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Chronic hepatitis B virus (HBV) infection remains a major health burden worldwide for which there is still no effective curative treatment. Interferon (IFN) consists of a group of cytokines with antiviral activity and immunoregulatory and antitumor effects, that play crucial roles in both innate and adaptive immune responses. IFN-α and its pegylated form have been used for over thirty years to treat chronic hepatitis B (CHB) with advantages of finite treatment duration and sustained virologic response, however, the efficacy is limited and side effects are common. Here, we summarize the status and unique advantages of IFN therapy against CHB, review the mechanisms of IFN-α action and factors affecting IFN response, and discuss the possible improvement of IFN-based therapy and the rationale of combinations with other antiviral agents in seeking an HBV cure.
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Introduction

Hepatitis B virus (HBV) leads to acute and chronic liver diseases that cause over 780000 deaths yearly worldwide and, currently, there are still more than 250 million chronically infected individuals (1). Chronic hepatitis B (CHB) can progress to cirrhosis in up to 40% of untreated patients, and there is an associated risk of decompensated cirrhosis and hepatocellular carcinoma (HCC) (2). There are two main antiviral therapies: nucleos(t)ide analogs (NAs) and pegylated interferon (IFN) α (PEG-IFN-α). NAs effectively control HBV replication but functional cure is rare. PEG-IFN has a limited treatment course and the responders to IFN therapy may maintain a virologic response after drug withdrawal, but its efficacy is still not satisfactory.

IFNs, a group of cytokines firstly described in 1957, are crucial modulators of the immune response against various viruses as well as carcinoma. IFNs are grouped into three types: I (α, β, ϵ, κ, ω), II (γ), and III (λ), based on the types of IFN receptors through which they signal. In humans, IFN-α can be further categorized into 13 different IFN-α subtypes, which all signal through a shared type I IFN heterodimeric receptor complex comprising two IFN-α receptor subunits (IFNAR1 and IFNAR2), and these IFNAR receptor subunits are present on nearly all nucleated cells (3). The IFN-IFNAR complex then activates the JAK-STAT pathway, resulting in the expression of dozens of interferon-simulating genes (ISGs), that function as downstream effectors to control viral replication and regulate immune responses. Here, we summarize the status of IFN-α-based therapy in CHB patients, review the mechanisms of IFN action and factors affecting responsiveness, and discuss the possible improvements in IFN therapy leading toward an HBV cure.



Advantages and Mechanisms of IFN-α Treatment Against CHB

For CHB patients, standard PEG-IFN monotherapy is administered once weekly as a subcutaneous injection for 48 weeks, with advantages of finite treatment duration and sustained virologic response. PEG-IFN resulted in a sustained loss of hepatitis B e antigen (HBeAg) and nondetectable hepatitis in 30% of patients (4). In HBeAg-negative CHB, combination NAs plus PEG-IFN for 48 weeks is safe and could result in greater treatment efficacy than NAs monotherapy (5–7). For patients who achieve virologic suppression with NAs, such as entecavir (ETV), switching to a finite course of PEG-IFN significantly increases rates of HBsAg seroclearance to 20% of those with baseline HBsAg < 1500 IU/ml (8). In contrast, HBsAg seroclearance during NAs monotherapy is low (0-3% after 1 year) (9). Once the HBV genome was inactivated (“inactivate carriers”), HBsAg seroclearance occurred in 40% of those receiving PEG-IFN therapy (10, 11). In addition, treatment by PEG-IFN has been suggested to be associated with a lower incidence of HCC than NAs treatment in chronic HBV infection (12).

IFN-α treatment can induce an antiviral state in hepatocytes by regulating gene expression and protein translation, which exert non-cytolytic antiviral effects in several stages of the HBV life cycle.

First, HBV replicates its DNA genome through reverse transcription of its viral pregenomic RNA (pgRNA), and pgRNA is exported into the cytoplasm. In this process, the expression of APOBEC3 cytidine deaminases can be strongly enhanced by IFN-α simulation to induce extensive G-to-A hypermutations and block HBV DNA replication (13, 14). MX2, which is induced by IFN-α reduces HBV RNA levels by downregulating synthesis of viral RNA (15). IFN-α can also induce TRIM22, which binds to the HBV core promoter region to inhibit its transcription (16). In addition, IFN-α simulates ISG20, which binds to the HBV RNA terminal redundant region to degrade pgRNA (17, 18). IFN-α can also induce MyD88 to accelerate the degradation of pgRNA and promote the expression of MxA to impede HBV RNA nuclear export (19). Of note, HBV infection itself does not induce a significant ISG-mediated response in the liver. Liver biopsy samples from patients with HBV infection do not have higher levels of ISG expressions than those from patients without HBV infection (20). Moreover, recent in vitro studies suggested that HBV does not affect the pattern of ISG expressions induced by polyinosinic:polycytidylic acid (poly I:C) and Sendai virus (21). From this perspective, exogenous IFN-α may play unique roles in activating endogenous antiviral immune responses against HBV.

Second, once HBV delivers its 3.2kb rcDNA genome into the nuclei of hepatocyte, rcDNA can be repaired into the fully double-stranded covalently closed circular DNA (cccDNA) (22), which serves as the template for transcription of all viral mRNA. The HBV cccDNA is organized as a minichromosome in the nuclei of infected hepatocytes with various host and viral proteins, such as histone proteins and HBx (23, 24), and the intrahepatic cccDNA pool is not homogenous but exists as a heterogeneous population of viral minichromosomes (25). Accumulating evidence suggests that cccDNA transcriptional activity is regulated by epigenetic mechanisms (26, 27). HBx binds to the cccDNA and modifies the epigenetic landscape of cccDNA. The cccDNA without HBx expression transcribes significantly less pgRNA (28). Administration of IFN-α resulted in cccDNA-bound histone hypoacetylation as well as active recruitment to the cccDNA of transcriptional corepressors, which included reduction of acetylated histone H3 lysine 9 (H3K9) and 27 (H3K27) and increase in HDAC1 and Sirt1 in cccDNA minichromosomes. IFN-α treatment also reduced the binding of the STAT1 and STAT2 transcription factors to active cccDNA (29, 30). These modifications are associated with reduced transcription of pgRNA and subgenomic RNAs from the cccDNA minichromosome. In addition to regulating cccDNA transcription, recent studies suggested that IFN may induce degradation of cccDNA by inducing APOBEC3A and ISG20 (31, 32). However, it remains unclear how efficient such a mechanism is in the liver and whether cccDNAs in distinct epigenetic states are similar or differ in their sensitivity to IFN and IFN-induced antiviral factors. It is more certain that IFN-α affects cccDNA epigenetic modifications and represses cccDNA transcription, which in turn reduces the replenishment of the cccDNA pool. From this perspective, IFN-α can indirectly lead to subsequent reduction of the cccDNA pool (33). In addition, IFN-α treatment reduces the expression levels of HBx, which has been demonstrated to promote the degradation of the SMC5/6 complex to enhance HBV replication (34, 35), and thus can restore SMC5/6 expression, resulting in sustained cccDNA silence in HBV-infected human liver chimeric mice (36).

HBV-related protein translation and HBV virion secretion are two other processes that can be inhibited by certain ISGs. In the Huh-7 cell-based HBV transfection model (the double-stranded RNA (dsRNA)-dependent protein kinase) was induced by IFN-α treatment and then, reduced the replication-competent viral capsids, whereas the HBV transcripts, including pgRNA, were not affected (37). In addition, the IFN-inducible factor BST-2/tetherin was able to restrict HBV virion secretion. Knockdown of tetherin attenuated the IFN-α-mediated reduction of HBV virion release (38).

