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NOD  nucleotide-binding oligomerization domain 
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1.	Hepatitis	delta	virus	infection	

1.1	Hepatitis	delta	virus	

Hepatitis delta Virus (HDV) is a negative sense single-stranded RNA (ssRNA) virus1 

that belongs to the Deltaviridae family, genus Deltavirus. It is a defective virus 

depending on its helper hepatitis B virus (HBV) for virion assembly2. 

The first breakthrough in HDV was the observation of a new antigen-antibody system 

associated with HBV infection (delta antigen, ) in 1977 by the group of Dr. Rizzetto3. 

Later on, the same group reported the association of a low molecular weight RNA, 

smaller than the genomes of any known RNA virus but larger than plant viroids (1.7 

kb), advancing the hypothesis of a new infective agent requiring helper functions from 

HBV4,5. Only a decade after these initial observations, the hepatitis delta antigen 

(HDAg) was identified as the expression product of a RNA virus6,7. 

Eight different genotypes of the hepatitis delta virus have been characterized to date, 

each of them showing a specific geographic distribution with the exception of the 

ubiquitous clade HDV-1 [Fig. 1]. HDV-2 is found in Japan, Taiwan and Russia, HDV-3 

in the Amazonian region of South America, HDV-4 in Taiwan and Japan, HDV-5, 

HDV-6, HDV-7 in Africa and HDV-8 in Africa and in Europe (in this latter case limited 

to African origin patients)8,9. 

Fig. 1 Geographic distribution of HDV genotypes. 
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1.1.1	Genome	structure	and	replication	

The hepatitis delta virion is an enveloped 36 nm spherical particle4. The outer coating 

contains the three surface antigens of HBV (small, S-, medium, M-, and large, L-

HBsAg), and host membrane-derived lipids. The inner ribonucleoprotein (RNP) 

consists of the negative circular genomic RNA and about 200 molecules of two 

different isoforms of the delta antigen (small, S-, and large L-HDAg) per genome4,10 

[Fig.  2]. In the infected cell, it is also possible to detect a low amount of a 

complementary circular RNA molecule (called anti-genome) and a smaller linear 

positive-sense polyadenylated RNA of 0.8 kb in length. Intracellularly, most of the 

monomeric RNAs are in a circular conformation, while only about 5% is linear6,11. 

 

Fig. 2 Schematic representation of HDV viral particle and its components12 

 

The genomic RNA is about 1680 nucleotides long with a high guanidine (G) and 

cytosine (C) content (60%) that allows the formation of a stable secondary rod-like 

structure, in which 71% of the nucleotides are base-paired. These characteristics make 

HDV more similar to viroids that cause pathologies in plants than to animal viruses6. 

However, HDV RNA is longer than viroid RNA and encodes structural proteins, 

whereas viroid RNA does not encode any protein. 

Like plant viroids, HDV replicates through a rolling circle mechanism carried out by the 

host RNA polymerase/s and it requires the processing of the longer-than-one-genome 

replicative intermediates into unit-length molecules. The first step in HDV replication is 
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the synthesis of multimeric copies of the anti-genomic RNA by the DNA-dependent 

RNA-polymerase II in the nucleus13,14. Subsequent cycles of this reaction generate 

multiple copies of both genomic and anti-genomic multimers.  An autocatalytic 

cleavage mediated by ribozymes that are included in both the genomic and anti-genomic 

strands produces monomeric molecules of either polarity15–18. A yet uncharacterized 

ligation factor converts linear monomers to circular genomes and antigenomes.   

The only functioning open reading frame resides in the anti-genome. It encodes the 

smaller isoform of the delta antigen (S-HDAg); this sequence is copied in the nucleus 

into a 5’-capped 3’-polyadenylated 0.8 kb long RNA molecule, that is transported in the 

cytosol and transcribed into a protein of 195 amino acids7. In later stages of the 

infection, the viral antigenome is edited in position 1012 by the host adenosine 

deaminase that acts on RNA (ADAR1) within the nucleus. The adenosine (A) in this 

position is deaminated into an inosine (I), which in turn is transcribed as a guanosine. 

Such transition transforms the original stop codon UAG in a tryptophan codon UGG. 

The result of editing is the extension of the open reading frame and the transcription and 

translation of a 214 amino acid-long form of the hepatitis delta antigen (L-HDAg)19–21 

[Fig.  3]. Edited forms accumulate during infection to a maximum of 30% of the total 

amount of genome and antigenome21. 

Fig. 3 Schematic representation of HDV RNA editing by the host enzyme ADAR1 (taken from 

viralzone.expasy.org) 
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Virions can contain either unedited or edited genome molecules, but the latter produces 

an ineffective infection since the S-HDAg is necessary for viral replication. 

 

1.1.2	Viral	entry	and	infection	

As the HDV envelope is composed of the HBV surface proteins (HBsAgs), the two 

viruses share the same hepatotropism and species-specificity by exploiting the same 

entry mechanisms. The three HBsAgs share the C-terminal portion (corresponding to 

the S protein) and differ in their N-termini22 [Fig.  4]. The pre-S1 domain of the L-

HBsAg specifically interacts with the Na+/taurocholate cotransporting polypeptide 

(NTCP)23, encoded by the SLC10A1 gene [Fig. 5], a bile salt transporter expressed in the 

basolateral membrane of the hepatocytes24,25, and the residues 157 to 165 were 

identified to be critical for binding and entry for both HBV and HDV infection. 

Differences in residues within this motif between homologous NTCP in mammals 

account for the human specificity of these pathogens23. 

 

Fig. 4 Schematic representation of HBV envelope proteins. 

 

HBV and HDV entry in the hepatocyte is mediated by a multistep process [Fig. 5]. The 

first event is the “attachment” of the viral particle to the surface of the target cell. It has 

been demonstrated in vivo and in vitro that HSPGs (heparan sulfate proteoglycans) bind 

to the preS2 domain of the L-HBsAg and to the antigenic loop (AGL) in the S 

domain26–29. In particular, GPC5, a member of the glypican family, a group of six 

HPSGs highly expressed in the liver, has been recently identified as the major common 
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entry factor of HBV and HDV, being responsible for the initial attachment of both 

viruses at the cellular surface and contributing to their hepatotropism30. Attachment is 

followed by the highly specific step in which the myristoylated N-terminal domain of 

preS1 interacts with human NTCP (hNTCP). 

 

Fig.  5 Schematic representation of the interactions between HDV RNP, HBsAgs and host 
cellular surface components (modified from31). 

 

1.1.3	Hepatitis	delta	antigens	

S-HDAg and L-HDAg share several functional domains within the common amino acid 

sequence, nevertheless they play different roles in the viral cycle. 

S-HDAg is produced in the first stages of the viral cycle and is necessary for the 

initiation of viral replication and for HDV RNA accumulation. L-HDAg is synthesized 

later during infection and its 19 extra amino acids confer unique functional properties, 

such as inhibition of viral replication and viral assembly 32,33. 

Both isoforms contain a nuclear localization signal (NLS) (aa 66-75)34, a coil-coiled 

domain (CCD) or dimerization domain (aa 12-60), and an RNA binding domain (RBD) 

(aa 97-146)35. The L-HDAg also contains a nuclear export signal (NES) within its extra 

sequence33[Fig. 6]. 

 



16 
 

Fig. 6 Schematic representation of S- and L-HDAg and their functional domains. 

Both delta antigens undergo post-translational modifications (PTMs) catalyzed by host 

enzymes (phosphorylation, methylation, and sumoylation). Some of them are shared 

between S- and L-HDAg, however different patterns of phosphorylation have been 

observed for the two isoforms, accounting for their different biological functions36. On 

the other hand, prenylation on a Cxxx motif embodied in the 19 C-terminal aa of L-

HDAg (Cys211) is unique for this isoform and necessary for its interaction with 

HBsAg37,38. Moreover, it has been shown that this PTM enhances the dominant negative 

activity of L-HDAg on HDV replication39,40. 

S-HDAg belongs to the intrinsically disordered protein (IDP) class, characterized by a 

broad spectrum of interaction and functional versatility. IDPs are mainly nucleic acid 

binding proteins with high multimerization capability, features present in S-HDAg. So 

far, more than 100 human proteins have been shown to interact to a various extent with 

S-HDAg41. 

 

1.1.4	Viral	particle	formation	

HDV RNA and HDAgs interact with each other to form the RNP; it has a diameter of 

about 20 nm, and its rod shape is mediated by the dimerization of HDAgs through their 

CCD, followed by oligomerization42,43. The NES on L-HDAg allows RNP export to the 

cytoplasm and viral envelope formation [Fig. 7]. The HDV-interacting motif consists on 

W196, W199, Y200 and W201 in the S domain of HBsAg (residues conserved among 

all Orthohepadnaviruses)44; nevertheless, L-HBsAg is necessary for infectivity since it 

is the myristoylated pre-S1 domain that interacts with hNTCP. 
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Fig. 7 Schematic representation of HDV replication cycle 12. (1) Binding to NTCP on human 
hepatocyte; (2) uncoating; (3) translocation of the ribonucleoprotein into the nucleus; (4) 
transcription of the anti-genome in the nucleolus; (5) production of genomic RNA in the 
nucleoplasm; (6) transcription of the mRNA; (7) translation of HDAg; (8) ribonucleoparticle 
assembly; (9) association of HBsAg and virion production in the cytoplasm; (10) virion release. 

 

1.2	Pathogenesis	and	clinical	virology	of	hepatitis	delta	infection	

1.2.1	HBV‐HDV	coinfection	and	superinfection	

Even though HDV genome replication and RNP formation are HBV independent, HDV 

can though productively complete its infective cycles only in hepatocytes expressing 

HBV envelope proteins. In natural infection, this occurs in HBV infected cells, in which 

the circular covalently closed DNA (cccDNA) is synthesized. HDV is, therefore, an 

obligated HBV satellite virus that can either infect naïve patients simultaneously with 

HBV (coinfection), or chronically infected HBV carriers (superinfection). In these 

scenarios, HDV causes the most severe form of viral hepatitis with a twofold higher risk 

of developing cirrhosis, a threefold higher risk of developing hepatocellular carcinoma 

(HCC), and a twofold increased mortality in comparison with HBV monoinfection45–47.  

350 million people worldwide are HBV carrier, and approximately de 5% of them have 

been exposed to HDV, with a total of 15-20 million patients. In the 95% of cases, HBV-
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HDV coinfection is self-limiting, as in HBV acute monoinfection, although a more 

severe clinical course is possible. Superinfection causes severe acute hepatitis and often 

proceeds to chronicity (80% of patients). The severity of the pathology is influenced by 

the HDV serotype48. 

 

1.2.2	Chronic	and	acute	hepatitis	delta	

Acute hepatitis delta is commonly caused by HBV-HDV coinfection and often 

clinically indistinguishable from acute HBV infection, with the appearance of the 

characteristic serum alanine aminotransferase (ALT) and aspartate aminotransferase 

(AST) elevation; frequently two peaks of serum ALT and AST are observed. It is 

usually transient and self-limiting (>95% of cases), but a more severe clinical course is 

possible with an increased risk of liver failure and massive hepatocyte necrosis, leading 

to death in 80% of patients. Diagnostic markers are the presence of HBsAg in serum, 

HDV genomic RNA and a high-titer of α-HBcAg IgM; the latter is absent in chronic 

hepatitis B (CHB), thus allowing to distinguish between acute coinfection and 

superinfection of a chronic HBV carrier45 [Table 1]. 

Chronic hepatitis delta (CHD) follows superinfection in 80% of cases, with a broad 

range of clinical manifestations, from asymptomatic cases to rapidly progressive 

hepatitis, but it usually exacerbates the preexisting liver disease. Diagnostic markers are 

elevated ALT and AST in serum, persistent HDV RNA in serum and α-HDAg IgM 

(non specific). α-HBcAg IgM is absent, and α-HDAg IgG increases in the late phase of 

infection. Persistent HDV replication enhances the progression of liver disease to 

cirrhosis and increases the risk of HCC and mortality. Therefore, data about the exact 

impact of HDV infection on the rate of these outcomes though controversial45. 
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  Coinfection  Superinfection 

HBV infection  Acute  Chronic 

Outcome  Usually  self‐limiting  (>95%  of 

cases) 

Usually persistent  

α‐HBcAg IgM  Positive, high‐titer  Negative 

α‐HBsAg  Positive (convalescence phase)  Negative 

HDV infection  Acute   Acute or chronic 

Outcome  Usually  self‐limiting  (>95%  of 

cases) 

Usually  persistent  (~80%  of 

cases) 

Serum HDAg  Early and short‐lived  Transient  (undetectable  because 

of complexing with antibodies) 

Liver HDAg  Positive and short‐lived  Positive 

Serum HDV RNA  Early positive and transient  Early positive and persistent 

α‐HDAg IgG  Late and low‐titer  Rapidly  increasing  titers  and 

persistent 

α‐HDAg IgM  Positive, transient  Positive, high titer 

Table  1 Comparison between the clinical and diagnostic features of HDV coinfection and 

superinfection 45. 

 

1.2.3	Histopathology	

Chronic hepatitis, either infectious or not, is characterized by typical lesions, such as 

interface hepatitis, which is also referred as to lymphocytic piecemeal necrosis 

(characterized by the replacement of the limiting plate by inflammatory infiltrate) [Fig. 8 

A], cytoplasmic dissociation (swelling of the hepatocytes with cytoplasmic rarefaction) 

[Fig.  8  B], bridging necrosis (linking the portal and the lobular areas) [Fig.  8  C] often 

followed by fibrosis, and apoptosis.49 

Specific markers of HBV infection are the presence of “ground-glass” cells containing 

HBsAg, and of “sanded” nuclei with granular inclusions due to the accumulation of 

HBcAg [Fig. 8 D]. Both HBsAg and HBcAg can be detected by immunohistochemistry 

(IHC) and show different patterns: the first being cytoplasmic and the latter having a 
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nuclear distribution. The presence of HBcAg in the cytoplasm correlates with liver 

inflammation, membrane staining of HBsAg indicates active viral replication50 [Fig. 8 E]. 

Chronic HDV is indistinguishable from CHB; HDAg location can be determined by 

IHC, being generally nuclear and occasionally cytoplasmic51 [Fig. 8 F]. 

 

 

Fig. 8 Histopathological features of hepatitis delta infection. A: lymphocyte piecemeal necrosis 
(600X); B:cytoplasmic swelling (400X); C Bridging necrosis (200X); D: sanded nuclei (600X); 
E: HBsAg staining (200X)50; F: HDAg staining (20x)52. 

 

1.2.4	Inhibitory	effect	of	HDV	on	HBV	

It is known that in patients HBV replication is inhibited during the acute phase of HDV 

infection, and that the two viruses can have fluctuating patterns of predominance over 

time53–55. The exact mechanisms of the inhibitory effect of HDV on HBV is still 

unknown, but it is thought to be independent of the adaptive immune system since the 

phenomenon is reproducible in vitro56–58. 

A  B  C

D  E  F
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Inhibition of HBV replication can be due to a direct interaction between the two viruses 

inside the cells: HDV needs HBsAg for packaging and release, and it has been 

speculated that HDV is able to repress HBV replication maintaining surface proteins 

production, for instance competing for RNA pol-II recruitment (necessary for cccDNA 

replication)59. Both L- and S- HDAg are able to repress the function of the two HBV 

enhancers (Enh1 and Enh2) that, along with four promoters, regulate HBV replication57 

[Fig. 9]  

 

 

Furthermore, HDV can indirectly hinder HBV replication by inducing interferon-

stimulated genes (ISG) and the SRE pathway, that regulates numerous genes involved 

in cell growth and differentiation among other things61. Moreover, HDAgs induce MxA 

expression, reverting the inhibitory effect of HBV on the same gene62,63 [Table 2]. 

 

Fig. 9 Schematic representation of HBV genome, transcripts, and proteins60. 
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Table 2 Interactions between HDV and HBV or the host cell machinery responsible for HBV 
inhibition. Adapted from59. 

 

1.3	Current	treatments	

Due to the peculiar life cycle of HDV and its strong dependence on host cell factors, the 

development of direct antiviral treatment is challenging. 

Since HDV does not encode any viral RNA polymerase, the only viral targets available 

are the HDAgs and the ribozyme. Inhibitors of the cellular DNA-dependent RNA-

polymerase would lead to severe adverse effects, and thus cannot be taken into 

consideration as therapeutic agents. Specific inhibition of the ribozyme activity has been 

achieved in vitro with small molecules as well as with small interfering RNA (siRNA) 

strategies, avoiding multimeric RNA cleavage and functional genomic and anti-genomic 

RNA production64,65. 

One of the strategies used to date is the suppression of HBV replication and the 

induction of a strong immune response against the helper virus, with the aim of 

developing a protective titer of α-HBsAg antibodies. Treatments against HBV infection 

are based on the pegylated form of IFNα (PEGIFNα-2a) and nucleos(t)ide analogs 

(NUC). Unfortunately, these treatments are effective only in a small percentage of HDV 

patients, with adverse effects and relapse after the end of the treatment66,67. No approved 

Direct interactions between HBV and HDV 

Interaction  Effect 

HDAg – HBV Enh1/2  HBV suppression 

HDV interaction with host factors 

Interaction  Effect 

L‐HDAg‐ RNA‐polymerase II  HBV suppression 

HDV‐interferon stimulated genes  Innate immune response, HBV suppression 

S‐ and L‐HDAg – MxA  Innate immune response, HBV suppression 

L‐HDAg – SRE pathway  HBV suppression 
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treatment specific for HDV infection is available. New antiviral therapies under 

development target either viral or cellular factors, trying to inhibit the attachment and 

entry of the virus, its replication or the assembly and release of virions. 

 

1.4	Novel	antiviral	therapy		

1.4.1	Entry	inhibitors	

The discovery of hNTCP as a specific receptor for HBV and HDV opened the door to 

the development of entry inhibitors. Myrcludex B is a myristoylated synthetic peptide of 

47 aa derived from the S1 domain of HBsAg, that inhibits viral entry by interfering with 

binding to hNTCP, thus avoiding reinfection of regenerating hepatocytes and, 

hopefully, leading to the elimination of the virus with time. This molecule showed 

efficiency at IC50 ~8 nM in vitro68 and in humanized mice69,70, and it is currently tested 

in a phase Ib/IIa clinical trial for the treatment of CHD patients, alone or in combination 

with PEGIFNα-2a, and in comparison to the approved treatment with PEGIFNα-2a71. 

Preliminary results show that Myrcludex B is able to decrease HDV viremia and that 

the antiviral effect is enhanced in the combination with PEGIFNα-2a. Moreover, 

treatment with Myrcludex B alone induced a normalization of ALT serum levels, 

indicating a probable reduction of the de novo infection rate and of the subsequent 

turnover of the hepatocytes. Interestingly, this molecule is showing antiviral efficiency 

at concentrations that do not interfere with the physiological role of hNTCP as a bile 

salt transporter71. 

Recently, other NTCP inhibitors able to reduce HBV and HDV entry have been 

identified in an in vitro screening of 1280 clinically applied compounds72. Two 

cyclosporin A-derived compounds with no immunosuppressive activity also showed the 

ability to block HBV entry in vitro in a dose-dependent manner without affecting bile 
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acid uptake; moreover, other NTCP ligands capable to inhibit bile acids transport cannot 

block HBV infection, indicating that the molecular determinants of the two functions do 

not overlap73. The same group also identified plant-derived molecules of the 

proanthocyanin family, that act as entry inhibitors for HBV by directly binding to L-

HBsAg rather than to the host cells,  thus not interfering with NTCP transporter 

function74. These compounds have been tested only on HBV in vitro, and results may be 

possibly extended to similar HDV infection models. 

1.4.2	Farnesylation	inhibitors	

Compounds able to directly inhibit HDAg functions are still unknown, mainly due to 

the scarcity of suitable model systems able to reproduce the complete viral cycle. 

Prenylation of the last four C-terminal aa of L-HDAg is known to be necessary for the 

interaction with HBsAg and virion assembly37,38. That is why prenylation inhibitors, 

initially selected for their antineoplastic activity, are being tested as antiviral agents. 

First, in vitro efficacy of farnesyltransferase inhibitors was assessed on HDV-like 

particle-producing cell lines, in which post-translational modification of L-HDAg, but 

not its translation, was prevented, with a significant reduction of virus-like particle 

production75. 

A proof-of-concept study has assessed the safety, tolerability, and efficacy of the 

farnesyltransferase inhibitor Lonafarnib, previously used as an anticancer drug, during 

four weeks of treatment. Preliminary results show a significant reduction of HDV 

viremia that correlates to Lonafarnib serum concentration, even though virological 

rebound was observed after stopping the treatment. No mutation of L-HDAg was 

detected in the nonresponders, and gastrointestinal side effects, already observed in 

Lonafarnib treatment for other purposes, were recorded76. A more recent clinical trial 

investigated optimal Lonafarnib regimens, exploring different doses, combination with 
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PEGIFNα-2a or inhibitors of CYP3A4 (the predominant mediator of Lonafarnib 

metabolism77), and different treatment durations. Low doses of Lonafarnib in 

combination with a CYP3A4 inhibitor show a greater antiviral activity with less 

gastrointestinal effects then Lonafarnib monotherapy, and similar results were obtained 

in combination with PEGIFNα-2a78. 

The added value of these molecules is that they do not exert selective pressure on the 

virus, since their effect is on a post-transcriptional modification; on the other hand, the 

fact that they target cellular enzyme can induce adverse effects in the patients. 

MyrcludexB and Lonafarnib received orphan drug status from FDA and EMA. 

