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Hepatitis B virus (HBV) is a virus belonging to the Hepadnaviridae family, characterized by an incomplete double-stranded

circular DNA included in an enveloped virion. It can be repaired by an endogenous DNA-polymerase, which can

incorporate nucleotides into the genome. Transmission occurs parenterally, and we can find the virus in potentially every

body fluid, with a higher concentration in the blood and exudates and a lower concentration in saliva, semen, and vaginal
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1. Introduction

Despite the availability of vaccines and effective therapies in suppressing the viral load and preventing its transmission,

chronic hepatitis B virus (HBV) infection remains a serious world healthcare issue, affecting more than 292 million people

worldwide, with an estimated global prevalence of about 4% , with different distribution and prevalence in relation to the

geographical area, the diffusion of vaccination, and the risk factors . Chronic HBV infection is one of the major

causes of chronic hepatitis, which may lead to cirrhosis and decompensated liver disease . Beyond the capacity to

induce liver and systemic damage , HBV has a significant oncogenic power, which is linked both to the ability to cause

cirrhosis and to viral-induced genetic changes . The course and outcomes of the infection depend on several virus–host

interactions, responsible for the tendency to become chronic and to potentially generate a tumor, in particular

hepatocellular carcinoma (HCC) . Several mechanisms have been hypothesized through which HBV would be able to

escape its host’s defense, integrate its DNA, and induce changes in the host. HBV–host interactions are responsible for

the inability of current therapies to eradicate the infection. An adequate knowledge of these mechanisms appears crucial

in order to identify new therapeutic targets and to overcome the limits of existing treatments.

2. From Infection to Viral Persistence

HBV is a virus belonging to the Hepadnaviridae family, characterized by an incomplete double-stranded circular DNA

included in an enveloped virion . It can be repaired by an endogenous DNA-polymerase, which can incorporate

nucleotides into the genome. Transmission occurs parenterally, and we can find the virus in potentially every body fluid,

with a higher concentration in the blood and exudates and a lower concentration in saliva, semen, and vaginal secretions

.

2.1. HBV Replication in the Host Cells

HBV entry into the cell is mediated by a low-specificity binding between hepatitis B surface antigen (HBsAg) and heparan

sulfate proteoglycans (HSPGs) present on the surface of the hepatocyte (Figure 1) .
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Figure 1. Schematic representation of the HBV life cycle and mechanisms of genomic integration.

This low-affinity binding creates the conditions for a high-affinity interaction between a specific domain of HBV envelope

and the sodium taurocholate co-transporting polypeptide (NTCP), which serves as a functional receptor for HBV .

NTCP is a bile salt transporter located predominantly on the hepatocyte basolateral membrane. Probably, the same co-

transporter has a main role also in the interaction with hepatitis D virus (HDV) . These interactions are followed by the

endocytosis of the virion, which enters the hepatocytes favoring the cytoplasmic release of the HBV nucleocapsid and its

transport to the nucleus . The viral genome is in the form of relaxed circular DNA (rcDNA), but, once released from the

nucleocapsid, it is converted into covalently closed circular DNA (cccDNA) by some host DNA repair systems, including

tyrosyl-DNA-phosphodiesterase 2 (TDP2) and polymerase kappa (Pol-K) . cccDNA is a much more stable version of

the viral genome, comparable to a small chromosome. Spliceosome associated factor 1 (SART1) has been recently

identified as host factor able to inhibit HBV cccDNA transcription and as potential therapeutic target . cccDNA encodes

for six RNAs, which leave the nucleus and produce structural and non-structural viral proteins . In particular, cccDNA

acts as a template for the transcription of messenger RNAs (mRNAs) and pregenomic RNAs (pgRNAs). pgRNA and the

viral polymerase are rewound together in the viral capsid. Viral replication occurs within these nucleocapsids by reverse

transcription of pgRNA. In this process, numerous intermediate products are generated, and their roles are still little

known . The result of the reverse transcription is the production of rcDNA (usually present in about 90% of virions) or,

less frequently, double-stranded linear DNA (dlsDNA, present in about 10% of virions) depending on whether it occurs or

not a specific RNA primer translocation event . At this point, nucleocapsids, containing both rcDNA and dslDNA, can be

enveloped and can either be released from hepatocytes as infectious virion or return to the nucleus to amplify the pool of

cccDNA molecules . Hepatitis B core-related antigen (HBcrAg) is strongly correlated with the intrahepatic cccDNA

reservoir . The stability of cccDNA in nuclei of hepatocytes represents a key determinant of HBV persistence. Overall,

HBV has developed a cloaking strategy that avoids recognition by the innate immune system, allowing it to replicate and

spread within the liver.

