv 1

5’-AGTATATCTTATGGAAATCCCTGGTTTCCC-3’

Fw 2

5’-TCCATAAGATATACTCTTCCCAGCCGA-3’

Rv 2

5’- GAGCAGCGCTGCTCGAGGCAAGCTTGCATGCCTGCAGGTC -3’

Fw 1

5’-ACTCCGGACCTGGGAAGAGGCCTCTCAGGGGAGGATTCAC -3’

Rv 1

5’-AGTATATCCCATGGAAATCCCTGGTTTCCC-3’

Fw 2

5’-TCCATGGGATATACTCTTCCCAGCCGA-3’

Rv 2

5’- GAGCAGCGCTGCTCGAGGCAAGCTTGCATGCCTGCAGGTC -3’

Fw 1

5’-GGGGGCGGAACACCCACCGGCTAGCCCCGTTGCTTTCTTT -3’

Rv 1

5’-CCGGCTTTACTCGGCTAGAGGCGGCAGTC-3’

Fw 2

5’-CCGCCTCTAGCCGAGTAAAGCCGGTCCGAGTCG-3’

Rv 2

5’-CGACTCGGACCGGCTTTACTCGGCTAGAGGCGG-3’

Fw 3

5’- ATAAGGTAAGAGAGGGGGCTCCCCCGGCG-3’

Rv 3

5’- GTTCCTCTTCTTCCTCCTTGCTGAGGTTCTTGCCTCCC-3’

Fw

5’-TTTTCTCCCCAGAGTTCTCGACCCCAGTGAATAAAG-3’

Rv

5’-CTTTATTCACTGGGGTCGAGAACTCTGGGGAGAAAA-3’

HDV-∆L-HDAg

HDV-∆S-HDAg

HDV-∆HDAg

HDV-NPrLHDAg

HDVSer177Ala

HDVSer177Asp

HDV∆Ribozyme

Fw 1

5’-ACTCCGGACCTGGGAAGAGGCCTCTCAGGGGAGGATTCAC -3’

Rv 1

5’-TCCGAGAGAAGGGGGCCTCCGGGA-3’

Fw 2

5’-AGGGAGTCCCGGAGGCCCCCTTCTCTC-3’

Rv 2

5’- GAGCAGCGCTGCTCGAGGCAAGCTTGCATGCCTGCAGGTC -3’

Fw 1

5’-ACTCCGGACCTGGGAAGAGGCCTCTCAGGGGAGGATTCAC -3’

Rv 1

5’-GGTCCGAGAGAAGGGGTCCTCCGGGA-3’

Fw 2

5’-AGGGAGTCCCGGAGGACCCCTTCTCTC-3’

Rv 2

5’- GAGCAGCGCTGCTCGAGGCAAGCTTGCATGCCTGCAGGTC -3’

Fw 1

5'-CAAAGAATTGGGATTCGAACATCGATTGAATTCCCCGGGGA-3'

Rv 1

5'-TCTTACCTGATGGGGCTCATGGTCCCA-3'
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 SDM

(InFusion
Cloning)

SDM
(InFusion
Cloning)

SDM
(InFusion
Cloning)

SDM
(QuikChange
II)

SDM
(InFusion
Cloning)

SDM
(InFusion
Cloning)

SDM
(InFusion

Materials & Methods
Fw 2

5'-GAGGCTGGGACCATGAGCCCCATCAGGTAA-3'

Cloning)

Rv 2

5'-AGCAAAGAAAGCAACGGGGCTAGCCGGTGGGTGTTC-3'

Fw 1

5’-GGGGGCGGAACACCCACCGGCTAGCCCCGTTGCTTTCTTT-3’

Rv 1

5’-TCGCCGGGGGAGCCCCTGCTCCATCCTTATCCTT-3’

Fw 2

5’-AAGGATAAGGATGGAGCAGGGGCTCCCC-3’

Rv 2

5’- GAGCAGCGCTGCTCGAGGCAAGCTTGCATGCCTGCAGGTC -3’

Fw 1

5’-ACTCCGGACCTGGGAAGAGGCCTCTCAGGGGAGGATTCAC -3’

Rv 1

5’- TGGGGAGAAAAGGGTGCATCGGCT-3’

Fw 2

5’-TCTTCCCAGCCGATGCACCCTTTTCT-3’

Rv 2

5’- CTCTCGAGCAGCGCTGCTCGAGGCAAGCTT-3’

SDM
(InFusion
Cloning)

HDAg-∆NLS

HDAg-∆NES

SDM
(InFusion
Cloning)

Table 1: Description of the primers used for cloning the i ndicated HDV mutants

1.2 Primers for quantitative PCR
The names, sequences and specie-specificity of all primers used in this thesis for qPCR analysis
are listed in Table 2.
Name

Sequence

Specie

Fw HDV

5'-GGACCCCTTCAGCGAACA-3'

Rv HDV

5'-CCTAGCATCTCCTCCTATCGCTAT-3'

Fw GAPDH

5'-TGAACCACCAACTGCTTA-3'

Rv GAPDH

5'-GGATGCAGGGATGATGTTC-3'

Fw IFN-β

5'-ATGAGTGGTGGTTGCAGGC-3'

Rv IFN-β

5'-ACCTTTCAAATGCAGTAGATTCA-3'

Fw IFN-γ

5'-TCAAGTGGCATAGATGTGGAAGAA-3'

Rv IFN-γ

5'-TGGCTCTGCAGGATTTTCATG-3'

Fw TGF-β

5'-TGGAGCAACATGTGGAACTC-3'

Rv TGF-β

5'-CAGCAGCCGGTTACCAAG-3'

Fw TNF-α

5'-ACGTGGAACTGGCAGAAGAG-3'

Rv TNF-α

5'-CTCCTCCACTTGGTGGTTTG-3'

Fw IL-1β

5'-CGGCACACCCACCCTG-3'

Rv IL-1β

5'-AAACCGCTTTTCCATCTTCTTCT-3'

Supplier

HDV

SigmaMouse
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Fw IL-6

5'-CTGCAAGAGACTTCCATCCAGTT-3'

Rv IL-6

5'-GAAGTAGGGAAGGCCGTGG-3'

Fw GAPDH

5’-GGTCGGAGTCAACGGATTT-3’

Rv GAPDH

5’-CCAGCATCGCCCACTTGA-3’

Fw IFN-β

5’-AAACTCATGAGCAGTCTGCA-3’

Rv IFN-β

5’-AGGAGATCTTCAGTTTCGGAGG-3’

Fw MxA

5’-GGTGGTGGTCCCCAGTAATG-3’

Human

Rv MxA

5’-ACCACGTCCACAACCTTGTCT-3’
Table 2: Description of the primers used for quantitative PCR

1.3 Antibodies
The names, source, application and dilution of the antibodies used in this thesis are listed in
Table 3.
Target

Produced in

Application

Supplier

α-HDAg

Human

WB/IF

BioBank UNAV

α-actin

Rabbit

WB

Sigma-Aldrich

A2066

1:2500

α-GAPDH

Mouse

WB

Sigma-Aldrich

G8795

1:5000

α-EGFR

Rabbit

WB

Merk Milipore

06-847

1:1000

α-Histone2A

Rabbit

WB

Cell Signaling

2595

1:1000

α-CD45

Rat

IHC

BioLegend

103101

1:2000

α-CD4

Rabbit

IHC

Abcam

Ab183685

1:1000

α-CD8

Rabbit

IHC

Cell Signaling

98941

1:400

α-cleaved Casp3

Rabbit

IHC

Cell Signaling

9661

1:200

α-human

Rabbit

WB

Dako

P0214

1:3000

α-mouse

Horse

WB

Cell Signaling

7076P2

1:5000

α-rabbit

Goat

WB

Cell Signaling

7074S

1:5000

Rabbit

IF

Dako

P0214

1:3000

α-F4/80

Rat

IHC/ IF

Biolegend

123102

1:40000 IHC / 1:10000 IF

α-rat

Rabbit

IF

Vector

BA4001

1:200

α-humanAlexaFluor 488
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Dilution
1:10000 WB / 1:2500 IF
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α-rabbit-Alexa
647

Donkey

Thermo Fisher

IF

Scientific

A32795

1:200

Table 3: Description of the antibodies used in Western Blot (WB), immunofluorescence (IF) and
immunohistochemistry (IHC).

1.4 Commercial kits
o

In-Fusion Cloning Kit (TaKaRa Bio Group, California, USA)

o

QuikChange II Site-Directed Mutagenesis Kit (Agilent, California, USA)

o

BCATM Protein Assay Kit (Pierce, Rockford, USA)

o

NucleoSpin® Plasmid kit (Macherey-Nagel, Düren, Germany)

o

NucleoBond® Xtra Maxi Kit (Macherey-Nagel, Düren, Germany

o

Subcellular Protein Fractionation Kit (Thermo Fisher Scientific, North Carolina, USA)

o

ACD RNAscope® Fluorescent Multiplex Kit (Advanced Cell Diagnostics, California, USA)

1.5 Cell lines
HepG2 (ATCC® HB-8065™), Huh-7 (ATCC® PTA-4583), and HEK293 cells (ATCC® CRL-1573™)
were cultured in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine
serum, 2 mM L-glutamine, 50 U/ml penicillin, and 50 μg/ml streptomycin. HepG2-hNTCP cell
line was a kind gift from Dr. Urban. The culture medium was supplemented with puromycin at
a final concentration of 5 μg/ml. Huh-7.5.1-hNTCP cell line was a kind gift from Dr. Garaigorta
and they were culture in Dulbecco’s modified Eagle’s medium supplemented with 5 μg/ml of
blasticidin. All cell lines were maintained at 37°C with 5% CO2 and 95% relative humidity (Table
4). For infection assays, cells were cultured with Dulbecco’s modified Eagle’s medium
supplemented with 2% fetal bovine serum.
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Name

Supplier

HepG2

ATCC

Application
Transfection

HepG2-hNTCP

Kindly provided by Dr. S.Urban

HBV/HDV infection

Huh-7

ATCC

Transfection

Huh-7.5.1-hNTCP

Kindly provided by Dr. Garaigorta

HBV/HDV infection

HEK-293T

ATCC

AAV production

Table 4: Description of the cell lines used for each application.

2. Methods
2.1 Site-directed mutagenesis (SDM)
Site-directed mutagenesis (SDM) was handled using the TaKaRa In-Fusion Cloning Kit except
for the HDV-NPrL-HDAg plasmid that was carried out using QuikChange II Site-Directed
Mutagenesis.
TaKaRa In-Fusion Mutagenesis Method: The mutagenesis was performed following the
manufacturer’s instructions. Briefly, four oligonucleotides were designed for each HDV
mutant, except for the HDV-∆HDAg mutant that required six oligonucleotides since it was
necessary to introduce two mutations. Then, 10ng of the HDV plasmid DNA was used for the
amplification of the new mutated inserts. In parallel, the plasmid was digested with the
appropriate restriction enzymes. The empty vector obtained after the enzymatic digestion and
the PCR products were purified and ligated for 15 min at 50°C. Subsequently, Stellar
competent cells were transformed by heat shock, and the obtained clones were sequenced to
verify the absence of undesired mutations.
QuikChange II Mutagenesis Method: two mutagenic oligonucleotide primers were
designed to produce the HDV-NPrL-HDAg mutant as recommended in the QuikChange™
manual (Agilent, #200524). For the PCR amplification, 50ng of the HDV-encoding plasmid,
125ng of primer Forward (Fw), 125ng of Primer Reverse (Rv), 1 μl of dNTP mix, 3 μl of
QuikSolution and 1 μl of PfuUltra High Fidelity (HF) DNA polymerase (Agilent, #600380) were
mixed at a final volume of 50 μl. Then, 10 μl of the PCR product was run in an agarose gel to
check the quality of the reaction. To remove the methylated DNA plasmid (in this case, the
non-mutated HDV plasmid), 1 μl of the DpnI restriction enzyme was added to the reaction
product and was incubated at 37°C for 1 hour. Finally, the PCR product was electroporated on
One Shot® Top10 Electrocomp™ E. coli (Thermo Fisher Scientific, #C404052).
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Then, bacteria were spread in LB-Agar plates containing ampicillin. The individual colonies
were amplified by incubating in 3 mL of LB medium overnight at 37°C. Plasmid DNA was
purified using the NucleoSpin® Plasmid kit (Macherey-Nagel, #740588) and the positive
colonies were identified by restriction enzyme digestion. Then, the DNA plasmids were
sequenced to verify the introduction of the correct mutation and to discard undesired
mutations.
Finally, a single colony was amplified in 250-500 ml of LB supplemented with ampicillin and
grown overnight at 37°C with shaking. Cells were harvested by centrifugation in polypropylene
centrifuge bottles (Beckman, #356011) at 6000rpm at 4°C for 15 min. Plasmid DNA was then
purified using the NucleoBond® Xtra Maxi Kit (Macherey-Nagel, #740414).

2.2 DNA Transfection
For transfection, HepG2 and Huh-7 were used at a confluence of 80-90%. The day of
transfection, the culture medium was replaced by Opti-mem. Briefly, Lipo-3000
(Lipofectamine) and Opti-mem were mixed, vortexed, and incubated for 5 min at room
temperature (RT) (reaction mix A). In parallel, the DNA plasmid, the P3000 reagent, and Optimem were also mixed, vortexed, and incubated for 5 min at RT (reaction mix B). Then, mix A
and B were mixed, without vortex, and incubated for 15 min at RT. After that time, the
transfection mix was added drop by drop (Figure 17).

Figure 17: Schematic representation of the DNA transfection protocol.
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Between 4 and 6 hours after adding the transfection reagents, fresh DMEM 10% FBS was
added on the culture plates without removing the medium. Finally, the day after transfection,
the culture medium was removed, and the cells were washed before adding fresh DMEM 10%
FBS. The volume of each compound depends on the culture-plate size (summarized in Table 5).
6-well

12-well

24-well

96-well

Seeded cells

350000

200000

80000

10000

Opti-Mem (μl)

125

62,5

25

5

Lipofectamine™ 3000 (μl)

3,75

2

0,75

0,15

Opti-Mem (μl)

125

62,5

25

5

DNA (μg)

2,5

1.25

1

0,2

P3000™ Reagent (μl)

5

2.5

2

0,4

Table 5: Transfection conditions for the indicated culture plates.

2.3 Protein extraction and quantification
RIPA Buffer (0.75M NaCl, 5% of Tris 1M pH 8, 0.1% SDS, 1% Triton X-100, 0.5% sodium
deoxycholate diluted in water) was supplemented before each use with 1mM sodium
orthovanadate, 1mM PMSF, 1mM sodium pyrophosphate and protease inhibitor cocktail. Cell
pellets were resuspended and incubated for 30 min at 4°C on a shaker with the RIPA lysis
buffer and centrifuged at 13000 for 20 min at 4°C. Supernatants were collected in new tubes
and the protein concentration was calculated using the Pierce BCA Protein Assay Kit (Thermo
Fisher Scientific, #23225).

2.4 Subcellular fractionation
Cells were washed with PBS, treated with Trypsin-EDTA to detach the cells, complete medium
added, and cells harvested. Cells are then centrifuged for 5 min at 500g and 4°C. Cells were
quantified and 1e6 were employed for the subsequent fractionation with the Subcellular
Protein Fractionation Kit (Thermo Fisher Scientific, #78840). First, cells we incubated shaking
for 10 min at 4°C with the Cytoplasm Extraction Buffer (CEB), and after centrifugation of 5 min
at 500g and 4°C, the supernatant was collected into a new tube. Then, a washing step with PBS
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was performed to avoid cytosolic contamination in the following steps. Subsequently, the
pellet was incubated in Membrane Extraction Buffer (MEB) and centrifuged at 3000g for 5 min
at 4°C. Then, the supernatant containing membrane-bound proteins was collected. Next, to
isolate nuclear soluble proteins, the pellet was incubated at 4°C for 30 min with the Nuclear
Extraction Buffer-1 (NEB1) and centrifuged for 5 min at 5000g and 4°C. The resulted
supernatant was collected and the NEB2 reagent was added to the pellet for chromatin-bound
proteins isolation. In this case, incubation of 5 min at 37°C was performed prior to the
centrifugation at 16000g for 5 min at 4°C. To assess protein localization, 10µl of each fraction
were incubated with Loading Buffer and loaded into 8% and 12% SDS-polyacrylamide gels.

2.5 Immunofluorescence (IF)
Cells were washed once with PBS, fixed with cold 4% formaldehyde (freshly prepared from
methanol-free 16% formaldehyde, Thermo Scientific, #28908) for 15 min at RT, and washed
again three times with PBS. For intracellular staining, cells were permeabilized with 0.1% Triton
X-100 in PBS for 15 min at RT and, washed three times with PBS, and blocked with 5% BSA in
PBS-0.1% tween for 30 min at 37°C. Next, cells were incubated for 30 min at 37°C with the
primary antibody anti-HDAg at dilution 1:2500. After washing three times, the secondary
antibody (anti-human Alexa-Fluor 488, Dako #P0214) was added for 30 min at 37°C diluted
1:3000 in PBS, and protected from light. Finally, coverslips were mounted in microscope slides
using a mounting medium with DAPI for fluorescent labeling (Vector Laboratories, #H-1200).
Then, fluorescent samples were analysed with a confocal microscope (Zeiss LSM 880 NLO) at
40x, 63x and 100x of magnification.

2.6 Determination of HDV Infectious Particles
To determine HDV infectious particles, HepG2-hNTCP or Huh-7.5.1-hNTCP cells were seeded in
BD FalconTM Culture Slides (8-well, BD Biosciences, US, #345118) or in 6- or 12-wells plate with
a coverslip, were incubated 24 hours with HBV/HDV-containing cell supernatants. The day
after, supernatants were removed, and cells were washed with fresh PBS. Then, cells were
maintained with fresh medium changed every 2 days until 7 days post-infection. At this time
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point, cells were incubated 15 min at RT with 4% PFA, and HDAg expression was assessed by
immunofluorescence, as described above.

2.7 Western Blot
After cell/liver protein extraction and quantification, 20-30μg of each extract were mixed with
an SDS-PAGE loading buffer (70% Tris HCl pH 6.8, 30% glycerol, 0.35M SDS, 0.6M DTT, 0.18mM
Bromophenol Blue) and boiled for 5 min at 95°C. Samples were loaded on 12% SDSpolyacrylamide gels of 1.5mm and electrophoresis was performed for separating proteins. 5ul
of Precision Plus Protein™ Dual Color Standard (BioRad, #161-0394), ranging from 10kDa to
250kDa, was used to determine protein size.
Subsequently, the resolved proteins were transferred to a nitrocellulose membrane (Bio-Rad
#162-0112) by wet electroelution at 80V for 1 hour and 15 min and then, the membranes were
blocked during 1h at RT with 5% milk in Tris-buffered saline (TBS) with 0.1% Tween 20. Primary
antibodies were applied overnight while shaking at 4°C. Next, the membranes were washed 3
times with TBS-Tween and then, blots were probed with horseradish peroxidase (HRP)conjugated secondary antibody at RT for 1h. Signals were detected using SuperSignalTM Femto
Maximum Sensitivity Substrate (Thermo Fisher Scientific, #34095) in the Odyssey CLx nearinfrared Fluorescence Imaging System. Finally, the band intensity was measured by
densitometry with the Image Studio™ Lite Software.

2.8 Generation of AAV particles
2.8.1 AAV production
HEK293T cells were used as packaging cells. The constructs containing the recombinant AAV
genomes were transfected together with the helper plasmid pDP8.ape (Plasmid Factory,
#PF478) that provides the genes requires for the replication and AAV encapsidation. The
transfection was carried out using poly-ethyleneimine (PEI, Sigma-Aldrich, #408727). Cells
were incubated for 72 hours and during this time the viral particles were assembled inside the
packaging cells. Cells were collected in lysis buffer (50 mM Tris, 150 mM NaCl, 2 mM MgCl 2,
0.1% Triton X-100) and various freeze-thaw cycles were performed to release the viral
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particles. Cell debris was eliminated by centrifugation. The supernatant of the cells was
collected and incubated in 8% poly-ethylene glycol (PEG-800, Sigma-Aldrich, #P5416) for 48-72
hours to precipitate the particles. The supernatant was centrifuged, and the pellet was
resuspended in lysis buffer. Cell lysate and precipitated supernatant were mixed and treated
with 0.1mg/plate of DNaseI (Roche, #10104159001) and RNaseA (Roche, #10109169001) for 1
hour at 37°C.

2.8.2 AAV purification
The viral particles were purified by ultracentrifugation in iodioxanol (OPTIPREP, Atom,
#415468) gradient. Different iodioxanol concentrations were prepared and added to an
ultracentrifuge tube (Beckman, #344326). Some of the solutions contained phenol red to
facilitate the localization of the vector band. After sealing, the tubes were centrifuged at
69.000 rpm for 2.5 hours at 16°C. The viral particles were packed in the 40% iodioxanol
solution. An 18-19G gauge needle was employed to collect the virus, which was purified and
concentrated using Amicon 100K columns (MERK Millipore, #UFC910008).

2.8.3 AAV titration
The titer of the vector was calculated by qPCR. Viral DNA was extracted using the High Pure
Viral DNA Kit (Roche, #11858874001) following the manufacturer’s instructions. The vector
titer was calculated by qPCR using specific primers for the inverted terminal repeat (ITR)
sequence and a plasmid standard curve. The titer was calculated as viral genomes/ml (vg/ml).

2.9 Mouse model: Manipulation and Procedures
2.9.1 Animal Protocols
C57BL/6 mice were purchased from Harlan Laboratories (Barcelona, Spain). RagB6 (Rag1 KO)
mice, on a C57BL/6 background, were bred and maintained at the animal facility of the
University of Navarra. Six- to eight-week-old male mice were used in all experiments. Mice
were kept under controlled temperature, light, and pathogen-free conditions. For all
procedures, animals were anesthetized by intraperitoneal (i.p.) injection of a mixture of
xylazine (Rompun 2%, Bayer) and ketamine (Imalgene 50, Merial) 1:9 v/v or by isoflurane
inhalation. Blood collection was performed by submandibular bleeding, and serum samples
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were obtained after centrifugation of total blood. Animals were euthanized by cervical
dislocation after being anesthetized at the indicated time points. Liver samples were collected
for histological analysis and nucleic acid and protein extraction. The experimental design was
approved by the Ethics Committee for Animal Testing of the University of Navarra (Ethical
protocol 132/19).

2.9.2 Vector administration
The animals received the vectors intravenously diluted in saline solution (Braun, #651860) in a
final volume of 100 μL/mouse under inhalatory anesthesia. All mice received 5x10 10 viral
genomes of the corresponding AAV vector (AAV-HBV, AAV-HDV WT, AAV-HDV-∆L-HDAg, AAVHDV-∆S-HDAg, AAV-HDV-∆HDAg, AAV-HDV-NPrL-HDAg, AAV-HDAg-∆NLS, and AAV-HDAg∆NES).

2.9.3 Extraction and processing of samples
Blood samples were obtained at different time points after AAV infections before the
euthanasia from the suborbital venous plexus. Serum was obtained by allowing the blood to
clot for at least 20 min at RT incubation, followed by centrifugation for 15 min at 3.000 rpm.
The serum was stored at -20°C until its analysis.