 

1.4.3	Nucleic	acid	polymers	

Nucleic acid polymers (NAPs) have been demonstrated to inhibit HIV-1 and HCV entry 

in a sequence-independent and size-dependent manner79. Antiviral activity of this class 

of compound was shown with duck hepatitis B virus (DHBV) both in vitro and in vivo, 

having entry- and post-entry-inhibitor properties80,81. Recent studies have assessed the 

safety and efficacy of NAPs in CHB patients, and preliminary results are available 

about their antiviral activity against HDV, even though the molecular mechanism is still 

unknown82–84. 

 

2.	Cellular	and	animal	models	

The host range of HDV is limited to organisms that support the replication of HBV or 

related Hepadnavirus that can act as a helper, such as the woolly monkey hepatitis B 

virus (WMHBV) and the woodchuck hepatitis virus (WHV)85. Chimpanzees, 

woodchucks and Tupaia bulangeri have been used to develop in vitro and in vivo 

infection systems. 



26 
 

2.1	Cell	culture	models	

The most physiological in vitro system for the study of HBV and HDV infection are 

primary human hepatocytes (PHH) since the human is the exclusive natural host of both 

viruses, and because they maintain cell polarization and a have competent cell-intrinsic 

innate immune system86. However, scarce availability, short lifespan and rapid in vitro 

dedifferentiation with the subsequent loss of hNTCP expression, strongly limit their 

application.  

Alternative systems are provided by hepatoma cell lines: HepaRG, Huh7, and HepG2 

are the most commonly used. HepaRG is a cell line derived from a tumor of a patient 

with HCC associated with HCV infection, maintaining hepatic functions and a 

transcriptomic profile very similar to that of PHH; moreover, after a differentiation 

process, HepaRG cells can be differentiated into hepatocyte-like cells and support HBV 

and HDV infection87. Nevertheless, infectivity is low, and the long differentiation 

process required can lead to high variability between experiments. 

Huh7 and HepG2 are immortalized cell lines that have lost most of the hepatocyte-

specific function; they support replication of HBV and HDV but not virus entry, 

because of low NTCP expression levels88. Cell lines over-expressing hNTCP derived 

from Huh7 and HepG2 have been used to test entry inhibitors89. 

 

2.2	Animal	models	

Humans are the only natural host for HDV; however, all the species that support HBV 

(e.g. chimpanzee90) or related viruses of the Hepadnaviridae family, able to supply 

helper functions, are susceptible to HDV infection and propagation91. This has 

permitted to extend the host range of HDV to woodchucks (natural hosts for the 

woodchuck hepatitis virus, WHV)92,93, woolly monkeys (natural hosts for the woolly 
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monkey hepatitis B virus, WMHV), and the tree shrew Tupaia bulangeri 

(experimentally infected with both HBV and WMHV)85,94. These natural models of 

HDV infection, however, have limitations including their large size and difficult 

handling, genetic variability and ethical considerations.  

The mouse is the most commonly used animal model for the study of human diseases, 

and several attempts of experimental HDV infection have been performed.  

Transgenic mice expressing L- and S-HDAg95 or carrying a replication-competent HDV 

genome dimer96 were developed in the early nineties in order to unveil the basis of the 

exacerbation of the liver pathology associated to HDV. In the first model, no liver 

damage was observed, while in the second one genomic and antigenomic RNA, as well 

as S- (but not L-) HDAg, were detected in several tissues (with a strong prevalence in 

muscle) without any evidence of liver damage or inflammation. However, in these 

animals, the liver cells that expressed the most HDAg were epithelial cells of bile ducts, 

and only a few hepatocytes expressed a high level of HDAg. The replication of HDV in 

other organs suggested for the first time that the tissue-specificity of HDV was 

dependent on the HBV-derived envelope. Interestingly, the tissue in which maximal 

HDV replication and HDAg expression occurred was the muscle, and mild mucle 

atrophy was observed. 

Humanized mice are another useful tool for the study of HDV: liver damage is induced 

in immune-deficient mice followed by engrafting of human hepatocytes, susceptible to 

HBV and HDV infection97,98. Different groups have taken advantage of this model to 

study HDV entry, replication and spreading in vivo, and the suppression of HBV 

replication during HDV coinfection or superinfection was also detected, as already 

observed in patients99,100. 
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Transgenic and humanized mouse have helped to elucidate some of the aspects of HDV 

virology, however, none of these models permits the study of the interaction between 

the virus and the host immune system. (The animal models mentioned above, described 

before 2015, are extensively reviewed in Annex 1.) 

More recently, based on the identification of hNTCP as the receptor for HBV and HDV, 

a mouse model expressing the human version of the transporter was developed. hNTCP-

transgenic mice are able to support a transient single-round HDV infection of about 3% 

of hepatocytes in an age-dependent manner101. The same group was able to make both 

neonate and adult mice susceptible to HDV infection by modifying three residues of the 

mouse NTCP, replacing them with the corresponding human aa (H84R, T86K, and 

S87N)102. Interestingly, mice with the modified receptor are not able to support HBV 

infection, so that co-infection or super-infection cannot be studied. Moreover, the short-

term transient infection achieved in these two models does not lead to liver damage, 

representing an important limitation to study HDV-related liver pathology. 

 

3.	Adeno‐associated	vectors	for	gene	transfer	

3.1	Adeno‐associated	viruses	

Adeno-associated virus (AAV) is a small non-enveloped icosahedral virus, member of 

the Parvovirus family. It was detected for the first time as a contaminant in adenovirus 

preparations and it is ascribed to the Dependovirus genus because it relies on a helper 

virus (adenovirus, herpes virus) to complete its replication cycle. AAV has a single-

stranded DNA genome of approximately 4,6 kb composed of only two genes (rep and 

cap), which are flanked by two 145 nucleotide-long inverted terminal repeats (ITR), that 

allow correct encapsidation of the genetic material103,104. 
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The rep gene encodes the structural proteins rep78, rep68, rep 52 and rep40 necessary 

for viral replication, packaging, transcriptional replication and site-specific integration. 

The cap gene encodes the three capsid proteins VP1, VP2, and VP3, which form the 

viral capsid at a ratio of 1:1:10, respectively105–108. An alternative open reading frame 

inside the cap gene and with a non-conventional CUG start codon, encodes an assembly 

activating protein (AAP), which is necessary for viral assembly but that is not present in 

the mature capsid109 [Fig. 10].  

After infection of the host cell, AAV can enter either a lytic or a lysogenic phase of its 

life cycle. In the presence of a helper virus, the lytic phase is established, which allows 

productive infection and virion production110. If AAV infects the host cell alone, it 

enters a lysogenic stage integrating into the AAVS1 locus in human chromosome 19 

(q13.4)103,111. If a latently AAV-infected cell is super-infected by a helper virus, de 

provirus can be rescued from the host genome and the lytic phase can initiate103. AAV 

replication can be induced by a variety of genotoxic agents or cell cycle 

perturbations112; however, it has been demonstrated that, at least in vitro, AAV 

replication in the absence of a helper virus cannot occur a significant levels113.  

Fig. 10 AAV genome organization. Gene expression is driven by the p5, p19 or p40 promoters.
VP2 translation starts from a weaker start codon (ACG) to maintain low proteins levels while a
highly efficient start codon (AUG) drives VP3 translation.  ITR: inverted terminal repeat,
poly(A): poly-adenylation signal109. 
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Fig.  11  Schematic representation of an adeno-associated virus (AAV) and an adeno-
associated viral vector (rAAV).  ITR: inverted terminal repeat, poly(A): poly-adenylation
signal; EP: eukaryotic promoter. 

AAV is not associated with any pathology in humans, and to date, 12 natural serotypes 
have been isolated (AAV1 to AAV12). Serotypes are determined by variation in their 
capsid structures that cause different antigenicity and tropism114. 

3.2	Adeno‐associated	vectors	

Viral vectors have been used for in vivo gene transfer by replacing the viral genes, 

responsible for replication and pathogenicity, with exogenous sequences of interest [Fig. 

11]. The process called “transduction” is a non-replicative infection exploited to 

delivery heterologous genetic information to the target cell115.  

Recombinant adeno-associated viral vectors (rAAV) are generated replacing the rep and 

cap genes between the ITRs with the exogenous sequence [Fig. 11] that must not exceed 

5 kb in length. rAAVs are produced by co-transfection in mammalian cells of a plasmid 

carrying the rep and cap genes of the chosen serotype (helper plasmid), and a plasmid 

carrying the sequence of interest flanked by the ITRs. The helper plasmid lacks the 

ITRs to avoid the packaging of replication-competent viruses103,114,116. 
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Integration of rAAV after administration is very infrequent due to the absence of the 

Rep78 protein, which is necessary for the process, and the transferred DNA is 

maintained as an episome103,117,118. rAAVs, are available as different serotypes with 

tissue-specificity, and are able to efficiently transduce dividing and non-dividing cell-

types; moreover, new engineered serotypes have been developed to reach a broad range 

of tissue and to avoid pre-existing immunity119,120. For these reasons, and because of 

their only low to mild immunogenicity, rAAVs are currently successfully used in gene 

therapy121[Fig. 12]. 

3.2.1	The	use	of	rAAVs	to	transfer	replication‐competent	HBV	genomes	

During the last decade, rAAVs have been used to develop mouse models of HBV 

infection, in which the viral vector acts as a shuttle to deliver the genome of HBV into 

the mouse hepatocytes122,123. 

The first immunocompetent model of HBV infection was achieved by co-injecting 

intravenously in adult mice two rAAVs each one carrying approximately half of HBV 

genome flanked by ITRs from AAV serotype 2 and packaged in a serotype 8 capsid. 

Co-administration of the two vectors resulted in liver-specific transduction, and tail-to-

tail recombination of the rAAVs allowed the formation of HBV genomes, and the 

production of HBV antigens in four different strains of immunocompetent mice (Balb/c, 

Fig. 12 Use of natural and recombinat AAV serotypes in humans and animal models200. 
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C57BL/6, FVB, ICR). HBV viremia, HBsAg and HBeAg were detectable in the sera of 

injected mice, and hepatocytes stained positive for both HBcAg and HBsAg during 16 

weeks. At the end of the experimental period C57BL/6 mice developed liver tumors and 

histological features similar to those of HCC human patients122. 

Another mouse model took advantage of adult mice transgenic for the human leukocyte 

antigen (HLA) A2/DR1, which recieved intravenously a rAAV carrying 1.2 copies of 

HBV genome flanked by ITRs from AAV serotype 2 and incapsidated in a serotype 8 

capsid. This procedure allowed a liver-specific transduction, which resulted in persistent 

levels of HBsAg and HBeAg in the serum of injected mice associated with detectable 

HBV viremia (at least during 56 weeks post-infection), a pattern similar to persistent 

HBV infection in humans. Moreover, HBcAg as well as HBV transcripts and DNA 

intermediates were detectable in the liver of injected animals. In this mouse model, 

however, cccDNA was not detectable in the nucleus of infected hepatocytes123. More 

recently, cccDNA was detected in the liver of C57BL/6 mice injected with the same 

vector124. 

 

4.	Immune	response	against	viral	infections	

 The immune system is a complex organization of cells and molecules with the function 

of protecting the organism from pathogens or the development of cancer. The invading 

pathogens (fungi, bacteria, viruses and microorganisms) have to overcome anatomic and 

physiologic barriers (keratin, enzymes, mucus, ciliary movement, controlled pH), and to 

face two different levels of defense: innate immunity and adaptive immunity. Innate 

immunity is an early non-specific mechanism put into effect immediately after 

encountering the pathogen, and it does not have immunological memory. On the other 

hand, adaptive (acquired) immunity is a late antigen-specific mechanism characterized 
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by immunological memory that enables the host to mount a specific, faster and stronger 

response upon repeated exposures to the same antigen. Innate and adaptive immunity 

are complementary, and failure of one of the three defense levels described above 

hinders an efficient protection of the organism125,126.  

 

 

4.1.	The	innate	immune	response	

The innate immune response begins with the detection of the pathogen by a limited 

number of pattern-recognition receptors (PRRs) that discriminate self from foreign 

molecules. PRRs are constitutively expressed in the host and can detect invariable 

microbial components known as pathogen-associated molecular patterns (PAMPs), 

usually necessary for the survival of the pathogen. Different PRRs recognize specific 

PAMPs and activate specific signaling pathways, culminating in the production and 

release of cytokines, a family of low-molecular weight soluble proteins involved in the 

regulation of cellular activities126,127. Mediators produced by innate immune cells after 

PRRs triggering act by directly leading to destruction of invading microbes, or they act 

on other cells by propagating the immune response. 

Type-I interferons (IFNs), namely IFN-α and IFN-β, constitute an important class of 

cytokines with antiviral activities. They can act in both autocrine and paracrine manners 

by binding to their cognate receptor (IFNα/βR) and activating the Janus kinase/signal 

transducers and activators of transcription (Jak/STAT) pathway, resulting in the 

phosphorylation of the heterodimer STAT1/STAT2 and its translocation to the nucleus. 

Once in the nucleus, they assemble with interferon regulating factor 9 (IRF9) forming a 

trimeric complex called “IFN-stimulated gene factor 3” (ISGF3) that binds to the 

interferon-stimulated response elements (ISRE) in the promoter sequence of interferon 
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stimulated genes (ISGs), inducing their expression128,129. Interestingly, both STAT1 and 

IRF9 are ISGs themselves130. 

Different cell types express various STAT family members at different concentrations, 

influencing the type of complex that can be generated after an IFN stimulus, activating 

distinct gene expression programs, as summarized in Fig. 13 129. 

Innate immunity can be cell-intrinsic when elicited by infected cells, or cell-extrinsic 

when PAMPs are recognized by surface PRRs of uninfected cells. 

The first molecule with PRR function to have been discovered was the Drosophila 

receptor Toll, which was shown to increase fruit-fly susceptibility to fungal infection 

when mutated131. The subsequent discovery of homologous proteins in human and 

mouse led to the identification of the membrane-bound Toll-like receptor (TLR) family. 

The C-lectin-like receptors (CLRs) are another family of surface PRRs. Cytosolic PRRs 

include members of the retinoic acid-inducible gene-I (RIG-I)-like receptor (RLR), of 

the nucleotide-binding oligomerization domain (NOD)-like receptor (NLR) and of the 

absent in melanoma 2 (AIM2)-like receptor (ALRs) families132. 

Fig. 13 Gene expression pathways induced by type-I IFNs: antiviral response, inflammatory
response, repressors of inflammatory pathways 129. 



35 
 

Cellular components of the innate immune systems are hematopoietic cells such as 

monocytes, macrophages and neutrophils (all with phagocytic function), dendritic cells 

(DCs), mast cells, eosinophils, basophils, natural killers (NKs) and NKT cells, but also 

epithelial cells lining the outer and inner surface of the body. Recognition and effector 

functions are enhanced by humoral components such as LPS- and mannose-binding 

proteins, C-reactive protein, acute phase mediators, complement proteins and 

cytokines127. 

 

4.1.1	Toll‐like	receptors	

The human TLR family consists of 10 receptors, while 13 members of this family have 

been identified in mouse133. They are type-I transmembrane proteins with numerous 

leucine-rich-repeats (LRRs) in the extracellular domain, which mediate the recognition 

of PAMPs, and a cytoplasmic signaling domain homologous to that of the interleukin-1 

receptor (IL-1R), called Toll/IL-1R homology domain (TIR)134. There are different 

subfamilies, whose members share similar primary structure and detect related PAMPS:  

(i) TLR1, TLR2 and TLR6 recognize lipids,  

(ii) TLR3, TLR7, TLR8 and TLR9 recognize nucleic acids135–138,  

(iii) TLR5 recognizes bacterial flagellin139, 

(iv) TLR4 recognizes different molecules such as bacterial lipopolysaccharide 

(LPS)140, the fusion protein of the respiratory syncytial virus (RSV), 

fibronectin and endogenous heat-shock proteins (HSPs)132.  

TLR1 to 9 are conserved between human and mouse; TLR10 is not functional in mouse 

and its ligand specificity is unknown, while TLR11, TLR12 and TLR13 (recognizing 

bacterial and parasite molecules) are lost in human genomes 126,132,141 
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TLRs can be divided into two subgroups according to their localization: TLR1, TLR2, 

TLR4, TLR5 and TLR6 are expressed on the cell surface, while TLR3, TLR8 and TLR9 

are localized mainly in the membrane of intracellular organelles (endosomes, 

lysosomes, endoplasmic reticulum (ER)), where they detect nucleic acids132,142,143. In 

resting cells, they are located on the ER membrane and then trafficked to the endosomal 

compartment upon PAMP-mediated stimulation, via a mechanism controlled by the ER 

transmembrane protein UNC93B132,144. 

In general, after ligand binding, TLRs dimerize and recruit TIR-containing proteins that 

function as adapters for the activation of different pathways leading to the production of 

pro-inflammatory cytokines and interferons (IFNs). There are four adaptor molecules 

known to date: myeloid differentiation factor 88 (MyD88), TIR-associated protein 

(TIRAP) also called MyD88 adaptor-like (MAL), TIR-domain-containing adaptor 

protein-inducing IFN-b (TRIF), and TRIF-related adaptor molecule (TRAM) [Fig. 14] 

 

Fig. 14 The TLR family sensors and their signaling pathways201. 
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4.1.2	C‐lectin‐like	receptors	

CLRs belong to a large family of transmembrane proteins that bind to carbohydrates. 

They are characterized by a carbohydrate recognition domain (CRD) and a calcium-

binding site in the extracellular domain. Upon binding with carbohydrate derived from 

microbes or tissue damage, they induce signaling cascades culminating in the activation 

of several transcription factors and the triggering of an inflammatory response145. 

	

4.1.3	RIG‐I‐like	receptors	

The RLR family of cytoplasmic nucleic acid sensors consists of three members: RIG-I, 

melanoma differentiation-associated gene 5 (MDA5), and laboratory of genetics and 

physiology 2 (LGP2)146. These proteins share central DExD/H-box RNA helicase 

domains and a C-terminal domain implicated in RNA detection. RIG-I and MDA5 but 

not LGP2, have two N-terminal caspase recruitment domains (CARDs) necessary for 

the interaction with other CARD-containing proteins. These proteins have the ability to 

stimulate type-I IFNs and cytokine expression in response to RNA virus infection132. 

RIG-I is activated by a variety of RNA viruses, such as hepatitis C virus (HCV), 

influenza A virus (IAV) and vesicular stomatitis virus (VSV). The non-self signature of 

these viruses is a 5’-triphosphate (5’-ppp) single-stranded end of a short dsRNA 

molecule with homopolymeric nucleotide motifs (like the poly(U) of HCV), a feature of 

the untranslated regions (UTRs) of several negative-stranded RNA viruses147. In 

eukaryotic cells, the 5’-ppp end is cleaved during RNA processing in the nucleus, thus 

allowing discrimination between self and non-self RNA148 [Fig. 15]. It has been recently 

shown that RIG-I is able to induce the expression of a subset of ISGs in the context of 

in vitro hepatitis E virus (HEV) and influenza virus infection in a Jak/STAT-

independent manner. This ISG subset is different from that induced by type-I IFN 

signaling149,150. 
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MDA5 detects infection by other classes of RNA viruses, like picornavirus, recognizing 

long dsRNA molecules (1-2 kb). Some viruses can be recognized by both RIG-I and 

MDA5, such as Dengue virus and West Nile virus among others146. LPG2, lacking the 

CARD domain, is a regulator of RIG-I and MDA5, associating with certain RNA 

species and facilitating the activation of the other RLRs151. 

Viral RNAs activate RLRs that shift from an autoinhibitory conformation to an open 

one, and expose their CARD domains in order to interact with the downstream adapter 

known as mitochondrial antiviral-signaling protein (MAVS), IFN-β promoter stimulator 

1 (IPS-1), virus-induced signalling adapter (VISA) or CARD-containing adapter protein 

(Cardiff)152.  

Fig. 15 Features of eukaryotic and viral RNA molecules148. 
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MAVS is composed of an N-terminal single CARD, three tumor necrosis factor 

receptor-associated factor (TRAF)-binding motifs (TBFs) and a transmembrane domain, 

which determines its mitochondrial and peroxisomal localization. The oligomerization 

of MAVS with RIG-I or MDA5 leads to the recruitment of other downstream signaling 

molecules such as members of the TRAF family, the tumor necrosis factor receptor 

type-1 associated death domain protein (TRADD), the receptor-interacting protein 1 

(RIP-1) and the Fas-associated protein with death domain (FADD). Eventually, the 

TRAF family member-associated NFκ-B activator (TANK)-binding kinase 1/inhibitor 

of nuclear factor kappa-B subunit ε (TBK1/ IKKε) and inhibitor of nuclear factor 

kappa-B (NFκ-B) subunits α and β (IKKα/IKKβ) complexes are recruited and in turn 

activate NFκ-B and IFN regulatory factors 3 and 7 (IRF3, IRF7). The activated 

transcription factors translocate to the nucleus where they induce the transcription of 

pro-inflammatory cytokines, type-I IFNs and ISGs146 [Fig. 16].  

Fig. 16 The RLR family of ds-RNA sensors and their signaling pathways202. 
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4.1.4	NOD‐like	receptors	

NLRs are intracellular sensors of PAMPs and endogenous DAMPs. Members of this 

family present an N-terminal protein interaction domain, a central NOD-like domain, 

and a C-terminal LRR motif. Based on their N-terminal domain, NLRs are divided into 

four subfamilies: NLRA, NLRB, NLRC and NLRX. Their activation elicits downstream 

signaling culminating in the NFκB-dependent expression of pro-inflammatory 

cytokines, inflammasome assembly, signal transduction and autophagy153,154. So far 22 

members of the NLR family have been described in humans; they mainly recognize 

PAMPs of bacterial and fungal origin, but NOD2 has been recently identified as a 

sensor for viral ssRNA, which results in MAVS-mediated induction of IFN-β 

expression 153,155.  