Beyond the scope of a single cell, cell-to-cell transmission of viral resistance is also a mechanism for amplifying IFN-α-induced antiviral response. IFN-α can induce the transfer of resistance to HBV from nonpermissive liver nonparenchymal cells (LNPCs) to hepatocytes via exosomes (39–41). Exosomes from IFN-α-treated LNPCs are rich in molecules with antiviral activity. Further studies suggest that macrophage exosomes depend on T cell immunoglobulin and mucin receptor 1 (TIM-1), a hepatitis A virus receptor, to enter hepatocytes for delivering IFN induced anti-HBV activity. Hepatocytes could utilize two primary virus infection endocytic routes (clathrin-mediated endocytosis (CME) and micropinocytosis) and lysobisphosphatidic acid (LBPA) to permit exosome entry and uncoating (42).

In addition to the direct anti-HBV effects, IFNs shape the landscape of the immune system to coordinate various immune cells. IFNs activated macrophages, natural killer cells, dendritic cells (DCs), and T cells. All these activated immune cells secrete a variety of cytokines, such as IL-1β, IL-6, TNF-α, and IFN-γ. Among them, IL-6, IL-12, and IL-15 by DCs were partially induced by IFN-α/β and then modulated B and T cell differentiation (Th1 polarization) and activation (43). IFN-I signaling in plasmacytoid dendritic cells (pDCs) led to altered CD69 and sphingosine-1-phosphate 4 (S1P4) receptor expression, which, in turn, affected pDCs retention in lymph nodes (44). IFN-α/β also enhance the antigen presenting capacity of the APC by increasing MHC class II, CD86, and CD40 expression. Moreover, IFN-α/β help neutrophil survival and strengthen phagocytosis of macrophage and neutrophil. HBV-specific CD8+ T cell are then propagated into the liver, and destructed the infected hepatocytes by perforin-granzymes or surface death receptors such as FAS/FASL, or both (45). This is called “cytopathic mechanism”.

Notably, HBV infection in immunocompetent adults is usually self-limited and transient. Over 90% of adults achieve viral control with strong, polyclonal, and multi-specific adaptive immune responses, such as specific CD8+ and CD4+ T cells, against HBV components (46). During acute HBV infection, most hepatocytes were reported to be infected by HBV. Assuming most infected hepatocytes are destroyed through the cytopathic mechanism, patients will have severe liver trauma, which is rarely seen in the clinic. Thus, “non-cytopathic mechanism” has been proposed to explain this (47). It is believed that non-cytopathic mechanisms allow infected hepatocytes to purge HBV replicative intermediates from the cytoplasm and cccDNA from the nucleus without being killed. Some clues support this notion. First, HBsAg-specific class I-restricted cytotoxic T lymphocytes (CTLs) profoundly suppress hepatocellular HBV gene expression in HBV transgenic mice by a noncytolytic process. This regulatory effect of the CTLs is initially mediated by IFN-α/β, IFN-γ, and TNF-α, which greatly exceeds their cytopathic effects in magnitude and duration (47, 48). Second, in acutely infected chimpanzees, HBV DNA was shown to largely disappear from the liver and the blood long before the peak of T cell infiltration (49). When knocking out one of these key components (T cell, NK cell, Fas, IFN-γ, IFN-α/β, and TNF-α) in the mouse model, hydrodynamically injected HBV-expressing plasmid persisted for at least 60 days, indicating that each of these effectors contributes to eliminate HBV components (50). In addition, proinflammatory cytokines such as IL-6, IL-1β, IL-4, and TGF-β, which could be induced by IFN show antiviral effects in different stages of HBV replication (51). Nonetheless, the non-cytopathic mechanism has not been adequately revealed because of the complexity of the liver immune microenvironment and the lack of an appropriate animal model.

In IFN-mediated control and clearance of HBV infection, it is still uncertain to what extent the direct anti-HBV effects and indirect immunomodulatory effects contribute to the IFN-α-mediated antiviral action. In the HBV-infected humanized uPA/SCID mice model, PEG-IFN-α treatment can induce sustained responsiveness in HBV-infected hepatocytes and trigger substantial HBV antigen decline without the involvement of immune cell response (52). Notably, a poor restoration of immune cell functions was observed in the early phases of IFN treatment (53), but changes in the inflammatory environment in the liver take a long time to develop and cytotoxic CD8+ T cells can be more readily expanded in the blood of treatment responders than nonresponders, indicating the importance of immune cells in HBV control and supporting a role of IFN-based therapy in restoration of the immune system.

One study indicated that the absolute number of CD8+ T cells were strikingly reduced, including CMV-specific CD8 T cells, while CD56bright NK cells were potently expanded in a cohort of HBeAg negative patients receiving PEG-IFN-α therapy. Depleting CD8+ T cells may limit the efficacy of PEG-IFN-α, on the other hand, CD56bright NK cells could enhance anti-HBV efficacy (54). More understanding of the mechanisms of IFN-α action will assist in the improvement of antiviral efficacy.



Factors That Influence IFN Response

HBV has been called a ‘stealth’ virus since it does not induce a significant IFN response in the liver. Besides, sustained off-treatment response to exogenous IFN-α therapy can be achieved only in a minority of CHB patients. Both host and viral factors influence the IFN response during HBV infection and IFN-α therapy (Table 1), some of which could be used as predictors to improve the cost-effectiveness of IFN-α therapy.


Table 1 | Viral and host factors that affect IFN response during HBV infection and IFN therapy.





Viral Factors

Low HBV viral and antigen load is important predictor favoring IFN therapy. The viral load could influence both innate and adaptive immune response pathways, which impairs the response to IFN. In untreated CHB patients, intrahepatic gene expression profiling showed a strong downregulation of the antiviral effector, interferon stimulated genes, and pathogen recognition receptor pathway compared with non-infected controls (92). Although it remains controversial whether the host could detect the virion and express innate and IFN genes during HBV infection (20, 21, 93–97), HBV has developed strategies to counteract the innate and IFN system. HBV particles readily inhibit host innate immune responses upon virion/cell interaction (98, 99). HBV polymerase (Pol) and HBx could block multiple critical innate immune response pathways in hepatocytes, including RIG-I, STING, TRIM22, and IRF (64, 65, 100). HBsAg could inhibit the induction of IFN-α and proinflammatory cytokines such as IL-12, and HBeAg could target and suppress activation of the TLR and related signaling pathway (61, 62, 72). In addition, prolonged exposure of T cells to high quantities of HBV-related antigen, especially HBsAg, is the most likely reason for defective T-cell function in CHB patients (101). The decline of viral load is beneficial for the antigen removal, which allows T cells to rest from antigenic stimulation and might be necessary for reconstitution of functional T-cell responses (102, 103). Moreover, higher HBV replication levels lead to a lower sensitivity of HBV to IFN-α in PHH culture models (55), corresponding to the clinical observation that higher viral load is associated with poor response to IFN-α. In this regard, IFN-based therapy may contribute to the restoration of the immune system by directly suppressing antigen production in infected hepatocytes, in addition to its immunomodulatory effect. On the other hand, the magnitude of HBV-specific CD8+ T cell response is primarily regulated by the initial antigen expression level, and a recent study using the HBV hydrodynamic transduction model suggests that IFN-I signaling may negatively regulated HBV-specific CD8+ T cell responses by reducing early HBV antigen expression (104). Notably, although HBV per se does not activate IFN-I signaling during natural HBV infection, recent studies in chimpanzees and humanized mouse models indicate that IFN-I signaling induced by HCV infection could contribute to HBV control (105, 106).