2.9.4 Euthanasia and necropsy
All animals were sacrificed by cervical dislocation under isoflurane inhalation. During the
necropsy, livers were extracted from the animals. All the samples were frozen in liquid
nitrogen fixed in 4% paraformaldehyde (PFA) or cryopreserved in Optimal Cutting Temperature
(OCT) compound for histological examination.

2.10 Tissue processing
2.10.1 Isolation of total DNA and RNA and RT
Total DNA from liver samples and cell lines was isolated using the Nucleo Spin Tissue ™ kit
(Macherey-Nagel) according to the manufacturer’s instructions. Total RNA from liver samples
was isolated using TRI Reagent® (Sigma, #T9424) according to the manufacturer's instructions.
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2.10.2 RT-qPCR
Total RNA was pre-treated with DNAse I using the TURBO DNAfree ™ Kit (Ambion, #1908) and
retro-transcribed into complementary DNA (cDNA) using M-MLV reverse-transcriptase
(Invitrogen, #28025013). Each cDNA was diluted with nuclease-free water to a final
concentration of 50ng/4.6µl for the analysis of viral genomes and gene expression by
quantitative PCR (qPCR). Then, qPCR was performed using iQ SYBR Green Supermix (BioRad) in
a CFX96 Real-Time Detection System (BioRad).
Relative quantification of expression levels was calculated using the comparative ∆Ct method
and normalized against the constitutively expressed GAPDH gene. The Ct, defined as the PCR
cycle at which a statistically significant increase of the reporter fluorescence is detected and
used for measurements of the starting copy number of the target gene. The relative value for
the expression level of each gene was calculated by the equation Y = 2 -∆∆Ct, where ∆Ct is the
difference between control and target products (∆Ct = Cttarget

gene

– CtGAPDH, and ∆∆Ct =

∆Ctexperimental group - ∆Ctcontrol group. The calculated relative expression values were compared to the
values of the control group.

2.10.3 Isolation of total protein and quantification
Tissue portions were homogenized by mechanical disruption using RIPA buffer containing
1mM sodium orthovanadate, 1mM PMSF, 1mM sodium pyrophosphate and protease inhibitor
cocktail. After 30 min of incubation at 4°C in a shaker, liver samples were ultra-centrifuged at
75000 rpm for 20 min at 4°C in a Hitachi Micro Ultracentrifuge CS 150NX.

2.11 Measurement of biochemical parameters in serum
Alanine aminotransferase (ALT), aspartate aminotransferase (AST) and alkaline phosphatase
(ALP) serum levels were analysed with the Cobas C311 Autoanalyser (Roche Diagnostics).
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2.12 Histology and Immunohistochemistry (IHC)
Hematoxylin & Eosin (H&E): Liver sections were fixed with 4% paraformaldehyde (PFA),
embedded in paraffin, sectioned (3 μm), and stained with hematoxylin and eosin. Sections
were mounted and analysed by light microscopy for histologic evaluation.
Immunohistochemistry (IHC): the first steps were the same as for the H&E staining. Then, a
step of antigen retrieval was performed that consisted of incubation for 30 min at 95°C in 0,01
M Tris-1 mM EDTA pH 9. Subsequently, primary antibodies were incubated ON at 4°C. After
rinsing in TBS-T, the sections were incubated with the corresponding secondary antibodies for
30 min at RT. Peroxidase activity was revealed using DAB+ and sections were lightly
counterstained with Harris hematoxylin. Finally, slides were dehydrated in graded series of
ethanol, cleared in xylene and mounted with Eukitt (Labolan, #28500).
Image acquisition was performed on an Aperio CS2 slide scanner using ScanScope Software
(Leica Biosystems). The image analysis was performed using a plugin developed for Fiji, ImageJ
(NIH, Bethesda, MD).

2.13 Measurement of Nuclear Diameter and HDAgpositive hepatocytes
Nuclear diameter of mice injected with AAV-HDV vectors were measured from H&E images
using the Aperio Image Scope v12.3 software with the ruler tool, at 20x magnification, and at
least 200 nuclei/group were quantified.
HDAg-positive hepatocytes were measured with the ImageJ software using HDAg IHC images
taken at 10x magnification. The data was represented as a percentage of HDAg-positive
hepatocytes divided by the total number of hepatocytes countered in tissue sections.

2.14 Multiplex Fluorescence RNA-In situ Hybridization
(RNA-ISH)
In situ Hybridization (ISH) was performed with the ACD RNAscope® Fluorescent Multiplex Kit
(Advanced Cell Diagnostics, USA) in liver sections of mice infected with AAV-HBV/HDV (WT or
mutants) at 21 days post-infection. Firstly, livers were cryopreserved in an OCT cryomold and
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were cutted in 10 μm-sections. Then, sections were fixed by incubating with fresh 4% PFA for
30 min diluted in PBS. After that, samples were washed 2x with fresh PBS and dehydrated by
incubating for 5 min in 50% EtOH > 70% EtOH > 100% EtOH > 100% EtOH. The EtOH solutions
were prepared immediately before the dehydration and were diluted in Ambion™ DEPCTreated water (Invitrogen, #AM9920) to avoid contamination with RNAses. When the EtOH
was completely evaporated, a hydrophobic barrier was created with the ImmedgeTM
hydrophobic barrier pen (Vector Laboratories, #H-4000). Then, samples were treated with
RNAscope® Protease IV for 30 min at RT. Next, sections were washed 2x with PBS and were
hybridized in the HybEZTM Oven for 2 hours at 40°C with the RNA probes indicated in Table 7.
After that, the slides were washed 2x with 1X Wash Buffer and were incubated with the
RNAscope® Detection Reagents to amplify the hybridization signals. Finally, the liver sections
were incubated for 30 seconds with DAPI and mounted with ProLong™ Gold Antifade
Mountant solution (Thermo Fisher, #P10144). Fluorescent samples were obtained using a LSM
880 (Zeiss, Jena, Germany) laser-scanning confocal microscope (Figure 18).

Figure 18: Schematic representation of the fundamentals of the In-Situ Hybridization (ISH) protocol
performed with the ACD RNAscope® Multiplex Kit. 1. Liver sections are fixed in 4% PFA and treated
with Protease IV. 2. Hybridization of 20 target -specific double Z probes. 3. Sequential hybridization of
amplifiers and label probes.

For RNA-ISH combined with IF to detect F4/80, 10 µM-sections of frozen livers were fixed
30min with 4% PFA followed by dehydration with EtOH solutions (as described for RNA-ISH).
Next, samples were treated with Protease IV during 30min and were hybridized with HDV
genome and TNF-α mRNA probes. In this case, the HDV antigenomes probe was not included
in the protocol to use the Alexa Fluor 647 dye for F4/80 staining. After the last incubation with
the RNAscope® Detection Reagents, α-F4/80 antibody was added diluted 1:10000 and
incubated overnight at 4°C. The day after, slides were washed 3 times with PBS and incubated
with the first secondary antibody anti-rat for 30min diluted 1:200, and after that with the
second secondary antibody anti-rabbit Alexa 647 for 1h at 1:200. Finally, the liver sections
were incubated for 30 seconds with DAPI and mounted with ProLong™ Gold Antifade
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Mountant solution (ThermoFisher, #P10144). Images of fluorescent samples were taken with
the LSM 880 (Zeiss, Jena, Germany) laser-scanning confocal microscope and the Vectra®
Polaris™ Automated Quantitative Pathology Imaging System (Perkin Elmer). Then, the
obtained images were quantified with an ImageJ Plugin developed by the Imaging Platform at
CIMA – Universidad de Navarra.

2.15 Statistical Analysis
Statistical analyses were performed using GraphPad Prism 8.0 software. The data are
presented as individual values ± standard deviation. Differences between groups were
analysed with one-way ANOVA followed by Bonferroni multiple-comparison test or by twoway ANOVA to analyse differences between groups at different time points. Pearson
correlation analysis was performed to calculate the correlation coefficient. Significance *P<
0.05, **P < 0.01, ***P < 0.001, ****P<0.0001).
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PART I:
Analysis of the TNF-α cell source in AAV-HBV/HDV
mice

Results: Part I

1. Detection of TNF-α mRNA and HDV genomes and
antigenomes in liver sections of AAV-HBV/HDV injected mice
As previously demonstrated, AAV-HBV/HDV coinfection leads to an increase in TNF-α
expression that is not observed in mice administered with the AAV-HBV vector alone133.
Moreover, AAV-HBV/HDV co-infected mice treated with Etanercept, which blocks the TNF-α
signaling pathway, showed a reduction of hepatocyte death and the subsequent reduction of
liver damage133. To further elucidate whether TNF-α is produced by HDV-infected hepatocytes,
HDV-uninfected hepatocytes, or by non-parenchymal liver cells, we used frozen liver sections
from AAV-HBV/HDV injected mice to perform multiplex RNA-Fluorescent-In Situ Hybridization
(RNA-FISH) with a set of probes designed to hybridize HDV genomic RNA (Figure 19A-F, green),
HDV antigenomic RNA (pink), and TNF-α mRNA (orange). Visualization of hybridized RNA
molecules was performed with confocal microscopy. First, a clear HDV genome signal was
detected in the hepatocytes. Since the transcriptional product of the AAV vector is the
antigenome, these data demonstrate that with this model the AAV-HDV is able to initiate very
efficiently HDV replication. Surprisingly, the antigenome is only detected co-localizing with the
genome or alone in a small number of cells. Moreover, some of the infected hepatocytes
showed a different distribution of HDV genome and antigenome within the nuclear
compartment (Figure 20C) as their synthesis takes place in different nuclear compartments46.
Based on cell/nuclear morphology we estimated that the majority of the TNF-α transcripts
were located in non-parenchymal liver cells (that could be cholangiocytes, stellate cells,
macrophages, or intrahepatic lymphocytes). Moreover, the number of HDV-positive
hepatocytes that produce TNF-α is very small. Additionally, we observed that TNF-α producing
cells are in close proximity to HDV-positive hepatocytes (Figure 19E) suggesting that TNF-α is
produced as a result of the interaction of HDV-infected hepatocytes and non-parenchymal
cells.
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Figure 19: Multiplex RNA-FISH was performed using the RNAscope® Fluorescent Multiplex Kit.
Frozen liver sections of AAV-HBV/HDV co-injected animals were obtained at 21 dpi and hybridized
with probes designed to bind single molecules of HDV genomic RNA (green), HDV antigenomic RNA
(pink), and TNF-α mRNA (orange). Nuclear DNA was labeled with Dapi ( blue). Each fluorescent dot
represents a single RNA molecule. A) Representative image of hybridized liver sections sh owing HDVpositive hepatocytes taken at 20x magnification. B) Representative i mage of cells expressing TNF-α. C)
HDV antigenome and HDV genome located in the nucleolus and nucleoplasm, respectively, in an HDV infected cell. D) Co-localization of HDV genomic and antigenomic RNA. E) Representative image of a
TNF-α-expressing cell close to an HDV-infected cell. F) Hepatocytes and/or immune cells producing
TNF-α mRNA. The signal was amplified with the amplification reagents of the RNAscope® Fluorescent
Multiplex Kit. Images C to F were taken with a confocal microscope and a 63x oil immersion objective,
and zoomed-in 2x for better visualization.

Then, to confirm whether the expression of TNF-α mRNA was independent on HBV infection,
despite no significant levels of TNF-α were detected by RT-qPCR, we performed a new ISH
using liver sections of AAV-HBV infected animals at 21 days post-infection (dpi). In this case,
we hybridized the samples with a set of RNA probes specifically designed to hybridize the
pregenomic HBV RNA in combination with probes to detect HDV genomic RNA and TNF-α
mRNA (Figure 20-B). The images showed clearly the presence of HBV RNA in those mice (red)
without any signal of TNF-α transcripts, suggesting that the induction of TNF-α in AAVHBV/HDV co-infected mice is related to HDV infection and independent on HBV at 21 dpi.
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Figure 20: Frozen liver samples of AAV-HBV infected mice were collected at 21 dpi and hybridized
with probes designed to detect HBV RNA, HDV genomic RNA and TNF -α mRNA using the RNAscope®
Fluorescent Multiplex Kit. HBV RNA molecules are detected as single red dots predominantly located
in the cytoplasm of HBV-infected hepatocytes. Neither HDV genomic RNA nor TNF-α mRNA were
detected in livers of AAV-HBV mono-infected animals. Images were taken
with
the
Vectra®
Polaris™ System at A) 5x magnification, and B) 20x magnification.

2. Identification of Macrophages as the main source of TNF-α
during AAV-HBV/HDV infection
Next, we wanted to determine which non-parenchymal cell was responsible for TNF-α
production. Attending to cell morphology and given the increased amount of macrophages and
more specifically pro-inflammatory macrophages133 normally observed in AAV-HBV/HDV
injected animals, and that this immune cell population is the principal source of TNF-α in the
liver150, we performed TNF-α mRNA and HDV genomic RNA ISH with IF to detect F4/80 protein,
a marker of monocyte-derived macrophages and Kupffer cells. As shown in Figure 21, TNF-α
mRNA co-localized mainly with F4/80-positive cells (white arrow) but also with HDV-positive
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hepatocytes (green arrow) and with other immune cells that were not macrophages (orange
arrow).

2µm

Figure 21: Representative image of RNA-FISH combined with IF against F4/80. HDV genomic RNA
(green) and TNF-α mRNA (orange) were hybridized in liver sections of AAV-HBV/HDV infected mice
followed by IF to detect F4/80 protein (pink) as a marker of monocyte-derived macrophages and
Kupffer cells. The image was taken with a confocal microscope and a 63x oil immersion objective.

Then, co-localization between HDV RNA, TNF-α mRNA, and F4/80-positive cells was quantified
to further identify the main cell population responsible for TNF-α production. As shown in
Figure 22, TNF-α transcripts were mainly localized in F4/80-positive cells (white arrow),
confirming that macrophages are the main source of TNF-α during HDV infection. More
specifically, macrophages represent a median value of 73.9% of cells expressing TNF-α RNA in
liver sections of mice infected with AAV-HBV/HDV vectors. Furthermore, few HDV-positive
hepatocytes also contained TNF-α mRNA, representing 6.4% of total TNF-α positive cells
(green arrow). Interestingly, 4.2% of total TNF-α-positive cells were also positive for HDV
genome and F4/80 protein. These HDV+ F4/80+ cells might represent phagocytosis of apoptotic
HDV-infected hepatocytes by macrophages, as an attempt of viral clearance. Another
possibility could be that EVs derived from HDV-infected hepatocytes, containing HDV
genomes, are uptaken by macrophages, as it has been recently reported using in vitro infection
models149, and that this process promotes their activation and the consequent TNF-α
expression. Another 15.5% of TNF-α-positive cells is represented by cells that are negative for
HDV genome and F4/80 protein and are mainly located within the focus of immune infiltrate,
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suggesting that other immune cells such as T cells, NK cells, or neutrophils, among others,
could contribute with TNF-α production.
A

B

Figure 22: RNA-FISH combined with IF was performed in liver sections of AAV-HBV/HDV WT injected
animals at 21 dpi to detect simultaneously HDV genomi c RNA, TNF-α mRNA, and F4/80. A)
Representative image of hybridized liver sections taking with the Vectra® Polaris™ Automated Imaging
System. Dapi staining is not presented for better visualization of the other channels. B) Classification
of TNF-α-positive cells based on an ImageJ plugin developed by the Imaging Platform at CIMA.

From these data, we conclude that macrophages are the main source of TNF-α production in
the liver of AAV-HBV/HDV treated mice. The mechanism by which HDV-positive hepatocytes
induce the activation of macrophages and the subsequent cytokine release is unknown
although we observed that in general there is a close proximity between them. Furthermore,
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our data also show that engulfment of apoptotic bodies derived from dying HDV-infected
hepatocytes and/or exosomes loaded with HDV RNA could be linked to TNF-α induction in
macrophages.
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In Vitro Characterization of HDV Mutants

Results: Part II
The goal of the second chapter of this thesis is to characterize the role of HDAgs, their posttranslational modifications as well as their subcellular localization during the HDV life cycle,
upon hepatocyte damage, and liver inflammation. In order to mechanistically dissect HDAg
functions, we generated by site-directed mutagenesis HDV mutants based on the AAV-HDV
recombinant genome. Firstly, the HDV mutants were characterized in cell culture and then,
administered to immunocompetent mice to investigate their effect on the HDV-induced liver
damage and liver inflammation.

1. HDV Replication and HDAgs Expression in the Human
Hepatic Cell Lines HepG2 and Huh-7
The HDV plasmid was constructed by the insertion of 1.2x copies of the HDV antigenome
(genotype 1) obtained from pDL456 plasmid (kindly provided by Professor John Taylor) under
the transcriptional control of the α-1 anti-trypsin liver-specific promoter fused to the albumin
enhancer (EAlb/AAT) (Figure 23). The transcriptional product of this plasmid is the HDV
antigenome RNA sequence. Thus, the detection of the HDV genome sequence will indicate
that the cells support HDV replication, and the expression of S- and L-HDAg will indicate proper
transcription and genome editing.

Figure 23: Schematic representation of the HDV plasmid. The HDV plasmid was constructed by the
insertion of 1.2 copies of the HDV genome under the transcriptional control of the EAlb/AAT
promoter. ITR: inverted terminal regions. EAlb/AAT: enhancer of the albumin/α1 -anti-trypsin
promoter. Poly(A): polyadenylated tail. AUG: start codon.

Then, we started with a comparative study between HepG2 and Huh-7 cells to determine
which of them was the most robust to support the HDV life cycle. Therefore, both cell lines
were transfected with equal amounts of a plasmid harboring 1.2 copies of the replicationcompetent HDV WT antigenome. Cells were collected at 1, 3, 7, 10, and 14 days posttransfection (dpt) for the analysis of HDV genomes and antigenomes, DNA levels of the HDVencoding plasmid, and HDAg expression (Figure 24).
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Figure 24: Experimental design of the comparative study between HepG2 and Huh -7 cells. Cells were
seeded the day before transfection, and fresh DMEM 10% FBS was added every 2 days until the end of
the experiment (14 dpt). At 7dpt, cells were trypsinized, split in a 1:3 ratio, and re-seeded in new
wells until 14dpt. Cells were collected at 1, 3, 7, 10, and 14 dpt for the quantification of HDAg
expression levels by WB and HDV genomes and antigenomes by RT -qPCR.

1.1 Analysis of HDV RNA
HDV RNA levels were analysed from days 1, 3, 7, 10, and 14 of the experiment to compare the
replicative capacity of the HDV genome in HepG2 and Huh-7 cells. Specifically, the number of
copies of the genomic and the antigenomic RNA strands were analysed by RT-qPCR.
In both cell lines, as expected, HDV antigenomes were detected 24 hours after plasmid
transfection due to the transcription of the shuttle plasmid. The levels of HDV antigenomes
were higher in HepG2 than in Huh-7 cells at 7 dpt while the situation was the opposite at 14
dpt (Figure 25A). Regarding HDV genomes, in HepG2 cells, they were detected from 7dpt and
similar levels were obtained at 14 dpt, while in Huh-7 cells HDV genome copies continued
increasing up to day 14 (Figure 25B). These data indicate that the HDV plasmid is able to
initiate HDV replication in both cell lines but, while in HepG2 cells the levels of HDV RNA
decrease with the passages, in Huh-7 the levels of both genome and antigenome increase.
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Figure 25: Analysis of HDV antigenomes and genomes in HepG2 and Huh-7 cells from 1 to 14 dpt.
A) HDV antigenomes were detected at 1 dpt in both cell lines since are the transcriptional product of
the shuttle plasmid. While the levels dropped in HepG2 cells, they continued increasing in Huh -7
cells indicating active replication of HDV. B) HDV genomes continue increasing at 14 dpt in Huh -7
but they dropped in HepG2 as it happened with HDV antigenomes. Statistical differences were
analysed by two-way ANOVA followed by Bonferroni’s multiple compar ison tests.

1.2 Analysis of the Presence of HDV Shuttle Plasmid
To further assess that the production of viral RNA was independent of the plasmid,
intracellular HDV DNA levels were analysed. The results are shown in Figure 26 and confirmed
the decrease of the plasmid along with the experiment. Therefore, it can be assumed that the
production of HDV RNA at later time points was due to viral replication and was independent
of the transfected plasmid.

Figure 26: Intracellular levels of HDVencoding plasmid. DNA HDV levels were
analysed by qPCR at 1, 3, 7, 10, and 14
dpt. The data indicate that the DNA
shuttle plasmid disappears as cells divide
meaning that HDV RNA levels are
independent of the plasmid.

1.3 Analysis of S-HDAg and L-HDAg Expression
Apart from the RNA and DNA analysis, proteins were extracted from the cells to detect the
expression of the viral antigens (Figure 27A-B). As a positive control for WB analysis of S-HDAg
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and L-HDAg expression, cells were co-transfected with S-HDAg- and L-HDAg-expressing
plasmids, under the transcriptional control of the EAlb/AAT promoter, and collected at 3 dpt.
No major differences in S-HDAg abundance were observed at days 1, 3, and 7 post-transfection
between the two cell lineages. However, at later time points (10 and 14 dpt), the L-HDAg was
detected only in Huh-7 cells, and its expression increased over time. Conversely, in HepG2
cells, undetectable amounts of the L-HDAg were found, and the expression of S-HDAg
diminished over time. This observation correlates with the drop in intracellular RNA HDV levels
in HepG2 cells. Thus, while Huh-7 cells support the continued replication and antigen
expression of HDV, the viral replication in HepG2 cells decreases over time and gene editing
does not occur or does in a very low levels since L-HDAg is undetectable by WB.

Figure 27: Western Blot detection of S- and L-HDAg in A) HepG2 and B) Huh-7 cells. 20ug of protein
extracts were loaded into a 12%-polyacrylamide gel and were immunoblotted with serum from an HDV
infected patient. Actin was employed to normalize protein levels. For the positive control, Huh -7 cells
were co-transfected with plasmids expressing the S-HDAg and L-HDAg and harvested at 3 dpt. We
used untransfected cells as a negative control (Neg) of HDAg expression.

These results showed that, in HepG2 cells, HDV genomes are lost with cellular passages. In
contrast, Huh-7 allowed robust and persistent HDV replication, since both S-HDAg and L-HDAg,
along with the viral RNA levels, increased throughout the experiment.

1.4 Analysis of type I IFN response
In order to understand the difference between these two types of cells and since it has been
recently reported that type I IFN strongly suppresses cell division-mediated spread of HDV
genomes28, we evaluated IFN-β and MxA gene expression in HepG2 and Huh-7 cells
transfected with equal amounts of the HDV WT plasmid at 1, 3, 7, 10, and 14 dpt. We found
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that the increase in HDV RNA levels induced a strong type I IFN response in HepG2 cells,
whereas IFN-β and MxA mRNA levels did not increase in Huh-7 cells since are defective in IFNproduction (Figure 28A-B). The activation of type I IFN response in HepG2 cells was peaked at
10 dpt and correlated with the decrease in HDV genomes and antigenomes and HDAg
expression in those cells. Therefore, our results indicate that IFN-β activation affects the
establishment of HDV life cycle probably by inhibiting HDV spread through cell division, while
in Huh-7 cells HDV replication can be established and HDV spread from cell to cell.

Figure 28: Activation of type I IFN response after HDV transfection was only observed in HepG2
cells. A) IFN-β and B) MxA gene expression was evaluated in transfected HepG2 and Huh -7 cells by RTqPCR.