 

4.1.5	AIM‐2‐like	receptors	

ALRs are characterized by two structural domains: an N-terminal pyrin domain, and a 

HIN domain (hematopoietic interferon inducible) at the C-terminal region. They are 

known to bind to cytosolic DNA and to activate inflammasomes, high-weight molecular 

complexes able to recruit and activate inflammatory caspases. AIM2 and most ALRs 

are induced by type-I IFN signaling156. 

The best-characterized nucleic acid sensors and their pattern of expression are 

summarized in Table 3. 
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PRR	 PAMP	 Expression	pattern	

TLR3	 dsRNA	 Endosomes	 of	 DCs,	 macrophages,	 fibroblasts	 and	 epithelial	 cells,	

CD8α+	DCs	with	high	phagocytic	activity	

TLR7	 ssRNA	 Endosomes	of	plasmacytoid	dendritic	cells	(pDCs),	unique	in	their	

capacity	to	rapidly	secrete	vast	amounts	of	type‐I	IFN	in	response	

to	viral	infection	

TLR8	 ssRNA	 Endosomes	 of	 various	 cell	 types	 with	 the	 highest	 expression	 in	

monocytes;	up‐regulated	upon	bacterial	infection	

RLRs	 5’‐pppRNA,	

dsRNA,		

Cytosolic;	 ubiquitous;	 expressed	at	 low	 levels;	 their	expression	 is	

induced	by	IFNs	or	upon	viral	infection	

NOD2	 Viral	ssRNA	 Cytosolic;	 ubiquitous,	 although	 different	 tissues	 predominantly	

express	distinct	members	of	the	family;	their	expression	is	induced	

by	IFNs	or	upon	viral	infection	

ALRs	 DNA	 Cytosol	of	macrophages,	DCs,	B	cells	

Table 3 Nucleic acid sensors and their characteristics. 

 

4.1.6	Innate	immune	cells	

Most cell types of the innate immune system belong to the myeloid lineage. Their 

functions are listed in Table 4. 

 

 

Cell type  Lineage  Function 

Monocytes  Myeloid  Circulating precursors of macrophages; phagocytic activity. 

Macrophages  Myeloid  Resident  in  almost  every  tissue  or  circulating.  Phagocyte 

microbes  or  infected  cells  targeted  by  the  adaptive  immune 

response; produce inflammatory mediators; scavengers. 

Neutrophils  Myeloid  Granulocytes;  are  the  most  abundant  innate  immune  cells. 

Phagocyte microbes  and destroy  them  in  intracellular  vesicles 

by degradative enzymes and antimicrobial substances stored in 

their granules.  

Basophils and 

eosinophils 

Myeloid  Granulocytes.  Involved  in  immunity  against  parasites  and  in 

allergic reactions. 
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Cell type  Lineage  Function 

Mast cells  Myeloid  Resident  in  mucosal  and  epithelial  tissues.  Release 

inflammatory mediators, histamine and proteases;  involved  in 

allergic reactions. 

Dendritic cells  Myeloid  Phagocytic  cells  that  take  up  microbes  and  extracellular  fluid 

(micropinocytosis);  their  role  is  not  pathogen  clearance  but 

rather the secretion of mediators to activate other  innate and 

adaptive  immune  cells,  and  antigen  presentation  to  B  and  T 

cells. 

Natural killer   Lymphoid  Cells  with  a  characteristic  granular  cytoplasm  able  to  kill 

tumoral  and  infected  cells.  They  exert  cytotoxic  functions 

playing  a  very  important  role  in  innate  immunity  against  viral 

infections.  

Natural killer T 

cells 

Lymphoid  Cells coexpressing the NK cell receptor and the T cell receptor 

(TCR);  activated  by  lipid  agonists,  modulate  both  innate  and 

adaptive immune cells  

Innate 

lymphoid cells 

(ILCs) 

Lymphoid  NK‐related  cells  resident  in  peripheral  tissues;  source  of 

mediators of the inflammatory response. 

Table 4 Innate immune cells, characteristics and functions. Adapted from 157,158. 

  

4.2	The	adaptive	immune	response	

In parallel with the innate immune response, an adaptive antigen-specific immune 

response is initiated; however, its effects are delayed. In contrast to the limited PRRs of 

the innate immune cells, lymphocytes express a vast repertoire of highly specific 

antigen receptors, enabling them to respond to virtually any pathogen. There are two 

main classes of lymphocytes: B and T cells; they are small circulating cells with a 

reduced cytoplasm and a condensed chromatin. Lymphocytes are in an inactive state 

until specifically activated through their surface receptors (the B cell receptor (BCR) 
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and the T cell receptor (TCR), respectively). In this quiescent state, they are called naïve 

lymphocytes, while when activated they are known as effector lymphocytes125,157,159.  

 

4.2.1	 Cross‐talk	 between	 innate	 and	 adaptive	 immune	 system:	 antigen	
presenting	cells	

Inflammation, induced by cytokines released by the innate immune response, increases 

the flow of lymph, which carries pathogens or cells bearing their antigens to the 

lymphoid tissue (spleen, lymph nodes, mucosal lymphoid tissues) where the adaptive 

immune response is initiated. A pivotal role in this phenomenon is played by antigen 

presenting cells (APCs) such as DCs, macrophages and B cells. In the case of T cells, 

activation requires interaction with an activated DC that previously phagocytosed and 

degraded a pathogen and presents peptide antigens on major histocompatibility complex 

(MHC) molecules. Interactions between MHC-antigen complex together with co-

stimulatory molecules expressed on activated DCs with the TCR, lead to T cell 

differentiation and proliferation. The activation and induction of clonal expansion of T 

cells upon the first encounter with antigens is called priming. Free circulating antigens 

(polysaccharides or other molecules carrying repeated epitopes) can directly activate 

specific B cells, but in most cases B lymphocytes need to interact with helper T cells in 

order to start an effective antibody response. These processes can take about 4-6 days, 

so that the effector phase of the adaptive immunity starts about a week after the 

infection157,159. 

 

4.2.2 Cellular and humoral immunity 

T cells are usually involved in the reaction against intracellular pathogens. Some 

activated T cells can directly kill the infected cell (cytotoxic T lymphocytes, CTLs), 

while others can differentiate into helper T (TH) or regulatory T (Treg) cells. Cytotoxic T 
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cells are responsible for the cell-mediated immune response of adaptive immunity and 

are characterized by the expression of the surface molecule cluster of differentiation 8 

(CD8), while TH cells contribute to the humoral immune response, and are characterized 

by the expression of the surface molecule CD4. CD8 and CD4 recognize two different 

classes of MHC molecules. CD8 interacts with MHC class 1 (MHC-I) and CD4 

interacts with MHC-II157. 

MHC-I molecules are expressed on the surface of most cell types, and present antigens 

derived from intracellular pathogens such as viruses and intracellular proteins, including 

misfolded ones. Infected cells that display viral epitopes through their MHC-I are 

targeted by CD8+ T cells that can kill them via two different pathways:  

(i) by introducing perforins into the cell membrane to create pores through 

which granzymes are transferred and induce apoptosis;  

(ii) by binding the Fas protein on the surface of the target cell using their Fas 

ligand (FasL) eventually inducing apoptosis159. 

MHC-II is expressed only by APCs and display peptides derived by antigens taken up 

by phagocytosis from the extracellular environment. CD4+ T cells differentiate into 

different subsets of TH. TH1 produce and secrete IL-2 and IFN-γ, both of which enhance 

the phagocytic activity of macrophages and are important for the initial CD8+ response. 

In the lymphoid tissues, follicular TH cells (TFH) interact with antigen-specific naïve B 

cells to induce their activation and proliferation. TH2 produce IL-2, IL-4 and IL-5 that 

stimulate B cell activation. Antigens recognized by a specific BCR are internalized and 

presented by MHC-II molecules; a bystander CD4+ T lymphocyte able to recognize the 

peptide/MHC-II complex becomes activated and expresses the ligand for the CD40 

surface molecule (CD40L), that binds the CD40 on the B cells inducing activation; 

moreover, bystander CD4+ T produce cytokines like IL-4 and IL-10. Peptides generated 
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by B cell antigen processing are usually conformational and may be different from those 

generated by macrophages and DCs, increasing the diversity of T cell responses against 

the same pathogen159. 

During B cell proliferation, the genes encoding the BCR undergo a rearrangement 

called somatic hypermutation; this event, followed by clonal selection, results in a 

population of B cells with high-affinity BCR. Fully activated B cells differentiate into 

plasma cells able to produce high levels of antibodies. Antibodies can directly inhibit 

soluble antigens or toxins or can act in combination with other cellular or soluble 

components of the immune system to eliminate the invading pathogen. Since there are 

only a few B cells specific for each epitope, the activated B cells need to proliferate in 

order to guarantee an adequate response. Usually, the humoral response against a 

pathogen is polyclonal, that means it involves the proliferation of different clones 

bearing a specific BCR for distinct epitopes of the same antigen125,159. 

The proliferation of activated T and B cells in the lymphoid tissues gives rise to effector 

as well as memory cells; memory cells enable a quantitatively and qualitatively superior 

secondary response after a subsequent encounter with the same antigen. 

 

4.2.3	Immune	tolerance	

Autoreactive B and T cells are negatively selected in the bone marrow and in the 

thymus (central tolerance). This mechanism of selection is incomplete since not all self-

antigens are presented in the central lymphoid organs, and some self-reacting 

lymphocytes can reach the peripheral lymphoid tissues160,161.  

Self-reacting T cells that escape central tolerance can undergo programmed cell death or 

functional tolerance when they encounter self-antigens presented by non-activated APC; 

incomplete priming renders T cells unable to proliferate in response to antigen 
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stimulation. A similar unresponsive state is achieved after suboptimal stimulation, 

leading to anergy or adaptive tolerance. Chronic antigen stimulation in the context of 

chronic viral infection and persistent inflammation can lead to T cell exhaustion, a 

phenomenon in which proliferative capacity and cytokine production are lost, 

accompanied by the expression of inhibitory receptors. All these dysfunctional T cell 

states are reversible and each one is characterized by a specific epigenetic landscape160. 

In the bone marrow, B cells with a high-affinity BCR for self-antigens undergo clonal 

deletion, while those with low-affinity BCR enter an unresponsive state that does not 

avoid migration; anergic B cells have a reduced life-span. One rescue mechanism 

adopted by self-reactive B cells is the so-called “receptor editing”: a rearrangement of 

the light chain loci in order to generate a new, non-autoreactive BCR. Self-reactive B 

cells that reach the peripheral lymphoid tissues undergo peripheral tolerance, regulated 

by the balance between BCR-dependent signaling and the B cell survival factor 

BAFF/BlyS (B lymphocyte stimulator)161. 

4.3	Liver	immunology	

The liver is the largest organ of the human body, accounting for almost 2% of adult 

body weight. The main roles of the liver are protein synthesis and metabolism of lipids, 

carbohydrates and vitamins, bile production and secretion, but also the removal of 

pathogens and toxins from the incoming blood. It has always been considered as a 

metabolic organ however, the concept of the liver as a lymphoid organ is becoming 

established. 

The liver has a double blood supply, receiving the 80% of its blood from the 

gastrointestinal tract through the portal vein, while the remaining 20% is oxygenated 

blood from the systemic circulation coming through the hepatic artery. The liver is thus 

constantly exposed to harmless non-self antigens derived from food and commensal 
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microbiota, and has developed specialized mechanisms to prevent unnecessary immune 

activation, maintaining the ability to switch from a tolerant to an activated state in case 

of pathogen infections162,163.  

The peculiar anatomy of the hepatic vascularization allows a rigorous scanning of the 

bloodstream by immune cells, rendering the liver a physical barrier for blood borne 

pathogens and metastatic cells. Venous and arterial blood enters the liver via the blood 

vessels of the portal triad and pass at low speed through very narrow capillaries called 

hepatic sinusoids. Sinusoids are lined by a fenestrated epithelium composed of liver 

sinusoidal endothelial cells (LSECs), which lack a basal membrane, and are patrolled by 

blood monocytes and resident macrophages called Kupffer cells (KCs)164. 

Eighty % of cells constituting the liver are hepatocytes, while the remaining 20% are 

composed of innate and adaptive immune cells and other parenchymal cells able to 

carry out immune functions [Fig. 17].  

Fig. 17 Parenchymal and non-parenchymal cells of the liver. HEP: hepatocyte, HSC: hepatic
stellate cell, KC: Kupffer cell, NK: natural killer cell, NKT: natural killer T cell, B: B
lymphocyte, T-reg: regulatory T cell, DC: dendritic cell133. 
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DCs, KCs and LSECs are classical APCs, while hepatocytes and the endothelial cells of 

the bile ducts express MHC-I and can directly present antigens to the local T cell 

populations162,163. 

KCs constitute 80% of the whole body macrophages and 15% of all liver cells; they are 

a self-renewing pool, independent of the circulating myeloid compartment. Their 

strategic position in the sinusoids allows the sensing and clearance of antigens, 

endotoxins, cell debris, apoptotic cells and microbes by phagocytosis. KCs are able to 

activate T cells and release pro-inflammatory cytokines in the presence of a pathogen, 

and they are responsible for tolerance and homeostasis in the non-infected liver. 

Continuous exposure to LPS derived from commensal bacteria causes the release of 

TNF-α, IL-10 and prostaglandin E2, that downregulate CD4+ T cell activation. 

Moreover, the constant presence of LPS and dietary antigens induces low levels of 

activation markers and downregulation of costimulatory molecules in KCs and LSECs, 

resulting in inefficient antigen presentation to CD8+ T cells. KCs also express co-

inhibitory molecules such the programmed death ligand 1 (PD-L1) inducing regulatory 

T cells under homeostatic conditions163,164. 

DCs are present as a heterogenic population mainly concentrated near the portal triad; 

liver DCs are more phagocytic but less immunogenic than those found in other tissues, 

since they express lower levels of MHC-II and do not express costimulatory molecules. 

They play an important role in the establishment of oral and portal tolerance163,164. The 

main subpopulations found in the mouse liver are conventional myeloid dendritic cells 

(mDCs), CD8α+ DCs and pDCs. pDCs originate in the bone marrow from myeloid and 

lymphoid progenitors, they sense viral DNA and RNA and secrete type-I IFNs, IL-6 and 

TNF-α. Their relative amount in the liver is higher than in other secondary lymphoid 
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organs. Murine liver pDCs promote in vivo tolerance by inducing T cell anergy or 

clonal deletion165. 

Granulocytes are rarely found in healthy liver, where neutrophils count for <1% of 

non-parenchymal cells in mouse. During acute hepatitis, chemoattractant released by 

KCs recruit large numbers of neutrophils into the liver164. 

NK cells are more abundant in the liver than in any other organ, accounting for the 30-

50% of the intrahepatic lymphocytes in human and 5-10% in mouse. They have a 

limited interaction with the healthy liver, but play a relevant role in immunity against 

HCV by killing infected cells, and they are also antitumoral agents. IL-10 secreted by 

KCs downregulates hepatic NKs, while IL-18 and IL-1β induce their activation163,164. 

NKT cells are also important in the mouse liver (in some mouse strains such as 

C57BL/6 they make up ~30% of total intrahepatic lymphocytes), while they are less 

frequent in humans. They can produce both pro- (IFN-γ) and anti-inflammatory (IL-4) 

cytokines upon activation and play a role in different models of liver injury, 

autoimmunity, cancer and infection163,164. 

LSECs constitutively express MHC-II and costimulatory molecules, so they can act as 

APCs. Antigen presentation by LSECs to naïve T cell induces TH2 and Treg subsets; 

moreover, they can induce tolerogenic CD8+ T cells by mutual upregulation of PD-L1 

and PD1. On the other hand, the tolerogenic effect of LSECs is also due to constant 

exposure to endotoxin and gut bacteria-derived antigens163–165. It has been shown that 

LSEC-primed CD8+ T cells differentiate into a particular subpopulation of memory T 

cells or into short-lived effector T cells166. 
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Hepatic stellate cells (HSCs) are located in the space of Dissé, where they contribute to 

the control of the blood flow. If exposed to inflammatory stimuli, they differentiate in 

myofibroblasts producing collagen and inhibitors of metalloproteases, which lead to 

liver fibrosis. They express MHC-I and MHC-II, as well as lipid-presenting CD1b and 

CD1c and costimulatory molecules. HSCs are known to have tolerogenic capability by 

inhibiting immunogenic T cells and leading to apoptosis of CD8+ T cells. Moreover, 

they contribute to Treg activation via the secretion of retinoic acid and TGF-β162,164. 

Hepatocytes are the main producers of acute phase protein, most of the complement 

components and cytokines. They constitutively express MHC-I and CD1d molecules, 

and are able to present peptide and lipid antigens to CD8+ T cells and NKs by direct 

contact through LSEC fenestration. Hepatocytes can prime naïve T cells and induce T 

cell proliferation; however, because of the lack of costimulatory molecules, they fail to 

sustain T cell survival leading to apoptosis and intrahepatic tolerance by clonal deletion. 

Furthermore, hepatocytes actively induce T cell apoptosis via Fas and TNF162–164. Under 

certain conditions, crosstalk with NK cells may lead to induction of effector T cell, 

resulting in immunogenic rather than tolerogenic presentation166. 

Cholangiocytes, or bile epithelial cells (BECs), line the bile ducts and are responsible 

for the immediate innate immune response against pathogens invading these structures. 

They express PRRs and produce antimicrobial peptides, cytokines and chemokines. 

Infection by hepatotropic viruses enhance cholangiocyte MHC-I and MHC-II 

expression163,164. 

B lymphocytes represent less than 10% of human hepatic lymphocytes, and can make 

up to 50% of intrahepatic lymphocytes in mouse167. Their contribution to the 

tolerogenic environment in the liver has not yet been determined164. 
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T lymphocytes (CD3+ cells) represent the majority of the liver lymphoid cells, with 

80% being conventional αβ T cells, and the remainder expressing the γδ TCR. CD8+ T 

cells predominate in the human liver, whereas CD4+ T cells are more abundant in the 

mouse liver. Among the CD4+ cells, TH1, TH2, TH17 and Treg subsets are present. Treg 

cells are important elements of the peripheral tolerance by inhibiting TH1, TH2, and 

TH17 responses. In turn, Treg cells can be divided into natural Treg (nTreg) and inducible 

(iTreg) cells; in a healthy mouse liver nTreg are less abundant than in lymph nodes and 

their relative amount has been shown to increase in case of HBV and HCV infection. 

CD8+ Treg cells have also been identified but they are poorly defined163,164. 

4.3.1	Hepatotropic	infections	

Although most of the blood-borne pathogens are cleared by phagocytosis by KCs and 

LSECs, hepatotropic viruses and parasites often exploit the tolerogenic environment of 

the liver to establish chronic infections [Fig. 18].  

 

Fig. 18 PRRs involved in immunity and tolerance in the liver. Adapted from139. 
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A common mechanism of escape for hepatotropic pathogens is the initial antigen 

presentation in the liver rather than in the lymphoid organs, which leads to immune 

tolerance instead of activation168. 

Blood-borne bacteria are taken up by KCs and bacterial antigens are presented on CD1 

surface molecules, which recruits NKT cells in a CXCR3-dependent manner. This 

mechanism intercepts bacteria in the sinusoids, thereby avoiding hepatocyte 

infection169. Pathogens that escape the vascular innate immune system of the liver and 

are able to access the parenchyma, are more difficult to eradicate because of the 

tolerogenic microenvironment. 

Plasmodium spp. parasites go through a hepatic phase; after delivery into the skin by a 

mosquito bite, sporozoites are able to elude clearance by phagocytic cells and to reach 

the liver through the blood stream. Once in the sinusoids, they attach and enter KCs. 

Here they avoid lysosomal fusion and subsequenty trans-infect hepatocytes, where they 

develop into merozoites and are released again into the sinusoids170,171. 

Hepatitis viruses can cause acute or chronic infection, and their clearance requires a 

strong adaptive immune response. They are able to circumvent immunity or innate 

immune sensing during entry into the liver, or they modulate the adaptive immunity 

during hepatocyte infection. 

Hepatitis A virus (HAV) is a food-borne pathogen of the family picornavirus that never 

causes chronic hepatitis. The HAV genome is single-stranded, positive-sense RNA 

genome of 7.5 kb. There are two forms of infectious virus: infectious particles exist as 

non-enveloped virions and quasi-enveloped virions (eHAV) that are secreted non-

lytically from infected cells. HAV infection induces a minimal intrahepatic type I-IFN 

response, partly due to the ability of the precursors of the viral protease 3Cpro to cleave 
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MAVS and TRIF. HAV replication itself is not cytotoxic and liver injury is likely to be 

mediated by a strong CTL and NKT cell response172. 

Hepatitis C virus (HCV) is a positive ssRNA flavivirus causing chronic infection in 

50% of the cases. HCV induces a strong type-III, and to a lesser extent also type-I, -IFN 

response in the liver, which is mediated by TLR and RIG-I sensing of viral RNA. It can 

either be completely cleared after acute hepatitis, or establish a persistent infection. 

Chronic HCV can either be an asymptomatic disease or cause immune-mediated liver 

injury. The viral protease NS3/A4 is able to impair IRF3 signaling by cleaving TRIF 

and MAVS, thus limiting the antiviral state of the infected cells and its bystanders173,174. 