2.2. Integration of Viral Genome

HBV DNA integration in the host genome is a central step in the pathogenesis of viral persistence, liver damage, and

oncogenesis (Figure 1), although it is not crucial in the viral life cycle and does not produce replicative viruses . It is

detectable in hepatocytes, even before the development of liver damage . Indeed, its integration occurs in all stages

of the disease, starting from the very first days of infection .

If the reverse transcription process mainly results in the production of rcDNA, in a minority of cases, it determines the

production of virions containing dlsDNA (Figure 1) . The rate of production of rcDNA or dlsDNA can vary in relation to

their respective viral infection stages, with the proportion of dlsDNA tending to progressively increase during the

development of HBV-related liver diseases . Instead of being converted into cccDNA, the HBV genome present in

dslDNA-containing virions can integrate into the host cell genome . Through animal models, Bill et al.  demonstrated

that viral DNA integration occurs at the level of double-stranded DNA breaks in the host cell genome. Unlike retro-viruses,

the integration of the HBV genome occurs without the involvement of viral protein-mediated pre-integration complexes .

Instead, the role played by the error-prone non-homologous end joining (NHEJ) DNA repair pathways  and by the

regulatory Hepatitis B virus X (HBx) protein  in the integration processes appears crucial. The latter promotes

transcription of the extrachromosomal viral genome through the inhibition of the structural maintenance of chromosomes

(Smc) complex Smc5/6.
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The role of integration of the viral genome into the host genome has not yet been fully elucidated. If cccDNA serves as

virally replicative template, some rearrangements make the integrated form of HBV unable to perform replicative functions

. Indeed, although cell lines derived from integrated HBV DNA are able to express functional HBsAg, they are unable to

support viral replication and produce infectious viruses . It has been hypothesized that the integration of HBV DNA into

the host cell genome may play a role in the pathogenesis of liver damage and especially in the mechanisms of viral

persistence and carcinogenesis. In particular, HBV integration is a significant source of HBsAg expression during chronic

infection . Indeed, HBsAg seems to be expressed not only by cccDNA, but also by HBV DNA integrated into the host

genome, which was the dominant source in hepatitis B e antigen (HBeAg)-negative infections. Since high levels of

circulating HBsAg correlate with virus-specific tolerance  and HBV integration , this source of HBsAg could represent

a viral strategy to maintain chronicity in the presence of host immune-surveillance . In fact, a high level of HBsAg

secretion could have an immunosuppressive effect on one hand and, on the other, act as a decoy for the antibody

response, altogether allowing the virus to escape immunological control .

The integration of the viral genome into that of the host cell would also have a significant role in the mechanisms of

oncogenesis, discussed in the next section.

Since integration processes occur in an early phase of viral infection , inhibition of reverse transcription by nucleoside

analogues does not appear to impact viral integration into the host cell genome . Tu et al.  tried to identify some

points where it is possible to intervene to prevent integration, using different classes of drugs. Surprisingly, Myrcludex-B

(Myr-B, an NTCP-inhibitor) was the only drug that demonstrated a significant reduction in DNA integration, hindering virion

entry into the hepatocyte.

2.3. HBV and Host Immune System

The interactions between HBV and the host’s immune system play a crucial role both in the possibility of viral clearance

after acute infection (or vice versa in infection chronicization) and in development of liver damage. The outcome of most

infections is strongly determined by the effectiveness of the HBV-specific adaptive immune cell response.

The immune response to virus contact is different in relation to the age of the host and the competence of the immune

system. Over 95% of immunocompetent subjects who contract HBV in adulthood develop a self-limited infection. After the

acute phase, the immune system effectively eliminates the virus. Conversely, most infections acquired in infancy or early

childhood become chronic . In these processes, the adaptive immune response (CD4+ and CD8+ T cell responses, as

well as neutralizing antibodies) is significantly more involved than the innate one . In particular, HBV-specific CD8+ T

cells are the main effectors of viral clearance in cases of infection resulting in healing through killing of infected

hepatocytes and production of antiviral cytokines (interferon-γ, IFN-γ and tumor necrosis factor, TNF) . HBV-specific

CD4+ T cells instead act by inducing and favoring the persistence of CD8+ T cell and antibody responses . In

chimpanzee models, an early HBV-specific CD4+ T cell response was predictive of viral clearance, and the depletion of

CD4+ T cells results in HBV persistence . Viral persistence and the development of chronic liver injury would reflect the

dysregulation of these adaptive immune responses . Furthermore, the expression of HBsAg by the viral genome

integrated into that of the host is likely able to trigger dysfunctional T cell responses and promote immune-mediated liver

injury .