In conclusion, with these results, we proceeded to use Huh-7 cells to continue with further
characterization of HDV wild type sequence and new HDV mutants, as these cells recapitulate
the main features of the HDV life cycle and support HDV replication during long-term
experiments.

1.5 Analysis of the intracellular localization of HDAgs
In order to analyse the localization of the viral antigens, HDAg IF was performed in HBV/HDVco-transfected Huh-7 cells at 7 and 14 dpt. At 7 dpt, the HDAgs were mainly present in the
nucleus whereas they translocated to the cytoplasm at 14 dpt, correlating with the increased
expression of L-HDAg that is the HDAg isoform that contains an export signal (Figure 29A).
Regarding the nuclear localization, HDAgs showed a predominant accumulation in the
nucleolus and in structures that resemble paraspeckles,

nuclear sites with a high

transcriptional activity where the RNA Pol II is located84,151. Moreover, cells were fractionated
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at 7 and 14 dpt to determine the subcellular localization of S-HDAg and L-HDAg. The purity of
each subcellular fraction was determined by analyzing the expression of GAPDH (control of
cytosolic-enriched fraction), EGFR (control of membrane-enriched fraction), and Histone2A
(control of nuclear-enriched fraction). The results indicate that at 7 dpt, when mostly S-HDAg is
detected, the location is mainly nuclear, but significant amounts can be detected also
associated with cellular membranes and in the cytoplasm. Then, at 14 dpt, both S-HDAg and LHDAg are located indistinctly in the three subcellular compartments (Figure 29B-C).
Interestingly, the accumulation of HDAgs in the membrane-enriched fraction increases from
day 7 to 14, suggesting that the production of L-HDAg facilitates the localization of HDV RNPs
in cellular membranes.

10µm

5µm

Figure 29: Analysis of HDAg localization in Huh-7 cells transfected with the wild-type HDV plasmid.
A) Immunofluorescence staining of intracellular HDAgs at 7 dpt ( top panel) and 14 (middle panel)
taken at 63x magnification. For better visualization of HDAg expression, images were cropped and
zoomed-in 2x (bottom panel). B) Transfected cells were fractionated to examine HDAg accumulation
in the three main subcellular compartments. C) The band intensity of HDAg was measured and
represented as a percentage of HDAg accumulation in each compartment. Input: non-fractionated
extract; C: cytosolic fraction; M: membrane fraction; N: nuclear fraction.

1.6 Analysis of the formation of HDV infectious particles
Next, the formation of infectious viral particles at 7 and 14 dpt was determined by secondary
infection of Huh7 cells expressing the hNTCP receptor (Huh-7.5.1-hNTCP) with supernatants
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from Huh-7 cells co-transfected with HBV- and HDV-encoding plasmids. As shown in Figure 30,
infectious particles were produced in the co-transfected cells since HDAg expression was
detected in Huh-7.5.1-hNTCP cells. Moreover, infective HDV-particles were more abundant in
the supernatants collected at 14 dpt because at this time point L-HDAg expression is higher
than at 7 dpt and, thereby, more HDV particles can be assembled and released to the culture
medium.

10µm

Figure 30: Infection of Huh-7.5.1-hNTCP cells with HBV/HDV-containing supernatants. The day
before infection, Huh-7.5.1-hNTCP cells were seeded in 12-well plates containing a coverslip. 1mL of
medium obtained from HBV/HDV co-transfected Huh-7 cells was added to Huh-7.5.1-hNTCP cells. 24h
post-infection, the HBV/HDV-containing medium was replaced by fresh DMEM 2% FBS. IF was
performed at 7 dpi to detect intracellular HDAg. Images were taken at 40x.

2. Generation and In Vitro Characterization of HDV Mutants
To interrogate the potential role of HDAgs in HDV-induced pathogenesis, HDV mutant variants
were generated by site-directed mutagenesis aiming at:
A) Avoiding the expression of one or both HDAgs.
B) Preventing specific post-translational modifications of HDAgs that are crucial for HDV
life cycle, such as L-HDAg isoprenylation and S-HDAg phosphorylation.
C) Altering the localization of HDAgs within the subcellular compartments in order to
determine the role of the HDV RNP-intracellular location in the viral cycle and HDVpathogenesis.
D) Inhibiting the right conformation of the delta ribozyme, to prove if HDV is able to
complete its replication cycle by recruiting another host ribozyme.
Hence, the HDV mutants generated for this project are summarized in Table 6, and the
structure of these mutants will be detailed in the following sections.
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MUTANT NAME

INTRODUCED MUTATION

RESULT

HDV-∆HDAG

Start codon > Stop codon

HDV genome without HDAgs

HDV-∆S-HDAG

Amber/W codon > Trp codon

HDV genome + L-HDAg

HDV-∆L-HDAG

Amber/W codon > Non-editable stop codon

HDV genome + S-HDAg

HDV-NPRL-HDAG

Cystein-211 > Serine-211

HDV-SER177ALA

Serine-177 > Alanine-177

HDV-SER177ASP

Serine-177 > Aspartic acid-177

HDAG-∆NLS

Non-prenylated L-HDAg at residue
211
Non-phosphorylated S-HDAg at
residue 177
Phosphomimetic S-HDAg at residue
177

Glutamic Acid-66 > Alanine-66

Truncated Nuclear Localization Signal

Arginine-75 > Alanine-75

HDAG-∆NES

Proline-205 > Alanine-205

Truncated Nuclear Export Signal

HDV-∆RIBOZYME

Altered Helix 1 of Antigenomic Ribozyme

Truncated Ribozyme

Table 6: Summary of HDV mutants. On the left, the nomenclature selected for each mutant is shown.
The absence of S-HDAg, L-HDAg, or both, and the disruption of functional domains are represented
with the delta symbol (∆).

For each mutant, Huh-7 cells were transfected at 80-90% confluency and collected at 1, 3, 7,
10, and 14 dpt to analyse HDAg expression. Transfected cells were also harvested at 7 and 14
dpt for RNA extraction, and intracellular HDV RNA was quantified by RT-qPCR.
Immunofluorescence and cell fractionation followed by WB were performed to detect the
intracellular location of HDAgs at 7 and 14 dpt.
Furthermore, the production of infectious particles was determined by co-transfecting the
HDV plasmids with the plasmid carrying the HBV genome. Then, supernatants from the cotransfected cells were harvested at 7 and 14 dpt and were used to infect Huh-7.5.1-hNTCP
cells. The presence of HDAg positive Huh-7.5.1-hNTCP cells by IF will indicate the existence of
infectious particles in the supernatant of Huh-7 cells, while negative staining of HDAgs will
imply a deficiency in virion assembly.
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2.1 Analysis of the HDV Plasmid Mutant Lacking HDAgs Expression (HDV∆HDAg)
To avoid the production of S-HDAg and L-HDAg, the start codon AUG located at nucleotides
1088-1090 was substituted by a stop codon (UAA) (Figure 31). With this mutation, no HDAg
will be translated. Additionally, a second AUG codon present downstream the first start codon
(at position 1364-1366) was substituted for another stop codon (UAA) just to avoid the
formation of an unspecific viral protein of a smaller size.

Figure 31: Schematic representation of the HDV-∆HDAg construct. Two methionine codons AUG
found in the antigenomic sequence of the HDV1.2x vector were replaced by the stop codons UAA to
avoid the formation of S-HDAg, L-HDAg, and unspecific viral proteins smaller th an 24kDa.

2.1.1 Analysis of HDAg expression and HDV replication
As expected, neither S- nor L-HDAg were detected by WB at any time points after HDV-∆HDAg
transfection (Figure 32A). Moreover, HDV replication was completely abolished, evidenced by
the low HDV RNA detected at 7 and 14 dpt, confirming that HDAg expression is indispensable
for the initiation of the viral cycle and that from the HDV-∆HDAg shuttled plasmid, only the
antigenomic HDV strand is produced (Figure 32B).

Figure 32: Analysis of HDAg and HDV RNA levels in HDV-∆HDAg transfected cells. A) HDAg expression
was analysed by WB at 1, 3, 7, 10, and 14 dpt. B) HDV RNA levels indicate the absence of replication
when the HDAgs are not expressed. Individual data points and mean values ± standard deviation are
shown. Significant differences were determined by comparing the HDV RNA levels of the HDV mutant
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with the HDV WT at the same time points. The sta tistical analysis selected was t wo-Way ANOVA
followed by Bonferroni’s multiple comparison tests.

2.2 Analysis of the HDV Mutant Expressing only L-HDAg (HDV-∆S-HDAg)
As explained in the Introduction, S-HDAg is produced by default from the HDV antigenome
while L-HDAg requires the edition of the HDV antigenome by ADAR1 and, in consequence, it is
expressed later during the infection. To eliminate S-HDAg expression while maintaining L-HDAg
expression independently of ADAR1-editing, the amber/W codon UAG (located at position
1011-1013) was replaced by the UGG codon that codifies for a tryptophan that is the residue
present in the L-HDAg after the ADAR1-editing process. Thereby, the L-HDAg will be expressed
early after cell transfection while no production of S-HDAg will be possible (Figure 33). Hence,
this mutant was named HDV-ΔS-HDAg.

Figure 33: Schematic
representation of the
HDV-∆S-HDAg plasmid.

2.2.1 Analysis of HDAg expression and HDV replication
HDAg expression was analysed in cell lysates collected at 1, 3, 7, 10, and 14 dpt for WB. By WB,
only the L-HDAg was detectable at 3 dpt, indicating that the introduced mutation led to the
expected result and that S-HDAg cannot be produced from this sequence (Figure 34A). Then,
to further investigate effects on viral replication, intracellular HDV RNA levels were analysed by
RT-qPCR at 7 and 14 dpt. The results revealed that the HDV-ΔS-HDAg mutant lost the
replicative capacity since RNA levels were significantly lower than the HDV WT and it
decreased with time (Figure 34B). These results confirmed that the expression of L-HDAg alone
cannot promote the replication of the virus, as it was observed in previous studies 152 and that
the HDV RNA levels measured at 7 and 14 dpt are the consequence of the transcriptional
activity of the plasmid.
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Figure 34: Analysis of HDAg and HDV RNA levels in HDV-∆S-HDAg transfected cells. A) HDAg
expression was analysed by WB at 1, 3, 7, 10, and 14 dpt. B) HDV RNA levels indicate the absence of
replication when only the L-HDAg is expressed. Individual data points and mean values ± standard
deviation are shown. Significant differences were determined by comparing the HDV RNA levels of the
HDV mutant with the HDV WT at the same time point. The statistical analysis selected was Two -Way
ANOVA followed by Bonferroni’s multiple comparison tests.

2.3 Analysis of the HDV Mutant Expressing only S-HDAg (HDV-∆L-HDAg)
To abolish the expression of L-HDAg, the amber/W codon UAG located at position 1011-1013
was replaced by the codon UAA. To select the more suitable stop codon to replace the natural
amber codon, we simulated the potential changes introduced by ADAR1 during the viral
replication. As indicated in Table 7, the deamination of the UAG and UGA codons results in the
generation of the UGG triplet that would encode for a Trp. In contrast, the deamination of the
UAA codon by ADAR1 will result in a UGA or UAG triplet, and both possibilities encode for a
termination codon.
ORIGINAL STOP CODON

CONSEQUENCE OF ADAR1

RESULT OF EDITING

DEAMINATION
UAG

UGG

Trp

UAA

UGA

Stop

UGA

UGG

Trp

Table 7: Stop codons and the predictive result of ADAR1-editing. ADAR1 catalyzes the deamination
of adenosines. The natural amber/W codon UAG is converted into a Trp codon when it is edited
(UGG), and the same is supposed to occur with the stop codon UGA. In contrast, the stop codon UAA,
if it is edited, is converted into the UGA codon that encodes for another stop codon.

Consequently, from this sequence, only the S-HDAg is produced. Therefore, the new HDV
construct was designated as HDV-∆L-HDAg (Figure 35).
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Figure
35:
Schematic
representation of the HDV∆L-HDAg construct.

2.3.1 Analysis of HDAg expression and HDV replication
Huh-7 cells transfected with HDV-∆L-HDAg plasmid were harvested at 1, 3, 7, 10, and 14 dpt
for protein extraction and WB analysis. As shown in Figure 36A, the S-HDAg was the unique
antigen to be expressed, confirming that the replacement of the stop codon disrupted the
editing of the amber/W site. Moreover, the amount of S-HDAg increased with time, indicating
that the HDV genome was able to replicate and, consequently, this antigen is sufficient to
initiate the viral replication despite the absence of L-HDAg. These results correlated with the
analysis of the intracellular HDV RNA, which showed that this mutant was able to replicate at
similar levels to those initiated by HDV WT plasmid (Figure 36B).

Figure 36: Analysis of HDAg expression and HDV RNA genomic levels in Huh -7 transfected with the
HDV-∆L-HDAg mutant. A) 20µg of protein extracts from transfected Huh -7 cells were loaded into a
12%-polyacrylamide gel to analyse the expression of HDAgs at 1, 3, 7, 10, and 14 dpt. Samples were
immunoblotted with serum from an HDV patient at dilution 1:10000. B) Intracellu lar HDV RNA was
quantified by RT-qPCR. Individual data points and mean values ± standard deviation are shown. No
significant differences were obtained by performing two -way ANOVA followed by Bonferroni’s
multiple comparison tests.

2.3.2 Analysis of the intracellular localization of HDAg
Moreover, by IF we detected a nuclear preferential localization of S-HDAg at 7 and 14 dpt
(Figure 37A), in contrast with the HDV WT-transfected cells in which HDAg expression was
detected both in the nucleus and the cytoplasm (Figure 29A). These results were also
confirmed by subcellular fractionation, where the S-HDAg showed a prevalent accumulation in
the nuclear-enriched fraction at 7 and 14 dpt (Figure 37B). Moreover, by measuring the data

82

Results: Part II
obtained from cell fractionation, we observed that while HDAgs are distributed similarly in the
three subcellular compartments when the L-HDAg is expressed (at day 14), the S-HDAg is
retained in the nuclei of cells when L-HDAg is not expressed (Figure 37C). This indicates that SHDAg requires L-HDAg to be exported for an efficient translocation to the cytoplasm

10µm

5µm

Figure 37: Analysis of S-HDAg localization in HDV-∆L-HDAg transfected cells. A) IF against HDAg (in
this case, only the S-HDAg) at 7 (top panel) and 14 (middle panel) dpt, with preferential nuclear
staining. Images were taken using a 63x oil immersion objective. For better visualization of HDAg
expression, images were cropped and zoomed-in 2x (bottom panel). B) Subcellular fractionation of
transfected cells at 7 and 14 dpt showed a prevalent accumulation of S-HDAg in the nuclear fraction.
C) The band intensity of HDAg was measured and represented as a percentage of HDAg accumulation
in each compartment. C: cytosol; M: membrane; N: nucleus.

2.3.3 Analysis of the formation of HDV infectious particles
Finally, to investigate whether the S-HDAg alone is sufficient for viral assembly, Huh-7.5.1hNTCP cells were incubated with supernatants from HBV/HDV-∆L-HDAg co-transfected Huh7
cells harvested at 7 and 14 dpt. As shown in Figure 38, the mutant failed to produce HDV
particles since no infected cells were detected by IF, confirming that L-HDAg is indispensable
for viral assembly as other groups have shown153.
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Figure 38: Infection of Huh-7.5.1-hNTCP cells with supernatants derived from HBV/HDV -ΔL-HDAg cotransfected Huh-7 cells. The day before infection, Huh-7.5.1-hNTCP cells were seeded in 12-well
plates containing a coverslip. 1mL of medium obtained from co-transfected Huh-7 cells was added to
Huh-7.5.1-hNTCP cells. 24h post-infection, the HBV/HDV-containing medium was replaced by fresh
medium. IF was performed at 7 dpi to detect intracellular HDAg. Images were taken at 40x.

2.4 Analysis of the HDV Mutant Expressing a non-prenylated L-HDAg
(HDV-NPrL-HDAg)
Isoprenylation is an essential post-translational modification that determines the ability of
HDV to interact with the HBV envelope proteins70. We wondered if this modification has any
role in the HDV-pathogenesis since the addition of a prenyl group makes proteins to be more
lipophilic and, hence, could promote their interaction with other proteins and cellular
membranes. Therefore, we produced an HDV mutant expressing an L-HDAg in which the Cys211 was replaced by a serine, as described by Glenn et al.69, considering that Cys-211 is the
only residue of HDAg that is isoprenylated (Figure 39).
.
Figure 39: Schematic
representation of the HDVNPrL-HDAg construct.

2.4.1 Analysis of HDAg expression and HDV replication
Firstly, we examined the HDAg expression in Huh-7 cells transfected with the HDV-NPrL-HDAg
plasmid. As shown in Figure 40A, we observed that the expression of S-HDAg increased
progressively from day 1 to 7 while it remains constant from day 7 to 14. Regarding L-HDAg, it
is detected at later stages of the experiment, similarly to that observed with the HDV WT, but
their expression was clearly lower than in Huh-7 transfected with the WT plasmid. Regarding
the HDV RNA, the levels were significantly lower at 7 dpt in the HDV-NPrL-HDAg but the
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genome copies increased from 7 to 14 dpt, meaning that the mutant can replicate but at a
lower ratio than the HDV WT-encoding plasmid (Figure 40B).

Figure 40: Characterization of HDAg expression and HDV RNA replication in Huh -7 transfected with
the HDV-NPrL-HDAg mutant. A) HDAg expression was analysed by WB at 1, 3, 7, 10, and 14 dpt. B)
HDV RNA levels were measured at 7 and 14 dpt and were compared to HDV WT -transfected cells.
Individual data points and mean values ± standard deviation are shown. Sign ificant differences were
obtained with two-way ANOVA and Bonferroni’s multiple comparison tests.*p=<0.05.

2.4.2 Analysis of the intracellular localization of HDAg
We observed that the HDAgs were located mainly in both SC35 paraspeckles and in the
nucleolus at 7 dpt, while at 14 dpt they could be found also in the cytoplasm (Figure 41A).
These data indicate that, at 14 dpt, despite the low levels of L-HDAg detected by WB, it is able
to export the HDV RNPs to the cytosol. Moreover, by subcellular fractionation, we detected
very low levels of S-HDAg with a preferential distribution in the nuclear fraction (Figure 41B).
However, probably due to the low sensitivity of the WB, we did not detect L-HDAg either in the
input fraction or in the fractionated extracts but, according to the results obtained by IF, we
cannot rule out that L-HDAg is expressed in these cells but at very low levels, correlating with
the lower cytoplasmic accumulation of HDAgs at 14 dpt compared to HDV WT (Figure 41C).
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Figure 41: Analysis of HDAgs localization in HDV-NPrL-HDAg transfected cells. A)
Immunofluorescence to detect both HDAgs at 7 ( top panel) and 14 (middle panel) dpt. Images were
taken using a 63x oil immersion objective. For better visualization o f HDAg expression, images were
cropped and zoomed-in 2x (bottom panel). B) Subcellular fractionation of transfected cells. C) The
band intensity of HDAg was measured and represented as a percentage of HDAg accumulation in each
compartment. Input: non-fractionated extract; C: cytosol; M: membrane; N: nucleus.

2.4.3 Analysis of the formation of HDV infectious particles
Finally, the production of infectious viral particles was also evaluated by infecting Huh-7.5.1hNTCP cells with supernatants from HBV/HDV-NPrL-HDAg-transfected cells 7 and 14 dpt. The
absence of HDAg-positive Huh-7.5.1-hNTCP confirmed that HDV is not able to produce
infectious viral particles when the L-HDAg is not prenylated (Figure 42).

10µm

Figure 42: Prenylated L-HDAg is determinant for viral assembly. Supernatants from Huh-7 cells cotransfected with HBV and HDV-NPrL-HDAg encoding plasmids were collected at 7 and 14 dpt and were
added to Huh-7.5.1 cells for 24h. After 7 days, IF was performed to detect intracellul ar HDAg-staining
and no evidence of infection was found. Images were taken at 40x.
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2.5 Analysis of the HDV mutant expressing HDAgs without the NLS
(HDAg-∆NLS)
HDV replication occurs in the nucleus using host RNA polymerases. Hence, we wondered if the
HDV viral cycle and the HDV-induced pathogenesis are exacerbated or diminished when HDV
cannot access the nucleus. Thereby, we generated a new HDV mutant sequence, called HDAg∆NLS mutant, by truncating the NLS contained in both S-HDAg and L-HDAg. For this purpose,
the residues that have been described as essentials for the correct functionality of the NLS
sequence (Glu-66 and Arg-75)89, were substituted by small non-polar Ala residue because it
would not impact significantly HDAg protein conformation (Figure 43).

Figure 43: Schematic
representation of the
HDAg-∆NLS plasmid.

2.5.1 Analysis of HDAg expression and HDV replication
In HDAg-∆NLS transfected cells, S-HDAg was detectable from day 3 post-transfection and its
expression remained stable over time. In the case of L-HDAg, it appeared at 7 dpt as the HDV
WT, and its expression increases with time, meaning that the editing of the HDV antigenome is
taking place (Figure 44A). Moreover, the quantification of the viral genomes in the HDAg∆NLS-transfected cells revealed higher levels at 7 dpt than in HDV WT-transfected cells,
suggesting that this mutant may have a greater replicative capacity at early time points.
However, the viral genomes decreased between 7 and 14 dpt, in agreement with the increase
in L-HDAg levels and the export of HDV RNP to the cytoplasm (Figure 44B). Taken together,
these results indicate that HDV can express the HDAgs from the HDAg-ΔNLS mutated genome
and that presents a higher replication capacity at earlier time points, but it dropped at later
stages.
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Figure 44: Analysis of HDAg expression and HD V RNA genomic levels in Huh-7 transfected with the
HDAg-∆NLS mutant. A) HDAg expression was analysed by WB at 1, 3, 7, 10, and 14 dpt. B) HDV RNA
levels were measured by RT-qPCR at 7 and 14 dpt and were compared to HDV WT -transfected cells.
Individual data points and mean values ± standard deviation are shown. Significant differences were
obtained with two-way ANOVA and Bonferroni’s multiple comparison tests.

2.5.2 Analysis of the intracellular localization of HDAg
We next proceeded to analyse by IF the HDAg intracellular localization under a confocal
microscope. Surprisingly, HDAgs were detectable similarly in nucleus and cytoplasm in cells
transfected with the HDAg-∆NLS mutant at 7 dpt, while in HDV WT transfected cells the HDAgs
were almost exclusively located in the nucleus (Figure 45A). These results suggest that this
mutation does not prevent the localization of HDAg in the nucleus but increased the
localization in the cytosol. Some explanations for the unexpected nuclear staining of HDAgs
could be that i) HDV can enter the nucleus by another mechanism independent of its NLS or ii)
more residues within the NLS apart from Glu-66 and Arg-75 could be essential for the NLS
functionality.
Moreover, at 14 dpt, the HDAgs were also located in the nucleus and cytoplasm. Some nuclei
presented an intense HDAg staining, while others showed a mild nuclear abundance of the
HDAgs. At this time-point, most of the HDV RNPs are exported to the cytoplasm triggered by LHDAg expression, and they cannot be re-imported to the nucleus because of the truncated
NLS, explaining the absence of nuclear HDAg expression in some cells. Furthermore, the
subcellular fractionation of the HDAg-∆NLS transfected cells showed a prevalent localization of
HDAgs in the cytoplasmic fraction at 7 and 14 dpt, confirming the IF results (Figure 45B).
Moreover, the relative abundance of HDAgs in the membrane-enriched fraction increases from
day 7 (24.5%) to 14 (29,8%) but in a lower proportion than with the HDV WT, where the
percentage in this subcellular compartment increases from 26.6% to 40.8% (Figure 45C). This
suggests that isoprenylation of L-HDAg influences the association of HDV RNPs with cellular
membranes.
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Figure 45: HDAg localization of HDAg-∆NLS-transfected cells. A) HDAg detection by IF at 7 ( top panel)
and 14 dpt (middle panel) revealed a preferential distribution of HDAgs within the cytoplasm. Images
were taken using a 63x oil immersion objective. For better visualization of HDAg expressi on, images
were cropped and zoomed-in 2x (bottom panel). B) Analysis of S-HDAg and L-HDAg expression in the
subcellular compartments. C) The band intensity of HDAg was measured and represented as a
percentage of HDAg accumulation in each compartment. Input: non-fractionated extract; C: cytosol;
M: membrane; N: nucleus.