HBV genotype has been shown to influence the therapeutic response to IFN-α therapy. In HBeAg-positive patients, the SVR was significantly better in genotypes A and B patients than for genotypes C and D that were treated with standard IFN-α (7). In HBeAg-positive Asian populations, HBV genotype B patients are more responsive to IFN-based therapy, whether PEG-IFN-α or standard IFN-α therapy, whereas genotype C patients have a higher likelihood of response to PEG-IFN-α compared to standard IFN-α (107). In HBeAg-negative patients, PEG-IFN-α was less effective in genotypes D and E with an SVR of around 20%. It should be noted that the prevalence of HBV genotypes varies geographically. Although genotypes A to J have been found (108), genotypes A, B, and C are most prevalent in North America (109). Genotypes B and C are the dominant types in East Asia (110). The above clinical statistical conclusions may be influenced by other factors, such as race, lifestyle, and, even, infected period. For instance, genotype A2 was mostly adult acquired whereas genotypes B and C were transmitted at birth or in very early childhood in a large proportion of Asian patients. The differential IFN response observed among these patients might be in part a reflection of transmission-related immune tolerance or host genetic polymorphisms, rather than the viral genotypes. Nonetheless, HBV genotyping is useful in patients being considered for IFN-α therapy (111). Since HBV population in the host usually consists of remarkable genetic heterogeneity and persists in the form of quasispecies, a number of studies have indicated that HBV mutations at baseline might affect IFN response (112, 113).



Host Factors

A series of host factors have been identified as independent predictors of response to IFN therapy including younger age, female gender in HBeAg-negative CHB patients, and high serum alanine transaminase (ALT) levels (≥2-5 upper limit of normal) in both HBeAg-negative and positive patients (56, 76). Although high serum ALT levels may indicate active immune status and eradication of HBV, the mechanism behind its association with response to IFN is worth exploring.

Host genetics is an important aspect affecting the responsiveness to treatments. Interleukin (IL)28B polymorphisms were reported to be associated with IFN-α treatment response in CHB patients. The relationship between IL28B polymorphisms and response to PEG-IFN-α therapy has also been investigated. Among HBeAg-positive patients, three different single nucleotide polymorphisms (SNP) in IL28B were investigated separately: rs8099917, rs12980275, and rs8099917 (94–96). The polymorphisms in rs8099917 showed no difference in response to PEG-IFN-α, while rs12980275 and rs8099917 polymorphisms showed a difference in HBeAg seroconversion rate. Among HBeAg-negative patients, one study enrolled 101 patients treated with PEG-IFN-α therapy for a median of 23 months (79). Most patients were middle-aged men with HBV genotype D, average serum HBV DNA 6.0 log cp/mL, ALT 136 IU/L, and 42% with cirrhosis. The proportion of patients with CC, CT, and TT genotypes for IL28B rs12979860 were 47%, 42%, and 11%, respectively. The rate of serum HBsAg clearance was 29% in CC compared to 13% in non-CC. The C allele of rs12979860 was associated with a higher rate of response in HBeAg-negative patients with genotype D of HBV treated with PEG-IFN-α. However, the power of IL28B polymorphisms to predict the outcomes of IFN therapy remains limited because of various SNPs, patients’ conditions, and duration of treatment.

Given that STAT4 is an important part of the JAK-STAT pathway, SNPs in STAT4 could also be candidates that predict the outcome of IFN-α therapy. Multiple genomic loci, rs7574865, rs4274624, rs11889341, rs10168266, and rs8179673, were shown to be associated with the risk of HBV infections or predictors of PEG-IFN-α therapy (80). For instance, in HBeAg-positive patients, the rs7574865 GG genotype was significantly associated with a reduced sustained virologic response (SVR, defined as HBeAg seroconversion and HBV DNA level < 1000 cp/ml) compared with the GT/TT genotype in patients receiving PEG-IFN-α (18.0% versus 41.2%, P = 9.74×10-5) or IFN-α (21.1% versus 37.2%, P = 0.01) therapy (81). However, meta-analysis cannot validate the correlation between STAT4 rs7574865 and HBV susceptibility or natural clearance (82, 83). To sum up, transferring these genomic approaches to clinical practice to improve pretreatment patient selection is still challenging.

The occurrence of endogenous anti-IFN antibodies is another factor that may be associated with non-response to IFN-α therapy. During IFN therapy, IFN neutralizing antibodies appeared in the serum of 7%~39% CHB patients (88–90). Anti-IFN antibodies lowered the levels of serum IFN bioactivity and may reduce downstream IFN signaling pathways. For patients relapsing during or after IFN treatment, the appearance of anti-IFN antibodies is likely to occur prior to or at the same time as serum HBV DNA loss (88). However, a study retrospectively suggested that the presence of anti-IFN antibodies was not associated with non-response to PEG-IFN-α therapy in CHB patients (91). In this regard, more studies are required to identify the role of anti-IFN antibodies in the process of HBV chronic infection. In addition, since IFN-α can be divided into different subtypes, it would be interesting to know whether the anti-IFN-α antibodies have subtype bias.

Several cell culture systems have been used to study HBV and IFN interaction. For liver cell culture models, there are mainly four types of systems: hepatoma cell lines (such as HepG2 and Huh7) and related strains (such as HepG2-NTCP and HepAD38), bi-potent liver progenitor cell line (HepaRG), primary human hepatocytes (PHH) (114), and induced human hepatocyte-like cells (such as HepLPCs and iHeps) (115–117). Notably, the responses of IFN differ a lot among these models. Among them, PHH is still regarded as the gold standard for hepatic in vitro culture models and is more sensitive to IFN-α than most hepatoma cell lines such as HepG2 or HepG2-NTCP. The expression of ISGs after IFN-α stimulation is partially incompetent in hepatoma cell lines. ISGs including GBP5, GBP1, WARS, and CXCL10, which have been reported to be associated with the IFN-α response in patients (118, 119), are either absent or weakly expressed in HepG2-NTCP cells treated by IFN-α (55).



Strategies to Improve the Efficacy of IFN-Based Therapy

Given the unique advantages of but relatively low response rates to IFN therapy, there is an urgent need to improve its efficacy (Figure 1).




Figure 1 | Predictors and strategies for improvement of the efficacy of IFN-based therapy for chronic hepatitis B.



Massive and persistent transcription of cccDNA contribute to the inhibition of both innate and adaptive immune responses of IFN. This may explain why the decrease in HBV viremia is not seen earlier than 3-4 weeks into IFN therapy and takes several months to reach its maximum (120). Thus, reduction of the viral load before IFN therapy, including HBV DNA and antigen, could be beneficial. Earlier studies showed that concomitant administration of PEG-IFN and NAs resulted in higher rates of on-treatment virologic response but had no advantage on post-therapy response compared with PEG-IFN monotherapy (57). Nonetheless, the addition of PEG-IFN to ongoing NAs therapy or switching from NAs therapy to PEG-IFN monotherapy in virally suppressed patients has shown better outcomes. A prospective study in CHB patients with HBV DNA fully suppressed by long-term NAs treatment showed that the addition of PEG-IFN for a maximum of 96 weeks led to HBsAg loss and cessation of NAs treatment in 6 of 10 patients, with no relapse for 12-18 months of follow up (121). A matched-pair study in HBeAg-positive patients who did not achieve HBeAg seroconversion after NA monotherapy showed that PEG-IFN combined with NA for another 48 weeks achieved more HBeAg seroconversion than continuing NA monotherapy (44% versus 6%) (122). In a randomized open-label trial, switching to a finite course of PEG-IFN significantly increased rates of HBeAg seroconversion and HBsAg loss among patients who achieved virologic suppression with NA therapy (8). Such a treatment concept can provide limited but reliable optimization in current IFN therapy.

