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Abstract:



Chronic hepatitis B virus (HBV) infection continues to be a major health burden worldwide; it can cause various degrees of liver damage and is strongly associated with the development of liver cirrhosis and hepatocellular carcinoma. The molecular mechanisms determining HBV persistence are not fully understood, but these appear to be multifactorial and the unique replication strategy employed by HBV enables its maintenance in infected hepatocytes. Both the stability of the HBV genome, which forms a stable minichromosome, the covalently closed circular DNA (cccDNA) in the hepatocyte nucleus, and the inability of the immune system to resolve chronic HBV infection are believed to be key mechanisms of HBV chronicity. Since a true cure of HBV requires clearance of intranuclear cccDNA from infected hepatocytes, understanding the mechanisms involved in cccDNA biogenesis, regulation and stability is mandatory to achieve HBV eradication. This review will summarize the state of knowledge on these mechanisms including the impact of current treatments on the cccDNA stability and activity. We will focus on events challenging cccDNA persistence in dividing hepatocytes.
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1. Introduction


Liver disease associated to persistent infection with hepatitis B virus (HBV) continues to be a major health problem of global impact. Even if HBV is not directly cytopathic for the infected cell, the infection leads to a wide spectrum of liver disease spanning from acute resolving to chronic infection with different grades of hepatitis, which often progresses to liver cirrhosis and hepatocellular carcinoma [1]. In spite of the existence of an effective vaccine, at least 240 million people are estimated to be chronically infected worldwide and treatments enabling to cure chronic HBV infection are currently not available. Chronic infection with HBV is characterized by the persistence of the episomal viral genome, the covalently closed circular DNA (cccDNA), which forms a stable minichromosome in the nuclei of infected hepatocytes. Both the longevity of the cccDNA and the inability of the immune system to mount effective immune responses against the virus appear responsible for the failure of viral clearance and relapse after treatment cessation. Thus, to achieve a true cure of chronic HBV infection, cccDNA needs to be eliminated from infected hepatocytes. Understanding the role of the cccDNA in HBV maintenance, learning about cccDNA formation, its transcriptional regulation, turnover and intracellular stability will be fundamental to find a cure.




2. HBV Infection and cccDNA Establishment


The hepatitis B virus is a small blood-born pathogen transmitted by percutaneous exposure to infected blood or body fluids. Through the bloodstream, the virus reaches the liver to infect the hepatocytes, which are the only target cells susceptible for infection. Thus, characteristic of HBV is its high tissue and species specificity, as well as a unique genomic organization and replication mechanism. Upon cell entry, which involves an irreversible binding of the virion to the hepatocyte-specific receptor, the Na+-taurocholate cotransporting polypeptide (NTCP) [2], the viral genome needs to be transferred to the hepatocyte nuclei to establish a productive infection. Of note, the steps following viral entry are still poorly characterized. However, in vitro studies showed that they involve endocytosis and microtubule-mediated transport of the nucleocapsids to the nuclear envelope [3]. Through interactions with nuclear transport receptors and adaptor proteins of the nuclear pore complex, the capsids eventually disintegrate permitting the release of both core capsid subunits and of the relaxed circular HBV DNA (rcDNA) genome [4].