2.5.3 Analysis of the formation of HDV infectious particles
Finally, the ability of virion production and spreading of the HDAg-ΔNLS construct was
examined and we found that this mutant was able to form HDV infective particles. Therefore,
the truncated NLS did not have an impact on the viral assembly capacity since HDV RNP could
be located in the cytoplasm and interact with HBsAg, producing infective HDV particles (Figure
46). These results suggest that the ability of HDAgs to localize in the nuclei has not completely
blocked by the substitutions of Glu-66 and Arg-75.
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Figure 46: Infection of Huh-7.5.1-hNTCP cells with supernatants derived from HBV/HDAg-ΔNLS cotransfected Huh-7 cells. The day before infection, Huh-7.5.1-hNTCP cells were seeded in 12-well
plates containing a coverslip. 1mL of medium obtained from co-transfected Huh-7 cells was added to
Huh-7.5.1-hNTCP cells. 24h post-infection, the supernatant was replaced by fresh medium. IF was
performed at 7 dpi to detect intracellular HDAg. Images were taken at 40x magnification.

2.6 Analysis of the HDV mutant expressing L-HDAg without the NES
(HDAg-∆NES)
The NES domain is located exclusively in the L-HDAg between the residues 198-210
(ILFPADPPFSPQS). In particular, the Pro-205 was demonstrated to be essential for the
translocation of HDV RNP from the nucleus to the cytosol. Based on those studies92, we
constructed an HDV mutant with a truncated NES by replacing the Pro-205 with Ala-205. More
specifically, the CCG triplet was substituted by the GCA codon by site-directed mutagenesis.
Hence, this mutant was designated as HDAg-∆NES (Figure 47).
Figure
47:
Schematic
representation of the HDAg∆NES plasmid.

2.6.1 Analysis of HDAg expression and HDV replication
In HDAg-∆NES-transfected cells, S-HDAg and L-HDAg were detected similarly to cells
transfected with the WT HDV plasmid. S-HDAg is detected from 3 dpt while the L-HDAg is
detectable from day 7 post-transfection. Their levels increased over time indicating active
replication and the edition of the HDV antigenome (Figure 48A). By RT-qPCR we found that the
replicative capacity of this mutant was higher than in the HDV WT at early time points,
however, the HDV RNA levels dropped at 14 dpt and were comparable to the levels obtained
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in Huh-7 cells transfected with the HDV WT plasmid, suggesting that the production of L-HDAg
at later stages regulated the replication levels of the HDAg-ΔNES (Figure 48B).

Figure 48: Analysis of HDAg expression and HDV RNA genomic levels in Huh -7 cells transfected with
the HDAg-∆NES mutant. A) HDAg expression was analysed by WB at 1, 3, 7, 10, and 14 dpt showing a
similar tendency to the wild-type HDV. B) HDV RNA genome levels were measured by RT -qPCR at 7
and 14 dpt and were compared to HDV WT -transfected cells. Individual data points and mean values ±
standard deviation are shown. Significant differences were obtained with tw o-way ANOVA and
Bonferroni’s multiple comparison tests.

2.6.2 Analysis of the intracellular localization of HDAg
Regarding the subcellular localization of HDAgs, by IF we observed a preferential accumulation
of HDAgs in the nucleus at 7 and, interestingly, at 14 dpt. While cells transfected with the HDV
WT showed nuclear-cytoplasmic HDAg staining at later stages due to the trafficking of HDV
RNP from the nucleus to the cytoplasm, the HDAg localization in the HDAg-∆NES-transfected
cells was limited to the nucleus, indicating that the truncated NES was sufficient to block the
export of HDV RNP to the cytoplasm (Figure 49A). Moreover, by subcellular fractionation, we
detected S-HDAg in the three subcellular compartments but mainly in the nucleus at 7 dpt. At
later stages (14 dpt), S-HDAg and L-HDAg were encountered in all the compartments with a
predominant accumulation in the membrane and nuclear fractions, and a decrease in cytosolic
gathering in comparison with the HDV WT (Figure 49B-C). Hence, the production of L-HDAg at
14 dpt increases the association of HDV RNPs with cellular membranes, and most likely with
the nuclear membranes.
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Figure 49: Analysis of HDAg localization in Huh-7 cells transfected with the HDAg-∆NES mutant. A)
Immunofluorescence staining of intracellular HDAg at 7 ( top panel) and 14 dpt (middle panel). Images
were taken using a 63x oil immersion objective. For better visualization of HDAg expression, images
were cropped and zoomed-in 2x (bottom panel). B) Subcellular fractionation of the transfected cells.
I: non-fractionated extract; C: cytosol; M: membrane; N: nucleus.

2.6.3 Analysis of the formation of HDV infectious particles
Finally, to further assess if the blockade of HDV RNPs export may have also an impact on the
production of viral particles. To prove that, Huh-7.5.1-hNTCP cells were incubated with
supernatants from HBV/HDAg-∆NES co-transfected cells. As shown in Figure 50, no HDAg
expression was detected, confirming that Pro-205 is critical for the export and package activity
of L-HDAg, as was reported by previous groups92.
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Figure 50: Infection of Huh-7.5.1-hNTCP cells with supernatants derived from HBV/HDAg-ΔNES cotransfected Huh-7 cells. The day before infection, Huh-7.5.1-hNTCP cells were seeded in 12-well
plates containing a coverslip. 1mL of medium obtained from co-transfected Huh-7 cells was added to
Huh-7.5.1-hNTCP cells. 24h post-infection, the supernatant was replaced by fresh medium. IF was
performed at 7 dpi to detect intracellular HDAg and no evidence of HDV infection was found,
indicating that L-HDAg could not exit the nucleus and that its translocation to the cytosol is required
for the interaction with HBsAg. Images were taken at 40x magnification.

2.7 Analysis of the HDV mutant expressing non-phosphorylated HDAg at
Ser177or replaced by a phosphomimetic residue
We next study the effect of modulating the phosphorylation of Ser177 on the HDV life cycle.
The addition of this functional group modulates the interaction between the S-HDAg and the
RNA polymerase II. Hence, we hypothesized that this interaction could interfere with host
processes that take place in the nucleus that required the activity of host polymerases. To
elucidate the role of S-HDAg phosphorylation at residue Ser177, two HDV mutants were
generated. On the one hand, to assess the effect of preventing phosphorylation at this residue,
the Ser-177 was substituted by alanine. By contrast, to study the effect on HDV viral cycle
when Ser-177 is phosphorylated, the residue was replaced by a phosphomimetic aa that is
Aspartate (Figure 51).
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Figure 51: Schematic representation of HDV construct with point mutations in the Ser-177. Ser-177
was replaced by an alanine that cannot be phosphorylated by cellular kinases ( on the top). On the
other hand, a second mutant was generated in which the Ser -177 was substituted by an Aspartic acid
(Asp-177) that is a phosphomimetic aa.

2.7.1 Analysis of HDAg expression and HDV replication
The RT-qPCR analysis revealed that both mutations were detrimental for HDV replication. HDV
RNA levels were undetectable at 7 and 14 dpt, indicating that the Ser-177 is a critical aa and
indispensable for viral replication (Figure 52A-B). The low levels of HDV RNA correlated with
undetectable expression of HDAgs by WB (Figure 52C).

Figure 52: Analysis of intracellular HDV RNA levels and HDAg expression in Huh -7 cells transfected
with HDV mutants at residue 177. HDV replication was abolished when Ser-177 was replaced by an
alanine (A) or by an aspartic acid (B). Individual data points and mean values ± standard deviation are
shown. Significant differences were obtained w ith Bonferroni’s multiple comparison tests. C) No HDAg
expression was observed in Huh-7 cells transfected with the HDV-Ser177 mutants at 1, 3, 7, 10, and 14
dpt.

94

Results: Part II
These results indicate that Ser177 is essential for HDV replication and a balance between the
non-phosphorylated and the phosphorylated isoforms should be maintained.

2.8 Analysis of the HDV mutant with a defective Ribozyme
Finally, another mutant was constructed to assess the role of HDV ribozymes. Thereby, based
on previous studies in which different regions of the HDV ribozyme were truncated65, we
developed an HDV mutant named HDV-∆Ribozyme that presents a mutation in the helix 1 of
the antigenomic HDV ribozyme (Figure 53). More specifically, the nucleotide sequence CCGG
located at position 691-694 was replaced by AGCC that results in a conformational change.

Figure
53:
Schematic
representation of the HDV∆Ribozyme mutant.

2.8.1 Analysis of HDAg expression and HDV replication
After transfection of Huh-7 cells with this mutant, HDAgs expression and HDV RNA levels were
measured by WB and RT-qPCR, respectively, until 14 dpt. By WB we were not able to detect
HDAg expression (Figure 54A) and by RT-qPCR we found very low levels of viral RNA at 7dpt
that decreased at 14dpt, reflecting the absence of HDV replication (Figure 54B).

Figure 54: HDAg expression and HDV replication were abolished by truncating the antigenomic HDV
ribozyme. A) WB analysis revealed no expression of S- and L-HDAg at 1, 3, 7, 10, and 14 dpt. B)
Intracellular HDV RNA levels of cells transfected with the HDV -∆Ribozyme mutant were significantly
lower than in the case of the wild-type HDV and they decreased during the experiment. Individual
data points and mean values ± standard deviation are shown. Significant differences were obtained
with Bonferroni’s multiple comparison tests.
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Finally, in Table 8 are summarized the main results obtained in the in vitro characterization of
HDV mutants.
HDV

HDV Mutant

HDAg
expression

replication

Intracellular localization of
HDAgs

Production of
Infective particles

HDV-∆HDAg

No

No

-

-

HDV-∆S-HDAg

L-HDAg, only
transient

-

-

-

HDV-∆L-HDAg

S-HDAg

Similar to HDV
WT

Preferentially in the nucleus

No

HDV-NPrL-HDAg

S-HDAg and LHDAg, different
ratio

Lower compared
to HDV WT

Preferentially in the nucleus

No

HDV-Ser177Ala

No

No

-

-

HDV-Ser177Asp

No

No

-

-

HDAg-∆NLS

S-HDAg and LHDAg

Similar to HDV
WT

Preferentially in the
cytoplasm

Yes

HDAg-∆NES

S-HDAg and LHDAg

Similar to HDV
WT

Preferentially in the nucleus
and cellular membranes

No

HDV-∆Ribozyme

No

No

-

-

Table 8: Summary of the main results obtained during the characterization of HDV mutants in Huh-7
cells. The symbol (-) represents virological features that were not investigated due to the absence of
replication.
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After the in vitro characterization of the different mutants and taking advantage of the
capacity of the AAV vectors to shuttle the HDV genomes to the liver of mice, we performed an
in vivo characterization of the HDV mutants using AAV8 vectors carrying the HDV WT and the
HDV mutated genomes. The AAV shuttle plasmids containing the HBV replication-competent
genome, the HDV WT sequence, and the different HDV mutants were used to produce AAV
particles. Specifically, the AAV genomes were encapsidated in AAV serotype 8 capsids as it is
well described that this vector has a high liver-tropism in mice. The control group received a
saline solution, while the other groups received 5e10 viral genomes (vg) of the indicated AAVHDV vector (Table 9) in combination with 5e10 vg of the AAV-HBV vector.
Group

Purpose

AAV-HDV WT + AAV-HBV

Control group HDV WT infection

AAV-HDV-∆L-HDAg + AAV-HBV

To study the effect of S-HDAg in HDV-induced liver damage

AAV-HDV-∆S-HDAg + AAV-HBV

To confirm the absence of L-HDAg expression

AAV-HDV-∆HDAg + AAV-HBV

Control group ∆AV toxicity and negative control of HDAg
expression

AAV-HDAg-∆NLS + AAV-HBV

To study the effect of cytoplasmic accumulation of HDAgs in
HDV-induced liver damage

AAV-HDAg-∆NES + AAV-HBV

To study the effect of nuclear accumulation of HDAgs in HDVinduced liver damage

Table 9: Distribution of experimental groups. All animals received a single dose of 5x10 10 vg of the
indicated AAV vector diluted in 100µL of saline solution.

After AAV intravenous administration, animals were bleed every week to analyse
biochemically the presence of liver damage and at twenty-one days post-infection (dpi), they
were sacrificed for blood and liver collection (Figure 55). For kinetic studies of HDV replication
and expression of pro-inflammatory cytokines, livers were also collected at 7 and 14 dpi.

Figure 55: Experimental timeline of serum and liver collection. Mice were injected with 5e10 viral
genomes of the AAV-HBV and AAV-HDV vectors in a final volume of 100 μl. At 7, 14 and 21 dpi,
blood was collected for transaminase analysis and livers were collected at 21 dpi.
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1. In vivo characterization of the AAV-HDV mutant with a
deficiency in S-HDAg expression and the AAV-HDV mutant
full HDAg-knockout
In vitro, although HDV-∆S-HDAg and HDV-∆HDAg mutants showed no antigen expression and
no HDV replication, minor amounts of HDV RNA were expressed due to the transcriptional
activity of the liver-specific promoter of the AAV vector. To explore their behavior in mice,
AAV8 vectors were produced and administered to C57BL/6 mice. Four groups were included in
this study: saline control, AAV-HBV/HDV, AAV-HBV/HDV-∆S-HDAg, and AAV-HBV/HDV-∆HDAg.

1.1 Analysis of HDAg expression and Viral replication
As observed in Huh-7 transfected cells, no HDAg expression was detected in the liver of mice
that received HDV-∆S-HDAg or HDV-∆HDAg in contrast with AAV-HDV injected mice in which
we observed the presence of S-HDAg and L-HDAg (Figure 56A). Regarding the analysis of
intrahepatic HDV RNA, as previously observed in vitro, the HDV antigenomic sequence was
detected by RT-qPCR at 21dpi in AAV-HDV-∆S-HDAg- and AAV-HDV-∆HDAg-injected animals
(Figure 56B). However, the detected HDV antigenome copies were significantly lower than
those encountered in the AAV-HDV WT group, and HDV genomes were undetected in livers
from AAV-HDV-∆S-HDAg and AAV-HDV-∆HDAg injected mice. All these data indicate that HDV
is not able to replicate when S-HDAg is not expressed. Therefore, S-HDAg is indispensable for
HDV replication and it cannot be replaced by L-HDAg expression.

Figure 56: The expression of S-HDAg is essential for HDV replication. A) WB detection of HDAgs in
AAV-HDV-WT, AAV-HDV-∆S-HDAg, and AAV-HDV-∆HDAg infected mice at 21dpi. No HDAg detection
was observed in the group of mice that received the HDV -∆S-HDAg nor HDV-∆HDAg vector, confirming
the in vitro results. B) Intrahepatic levels of HDV genomes and antigenomes at 21 dpi revealed a clear
reduction of antigenomic RNA and the absence of HDV genomes. Statistical diffe rences were
performed using two-way ANOVA followed by Bonferroni’s multiple comparison tests.
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1.2 Effect on Liver Damage
Then, transaminases and ALP levels were measured weekly in the four groups of mice to
determine if the AAV vector administration containing these non-replicative HDV mutants
induced any alteration in the normal liver functions. In contrast with the AAV-HDV WT
administration that resulted in a significant increase in ALT, AST, and ALP levels, no alterations
were observed in the AAV-HDV-∆S-HDAg and AAV-HDV-∆HDAg injected mice, indicating that
the administration of these vectors did not induce liver damage (Figure 57A-C) and that the
presence of minor levels of HDV RNA antigenomic sequence was not hepatotoxic.

Figure 57: Serum levels of C57BL/6 mice infected with AAV-HDV WT, AAV-HDV-∆S-HDAg, AAV-HDV∆HDAg, and un-infected mice of A) ALT, B) AST and C) ALP. Bonferroni’s multiple comparison tests
did not reveal significant differences between non -replicative HDV mutants and un-infected mice,
while significant differences in ALT levels were found between these mutants and the administration
of the AAV-HDV WT vector.
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2. In vivo characterization of the AAV-HDV mutant with a
deficiency in L-HDAg expression
The role of the S-HDAg in the HDV-induced cytotoxicity has been proposed by several groups
after performing in vitro assays and by us since AAV-mediated expression of S-HDAg or L-HDAg
resulted in transaminase elevation154. The purpose of this experimental group was to evaluate
the relevance of the S-HDAg in the viral cycle and to assess whether it has a major role in the
HDV-induced liver damage and/or in the immune system activation, in the context of a
replication-competent HDV genome.

2.1 Effect on HDAg expression
First, the HDAg expression was analysed by WB in livers collected at 21 dpi. As it was observed
in Huh-7 cells, from this mutated sequence only the S-HDAg is expressed (Figure 58A).
Furthermore, the AAV-HDV-∆L-HDAg-injected animals presented higher levels of S-HDAg, in
comparison with the AAV-HDV WT group, suggesting that the absence L-HDAg favor the
expression of S-HDAg (Figure 58B).

Figure 58: HDAg detection by WB at 21 dpi. A) Mice infected with the AAV-HDV WT vector expressed
both S- and L-HDAg. The group infected with the AAV-HDV-∆L-HDAg mutant could only express the SHDAg. B) S-HDAg levels were higher in the AAV -HDV-∆L-HDAg injected group than in the WT group.
Mann-Whitney test did not show significant differences between the two groups.

In addition to the HDAg analysis by WB, the extension of the HDAg positive area was analysed
by IHC in liver sections at 21 dpi. Representative images are shown in Figure 59A and reflect
intense cytoplasmic staining of HDAg in HDV-∆L-HDAg injected animals, suggesting an active
production of S-HDAg. This sharp cytoplasmic staining implies a significant increase in HDAg
positive area (72% of total tissue area) in comparison with the HDV WT group (39%) (Figure
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59B), correlating with the overexpression of S-HDAg detected by WB. The number of HDAgpositive nuclei were measured at 21 dpi and we found that animals that received the HDV-∆LHDAg mutant presented more hepatocytes expressing HDAg (98% of total hepatocytes) than
animals injected
with the HDV WT (89%) (Figure 59C).
200µ
m

Figure 59: HDAg quantification by immunohistochemistry. A) Representative images of IHC HDAg
obtained from liver sections at 21 dpi. Images were acquired with an Aperio Leica Scanner at 20x
magnification. B) Quantification of HDAg positive area in liver sections of HDV -WT and HDV-∆L-HDAg
injected mice. C) Percentage of HDAg positive hepatocytes. Individual data points and me an values ±
standard deviation are shown. Significant differences were obtained after Mann-Whitney tests.

Next, we wanted to discard if the difference in the number of cells expressing S-HDAg were
due to the administration of more AAV genomes in the group of animals that received the
AAV-HDV-ΔL-HDAg vector than in the group injected with the AAV-HDV WT. Hence, we
extracted total DNA from liver sections, and the levels of AAV-HDV genomes were quantified
by qPCR. The result shown in Figure 60 indicates that, at 21 dpi, the levels AAV genome copies
were lower in livers of mice infected with the AAV-HDV-ΔL-HDAg vector than with the HDV
WT, suggesting that this vector disappeared faster compared to the WT probably by the
induction of pro-inflammatory cytokines and liver injury. Therefore, the increased expression
of S-HDAg found in this group is independent of the levels of AAV genomes.

Figure 60: Analysis of AAV-HDV genome levels in the HDV
WT and HDV-∆L-HDAg injected animals confirmed that SHDAg overexpression in HDV-∆L-HDAg injected animals did
not correlate with increased levels of AAV genomes. An
unpaired t-test showed significant differences between both
groups.
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2.2 Effect on Viral replication
To further examined if the overexpression of S-HDAg correlated with a more efficient viral
replication, intrahepatic HDV RNA levels were measured at 21 dpi. The analysis showed no
differences between the HDV-∆L-HDAg and the HDV WT group (Figure 61A), however, this is
unexpected because the L-HDAg produced in the HDV WT is supposed to decrease the
replication ratio and, therefore, more HDV genomes should be generated by the HDV-ΔL-HDAg
mutant. To further examine if there were differences at earlier time-points, we performed a
new experiment injecting the AAV-HDV WT and AAV-HDV-ΔL-HDAg vectors in C57BL/6 mice
but this time animals were sacrificed at 7, 14, and 21 dpi. The analysis of HDV genomes
showed that, while at day 21 there were no differences between both groups, at 14 dpi the
number of copies of HDV was significantly higher in the HDV-ΔL-HDAg group than in WT
(Figure 61B). These results confirmed that the mutant lacking L-HDAg replicates more actively
than the AAV-HDV WT vector.

Figure 61: Intrahepatic levels of HDV RNA were measured at 7, 14, and 21 dpi. The lack of L-HDAg in
the AAV-HDV-∆L-HDAg resulted in an enhancement of viral replication at 14 dpi. Two-way ANOVA was
performed to analyse significant differences with Bonferroni multiple comparison tests.

2.3 Effect on Liver Damage
Serum transaminases and ALP levels were measured at 7, 14, and 21 dpi to determine the liver
injury in those animals, and their levels were significantly higher at 14 and 21 dpi. The results
suggest that deletion of L-HDAg leads to an exacerbation of HDV-induced liver damage (Figure
62A-C).
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Figure 62: The liver damage was aggravated when L-HDAg was not expressed. Serum levels of ALT
(A), AST (B), and ALP (C) in mice infected with the AAV -HDV-∆L-HDAg compared with HDV WT and
HDV-∆HDAg. Individual data points and mean values ± standard deviation are shown. Significant
differences were determined by two-way ANOVA followed by Bonferroni multiple comparison tests.

As has been mentioned in the Introduction, the histology of the liver of HBV/HDV co-infected
patients is characterized by inflammatory foci, single-cell necrosis, and hepatocyte
hypertrophy133. These histopathological changes were more evident in AAV-HDV-∆L-HDAginfected mice (Figure 63A) since more hypertrophic hepatocytes (also known as ballooning
degeneration) were present in those mice at 21 dpi. In addition, most of the hepatocytes
showed pyknotic nuclei (white arrow), usually related to irreversible chromatin condensation
of a cell undergoing apoptosis. This histological feature appeared also in mouse livers infected
with the AAV-HDV WT vector, but it was more abundant in those infected with the AAV-HDV∆L-HDAg, reflecting higher severity of the disease. Moreover, the diameter of hepatocyte
nuclei was measured and we found that the size of the nuclei was bigger in the group of mice
receiving the AAV-HDV-∆L-HDAg vector in comparison with the AAV-HDV WT injected animals,
showing that S-HDAg overexpression increased the severity of the hepatic damage (Figure
63B).
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Figure 63: Analysis of mouse liver sections at 21 dpi showed histological changes in AAV -HDV-∆LHDAg related to the severity of the infection. A) Representative images of mouse livers infected with
AAV-HDV WT and AAV-HDV-∆L-HDAg, respectively. White arrows indicated pyknotic nuclei. B)
Quantification of nuclear diameter (μm 2 ) in both experimental groups. Mann-Whitney test revealed
significant differences between groups. Images were acquired with the Aperio Leica Scanner at 20x
magnification.