Criteria identifying CHB patients who are suitable for IFN therapy is another critical aspect of optimization. Simple and clear guidance is needed to select specific groups of patients. At present, the natural history of CHB has been schematically divided into several phases, mainly focusing on the presence of HBeAg, HBsAg, HBV DNA levels, ALT values, and eventually the presence or absence of liver inflammation. Among them, baseline high ALT and low HBV DNA are the IFN pretreatment predictors of IFN response. Other than these classical biomarkers, novel host factors may potentially help to predict IFN treatment efficacy. For example, baseline quantitative anti-HBc titer has been shown to be a predictor of Peg-IFN efficacy in HBeAg-positive CHB patients (123). In another study, a simplified scoring model composed of miR-210, miR-22, and ALT was used to predict the virologic response of IFN therapy in CHB (124). Environmental factors and individual differences could cause a severe bias towards the accuracy of prediction. Moreover, some commonly used biomarkers, such as HBV DNA and ALT, are time-dependent and the immune states of CHB patients can hardly be reflected in a single test. For those falling into an indeterminate gray area, an explicit decision is difficult. In recent years, several studies indicate that some novel viral parameters have a statistical relationship with the response of IFN therapy, including serum HBV RNA (125, 126), hepatitis B core-related antigen (HBcrAg) (127), and spliced HBV variants (75), which are worthy of further studies in larger cohorts.

Optimization of IFN itself may, as well, be beneficial for improving therapeutic effects (128, 129). PEG-IFN-α2 is one of the most successful modified protein drugs to date. Grafting IFN-α with PEG attenuates renal filtration, and thus, decreases the rate of IFN clearance from serum. Compared with IFN-α2, PEG-IFN-α2 not only reduces the number of injections but also slightly improves the patient compliance and response rates (130). It is worth noting that poly amino acids are a group of unstructured repetitive segments of hydrophilic amino acids whose biophysical properties are similar to PEG including PAS polypeptides and elastin-like polypeptide. They have been widely considered as potential alternatives to PEG for IFN modification because of their excellent biodegradability and relatively simple preparation procedures compared with pegylation (131, 132). Apart from half-life extension, another modification aspect is the reduction of severe side-effects of IFN-α by targeting hepatocytes precisely because IFN-α acts on almost all human nucleated cells evoking a complex reaction pattern when administered systemically. Novel delivery methods that can improve targeting are of particular interest. One strategy is utilizing the metabolic characteristics of the liver by linking moieties with liver tropism to IFN-α. For instance, high-density lipoproteins (HDLs) are generated in the liver and remove cholesterol from peripheral tissues for delivery to hepatocytes. Anchoring IFN-α to ApoA-I, the main protein component of HDLs, promoted targeting to the liver, and therefore, showed increased immunostimulatory properties and lower hematological toxicity (133). In addition, orally administrable low molecular weight agent which can mimic IFN activity has been shown to suppress HBV replication and reduce cccDNA levels (134).

Increasing binding affinity between IFN-α and IFNAR has proved to be an alternative direction to improve the IFN-α biological efficacy. The key point is that a change in the affinity for IFNAR translates differently among pleiotropic activities induced by IFN-α, including antiproliferative, antiviral, and immunomodulatory activities, which means higher therapeutic effects and lower side effects compared with wild type IFN-α (135). Patten and colleagues constructed the IFN-B9X series consisting of 15 mutants by gene shuffling and point mutation (136). All 15 mutants displayed increased antiviral potency without obvious change in antiproliferative activity compared with IFN-α2. A four-residue motif (FLFY) that overlapped with the IFNAR1 binding site greatly improved the binding affinity between IFN-B9X and IFNAR1 contributed significantly to this phenotype (136). The pegylated form of IFN-B9X, which is called IFN-R7025, has exhibited ~50-fold higher anti-HCV activity compared to PEG-IFN-α2a, but only 2- to 10-fold greater antiproliferative activity in vitro (137). However, increasing binding affinity by gene shuffling or point mutation may generate new potential T cell epitopes, which can eventually hinder clinical transformation once it happens (138). IFN-β has the highest binding affinities for both IFNAR1 and IFNAR2. However, IFN-β is more toxic in patients, probably because of its high antiproliferative activity (139), and thus might have a low risk/benefit ratio. Among 13 human IFN-α subtypes, IFN-α2 is most widely applied in clinical investigation and treatment. However, there are studies revealing that other IFN-α subtypes with higher binding affinity towards IFNAR1 may exert better therapeutic effects in treating certain types of virus compared with IFN-α2 (140). IFN-α subtype 14, one of the naturally engineered variants, has been identified as the most potent subtype against HBV. By comparing the regions between IFN-α2 and IFN-α14 that account for the binding of IFN to IFNAR1, a variant comprised of mutations D83E, T87I, Y90F, and R121K (IFN-α2-EIFK), was constructed, which exhibited potent activity in reducing HBs and HBeAg like IFN-α14. Moreover, a concerted IFN-α and -γ response in liver, which could be efficiently elicited by IFN-α14, is associated with potent HBV suppression (141).

In addition to type I IFN, type III IFNs, consisting of four IFN-λ subtypes (IFN-λ1, IFN-λ2, IFN-λ3, and IFN-λ4), has been considered as an alternative in treatment of CHB (142). IFN-III signals through a heterodimeric receptor composed of IFN-λ receptor-1 (IFNLR1) and interleukin-10 receptor subunit beta (IL10RB) (143). IFNLR1 is expressed primarily on epithelial cells, such as hepatocytes, and on select immune cells, including pDCs and some B-lymphocytes, which may indicate better cell-type specific activity (144, 145). One of the most impactful findings about IFN-λ is the strong association of IFN-λ polymorphisms with chronic HCV clearance during the acute stage of infection and of achieving HCV cure with IFN-I-based therapy in chronic infection (146). Unfortunately, the similar association cannot be identified in HBV patients with high confidence and good reproducibility among various studies (147, 148). Although IFN-λ can activate IFN signaling pathways and lower HBV viral load, pegylated IFN-λ1 was less efficient than PEG-IFN-α2 24 weeks post-treatment because fewer patients achieved HBeAg seroconversion (149).



Perspective

All CHB patients are at risk of progression to cirrhosis and HCC. Because of HBV cccDNA persistence and HBV DNA integration into the host genome, it has not yet been possible to eradicate HBV completely with available antiviral agents. Serum HBV DNA and HBsAg loss and sustained intrahepatic cccDNA silencing could significantly reduce the risk of the above hepatic diseases, which can be achieved in a few CHB patients receiving IFN therapy. Given that chronic HBV infection leads to immune injury and tolerance, IFN therapy, as an immune-based approach, has unique mechanistic advantages, compared with NAs, in antiviral immune modulation and may disrupt immune tolerant states. Despite a variety of direct-acting antiviral agents (DAA) targeting various steps of the HBV life cycle are underway, such as HBV entry inhibitor, viral gene expression inhibitor, capsid assembly modifiers, it seems that none of them alone will effectively cure CHB patients in the foreseeable future (150–152). A combination of IFN with these new DAAs may have synergistic effects in CHB. Thus, as discussed above, IFN therapy needs more novel and reliable biomarkers to improve clinical management, and novel combination strategies, and optimization of IFN itself, such as new IFN subtypes and delivery methods, are anticipated to substantially increase the efficacy of treatment for chronic hepatitis B.