Although the mechanisms permitting the conversion of the incoming rcDNA form to the supercoiled cccDNA molecule remain largely unknown, they appear to take place via a multi-step process and to require the cellular DNA repair machinery [5,6]. First, the covalently attached viral polymerase needs to be removed, a process leading to the formation of a protein-free rcDNA (PF-rcDNA) intermediate that may even persist in infected cells [7]. CccDNA synthesis further requires the removal of an RNA primer from the positive strand, removal of terminally redundant sequences from the negative strand, and repair of the incomplete positive strand before both DNA strands are ligated [8]. Thus, the establishment of the episomal, plasmid-like form of the HBV genome relies on specific interactions with distinct cellular components, such as the DNA polymerase κ which was shown to contribute substantially to the completion of the positive strand DNA in rcDNA [9]. Another study demonstrated that the cellular DNA repair enzyme tyrosyl-DNA-phosphodiesterase 2 (TDP2) can release the covalently bound viral polymerase from HBV and duck hepatitis B virus (DHBV) rcDNA in vitro, and a physiological role in cccDNA formation was suggested because human cells with a stable knock down of TDP2 expression significantly slowed down DHBV rcDNA to cccDNA conversion. This phenotype was confirmed in TDP2 gene knockout cells [10]. However, human HBV was still able to infect a susceptible version of these knockout cells, indicating that TDP2 is at least not essential for HBV cccDNA formation [11]. Identifying all host factors determining the dynamics of cccDNA formation as well as HBV entry will be thus crucial to progress in the development of curative therapeutic approaches.




3. CccDNA Activity and Pool Size


Within the nucleus, the cccDNA interacts with histone and non-histone proteins resembling cellular chromatin [12]. In the same way as gene transcription is regulated in host chromatin, cccDNA transcription, which is under control of two enhancer elements and four distinct promoters, relies on the activity and dynamic interplay of numerous transcription factors, co-activators, co-repressors and chromatin modifying enzymes [13]. The cccDNA bears numerous binding sites for ubiquitous and liver-specific transcription factors and transfection studies in hepatoma cell lines indicated their involvement in the transcription of viral RNAs [14]. Nevertheless, knowledge of the molecular mechanisms regulating cccDNA activity in infected primary hepatocytes is still limited. In hepatoma cell lines, cccDNA transcription seems to be regulated by the acetylation status of cccDNA-bound H3 and H4 histones and, indeed, in HBV-infected patients, histone hypoacetylation and histone deacetylase 1 recruitment onto the cccDNA correlates with low HBV viremia [15]. Using a sophisticated chromatin immunoprecipitation sequencing approach, Tropberger and colleagues mapped post-translational histone modifications across the entire HBV genome in HBV-infected HepG2-NTCP cells, primary human hepatocytes and liver biopsies revealing an unusual chromatin organization [16]. Even though distribution and levels of active histone modifications are comparable to cellular chromatin and are enriched at HBV promotors, there is an underrepresentation of repressive marks even at silent promotors. Given the remarkably different organization of the viral genome—such as its circular conformation, its small size and compact organization of transcripts and regulatory elements—it is not surprising to find distinct differences also in its epigenetic regulation. The precise nature of these differences and whether its epigenetic regulation will be amenable to therapeutic intervention remains an open question. Apart from cellular factors, viral proteins were also shown to be associated with the cccDNA. The viral core protein appears to be a structural component of the cccDNA minichromosome responsible for the reduced nucleosomal spacing on the cccDNA compared to cellular chromatin [17]. Thus, core proteins might also be involved in the regulation viral transcription. In addition, the non-structural regulatory hepatitis B virus X protein (HBx) was shown to be recruited to the cccDNA minichromosome [18] and to be required to initiate cccDNA-driven transcription of the viral RNAs [19]. Moreover, recent studies showed that HBx mediates the degradation of the ‘structural maintenance of chromosomes’ (Smc) complex Smc5/6 [20,21]. By binding to the damaged DNA binding protein 1 (DDB1), HBx can promote the interaction of smc5/6 with a component of the ubiquitin proteasome system, the E3 ubiquitin ligase named Cul4, to trigger ubiquitination and degradation of the smc5/6 complex. Being involved in chromosome organization and DNA repair, the Smc5/6 complex, suspected of binding to the cccDNA, may act as a host restriction factor suppressing cccDNA transcription. Altogether, these studies show that not only the cellular transcriptional machinery but also the non-structural HBx protein plays a key role in cccDNA regulation.