2.4 Analysis of Apoptosis induction
To assess if the administration of AAV-HDV-∆L-HDAg vector exacerbates the induction of
hepatocyte death by apoptosis, we performed immunostaining against activated caspase-3 (aCasp3) in liver sections at 21 dpi. The results showed a significantly higher number of apoptotic
hepatocytes in mice when only the S-HDAg was expressed (Figure 64). With this result, a clear
association between S-HDAg expression, apoptosis, and liver damage can be established.

Figure 64: Quantification of a-Casp3-positive hepatocytes in
AAV-HBV/HDV and AAV-HBV/HDV-∆L-HDAg injected animals
at 21 dpi. Individual data points and mean values ± standard
deviation are shown. Significant differences were obtained by
a Mann-Whitney test.
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2.5 Effect on the Activation of Host Immune Response
2.5.1 Effect on type I IFN activation
HBV/HDV co-infection leads to a strong IFN type I production120. To further assess if HDV-∆LHDAg injected animals presented an enhancement in IFN type I production due to the
presence of higher HDV genome copies, intrahepatic transcripts of IFN-β were measured and
we clearly found differences at 14 dpi between both groups. At this time point, the mutant
lacking L-HDAg expression triggered a strong induction of IFN-β which dropped at 21 dpi. This
early induction of type I IFN response correlates with the more active replication of this
mutant. However, at 21 dpi, the expression of IFN-β dropped while in the HDV WT continued
increasing, but at lower levels (Figure 65).

Figure 65: mRNA levels of IFN type I of mice infected with AAV-HDV WT and AAV-HDV-∆L-HDAg.
Individual data points and mean valu es ± standard deviation are shown. Significant differences were
determined by a two-way ANOVA followed by Bonferroni’s multiple comparison tests.

2.5.2 Effect on Inflammatory Cells Recruitment
To examine whether there was a correlation between S-HDAg overexpression, immune system
activation, and liver damage, the percentage of immune cell populations were quantified at 7,
14 and dpi by immunostaining in liver sections of AAV-HDV WT- and AAV-HDV-∆L-HDAg
injected mice to detect the presence of CD45-positive (a common marker of leukocytes), CD8positive and CD4-positive T lymphocytes, and F4/80-positive cells (a marker of monocytederived macrophages and Kupffer cells). The analysis revealed that higher levels of S-HDAg
result in stronger recruitment of total CD45-positive cells, CD4+ and CD8+ T lymphocytes and
macrophages (Figure 66A-E).
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Figure 66: Quantification of immune cells by IHC in AAV-HDV WT and AAV-HDV-∆L-HDAg injected
animals. A) CD45+ cells, B) F4/80+ cells, C) CD8+ lymphocytes, D) CD4+ lymphocytes. E)
Representative image of CD45 IHC at 20x magnification at 21dpi. Dashed lines indicate the mean value
of AAV-HBV/∆HDAg injected animals. Individual data points and mean values ± standard deviation are
shown. Two-way ANOVA followed by Bonferroni’s multiple comparison tests were performed to
analyse differences between groups.

2.5.3 Effect on the Production of Pro-inflammatory cytokines
Then, we analysed the expression of several pro-inflammatory cytokines that are described to
be overexpressed in HDV-infected patients, such as interleukin-1-beta (IL-1β), interleukin-6 (IL6), TGF-β, TNF-α, and IFN-γ. To investigate the potential involvement of S-HDAg
overexpression in the transcript levels of these cytokines and, importantly, in the induced liver
damage, their mRNA levels were measured at 7, 14 and 21 dpi in livers of AAV-HDV WT- and
AAV-HDV-∆L-HDAg-infected mice. As shown in Figure 67, the administration of the AAV-HDV∆L-HDAg vector led to an increase in pro-inflammatory cytokines at 14 and 21 dpi, in
correlation with the more severe liver damage.
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Figure 67: Overexpression of S-HDAg led to a strong induction of pro-inflammatory cytokines at 21
dpi. A) IL-1β, B) IL-6, IFN- γ, D) TGF- β, and E) TNF-α, B). Expression levels are represented after a foldchange analysis compared to healthy mice. Individual data points and mean values ± standard
deviation are shown. Significant differences were determined by two-way ANOVA followed by
Bonferroni’s multiple comparison tests.

2.5.4 Identification of the main source of TNF-α
As shown in the first part of this thesis, the main source of TNF-α in AAV-HDV animals were the
liver macrophages. We evaluated the origin of TNF-α expression in animals injected with AAVHDV-ΔL-HDAg vector by RNA-FISH combined with F4/80 detection in liver sections of these
animals. In this case, similar results to those observed with the HDV WT were obtained,
indicating that macrophages are the main responsible for the TNF-α production also after the
administration of this HDV mutant. More specifically, the percentage of TNF-α-positive cells
that correspond to macrophages was 65.4% of the total TNF-α-positive cells; interestingly,
another 5.5% of cells were macrophages containing TNF-α mRNA and HDV genomes; 9.0% of
the TNF-α signal was associated with HDV-infected hepatocytes; while 20.1% of cells producing
TNF-α were neither macrophages nor infected hepatocytes (Figure 68). This population was
slightly higher than in the HDV WT group, probably due to the higher numbers of intrahepatic
CD45-, CD4- and CD8-positive cells presented in those animals.
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Figure 68: RNA-FISH combined with IF was performed in liver sections of AAV -HBV/HDV-ΔL-HDAg
injected animals at 21 dpi to detect simultaneously HDV genomic RNA, TNF -α mRNA, and F4/80. The
quantitative analysis revealed that macrophages represent the majority of the TNF -α-positive cells.

Taken together, these data attribute to S-HDAg a major role in HDV-induced liver damage since
it contributes to the recruitment of immune cells, overexpression of pro-inflammatory
cytokines, and the aggravation of the liver damage, even more than when it is expressed
together with L-HDAg from the HDV WT genome.

2.6 Production of Infectious Viral particles
To corroborate the essential role of L-HDAg for HDV assembly in vivo, we analysed the
presence of HDV infectious particles in the circulation of AAV-HBV/HDV-∆L-HDAg injected mice
at 21 dpi.
Since we have previously shown that immunocompetent C57BL/6 mice produce antibodies
against HBV surface antigens that block HDV infection120, in this experiment we used RagB6
mice since they are not able to synthesize antibodies and consequently, HDV infective particles
can be produced in those mice. Hence, RagB6 mice were injected with AAV-HBV/HDV-∆L-HDAg
or AAV-HBV/HDV-WT vectors and serum samples were obtained at day 21 post-infection.
Then, HepG2-hNTCP cells were infected for 24h with an equal volume of mouse serum
collected at 21 dpi, and HDAg IF was performed 7 days after. As shown in Figure 69, while a
significant number of HDAg-positive cells was observed in cells infected with serum from
HBV/HDV WT injected mice, no infective virions were detected in the serum obtained from
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AAV-HBV/HDV-∆L-HDAg injected mice, confirming that L-HDAg is indispensable for viral
assembly.

20µm

Figure 69: The lack of L-HDAg is a determinant for HDV viral particle production in vivo. HepG2hNTCP cells were incubated with 15uL of serum obtained from RagB6 mice injected with AAVHBV/HDV-∆L-HDAg vectors collected at 21 dpi. After 7 days, cells were fixed and IF was performed to
detect HDAg.

2.7 Liver Injury in RagB6 mice
Next, apart from analyse the production of infective particles in those mice, we also wanted to
investigate the liver damage induced by the S-HDAg in the absence of B-, T- and NKT cells,
although we have previously shown that these immune cells do not play a major role in the
pathology during the infection with HDV WT133. Therefore, serum was obtained from RagB6
mice injected with the AAV-HDV-ΔL-HDAg vector at 7, 14, and 21 dpi to evaluate the hepatic
function, and livers were collected at 21 dpi for intrahepatic analysis of HDV RNA levels and
pro-inflammatory cytokines.

2.7.1 Effect on Transaminase Levels
The biochemical analysis showed no significant differences in the levels of ALT, AST, and ALP
between C57BL/6 and RagB6 mice receiving the AAV-HDV-∆L-HDAg vector (Figure 70A-C),
however, although not significant, lower ALT levels are observed at 14 and 21 dpi in RagB6
mice.
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Figure 70: The liver damage induced by the AAV-HDV-∆L-HDAg vector was independent of T
lymphocytes and NKT cells. Serum levels of A) ALT, B) AST, and C) ALP were measured at 7, 14 ad 21
dpi. Individual data points and mean values ± standard deviation are shown. No significant differences
between C57BL/6 and RagB6 mice were found by two-way ANOVA followed by Bonferroni’s multiple
comparison tests.

2.7.2 Analysis of HDV replication and HDAg expression
Next, we examined if viral replication and S-HDAg expression was comparable in RagB6 and
C57BL/6 mice injected with the same vector. As shown in Figure 71A-B, no differences were
observed in intrahepatic HDV RNA levels and HDAg-positive area at 21 dpi between C57BL/6
and RagB6 mice.

Figure 71: HDV replication and HDAg expression were similar in C57BL/6 and RagB6 mice infected
with the AAV-HDV-ΔL-HDAg mutant. A) Intrahepatic HDV RNA levels were measured at 21 dpi in both
mouse strains. B) HDAg-positive area was quantified using ImageJ. Mann-Whitney test did not reveal
significant differences in HDV RNA levels and HDAg expression.
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2.7.3 Analysis of Apoptosis Induction
Next, we examined the induction of hepatocyte death in RagB6 mice to evaluate if there were
differences in comparison to C57BL/6 mice. The analysis of a-Casp3 staining showed that the
AAV vector carrying the HDV-ΔL-HDAg mutant resulted in similar levels of apoptosis induction
at 21 dpi in both animal strains, indicating once again that B-, T- and NKT cells are not involved
in HDV-induced apoptosis (Figure 72).
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Figure 72: Administration of the AAV-HDV-ΔL-HDAg induced the death of hepatocytes similarly in
immunocompetent and in RagB6 mice. Cleaved casp3-positive hepatocytes were measured in liver
sections of C57BL/6 and RagB6 mice co-infected with AAV-HBV/HDV-ΔL-HDAg. No differences were
observed by performing a Mann-Whitney test.

2.7.4 Analysis of Pro-inflammatory Cytokines
Next, we examined if the overexpression of S-HDAg in RagB6 mice correlates with a strong
induction of pro-inflammatory cytokines similarly to that observed in immunocompetent
C57BL/6 mice. As shown in Figure 73A-E, intrahepatic levels of IL-1β and IL-6 mRNAs were
similar in RagB6 and C57BL/6 mice, while the induction of TNF-α, TGF-β, and IFN-γ was
stronger in RagB6 mice in comparison with WT animals. These results indicate that neither B-,
T- nor NKT cells are the main producers of these pro-inflammatory cytokines upon AAVHBV/HDV-ΔL-HDAg infection, and suggest that the lack of these immune cells could result in an
immune dysregulation that enhances the release of TNF-α and IFN-γ by macrophages.
However, the increase in TNF-α expression did not result in more severe liver damage in
comparison with C57BL/6 mice.
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Figure 73: Administration of AAV-HDV-ΔL-HDAg vector to RagB6 mice resulted in a strong er
expression of some pro-inflammatory cytokines compared to WT mice. Intrahepatic transcript levels
of A) TNF-α, B) IL-1β, C) TGF-β, D) IL-6, and E) IFN-γ were measured at 21dpi. Relative fold changes
were determined using the 2 − ΔΔCT method, with GAPDH used as a housekeeping gene and
uninfected animals as the control grou p (dashed lines). Mann-Whitney tests were performed to find
significant differences between C57BL/6 mice and RagB6 mice.

2.7.5 Quantification of Macrophages
Finally, we quantified the percentage of F4/80-positive cells in liver sections of C57BL/6 and
RagB6 mice infected with the AAV-HDV-ΔL-HDAg vector to examine if the overexpression of
TNF-α and IFN-γ correlated with higher numbers of macrophages. As shown in Figure 74,
RagB6 mice presented a slightly higher numbers of macrophages after the administration of
the HDV-ΔL-HDAg mutant in comparison with C57BL/6 mice receiving the same viral vector.
These results showed a strong association between overexpression of TNF-α and IFN-γ and the
recruitment of larger numbers of macrophages in RagB6 mice, however, these levels do not
correlate with an increase in transaminases and hepatocyte death, suggesting that T cells
might be partially responsible for the induction of apoptosis and hepatocyte damage in WT
mice.
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Figure 74: RagB6 mice presented a slight increase in intrahepatic F4/80 -positive cells than C57BL/6
mice upon infection with the AAV-HDV-ΔL-HDAg vector. F4/80-positive cells were measured in liver
sections of immunocompetent and RagB6 mice injected with the same vira l vector at 21 dpi. MannWhitney test did not reveal significant differences.

2.8 L-HDAg as a regulator of S-HDAg-induced toxicity
The main conclusion obtained from the first experiment is that the absence of L-HDAg leads to
an overexpression of S-HDAg and the aggravation of the pathology. Previous in vitro studies
described that the expression of L-HDAg at the beginning of the life cycle inhibits dramatically
HDV replication108, however, we wanted to investigate if the early expression of L-HDAg
alleviates also the toxicity induced by S-HDAg, or if L-HDAg induces other mechanism/s of liver
damage. Then, we performed a second experiment in which we co-administered the HDV WT
or the HDV-ΔL-HDAg vectors with the HDV-ΔS-HDAg (that can only produce L-HDAg).

Then, twenty-five 6-8-weeks-old C57BL/6 males were divided into five groups, as indicated in
Figure 75A: AAV-HDV, AAV-HDV-∆L-HDAg-; AAV-HDV-∆S-HDAg-AAV-HDV-∆HDAg- and AAVHDV-∆L-HDAg + AAV-HDV-∆S-HDAg- To adjust the amount of AAV vector all the animals were
co-injected with a dose of AAV-HDV-∆HDAg. Moreover, all groups of animals were co-infected
also with the AAV-HBV vector. During the experiment, serum was collected weekly and mice
were sacrificed at twenty-one days after AAV administration, as indicated in Figure 75B.
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Figure 75: Study of the effect of L-HDAg over S-HDAg expression and the induced toxicity. A)
Experimental groups. B) Timeline of the experiment. Peripheral blood was extracted every week and
at 21 dpi mice were sacrificed and liver were collected.

2.8.2 Effect on HDAg expression and viral replication
HDAg expression as well as viral genomes and antigenomes were analysed at 21 dpi. By WB,
we confirmed the presence of both S-HDAg and L-HDAg in the group of mice that received the
AAV-HDV WT + AAV-HBV + AAV-HDV-ΔHDAg vectors (Figure 76A, white). Unexpectedly, the
group of mice that received the AAV-HDV-ΔL-HDAg + AAV-HBV + AAV-HDV-ΔHDAg vectors
showed a mild expression of L-HDAg, while in the first experiment as in the in vitro
characterization only the S-HDAg was expressed after the administration of the HDV-ΔL-HDAg
(Figure 76A, blue). A possible explanation for the unexpected L-HDAg production could be that
the high replicative capacity of this HDV mutant might introduce mutations in the start codon
of the HDV-∆HDAg construct, leading to the expression of L-HDAg. In spite of this, the
predominant HDAg isoform in this group was S-HDAg. In regard to the group that received the
AAV-HDV-∆S-HDAg + AAV-HBV + AAV-HDV-ΔHDAg vectors, no HDAg expression was detected,
indicating that AAV-HDV-∆S-HDAg is not able to express S-HDAg and, thereby, is unable to
replicate (Figure 76A, orange). Interestingly, the co-administration of both AAV-HDV-∆L-HDAg
and AAV-HDV-∆S-HDAg vectors resulted in a lower expression of S-HDAg compared to mice
that received the AAV-HDV-∆L-HDAg alone (Figure 76A, red), suggesting that the expression of
L-HDAg at the beginning of the experiment affected the production of S-HDAg.
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These data correlate with the analysis of the intracellular HDV RNA (Figure 76B). The levels of
HDV genomes and antigenomes were significantly higher in the group of mice that received
the AAV-HDV-∆L-HDAg + AAV-HDV-∆HDAg vectors (in blue) in comparison with the HDV WT
group (in black), correlating with the lower expression of L-HDAg in this group compared to
that in the HDV WT. In contrast, the co-administration of AAV-HDV-∆L-HDAg and AAV-HDV-∆SHDAg vectors led to a drastic drop in HDV genomes and antigenomes. With these
observations, we confirmed that L-HDAg has a potent inhibitory effect over the HDV life cycle
in vivo when it is early expressed despite the HDV-ΔL-HDAg replicates with high efficiency.

Figure 76: S-HDAg expression and viral replication decrease when L -HDAg is early expressed. A)
Protein extracts were analysed at 21 dpi for HDAg detection. B) HDV genomes and antigenomes were
measured at 21 dpi and the levels of HDV RNA correlated directly with the S -HDAg/L-HDAg ratio.
Statistical differences compared to the HDV WT group were obtained using Bonferroni’s multiple
comparison tests.

2.8.3 Effect on Liver Damage
Then, ALT levels were measured at 7, 14, and 21 dpi to evaluate the hepatic function. As
shown in Figure 77, the severity of the liver damage was exacerbated in the group of mice that
received the AAV-HDV-∆L-HDAg + AAV-HDV-∆HDAg vectors, since this group showed an
increased S-HDAg/L-HDAg ratio compared to the HDV WT group. Interestingly, no toxicity was
found when the AAV-HDV-∆L-HDAg vector was co-administered with the AAV-HDV-∆S-HDAg
vector, correlating with the decrease in S-HDAg expression and viral replication. Finally, the
group of mice that received the AAV-HDV-∆S-HDAg + AAV-HBV + AAV-HDV-∆HDAg vectors and
the one that received three doses of the AAV-HDV-∆HDAg vector did not show any toxicity,
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confirming that high doses (5x1011) of non-replicative AAV genomes did not induce liver
damage.

Figure 77: Liver damage decreases when L-HDAg is overexpressed. ALT serum levels were measured
at 7, 14 and 21 dpi of C57BL/6 infected mice with three AAV vectors as indicated. Significant
differences between the experimental groups and the HDV WT group were obtained by two -way
ANOVA followed by Bonferroni’s multiple comparison tests.

Moreover, we compared S-HDAg and L-HDAg expression with ALT levels measured at 21 dpi to
prove if there was a correlation between liver damage and HDAgs ratio. As shown in Figure 78,
the altered ratio between S-HDAg and L-HDAg is determinant for the worsening of the liver
damage, considering that higher levels of ALT were measured in mice with a low expression of
L-HDAg in comparison with S-HDAg. Then, for the first time in an animal model, our data
indicated that higher levels of L-HDAg alleviate the liver damage in HBV/HDV co-infected
animals, and that the HDV-induced toxicity is mainly mediated by S-HDAg.

Figure 78: Analysis of S-HDAg and L-HDAg expression (above) and ALT levels at 21 dpi (below). ALT
levels decreased when the L-HDAg expression increased.

Finally, we wanted to examine if the inhibition of HDV life cycle by L-HDAg is due to its ability
to export HDV RNPs from the nucleus to the cytoplasm, where HDV cannot access host RNA
Pol. Hence, we performed RNA-FISH to detect genomic and antigenomic HDV RNA in frozen
livers that only produced the S-HDAg (infected with HDV-ΔL-HDAg + HDV-ΔHDAg) and in livers
with both S-HDAg and L-HDAg (infected with HDV-ΔL-HDAg + HDV-ΔS-HDAg) at 7 dpi. The HDV
genomes and antigenomes were mainly located in the nuclei in both groups of animals,
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especially in the AAV-HDV-ΔL-HDAg group, however, mice injected with both AAV-HDV-ΔLHDAg/HDV-ΔS-HDAg vectors showed also hepatocytes with genomic HDV RNA accumulated in
the cytosol (Figure 79). In conclusion, these data support the notion that L-HDAg has a potent
inhibitory effect over HDV life cycle in vivo when it is early expressed, confirming previous data
obtained in cell culture108, and that this inhibition could be partially explained by the
translocation of HDV RNPs from the nucleus to the cytoplasm, however, other mechanism/s of
viral replication carried out by L-HDAg cannot be discarded.

2µm

Figure 79: HDV genomes and antigenomes were detected in liver sections at 7 dpi by RNA -FISH. Mice
injected with the AAV-HDV-ΔL-HDAg vector showed HDV-infected hepatocytes with HDV RNA located
in the nuclei (left), while the co-infected group presented few HDV-positive hepatocytes and the HDV
RNAs were also detected in the cytoplasm (right).
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3. In vivo characterization of the AAV-HDV mutant
containing a non-isoprenylated L-HDAg
Isoprenylation of L-HDAg gives the virus the ability to interact with HBsAgs to form virions,
thus completing its viral cycle. Due to its relevance, the isoprenylation inhibitor Lonafarnib is
now in phase II clinical trials as a therapy for chronic HDV-patients. In addition to its
importance in the virion formation, no other function/s of L-HDAg in which isoprenylation
could be involved has been described. To deeply study its implication in HDV virology and
pathogenesis, we have used two strategies. The first one consisted of the infection of C57BL/6
mice with AAV vectors containing the non-prenylated HDV mutant. The second one involved
the use of a prenylation inhibitor (FTI 277) in mice co-infected with AAV-HBV and AAV-HDV
WT. The difference between both strategies is that with the first one we inhibit completely and
specifically the isoprenylation of L-HDAg, while with the second option we block also the
isoprenylation of host proteins.

3.1 Effect of isoprenylation on HDAg expression
For the analysis of HDAg expression induced by the non-prenylated HDV, animals injected with
the AAV-HBV/HDV WT and AAV-HBV/HDV-NPrL-HDAg vectors were sacrificed 21 dpi and livers
were lysated for protein extraction. Hepatic S-HDAg and L-HDAg protein expression was
analysed by WB in both HDV WT and HDV-NPrL-HDAg groups (Figure 80A). Similarly to the
results obtained in the Huh-7 cells transfected with this mutant, we were able to detect the
expression of both S-HDAg and L-HDAg but in a different ratio, been the expression of L-HDAg
lower when it is non-prenylated at residue Cys-211, in comparison with the HDV WT,
confirming that the L-HDAg/S-HDAg ratio is lower when the isoprenylation motif is affected
(Figure 80B).
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Figure 80: The absence of isoprenylation resulted in a decompensated ratio between S -HDAg and LHDAg. A) HDAg expression was analysed by WB at 21 dpi. B) The ratio between L -HDAg and S-HDAg
was calculated by measuring the intensity of th e band obtained by WB. Statistical differences were
obtained after performing a Mann-Whitney test.