HCV is also able to escape from adaptive and humoral responses by accumulating 

mutations in its antigen-encoding genes, and by the production of secreted antigens that, 

presented in the absence of adequate co-stimulation, lead to clonal deletion174,175. 

HBV is considered a stealth virus, since it is able to replicate in hepatocytes without 

eliciting a strong innate immune response. Infection persists to chronicity in ~5% of the 

cases in adults, and resolution of acute hepatitis is mediated by a polyclonal CD8+ T cell 

response against HBcAg and HBeAg, as well as by a non-cytopathic NKT- and NK-

dependent response mediated by IFN-γ176. Moreover, the activation of CD4+ T cells can 

induce the production of neutralizing antibodies against HBsAg. The adaptive immune 

response to HBV is necessary to clear the pathogen or destroy infected cells, but in 

many cases it leads to immunopathology177. HBV is also able to evade innate immunity 

by interfering with TLR9 in pDCs via its surface antigen178, by maintaining its circular 

covalently closed genome (cccDNA) in the nucleus, and by synthesizing the genomic 

DNA from a pregenomic RNA molecule (pgRNA) inside the viral capsid60. 

Patients with CHB develop only a weak or undetectable polyclonal T cell response; NK 

cells in these patients show an inhibitory phenotype and cause clonal T cell deletion; 
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moreover, intrahepatic T cells express high levels of PD1 and cytotoxic T lymphocyte 

antigen 4 (CTLA4), which are both inhibitory molecules. In this context, the innate 

immune cells - in particular granulocytes and KCs - suppress the cellular adaptive 

immune response, thereby limiting immunopathology, but also promoting tolerance and 

virus persistence. The immunomodulatory cytokine IL-10 is abundantly produced 

during CHB; CTLs also produce IL-10 themselves, thus attenuating the antiviral 

activity in an autocrine way. In addition, the huge amount of HBsAg secreted by 

infected cells usually outnumbers the infectious particles and saturates circulating 

neutralizing antibodies, thereby allowing the virus to overcome humoral 

immunity176,179. 

HDV is commonly considered a non-cytopathic virus, since HDV viremia has no 

correlation with the extent of liver disease and HDAg expression in transgenic mice 

does not cause cytotoxicity in hepatocytes. HDV-associated hepatic damage is thus 

thought to be immune-dependent like in HBV and HCV infection95,180. HDV infection 

in humanized or hNTCP-transgenic mice causes the activation of intra-hepatic IFN and 

ISG expression (e.g.  2’-5’-oligoadenylate synthetase - OAS – and MxA), of the IFN-

inducible PRR RIG-I, and it triggers the JAK/STAT signaling cascade101,181. However, 

the interaction between infected hepatocytes and immune cells has not been completely 

elucidated in animal models.  

In comparison to HBV and HCV patients, a high frequency of cytotoxic perforin-

positive CD4+ T cells have been found in the peripheral blood of HDV patients182, and 

some MHC-I and MHC-II epitopes have been identified to date183,184. However, the 

specific T cell response generated in patients with chronic HDV is weak and insufficient 

to contain the infection. One study limited to peripheral blood mononuclear cells 

(PBMCs) of HDV infected patients showed the HDV-specific IL-2 and IFN-γ response 
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exerted by T cells, as well as the IP-10 response exerted by activated monocytes, both 

contributing to the inflammatory environment185. The activation of TH cells also induces 

the production of anti-HDV antibodies that do not have any protective function since 

the recognized HDAgs are situated inside the viral particle. This way HDV evades the 

humoral immune response. 

As in HBV and HCV monoinfection, HBV-HDV coinfected patients show a higher 

frequency of NK cells, but with a less activated phenotype (low expression of the 

activating receptors CD244 and CD48). In addition, the proportion of the CD56bright 

subset (immunoregulatory) is increased over the CD56dim subset (cytolytic). Inhibition 

of NK activity thus seems to be a common escape mechanism of hepatitis viruses, 

relying more on the inflammatory environment than on virus-specific factors186. 
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The limited availability of adequate small animal models for the study of HDV infection has 

hampered a complete understanding of the pathology and the development of specific antiviral 

treatments. In this context, the main aim of this doctoral research was: 

 

1. To develop and characterize a mouse model for HDV infection based on recombinant 

adeno-associated vectors (rAAV). 

 

The specific objectives of the thesis were: 

2. To determine whether this model recapitulates the characteristics of human infection. 

3. To identify the innate immune pathways involved in HDV recognition and the type-I IFN 

response. 

4. To characterize the immune infiltrate recruited to the liver after rAAV-mediated HDV 

infection. 

5. To determine the role of the immune infiltrate in the observed liver pathology. 

6. To determine the cytotoxicity of the virus components (HDAgs, viral genome). 
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Supplementary material 

 

Cell culture 

HEK293 cells, Huh7, and HepG2-hNTCP [25] 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. Culture medium for HepG2-hNTCP was supplemented with puromycin at a 

final concentration of 5 μg/ml. Cells were maintained at 37ºC with 5% CO2 and 95% relative 

humidity. 

 

Serum ALT levels. 

Alanine aminotransferase (ALT) serum levels were analyzed with a Hitachi Automatic Analyzer 

(Boehringer Mannheim, Indianapolis, IN). 

 

RNA isolation, reverse transcription and quantitative PCR (RT-qPCR). 

Total RNA from liver samples and cell lines was isolated using TRIzol Reagent (Invitrogen) 

according to the manufacturer's instructions. Viral nucleic acids were extracted from serum samples 

using the QIAmpViral RNA Mini Kit (Qiagen). Total RNA was pre-treated with DNAse I using the 

TURBO DNA-free™ Kit (Applied Biosystems) and retro-transcribed into complementary DNA 

(cDNA) using M-MLV reverse-transcriptase (Invitrogen). Real-time quantitative polymerase chain 

reaction assays (RT-qPCR) were performed using iQ SYBR Green Supermix (BioRad) in a CFX96 

Real-Time Detection System (BioRad) and primers as specified in Supporting Table 1. HDV 

strand-specificity was analyzed as described elsewhere [1]. HDV viremia was quantified by RT-

qPCR reaction using the Power SYBR® Green RNA-to-CT™ 1-Step kit (Applied Biosystems) 
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after DNase I treatment using the TURBO DNA-free™Kit (Ambion). Known amounts of HDV-

containing plasmid were used as standard for quantification.  

 

Patient samples 

Samples and data from patients included in the study were provided by the Biobank of the 

University of Navarra and were processed following standard operating procedures approved by the 

Ethics and Sciene Committees. We analyzed several patients for anti-HDAg reactivity and selected 

the serum from patient CUN-36. 

 

Histology and immunohistochemistry (IHC) 

Cells were grown on coverslips, washed three times with PBS, fixed with 4% paraformaldehyde 

(PFA) and washed again with PBS. HDAg immunostaining was achieved after permeabilization 

with Triton X-100 (0.1%; 10 minutes, room temperature) using a patient-derived serum, CUN-36. 

As secondary antibody goat anti-human IgG labeled with AlexaFluor® 488 (Invitrogen, Carlsbad, 

CA) was used. Slides were covered with mounting medium containing DAPI (VECTASHIELD®, 

Vector Laboratories, Inc). 

Liver sections were fixed with 4% PFA, embedded in paraffin, sectioned (5 µm), and stained with 

hematoxylin and eosin. Sections were mounted and analyzed by light microscopy. For HDV-Ag 

IHC analysis, PFA-fixed liver sections were deparafinized, rehydrated and subjected to heat-

mediated antigen retrieval in TE pH9 at 95ºC for 30 min. Endogenous peroxidase and biotin were 

blocked prior to incubating the sample with CUN-36 serum diluted 1:30.000 at 4ºC overnight, 

followed by secondary antibody biotinylated sheep anti-human IgG 30 min, RT, 1:200 (GE 

Healthcare, UK) and streptavidin-HRP 30 min, RT, 1:200 (Burlingame, CA). Thermo Scientific 

NeutrAvidin High Sensitivity HRP Conjugate in combination with Thermo Scientific Pierce Metal-
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Enhanced DAB was used to detect HDAg expression. Cell nuclei were counterstained with 

hematoxylin. Slides were covered with mounting medium and image acquisition was performed on 

an Axio Imager M1 microscope with an AxioCam ERC 5s camera using ZEN Pro software (Carl 

Zeiss Inc., Thornwood, NY). All images were stored in uncompressed 24-bit color TIFF format and 

image analysis was performed using a plugin developed for Fiji, ImageJ (NIH, Bethesda, MD). 

 

Determination of HDV infectious particles in vitro 

To determine HDV infectious particles HepG2-hNTCP cells were seeded in BD FalconTM Culture 

Slides (8-well, BD Biosciences, US) and infected overnight. HDV-containing cell supernatant or 

mouse serum diluted in DMEM-5% FBS containing 4% polyethylene glycol 8000 (Sigma-Aldrich). 

After washing (PBS), culture medium with DMSO (final conc. 2.5% v/v) was added and the 

medium was changed every 2−3 days. As positive control HDV particles purified from patient 

serum [2] (9×104 HDV-RNA copies as quantified by qRT-PCR) were used. HDV antigen 

expression was assessed by immunofluorescence as described above.  

 

Anti-HBsAg ELISA 

The specific anti-HBsAg antibody response was measured using a direct ELISA. In short, wells 

were coated with 1 µg of Ag in 100 µl of PBS (pH 7.4) at 37°C for 3 h.  They were blocked with 

100 µl of 5% (w/v) solution of nonfat dry milk powder at 37°C for 2 h and washed thoroughly. 

Aliquots of 100 µl of diluted mouse sera (1:10) were added and incubated overnight at 4°C. After 

washing, wells were incubated with 100 µl of HRP-labeled secondary antibody at 37°C for 90 min. 

HRP was detected with o-phenylenediamine at 490 nm. Serum antibodies were tested in duplicates 

and the mean absorbance values are reported.  
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Western blotting 

Whole-cell or liver samples were lysed in RIPA buffer (20 mM Tris-HCL pH 7.5, 150 mM NaCl, 

1% NaDeoxycholate, 1% Triton X-100 and 1% SDS) supplemented with protease inhibitors. 

Protein concentration was determined by Pierce™ BCA Protein Assay Kit (Thermo Scientific, US) 

according to the manufacturer’s recommendations. Western blot was performed using CUN-36 

serum diluted 1:10,000 in PBS/1% powdered milk for HDAg detection and anti-actin polyclonal 

rabbit serum (Sigma-Aldrich, US) followed by HRP-conjugated rabbit anti-human IgG (Dako) or 

goat anti-rabbit IgG (Cell Signaling Technology). SuperSignal® West Pico Chemiluminescent 

Substrate (Thermo Scientific) was used to detect expression. 

 

Microarray hybridization and data analysis 

RNA isolated from mouse liver was extracted according to the manufacturer's instructions. As a last 

step of the extraction procedure, the RNA was purified with the RNeasy Mini-kit (Qiagen, Hilden, 

Germany). Before cDNA synthesis, RNA integrity from each sample was confirmed on Agilent 

RNA Nano LabChips (Agilent Technologies). 

Sense cDNA was prepared from 300 ng of total RNA using the Ambion® WT Expression Kit. It 

was then fragmented and biotinylated with the Affymetrix GeneChip® WT Terminal Labeling Kit 

(PN 900671). Labeled sense cDNA was hybridized with the Affymetrix Mouse Gene 2.0 ST 

microarray according to the manufacturer’s protocols using GeneChip® Hybridization, Wash and 

Stain Kit. Gene chips were scanned with the Affymetrix GeneChip® Scanner 3000. 

Both background correction and normalization were done using RMA (Robust Multi-Array) 

algorithm [3]. After quality assessment a filtering process was performed to eliminate low 

expression probe sets. Applying the criterion of an expression value greater than 16 in 2 samples for 

each experimental condition (AAV-Luc, AAV-HDV, AAV-HBV or AAV-HBV+AAV-HDV), 

25603 probe sets were selected for statistical analysis. R and Bioconductor were used for 
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preprocessing and statistical analysis [4] and LIMMA (Linear Models for Microarray Data) [5] to 

identify the probe sets that showed significant differential expression between experimental 

conditions. Genes were selected as significant using a criteria of B>3. 

Functional enrichment analysis of gene ontology (GO) categories was carried out using a standard 

hypergeometric test [5]. Extracted information was complemented with the use of Ingenuity 

Pathway Analysis (Ingenuity Systems, www.ingenuity.com), a database including manually curated 

and fully traceable data derived from literature sources [6]. 
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Supplementary table  

 

Supplementary Table 1: Primer sequences for RT-qPCR analysis 

                                                            Primer sequences

Target gene Forward primer (5'-3') Reverse primer (5'-3') 

HDV 5'-GGACCCCTTCAGCGAACA-3' 5'-CCTAGCATCTCCTCCTATCGCTAT-3' 

mADAR-1 5´-AGCCTGTGTACCTGAAATCTGTAAC-3´ 5´-TTGACAATAAAGGGATAGCGTAGTC-3´ 

mIP-10 5′-CCAGTGAGAATGAGGGCCATA-3′ 5′-CTCAACACGTGGGCAGGAT-3′ 

mISG-15 5´-GATTGCCCAGAAGATTGGTG-3´ 5´-TCTGCGTCAGAAAGACCTCA-3´ 

mMx1 5´-ATCTGTGCAGGCACTATGAG-3´ 5´-CCTTCCTTCTTTACGCTTCC-3´ 

m2'-5' OAS  5´-ATGAGGGCCTCTAAAGGGGT-3´ 5´-CTCTCATGCTGAACCTCGCA-3´ 

mPKR 5´-TGGGCAGACAATGTATGGTAC-3´ 5´-ATGTGACAACGCTAGAGGATG-3´ 

mIFN-β 5´-ATGAGTGGTGGTTGCAGGC-3´ 5´-ACCTTTCAAATGCAGTAGATTCA-3´ 

mGAPDH 5´-TGCACCACCAACTGCTTA-3´ 5´-GGATGCAGGGATGATGTTC-3´ 

mGAPDH 5´-GGTCGGAGTCAACGGATTT-3´ 5´-CCAGCATCGCCCACTTGA-3´ 

 

 

 

Supplementary Fig. 1. (A) Schematic representation of recombinant AAV-CMV-HDV, AAV-HDV 

and AAV-HBV. (B) Immunofluorescence analysis of HDAg expression in Huh7 cells 8 days after 

AAV-CMV-HDV- or AAV-Luc infection. 
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Supplementary Fig. 2. Mild liver pathology in wt after mono-infection with AAV-HDV and AAV-

HBV. (A) Mild lobular inflammation (thick black arrows) of the liver parenchyma without 

significant structural changes in an HDV-infected wt mouse. Occasional lymphocytes can be 

observed in portal spaces as well as some mitotic figures (thin black arrows). Also, some areas with 

"sanded" nuclei are indicated (thin white arrows). (B) Tissue sections from AAV-HBV-injected 

C57BL/6 mice present very mild changes, with occasional lymphocytes in an otherwise normal 

hepatic structure.  
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Abstract: Hepatitis delta virus (HDV) is a defective RNA virus that depends on hepatitis B virus 

(HBV) for the formation of new virions. HDV induces the most severe form of human viral 

hepatitis with the worst prognosis. However, the specific reasons for the severity of the disease 

remain unknown. Recently, we have developed a HDV replication mouse model in which, for the 

first time, liver damage associated with HDV is detected. In these mice, a strong activation of 

MAVS-mediated innate immune response as well as a significant liver inflammatory infiltrate were 

observed. Activated T lymphocytes, natural killer cells, dendritic cells and pro-inflammatory 

macrophages account for the majority of the inflammatory infiltrate and play a major role in the 

hepatic expression of TGF-β, ISG15, ADAR-1, IP10, PKR, and USP18. However, neither T cells, 

natural killer cells nor macrophages are necessary for the induction of the observed liver damage; 

on the contrary, our data indicate that macrophages have a protective role early after infection. The 

role of type I- and type II IFN was also discarded. Moreover, we found that the hepatic expression 

of the HDV antigens in the absence of active HDV replication is sufficient to induce a dose-

dependent liver toxicity.  	
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Introduction 

Hepatitis delta virus (HDV), the only member of the genus Deltavirus, is a defective RNA virus that 

requires the surface antigens of hepatitis B virus (HBV) (HBsAg) for viral assembly and 

transmission1. Specific interaction between HBsAg and the human Na+/taurocholate cotransporting 

polypeptide (hNTCP) determines the hepatotropism and species-specificity of both viruses2,3. Even 

though HDV genome replication and ribonucleoprotein (RNP) formation are HBV-independent, 

HDV can productively complete its infective cycle only in HBV-infected hepatocytes, being de 

facto an obligated HBV satellite virus. HDV can either infect naïve patients simultaneously with 

HBV (coinfection), or chronically infected HBV carriers (superinfection)4. Approximately 5% of 

HBV carriers have been exposed to HDV, with a total of 15-20 million patients worldwide. HDV 

causes the most severe form of viral hepatitis with a twofold higher risk of developing cirrhosis, a 

threefold higher risk of developing hepatocellular carcinoma (HCC), and a twofold increased 

mortality in comparison with HBV monoinfection4–6. 

HDV infection in different mouse models causes the MAVS-mediated activation of intra-hepatic 

expression of type-I IFN and IFN-stimulated genes (ISG) (e.g. 2’-5’-oligoadenylate synthetase - 

OAS - and myxovirus resistance gene A - MxA - among others), of the IFN-inducible pattern 

recognition receptor (PRR) RIG-I, and it also triggers the JAK/STAT signaling cascade7–9. 

Moreover, a recent in vitro study in cells of human origin has shown that MDA5 is the PRR 

responsible for HDV RNA detection10. 

HDV is commonly considered a noncytopathic virus, since HDV viremia has no correlation with 

the extent of liver disease, and hepatitis delta antigen (HDAg) expression in transgenic mice does 

not cause cytotoxicity in hepatocytes 11,12. HDV-associated hepatic damage is thus thought to be 

immune-dependent like in HBV and HCV infection13,14. It is known that HDV patients have a 

higher frequency of CD4+ T and natural killer cells (NK) in peripheral blood than HBV and HCV 

patients, and that circulating NKs have an immunoregulatory rather than cytolytic phenotype15,16. 

However, the interaction between the infected hepatocytes and the immune cells, as well as the 
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immunologic environment of the liver during HDV infection have not been elucidated, since the 

models available so far - developed in immunodeficient humanized mice7,17, or mice not permissive 

to HBV coinfection18 - do not completely reproduce the characteristics of the infection as it occurs 

in humans.  

Recently, we developed a mouse model of HDV replication that mimics most of the features of 

HDV infection in humans, including the induction of liver inflammation and liver injury, associated 

with the expression of genes involved in the development of HCC, cirrhosis, fibrosis, cell death, 

and proliferation9. 

Aims of this work were to characterize the immune infiltrate in the liver of AAV-HBV/HDV 

coinfected mice and to determine the underlying mechanisms of liver damage in this model.  

 

Materials and methods 

Animals and treatment 

C57BL/6 mice were purchased from Harlan Laboratories (Barcelona, Spain). RAG1- (RAGB6), 

MAVS-, IFNα/βR-  and IFNγR- deficient mice, all of them 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. Mice were injected intravenously (i.v.) with the AAV vectors (5x1010 viral genomes 

(vg)/mouse in the case of AAV-HDV and AAV-HBV, or 1010, 3x1010 or 1011 vg/mouse in the case 

of AAV-S-HDAg and AAV-L-HDAg) in a volume of 150 µl. 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. Blood collection was performed by submandibular 

bleeding, and serum samples 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 for nucleic acid and protein extraction. The 
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experimental design was approved by the Ethics Committee for Animal Testing of the University of 

Navarra. 

Viral constructs, vector production, and purification 

AAV vectors were constructed based on the pAAV-MCS vector (Agilent Technologies). AAV-

HDV was constructed by the insertion of 1.2x copies of the HDV genome (genotype 1) obtained 

from pDL456 plasmid (kindly provided by Professor John Taylor) under the transcriptional control 

of the liver-specific chimeric promoter composed of the albumin enhancer sequence and the α-1-

antitrypsin promoter (Enh/AAT)19. AAV-HBV vector was constructed by insertion of 1.3x copies 

of the HBV genome (genotype D, serotype ayw) obtained from the pSP65 plasmid (kindly provided 

by Dr. Francis Chisari) into pAAV-MCS. The AAV genomes were packaged in AAV serotype 8 

capsids (AAV8).  

The coding sequences for HDAgs (genotype I) were amplified using the primers described in Table 

1. Directed mutagenesis was performed to edit the STOP codon in position 1012 to a tryptophane 

codon and generate the L-HDAg coding sequence. Amplification products were digested with 

BamHI and BglII and inserted in the vector under the chimeric Enh/AAT promoter in order to 

generate the AAV-S-HDAg and AAV-L-HDAg vectors. 

Recombinant AAV were produced by polyethyleneimine (PEI)-mediated co-transfection of 80% 

confluent HEK-293T cells with the packaging plasmid pDP8.ape (PF478, Plasmid Factory) and the 

plasmid carrying the HDV1.2x, HBV1.3x or HDAg expressing constructs. Cells were harvested 72 

h post transfection and the virus was released from the cells by three rounds of freeze-thawing in 

lysis buffer (50 mM TRIS, 2 mM Cl2Mg, 150 mM NaCl, 0,1% Triton X-100), and centrifugation. 