Through the establishment of a cccDNA minichromosome in infected hepatocytes, viral replication may initially occur without raising the attention of intrinsic antiviral defense mechanisms [22,23,24]. The cccDNA is the template of transcription for five viral RNAs necessary for the production of the viral antigens and for viral replication, the latter of which takes place in the cytoplasm after reverse transcription of an over-length pregenomic RNA (pgRNA) within newly formed nucleocapsids [25]. Mature, rcDNA-containing nucleocapsids are then enveloped and secreted into the bloodstream as progeny viruses. HBV appears to have developed sophisticated strategies enabling the virus to camouflage its genome as a minichromosome, hijacking the cellular transcriptional machinery for its replication needs, and concealing the production of new virions inside the nucleocapsids and hence does not offer many possibilities to the host to recognize the infection.



The transcriptional activity of the cccDNA can be determined by measuring pgRNA contents in the liver. To avoid the need for liver biopsies, circulating antigens can serve as serum markers for cccDNA activity to assess disease progression or treatment response. Among them, core related antigen and viral RNA have become attractive candidates in the last years (as reviewed in [26]). In addition to DNA containing viral capsids, HBV RNA is present in the serum of chronically HBV-infected patients most likely as pregenomic RNA encapsidated and enveloped in virus-like particles. Serum pgRNA was shown to reflect the amount of pgRNA present in the whole liver and hence its amount in serum may serve as surrogate marker to estimate the presence of transcriptionally active covalently closed circular DNA [27,28,29].



Infection studies performed in ducks and woodchucks with their respective HBV-related hepadnaviruses (DHBV and woodchuck hepatitis virus—WHV), revealed that cccDNA may be also established from newly synthesized rcDNA-containing nucleocapsids that are imported into the cell nucleus to build up a cccDNA pool (intracellular recycling). It is worth noting that this mechanism of intracellular cccDNA amplification was shown to play a major role in the early phases of infection of duck and woodchuck hepatocytes, where a high copy number of cccDNA molecules is generally detected (1–17 molecules/cell in ducks [30] and up to 50 molecules/cell in woodchucks [31]). In contrast, in vitro studies indicated that in comparison to HBV-related viruses, cccDNA formation and intracellular cccDNA amplification are less efficient in human cells [32,33]. A sophisticated experimental study involving cross-species transfection experiments provided evidence that HBV converts the rcDNA into cccDNA less efficiently than DHBV in the same human cell background [33], suggesting that not only the host but also the virus itself controls cccDNA dynamics and cccDNA pool size in infected human hepatocytes. This may also in part explain the lower number of cccDNA copies per cell frequently detected in patients [34,35,36] in comparison to woodchucks and ducks. Quantification of the exact number of cccDNA copies per cell, however, is very challenging because of possible variations from cell to cell or in different phases of the infection. Studies in woodchucks and ducks usually involve livers where infection is unrestricted and every hepatocyte is infected, while in patients only a proportion of hepatocytes appears to be infected. Nevertheless, in HBV-infected human liver chimeric mice with unrestricted infection of every hepatocyte, cccDNA counts per cell remain low (mostly just 1 to 3 copies/cell) even after long-term infection [37,38,39]. By employing humanized mice, we previously observed that intracellular cccDNA amplification mostly depended on new rounds of infection because treatment with the HBV entry inhibitor Myrcludex-B started in the spreading phase of infection efficiently blocked the increase of cccDNA per cell [40]. In this experimental setting, treatment of mice harboring low amounts of infected cells with Myrcludex-B not only blocked efficiently intrahepatic viral dissemination, but also appeared to hinder the increase of cccDNA contents in human hepatocytes that were already infected. Since increase of the cccDNA pool occurring via intracellular cccDNA amplification should have led to a detectable increase of total intrahepatic cccDNA amounts even in the absence of new infection events, we concluded that cccDNA amplification within already infected human hepatocytes barely took place in humanized mice in the absence of NTCP-mediated entry of new virions. Although this could be related to the model, the maintenance of a low cccDNA copy number per cell is in agreement with previous studies in human cells involving different systems [41]. In summary, these studies point out an unexpected contribution of the virus itself regarding its capacity to form the cccDNA and control its pool size.