Moreover,

significant differences regarding HDAg distribution could be observed by

performing an IHC to detect HDAg in liver sections. Animals that received the AAV-HDV-NPrLHDAg vector presented hepatocytes with a variable HDAg staining pattern: some cells showed
a very intense HDAg cytoplasmic staining (Figure 81A, black arrow) while in others the signal
was moderate, similarly to the HDV WT. Furthermore, liver sections of AAV-HDV-NPrL-HDAg
injected animals showed degenerated nuclei with HDAg accumulated in the periphery of the
nucleus (Figure 81A, red arrow). Next, the percentage of HDAg positive area quantified with
ImageJ showed a similar extension of the stained tissue in both groups (39% and 36%,
respectively) (Figure 81B), and also for the percentage of HDAg positive hepatocytes (89% in
both AAV-HDV WT and AAV-HDV-NPrL-HDAg injected animals) (Figure 81C).

Figure 81: Inhibition of isoprenylation did not result in alterations in HDAg positive extension tissue
but the HDAg distribution. A) Representative images of IHC HDAg of AAV -HBV/HDV WT and AAVHBV/HDV-NPrL-HDAg injected animals at 21dpi. Images were acquired with an Ape rio Leica Scanner at
20x magnification. B) Quantification of HDAg positive area. C) Quantification of HDAg positive
hepatocytes. No significant differences were obtained after Mann-Whitney tests.
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3.2 Effect on Viral replication
Intracellular HDV RNA levels were measured at 21 dpi, and, as it was observed in Huh-7 cells,
the non-prenylated HDV mutant replicates with less efficiency than the HDV WT virus (Figure
82).
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Figure 82: The non-prenylated mutant has a lower replicative capacity than the HDV WT. HDV RNA
was measured at 21 dpi and was compared to the HDV WT group. Individual data points and mean
values ± standard deviation are shown. Significant differences were determined by a Mann-Whitney
test.

3.3 Effect on Liver damage
To analyse if the administration of the AAV-HDV-NPrL-HDAg vector exacerbates the liver
damage in comparison with the HDV WT, the presence of hepatic enzymes was determined in
circulation. At 21dpi serum levels ALT, AST, and ALP were higher in mice infected with the nonprenylated mutant than those infected with the HDV WT, despite the low replication of this
HDV variant (Figure 83).
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Figure 83: ALT, AST, and ALP levels were higher upon infection with AAV -HBV and the nonprenylated HDV. A) ALT, B) AST, and C) ALP. Individual data points and mean values ± standard
deviation are shown. Significant differences were determined by two -way ANOVA followed by
Bonferroni’s multiple comparison tests .

Liver sections were also analysed to detect possible histopathological changes. Interestingly,
the non-prenylated mutant resulted in more abundant pyknotic nuclei in comparison with the
HDV WT virus (Figure 84A, white arrow), reflecting more severe liver damage. Then, the
nuclear diameter was also measured in liver sections at 21 dpi and the results showed a clear
enlargement of the hepatocyte nuclei upon infection with the non-prenylated HDV mutant
(Figure 84B), corroborating the in vitro data. Therefore, the elimination of the isoprenylation
site of L-HDAg results in a worsening of the HDV-induced liver pathology.

Figure 84: Histological features of HDV-WT- and HDV-NPrL-HDAg-infected mice. A) Representative
liver sections. Images were acquired with an Aperio Leic a Scanner at 20x magnification. B)
Quantification of nuclear size. An unpaired t -test was performed to find differences between the HDV
WT and the non-prenylated HDV.

123

Results: Part III

3.4 Effect on Caspase 3 Activation
In view of the more severe liver damage observed in mice that received the non-prenylated
HDV vector, we evaluated the activation of casp3 to assess if there is a correlation between
ALT levels and apoptosis and we clearly found an increase in apoptotic cells. Thus, the
elimination of the isoprenylation site of L-HDAg exacerbates the death of hepatocytes,
probably because the low levels of L-HDAg produced in these animals are not sufficient to
diminish the toxicity induced by S-HDAg (Figure 85).

Figure 85: Quantification of a-Casp3-positive hepatocytes in AAV-HBV/HDV and AAV-HBV/HDV-NPrLHDAg injected animals at 21 dpi. Individual data points and mean values ± standard deviation are
shown. Significant differences were obtained by Mann-Whitney test.

3.5 Effect on Host Immune Response
3.5.1 Effect on type I IFN activation
We then analysed the induction of type I IFN response in the liver of mice injected with this
mutant at 21 dpi. As shown in Figure 86, the induction of IFN-β was lower in the HDV-NPrLHDAg injected group compared to the HDV WT, in agreement with the less replicative capacity
of this mutant.
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Figure 86: The infection with the non-prenylated HDV resulted in a significant decrease in the
induction of IFN type I. IFN-β transcript levels were quantified at 21 dpi. Individual data points and
mean values ± standard deviation are shown. Mann-Whitney test revealed significant differences
between the HDV WT and the HDV -NPrL-HDAg group.

3.5.2 Effect on Inflammatory Cell Recruitment
Concerning the presence of immune cells in the liver, we measured the percentage of CD45-,
CD8-, CD4- and F4/80-positive cells and we found a slight increase in total numbers of
leucocytes, CD4+ T lymphocytes and especially in macrophages despite the differences were
not significant (Figure 87A-E), suggesting that the absence of isoprenylation in the L-HDAg
might result in the recruitment of the inflammatory infiltrate, probably due to the S-HDAg
expression.

Figure 87: Immunohistochemically analysis at 21 dpi of immune cells. A) CD45+ cells, B) CD8+
lymphocytes, C) CD4+ lymphocytes and D) macrophages, E) Representative image of CD45 IHC at 20x
magnification at 21dpi. Dashed lines indicate the mean value of AAV -HBV/∆HDAg injected animals.
Individual data points and mean values ± standard deviation are shown. Mann-Whitney tests did not
reveal significant differences between groups.
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3.5.3 Effect on the Production of Pro-inflammatory cytokines
To further assess if the liver damage triggered by the administration of the AAV-HDV-NPrLHDAg vector was associated with the overexpression of pro-inflammatory cytokines, the mRNA
levels of IL-1β, IL-6, TGF-β, TNF-α, and IFN-γ were examined at 21 dpi and we found a
significant increase in all of the transcripts except IL-6 (Figure 88A-E)

Figure 88: Transcriptomic analysis revealed higher levels of pro-inflammatory cytokines in AAV-HDVNPrL-HDAg injected animals than in HDV WT. A) TNF-α, B) IL-1β, C) TGF-β, D) IL-6 and E) IFN-γ.
Individual data points and mean values ± standard deviation are shown (n=4). Relative quantification
is based on the fold change of induction compared with the non-infected group (dashed lines). MannWhitney tests were performed to find significant differences between groups.

3.5.4 Identification of the main source of TNF-α
In view of the increased numbers of macrophages and the overexpression of TNF-α in animals
receiving the AAV-HDV-NPrL-HDAg vector, we performed RNA-FISH combined with F4/80
detection in liver sections of these animals, to investigate if macrophages were also the main
cell type responsible for the TNF-α production. In this case we found that, among TNF-α mRNA
expressing cells, 79.1% of them corresponded to macrophages, 1.9% to macrophages also
containing HDV genomic RNA, 2.5% to HDV-infected hepatocytes, and 16.4% to cells that were
neither macrophages nor hepatocytes (Figure 89).
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Figure 89: RNA-FISH combined with IF was performed in liver sections of AAV -HBV/HDV-ΔL-HDAg
injected animals at 21 dpi to detect simultaneously HDV genomic RNA, TNF -α mRNA, and F4/80. The
quantitative analysis revealed that macrophages represent the majority of the TNF -α-positive cells.

3.6 Effect on Viral Particle Production
As mentioned previously, L-HDAg is indispensable for viral assembly. In particular, the
isoprenylation of the L-HDAg confers is necessary for the interaction with HBsAg and form
mature virions. To corroborate previous data and our in vitro results, serum from RagB6 mice
infected with AAV-HBV/HDV-NPrL-HDAg vector were used to infect HepG2-hNTCP cells. The
result showed in Figure 90 confirmed that isoprenylation of L-HDAg is indispensable for the
viral assembly since serum from RagB6 mice did not contain infective HDV particles.

20µm
Figure 90: HDV is not able to form mature virions with the non -prenylated L-HDAg. HepG2-hNTCP
cells were incubated for 24h with 15uL of serum from AAV-HBV/HDV WT and AAV-HBV/HDV-NPrLHDAg infected RagB6 mice that was collected at 21 dpi. For the visualization of HDV infected cells, IF
against HDAg was performed at 7 dpi.
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3.7 Liver damage in RagB6 mice
RagB6 mice were injected with the AAV-HDV-NPrL-HDAg vector to prove if similar liver damage
was induced in that mice lacking B-, T- and NKT cells in comparison with immunocompetent
C57BL/6 mice. Therefore, RagB6 mice (n=4) and C57BL/6 mice (n= 6) were infected with 5e10
vg of the AAV-HDV WT vector and AAV-HDV-NPrL-HDAg mutant, and serum was collected at 7,
14, and 21 dpi to analyse transaminase levels. For intrahepatic analysis of HDV RNA and proinflammatory cytokines, livers were collected at 21 dpi.

3.7.1 Effect on Liver Damage
Serum ALT, AST, and ALP levels were determined in C57BL/6 and RagB6 mice injected with the
same AAV-HDV-NPrL-HDAg vector (Figure 91A-C). Despite no statistical differences were
observed at the indicated time points, RagB6 mice present lower levels of ALT and AST at 14
and 21 dpi in comparison with C57BL/6 mice. Hence, B-, T- or NKT cells could be implicated in
the exacerbated liver damage induced by this mutant.

Figure 91: Serum levels of A) ALT, B) AST, and C) ALP of C57BL/6 and RagB6 mice suggest that B, T,
and/or NKT could be partially implicated in the liver damage induced by the AAV-HDV-NPrL-HDAg
vector. No significant differences in liver damage between C57BL/6 and RagB6 mice were obtained by
performing two-way ANOVA followed by Bonferroni’s multiple comparison tests.
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3.7.2 Analysis of HDV replication and HDAg expression
Next, intrahepatic levels of total HDV RNA were measured and compared between C57BL/6
and RagB6 mice, with no differences between animals receiving the AAV-HDV-NPrL-HDAg
(Figure 92A). Moreover, IHC against HDAg was performed in liver sections of both animals and
no differences were found (Figure 92B). Hence, the lack of B-, T- and NKT cells did not have
any impact on the replicative capacity of the HDV-NPrL-HDAg mutant at 21 dpi.

Figure 92: HDV replication and HDAg expression were similar in C57BL/6 and RagB6 mice infected
with the same AAV-HDV-NPrL-HDAg viral vector. A) Intrahepatic HDV RNA levels were measured at 21
dpi in both mouse strains. B) HDAg-positive area was analysed using ImageJ. Mann-Whitney tests did
not reveal significant differences.

3.7.3 Analysis of Apoptosis Induction
To compare the induction of hepatocyte death by the HDV-NPrL-HDAg mutant in C57BL/6 and
RagB6 mice, livers of both groups of animals were subjected to immunostaining of activated
Casp3 at 21 dpi. Interestingly, animals lacking B- and T-lymphocytes as well as NKT cells
showed a reduction in hepatocyte death in comparison with WT animals (Figure 93). This
result correlates with the slight decrease in transaminase levels in RagB6 mice, and suggests
that T lymphocytes that are absent in RagB6 mice could be partially involved in inducing
apoptotic death during infection with the HDV-NPrL-HDAg mutant in C57BL/6 animals.
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Figure 93: Significant decrease in hepatocyte death upon administration of the AAV-HDV-NPrL-HDAg
vector in RagB6 mice due to the lack of T lymphocytes. Cleaved casp3-positive hepatocytes were
measured in liver sections of C57BL/6 and RagB6 mice co-infected with AAV-HBV/HDV-NPrL-HDAg at
21 dpi. Significant differences were observed by performing a Mann-Whitney test.

3.7.4 Analysis of Pro-inflammatory Cytokines
Finally, the expression of pro-inflammatory cytokines was examined by measuring their
intrahepatic mRNA levels in C57BL/6 and RagB6 mice (Figure 94). In comparison with WT mice,
RagB6 mice expressed higher levels of TNF-α and IFN-γ. In contrast, IL-1β, TGF-β, and IL-6
mRNA levels were similar between both WT and RagB6 mice. These data indicate that TNF-α
and IFN-γ production, presumably by macrophages, is exacerbated in the absence of B-/Tlymphocytes and NKT cells, but this overexpression did not correlate with an increase in ALT
levels and Casp3 activation, suggesting again that T lymphocytes might be implicated in
inducing apoptosis of infected hepatocytes.
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Figure 94: Expression of pro-inflammatory cytokines was analysed in WT and RagB6 mice injected
with the AAV-HDV-NPrL-HDAg. A significant overexpression was found in TNF-α and IFN-γ while no
differences were observed regarding IL-1β, TGF-β, and IL-6 levels. Mann-Whitney tests were used to
find significant differences between the two mouse strains.

3.7.5 Quantification of Macrophages
Finally, we performed IHC to detect F4/80-positive cells in liver sections of mice infected with
the AAV-HDV-NPrL-HDAg. As shown in Figure 95, RagB6 mice presented an increase in
macrophages after the administration of the HDV-NPrL-HDAg in comparison with C57BL/6
mice receiving the same viral vector, correlating with the overexpression of TNF-α and IFN-γ in
those animals.
F4/80+ cells
%Ratio Astained/Atissue
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Figure 95: RagB6 mice presented more F4/80-positive cells in comparison with C57BL/6 mice upon
infection with the AAV-HDV-NPrL-HDAg vector. F4/80-positive cells were measured in liver sections
of immunocompetent and RagB6 mice injected with the same viral vector at 21 dpi. Mann-Whitney
test revealed significant differences.
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Taken together these results, neither T lymphocytes, B lymphocytes, nor NKT have a major role
in the ΔL-HDAg- and HDV-NPrL-HDAg-induced liver damage, as it was previously demonstrated
in AAV-HDV WT-injected RagB6 animals133.

3.8 Pharmacological Inhibition of Isoprenylation in the AAV-HBV/HDV
mouse model
Next, we wondered if the administration of isoprenylation inhibitors leads to the same results
as those obtained with the HDV-NPrL-HDAg mutant. The relevance of testing its effect is to
prove the potential consequences of treating acute HDV patients with isoprenylation inhibitors
such as Lonafarnib. Therefore, immunocompetent mice (n=4) were co-infected with AAVHBV/HDV and treated with FTI 277 HCl. The drug was administered daily intraperitoneally
dosed at 50mg/kg between days 14- and 21-post infection when L-HDAg reached its maximum
expression. The other four C57BL/6 mice infected with AAV-HDV received the vehicle in which
the drug was dissolved (DMSO, Tween-80, PEG3000, and saline solution) (Figure 96).

Figure 96: Experimental design of a study to test the effect of pharmacological inhibition of
isoprenylation. A) Distribution of C57BL/6 animals into three groups (n=4). B) Experimental timeline
of vector administration, serum collection, and drug adminis tration. All animals received 5e10 vg of
the AAV-HBV vector and 5e10 vg of the AAV-HDV WT vector. From day 14 to 21 post-infection, the
isoprenylation inhibitor FTI 277 was administered to the treated group while the untreated received
the same volume of FTI 277-solvents.
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3.8.1 Effect on HDAg Expression and Viral Replication
The pharmacological inhibition of isoprenylation led to a reduction of L-HDAg levels, but no
effect was observed regarding the S-HDAg expression (Figure 97A-C). This difference in HDAg
levels results in a decompensate L-HDAg/S-HDAg ratio (Figure 97D), in agreement with the
HDAg expression observed in AAV-HDV-NPrL-HDAg-infected mice. However, while the ratio
between L-HDAg and S-HDAg with the HDV-NPrL-HDAg mutant decreases 6.5-times in
comparison with the HDV WT virus, here the difference is only 1.5-fold. This suggests that an
extension on the length of FTI 277 treatment may lead to greater differences between S-HDAg
and L-HDAg levels similar to those obtained with the HDV-NPrL-HDAg mutant.

Figure 97: HDAg expression analysed by WB in AAV-HDV-infected mice untreated and treated with
FTI 277 HCl. A) WB result of S- and L-HDAg expression in untreated (left) and treated (right) mice. B)
Quantification of S-HDAg band intensity. C) Quantification of L-HDAg band intensity. D) The ratio of L /S-HDAg. Individual data points and mean values ± standard deviation are shown. Differences
between groups were obtained by performing Mann-Whitney tests.

3.8.2 Effect on Viral replication
Regarding HDV RNA levels, no differences were observed in HDV replicative capacity under the
treatment of FTI 277 HCl for 7 days, as indicated in Figure 98. In contrast with the data
obtained by the administration of the non-prenylated HDV mutant, in which we observed a
deficiency in viral replication, here we did not observe differences between treated and
untreated animals.
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Figure 98: Pharmacological inhibition of isoprenylation did not affect the relative levels of H DV
RNA. No statistical differences were obtained by a Mann-Whitney test.

3.8.3 Effect on Liver damage
Despite the decompensation in the ratio of S- and L-HDAg, no alterations in the hepatic
function were observed based on transaminase serum levels (Figure 99A-C). These results did
not correlate with those obtained with the AAV-HDV-NPrL-HDAg. One reason could be that the
administration of FTI 277 during 7 days of treatment was not enough to completely inhibited
the isoprenylation of L-HDAg, while it was blocked from the beginning of the viral cycle with
the non-prenylated mutant.

Figure 99: The levels of A) ALT, B) AST, and C) ALP did not show alterations in the hepatic function
after 7 days of treatment with FTI 277 HCl. Individual data points and mean values ± standard
deviation are shown. No significant differences were obtained after two -way ANOVA and Bonferroni’s
multiple comparison tests.
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Accordingly, no histopathological differences were observed when liver sections of treated and
untreated animals were compared (Figure 100A-B).

Figure 100: Pharmacological inhibition of prenylation in AAV -HBV/HDV-infected mice did not result
in histological changes in comparison with untreated. A) Representative liver sections. Images were
acquired with an Aperio Leica Scanner at 20x magnification. B) The nuclear diameter was measured in
untreated and treated mice. Unpaired t -test did not reveal significant differences .

In conclusion, the administration of the drug did not result in an aggravation of the pathology,
but it induced an alteration in the HDAg ratio. Therefore, we cannot rule out that prolonged
use of the inhibitor does not result in worsening HDV-induced liver damage.
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4. In vivo characterization of the AAV-HDV mutant with a
mutation in HDAg-Nuclear Localization Signal
As mentioned in the Introduction, the subcellular localization of HDAg is predominantly
nuclear. To find out the consequences of promoting cytoplasmic accumulation HDAgs in vivo,
C57BL/6 mice were infected with the AAV-HDAg-∆NLS vector, in combination with AAV-HBV,
following the same procedure that was described for the previous HDV mutants.

4.1 Effect on HDAg expression and viral replication
First, we analysed HDAg expression levels at 21 dpi by WB in liver sections of AAV-HDV WT and
AAV-HDAg-ΔNLS injected animals, and we found similar intrahepatic levels of S-HDAg and LHDAg in both groups of animals (Figure 101A). Moreover, no differences in the ratio L-HDAg/SHDAg were evidenced, as shown in Figure 101B. Therefore, the prevalent cytoplasmic
accumulation did not have any impact on the HDAg production and HDV antigenome editing.

Figure 101: Alterations in the nuclear localization of HDV did not affect the HDAg expression nor
HDV antigenome edition. A) S- and L-HDAg of HDV WT-infected mice compared to HDAg-∆NLSinfected mice at 21 dpi. B) Quantification of the ratio between S -HDAg and L-HDAg in those samples.
Individual data points and mean values ± standard deviation are shown (n=4). Mann-Whitney test did
not reveal significant differences between the two groups.

However, significant differences regarding the HDAg localization were observed by IHC. In the
HDV WT-infected animals, the HDAg staining was predominantly nuclear and with a mild
cytoplasmic signal (Figure 102A). In contrast, the truncated NLS resulted in the favored
accumulation of HDAgs in the cytosol, as shown by an intense HDAg-cytoplasmic the
hepatocytes of mice injected with the AAV-HDAg-ΔNLS mutant. The nuclear staining in the
HDAg-ΔNLS injected animals indicates that the nuclear localization of HDAgs was not
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completely avoided by the substitutions of residues Glu-66 and Arg-75. Regarding the
quantification of the HDAg positive area, no differences were found between both groups of
animals (Figure 102B).

Figure 102: Mutation in the Nuclear Localization Signal resulted in no alterations in the e xtension of
the HDAg positive area by IHC. A) Representative images of liver sections at 21dpi. Images were
acquired with an Aperio Leica Scanner at 40x magnification. B) Quantification of HDAg positive area.
Individual data points and mean values ± standa rd deviation are shown. No significant differences
between the HDAg positive area were found using a Mann-Whitney test.

Concerning the replicative capacity of this mutant, by measuring intrahepatic HDV RNA levels
at 21 dpi we found that the cytoplasmic localization of HDV RNPs diminishes the replicative
capacity of HDV, indicating that proper nuclear localization of the HDV RNP is indispensable for
HDV replication (Figure 103).

**

Figure 103: Truncated NLS resulted in a decrease in the
replicative capacity of HDV. Intracellular levels of viral RNA
were measured at 21 dpi in livers of animals that received
the AAV-HDV and the AAV-HDAg-ΔNLS vectors. MannWhitney test revealed differences between groups.

4.2 Effect on Liver damage
Regarding the liver disease, the administration of the mutant with a deficiency in nuclear
accumulation did not result in significant differences in transaminases but we found lower
levels of AST and ALT at 21 dpi compared to the HDV WT group (Figure 104).
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Figure 104: Biochemical parameters of the liver damage of AAV -HDV-WT- and AAV-HDV-∆NLSinfected animals. A) ALT, B) AST, C) ASP. Individual data points and mean values ± standard deviation
are shown. No significant differences were obtained in comparison with the HD V WT group after
performing a two-way ANOVA followed by Bonferroni’s multiple comparison tests.

Moreover, we did not find any histological alteration in livers of these mice at 21 dpi (Figure
105A-B). Hence, our data suggest that the nuclear export of the viral proteins might alleviate
the hepatocyte damage probably because of the decrease in viral replication.

Figure 105: Cytosolic accumulation of HDAgs did not result in morfological alterations of infected
livers. A) Representative liver sections at 21 dpi of mice injected the AAV -HDV WT and the AAV-HDAgΔNLS vectors. B) The nuclear diameter was measured in untreated and treated mice. Images were
acquired with an Aperio Leica Scanner at 20x magnification.
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4.3 Effect on the Activation of Host Immune System
4.3.1 Effect on Type I IFN Activation
Moreover, the antiviral response in these mice was analysed to determine if the cytosolic
accumulation of HDV RNPs has any consequence on type I IFN type activation. Our data
indicate that the HDAg-∆NLS mutant induces a strong type I IFN response similarly to the HDV
WT, despite the viral replication was negatively affected by the mutation in the NLS domain
(Figure 106). Hence, the HDV RNA is accumulated in the cytosol and, thereby, it promotes the
activation of IFN type I-signaling through the recognition of dsRNA by MDA5, which is mainly
located in the cytosol. This explains why the HDAg-∆NLS mutant triggers the activation of IFN
type I as the HDV WT.