The resulting supernatant was then incubated with DNaseI and RNAseA (Roche) and added to an 

iodixanol gradient in an ultracentrifuge tube. After ultracentrifugation at 16º C and 69000 rpm for 

2:30 hours (Beckman Coulter Type 70Ti rotor, Optima L-90 K Ultracentrifuge), the virus-

containing layer was collected and concentrated in a PBS-sucrose 5 % solution. 
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Name  Sequence Supplier 

5pHDAg‐BamHI  TTTTTGGATCCACCATGAGCCGGTCCGAGTCGAGGAAGAACC Sigma‐Aldrich 

3pSHDAg‐BGlII  AAAAAAGATCTCTATGGAAATCCCTGGTTACCCCTG Sigma‐Aldrich 

3pLHDAg‐BGlII  TTTTTAGATCTTCACTGGGGTCGACAACTCTGGGGAGAAAAGGGCGG

ATCGGCAGGAAAGAGTATATCCCATGGAAATCCC 

Sigma‐Aldrich 

Table 1 Primers used for amplification and cloning of HDAg coding sequences. 

Statistical analysis 

Statistical analysis was performed using GraphPad Prism 5.0 software. The data are presented as 

mean values ± standard deviation. Differences in alanine aminotransferase (ALT) levels, in gene 

expression, and in % of stained tissue area among groups were analyzed with one-way ANOVA 

followed by Bonferroni multiple-comparison test or by non-parametric one-way ANOVA (Kruskal‐

Wallis	 test)	 followed	 by	 Dunns’	 multiple	 comparison	 test. A p-value ≤ 0.05 was considered 

significant. 

Serum ALT levels. 

ALT serum levels were analyzed with a Hitachi Automatic Analyzer (Boehringer Mannheim, 

Indianapolis, IN).  

RNA isolation, reverse transcription and quantitative PCR (RT-qPCR). 

Total RNA from liver samples and cell lines was isolated using TRIzol Reagent (Invitrogen) 

according to the manufacturer's instructions. Viral nucleic acids were extracted from serum samples 

using the QIAmpViral RNA Mini Kit (Qiagen). Total RNA was pre-treated with DNAse I using the 

TURBO DNAfree ™ Kit (Applied Biosystems) and retro-transcribed into complementary DNA 

(cDNA) using M-MLV reverse-transcriptase (Invitrogen). Real-time quantitative polymerase chain 

reaction assays (RT-qPCR) were performed using iQ SYBR Green Supermix (BioRad) in a CFX96 

Real-Time Detection System (BioRad) and primers specified in Table 2. HDV strand-specificity was 
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analyzed as described elsewhere20. Known amounts of HDV- or HBcAg sequence-containing 

plasmid were used as a standard curve for quantification. 

 

Name  Sequence Supplier 

HDV Forward Primer  GGACCCCTTCAGCGAACA  Sigma‐Aldrich 

HDV Reverse Primer  CCTAGCATCTCCTCCTATCGCTAT Sigma‐Aldrich

HBsAg Forward Primer  GGTTCTTCTGGACTATCAAGGTATGT Sigma‐Aldrich

HBsAg Reverse Primer  ATSGAGGTTCCTTGAGCAGTAGTCAT Sigma‐Aldrich

HBcAg Forward Primer  TTCGCACTCCTCCAGCTTAT Sigma‐Aldrich

HBcAg Reverse Primer  GGCGAGGGAGTTCTTCTTCTA Sigma‐Aldrich

GAPDH Forward Primer  TGAACCACCAACTGCTTA Sigma‐Aldrich

GAPDH Reverse Primer  GGATGCAGGGATGATGTTC Sigma‐Aldrich 

IFNα1 Forward Primer  TCTCTCCTGCCTGA Sigma‐Aldrich

IFNα1 Reverse Primer  CACAGGGGCTGTGTTTCTTC Sigma‐Aldrich

IFNβ1 Forward Primer  ATGAGTGGTGGTTGCAGGC Sigma‐Aldrich

IFNβ1 Reverse Primer  ACCTTTCAAATGCAGTAGATTCA Sigma‐Aldrich

IFNγ1 Forward Primer  TCAAGTGGCATAGATGTGGAAGAA Sigma‐Aldrich

IFNγ1 Reverse Primer  TGGCTCTGCAGGATTTTCATG Sigma‐Aldrich

IFNλ Forward Primer  AGCTGCAGGCCTTCAAAAAG Sigma‐Aldrich

IFNλ Forward Primer  TGGGAGTGAATGTGGCTCAG Sigma‐Aldrich

ADAR1 Forward Primer  AGCCTGTGTACCTGAAATCTGTAAC Sigma‐Aldrich

ADAR1 Reverse Primer  TTGACAATAAAGGGATAGCGTAGTC Sigma‐Aldrich

MxA Forward Primer  ATCTGTGCAGGCACTATGAG Sigma‐Aldrich

MxA Reverse Primer  CCTTCCTTCTTTAGCCTTCC Sigma‐Aldrich

ISG15 Forward Primer  GATTGCCCAGAAGATTGGTG Sigma‐Aldrich
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Name  Sequence Supplier 

ISG15 Reverse Primer  TCTGCGTCAGAAAGACCTCA Sigma‐Aldrich

PKR Forward Primer  TGGGCAGACAATGTATGGTACA Sigma‐Aldrich

PKR Reverse Primer  TGTGACAACGCTAGAGGATG Sigma‐Aldrich

IP10 Forward Primer  CCAGTGAGAATGAGGGCCATA Sigma‐Aldrich

IP10 Reverse Primer  CTCAACACGTGGGCAGGAT Sigma‐Aldrich

2’‐5’OAS Forward Primer  ACTGTCTGAAGCAGATTGCG Sigma‐Aldrich

2’‐5’OAS  Reverse Primer  TGGAACTGTTGGAAGCAGTC Sigma‐Aldrich

TGFβ Forward Primer  TGGAGCAACATGTGGAACTC Sigma‐Aldrich

TGFβ Reverse Primer  CAGCAGCCGGTTACCAAG Sigma‐Aldrich

TNFα Forward Primer  ACGTGGAACTGGCAGAAGAG Sigma‐Aldrich

TNFα Reverse Primer  CTCCTCCACTTGGTGGTTTG Sigma‐Aldrich

NK1.1 Forward Primer  TCATCCTCCTTGTCCTGACC Sigma‐Aldrich

NK1.1 Reverse Primer  TTGAATGAGCAGCAAAGTGG Sigma‐Aldrich

CD4 Forward Primer  GAGAGTCAGCGGAGTTCTC Sigma‐Aldrich

CD4 Reverse Primer  CTCACAGGTCAAAGTATTGTT Sigma‐Aldrich

CD8 Forward Primer  CCAGAGACCAGAAGATTGTCG Sigma‐Aldrich

CD8 Reverse Primer  AGAAGGGCCACGCAGATT Sigma‐Aldrich

Table 2 Primers used for quantitative real-time PCR. 

 

 

Patient sera 

Samples and data from patients included in the study were provided by the Biobank of the 

University of Navarra and were processed following standard operating procedures approved by the 
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Ethical and Scientific Committees. We analyzed several patients for anti-HDAg reactivity and 

selected the serum from patient CUN-36. 

Histology and immunohistochemistry (IHC). 

Liver sections were fixed with 4% paraformaldehyde (PFA), embedded in paraffin, sectioned (3 

μm), and stained with hematoxylin and eosin. Sections were mounted and evaluated histologically 

by light microscopy. 

For HDAg IHC analysis, PFA-fixed liver sections were deparaffinized, rehydrated and subjected to 

heat-mediated antigen retrieval in 0,01 M Tris-1 mM EDTA pH9 at 95ºC for 30 min in a Pascal 

pressure chamber (Dako, S2800). Endogenous peroxidase and biotin were blocked with 3% H2O2 in 

deionized water for 10 min or with the avidin-biotin blocking system (Dako, X0590) respectively, 

prior to incubating the sample with serum CUN-36 diluted 1:30.000 at 4ºC overnight. Incubation 

was followed by secondary antibody (biotinylated sheep anti-human IgG, (GE Healthcare, UK; 

1:200) for 30 min at RT) and streptavidin-HRP, diluted (Burlingame, CA; 1:200) for 30 min, at RT. 

NeutrAvidin High Sensitivity HRP conjugate (Thermo Scientific) in combination with Metal-

Enhanced DAB (Thermo Scientific Pierce) was used to detect HDAg. Cell nuclei were 

counterstained with hematoxylin. 

Commercial antibodies were used for the other IHC: HBcAg (Dako B0586; 1:8.000), CD4 (Abcam 

ab183685; 1:1.000), CD8a (Cell Signaling 98941; 1:400), CD45 (BioLegend 103102; 1:2.000), Ly-

6G and Ly-6C (Abcam ab2557; 1:10.000), F4/80 (BioLegend 123102; 1:400). All reactions 

required antigen retrieval by heating for 30 min at 95 °C in 0,01 M Tris-1 mM EDTA pH 9, except 

for Ly-6G/Ly-6C staining that required a pretreatment with proteinase K 20 µg/ml for 30 min at 

37°C, and HBcAg reaction that required none. Incubations with primary antibodies at their optimal 

dilutions were performed overnight at 4ºC. After rinsing in TBS-T, the sections were incubated with 

the corresponding secondary antibodies for 30 min at RT as described in Table  3. Peroxidase 

activity was revealed using DAB+ and sections were lightly counterstained with Harris 
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hematoxylin. Finally, slides were dehydrated in graded series of ethanol, cleared in xylene and 

mounted with Eukitt (Labolan, 28500). 

Antibody  Manufacturer and 
reference 

Origin  Antigen retrieval Dilution Detection system 

HDV    Human 

 

TE, pH = 9, 95ºC, 
30 min 

1:30.000 Sheep‐anti‐human 
biotinylated1 

Streptavidin‐HRP2 

HBcAg  Dako, B0586 

 

Rabbit 

(polyclonal) 

None 1:8.000 EnVision anti‐rabbit3

CD4  Abcam, ab183685  Rabbit (clone
EPR19514) 

TE, pH = 9

95ºC, 30 min 

1:1.000 EnVision anti‐rabbit3

CD8a  Cell Signaling, 98941  Rabbit (clone
D4W2Z) 

TE, pH = 9, 95ºC, 
30 min 

1:400 EnVision anti‐rabbit3

CD45  BioLegend, 103102  Rat (clone 30‐
F11) 

TE, pH = 9, 95ºC, 
30 min 

1:2.000 Rabbit‐anti‐rat4 

EnVision anti‐rabbit3 

 Ly‐6G/6C  Abcam, ab2557

 

Rat (clone
NIMP‐R14) 

PK 20 µg/ml; 
37°C, 30 min 

1:10.000 Rabbit‐anti‐rat4 

EnVision anti‐rabbit3 

F4/80  BioLegend, 

123102 

Rat 

(clone BM8) 

PK 20 µg/ml; 
37°C, 30 min 

1:400 Rabbit‐anti‐rat4 

EnVision anti‐rabbit3 

Table  3 Antibodies used for immunohistochemistry and corresponding detection system. 1Sheep-anti-
human biotinylated, GE Healthcare, RPN1003V (1:200); 2Streptavidin-HRP, Vector Labs SA5004 (1:200); 
3EnVision anti-rabbit, Dako, K401; 4Rabbit anti-rat, Dako, E0468 (1:200); PK: proteinase K; TE: 10mM 
Tris, 1 mM EDTA. 

 

Image acquisition was performed on an Aperio CS2 slide scanner using ScanScope Software (Leica 

Biosystems). All images were stored in uncompressed 24-bit color TIFF format and image analysis 

was performed using a plugin developed for Fiji, ImageJ (NIH, Bethesda, MD). 

Isolation of intrahepatic leukocytes 

Mice were perfused via the portal vein with 10 ml of Ca2+- and Mg2+-free phosphate buffer solution 

preheated to 37°C. After perfusion, the vena cava was cut and the liver extracted. After incubation 

in 10 ml of phosphate-buffered saline (PBS) containing 1,000U of type II collagenase (Gibco) for 
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20 min, the liver homogenate was passed through a 70-µm nylon cell strainer, and the cell 

suspension was centrifuged at 1,200 rpm for 10 min. The cell pellet was resuspended in 40% 

Percoll and was centrifuged at 1,800 rpm for 10 min. Red blood cells were removed using 

erythrocyte lysis buffer (NH4Cl 0.15M, KHCO3 10 mM, EDTA2Na 0.1 mM); the remaining cells 

were washed and were resuspended in RPMI 1640 medium. 

Antibodies and Cytometry  

Cells were labeled with the following antibodies according to the manufacturer’s recommendations: 

anti-CD4-FITC (clone H1.2F3, BD), anti-CD44-PE (BD), anti-CD25-PE and -APC (both 

ImmunoTools), anti-CD8-FITC (ImmunoTools), anti-CD44-PE (ImmunoTools), anti-NK1.1-PE 

(clone PK136, BD) , anti-CD3-PerCP (clone 17A2, Biolegend), anti-CD11c-APC (clone HL3, BD), 

anti-CD11b-FITC (ImmunoTools), anti-F4/80-PE (clone BM8, Biolegend), anti-CD19-APC 

(ImmunoTools), anti-CD25-PE (ImmunoTools), anti-FoxP3-Alexa647 (clone 150DTE439, 

eBioscience), anti-Sca-1-APC (clone D-7, Biolegend), anti-CD16/32-APC (ImmunoTools), anti-

CD80-BV421 (clone 16-10A1, Biolegend). 

Data were acquired with an 8-color BD FACSCanto II system equipped with three lasers (488 nm, 

633 nm, and 405 nm) or with a 4-color FACSCalibur system equipped with two lasers (argon [488 

nm] and diode [635 nm]). Data were analyzed with FlowJo (FloJo LLC). 

NK cells and macrophage depletion 

Mice were NK-depleted by IP administration of 500 mg of the anti-mouse NK1.1 antibody (PK136, 

BioXcell) 2 days before virus injection and subsequently every 48 hours until day 6 post-infection. 

Depletion levels of circulating NK cells were determined to be ~98% by flow cytometry on whole 

blood. Irrelevant mouse immunoglobulin isotypes were used as controls (BE0085 clone C1.18.4, 

BioXcell). 

Macrophage depletion was achieved by i.v administration of 100 μl clodronate liposomes (Clodlip 

BV) 2 days before virus injection and then every 4 days until day 6 post-infection. 
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Results 

The liver inflammatory infiltrate of AAV-HDV-treated mice is composed of activated CD4+ 

and CD8+ T cells, dendritic cells, inflammatory macrophages and natural killer cells. 

We have recently developed a mouse model of HBV-HDV infection based on AAV-mediated 

delivery of replication competent genomes that reproduces important characteristics of human HDV 

infection. In this mouse model, we detected the presence of an important inflammation in the liver 

of AAV-HBV/HDV coinfected mice at 45 days after vector injection9. For a better characterization 

of the hepatic inflammation observed in mice, C57BL/6 were injected with AAV-HBV, AAV-HDV 

and AAV-HBV/HDV or saline (control). Mice were sacrificed 21 and 45 days after injection, and 

liver sections were analyzed by immunostaining for the common leukocyte marker CD45 to 

confirm and quantify hepatic liver infiltration. At day 45, the extent of the immune infiltrate was 

significantly higher in mice that had received AAV-HDV alone or in combination with AAV-HBV 

than in AAV-HBV or untreated animals [Figure 1].  

Figure 1 The presence of HDV induces liver inflammation. 21 and 45 dpi mice were sacrificed, and livers
were submitted to immunohistochemistry for the pan-leukocyte marker CD45.A) Data are given as mean
values ± standard deviation (n=4) and significance was determined by two-way ANOVA followed by
Bonferroni multiple-comparison test. B) One representative picture of non-infected, AAV-HBV, AAV-HDV
and AAV-HBV/HDV infected mice (4X). dpi = days post infection. 

A  B 
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In order to characterize the infiltrate, intrahepatic leukocytes isolated 21 dpi from the four 

experimental groups were analyzed by flow cytometry. The percentage of CD4+ and CD8+ did not 

change between groups; nevertheless, there is an enrichment in activated (CD25+) CD4+ and CD8+ 

subpopulations in the animals receiving AAV-HDV [Figure  2 A,  B]. In those animals we also 

observed an increase in DCs (CD11c+) and NK1.1+ cells, while NKT cells and B lymphocytes 

(CD19+) proportions were decreased in comparison to AAV-HBV or control animals [Figure 2 C].  

Furthermore, the percentage of liver macrophages, in particular the pro-inflammatory CD80+ 

subpopulation, increased significantly in AAV-HDV mice in comparison to the other two groups 

A  B 

Figure  2 Activated T lymphocytes, NK cells, DCs and pro-inflammatory macrophages account for the
majority of the immune cells infiltrating the HDV-infected liver. Intrahepatic leukocytes isolated from
wild-type mice 21 dpi were analyzed by flow cytometry. Graphs show (A, B) the percentage of T
lymphocytes, (C) DC, NKs, NKTs and B lymphocytes and (D) macrophages. Data are given as mean values
± standard deviation (n=5) and significance were determined by two-way ANOVA followed by Bonferroni
multiple-comparison test. 
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[Figure  2 D]. In summary, activated T lymphocytes, NK cells, DCs and pro-inflammatory 

macrophages account for the majority of the immune cells infiltrating the HDV-infected liver. 

Flow cytometry results were corroborated by immunohistochemistry. A significant increase in 

CD4+ lymphocytes was observed in AAV-HBV/HDV coinfected mice 21 and 43 dpi, and in AAV-

HDV infected mice at day 43 [Figure  3  A]. On the other hand, the percentage of CD8+ area was 

higher in the presence of HDV from day 21 post infection [Figure 3 B]. Similarly, the increase of 

intrahepatic macrophages observed by cytometry 21 dpi is confirmed by IHC and persists 43 dpi 

[Figure  3  C]. Immunostaining allowed the detection of a significant increase in the proportion of 

neutrophils (Ly-6G/6C+ cells) in AAV-HDV monoinfected mice in comparison to the control and 

AAV-HBV monoinfection groups [Figure 3 D].  

Figure 3 The proportion of macrophages and CD4+, as well as CD8+ lymphocytes, increases with time in
AAV-HDV and AAV-HDV/HBV infected mice with time. Liver sections of wild-type mice of the four
experimental groups sacrificed 21 and 43 dpi, were analyzed by IHC. Graphs show the percentage of positive
immunohistochemically stained area for (A, B) CD4+ and  CD8+ lymphocytes, (C) macrophage- and (D)
neutrophil-specific markers. Data are given as mean values ± standard deviation (n=4) and differences
between groups were analysed by two-way ANOVA followed by Bonferroni multiple-comparison test. 

D 

A 

C 
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Figure  4  HDV induces a strong type-I IFN response, put into effects by both parenchymal cells and 
intrahepatic leukocytes. 21 days after vector injection mice were sacrificed and intrahepatic leukocytes were 
isolated. Total RNA from total liver and intrahepatic leukocytes was extracted to determine the contribution
of resident and recruited immune cells to the expression of cytokines (A) and ISGs (B). The relative gene 
expression was calculated with the 2-ΔΔCt method29, using the uninfected group as control group and GAPDH 
as housekeeping gene. All data are given as mean values ± standard deviation (n=5) and significant
differences between total liver and IHL for each gene are determined by t test.

Taken together these data suggest that cells from both the innate and the adaptive arms or the 

immune system are activated in hepatitis delta infection and may have a role in HDV-induced 

pathogenesis.  

Intrahepatic leukocytes contribute to the type-I IFN response induced by HDV. 

Next, we wanted to determine whether the strong and sustained type-I IFN response associated with 

AAV-HDV infection that we previously observed9 was ascribable to the leukocyte infiltrate. Eight-

week-old male C57BL/6 mice were divided into four different groups (n=5) and received 5x1010 

genome copies of AAV-HDV, of AAV-HBV, of both AAV-HDV and AAV-HBV (AAV-

HBV/HDV), or were left untreated (uninfected control group); intrahepatic leukocytes (IHL) were 

isolated 21 days after vector injection. The expression levels of IFN-β, IFN-γ, IFN-λ, TNF-α, TGF-

β and different ISGs were analyzed in RNA extracted from total liver and from IHLs. The study of 

gene expression revealed that IHLs contribute to the overall liver expression of TGF-β and ISG15, 

ADAR-1, IP10, PKR and USP18 among the analyzed ISGs, while the expression of IFN-β, IFN-γ, 

IFN-λ, TNF-α, and MxA is largely independent of the immune cells [Figure  4]. There is no 

difference in the mRNA levels of the analyzed genes between AAV-HBV-infected mice and the 

control group (data not shown). 

A  B 
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Liver damage is observed in AAV-HBV/HDV coinfected wild-type as well as in IFNα/βR KO, 

IFNγR KO and MAVS KO mice 

One of the most remarkable features of this HDV animal model in comparison to the previously 

developed ones is the development of liver damage associated with HDV replication and/or antigen 

expression. In order to determine the relevance of the innate immune response, in particular of type-

I and type-II IFNs, in the HDV-induced liver damage, C57BL/6 wild-type, IFNα/βR KO, IFNγR 

KO, and MAVS KO (in which IFN-β was not detected after AAV-HDV administration9) were 

administered with AAVHBV/HDV and 7, 14 and 21 dpi ALT levels were analyzed. As early as day 

7 post-infection, ALT levels increase above the normal range in all the groups of animals. At day 14 

levels were higher than at day 7, and they were significantly higher in IFNα/βR KO in comparison 

to the rest of the groups. The levels further increased by day 21 with no significant differences 

among the groups [Figure 5 ].  