Author Contributions

All authors listed have made a substantial, direct, and intellectual contribution to the work and approved it for publication.



Funding

This work was supported by National Natural Science Foundation of China (82022043, 81974304), the Shanghai Rising-Star Program (20QA1400700) and “Fuqing Scholar” Student Scientific Research Program of Shanghai Medical College, Fudan University (FQXZ202109B).



Acknowledgments

The authors thank the funding agencies supporting the work.



References

1. Martinez, MG, Boyd, A, Combe, E, Testoni, B, and Zoulim, F. Covalently Closed Circular DNA: The Ultimate Therapeutic Target for Curing Hepatitis B Virus Infections. J Hepatol (2021) 75(3):706–17. doi: 10.1016/j.jhep.2021.05.013

2. Tang, LSY, Covert, E, Wilson, E, and Kottilil, S. Chronic Hepatitis B Infection A Review. Jama-J Am Med Assoc (2018) 319:1802–13. doi: 10.1001/jama.2018.3795

3. Hoffmann, H-H, Schneider, WM, and Rice, CM. Interferons and Viruses: An Evolutionary Arms Race of Molecular Interactions. Trends Immunol (2015) 36:124–38. doi: 10.1016/j.it.2015.01.004

4. Perrillo, RP. Therapy of Hepatitis B – Viral Suppression or Eradication? Hepatology (2006) 43:S182–93. doi: 10.1002/hep.20970

5. Piccolo, P, Lenci, I, Demelia, L, Bandiera, F, Piras, MR, Antonucci, G, et al. A Randomized Controlled Trial of Pegylated Interferon-Alpha2a Plus Adefovir Dipivoxil for Hepatitis B E Antigen-Negative Chronic Hepatitis B. Antivir Ther (2009) 14:1165–74. doi: 10.3851/IMP1466

6. Bahardoust, M, Mokhtare, M, Barati, M, Bagheri-Hosseinabadi, Z, Behnagh, AK, Keyvani, H, et al. A Randomized Controlled Trial of Pegylated Interferon-Alpha With Tenofovir Disoproxil Fumarate for Hepatitis B E Antigen-Negative Chronic Hepatitis B: A 48-Week Follow-Up Study. J Infect Chemother (2020) 26:1265–71. doi: 10.1016/j.jiac.2020.07.005

7. Marcellin, P, Ahn, SH, Ma, X, Caruntu, FA, Tak, WY, Elkashab, M, et al. Combination of Tenofovir Disoproxil Fumarate and Peginterferon Alpha-2a Increases Loss of Hepatitis B Surface Antigen in Patients With Chronic Hepatitis B. Gastroenterology (2016) 150:134–44.e110. doi: 10.1053/j.gastro.2015.09.043

8. Ning, Q, Han, M, Sun, Y, Jiang, J, Tan, D, Hou, J, et al. Switching From Entecavir to PegIFN Alfa-2a in Patients With HBeAg-Positive Chronic Hepatitis B: A Randomised Open-Label Trial (OSST Trial). J Hepatol (2014) 61:777–84. doi: 10.1016/j.jhep.2014.05.044

9. Revill, PA, Chisari, FV, Block, JM, Dandri, M, Gehring, AJ, Guo, H, et al. A Global Scientific Strategy to Cure Hepatitis B. Lancet Gastroenterol Hepatol (2019) 4:545–58. doi: 10.1016/S2468-1253(19)30119-0

10. Woo, ASJ, Kwok, R, and Ahmed, T. Alpha-Interferon Treatment in Hepatitis B. Ann Transl Med (2017) 5:159. doi: 10.21037/atm.2017.03.69

11. Cao, Z, Liu, Y, Ma, L, Lu, J, Jin, Y, Ren, S, et al A Potent Hepatitis B Surface Antigen Response in Subjects With Inactive Hepatitis B Surface Antigen Carrier Treated With Pegylated-Interferon Alpha. Hepatology (2017) 66(4):1058–66. doi: 10.1002/hep.29213

12. Liang, KH, Hsu, CW, Chang, ML, Chen, YC, Lai, MW, and Yeh, CT. Peginterferon Is Superior to Nucleos(t)ide Analogues for Prevention of Hepatocellular Carcinoma in Chronic Hepatitis B. J Infect Dis (2016) 213:966–74. doi: 10.1093/infdis/jiv547

13. Bonvin, M, Achermann, F, Greeve, I, Stroka, D, Keogh, A, Inderbitzin, D, et al. Interferon-Inducible Expression of APOBEC3 Editing Enzymes in Human Hepatocytes and Inhibition of Hepatitis B Virus Replication. Hepatology (2006) 43:1364–74. doi: 10.1002/hep.21187

14. Nguyen, DH, Gummuluru, S, and Hu, J. Deamination-Independent Inhibition of Hepatitis B Virus Reverse Transcription by APOBEC3G. J Virol (2007) 81:4465–72. doi: 10.1128/JVI.02510-06

15. Wang, YX, Niklasch, M, Liu, T, Wang, Y, Shi, B, Yuan, W, et al. Interferon-Inducible MX2 Is a Host Restriction Factor of Hepatitis B Virus Replication. J Hepatol (2020) 72:865–76. doi: 10.1016/j.jhep.2019.12.009

16. Gao, B, Duan, Z, Xu, W, and Xiong, S. Tripartite Motif-Containing 22 Inhibits the Activity of Hepatitis B Virus Core Promoter, Which is Dependent on Nuclear-Located RING Domain. Hepatology (2009) 50:424–33. doi: 10.1002/hep.23011

17. Liu, Y, Nie, H, Mao, R, Mitra, B, Cai, D, Yan, R, et al. Interferon-Inducible Ribonuclease ISG20 Inhibits Hepatitis B Virus Replication Through Directly Binding to the Epsilon Stem-Loop Structure of Viral RNA. PloS Pathog (2017) 13:e1006296. doi: 10.1371/journal.ppat.1006296

18. Imam, H, Kim, GW, Mir, SA, Khan, M, and Siddiqui, A. Interferon-Stimulated Gene 20 (ISG20) Selectively Degrades N6-Methyladenosine Modified Hepatitis B Virus Transcripts. PloS Pathog (2020) 16:e1008338. doi: 10.1371/journal.ppat.1008338

19. Gordien, E, Rosmorduc, O, Peltekian, C, Garreau, F, Brechot, C, and Kremsdorf, D. Inhibition of Hepatitis B Virus Replication by the Interferon-Inducible MxA Protein. J Virol (2001) 75:2684–91. doi: 10.1128/JVI.75.6.2684-2691.2001

20. Suslov, A, Boldanova, T, Wang, X, Wieland, S, and Heim, MH. Hepatitis B Virus Does Not Interfere With Innate Immune Responses in the Human Liver. Gastroenterology (2018) 154:1778–90. doi: 10.1053/j.gastro.2018.01.034

21. Cheng, X, Xia, Y, Serti, E, Block, PD, Chung, M, Chayama, K, et al. Hepatitis B Virus Evades Innate Immunity of Hepatocytes But Activates Cytokine Production by Macrophages. Hepatology (2017) 66:1779–93. doi: 10.1002/hep.29348

22. Levrero, M, Pollicino, T, Petersen, J, Belloni, L, Raimondo, G, and Dandri, M. Control of cccDNA Function in Hepatitis B Virus Infection. J Hepatol (2009) 51:581–92. doi: 10.1016/j.jhep.2009.05.022