Figure 106: Cytosolic accumulation of HDV RNP did not enhance the activation of IFN type I. IFN-β
mRNA levels were measured at 21 dpi in AAV-HDV WT- and AAV-HDAg-ΔNLS-injected animals. No
significant differences were obtained by a Mann-Whitney test.

4.3.2 Effect on Inflammatory Cells Recruitment
Next, we wondered if the cytosolic accumulation of HDV RNPs induced any effect in the
recognition of HDAgs by the immune system and the recruitment of immune cells. Thus, we
measured the percentage of CD45- and F4/80-positive cells in liver sections of these animals at
21 dpi, since these immune populations were increased in the previous experimental groups.
However, we did not find differences between HDV WT and HDAg-ΔNLS injected animals
(Figure 107A-B). Hence, considering that the levels of HDAgs were similar in both groups - as it
has been confirmed by WB and IHC – our data indicate that the different HDAg distribution
does not have any impact on the recruitment of infiltrating immune cells and that the decline
in HDV RNA levels did not correlate with a decrease in immune cells.

139

Results: Part III

Figure 107: The recruitment of inflammatory cells was similar in HDV WT - and HDAg-ΔNLS-injected
animals. The percentage of A) CD45-positive cells, and B) F4/80-cells was measured by IHC at 21 dpi in
both groups of animals (n=5) and no differences were observed by performing Mann-Whitney tests.

4.3.3 Effect on the Production of Pro-inflammatory Cytokines
Then, the expression levels of TNF-α, IL-1β, TGF-β, IL-6, and IFN-γ transcripts were measured to
assess if the HDAg cytoplasmic localization promotes or diminish the expression of proinflammatory cytokines. The results, shown in Figure 108, indicated that a deficient transport
of HDV RNPs to the nucleus resulted in a decrease in TNF-α, TGF-β, and IFN-γ mRNA levels,
probably related by the decrease in HDV RNA, and a similar tendency in IL-1β and IL-6
transcript levels. Therefore, the lower levels detected of some pro-inflammatory cytokines
could be explained by lower levels of HDAgs in the nucleus of the cells in the HDAg-ΔNLS
group.

Figure 108: The predominant cytoplasmic localization of HDAg-ΔNLS mutant resulted in a mild
reduction of pro-inflammatory cytokines at 21 dpi. Transcripts levels of A) TNF-α, B) IL-1β, C) TGF-β,
D) IL-6, and E) IFN-γ were measured at 21 dpi in animals that received the AAV -HDV WT and the AAVHDAg-∆NLS vectors. Individual data points and mean values ± standard deviation are shown.
Significant differences were found with Mann-Whitney tests.
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5. In vivo characterization of the AAV-HDV mutant with a
mutation in the HDAg-Nuclear Export
Finally, in order to explore the consequences of increasing the nuclear accumulation of HDAg
in the nucleus, six C57BL/6 mice were infected with the AAV vector carrying the HDAg lacking
the NES domain. As for the characterization of the previous HDV mutants, blood was collected
at 7, 14, and 21 dpi, and livers were obtained at 21 dpi, and the data were compared with the
HDV WT group.

5.1 Effect on HDAg expression and viral replication
Intrahepatic HDAg expression was evaluated in liver lysates of AAV-HDV WT and AAV-HDAgΔNLS injected animals and we found that nuclear accumulation of HDAgs due to the truncated
NES domain resulted in a 2.3-fold change of S-HDAg over L-HDAg compared to the HDV WT
group (Figure 109A-B).

Figure 109: Truncated NES domain of HDV resulted in lower L-HDAg production. A) HDAg detection
by WB from liver extracts obtained 21 dpi. B) The ratio between the band intensity of L - and S-HDAg.
Individual data points and mean values ± standard deviation is shown. Mann -Whitney test showed
significant differences between HDV WT and HDV-∆NES infected mice.

Regarding the HDAgs localization, administration of AAV-HDV WT and AAV-HDAg-ΔNES vectors
resulted in a similar distribution of HDAgs within the infected hepatocytes, with a high
prevalence for nuclear staining in both groups and a mild signal in the cytoplasm (Figure
110A). Despite that the nuclear export of HDV RNP was avoided, we cannot prevent the
cytoplasmic localization of HDAg since they are produced in the ER. In fact, some of the
infected hepatocytes showed an intense HDAg-staining in the cytoplasm, more even than the
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signal observed in the WT group (red arrow). Furthermore, several HDAg-positive hepatocytes
showed degenerated nuclei with HDAg accumulated in the periphery (white arrow), similar to
the pyknotic nuclei observed with the HDV-NPrL-HDAg mutant. Moreover, the HDAg-stained
area was measured in both groups of animals, and mice injected with the AAV-HDAg-∆NES
vector presented a lower extension of the HDAg-positive area in comparison with the WT
group (Figure 110B).

Figure 110: Mutated NES domain of L-HDAg resulted in the increase of degenerated nuclei, an
intense HDAg- staining in the cytoplasm in a decrease in the HDAg+ area. A) Representative liver
sections from mice obtained 21 dpi. Images were acquired with an Aperio Leica Scanner at 20x
magnification. B) Quantification of HDAg positive area in HDV WT and HDAg-∆NES infected mice.
Individual data points and mean values ± standard deviation are shown. Mann-Whitney test was
performed to compare both groups.

In agreement with the results obtained in vitro, the replicative capacity of the HDAg-ΔNES was
similar to the HDV WT, as intrahepatic HDV RNA levels were comparable in both groups (Figure
111).

Figure 111: The replicative capacity of HDAg-ΔNES was
similar to the HDV WT. Individual data points and mean
values ± standard deviation are shown. No statistical
differences were observed by performing a MannWhitney test.
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5.2 Effect on Liver damage
Next, the hepatic function was evaluated. As indicated in Figure 112A-C, the blockade of HDV
RNPs nuclear export resulted in a significant increase in ALT, AST, and ALP levels at 21 dpi
compared to the normal distribution of HDAgs in the HDV WT group, meaning that the nuclear
accumulation of the HDAgs could impair biological functions of the infected hepatocyte.

Figure 112: P205A substitution resulted in alterations in biochemical parameters of the liver
function. A) ALT, B) AST, C) ALP. Individual data points and mean values ± standard deviation are
shown. Two-way ANOVA and Bonferroni’s multiple comparison tests w ere performed to find
differences between groups.

Then, the histological analysis revealed a high prevalence of pyknotic nucleis in mice receiving
the HDAg-ΔNES mutant but no changes were observed regarding the nuclear size (Figure
113A-B).
A

B

Figure 113: The nuclear localization of HDAgs increases the abundance of pyknotic nuclei. A)
Representative liver sections at 21 dpi of mice injected with the AAV-HDV WT and the AAV-HDAg-ΔNLS
vectors. Images were acquired with an Aperio Leica Scanner at 20x magnification. B) The nuclear
diameter was measured in untreated and treated mice. Unpaired t -test did not reveal significant
differences.
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5.3 Effect on the Activation of Host Immune Response
5.3.1 Effect on Type I IFN Activation
Then, to further assess if the nuclear accumulation of HDV RNPs induced any alteration in the
type I IFN response, we measured the intrahepatic levels of IFN-β mRNA of the AAV-HDAgΔNES group at 21 dpi and they were compared to those obtained in the AAV-HDV WT group.
As shown in Figure 114, the activation of type I IFN was similar in both groups, since the
replication capacity of HDV was comparable in the HDAg-NES as in the WT group. Therefore,
the nuclear accumulation of HDAgs cells did not result in alterations in IFN-β activation.

Figure 114: Similar induction of IFN response at 21
dpi upon infection with the HDV WT virus and HDAg∆NES mutant. Individual data points and mean values
± standard deviation are shown. Mann-Whitney test
did not reveal significant differences.

5.3.2 Effect on Inflammatory Cells Recruitment
Then, by measuring the percentage of immune cells we found a decrease in CD45- and F4/80positive cells in liver sections of mice receiving the HDAg-ΔNES vector compared to the HDV
WT (Figure 115A-B). These data do not correlate with the slight increase in transaminase levels
at this time point, suggesting that the more severe liver damage observed in these animals
could be related to alterations in the nuclear compartment instead of by an increment of
immune cells. Moreover, the decrease in these immune cell populations correlates with the
decline in HDAg-stained positive tissue, suggesting that the recruitment of immune cells
depends on the levels of HDAgs expression.
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Figure 115: The group of animals that received the AAV-HDAg-ΔNES vector showed a lower
percentage of immune cells compared to the HDV WT that correlates with the decrease in HDAg stained tissue. The percentage of A) CD45-positive cells, and B) F4/80-cells was measured by IHC at 21
dpi in both groups of animals, and significant differences were obtained with a Mann-Whitney test.

5.4.3 Effect on Production of Pro-inflammatory cytokines
In correlation with the decrease in F4/80-positive cells, HDAg-ΔNES injected animals showed
lower levels of TNFα mRNA at 21 dpi compared to the HDV WT (Figure 116A), suggesting that
the liver damage observed in those mice could be explained by other mechanism/s of damage
that is/are independent on TNF-α expression. In contrast with TNF-α, we found a slight
increase in IL-1β, TGF-β, IL-6, and IFN-γ transcripts when the HDAgs are accumulated in the
nucleus (Figure 116B-E), indicating a possible implication of these cytokines in the
pathogenicity of HDV that is independent on TNF-α.

Figure 116: The induction of pro-inflammatory cytokines in mice infected with the AAV -HDAg-ΔNES
vector was slightly higher compared to the WT group except for TNF-α. A) TNF-α, B) IL-1β, B) IL-6, C)
TGF-β, D) IL-6, and E) IFN-γ. Individual data points and mean values ± standard de viation are shown.
Mann-Whitney tests were performed to analyse differences between groups.
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Finally, the main results obtained in the in vivo characterization of HDV mutants regarding the
viral cycle, liver damage, and liver inflammation are summarized in Table 10.
HDV
Mutant

HDAg
expression

HDV∆HDAg
HDV-∆SHDAg

HDV
replication

Liver
Damage

IFN
activation

Inflammatory
cells

Inflammatory
cytokines

RagB6 mice

No

No

-

-

-

-

-

No

No

-

-

-

-

-

↑↑↑

= liver
damage, ↑
macrophages,
↑ TNF-α, ↓
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HDV-∆LHDAg

↑S-HDAg

↑ than
HDV WT

HDV-NPrLHDAg

S-HDAg and
L-HDAg,
different
ratio

↓ than
HDV WT

↑↑

↓

↑

↑↑

= liver
damage, ↑
macrophages,
↓ apoptosis

HDAg-∆NLS

S-HDAg and
L-HDAg

↓ than
HDV WT

= or ↓

=

=

= or ↓

-

HDAg-∆NES

S-HDAg and
L-HDAg

= than
HDV WT

= or ↑

=

=

= or ↑

-

↑↑↑

↑ and
earlier

↑↑↑

Table 10: Summary of the main results obtained during the characterization of HDV mutants in mice
using AAV vectors. The symbol (-) represents virological features that were not investigated due to
the absence of replication or because the effect of the two last mutants has not yet been examined.
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HDV infection is recognized as the most severe form of viral hepatitis. Despite the severity of
this disease, the underlying mechanism is still unknown and hence there is a lack of effective
treatments to control HDV-induced liver damage. One of the main reasons for the scarce
knowledge of the molecular mechanism/s involved in the pathology of this disease is the
absence of adequate animal models that resemble the main pathological features observed in
HDV patients and amenable to experimentation. Cell culture models are useful to characterize
the direct effect of HDV on an infected cell 121–127, however, the interaction between the host
immune system and HDV cannot be evaluated in these systems. On the other hand, the animal
species that can be naturally infected by HBV and HDV such as woodchucks or chimpanzees
cannot be used as experimental animal models to decipher the mechanism of the disease.
Moreover, albeit several mouse models of HDV infection have been developed, in none of
them liver pathology or hepatocyte death was observed62,132,134,135,137,138.
Mice are refractory to HBV and HDV infection due to small differences in the sequence of the
HBV/HDV receptor, the NTCP protein. To overcome this limitation, we utilized AAVs as delivery
vehicles for HBV/HDV replication-competent viral genomes. The co-administration of
recombinant AAV-HBV and AAV-HDV to WT mice resulted in the establishment of HDV
replication and, more importantly, the animals developed a significant liver pathology. Thus,
the use of rAAV to deliver viral genomes emerged as a promising tool for the study of the
mechanism of HDV pathology and the interaction of HDV with host factors.
One of the main advantages of this model is that WT or genetically modified mice can be
injected with AAV-HBV/HDV vectors thus allowing the study of the interaction of HBV/HDV
with the immune system in different transgenic and KO mice. Moreover, the replicationcompetent HDV genomes can be engineered to modify specific sequences of the viral genome
or to change specific residues in the HDAgs and then used to study their role within the HDV
life cycle, in the interaction with the host cell or host immune system.
This model has allowed us to identify the role of MAVS in the activation of the innate immune
response against the virus leading to type I IFN production as well as to establish the important
role played by TNF-α in HDV-induced liver pathology133. Furthermore, cell-depletion studies
and the use of different knockout mice showed that neither T cells, NK cells nor macrophages
individually were absolutely necessary for HDV-induced liver damage.
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1. Role of Macrophages in TNF-α production
during HBV/HDV infection
The administration of AAV-HBV/HDV vectors to immunocompetent mice promotes the
overexpression of genes related to liver damage, liver inflammation, fibrosis, and necrosis as
was revealed by histological analysis and by the study of alterations of the transcriptional
pattern in this organ using microarray analysis120. Among the possible host factors involved in
the severity of the disease, we identified TNF-α as a critical factor in HDV-pathology133, since
the treatment of AAV-HBV/HDV with Etanercept - a drug that blocks the interaction between
TNF-α and its receptor - significantly reduced (but did not abolish) HDV-induced liver damage.
Hence, the first goal of this thesis project was to identify the hepatic cells involved in TNF-α
production during HDV infection. Firstly, we performed ISH to detect genomic and antigenomic
HDV RNA as well as TNF-α mRNA in liver sections of AAV-HBV/HDV co-infected animals. The
first thing we observed is that most of the cells expressing TNF-α do not contain HDV genome
or antigenomes in their nucleus. Furthermore, attending to the cell and nucleus morphology
and localization, the cells expressing TNF-α have no appearance of hepatocytes but resemble
liver non-parenchymal cells. During the characterization of the AAV-HBV/HDV model, we
described the presence of an important inflammatory infiltrate in the liver composed of
activated CD4+ and CD8+ cells, NK cells, and inflammatory macrophages. Since macrophages
are the immune cells specialized in TNF-α production during infections, we performed a new
ISH by sequential staining of the genomic HDV RNA and TNF-α mRNA with the detection of
macrophages by IF against F4/80 protein. This allowed the identification of macrophages as
the main source of the TNF-α overexpression in AAV-HBV/HDV mice what culminates in the
cleavage of Casp3 and apoptosis133, pointing towards activated macrophages as partially
responsible for HDV-induced liver damage in our model.
However, this result is somehow in contradiction with our previous data showing that the liver
damage of AAV-HBV/HDV infected animals that were depleted in macrophages was similar or
even higher to the one observed in the untreated group133. This could be explained by an
incomplete depletion of macrophages using clodronate liposomes or because hepatic
macrophages generally maintain liver homeostasis155 and thereby their depletion may affect
this function. In addition, the absence or decline in macrophages might lead to an imbalance in
other inflammatory cells that could overexpress TNF-α. In fact, we found that 15.5% of TNF-αproducing cells were neither macrophages nor HDV-positive hepatocytes. This percentage of
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TNF-α-producing cells could be represented by other inflammatory cells as well as epithelial
and/or endothelial cells that are known to release TNF-α during tissue injury. Hence, the role
of T cells, neutrophils, NK cells, liver sinusoidal endothelial cells (LSEC), and fibroblast could not
be discarded in TNF-α production during HDV infection.
Moreover, we found that a percentage of hepatocytes in which HDV genomes could be
detected also contained TNF-α mRNA. This result suggests that HDV replication and/or
expression of HDAgs could be also implicated in the production of TNF-α by infected
hepatocytes. In line with this hypothesis, the role of viral genetic material or proteins in the
production of TNF-α has been confirmed in several experimental cellular models of viral
infection, such as Influenza A Virus (IAV), which activates the RIG-I -signaling pathway in the
alveolar epithelial cells A459 and induces TNF-α expression156. Willeaume et al. found that
other viruses, such as Sendai virus, can also promote TNF-α production in macrophages by a
direct translational activation157. Interestingly, Lara-Pezzi et al. found that the HBV X antigen
(HBxAg) is responsible for the TNF-α production by HBV-infected hepatocytes independently of
immune cell-derived inflammatory mediators158. However, we did not detect TNF-α production
at 21 dpi in mice injected with the AAV-HBV vector alone neither by RT-qPCR or ISH, indicating
that the production of TNF-α observed in AAV-HBV/HDV co-administered animals is dependent
on HDV infection.
The exact interaction between HDV and Kupffer cells is still unknown, but it might present
similarities with other hepatitis viruses. In this sense, it has been well described that HBV
infection led to the activation of macrophages and the subsequence release of inflammatory
cytokines such as IL-1β, IL-6, IL-8, and TNF-α159,160. In addition, HBcAg is a bona fide activator of
macrophages since it binds to TLR-2, facilitated by the interaction between the arginine-rich
domains of HBcAg and HSPGs on the surface of macrophages. This interaction between HBcAg
and TLR-2 in macrophages promotes TNF-α expression through the NF-κB-signaling
pathway161. However, this is not observed in our model after AAV-HBV administration, at least
at 21 dpi. Similar evidences have been described regarding HCV infection, since previous works
have demonstrated that HCV ssRNA, as well as exosomes containing HCV, are sensed by TLR7/8 in macrophages, resulting in the release of TNF-α, IL-1β, and TGF-β162. Moreover, HBVinfected hepatocytes also secret EVs that are uptaken by macrophages163. Regarding HDV
infection, it has been recently described that EVs derived from HDV-infected cells, containing
HDV replication intermediates, are taken up by human monocyte-derived macrophages,
leading to its activation and the release of TNF-α and IFN-γ164. Our ISH analysis showed that
approximately 5% of the F4/80-positive cells producing TNF-α were also positive for HDV
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genomic RNA. The presence of HDV RNA in macrophages can be explained by the uptake of
hepatocyte-derived exosomes (microvesicles) or apoptotic bodies since the transcriptional
activity of the AAV-HDV vector is restricted to hepatocytes. After exosome or apoptotic bodies
uptake, macrophages can sense cytosolic RNA/DNA and antigens through intracellular
receptors such as TLR-2, TLR-3, TLR-4, TLR-7, TLR-8, MyD88, MDA5, TRIF (TIR-domaincontaining adapter-inducing-IFN-β), and STING (Stimulator of IFN Genes), promoting its
activation165. Taking into account that MDA5 was identified as the main sensor of active HDV
replication in infected hepatocytes119, it may be the responsible for HDV RNA recognition by
macrophages.
Moreover, the role of liver macrophages in HDV infection remains unclear. Depletion of
macrophages prior to HBV infection prevented the establishment of a chronic HBV infection,
presumably by inhibiting the secretion of IL-10, which impaired the humoral response against
infected hepatocytes166. Thus, IL-10-/- HBV-injected mice showed an increased production of
antibodies against HBsAgs. In contrast, other studies have shown that macrophages play a role
in the elimination of HBV by secreting TGF-β and IL-6, which leads to the inhibition of
hepatocyte nuclear factors (HNF) and the subsequent inhibition of HBV replication160,167. In line
with this observation, depletion of macrophages with clodronate liposomes in HBV-transgenic
mice exacerbates the liver injury due to impaired removal of apoptotic infected
hepatocytes168. Similarly, in our model depletion of liver macrophage exacerbated HDVinduced damage at day 14 post-infection but no differences were observed later on.
Furthermore, it has been reported that TNF-α is directly involved in inhibiting HBV replication
through the activation of HBV-specific cytotoxic T lymphocytes169 and that the levels of this
cytokine are especially increased in the serum of HBV patients with a self-limiting hepatitis170.
Various studies showed that anti-TNF-α treatment led to the reactivation of HBV in HBsAgpositive patients by eliminating the suppression of viral replication171. Therefore, anti-TNF-α
treatment in HDV-infected patients might reactivate HBV infection, despite decreasing the
severity of the HDV-associated liver damage. Moreover, several studies have correlated TNF-α
expression with the induction of hepatocyte death during viral infections. More specifically,
HBV and HCV infections sensitize hepatocytes to TNF-α-induced cell death172,173, but no studies
have been yet conducted to elucidate the possible role of S-HDAg and/or L-HDAg in enhancing
TNF-α-dependent apoptosis. Furthermore, Lampl et al. described in a recent publication that
TNF-α induced the death of infected hepatocytes by the production of ROS, leading to
increased calcium release, mitochondrial permeability transition, and the subsequent
activation of caspases174.
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In summary, our findings demonstrate that macrophages play a dual role in our HDV model.
On one side they could have a protective role most likely by removing apoptotic hepatocytes,
probably dependent on scavenger receptors as described for the HBV-mouse model. On the
other side, macrophages are the main source of TNF-α, which has a major role in the severity
of the disease. However, the underlying mechanisms of macrophage activation are still
unknown and therefore, further studies need to be performed to identify the intracellular
receptors of macrophages that sense HDV RNA and/or HDAgs. Based on this information
strategies to ameliorate HDV-induced liver damage could be potentially developed based on
the inhibition of PRR activation. As it has been shown, the use of TLR-4 antagonist ameliorated
liver inflammation in mice during LPS-induced sepsis175. Taken together, the understanding of
the mechanism of Kupffer cell activation during HDV infection and an indeed characterization
of its role during HDV-induced pathology could allow developing new strategies that would
benefit acute HDV-patients.