In a pioneering study, Wieland et al.  showed that, in an early stage of infection, there is no robust host response

through induction of CD3, IFN-γ, or 2′5′ oligoadenylate synthetase (2′5′ OAS) mRNA, suggesting that viral infection is not

detected by the host immune system at an early stage. The authors were also able to demonstrate the limited role of

CD4+ cells (whose depletion did not seem to change the natural history of acute infection) and, conversely, the

importance of CD8+ cells (whose depletion prolonged the duration of the infection and delayed the viral clearance) .

These data are in contrast with what was subsequently highlighted by Asabe et al. , who indicate that the CD4+ T cell

response is crucial in the initial stages of the infection. Indeed, early CD4+ T cell depletion would result in viral

persistence, whereas no impact on infection course was demonstrated for CD4+ T cell depletions obtained six weeks after

inoculation. With respect to the CD4+ T cell response, robust data demonstrate the crucial role in viral clearance of CD8+

T cells as major players in the adaptive immune system. Isogawa et al.  used transgenic mice to show that, although

there is a rapid expansion of HBV-specific CD8+ T-cells in response to infection, they do not rapidly differentiate into

effector cells. Thus, an adequate production of IFN-γ and the formation of an immune memory are lacking. Recognition of

HBV antigen by naïve CD8+ T cells initiates transcriptional and chromatin changes that result in an overall dysregulated T

cell phenotype . For this reason, the cells produced were defined as “exhausted”. The lack of differentiation towards

effector cells could be favored by the activation of programmed cell death protein 1 (PD-1), which binds to its own ligand

(PD-L1), causing cellular inhibition. Indeed, agonistic anti-CD40 antibodies are able to inhibit PD-1 induction and restore T
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cell effector function . A central role in these processes also seems to be played by interleukin-2 (IL-2). The

administration of IL-2 is indeed able to neutralize the dysfunction of HBV-specific CD8+ T cells . Although the

mechanisms by which this occurs are still unproven, during acute HBV infection, high local IL-2 levels may promote an

efficient HBV-specific CD8+ T cell response. Since the depletion of CD4+ T cells seems to prevent effective priming of

CD8+ T cells and favor the persistence of the infection , it is plausible that CD4+ T cells could be a possible source of

IL-2 . However, the response of HBV-specific CD4+ T cells is not detectable before the peak of viraemia, when the

virus has already infected most of the hepatocytes . Thus, the late triggering of the CD4+ T cell response would not be

able to support the development of quantitatively and qualitatively effective CD8+ T cells, favoring viral persistence.

Recent evidence also underlines the role of the JAK/STAT system and bone marrow stromal antigen 2 (BST2), a key gene

for the production of IFN induced by cells that express CD40 . Similar pathways are those involving cytotoxic T-

lymphocyte associated antigen 4 (CTLA-4), T-cell immunoglobulin, and mucin domain-containing protein (Tim-3) 

, making the modulation of the adaptive immune system one of the major targets for future therapeutic approaches.

The effectiveness of the adaptive response and the potential development of a chronic infection depend on the complex

interaction between viral and host-related factors. “Tolerance” mechanisms explain the relationship between HBV and

adaptive immune system and the virus’ ability to cause chronic disease and are inherent in the physiological behavior of

the intrahepatic immune environment. In fact, in the liver, the antigen presentation (not only related to HBV infection), if

modest, can determine T-cell inactivation, as well as tolerance and apoptosis of immune cells (lymphocytes, natural killer,