23. Pollicino, T, Belloni, L, Raffa, G, Pediconi, N, Squadrito, G, Raimondo, G, et al. Hepatitis B Virus Replication is Regulated by the Acetylation Status of Hepatitis B Virus cccDNA-Bound H3 and H4 Histones. Gastroenterology (2006) 130:823–37. doi: 10.1053/j.gastro.2006.01.001

24. Yuan, Y, Yuan, HF, Yang, G, Yun, HL, Zhao, M, Liu, ZX, et al. IFN-Alpha Confers Epigenetic Regulation of HBV cccDNA Minichromosome by Modulating GCN5-Mediated Succinylation of Histone H3K79 to Clear HBV cccDNA. Clin Epigenet (2020) 12. doi: 10.1186/s13148-020-00928-z

25. Newbold, JE, Xin, H, Tencza, M, Sherman, G, Dean, J, Bowden, S, et al. The Covalently Closed Duplex Form of the Hepadnavirus Genome Exists In-Situ as a Heterogeneous Population of Viral Minichromosomes. J Virol (1995) 69:3350–7. doi: 10.1128/jvi.69.6.3350-3357.1995

26. Zhang, W, Chen, J, Wu, M, Zhang, X, Zhang, M, Yue, L, et al. PRMT5 Restricts Hepatitis B Virus Replication Through Epigenetic Repression of Covalently Closed Circular DNA Transcription and Interference With Pregenomic RNA Encapsidation. Hepatology (2017) 66:398–415. doi: 10.1002/hep.29133

27. Yang, YY, Zhao, XZ, Wang, ZY, Shu, WQ, Li, LJ, Li, YQ, et al. Nuclear Sensor Interferon-Inducible Protein 16 Inhibits the Function of Hepatitis B Virus Covalently Closed Circular DNA by Integrating Innate Immune Activation and Epigenetic Suppression. Hepatology (2020) 71:1154–69. doi: 10.1002/hep.30897

28. Belloni, L, Pollicino, T, De Nicola, F, Guerrieri, F, Raffa, G, Fanciulli, M, et al. Nuclear HBx Binds the HBV Minichromosome and Modifies the Epigenetic Regulation of cccDNA Function. Proc Natl Acad Sci USA (2009) 106:19975–9. doi: 10.1073/pnas.0908365106

29. Belloni, L, Allweiss, L, Guerrieri, F, Pediconi, N, Volz, T, Pollicino, T, et al. IFN-Alpha Inhibits HBV Transcription and Replication in Cell Culture and in Humanized Mice by Targeting the Epigenetic Regulation of the Nuclear cccDNA Minichromosome. J Clin Invest (2012) 122:529–37. doi: 10.1172/JCI58847

30. Liu, F, Campagna, M, Qi, Y, Zhao, X, Guo, F, Xu, C, et al. Alpha-Interferon Suppresses Hepadnavirus Transcription by Altering Epigenetic Modification of cccDNA Minichromosomes. PloS Pathog (2013) 9:e1003613. doi: 10.1371/journal.ppat.1003613

31. Lucifora, J, Xia, Y, Reisinger, F, Zhang, K, Stadler, D, Cheng, X, et al. Specific and Nonhepatotoxic Degradation of Nuclear Hepatitis B Virus cccDNA. Science (2014) 343:1221–8. doi: 10.1126/science.1243462

32. Stadler, D, Kachele, M, Jones, AN, Hess, J, Urban, C, Schneider, J, et al. Interferon-Induced Degradation of the Persistent Hepatitis B Virus cccDNA Form Depends on ISG20. EMBO Rep (2021) 22:e49568. doi: 10.15252/embr.201949568

33. Xia, Y, Stadler, D, Lucifora, J, Reisinger, F, Webb, D, Hosel, M, et al. Interferon-Gamma and Tumor Necrosis Factor-Alpha Produced by T Cells Reduce the HBV Persistence Form, cccDNA, Without Cytolysis. Gastroenterology (2016) 150:194–205. doi: 10.1053/j.gastro.2015.09.026

34. Decorsiere, A, Mueller, H, Van Breugel, PC, Abdul, F, Gerossier, L, Beran, RK, et al. Hepatitis B Virus X Protein Identifies the Smc5/6 Complex as a Host Restriction Factor. Nature (2016) 531:386–9. doi: 10.1038/nature17170

35. Murphy, CM, Xu, Y, Li, F, Nio, K, Reszka-Blanco, N, Li, X, et al. Hepatitis B Virus X Protein Promotes Degradation of SMC5/6 to Enhance HBV Replication. Cell Rep (2016) 16:2846–54. doi: 10.1016/j.celrep.2016.08.026

36. Allweiss, L, Giersch, K, Pirosu, A, Volz, T, Muench, RC, Beran, RK, et al. Therapeutic Shutdown of HBV Transcripts Promotes Reappearance of the SMC5/6 Complex and Silencing of the Viral Genome In Vivo. Gut (2021). doi: 10.1136/gutjnl-2020-322571

37. Park, IH, Baek, KW, Cho, EY, and Ahn, BY. PKR-Dependent Mechanisms of Interferon-Alpha for Inhibiting Hepatitis B Virus Replication. Mol Cells (2011) 32:167–72. doi: 10.1007/s10059-011-1059-6

38. Yan, R, Zhao, X, Cai, D, Liu, Y, Block, TM, Guo, JT, et al. The Interferon-Inducible Protein Tetherin Inhibits Hepatitis B Virus Virion Secretion. J Virol (2015) 89:9200–12. doi: 10.1128/JVI.00933-15

39. Li, J, Liu, K, Liu, Y, Xu, Y, Zhang, F, Yang, H, et al. Exosomes Mediate the Cell-to-Cell Transmission of IFN-Alpha-Induced Antiviral Activity. Nat Immunol (2013) 14:793–803. doi: 10.1038/ni.2647

40. Wu, W, Wu, D, Yan, W, Wang, Y, You, J, Wan, X, et al. Interferon-Induced Macrophage-Derived Exosomes Mediate Antiviral Activity Against Hepatitis B Virus Through miR-574-5p. J Infect Dis (2021) 223(4):686–98. doi: 10.1093/infdis/jiaa399

41. Jia, X, Chen, J, Megger, DA, Zhang, X, Kozlowski, M, Zhang, L, et al. Label-free Proteomic Analysis of Exosomes Derived from Inducible Hepatitis B Virus-Replicating HepAD38 Cell Line. Mol Cell Proteomics (2017) 16(4 suppl 1):S144–60. doi: 10.1074/mcp.M116.063503

42. Yao, Z, Qiao, Y, Li, X, Chen, J, Ding, J, Bai, L, et al. Exosomes Exploit the Virus Entry Machinery and Pathway To Transmit Alpha Interferon-Induced Antiviral Activity. J Virol (2018) 92(24):e01578–18. doi: 10.1128/JVI.01578-18

43. Hervas-Stubbs, S, Luis Perez-Gracia, J, Rouzaut, A, Sanmamed, MF, Le Bon, A, and Melero, I. Direct Effects of Type I Interferons on Cells of the Immune System. Clin Cancer Res (2011) 17:2619–27. doi: 10.1158/1078-0432.CCR-10-1114

44. Gao, Y, Majchrzak-Kita, B, Fish, EN, and Gommerman, JL. Dynamic Accumulation of Plasmacytoid Dendritic Cells in Lymph Nodes is Regulated by Interferon-Beta. Blood (2009) 114:2623–31. doi: 10.1182/blood-2008-10-183301