2. Impact of HDV mutants on the viral cycle
Apart from identifying the main cell population responsible for the production of TNF-α, this
research project aimed at characterizing the role of the HDAgs, their post-translational
modifications, and their subcellular localization in the viral cycle and the HDV-pathogenesis.
For that purpose, we have generated different HDV mutants.
In order to analyse the newly generated HDV mutant plasmids, we started with a comparison
study between two hepatoma cell lines - HepG2 and Huh-7 cells- to determine which was the
more robust for the characterization of HDV WT and mutant genomes. Even though HepG2
cells are widely used in HBV/HDV research123,176–178, we were not able to detect the expression
of L-HDAg. In addition, viral replication declined profoundly at later time points in HepG2 cells.
Conversely, HDV replication was not reduced in Huh-7 cells and was detected at high levels LHDAg at later time points. In line with this observation, it has been recently reported that cell
division-mediated HDV spread is inhibited by a strong induction of IFN-β in innate immunecompetent cells (such as HepG2 or HepaRG cells) or by exogenous IFNs added to Huh-7 cells
(that are defective in the production of endogenous IFNs)27. To prove if this was the reason for
the transient HDV expression in HepG2 cells, we analysed IFN-β and MxA mRNA levels in these
cells compared to Huh-7 cells and we found a clear activation of type I IFN response at 10 dpt
only in HepG2 cells. This peak on IFN activation correlates with the production of L-HDAg, as

153

Discussion
we have shown in Figure 27 in Huh-7 cells. A possible explanation for the decline in HDV
markers and the activation of IFN-signaling pathway at 10dpt in HepG2 cells could be because
of the cytoplasmic trafficking of HDV RNPs. Thus, we assume that L-HDAg is expressed in these
cells but a very low levels, considering that it was undetectable by WB. Hence, when L-HDAg is
produced, it mediates the cytosolic export of HDV RNPs from the nucleus, leading to the
recognition of HDV RNA by MDA5. Therefore, since HepG2 are immunocompetent cells, IFN-β
and different ISGs can be induced, resulting in the inhibition of HDV spreading through cell
division and the decline in HDV life cycle between 7 and 14 dpt. Consequently, we selected the
Huh-7 cells to perform the in vitro characterization of the different HDV-mutants considering
that these cells support HDV life cycle for a longer period.
Previous studies performed by our group showed that the hepatocyte-specific expression of SHDAg and L-HDAg delivered by AAV vectors induced acute and strong liver damage. The kinetic
of the HDAgs-induced liver damage was different from the one induced by AAV-HDV; in the
case of the S-HDAg. ALT-elevation peaked at day 14 and in the case of L-HDAg at day 7 and
antigen expression completely disappear by day 21. In AAV-HDV injected mice the
transaminase levels peaked at day 21 and the maximum levels of antigen expression were
achieved also at day 21 post-infection. Furthermore, the liver damage induced by the
expression of HDAgs was TNF-α independent. This data and the fact that T cell immune
response was excluded as responsible for the damage thanks to the use of RAGB6 mice
suggest a direct cytotoxic effect of HDAgs in vivo133. Here, in order to explore the potential
toxicity of HDAgs but in the context that they are produced from the replication-competent
HDV genomes, we introduced pointed mutations in the HDV WT genome to block the
production of i) the L-HDAg, ii) the S-HDAg, and iii) both HDAgs. Therefore, with these new
constructs, the HDAgs expressed from the mutated sequence could interact with the HDV
genome to form HDV RNPs, while from the AAV-S-HDAg and AAV-L-HDAg vectors only the viral
antigens were expressed with no interaction with the viral RNA. Moreover, the AAV-HBV
vector was coadministered in order to be closer to the natural infection since HBV expression
may alter the localization of HDAgs and HDV RNPs85.
The first thing we observed is that in the absence of HDAgs, the HDV antigenome shuttled by
the AAV-HDV vector is not able to initiate the viral replication, and although HDV antigenome
copies are detected as the product of the transcriptional activity of the AAT promoter, there is
not an apparent effect in cells or in livers of mice.
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For the mutant that has a blockade in S-HDAg expression (HDV-ΔS-HDAg mutant), in which the
S-HDAg stop codon UAG was substituted by UGG, only a transient and low expression of the LHDAg was detected at 3dpt in transfected Huh-7 cells while no expression was observed in
mice administered with the corresponding AAV vector at 21 dpi. These results are in
agreement with previous studies published by Macgnauhton et al. in which they generated an
HDV mutant with the same substitution and found that it was not able to produce the L-HDAg
and did not support viral replication152. The analysis of HDV RNA revealed the presence of the
antigenomic RNA but at very low levels considering that its expression depends on the
transcriptional activity of the EAlb/AAT promoter but it was not enhanced due to the lack of
viral replication. In contrast, HDV genomes were not detected in the livers of these mice,
presumably because it could not recruit the host machinery for the viral replication. Therefore,
with the generation of this mutant, we confirmed that L-HDAg albeit being nearly identical to
S-HDAg, cannot replace their functions to initiate viral replication and thus S-HDAg is
indispensable to promote HDV replication, both in vitro and in vivo.
Then, we continued with the characterization of the HDV mutant that can only express S-HDAg
(HDV-ΔL-HDAg). Our data confirmed that S-HDAg is sufficient to establish HDV replication. In
Huh-7 cells, we found that HDV RNA levels were comparable between HDV-ΔL-HDAg and HDV
WT transfected cells, however, in the in vivo characterization, we found that the HDV mutant
expressing only the S-HDAg replicates more rapidly than the HDV WT. This important
difference between the in vitro and the in vivo results could be explained because of the faster
cell-division that takes place in Huh-7 cells compared to infected livers of adult mice.
Moreover, in animals, the peak of HDV RNA was reached at 14 dpi and the levels did not
increase between this time point and 21 dpi, probably because of the strong and early IFN
response promoted by this HDV variant, correlating with its high replicative capacity. These
results are in line with the role of L-HDAg in the suppression of HDV replication. To confirm this
point, we co-administered the vector from which only the S-HDAg is expressed (AAV-HDV-ΔLHDAg) with the one that can only produce the L-HDAg under replicative conditions (AAV-HDVΔS-HDAg) and we found that minor levels of L-HDAg at the beginning of HDV replication are
sufficient to drastically reduced the levels of HDV replication.
Therefore, our data confirm the role of L-HDAg in the inhibition of HDV replication and S-HDAg
expression, in agreement with previous publications. Chao et al. found that the artificial
expression of L-HDAg from the beginning of the HDV life cycle completely inhibited the viral
replication, while the regulation is progressive when L-HDAg is expressed naturally105. In
addition, Modahl and Lai demonstrated that L-HDAg affected the synthesis of new HDV
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genomes from the antigenomes in the presence of S-HDAg when both HDAgs are expressed
during viral replication179. An alternative explanation could be that the L-HDAg translocates the
HDV RNPs from the nucleus to the cytoplasm, where the S-HDAg can no longer access the host
RNA Pol. In fact, by cell fractionation we demonstrated that the distribution of HDAgs changes
from day 7 to 14 when the L-HDAg WT is expressed, favoring the translocation of HDV RNPs to
the cytoplasm and the association with cellular membranes. However, in the absence of LHDAg, the S-HDAg is located mainly in the nucleus and is not able to associate with
membranes and exit to the cytoplasm, which can explain the high replicative capacity of this
mutant. Furthermore, other potential mechanisms proposed by Lazinski and Tylor86 attributed
the inhibitory role of L-HDAg to its binding to S-HDAg via a coiled-coil interaction, which can
result in a loss of the RNA Pol-binding capacity of S-HDAg. However, further studies are needed
to prove if L-HDAg expression affects the interaction of S-HDAg with the host machinery.
Concerning the non-prenylated mutant, we found an altered HDAg ratio both in vitro and in
vivo by WB. S-HDAg was detected at high levels; however, the expression of non-prenylated LHDAg was significantly lower. Hence, we suggest that the lack of isoprenylation might affect
the stability of L-HDAg in the infected cell, resulting in higher levels of S-HDAg over L-HDAg.
However, more studies need to be performed to confirm the loss of L-HDAg stability. In
addition, by IF we found a predominant nuclear HDAg-staining, in correlation with the low LHDAg expression, and by cell fractionation we confirmed that the HDAgs were mainly
accumulated in the nucleus at 7 and 14 dpt. Hence, the translocation of HDAgs to the
cytoplasm and the association of HDAgs with cellular membranes is affected, probably because
of the low amounts of L-HDAg and the absence of isoprenylation, which enhances membrane
association.
Furthermore, viral replication was significantly reduced by inhibiting isoprenylation. This low
replicative capacity was in contradiction with previous publications where the inhibition of
viral replication was attributed to the prenylated L-HDAg105,107,108, and because of the fact that
the increased levels of S-HDAg over L-HDAg did not correlate with a more active viral
replication. Hence, it is probably that the absence of isoprenylation may impair the correct
location of the HDAgs inside the resulting in a decrease in viral replication. In this sense, the
addition of an isoprenyl group to L-HDAg favors the association of HDV RNPs with cellular
membranes, where the cellular kinases are predominantly located and, consequently, HDAgs
could not be phosphorylated at certain residues that are known to be essential for HDV
replication94–96,98.
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Regarding the relevance of Ser177 on HDV life cycle, we confirmed that the phosphorylation of
S-HDAg at Ser177 is essential for viral replication and that cannot be replaced by a
phosphomimetic residue like Asp. In line with our results, Mu et al. in 2001 reported that
phosphorylation of Ser177 is required for the interaction with RNA Pol II for the production of
new genomes94. Therefore, unphosphorylated S-HDAg cannot interact with the host
polymerase and the HDV genome generated by the AAV vector cannot replicate. Moreover,
the data obtained by the transfection with the HDV-Ser177Asp reflect the relevance of
maintaining a proper balance between unphosphorylated and phosphorylated S-HDAg,
considering that HDV with all S-HDAg isoforms phosphorylated at residue Ser177 cannot
support HDV replication. In summary, our data confirmed that phosphorylation and dephosphorylation of S-HDAg are required for the correct synthesis of HDV genomic RNA.
Next, we determined the role of the intracellular location of HDAg on the HDV life cycle. For
that purpose, we altered the nuclear localization signal of HDAgs by the substitution of
residues Glu-66 and Arg-75 by Ala that have been reported as essential for the correct
functionality of the NLS domain87–89, and we confirmed that both HDAgs were accumulated
predominantly in the cytoplasm due to these substitutions. However, these mutations do not
completely abrogate the entry of the HDAgs in the nucleus, indicating that other residues of
the NLS domain might be potentially involved in the traffic of the antigens from the cytoplasm
to the nucleus. The discrepancy between our results and those of Alves et al. could be due to
differences in the HDV constructs since they used plasmids with a deletion in residues 66 and
75, while we substituted them with alanines instead of eliminating them. Therefore, it should
be considered to identify more residues implicated in the functionality of the NLS domain
located between 66-75 aa.
Furthermore, this mutant showed a decline in HDV replication but considering HDV RNPs can
enter the nuclear compartment, this cannot be due to the absence of HDAg in the nucleus, but
probably because of the additional function of residue Arg-75 in viral replication, since it has
been described that is essential for the binding to chromatin-remodeling complexes and
recruitment of host RNA Pol89.
Finally, we have generated a mutant in which we altered the capacity of the L-HDAg to exit the
nucleus by the substitution of Pro-205 by Ala within the NES domain. Despite the loss of
nuclear export, HDAg-staining was detected in the cytoplasmic compartment in both
transfected Huh-7 cells and C57BL/6 mice, which is not surprising because the proteins are
produced in the cytoplasm of the cells. However, although the replication capacity of this
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mutant was similar to the one showed by the HDV WT, it is not able to form HDV infectious
particles. These results indicate that once the L-HDAg is inside the nucleus if the NES domain is
not functional the HDV RNPs cannot be exported to the cytoplasm. Hence, HDV RNPs of the
HDVAg-ΔNES mutant cannot be assembled to HBsAg to form new HDV infectious particles.
These results confirmed previous data reported by Lee et al. demonstrating that this residue
within the NES domain is indispensable for the nuclear export of HDV RNPs, which is
exclusively mediated by L-HDAg.

3. Impact of HDV mutants on HDV-mediated
pathogenesis
Apart from analyzing the main aspects of the HDV life cycle in each HDV mutant, we also
studied the role of each construct in the interaction with host hepatocytes and the immune
system.
Upon administration of immunocompetent mice with the vector which only expresses the SHDAg, we found a higher frequency of enlarged hepatocytes and nuclear pyknosis, which is the
result of chromatin condensation before cell death181 in comparison to HDV-WT. The
abundance of hypertrophic and apoptotic hepatocytes was correlated with a higher elevation
in transaminase levels and induction of hepatocyte death by the activation of Casp3. The
exacerbated apoptosis correlated with higher levels of S-HDAg and TNF-α released mainly by
macrophages. Our histological and biochemical data indicate that S-HDAg is the main viral
component that induced cytotoxicity, and when there is more protein, the damage increases.
Recently, it has been reported that S-HDAg downregulates GSTP1 (Glutathione S-transferase
P1), resulting in the accumulation of ROS in the infected hepatocyte culminating in the
activation of hepatocyte death174,182. Hence, this mechanism of apoptosis may be aggravated
by the increased expression of S-HDAg in livers of these mice. Another hypothesis that
explained the severe liver damage in this group could be that S-HDAg indirectly impairs the
biological functions of infected cells by recruiting host RNA Pol and that this recruitment could
affect the synthesis of host RNAs required for the correct function of the hepatocyte. Hence,
further studies need to evaluate which specific host RNAs are affected by the expression of SHDAg.
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Furthermore, overexpression of S-HDAg also increased the recruitment of immune cells and
the production of pro-inflammatory cytokines. However, when this mutant was coadministered with the HDV variant that only expressed L-HDAg, the viral replication, S-HDAg
expression and liver damage were completely reduced. Thus, for the first time, our results
attribute a major role to S-HDAg in the HDV-induced pathology in an HDV-mouse model. In
fact, as shown a Figure 77 we found a clear correlation between higher expression on S-HDAg
and higher ALT levels.
Despite the major role of S-HDAg in HDV-induced pathology, it could not be ruled out that LHDAg may be implicated in other mechanisms of liver damage. For example, a possible role in
promoting HCC and cirrhosis, which are commonly observed in chronic HDV patients, has been
attributed to L-HDAg183. However, the role of L-HDAg in the pathogenesis cannot be analysed
with the HDV-ΔS-HDAg mutant because of the low and transient L-HDAg expression observed
after their administration.
Moreover, despite the strong and early production of IFN type I in mice expressing only the SHDAg, the IFN levels did not correlate with the levels of transaminases, since the peak of ALT
was measured only at 21 dpi while at this time point the IFN-β mRNA levels had already
dropped. These results are in agreement with previous findings in which the severity of the
HDV-induced liver damage was similar in IFN-α/β-receptor KO mice. However, it cannot be
discarded that this IFN type I response may activate other pathways or recruit immune cells
that will play an important role in the pathology.
Regarding the HDV mutant with a non-prenylated L-HDAg, it induced strong liver damage even
though the low replicative capacity of this mutant. An enlarged nucleus size in Huh-7 cells,
elevation of transaminases, and the increase in hepatocyte death confirmed the cytotoxicity of
this HDV variant. Moreover, the decompensated ratio between HDAgs resulted in major
recruitment of macrophages as well as a higher induction of pro-inflammatory cytokines. Thus,
the toxicity of both mutants could be explained by a similar mechanism of liver damage related
to the higher levels of S-HDAg over L-HDAg. Moreover, apart from the toxicity induced by SHDAg, it could not be discarded that the non-prenylated L-HDAg interfered with host
processes different that those induced by the prenylated L-HDAg and/or enhanced hepatocyte
death or the inflammatory response by (an)other mechanism(s) independent of S-HDAg.
Therefore, additional studies are needed to clarify the role of the no-isoprenylated versus the
isoprenylated L-HDAg within the HDV-induced pathology.

159

Discussion
Another possible explanation for the severe liver damage induced by S-HDAg alone (HDV-ΔLHDAg) and the non-prenylated mutant could be related to the deficiency in viral assembly,
because the HDV RNPs accumulate in the nucleus and cytoplasms of infected cells instead of
been released. As a consequence, the intracellular accumulation of the HDAgs could
exacerbate their toxicity, impair biological functions and induce cell stress or hepatocyte
death, as it has been described for other viral proteins. One example is HCV, which induces ER
stress and mitochondria alterations through calcium signaling, leading to the production of
ROS that is normally found in chronic HCV patients184,185. In the case of HBV, the HBx protein
promotes the activation of the inflammasome, the production of mitochondrial ROS, and the
induction of pyroptosis in the infected cell186.
Moreover, the administration of AAV-HDV-ΔL-HDAg and AAV-HDV-NPrL-HDAg vectors in
RagB6 mice that lack mature B-, T- and NKT cells resulted in stronger recruitment of
macrophages compared to C57BL/6 animals that could be explained by an immune
dysregulation due to the lack of these cell populations. The larger numbers of macrophages
are in correlation with the overexpression of TNF-α and IFN-γ in these animals, confirming the
major role of these cells in TNF-α production. Interestingly, the elevation in TNF-α showed in
these animals was not reflected in an increase in transaminases nor hepatocyte death,
suggesting that T lymphocytes and/or NKT cells could play a partial role in the liver damage
induced by these two HDV mutants.
Next, we wanted to assess if the administration of farnesyltransferase inhibitors increased
hepatic damage similarly to the non-prenylated mutant. Hence, we treated AAV-HBV/HDV coinfected animals with the isoprenylation inhibitor FTI 277 daily for one week. No further
increase in liver enzymes was detected in treated-compared to untreated animals, however, a
mild alteration of the L-HDAg/S-HDAg ratio was observed favoring S-HDAg expression.
Nevertheless, the alteration of the HDAg ratio was significantly lower than in the group of
animals receiving the non-prenylated mutant. However, it cannot be ruled out that longer
treatment with the isoprenylation inhibitor may enhance S-HDAg expression over L-HDAg and,
therefore, worsen the liver damage. Moreover, these inhibitors could promote the
accumulation of HDV particles in the infected hepatocyte during a long-term treatment and
exacerbate the cytotoxicity of HDAgs, as it occurred with the mutants previously mentioned. In
fact, transaminase elevation was observed in patients treated with high doses of the
isoprenylation inhibitor.
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Regarding the involvement of the cytoplasmic localization of HDAg in HDV-pathogenesis, a
slight decrease in transaminase levels was observed at 21 dpi when the HDAgs were
accumulated in the cytosol. This cytosolic accumulation resulted in a decrease in the
replicative capacity of this HDV mutant and also with a lower gene expression of TNF-α, TGF-β,
and IFN-γ. In addition, the HDV RNPs exported to the cytosol induced a similar activation of IFN
as in the WT group, despite the lower HDV RNA levels. This suggests that the cytoplasmic
accumulation of HDV RNAs in HDAg-ΔNLS infected mice enhances the recognition by the
innate immune receptor MDA5, and the subsequent activation of the IFN-signaling pathway119.
Moreover, we observed similar numbers of CD45- and F4/80-positive cells in livers of infected
mice, correlating with the extension of the HDAg-stained area, indicating that the recruitment
of inflammatory cells depends on the levels of HDAgs and not so much in terms of intracellular
distribution. In conclusion, the cytoplasmic accumulation of HDAgs does not have a major
impact on HDV-induced liver damage.
Finally, we examined the effect of the nuclear accumulation of HDAgs in the HDV-induced
pathology by the administration of the mutant with a deficiency in nuclear export. The
accumulation of HDAgs in the nuclear compartment led to a slight increase in transaminase
serum at 21 dpi. Interestingly, while the expression of pro-inflammatory cytokines was slightly
higher in this group of animals, the TNF-α mRNA levels were lower. In correlation, we found
lower numbers of CD45- and F4/80-positive cells in livers of infected mice. One hypothesis for
the reduction in TNF-α and inflammatory cells could be that the nuclear retention of HDV RNPs
might reduce the release of EVs containing HDV RNA from the infected cells, which are known
to have an important role in the induction of the release of TNF-α by macrophages149, thereby
reducing the recognition by the immune system. In addition, the decrease in TNF-α and
inflammatory cells does not correlate with a decrease in liver damage, considering that the ALT
levels of mice infected with this mutant were similar or even higher than in the WT group. This
suggests that, since S-HDAg and L-HDAg are retained in the nucleus, the liver damage observed
in these mice could be explained by alterations of host processes that take place in that
compartment.
Taken together our results confirmed that both host factors and viral components are
implicated in the liver damage induced by co-infection with HBV and HDV. On the one hand,
we have identified macrophages as the main source of TNF-α during an acute HDV infection,
although it cannot be discarded that they also have an important role in viral clearance. The
characterization of the mechanism by which HDV induces the activation of macrophages
would open the door to the identification of other immune cells potentially implicated in the
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disease. Additionally, the development of HDV mutants highlights the relevance of S-HDAg in
HDV-induced liver injury, and in particular its accumulation in the nucleus of the cells, for the
first time in an animal model.
In AAV-HDV-ΔL-HDAg and AAV-HDV-NPrL-HDAg-injected animals, we found higher levels of SHDAg in relation to L-HDAg in comparison to AAV-HDV-WT that correlates with stronger liver
damage and higher TNF-α expression produced mainly by macrophages. This suggests that SHDAg induces a signal in the hepatocytes that results in higher levels of TNF-α that is
responsible for the induced damage. However, in animals injected with the AAV-HDAg-ΔNES
mutant, the ratio L-HDAg/S-HDAs is also significantly lower than in AAV-HDV-WT animals but
the TNF-α production and liver infiltrate is lower, suggesting that the exacerbation of liver
damage is associated with S-HDAg expression and specifically with its nuclear accumulation,
and not only to the increase in TNF-α production or inflammatory infiltrate.
In summary, we have found that, in the HDV model based on the administration of HDV and
HBV replication-competent genomes using AAV vectors as trojan horses, both host, and viral
factors are involved in HDV-induced liver pathology. On one side, TNF-α which is mainly
produced by the macrophages presented in the liver plays an important role in HDV-induced
damage since the inhibition of the TNF-α-signaling pathway partially reduced hepatocyte
death and transaminase elevation. Furthermore, we have found that the injection of AAV-HDV
and AAV-HBV in TNF-α KO mice resulted in a reduction but not an elimination of liver damage
(Gracian Camps PhD thesis). On the other hand, the use of the HDV mutants indicates that the
expression levels of S-HDAg and, more specifically, a negative ratio L-HDAg/S-HDAg
significantly increase liver damage not necessarily associated with an increase of TNF-α but
with the accumulation of the S-HDAg in the nucleus. Despite additional experiments need to
be performed to understand the mechanism involved in HDAg-cytotoxicity, this thesis project
has identified S-HDAg and/or its nuclear import as possible therapeutical targets and opens
the door to the development of novel strategies that aimed to suppress HDV life cycle by
targeting specific regions of the HDV RNA.

162

CONCLUSIONS

Conclusions

Conclusions
1. TNF-α plays an important role in HDV-induced liver pathology in the AAV-HDV mouse
model. The main source of the cytokine are macrophages, representing 72% of TNF-α
expressing cells.

2. Blockade of L-HDAg production enhances S-HDAg expression and viral replication that
increases the severity of the liver damage, characterized by a strong release of proinflammatory cytokines, by an increase in CD8+- and CD4+ T lymphocytes and
macrophages, and by exacerbation of hepatocyte death.
3. Co-administration of AAV-HDV-ΔS-HDAg and AAV-HDV-ΔL-HDAg vectors in WT mice
reduced drastically HDV replication, S-HDAg expression, and liver damage due to the
strong inhibitory effect of L-HDAg.

4. The administration of a recombinant AAV-HDV vector expressing the non-prenylated LHDAg resulted in lower levels of viral replication, a decompensated ratio between HDAgs
favoring S-HDAg expression, and an increase in hepatic damage also characterized by the
recruitment of macrophages, pro-inflammatory cytokines, and hepatocyte death.

5. The administration of an HDV mutant carrying mutations at residues Glu—66 and Arg-75
of the NLS domain decreased but did not prevent the nuclear localization of the HDAgs,
suggesting that other residues within the NLS domain are implicated in its function.
Moreover, the cytoplasmic accumulation of HDAgs did not have a significant impact on
HDV pathology.

6. The nuclear accumulation of the HDAgs promoted by the mutation of the Pro-205 within
the NES domain increases hepatocyte damage but it is no associated with a higher
inflammation or TNF-α expression.
7. Both host and viral factors are involved in HDV-induced damage in the AAV-HDV model.
On one side, TNF-α production by the host, and on the other side the cytotoxicity of the SHDAg.
8. The inhibition of S-HDAg expression and its nuclear localization represent potential
therapeutic strategies for HDV infection treatment.
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