4. HBV Treatment and Impact on the cccDNA


The half-life of the cccDNA has not been clearly defined. However, distinct in vitro studies indicated that the viral minichromosome is very stable in non-dividing human hepatocytes, where it appears to survive for the life span of the cell [31,42]. Thus, elimination of the cccDNA from the infected liver represents a major challenge and it seems to require either the destruction of the infected hepatocytes or the induction of substantial cccDNA destabilization.



Currently approved treatments based on nucleoside analogs (NAs) effectively inhibit HBV reverse transcription leading to the reduction of viremia even below detection limits, but they do not target directly the cccDNA. Consequently, long-term antiviral therapy is needed to achieve significant reduction of the cccDNA pool [36,43,44,45,46,47,48,49]. In a large cohort of human immunodeficiency virus (HIV)-HBV co-infected patients under long-term tenofovir treatment, a continual decrease of cccDNA was observed progressing with a half-life of approximately 26 months in HBeAg-negative and nine months in HBeAg-positive patients [49]. The reasons for this cccDNA decrease are not entirely understood but will likely be caused by multiple factors such as the lack of incoming viruses from the blood and insufficient recycling of viral nucleocapsids to the nucleus due to the strong inhibition of viral DNA synthesis in the cytoplasm. Despite the absence of detectable viremia, cccDNA persistence within the hepatocytes is the reason for the relapse of viral activity after cessation of treatment with polymerase inhibitors in chronically infected individuals. Interestingly, recent studies showed that the occurrence of a transitory hepatic flare after stopping long-term nucleoside therapy was beneficial to treatment outcome in chronically HBV-infected patients [50,51]. It seems plausible that the abrupt stop of treatment in some individuals with long-term nucleoside/nucleotide analog (NA) therapy and the concomitant restoration of viral replication, might lead to the activation of the immune system resulting in the recognition and destruction of HBV-infected cells. According to this scenario, cell killing occurring during hepatic flares could significantly contribute to reduce cccDNA and viral antigen levels, both of which may be instrumental to gain immunological control.



Both cytopathic and non-cytopathic, cytokine-mediated mechanisms appear to contribute to cccDNA clearance [52,53,54,55] and cytokines involved in anti-HBV immunity were shown to inhibit HBV replication and even promote cccDNA destabilization [37,54,56,57,58,59,60]. Among these, interferon α (IFN-α), which is also used for the treatment of chronic HBV infection, was shown to accelerate pgRNA degradation and core particle decay in HBV transgenic mice [61,62,63,64]. Furthermore, experiments performed in vitro and in HBV-infected humanized mice revealed that IFNα can lower the levels of both pregenomic and subgenomic HBV RNAs by inducing epigenetic modifications of the histones bound to the cccDNA minichromosome [65]. In line with these observations, Chromatin Immunoprecipitation-Sequencing (ChIP-Seq) experiments demonstrated a reduction of active histone marks upon IFN-α administration, which could be recapitulated with a small molecule inhibitor of the responsible histone acetyltransferase indicating that reduced HBV replication and reduced levels of active histone marks are functionally linked [16]. These studies showed that by targeting cccDNA transcription, IFN-α can directly contribute to the decline of viral antigen amounts (HBeAg, HBsAg). Moreover, IFN-α administration was also shown to promote partial cccDNA degradation through the up-regulation of cytidine deaminases and nuclear factor κ-light-chain-enhancer of activated B cells (NFκB) pathways [54]. In patients, one year of combination therapy with polymerase inhibitor and IFN-α was shown to induce a stronger cccDNA reduction (2-log) than monotherapy with polymerase inhibitors alone [43,44]. However, despite such encouraging experimental evidences, interferon treatment induces immune clearance in only a minority of individuals [37,54,60,65]. As a consequence, HBV surface antigen (HBsAg) seroconversion rates remain low and the infection typically relapses after treatment cessation. Moreover, IFN-based therapy is often associated with systemic side-effects and contraindications, which represents a major drawback of this treatment.