NK and dendritic cells, DCs) . Thus, intrahepatic presentation of the antigen by itself triggers negative regulatory

signals that prevent functional differentiation of naïve CD8+ T cells. These mechanisms fulfill the need to maintain

immunological silence to harmless antigenic material in food. The silencing of T-cell response could explain the tolerance

towards numerous pathogens. In the setting of HBV infection, tolerance mechanisms could be related to the intensity of

antigen presentation. In particular, a strong viral antigenic stimulus is necessary for an adequate T-cell response to be

established, while a slow and long-lasting presentation can lead to inadequate immunity. Indeed, robust CD8+ T cell

responses are required for the clearance of HBV. Viral genetic variation and type I IFN signaling determine the magnitude

of HBV-specific CD8+ T cell responses by regulating the initial antigen expression levels . Excessive inhibition of HBV-

specific CD8+ T cell responses induced by type I IFN signaling could, therefore, favor viral persistence. However, the

correlation between intensity of antigen presentation and tolerance mechanisms has not been demonstrated in other

studies .

Some viral components are believed to play a role in promoting tolerance of the immune system towards HBV. HBeAg

could favor HBV chronicity by functioning as an immunoregulatory protein, playing a central role in the persistence of

infection . In particular, in models of horizontal transmission (from mother to child), HBeAg appears to affect hepatic

macrophages and attenuate the HBV-specific CD8+ T response . Similarly, HBsAg could also favor immune tolerance

mechanisms. Elevated levels of circulating HBsAg  and/or a long duration of HBsAg exposure  have been shown to

negatively influence the responses of HBV-specific B and T cells. HBsAg could induce a tolerogenic phenotype both in

DCs, whose action is central in the induction of T-cell responses, as well as in monocytes/macrophages . In

apparent contrast to this hypothesis, however, the dysfunctional immune response would not tend to return to normal after

HBsAg clearance . In addition to the role played by viral antigens (HBeAg and HBsAg), it is assumed that the

presence of specific HBV mutations can influence the immune response against the infection . One potential source of

such mutations involves the family of APOBEC3 (apolipoprotein B mRNA-editing catalytic polypeptide-like 3) deaminases,

which has demonstrated notable relevance, as it is able to catalyze mutations in both pathogen and human genomes .

During chronic HBV infection, host APOBEC3 enzymes can determine both an increase and reduction of these mutations

in relation to the overexpressed antiviral factor . However, some data indicate that, although the CD8+ T cell response

may be inhibited by mutations in the viral epitopes, a preferential selection of T cells able to overcome the inhibitory effect

of such mutations may occur during chronic infection .

Although it does not play a predominant role, the innate immune system also contributes to defense mechanisms against

HBV, in particular through interferon-λ (IFN-λ) and NK and natural killer T cells (NKT) . Notably, IFN-λ and IFN-λ-

stimulated genes (ISGs) are induced in primary infection , resulting in the inhibition of viral replication . Other types

of interferon have a role in the suppression of HBV replication, such as IFN-α/β and IFN-γ, which are produced by

different types of both parenchymal and non-parenchymal cells, such as NK and NKT . Some data suggest that

tool-like receptors (TLRs) play a central role in the activation of these cells . In animal models, TLR7 agonist was able

to activate NK, NKT, and T-cells with a consequent suppression of viral replication . TLR8 can activate NK CD56 bright

cells and mucosal-associated invariant T (MAIT) cells, which can produce a large amount of IFN-γ . Finally, an

interesting series of studies links TLR9 to improved viral clearance through the formation of intrahepatic myeloid-cell

aggregates. In mouse models, these stimulate the local proliferation of CD8+ T cells, enhancing the immune response

towards the infection . Subsequently, it was observed that the use of TLR9 agonists, through the same pathway, are
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able to reduce the growth of the liver tumor . Unlike other TLRs, TLR2 appears to support, rather than counteract, viral

persistence . However, HBV has evolved strategies to counter TLRs responses, thus limiting adaptive immunity and

facilitating viral persistence . In fact, the poor innate immune response following HBV infection suggests that the virus

is able to escape these mechanisms and alter type I IFN immune responses in hepatocytes . In particular, both HBV

DNA polymerase  and HBx protein  could inhibit the induction of IFN-β, whereas HBeAg  could suppress the

expression of TNF-α in peripheral blood mononuclear cells. Furthermore, Li et al.  showed that some viral antigens

(especially HBcrAg) could favor HBV persistence by suppressing the response of CD8+ T cells and upregulating the

expression of TLR2 in liver Kupffer cells. Finally, the NK cell-mediated response is also impaired during chronic HBV

infection. Indeed, NK cells appear unable to ensure adequate production of IFN-γ and, consequently, to mediate

cytotoxicity .
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