45. Knolle, PA, and Thimme, R. Hepatic Immune Regulation and Its Involvement in Viral Hepatitis Infection. Gastroenterology (2014) 146:1193–207. doi: 10.1053/j.gastro.2013.12.036

46. Guidotti, LG, and Chisari, FV. Noncytolytic Control of Viral Infections by the Innate and Adaptive Immune Response. Annu Rev Immunol (2001) 19:65–91. doi: 10.1146/annurev.immunol.19.1.65

47. Guidotti, LG, Ando, K, Hobbs, MV, Ishikawa, T, Runkel, L, Schreiber, RD, et al. Cytotoxic T-Lymphocytes Inhibit Hepatitis-B Virus Gene-Expression By a Noncytolytic Mechanism In Transgenic Mice. Proc Natl Acad Sci USA (1994) 91:3764–8. doi: 10.1073/pnas.91.9.3764

48. McClary, H, Koch, R, Chisari, FV, and Guidotti, LG. Relative Sensitivity of Hepatitis B Virus and Other Hepatotropic Viruses to the Antiviral Effects of Cytokines. J Virol (2000) 74:2255–64. doi: 10.1128/JVI.74.5.2255-2264.2000

49. Guidotti, LG, Rochford, R, Chung, J, Shapiro, M, Purcell, R, and Chisari, FV. Viral Clearance Without Destruction of Infected Cells During Acute HBV Infection. Science (1999) 284:825–9. doi: 10.1126/science.284.5415.825

50. Yang, PL, Althage, A, Chung, J, Maier, H, Wieland, S, Isogawa, M, et al. Immune Effectors Required for Hepatitis B Virus Clearance. Proc Natl Acad Sci USA (2010) 107:798–802. doi: 10.1073/pnas.0913498107

51. Xia, Y, and Protzer, U. Control of Hepatitis B Virus by Cytokines. Viruses (2017) 9(1):18. doi: 10.3390/v9010018

52. Allweiss, L, Volz, T, Lutgehetmann, M, Giersch, K, Bornscheuer, T, Lohse, AW, et al. Immune Cell Responses Are Not Required to Induce Substantial Hepatitis B Virus Antigen Decline During Pegylated Interferon-Alpha Administration. J Hepatol (2014) 60:500–7. doi: 10.1016/j.jhep.2013.10.021

53. Penna, A, Laccabue, D, Libri, I, Giuberti, T, Schivazappa, S, Alfieri, A, et al. Peginterferon-Alpha Does Not Improve Early Peripheral Blood HBV-Specific T-Cell Responses in HBeAg-Negative Chronic Hepatitis. J Hepatol (2012) 56:1239–46. doi: 10.1016/j.jhep.2011.12.032

54. Micco, L, Peppa, D, Loggi, E, Schurich, A, Jefferson, L, Cursaro, C, et al. Differential Boosting of Innate and Adaptive Antiviral Responses During Pegylated-Interferon-Alpha Therapy of Chronic Hepatitis B. J Hepatol (2013) 58:225–33. doi: 10.1016/j.jhep.2012.09.029

55. Shen, F, Li, Y, Wang, Y, Sozzi, V, Revill, PA, Liu, J, et al. Hepatitis B Virus Sensitivity to Interferon-Alpha in Hepatocytes is More Associated With Cellular Interferon Response Than With Viral Genotype. Hepatology (2018) 67:1237–52. doi: 10.1002/hep.29609

56. Cooksley, G, Manns, M, Lau, GKK, Liaw, YF, Marcellin, P, Chow, WC, et al. Effect of Genotype and Other Baseline Factors on Response to Peginterferon Alpha-2a (40 kDa) (PEGASYS (R)) in HBeAg-POSITIVE Chronic Hepatitis B: Results From a Large, Randomised Study. J Hepatol (2005) 42:30–1. doi: 10.1016/S0168-8278(05)81483-7

57. Lau, GKK, Piratvisuth, T, Luo, KX, Marcellin, P, Thongsawat, S, Cooksley, G, et al. Peginterferon Alfa-2a, Lamivudine, and the Combination for HBeAg-Positive Chronic Hepatitis B. New Engl J Med (2005) 352:2682–95. doi: 10.1056/NEJMoa043470

58. Janssen, HLA, van Zonneveld, M, Senturk, H, Zeuzem, S, Akarca, US, Cakaloglu, Y, et al. Pegylated Interferon Alfa-2b Alone or in Combination With Lamivudine for HBeAg-Positive Chronic Hepatitis B: A Randomised. Lancet (2005) 365:123–9. doi: 10.1016/S0140-6736(05)17701-0

59. Wai, CT, Chu, CJ, Hussain, M, and Lok, ASF. HBV Genotype B is Associated With Better Response to Interferon Therapy in HBeAg(+) Chronic Hepatitis Than Genotype C. Hepatology (2002) 36:1425–30.

60. Sonneveld, MJ, Rijckborst, V, Zeuzem, S, Heathcote, EJ, Simon, K, Senturk, H, et al. Presence of Precore and Core Promoter Mutants Limits the Probability of Response to Peginterferon in Hepatitis B E Antigen-Positive Chronic Hepatitis B. Hepatology (2012) 56:67–75. doi: 10.1002/hep.25636

61. Wang, S, Chen, Z, Hu, C, Qian, F, Cheng, Y, Wu, M, et al. Hepatitis B Virus Surface Antigen Selectively Inhibits TLR2 Ligand-Induced IL-12 Production in Monocytes/Macrophages by Interfering With JNK Activation. J Immunol (2013) 190:5142–51. doi: 10.4049/jimmunol.1201625

62. Xu, Y, Hu, Y, Shi, B, Zhang, X, Wang, J, Zhang, Z, et al. HBsAg Inhibits TLR9-Mediated Activation and IFN-Alpha Production in Plasmacytoid Dendritic Cells. Mol Immunol (2009) 46:2640–6. doi: 10.1016/j.molimm.2009.04.031

63. Tout, I, Loureiro, D, Mansouri, A, Soumelis, V, Boyer, N, and Asselah, T. Hepatitis B Surface Antigen Seroclearance: Immune Mechanisms, Clinical Impact, Importance for Drug Development. J Hepatol (2020) 73:409–22. doi: 10.1016/j.jhep.2020.04.013

64. Wang, H, and Ryu, WS. Hepatitis B Virus Polymerase Blocks Pattern Recognition Receptor Signaling via Interaction With DDX3: Implications for Immune Evasion. PloS Pathog (2010) 6:e1000986. doi: 10.1371/journal.ppat.1000986

65. Liu, Y, Li, J, Chen, J, Li, Y, Wang, W, Du, X, et al. Hepatitis B Virus Polymerase Disrupts K63-Linked Ubiquitination of STING to Block Innate Cytosolic DNA-Sensing Pathways. J Virol (2015) 89:2287–300. doi: 10.1128/JVI.02760-14

66. Yu, S, Chen, J, Wu, M, Chen, H, Kato, N, and Yuan, Z. Hepatitis B Virus Polymerase Inhibits RIG-I- and Toll-Like Receptor 3-Mediated Beta Interferon Induction in Human Hepatocytes Through Interference With Interferon Regulatory Factor 3 Activation and Dampening of the Interaction Between TBK1/IKKepsilon and DDX3. J Gen Virol (2010) 91:2080–90. doi: 10.1099/vir.0.020552-0