5. The Contribution of Cell Division to HBV Resolution


HBV infection in immunocompetent adults generally results in a self-limited, transient liver disease, where viral control is achieved in more than 95% of adults. In general, resolution of infection typically requires effective viral recognition and concerted induction of innate and adaptive immune responses. Animal and clinical studies have demonstrated that in acute self-limited HBV infection, the CD8+ T cell and CD4+ T cell responses to HBV proteins are strong, polyclonal and multi-specific [66], whereas in chronic HBV infection immune responses appear weak and narrowly focused [67].



Immune CD8+ T cells and natural killer cells have the capacity not only to destroy the cccDNA together with the infected cell but also to induce proliferation of neighboring hepatocytes to compensate for the cell loss [67]. According to this scenario, studies in ducks that were treated with polymerase inhibitors indicated that cccDNA reduction was more profound in animals displaying higher hepatocyte proliferation rates [68]. Similarly, a significant cccDNA decrease was determined in cultured woodchuck hepatocytes infected with WHV when cell turnover was induced by cellular growth factors and viral replication was suppressed by NAs [42]. Based on data obtained in the growing livers of DHBV-infected ducklings treated with a nucleoside analogue a substantial proportion of cccDNA appeared to survive mitosis. However, because of considerable duck-to-duck variations and possibly incomplete inhibition of reverse transcription, a partial or even complete loss of cccDNA at mitosis could not be excluded in some of the animals [69]. Thus, studies with patient liver biopsies [70] and most animal hepadnavirus studies [55,68,69] pointed out an inverse relationship between hepatocyte turnover and cccDNA loads. Furthermore, the identification of uninfected cccDNA-negative cell clones containing “traces” of the infection in the form of viral integration demonstrated that cccDNA clearance without cell destruction can occur in chronically infected livers [71,72]. Thus, although the cccDNA minichromosome is very stable in non-dividing hepatocytes [31], killing of infected cells may be essential not only to eliminate infected cells but also to induce hepatocyte proliferation compensating for the loss of hepatocyte mass and leading to cccDNA destabilization in dividing hepatocytes. Both cytolytic and non-cytolytic cytokine-mediated mechanisms appear involved in cccDNA clearance during resolution of acute HBV infection, although their relative contributions, as well as the amount of hepatocyte destruction involved, are still debated. In particular, the fast recovery from acute self-limiting infection suggests that additional mechanisms may be involved to explain cccDNA clearance while the liver remains functional.