Figure 5 Levels of alanine aminotransferase increase beyond the physiological range in AAV-HBV/HDV 
coinfected mice, for all the lineages analyzed. Eight-week-old mice of each lineage received 5x105 genome 
copies of AAV-HDV and AAV-HBV. Peripheral blood was collected every seven days after vector injection 
and alanine aminotransferase (ALT) concentration in serum was measured. Data are given as mean values ± 
standard deviation (n = 10) and significance levels between groups at each time point are determined by 
nonparametric one-way ANOVA (Kruskal-Wallis test) followed by Dunns multiple-comparison test. The 
dotted line represents the ALT upper limit of normal (ULN, 50U/L). 
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Moreover, 21 dpi with AAV-HBV/HDV, the typical pattern of liver damage, characterized by 

sanded nuclei and “ground-glass” hepatocytes, ballooning degeneration, mitotic figures and 

Councilman bodies was present. All lineages shared the same pattern [Figure 6]. These data indicate 

that IFN-α and IFN-γ are not required for the observed hepatic damage, and that MAVS does not 

play a role in the HDV-induced liver damage independently of IFN-α and IFN-γ as has been 

described for HAV21. It is noteworthy to point out that similar levels of HDV RNA and HDAg 

expression were detected in all groups [Figure S1]. 

Figure 6 Coinfection with AAV-HBV and AAV-HDV induced liver damage in all mouse strains. Liver
sections of wild-type and KO mice sacrificed 21 days post-infection, were stained with hematoxylin and
eosin. Histological evaluation revealed the presence of ground-glass hepatocytes (black arrow), ballooning
degeneration (green arrow), mitotic figures (light blue arrow) and Councilman bodies (red arrow). One
representative picture of non-infected, AAV-HBV and AAV-HBV/HDV infected mice is shown for each of
the analyzed lineages (20x). 
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Neither T cells, macrophages, or natural killer cells are a pre-requisite for liver damage. 

In order to determine the role of the different cell subtypes infiltrating the liver on HDV-induced 

liver damage, Rag1-/- mice lacking T and B cells were injected with AAV-HBV/HDV, and 

transaminase levels were measured 7, 14 and 21 days after injection. As shown in Figure  7 

transaminase levels increase as previously observed in WT mice. Therefore, we excluded a main 

role for cytotoxic T lymphocytes in the induction of liver damage. 

 

To determine the role of NK cells and macrophages in the liver pathology, we performed depletion 

experiments in C7BL/6 WT mice. NK cells were depleted by intraperitoneal administration of 500 

μg of anti-NK1.1 antibody two days before virus injection and every 48 hours until day 6 post-

infection; macrophage depletion was achieved by i.v. administration of 100 ul of liposome 

containing clodronate two days before virus injection and every 4 days until day 6 post-infection. In  

both cases, we did not observe any difference between the depleted and the undepleted group 15 dpi 

in terms of ALT levels [Figure  8], virological parameters, and cytokine expression [Figure  S2]. 

Interestingly, macrophages seem to have a protective role during the first week of infection, since 

transaminitis was observed at this time point only in mice treated with clodronate liposomes (CL). 

Figure 7 Levels of alanine aminotransferase increase beyond the physiologic range in AAV-HBV/HDV 
coinfected C57BL/6 Rag1-/- mice. Eight-week old mice received 5x1010 genome copies of AAV-HDV and 
AAV-HBV or were left untreated. Peripheral blood was collected 7, 14, and 21 days after vector injection to 
determine serum alanine aminotransferase (ALT) levels. Data are given as mean values ± standard deviation 
(AAV-HBV/HDV n = 10, control n=5) and differences were analysed by two-way ANOVA followed by 
Bonferroni multiple-comparison test. The dotted line represents the ALT upper limit of normal (ULN,
50U/L). 
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Injection of L-HDAg or S-HDAg alone causes dose-dependent cytotoxicity and liver damage 

without inflammatory infiltrate or ISG induction. 

Taken together all the data obtained so far indicate that the activation of the innate and adaptive 

immune response are not responsible for the liver damage observed in AAV-HBV/HDV-injected 

mice, leaving HDAgs as the main candidates involved in hepatic injury. To determine the role of 

HDAg in liver damage, we produced AAV vectors expressing short or long HDAg under the 

control of a liver specific promoter (AAV-S-HDAg or AAV-L-HDAg). Next, eight-week-old C57 

BL/6 male mice were divided into seven groups and received 1x1010, 3x1010 or 1x1011 genome 

copies of AAV-S-HDAg or AAV-L-HDAg, or were left untreated. Both antigens caused liver 

damage as detected by means of high ALT serum levels and histological alterations of the liver. It 

stands out that the liver damage induced by L- or S-HDAg follow different kinetics [Figure 9]. L-

HDAg-infected mice present a peak in ALT serum levels around 7 dpi, while in the case of S-

HDAg-infected mice the peak is one week delayed. The dose-dependent effect is evident for L-

HDAg expressing vectors, while in the case of ALT elevation caused by S-HDAg, the pattern 

observed looks like a reverse dose dependence 3 and 7 dpi, while this relation is lost at later time 

points. All the mice infected with the high dose of AAV-L-HDAg lose weight between the first and 

Figure 8 Macrophage depletion in C57BL/6 WT mice causes early transaminitis 7 dpi, while depletion of
neither NK nor macrophage does not have any effect 15 dpi. C57BL/6 WT mice underwent macrophage
or NK depletion with clodronate liposomes or α-NK1.1 antibody, respectively. Peripheral blood was
collected 7 and 15 dpi to analyze serum ALT levels. Data are given as mean values ± standard deviation
(n=9 for 7 dpi and n=5 for 15 dpi). Differences between treatments for each time point were determined by
one-way ANOVA followed by Bonferroni multiple comparison test. CL= clodronate liposomes. The dotted
line represents the ALT upper limit of normal (ULN, 50U/L). 
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Figure 9 Levels of alanine aminotransferase in serum increase beyond the physiologic range in AAV-S-
HDAg and AAV-L-HDAg infected mice. Data are given as mean values ± standard deviation (n=4) and
significant differences between different doses of the injected vectors and the control group at each time
point are determined by one-way ANOVA followed by Dunnet’s multiple-comparison test. The dotted line
represents the ALT upper limit of normal (ULN, 50U/L). 

the second week post-infection, concomitant to serum ALT elevation, and recovered by day 21 

post-infection (data not shown).  

 

Interestingly, 21 dpi, the percentage of liver staining positive for  HDAg in AAV-S-HDAg infected 

mice detected by IHC, correlates inversely with the dose of the injected vector [Figure  10  A], 

suggesting that the higher dose induces a faster elimination of the transduced hepatocytes. This 

hypothesis is supported by the histological analysis, which shows a less altered tissue with no 

mitotic or apoptotic bodies and smaller hepatocytes derived from liver regeneration [Figure 10 C]. 

All the other groups present with cytoplasmic swelling, Councilman bodies, mitotic figures and a 

disorganized architecture of the liver parenchyma. In general, the three groups infected with AAV-

L-HDAg show a very low percentage of HDAg+ area in the liver (<2%) 21 dpi. One mouse infected 

with the higher dose of S-HDAg died 14 dpi. IHC revealed that virtually all the hepatocytes were 

expressing the viral antigen (some showing cytoplasmic staining and others both nuclear and 

cytoplasmic staining) [Figure 10 B]. 
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Figure 10 The percentage of HDAg+ area is very small in L-HDAg infected mice and inversely correlated
with S-HDAg dose. Liver sections of mice sacrificed 21 days post-infection, were analyzed by IHC and
stained with hematoxylin and eosin. (A) The graph shows the percentage of area positively stained for
HDAg. Data are given as mean values ± standard deviation (n=4) and differences were analyzed by two-way
ANOVA followed by Bonferroni multiple-comparison test. (B) IHC staining for HDAg in a liver section of
an AAV-S-HDAg mouse dead by 14 dpi (20x). (C) Histological evaluation revealed the presence of
ballooning degeneration (green arrow), mitotic figures (light blue arrow), and Councilmann bodies (red
arrow). One representative picture of each dose of AAV-S-HDAg and AAV-L-HDAg is shown (20x). 

IHC for CD45 demonstrates the presence of immune infiltrate 21 dpi [Figure 11 C]. Gene expression 

analysis of the cytokines previously detected 21 dpi with AAV-HDV shows that IFN-β expression 

is not induced by either S- or L-HDAg alone; a slight induction of IFN-γ, TNF-α and TGF-β is 

observed, but the interpretation of these data is made difficult by the high variability [Figure 11 B].  

Our data suggest a major role of HDAgs in HDV-induced liver pathology.  
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Figure  11 AAV-S-HDAg or AAV-L-HDAg infection recruits immune cells into the liver and does not
induce IFN-β expression. Liver sections of mice sacrificed 21 dpi were analysed by IHC; (A) the graph
shows the percentage of positive immunohistochemically stained area for CD45. Total RNA from liver was
extracted 21 dpi; (B) cytokine relative gene expression was calculated with the 2-ΔΔCt method, using the
uninfected group as a control group and GAPDH as housekeeping gene. Data are given as mean values ±
standard deviation (n=4/5). Significant differences between treatments and the control group are determined
by one-way ANOVA followed by Turkey’s multiple comparison test. C) Immunostaining for CD45; one
representative picture of each experimental group is shown (4x).  
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Figure S2 Depletion of macrophages or NKs depletion has no effect on virological parameters and cytokine 
expression 15 days post infection in C57BL/6 WT mice. Seven days post vector administration, higher HBV 
viremia (A) and higher levels of total HDV RNA (C) were detected in the liver of mice treated with 
clodronate liposomes. The drop in TGF-β expression levels in the same group 7 dpi (D) confirms macrophage
depletion; this difference disappeared 15 dpi (E) when depletion had recovered. HBcAg (B) and cytokine 
relative gene expression (D,E) was calculated with the 2-ΔΔCt method, using the uninfected group as a 
control group and GAPDH as housekeeping gene; HBV DNA (A) HDV RNA copy number (C) were
calculated using a plasmid carrying HBcAg sequence and HDV genome as a standard, respectively. All data 
are given as mean values ± standard deviation (n = 5). Differences between treatments for each time point are 
determined by one-way ANOVA followed by Bonferroni multiple comparison test. CL= clodronate
liposomes. 

Supplementary  

  

Figure S1 Similar levels of HDAg expression (A) and of genomic and antigenomic HDV RNA (B) were 
detected in WT and KO mice. HDV RNA copy numbers were calculated using a plasmid carrying HDV 
genome as a standard. All data are given as mean values ± standard deviation (n = 5). Significant differences 
between treatments for each time point were determined by one-way ANOVA followed by Bonferroni 
multiple comparison test. 
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Discussion 

HDV infection causes the most severe form of viral hepatitis. The mechanisms involved in the 

pathogenesis of the disease remain unknown mainly because of the absence of simple animal 

models. We have recently demonstrated that coinfection with two AAV vectors carrying 

replication-competent genomes of HBV and HDV resulted in HDV hepatic replication and 

formation of HDV infectious particles in mice9. In this mouse model, HDV replication was 

associated with a MAVS-dependent activation of the innate immune system, a significant hepatic 

inflammatory response and liver injury. Here we show that the liver of AAV-HBV/HDV coinfected 

animals present with the features commonly observed in patient biopsies -ground-glass hepatocytes 

with sanded nuclei, ballooning degeneration, mitotic figures and Councilman bodies22,23 - 

confirming the soundness of this mouse model as a tool to investigate the pathogenesis of hepatitis 

delta infection. 

It is known that in some individuals, a strong innate immune response against a viral infection can 

lead to tissue damage and chronic disease rather than to viral clearance, as in the case of HCV13. For 

HDV infection, the interaction between the infected cells and the host immune system has not been 

characterized so far, and the same holds true for the viral factors responsible for the disease. 

In our model, the strong induction of the type-I and type-II IFN response does not inhibit HDV 

replication, as was also reported in a recent in vitro study10, and it is in line with the low efficacy of 

PEG-IFNα, the only licensed therapy for chronic HDV infection24. 

The phenotypic characterization of the liver immune infiltrate in AAV-HBV/HDV coinfected 

C57BL/6 mice showed activated CD4+ and CD8+ T cells, pro-inflammatory macrophages, DCs and 

NKs. We found that cells of the inflammatory infiltrate express high TGF-β levels as well as a 

number of ISGs, like ISG15, ADAR-1, IP10, PKR, and USP18. However, the expression of IFN-β, 

IFN-γ, IFN-λ, TNF-α, and MxA was significantly higher when mRNA extracted from the whole 

liver was analyzed25, indicating that these molecules are mainly produced by the infected 

hepatocytes, pointing out the relevance of the intracellular innate immunity. 
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To determine the role of such a cell-intrinsic antiviral response in the liver pathology observed in 

AAV-HBV/HDV-infected mice, liver injury was analyzed in IFNα/βR KO and IFNγR KO; our 

study revealed no differences compared to wild-type mice, indicating that the activation of the 

innate immune response plays no role in HDV-induced liver damage.  

Despite the presence of populations with cytolytic potential in the infiltrate, such as T cells and 

NKs, our experiments with Rag1-/- mice, lacking mature B, T, and NKT cells, suggest that these cell 

types are not responsible for the observed liver damage. Indeed, Rag1-/- mice show the same pattern 

of hepatic disease and serum transaminase elevation. Moreover, the depletion of NK did not have 

any effect on HDV-induced liver damage, further excluding a role for this population in the disease. 

Interestingly though, the depletion of macrophages caused an exacerbation of the hepatic damage 

during the first week after infection, suggesting a protective role, as previously reported for Kupffer 

cells in HBV-transgenic mice, in which macrophages contain the pathology - possibly by removing 

dying infected hepatocytes - rather than worsen it25.  

These results led us to believe that innate and adaptive immune response are not the cause of tissue 

injury, pointing to the viral antigens as the triggers of liver damage. In fact, the administration of 

rAAVs carrying the coding sequence for L- or S-HDAg under the control of a liver specific 

promoter, caused a severe pathology, with high serum transaminase levels and histologic alterations 

(mitotic figures, cytoplasmic swelling, Councilman bodies, altered architecture of the parenchyma). 

However, analysis of the mRNA extracted from the liver of these animals revealed no IFN-β 

expression and a very low induction of other cytokines. This is in agreement with similar 

observations in HepG2-hNTCP cells10. This result suggests that the observed pathology is not 

entirely immune-mediated, but a direct cytotoxic effect of the HDAgs. Here we show that AAV-

HDV/HBV-induced liver damage was resolved once the expression of HDV antigens had 

disappeared. Nevertheless, the presence of the inflammatory infiltrate 21 dpi does not correlate with 

the levels of antigen expression. 
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Our findings are in contrast to what previously published about an HDAg-transgenic mouse model, 

in which no histopathologic changes were observed at monthly or bimonthly intervals during 18 

months12. One possible explication for such a difference may be that in HDAg-tg mice, the 

synthesis of the transgenes could be regulated by the hepatocyte in order to not go above safe levels, 

or that, during the production of the transgenic lineage, mice more resistant to the detrimental 

effects of the antigens were selected. Interestingly, in our study, vector genomes completely 

disappeared by 21 dpi. More experiments are required, including the analysis of shorter time points, 

to determine the exact mechanisms involved in the disappearance of the HDAg expressing 

hepatocytes, and to determine how the antigens exert their cytotoxicity.  

In preliminary experiments, we have observed that five months after AAV-HBV/HDV coinfection, 

the expression of the HDAgs is undetectable, in spite of genomic and anti-genomic HDV RNA still 

being present. Transaminases levels in serum and histology were normal. These observations 

support the hypothesis that the presence of HDV RNA itself or its replication are not sufficient to 

determine the liver pathology observed, and prompted us to investigate further the mechanisms 

underlying this phenomenon.  

Taken together our results strongly discard the hypothesis that liver damage is mediated by a 

cellular immune response, and suggest the possibility of an attempt for a non-cytolytic mechanism 

for viral clearance, as already described in acute HBV-infected chimpanzees26. Moreover, we did 

not detect significant caspase 3 activation by IHC in wild-type mice, therefore other kinds of 

programmed cell death, e.g pyroptosis, described in HIV infection27, or necroptosis, correlated with 

high TNF-α expression levels28, are to be considered. 

In conclusion, our AAV-based mouse model has turned out to be a suitable tool for the study of 

hepatitis delta-associated disease, allowing us to characterize the hepatic immune infiltrate in the 

established infection and its role in the previously observed innate immune response. The results led 

us to discard a main role for the innate and adaptive immune responses in the liver injury, and we 

have highlighted the relevance of HDAg in the HDV-induced hepatic damage.  
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HDV causes the most severe form of viral hepatitis with a twofold higher risk of developing 

cirrhosis, a threefold higher risk of developing hepatocellular carcinoma (HCC), and a twofold 

increased mortality in comparison with HBV monoinfection. However, the mechanism of HDV-

associated pathogenesis remains unclear and, more importantly, there is no specific treatment for 

this devastating disease. One of the main reasons for this situation is the absence of adequate animal 

models.  

Animal models like hepadnavirus-infected chimpanzees or woodchucks have been useful for 

unraveling some of the characteristics of HDV infection, but they have important limitations 

associated with ethical considerations and limited the lack of experimental reagents 12. Additionally, 

none of the HDV mouse models developed so far recapitulates the main characteristics of human 

infection appropriately, especially the development of severe liver pathology. In mice with 

humanized liver, the interaction between host immune system and HDV cannot be evaluated99,181, 

and infection of hNTCP-transgenic animals is transient and can only be achieved in mice less than 

17 days of age when the immune system is still immature101. An immunocompetent mouse model in 

which the three NTCP residues implicated in HBsAg binding were humanized, and therefore should 

allow HBV and HDV infection, is permissive to HDAg expression and RNA replication up to six 

days after HDV inoculation, but does not support HBV infection, thus prohibiting coinfection 

studies102. 

Our model takes advantage of an AAV vector as a vehicle to initiate HDV replication in 

hepatocytes of fully immunocompetent adult mice, leading to stable HDAg expression, viral 

replication, and genome editing. Our data show that HDV replication and HDAg expression are 

HBV-independent and that HBV is required only for the formation and release of infectious 

particles. Interestingly, the presence of HBV appeared to augment HDV replication since HDV 

genome and anti-genome levels were higher in HBV/HDV-infected mice in comparison to HDV-

infected mice, suggesting that an interaction of both vectors benefits HDV replication.  
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As has been demonstrated in patients, in our model, animals receiving AAV-HBV/HDV showed a 

strong suppression of HBV virological markers, including viremia and intrahepatic antigen 

expression in comparison with AAV-HBV-infected mice. Only AAV-HBV/HDV coinfected 

animals developed a strong humoral response against HBsAg, which was able to neutralize HDV 

infection in vitro. On the other hand, animals receiving AAV-HBV/HDV or AAV-HDV developed 

anti-HDAg antibodies (with higher levels in the monoinfected group). High and sustained levels of 

anti-HDAg antibodies are also found in chronic hepatitis delta patients187. There are no reports in 

the literature about the effect of HDV infection on the immune response against HBAgs, and we 

hypothesize that the strong type I IFN response induced by HDV may act as an adjuvant for the 

induction of an adaptive response188. 

With no doubt, one of the most interesting and surprising findings was the significant reduction of 

the AAV vector genomes in the HDV harboring livers, indicating that HDV replication and antigen 

expression is independent of the shuttle vector and that HDV induces a not yet characterized 

process that eliminates episomal DNA. AAV vectors are considered the most promising vector for 

gene therapy189,190, allowing long-term transgene expression thanks to the episomal maintenance of 

AAV concatameric genomes in the nucleus of the cell190. Our findings indicate that certain viral 

infections (e.g. HDV but not HBV) can result in the elimination of the therapeutic vector genome; 

the identification of the responsible mechanisms is part of ongoing research. 

As previously indicated, HDV-HBV coinfection is associated with a more severe form of viral 

hepatitis than HBV monoinfection45,47,191. Davies et al. demonstrated that HDV requires HBV co-

infection to cause liver damage192; in agreement, here we found that, although HDV alone can 

induce a moderate and transient transaminase elevation, liver damage is stronger and sustained in 

coinfected mice. Transcriptomic analysis revealed that AAV-HDV mono- and particularly AAV-

HBV/HDV coinfection induced the upregulation of genes implicated in hepatocyte death, damage, 

inflammation and cirrhosis, and the downregulation of genes with protective activity. Furthermore, 

we have shown that the liver of coinfected animals shows the features commonly observed in 
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patient biopsies - ground-glass hepatocytes with sanded nuclei, ballooning degeneration, mitotic 

figures and Councilman bodies50,51 – thus confirming the soundness of this mouse model to 

investigate the pathogenesis of hepatitis delta infection.  

In line with published work101,181 we observed the production of IFN-β and the upregulation of a 

number of ISGs upon HDV infection - an induction that was almost completely abolished in MAVS 

KO mice. In fact, MAVS is an adaptor protein acting downstream of the PRRs RIG-I and MDA5, 

which could recognize the double stranded-like secondary structure of HDV RNA and induce the 

activation of the type-I IFN pathway193. This strong dependence on MAVS, never described before, 

together with the significant upregulation of both MDA5 and RIG-I, are consistent with a recent in 

vitro study that has identified MDA5 as the PRR responsible for HDV detection194. Interestingly, 

the strong induction of type-I and type-II IFN response does not inhibit HDV replication in our 

model, as was also reported194, and which is in line with the low efficacy of PEG-IFNα, the only 

licensed therapy for chronic HDV infection67. 

In our study in MAVS-deficient mice, in the absence of IFN-β induction, HDV replication had a 

profound antiviral effect against HBV. The fact that IFN-γ induction was maintained and TNF-α 

significantly increased in these mice, suggests that these cytokines might be responsible for the 

observed anti-HBV effect. Additional studies need to be performed to clarify their role. 

Interestingly, in IFNα/βR / IFNγR-deficient mice, HAV induces a significant liver pathology only 

when MAVS is present, indicating that MAVS is an important factor in HAV-induced liver 

damage, independently of type-I IFN production195. On the contrary, our study showed no 

differences in liver injury between MAVS KO and wild-type mice, revealing that MAVS is not 

necessary for HDV-induced pathology. Moreover, the analysis of liver injury in IFNα/βR KO and 

IFNγR KO aimed at determining the role of the cell-intrinsic antiviral response in AAV-HBV/HDV 

coinfection, revealed no differences with wild-type mice, indicating that the activation of the innate 

immune response plays no role in HDV-induced liver damage.  
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We found that cells of the inflammatory infiltrate, mainly composed of activated CD4+ and CD8+ T 

cells, pro-inflammatory macrophages, DCs and NK, express high cytokine levels as well as a 

number of ISGs, like ISG15, ADAR-1, IP10, PKR, and USP18. However, the expression of IFN-β, 

IFN-γ, TNF-α, and MxA was significantly higher when mRNA extracted from the whole liver was 

analyzed, indicating that these molecules are mainly produced non-immune cells, most likely the 

infected hepatocytes. Furthermore, our results exclude a role for T- and NK cells in liver injury,  

since Rag1-/- mice -lacking mature B-, T-, and NKT cells and wild-type mice depleted of NK cells, 

still have the same pattern of hepatic disease and serum transaminase elevation. On the contrary, the 

depletion of macrophages caused an exacerbation of the hepatic damage during the first week after 

infection, suggesting a protective role as was previously reported for Kupffer cells in HBV-

transgenic mice, in which macrophages contain the pathology - possibly by removing dying 

infected hepatocytes - rather than worsen it196.  

These results led us to believe that innate and adaptive immune responses are not the cause of tissue 

injury, but rather that viral antigens as the triggers of liver damage. In fact, the administration of 

AAV-L-HDAg or AAV-S-HDAg caused a severe pathology in animals, which was associated with 

a very low induction of cytokines in the liver and that was not accompanied by IFN-β expression. 

This result suggests that the observed pathology is not entirely immune-mediated, indicating a 

direct cytotoxic effect of the HDAgs; indeed, AAV-HDV/HBV induced liver damage was resolved 

once the expression of HDV antigens had disappeared.  

Our findings are in contrast to what was previously published about an HDAg-transgenic mouse 

model, in which no histopathological changes were observed at monthly or bimonthly intervals 

during 18 months95. One possible explication for such a difference may be that in HDAg-tg mice, 

the synthesis of the transgenes could be regulated by the hepatocyte in order not to go above safe 

levels, or that, during the generation of the transgenic lineage, mice more resistant to the detrimental 

effects of the antigens were selected. Interestingly, in our study, the genomes of the vectors 

completely disappeared by 21 days post-infection. More experiments are required to determine the 
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exact mechanisms involved in the disappearance of the HDAg expressing hepatocytes, and to 

determine how the antigens exert their cytotoxicity, including the analysis of shorter time points. 

In preliminary experiments, we have observed that five months after AAV-HBV/HDV coinfection, 

the expression of the HDAgs is undetectable, in spite of genomic and anti-genomic HDV RNA still 

being present. Transaminase levels in serum and histology were normal. These observations support 

the hypothesis that the presence of HDV RNA itself or its replication are not sufficient to determine 

the liver pathology observed, and prompted us to investigate further the mechanisms underlying this 

phenomenon.  

Taken together our results strongly opposed the hypothesis that liver damage is mediated by a 

cellular immune response, and they suggest the possibility of an attempt for a non-cytolytic 

mechanism for viral clearance, as already described in acute HBV-infected chimpanzees197. 

Moreover, we did not detect significant caspase 3 activation by IHC in wild-type mice, therefore 

other kinds of programmed cell death, e.g pyroptosis, described in HIV infection198, or necroptosis, 

correlated with high TNF-α expression levels199, are to be considered. 

In conclusion, our AAV-based mouse model has turned out to be a suitable tool for the study of 

hepatitis delta-associated disease, allowing us to characterize the hepatic immune infiltrate in an 

established infection and its role in the previously observed innate immune response. The results led 

us to discard a main role for the innate and adaptive immune responses in the observed liver injury, 

and we have highlighted the relevance of HDAg in HDV-induced hepatic damage. Additionally, the 

model permits genetic alteration of viral genomes to study phenotypic changes in vivo and to 

identify key elements important for the interaction between HBV and HDV59. Furthermore, it is a 

promising tool for testing new antiviral strategies. 
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1. A recombinant vector carrying 1.2x copies of HDV genome under the transcriptional control 

of a liver-specific promoter (AAV-HDV) is able to initiate HDV replication in hepatocytes 

of fully immunocompetent adult mice, and this replication is independent of the shuttle 

AAV vector. 

2. The model recapitulates the characteristics of human infection including the synthesis of 

genomic and anti-genomic RNA, antigenome editing, HDAg translation, and infective 

particle production when AAV-HBV is coinfected or in HBV-tg mice. As a result, 

transaminase elevation in serum and liver damage are induced, as observed in patients. 

3. The adaptor protein MAVS plays a central role in the type-I IFN response induced by HDV 

infection, strongly pointing towards RIG-I or MDA5 as the PRR responsible for sensing 

HDV RNA in infected cells. 

4. The immune infiltrate in the liver of AAV-HDV infected mice is mainly composed of 

activated CD4+ and CD8+ T cells, DCs, proinflammatory macrophages, and NK cells. 

5. The observed liver damage is not due to the presence of the immune infiltrate, and liver 

macrophages seem to have a protective role during the initial phases of infection. 

6. The observed liver damage is neither due to the activation of a -type I-or type II IFN 

response nor to activation of a cell intrinsic immune mechanism. 

7. AAV-dependent S-HDAg or L-HDAg expression in the hepatocytes of fully 

immunocompetent adult mice causes liver damage in a dose-dependent manner. 
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Abstract: Hepatitis delta virus (HDV) is a defective RNA virus that has an absolute 
requirement for a virus belonging to the hepadnaviridae family like hepatitis B virus 
(HBV) for its replication and formation of new virions. HDV infection is usually 
associated with a worsening of HBV-induced liver pathogenesis, which leads to more 
frequent cirrhosis, increased risk of hepatocellular carcinoma (HCC), and fulminant 
hepatitis. Importantly, no selective therapies are available for HDV infection. The 
mainstay of treatment for HDV infection is pegylated interferon alpha; however, response 
rates to this therapy are poor. A better knowledge of HDV–host cell interaction will help 
with the identification of novel therapeutic targets, which are urgently needed. Animal 
models like hepadnavirus-infected chimpanzees or the eastern woodchuck have been of 
great value for the characterization of HDV chronic infection. Recently, more practical 
animal models in which to perform a deeper study of host virus interactions and to evaluate 
new therapeutic strategies have been developed. Therefore, the main focus of this review is 
to discuss the current knowledge about HDV host interactions obtained from cell culture 
and animal models.  

Keywords: hepatitis delta virus; HDV animal models; liver damage; antiviral treatment; vaccines  
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1. Introduction 

1.1 The Disease, Chronic HDV infection 

Worldwide there are approximately 350 million individuals chronically infected with the hepatitis B virus 

(HBV); among them 15 to 20 million are coinfected with hepatitis delta virus (HDV) [1]. HDV was first described 

in 1977 when a novel antigen was detected in the nucleus of hepatocytes from patients chronically infected with 

HBV who developed serious episodes of severe liver disease [2]. In 1980 the same research group discovered that 

this nuclear antigen was derived from a new virus that they named hepatitis delta virus [3]. Thus, HDV was 

established as the causative infectious agent responsible for exacerbation of liver disease in HBV-infected patients 

[4,5]. HBV/HDV coinfection is associated with more severe acute hepatitis, higher risk of cirrhosis and 

decompensated liver disease, and higher mortality than HBV monoinfection. From 1990, after the initiation of the 

universal HBV vaccination campaigns, the incidence of HBV and concomitantly of HDV declined in the 

developed world. However, during the last 10 years, epidemiological studies revealed a stabilization, and in some 

cases an increase, in the incidence of HDV in several countries [6–11]. Furthermore, the epidemiology of HDV 

has not changed in developing countries where the HBV vaccine is not being administered to the population. 

Thus, HDV chronic infection represents a major health problem worldwide. Unfortunately, the treatment options 

for chronic HDV are limited. The only drug in use is pegylated interferon-α (PEG-IFN-α), which is associated 

with a low rate of cure and a significant number of patients in whom the virus relapses after cessation of treatment 

[12–14]. In addition, PEG-IFN-α is associated with a variety of adverse events, including flu-like symptoms, 

neuropsychiatric events, anemia, and thrombocytopenia. Thus, more effective treatment options are needed. The 

particular characteristics of HDV make the development of new therapeutic approaches very difficult. HDV 

depends on the activity of cellular enzymes to complete its life cycle and does not code for viral enzymes, which 

in the case of other viruses represent the main targets for the development of specific antivirals.  

New treatments based on the use of interference RNA molecules [15,16] or—peptides to inhibit  HDV-HBsAg 

interaction to block viral entry into cells—are being explored [17–21]. Moreover, inhibition of enzymatic 

processes that are required by the virus to complete its life cycle, e.g. the prenylation of viral antigens, represents a 

very interesting target [22,23]. Currently the antiviral activity of two prenylation inhibitors is being tested by Eiger 

BioPharmaceuticals in phase 2 clinical trials; these drugs are expected to become the first “specific” treatment for 

HDV.  

1.2 Main Characteristics of HDV 

HDV is the only member of the genus Deltavirus. HDV is a defective RNA virus that requires the HBV 

surface antigens (HBsAg) for viral assembly and transmission [14,24]. HDV virion is a small and spherical hybrid 

particle with a diameter of about 36–46 nm [24]. It is composed of the HDV RNA genome and about 200 

molecules of hepatitis delta antigen (HDAg) enclosed by the hepatitis B surface antigen (HBsAg) and host lipids 

membrane (Figure 1). The HBsAg envelope protects the viral genome from the extracellular environment and 

dictates the hepatocyte tropism of HDV.  
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Figure 1. Schematic representation of HDV virions describing all the components of the viral particle. L-HDAg: 
HDV Large antigen; S-HDAg: HDV short antigen; S-HBsAg: Small HBV surface antigen; M-HBsAg: Medium HBV 

surface antigen; L-HBsAg: Large HBV surface antigen; ssRNA: single-stranded RNA.  

The HDV genome is a circular negative sense RNA molecule of approximately 1700 nucleotides with the 

ability to fold on itself, appearing as a double-stranded rod-like structure with approximately 70% intramolecular 

base-pairing [25–27]. Its structure and function is very similar to the genome of plant viroids. In fact, replication 

of the HDV genome involves a rolling circle mechanism, requiring autocatalytic cleavage of the RNA by an 

internal ribozyme analogous to that proposed for plant viroids [28–30]. HDV genome replication involves only 

RNA species; in addition to the genome, infected cells contain, in smaller amounts, an exact complementary RNA 

species, called the antigenome, and much smaller amounts of a messenger RNA with a 5'-cap and a 3'-poly(A) 

tail. HDV isolates have been divided in eight clades based on nucleotide sequence and geographic distribution. 

The different isolates can differ in more than 30% of their nucleotide sequence [31].  

1.3 Virus Life Cycle 

To complete a cycle of HDV infection the hepatocyte must be infected by both HDV and HBV, since the 

formation of new viral particles requires HBV surface antigens. HDV infectivity is dependent upon a receptor-

binding motif in the N-terminal region of the pre-S1 domain of the HBsAg [18,32].  Very recently, the receptor 

for both HBV and HDV infection has been identified as the human sodium-taurocholate cotransporting 

polypeptide (hNTCP) [32–34]. The NTCP is a transmembrane transporter present on the basolateral membrane of 

hepatocytes and is responsible for the uptake of conjugate bile acids from enterohepatic circulation [35]. After 

entering the hepatocytes, the virus is uncoated and a signal in the HDAg amino acid sequence mediates the 

traslocation of the nucleocapsid into the nucleus [36]. To replicate its genome, the virus uses the host RNA 

polymerase/s [37]. Once inside the nucleus, cellular RNA polymerases synthesize the antigenomic RNA in the 

nucleolus and genomic RNA in the nucleoplasm (Figure 2) [26,37–40]. There is some controversy about which 

types of cellular RNA polymerases are involved in HDV RNA replication. Host RNA polymerases I, II, and III 

have been shown to interact with the HDV genome [41]. However, while RNA polymerase II was consistently 

found to interact with HDV components; the interaction with RNA polymerases I and III was not that clear [42].  
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Figure 2. Schematic representation of the HDV viral cycle: (1) Binding to NTCP on human hepatocyte; 
(2) Uncoating; (3) Translocation of the ribonucleoprotein particle into the nucleus; (4) Transcription of 
the antigenome in the nucleolus.; (5) Production of genomic RNA in the nucleoplasm; (6) Transcription 
of the mRNA; (7) Translation of HDAg; (8) Ribonucleoparticle assembly; (9) Asotiation of HBsAg 
Virion production in the cytoplasm; (10) Virion release. HBV cccDNA: HBV covalently closed circular 
DNA. HBV mRNAs: HBV messenger RNAs.  

 

Studies performed by different groups, particularly by Taylor and colleagues, indicated that the replication of 

the RNA genome, antigenome, and messenger RNA of HDV involves RNA polymerase II [43,44]. This is mainly 

substantiated by the sensitivity of HDV RNA replication to the RNA polymerase inhibitor αamanitin. However, 

the role of RNA polymerases I and III is still under consideration. RNA polymerase inhibition studies 

demonstrated de novo synthesis of HDV antigenome RNA molecules in the presence of a RNA polymerase II 

inhibitor, while its synthesis is decreased in the presence of RNA polymerase I inhibitor, suggesting that RNA 

polymerase I might be involved in this process [45]. More studies need to be performed to clarify these issues; 

however, what is clear is that the enzyme mainly involved in this HDV replication is RNA polymerase II.  

HDV RNA is synthesized first as linear concatameric RNA that contains many copies of the  genome. [28,30]. 

Then, the 85-nt site-specifc viral ribozyme, found on each RNA strand, acts to process the RNA transcripts to unit 

lengths, monomers. These monomers are then ligated to form circular RNA. It is unclear if ligation is carried out 

by the ribozyme or a host RNA ligase [46]. During HDV replication, it is possible to detect three forms of HDV 

RNA: circular genomic RNA, circular complementary antigenomic RNA, and a linear polyadenylated 
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antigenomic RNA, which is the mRNA template containing the open reading frame for the translation of the 

hepatitis delta antigen (HDAg) [47].  There are two isoforms of the HDAg: the 24 kDa small form (S-HDAg), 

with 195 amino acid residues, and the 27 kDa large form (L-HDAg) with 214 amino acids [47]. The amino acid 

sequence of both isoforms is identical in the N-terminus, but L-HDAg is 19 amino acids longer at the C-terminus 

than S-HDAg.  

S-HDAg is encoded by the viral genome and L-HDAg is the result of an RNA editing event mediated by host 

enzyme adenosine deaminase-1 (ADAR-1). ADAR-1 replaces the stop codon UAG at position 196 with a 

tryptophan codon UGG, extending the open reading frame and leading to the production of the large antigen [48–

51]. The 19 extra amino acids added at the carboxyl terminal end of L-HDAg confer its functional properties that 

are different from S-HDAg. S-HDAg is required for the initiation of the viral genome replication; it is essential for 

the transcription and accumulation of newly processed HDV RNAs, whereas L-HDAg, which is synthesized in the 

late stage of viral replication, serves as a principal inhibitor of replication and is essential in the assembly of HDV 

virions. L-HDAg, by inhibiting viral replication, also regulates its own synthesis since it prevents the editing of 

the amber/W site necessary for the expression of L-HDAg. Furthermore, the HDV genome and antigenome 

associate with multiple copies of the S-HDAg and L-HDAg, forming ribonucleoprotein complexes (RNPs). Only 

the RNPs containing the HDV genomic molecule interact with HBV surface molecules and form new viral 

particles [52].  

Both antigens suffer posttranslational modifications, which are very important to modulate their functions. S-

HDAg is acetylated, phosphorylated, and sumoylated and L-HDAg is acetylated, phosphorylated, and 

isoprenylated. S-HDAg phosphorylation is crucial for its interaction with cellular RNA polymerase II and RNA 

binding. Sumoylation of S-HDAg results in an increase in HDV genomic RNA and mRNA synthesis. Acetylation 

of both antigens modulates HDV replication. Acetylation and phosphorylation of L-HDAgs are essential for the 

correct trafficking of this antigen inside the nucleus (nucleolus-nuclear speckles) and secretion. Isoprenylation of 

the L-HDAg is essential for the interaction of L-HDAg with HBSAg and the formation of new virions. The exact 

location where L-HDAg and HBsAg antigens interact is not well known; isoprenylated L-HDAg is mainly located 

in the nucleus and HBsAg is in the cytoplasm, thus L-HDAg forming part of HDV RNPs needs to be exported 

from the nucleus to the cytoplasm. The elucidation of the mechanism involved in this step requires more studies.  

HDV viral particle generation depends on HBV surface antigen production; however, it is still not clear if 

HDV infection can persist in the absence of HBV replication. Contradictory data about this issue are available in 

the literature. It has been reported that HDV RNA, when introduced in human cells in the absence of HBV, can 

replicate efficiently, produce HDAgs, and form RNPs that are not able to exit the cell. Furthermore, if another 

alternative source of HBV envelope proteins is available, like integrated HBV DNA, HDV can replicate itself 

independently of hepadnavirus replication [53]. In fact, HCC cells that apparently no longer support HBV 

replication but can still produce the envelope proteins from HBV integrants can generate HDV infectious particles 

[54]. Recent studies performed in mice with humanized livers showed that HDV monoinfection can persist on 

human hepatocytes for at least 6 weeks and can be rescued by HBV superinfection [55]. In addition, data in a very 

small number of patients showed that HDV can survive and synthesize HDAg in the absence of detectable HBV 

[56], However, on the other hand, it has been demonstrated that inhibition of hepadnavirus infection in patients 
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and animal models by the use of antiviral medication led to reduction or loss of HDV replication [57,58]. Thus, 

nowadays the consensus is that HDV can persist without HBV but only for a brief period of time.  

2. In vitro HDV-Host Cell Interaction  

Although a wide range of cultured cell lines can support HDV replication (HEK-293, HeLa, Huh7) after the 

transfection of a plasmid containing the HDV genome, the virus fails to infect any cultured cell lines except 

primary cultures of hepatocytes and Hepa RG cells with a very low efficiency [59]. However, very recently this 

situation has dramatically changed with the discovery of the HBV/HDV receptor. Human as well as other species 

cell lines that stably express the sodium taurocholate receptor have been generated; these cells are infected by and 

are able to sustain HDV replication [32–34].  

In order to elucidate the mechanism responsible for the increase in liver pathology observed in patients 

infected with HDV, several authors have analyzed the interaction of viral components with cell components in 

vitro or in cell culture. The first experiments performed to identify host factors interacting with HDAg were 

performed using a yeast two-hybrid system [60,61]. From these studies a single protein was identified and named 

as delta antigen interacting protein A or DIPA. DIPA is a cellular protein with high homology to HDAg. DIPA 

overexpression inhibits HDV replication; however, confirmatory studies and a deeper analysis about the 

mechanism are lacking. Later on, different proteomic approaches have been performed in a variety of cell lines, 

identifying several factors that interact with delta antigen such as subunits of RNA polymerase II complex, hnRNP 

proteins, RNA helicases, the histone H1, PML, nucleolin, B23, Pol I specific factor SL1, the negative transcription 

elongation factor DSIF, and PKR [42]—all of these factors have been suggested to affect HDV replication, but 

only in some cases experimentally proven.  

Furthermore, it has been shown that the HDV RNAs interact with the polypyrimide tract-binding protein-

associated splicing factor (PSF), PKR, GAPDH, and ADAR-1 [62–65]. In fact, as previously indicated, ADAR-1 

has been shown to be responsible for HDV antigenome editing [51].  

Regarding the potential mechanism of HDV-mediated cytotoxicity, it has been reported that cells expressing 

HDV proteins present multiple cellular signaling pathways modified like enhanced ROS production, leading to 

oxidative stress and activation of several transcription factors such as STAT-3 or NF-κB [66] or potentiated TGF-

β signal activation [67]. These HDV-mediated cellular modifications can promote several disease phenotypes 

associated with HDV infection like liver fibrosis or cellular damage. Moreover, HDV can interfere with the JAK-

STAT signal transduction pathway in response to IFN-α, impairing the phosphorylation of both STAT1 and 

STAT2 and leading to inefficient IFN-α stimulated gene expression [68], which might explain the relatively low 

antiviral efficacy of PEG-IFN-α.  

There is also evidence suggesting that both HDAgs are transcriptional inducers, as both are capable of 

regulating cellular gene expression presenting L-HDAg broader transcriptional activity [69–71].  One mechanism 

mediating such effects can be histone acetylation, as an upregulation of this modification associated with 

expression of both HDAgs and HDV replication has been observed [72].  