Because the cccDNA is an extrachromosomal plasmid-like structure lacking centromeres, one could expect that upon hepatocyte division, the cccDNA molecules may become distributed in an unequal way among daughter cells or even get lost during mitosis (see Figure 1) [73,74]. In vitro studies indicated that episomal DNA molecules are mitotically instable and that cytosolic nucleases may be responsible for the rapid disposal of DNA molecules released into the cytoplasm [73]. In DHBV infection, the cccDNA appears to exist in a heterogeneous population of molecules with a full or a half complement of nucleosomes and therefore more condensed or open conformations [12]. It is tempting to speculate that distinct populations of cccDNA will differ in their susceptibility to degradation potentially also during cell division. We recently showed that in vivo proliferation of HBV-infected primary human hepatocytes leads to a strong cccDNA reduction in the liver of human chimeric mice [75]. Remarkably, cell division appeared to cause not only cccDNA dilution among daughter cells but also intrahepatic cccDNA loss. However, complete viral clearance was not achieved since HBV survived in sporadic non-proliferating human hepatocytes. As a consequence, virological markers rebounded as hepatocyte expansion relented in the experimental system used. Viral rebound was due to reinfection of quiescent primary human hepatocytes (PHHs) since treatment with the entry inhibitor Myrcludex-B blocked viral spread and intrahepatic cccDNA accumulation [75]. Notably, cccDNA reduction appeared even stronger in mice treated with the NA lamivudine, suggesting that inhibition of reverse transcription further accelerated cccDNA decrease also by impeding infection of the reforming nucleus by rcDNA-containing capsids still present in the cytoplasm. In any case, both treatments showed that replenishment of the cccDNA pool either via import of rcDNA from the cytoplasm after cell division or via de novo infection through circulating virions could not compensate for the great cccDNA loss provoked by cell division. Consequently, the cccDNA could be efficiently purged from the great majority of PHHs. Nevertheless, the persistence of very few, scattered non-proliferating cells expressing high levels of viral markers (HBcAg and HBV RNA) suggested that HBV infection may hinder cell division [76]. A lower proliferative capacity of hepatocytes was also determined in HBV-transgenic mice during liver regeneration possibly linking this perturbation of liver regeneration to HBV-related pathophysiology [76,77]. Nevertheless, even if apparently a paradox, it is indeed plausible that a decreased proliferative efficiency in the presence of high HBV replication levels may contribute to HBV-related oncogenesis, due to the different mechanisms by which viral components were shown to play a direct role in carcinogenesis [78]. It remains to be determined whether HBV actively inhibits cell division to escape dilution of the cccDNA pool among progeny cells or whether HBV survives in a certain hepatocyte subpopulation, which might be refractory to cell division. Yet, a reduced ability of HBV-positive cells to divide might have important clinical implications, since cells refractory to cell division may serve as reservoir of infection (see Figure 1). Thus, the development of therapeutic strategies efficiently targeting such persisting HBV-producing cells may be fundamental to achieve viral elimination [79]. The strong cccDNA drop caused by cell division suggests that curative therapeutic approaches may necessitate the involvement of controlled destruction of infected cells (i.e., by boosting immune responses) also to promote cccDNA loss in surviving proliferating hepatocytes. At the same time, strategies preventing HBV entry and/or suppressing viral replication would prevent re-infection of cured hepatocytes.


Figure 1. Proliferation of hepatitis B virus (HBV)-infected hepatocytes leads to covalently closed circular DNA (cccDNA) loss; however, HBV-infected cells display reduced proliferation capacities. Schematic illustration of the fate of individual cccDNA molecules during cell division. Shaded cells depict infected cells with active HBV replication. The infinity symbol depicts cccDNA. While proliferating hepatocytes (on the left-hand side) clear the infection through cccDNA dilution and eventually exclusion of cccDNA from the re-forming nucleus, some infected cells seem to be refractory to cell division (right-hand side). PHH: primary human hepatocyte.
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Such findings point out the important role that immune modulating factors play in reducing cccDNA loads and activity. We speculate that both direct killing of infected cells and compensatory proliferation of HBV-infected hepatocytes play a key synergistic role in the process of resolving acute hepatitis. This process might have also been functional in chronically HBV infected patients, which were reported to achieve more beneficial treatment outcomes when the stopping of long-term NA therapy was accompanied with a transitory hepatic flare [50,51,80].




6. Conclusions


In sum, even if elimination of the cccDNA from the infected liver remains challenging and more research is needed to develop therapeutic approaches boosting HBV-specific immune responses or agents directly targeting the cccDNA, cell division appears to be a natural Achilles’ heel in HBV persistence. At the same time, key factors produced by immune cells, like IFNs and tumor necrosis factor α, can further promote non-cytolytic inhibition of HBV replication and contribute to cccDNA destabilization [56]. The fact that even after a resolved acute infection low amounts of cccDNA molecules are detected in the liver of patients [81], raises hope that not the entire intrahepatic cccDNA reservoir needs to be eliminated to gain immunological control and resolve the infection. We hypothesize that if a sufficient amount of HBV-infected cells will be eliminated and even more cccDNA will be degraded through compensatory proliferation and non-cytolytic immune factors, the immune system should be able to resolve chronic HBV infection.
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