Proteomic analysis of cells producing whole HDV RNPs shows a set of changes in host protein synthesis that 

in some cases seems to correlate with previous pathologic findings observed in both chronic and acute HDV 

patients, like changes in enzymes involved in lipid metabolism [63]. Furthermore, this study indicates an overall 
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deregulation of DNA replication and cell cycle control in liver cells, like downregulation of PCNA and the Fen 1 

endonuclease, proteins involved in DNA replication. This observation is in accordance with the subtle growth 

disadvantage associated with HDV replication in dividing cells and deregulation of cell cycle control [73,74]. 

Regarding innate immune responses, there are no data in the literature describing molecules implicated in the 

detection of the virus or pattern recognition receptors that detect HDV. However, it has been shown that elements 

of the virus are able to transactivate the IFN-α-inducible MxA gene [66] and to activate PKR [75].  

3. Chronic HDV Infection Animal Models 

3.1. “Natural” Animal Models  

In a natural setting, only humans are known to acquire HDV infection [24]; however, it is quite possible that 

chimpanzees or other large primates can be infected with HDV in the wild. As previously described, the HDV 

virus requires help from a virus of the family hepadnaviridae for formation of new virions, thus the host range of 

HDV is limited to those species that support the replication of HBV, like chimpanzees, or a hepadnavirus capable 

of supplying helper functions [76–80]. Among members of the Hepadnaviridae family, the closest to HBV are the 

woolly monkey hepatitis B virus (WMHBV) and the woodchuck hepatitis virus (WHV), which can assist in HDV 

propagation because both encode viral envelope proteins that are competent for HDV ribonucleoprotein (RNP) 

envelopment [81]. In contrast, the envelope protein of duck hepatitis B virus (DHBV), the most distantly related 

hepadnavirus, is unable to assist in HDV propagation due to the inability of the envelope protein to package HDV 

RNP [82]. Recently, bats have been described as a new animal model that could support HDV replication based 

on the presence of a HBV antigenically  related pathogenic hepadnavirus that can generate HDV pseudotyped 

particles able to infect human and bat primary hepatocytes [83]. Based on its close phylogenetic relation to 

primates, the tree shrew species Tupaia belangeri has been used for infection studies both with HBV and 

WMHBV [21,84,85], and is also a host for HDV infection [86].  

Among these models, the most frequently used for experimental studies is the woodchuck chronically infected 

with WHV and superinfected with HDV, obtaining interesting and relevant data. Experimental transmission of 

HDV has been accomplished in the chimpanzee and the eastern woodchuck, hosts of HBV and WHV, respectively 

[76,87]. In both models upon HDV infection, there is a major suppression of HBV and WHV replication at the 

peak of HDV replication, as has been observed in humans [88]. Eighty to one hundred percent of HDV 

superinfections in WHV carrier woodchucks resulted in chronic HDV infection, while coinfection resulted in an 

acute self-limited infection.  

It has been shown that woodchucks treated with cyclosporine A, as an inhibitor of the immune response, 

showed an increase in HDV viremia and at the same time a reduction of WHV viral load. These results indicate 

that the host immune response exerts a negative control over HDV replication and that HDV influences HBV 

replication independently of the host immune response [89]. Furthermore, this model was used during the last 

years to test vaccination strategies designed to protect HBV carriers from HDV superinfection [90–94].  

These natural animal models have provided very useful data and they have allowed for determining the main 

characteristics of the HDV infective cycle and some immunological responses as they recapitulate several of the 

biological phenomena observed in humans. However, there are several limitations for performing experiments in 

these animal models that have delayed the HDV research field, ranging from the relatively large size and genetic 
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variability of these animals to availability and ethical considerations. Furthermore, several issues limit the number 

of animals that can be used, affecting the statistical significance of any potential results. On top of that, the 

experimental tools available to work with most of these animal species are very limited, highlighting the need for 

the development of more practical animal models.  

3.2. Mouse Models of HDV Replication  

3.2.1. Injection of Mice with HDV Infectious Particles  

The mouse represents the premier mammalian model system for disease research. Scientists from a wide range 

of biomedical fields have gravitated to the mouse because of its close genetic and physiological similarities to 

humans, as well as the ease with which its genome can be manipulated and analyzed. Additionally, scientists have 

developed a broad range of technological tools and approaches to dissect molecular and physiological processes in 

one organism that is easy to maintain. Therefore, there have been several attempts by scientists aimed at 

developing mice as an HDV experimental system.  

The first proof of concept study of HDV infection in mice was performed in 1993, by the group of Dr. Taylor 

at the Fox Chase Cancer Center in Philadelphia; they showed that human hepatitis delta virus (HDV) obtained 

from the serum of an experimentally infected woodchuck and injected into either the peritoneal cavity or the tail 

vein of mice was able to infect the murine liver. In this model, genomic HDV increased in the liver during the first 

5 to 10 days postinoculation; antigenomic RNA was also detected, and delta antigen was present in the nuclei of 

the hepatocytes [44]. The infection was liver-specific but involved no more than 0.6% of the mouse hepatocytes. 

Once HDV entered mouse hepatocytes, the levels of HDV genome replication were comparable to those obtained 

in a natural infection of woodchuck hepatocytes; however, the infection was short lived, with a half-life of 

clearance of about 3 days. Moreover, no obvious cytopathic effects were detected.  

The reason for the disappearance of the viral genome from the liver was not determined, but the role of T- and 

B-cell-dependent immune response can be excluded, since the rate of this decrease was the same in both normal 

mice and those with a severe combined immunodeficiency. Unfortunately, there are no more reports suggesting 

HDV infectivity in mice, probably as a consequence of the unproductive HBsAg binding to mNTCP receptor, as 

has been recently described.  

3.2.2. HDV Transgenic Mice  

As previously described, HDV infection clearly increases the severity of liver pathology in patients with HBV 

chronic infection, but the molecular mechanism involved in the exacerbation of liver pathology associated with 

HDV infection is still unknown. Some authors suggest a potential cytophatic effect of this virus according to data 

obtained in chimpanzees, particularly during an acute infection [95]. Work performed by other groups suggested 

the potential direct pathogenic role of HDV antigens. S-HDAs have been shown to have a cytotoxic effect when 

overexpressed in HepG2 or HeLa cells, inducing the necrosis of the cells [96]. Additionally, it has been postulated 

that the L-HDAg might play a role in HDV pathogenesis due to its capacity to activate many eukaryotic promoters 

and modulate different signaling pathways [62,73,74]. In order to elucidate the role of HDV antigens in the 

exacerbation of liver disease, the group of Dr. Frank Chisari at Scripps, La Jolla, CA, developed transgenic mice 
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for expression of SHDAg or L-HDAg in the liver [97]. These animals express HDAgs in hepatocyte nuclei, as 

observed in natural HDV infection. However, no obvious signs of biological or histopathological evidence of liver 

disease, cytotoxicity, or hepatitis were detectable during the mice’s lifespan. Furthermore serum transaminase 

levels remained within the normal range, indicating that neither the large nor small form of HDAg are directly 

cytopathic to the hepatocyte in vivo [97]. Thus, contrary to expectations, HDAg in vivo does not seem have a 

pathological role.  

Because HDV infection occurs mainly in the context of a coexisting HBV infection, the authors asked if the 

liver damage observed in patients with HDV infection might require the presence of both HDAgs and HBsAgs. To 

answer this question, the authors crossed HDAg transgenic mice with HBsAg transgenic mice. Once again no 

histopathological or biochemical evidence of liver cell injury was observed, indicating that viral proteins are not 

directly cytopathic to the hepatocyte. The authors suggest that maybe the presence of other HBV proteins is 

required to promote hepatocyte damage [97]. However, the role of the immune response against viral antigens 

should not be forgotten. Transgenic animals’ HDAg is expressed at fetal stages since the transgene is driven by an 

albumin promoter and the animals will recognize the viral antigen as a self-antigen, inducing a tolerogenic 

immune response. Moreover, liver injury associated with HDV infection could be a consequence of HDV and 

HBV protein and viral replication presence or the response of the host to the same factors.  

After the transgenic animal model expressing HDAgs, a new transgenic mouse carrying a  replication-

competent HDV genomic dimer RNA was developed (HDVTg). HDVTg mice have been shown competent for 

studying HDV replication in vivo [98]. Surprisingly, despite the expression of HDV being under the control of the 

albumin promoter, HDV genomic and antigenomic sequences were detected in the liver, brain, testis, kidney, and 

particularly in skeletal muscle, where the amount of HDV RNA was 100-fold higher than in the liver. These 

results indicate that the transcriptional leakage associated with the albumin promoter allows HDV priming 

expression and consequently licenses HDV replication in several tissues. The presence of antigenomic HDV 

monomer RNA is possible only after processing and replication of the primary genomic dimer transcript; thus, the 

data in this transgenic animal model indicated that HDV can replicate in nearly all cell types. Interestingly, it is 

observed that HDV replicates more efficiently in muscle cells than in the hepatocytes, indicating that the hepatic 

specificity of HDV is due to the HBV-derived envelope. Moreover, analysis of HDV antigen expression showed a 

similar pattern, i.e., HDV small antigen was detected mainly in the muscles, and in lower amounts in the liver. 

However, no large HDV antigen was detected in any tissue, indicating that no efficient HDV RNA editing occurs 

in these animals. Finally, and in accordance with the results observed in HDAg transgenic animals, no evidence of 

pathology was seen in muscle, brain, or liver tissue without any manifestation of necrosis or inflammation. These 

data indicate that HDV RNA replication and delta small antigen expression did not appear to cause any evident 

pathology and consequently HBVpresence might be required to induce hepatocyte damage. Unfortunately, there is 

no information about the potential immune response against viral antigens in transgenic animals that could help to 

understand the absence of liver damage and could determine if these animals could have any potential for 

analyzing HDV immune responses.  

Although the NTCP gene is highly conserved between species, mouse NTCP does not contain molecular 

determinants required for viral entry [33]. Recent studies have shown that exogenous hNTCP expression in a 

mouse hepatoma cell line allows them to support HDV infection, but not HBV infection. Remarkably, in vitro 
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HDV infection was also achieved in cell lines originated from other species and tissues expressing exogenous 

hNTCP, confirming that HDV human hepatotropism is restricted by the presence of the hNTCP receptor [32,33]. 

Therefore, generation of transgenic animals expressing hNTCP or a chimeric mNTCP replaced with hNTCP 84 to 

87 residues in mouse hepatocytes would be potentially susceptible to natural HDV infection. However, these 

animals would not be susceptible to HBV infection as mouse hepatocytes have been shown refractory to HBV 

infection and they will not support the complete HDV life cycle.  

3.2.3. Mice with “Humanized” Livers  

Another approach to study HDV virus replication requires the use of immunodeficient mice with human 

hepatocytes engrafted in their livers [20,55]. To generate mice with humanized livers, the investigators induced 

murine hepatocyte damage to create the space and the environment for engraftment and proliferation of human 

transplanted cells. The first model is based on the use of immunodeficient mice transgenic for the urokinase 

plasminogen activator (uPA-SCID), and the second model is based on Rag2-deficient mice and γ chain of 

interleukin 2 receptor (Il2rg) and lacking the the fumaryl acetoacetate hydrolase (Fah) gene. In both cases the 

animals suffer dramatic hepatocellular damage (death of a high percentage of mouse hepatocytes) and mice are 

rescued by transplantation of human hepatocytes [99]. The human cells residing in the mouse liver can proliferate 

and repopulate host liver tissue and they are susceptible to the establishment and maintenance of intrahepatic 

HDV mono-infection, increasing intrahepatic amounts of large HDAg; edited HDV RNA forms increased over 

time. Moreover, HBV superinfection of chimeric mice supporting HDV infection leads to the production of 

infective HDV virion in mice sera and an increase of HDAg-positive human hepatocytes, demonstrating 

intrahepatic HDV spreading [55]. Additionally, HDV infection reduces significantly the increase of HBV viremia 

and intrahepatic cccDNA loads in comparison with HBV mono-infected mice, as has been observed in patients. 

These mice have been used to show the ability of the NTCP inhibitor Myrcludex B to block HBV and HDV entry 

[20]. However, humanized mouse livers present several limitations:  

1. The availability of primary human hepatocytes is limited and they cannot be propagated in vitro, which 

limits the number of available animals.  

2. The susceptibility of primary human hepatocytes to HBV infection is highly variable and generally low, 

since these cells rapidly dedifferentiate, losing the expression of the NTCP receptor.  

3. The engraftment of human hepatocytes in the liver of mice requires the use of immunodeficient mice, thus 

the interaction of the immune system and the virus is lost and consequently experiments are restricted to 

studies analyzing virus host–cell interactions.  

3.2.4. Development of Gene Delivery Vectors to Deliver HDV Genomes into Mice  

In vivo gene delivery has been widely used for elucidating gene function and for creating disease animal 

models. It is usually performed by a non-viral or viral approach. The former approach mainly depends on the use 

of recombinant DNA or RNA, whereas the latter approach depends on the use of viral vectors. The nonviral 

delivery has several advantages such as less toxicity, less immunogenicity, and safer and easier to prepare. 
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However, this approach has limited gene delivery efficiency and results in a short duration of transgene 

expression.  

It has been observed that cloned plant viroids’ cDNA copies are infectious when they are introduced in host 

cells [100]. Similarly, although HDV replication proceeds without DNA intermediates, multimeric forms of HDV 

cDNA transcribed or introduced in the cells are able to initiate the normal HDV replication pathway [101,102]. 

Accordingly, when an HBV-infected chimpanzee was inoculated by direct injection into the liver with a 

recombinant plasmid containing a full-length HDV genome and one expression vector allowing the translation of 

HDAg, it resulted in a productive infection with appearance of high levels of HDV RNA and long and short 

HDVAgs in the liver [103]. HDV RNA and HDAg were also detected in serum following a similar kinetic to the 

one observed in an acute infection, generating virions with mature HDV particles characteristics and a marked 

transient suppression of the synthesis of HBV DNA replicative intermediates during the active phase of HDV, as 

is observed in HDV superinfection in both humans and chimpanzees [104,105]. These results suggest that 

transduction of animals with HDV expression vectors can recapitulate most of the HDV viral cycle.  

As previously described, HDV transgenic animals have shown that viral replication in vivo is not restricted to 

the liver and is highly efficient in muscle cells [98]. Consequently, when cDNA dimers of HDV were inoculated 

intramuscularly into mice, HDV genomic RNA increased to substantial levels by week 7 post-injection; also, 

antigenomic sense HDV RNA and hepatitis delta antigen were present in myocytes’ nuclei, confirming HDV 

ubiquitous replication competence, as has been observed in transgenic animals. Interestingly, sera from DNA 

injected mice contained antibodies specific for HDAg, indicating the induction of an immunological response to 

the intracellularly expressed antigen, similar to the one observed when mice are inoculated with an HDAg 

expression vector [106]. When HDV cDNA expression vector is hydrodynamically injected in the liver (a 

technique that allows the transduction of 10–30% of hepatocytes) there is an increase of genomic and antigenomic 

HDV RNA for two weeks, indicating the existence of HDV RNA replication [107]. Thereafter there is a decrease 

in HDV genomic RNA from day 15 to 30, in clear contrast to what is observed when the vector is inoculated 

intramuscularly. These differences can be caused by the use of different promoters for initial HDV RNA 

transcription or by the stronger HDV replication in muscle in comparison to hepatocytes, as has been previously 

observed in transgenic mice. However, we cannot exclude the possibility that this can also be due to the 

differences in the mouse strain used in each experiment. A similar situation was previously described for HBV 

replication: C57BL/6 mice develop robust HBV replication after hydrodynamic injection of HBV plasmids, 

whereas HBV replication is transient in BALB/c mice [108]. Interestingly, shortly after HDV hydrodynamic 

injection, small HDAg is highly expressed and is detected in nuclei and cytoplasm. S-HDAg expression becomes 

undetectable 15 days after DNA inoculation, indicating that HDAg decline precedes HDV RNA reduction. In this 

animal model, posttranscriptional RNA editing occurs, leading to the appearance of the large form of the large 

delta of HDV. However, L-HDAg protein represents just 3% of the accumulated delta protein in the hepatocytes, 

lower than the levels detected in transfected cells and indicating a deficient editing that can promote a suboptimal 

replication of the HDV genome, which results in the disappearance of the HDV genome and antigens. Therefore, 

it should be clarified whether transient HDV replication observed in mouse livers after the HDV-replicative vector 

is hydrodynamically delivered is due to the mouse strain used for the experiments or to liver characteristics.  
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As we already indicate several times, the HDV virions require for their formation the hepatitis B virus surface 

antigen subunits provided by HBV co-infection or by the administration of an HBsAg-expressing vector. When 

HBV transgenic mice that produce HBV virions are used as hosts for hydrodynamic injection of HDV cDNA, 

HDV viral particles are detected in the serum [23]. In these mice, HDV replicates in hepatocytes and close to 30% 

of hepatocytes display a characteristic nuclear staining observed in HDV-infected cells. There is a good 

correlation between the level of intrahepatic replication and HDV virions’ RNA in the serum. However, as was 

observed in wild-type animals, HDV replication in hepatocytes that contain HBV-replicating virus do not promote 

an increase in ALT level, as is observed in humans and chimpanzees. Moreover, no anti-HDV antibodies were 

detected in the serum of these animals, which might be a consequence of the tolerogenic environment present in 

HBV transgenic mice livers. Very importantly, the majority of the HDV RNA was cleared by day 21 from the 

livers and serum. These animals were useful to demonstrate that pharmacologic prenylation inhibition can prevent 

the production of HDV virions in vivo [23].  

Taking all these studies together, we can conclude that none of the murine models developed so far recapitulate 

all the features of chronic HDV infection.  

In the last years several groups have developed HBV animal models using a recombinant virus carrying the 

HBV genome, like adenovirus (Ad) [109,110] or adenoassociated virus (AAV) [111,112], which acts as a shuttle 

vector for the delivery of the viral genome into the cells. In our laboratory we are currently working on the 

development of a similar strategy to create a model of HDV chronic infection; preliminary data indicates that by 

using this strategy, persistent HDV replication can be achieved in mice. 

4. Conclusions  

In conclusion, animal models are essential for the knowledge of HDV–host interactions as well as for the 

development of new therapeutic strategies (summarized in Table 1). Data obtained in cell culture are in clear 

contradiction with the data obtained in animal models. While overexpression of HDAgs in cells is associated with 

cytotoxicity, necrosis, and apoptosis, none of these effects are detected in transgenic animal models. In this review 

we showed that the animal models available nowadays that recapitulate HDV chronic infection are natural hosts 

susceptible to infection by members of the hepadnaviridae family that can be co-infected with human HDV. 

However, these animals present obvious ethical and experimental limitations. Murine models developed so far do 

not recapitulate all the characteristics of HDV infection, such as RNA editing, sustained viral load, or liver injury. 

Furthermore, several of them were developed in the context of immunosuppressed animals, precluding studies 

regarding the immune response against the virus. This review highlights the need for the development of new 

small animal models that better reflect the main feature of HDV chronic infection and that will allow a deeper 

analysis of HDV–host interaction as well as facilitate the development of new therapeutic agents and/or vaccines.  
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Table 1. Summary of the main characteristics of HDV animal models.  

   Animal model   Main characteristics References 

Natural animal 
model   

chimpanzees  

Chimpanzees can be efficiently infected by HDV, coinfection and 
superinfection experiments have been performed resulting in 
moderately severe and severe liver damage, respectively.  79–81  

  woodchucks  

Several laboratories have shown that woodchucks chronically infected 

with WHV can be infected by HDV and produce new  

HDV virions using WHV surface antigen to form the envelope. 
This animal model recapitulate many of the characterists of HDV 
infection in humans.  

76–78  

  bats  

HDV pseudotyped with surface proteins of bat hepadnavirus  

TBHBV is able to infect both primary hepatocytes, a pattern similar to 
the pattern observed with HDV-HBV  

83  

WT mice  
wild-type & 

inmunodeficient mice  
Mice injected with HDV virus obtained from woodchucks  

transiently infect and replicate in the liver  44  

HDV- 

transgenic mice  S-HDAg transgenic  

mice  

S-HDAg is expressed in hepatocytes and localized in the nucleus. 

No liver injury was observed, thus S-HDAg protein is  

not responsible for HDV inducing liver damage.  
97  

  
L-HDAg transgenic  

mice  

L-HDAg is expressed in hepatocytes an localized in the nucleus. No 

liver injury was observed, thus L-HDAg protein is  

not responsible for HDV inducing liver damage.  
97  

  HDV Ag x HBV sAg  
The phenotype of these mice does not differ from the  

phenotype of the parents  97  

  

HDV genome under the 

control of the  

Albumin promoter  

HDV replication and S-HDAg expression was detected in several 

organs including the liver, muscle, and brain. However, no large HDV 

large antigen were detected in any tissue,  

indicating that there was no efficient HDV RNA editing.  

Furthermore, no liver pathology was observed.  

98  

Humanized 
mouse models  

Fah-/-RAG-/-IL-2Rg- 

/- + human 
hepatocytes  

Establishment of HDV infection was highly efficient in both  

HBV-infected and naïve chimeric mice, representing an interesting 

animal model to study HDV-human hepatocyte  

interaction and new antivirals.  

20,55,99  

HDV- 

transfected mice  

HDV plasmid 
hydrodynamic 
injection  

In this animal model there is an increase of HDV genome and 

antigenome in the liver but only during the first two weeks after 

hydrodinamic injetion. There is no associated damage.  

Edition is observed in the liver.  

107  

HDV- 

transfected mice  HDV plasmid  

intramuscular injection  

Sustained RNA accumulation at least for 7 weeks. HDAg  

antibody generation  
106  
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