67. Kumar, M, Jung, SY, Hodgson, AJ, Madden, CR, Qin, J, and Slagle, BL. Hepatitis B Virus Regulatory HBx Protein Binds to Adaptor Protein IPS-1 and Inhibits the Activation of Beta Interferon. J Virol (2011) 85:987–95. doi: 10.1128/JVI.01825-10

68. Wei, C, Ni, C, Song, T, Liu, Y, Yang, X, Zheng, Z, et al. The Hepatitis B Virus X Protein Disrupts Innate Immunity by Downregulating Mitochondrial Antiviral Signaling Protein. J Immunol (2010) 185:1158–68. doi: 10.4049/jimmunol.0903874

69. Wang, F, Shen, F, Wang, Y, Li, Z, Chen, J, and Yuan, Z. Residues Asn118 and Glu119 of Hepatitis B Virus X Protein Are Critical for HBx-Mediated Inhibition of RIG-I-MAVS Signaling. Virology (2020) 539:92–103. doi: 10.1016/j.virol.2019.10.009

70. Fernandez, M, Quiroga, JA, and Carreno, V. Hepatitis B Virus Downregulates the Human Interferon-Inducible MxA Promoter Through Direct Interaction of Precore/Core Proteins. J Gen Virol (2003) 84:2073–82. doi: 10.1099/vir.0.18966-0

71. Li, T, Ke, Z, Liu, W, Xiong, Y, Zhu, Y, and Liu, Y. Human Hepatitis B Virus Core Protein Inhibits IFNalpha-Induced IFITM1 Expression by Interacting With BAF200. Viruses (2019) 11(5):427. doi: 10.3390/v11050427

72. Lang, T, Lo, C, Skinner, N, Locarnini, S, Visvanathan, K, and Mansell, A. The Hepatitis B E Antigen (HBeAg) Targets and Suppresses Activation of the Toll-Like Receptor Signaling Pathway. J Hepatol (2011) 55:762–9. doi: 10.1016/j.jhep.2010.12.042

73. Visvanathan, K, Skinner, NA, Thompson, AJ, Riordan, SM, Sozzi, V, Edwards, R, et al. Regulation of Toll-Like Receptor-2 Expression in Chronic Hepatitis B by the Precore Protein. Hepatology (2007) 45:102–10. doi: 10.1002/hep.21482

74. Mitra, B, Wang, J, Kim, ES, Mao, R, Dong, M, Liu, Y, et al. Hepatitis B Virus Precore Protein P22 Inhibits Alpha Interferon Signaling by Blocking STAT Nuclear Translocation. J Virol (2019) 93(13):e00196–19. doi: 10.1128/JVI.00196-19

75. Chen, J, Wu, M, Wang, F, Zhang, W, Wang, W, Zhang, X, et al. Hepatitis B Virus Spliced Variants Are Associated With an Impaired Response to Interferon Therapy. Sci Rep (2015) 5:16459. doi: 10.1038/srep16459

76. European Association for the Study of the Liver. Electronic Address Eee, European Association for the Study of the L. EASL 2017 Clinical Practice Guidelines on the Management of Hepatitis B Virus Infection. J Hepatol (2017) 67:370–98. doi: 10.1016/j.jhep.2017.03.021

77. Bonino, F, Marcellin, P, Lau, GKK, Hadziyannis, S, Jin, R, Piratvisuth, T, et al. Predicting Response to Peginterferon Alpha-2a, Lamivudine and the Two Combined for HBeAg-Negative Chronic Hepatitis B. Gut (2007) 56:699–705. doi: 10.1136/gut.2005.089722

78. Kau, A, Vermehren, J, and Sarrazin, C. Treatment Predictors of a Sustained Virologic Response in Hepatitis B and C. J Hepatol (2008) 49:634–51. doi: 10.1016/j.jhep.2008.07.013

79. Lampertico, P, Vigano, M, Cheroni, C, Facchetti, F, Invernizzi, F, Valveri, V, et al. IL28B Polymorphisms Predict Interferon-Related Hepatitis B Surface Antigen Seroclearance in Genotype D Hepatitis B E Antigen-Negative Patients With Chronic Hepatitis B. Hepatology (2013) 57:890–6. doi: 10.1002/hep.25749

80. Jiang, X, Su, K, Tao, J, Fan, R, Xu, Y, Han, H, et al. Association of STAT4 Polymorphisms With Hepatitis B Virus Infection and Clearance in Chinese Han Population. Amino Acids (2016) 48:2589–98. doi: 10.1007/s00726-016-2283-3

81. Jiang, DK, Wu, X, Qian, J, Ma, XP, Yang, J, Li, Z, et al. Genetic Variation in STAT4 Predicts Response to Interferon-Alpha Therapy for Hepatitis B E Antigen-Positive Chronic Hepatitis B. Hepatology (2016) 63:1102–11. doi: 10.1002/hep.28423

82. Liao, Y, Cai, B, Li, Y, Chen, J, Tao, C, Huang, H, et al. Association of HLA-DP/DQ and STAT4 Polymorphisms With HBV Infection Outcomes and a Mini Meta-Analysis. PloS One (2014) 9(11):e111677. doi: 10.1371/journal.pone.0111677

83. Lee, DH, Cho, Y, Seo, JY, Kwon, JH, Cho, EJ, Jang, ES, et al. Polymorphisms Near Interleukin 28b Gene Are Not Associated With Hepatitis B Virus Clearance, Hepatitis B E Antigen Clearance and Hepatocellular Carcinoma Occurrence. Intervirology (2013) 56:84–90. doi: 10.1159/000342526

84. Tseng, T-C, Yu, M-L, Liu, C-J, Lin, C-L, Huang, Y-W, Hsu, C-S, et al. Effect of Host and Viral Factors on Hepatitis B E Antigen-Positive Chronic Hepatitis B Patients Receiving Pegylated Interferon-Alpha-2a Therapy. Antiviral Ther (2011) 16:629–37. doi: 10.3851/IMP1841

85. Sonneveld, MJ, Wong, VWS, Woltman, AM, Wong, GLH, Cakaloglu, Y, Zeuzem, S, et al. Polymorphisms Near IL28B and Serologic Response to Peginterferon in HBeAg-Positive Patients With Chronic Hepatitis B. Gastroenterology (2012) 142:513–U165. doi: 10.1053/j.gastro.2011.11.025

86. Wu, X, Xin, Z, Zhu, X, Pan, L, Li, Z, Li, H, et al. Evaluation of Susceptibility Locus for Response to Interferon-Alpha Based Therapy in Chronic Hepatitis B Patients in Chinese. Antiviral Res (2012) 93:297–300. doi: 10.1016/j.antiviral.2011.12.009

87. Zhou, L, Ren, J-H, Cheng, S-T, Xu, H-M, Chen, W-X, Chen, D-P, et al. A Functional Variant in Ubiquitin Conjugating Enzyme E2 L3 Contributes to Hepatitis B Virus Infection and Maintains Covalently Closed Circular DNA Stability by Inducing Degradation of Apolipoprotein B mRNA Editing Enzyme Catalytic Subunit 3a. Hepatology (2019) 69:1885–902. doi: 10.1002/hep.30497

88. Porres, JC, Carreno, V, Ruiz, M, Marron, JA, and Bartolome, J. Interferon Antibodies In Patients With Chronic HBV Infection Treated With Recombinant Interferon. J Hepatol (1989) 8:351–7. doi: 10.1016/0168-8278(89)90034-2

89. Lok, ASF, Lai, CL, and Leung, EKY. Interferon Antibodies May Negate The Antiviral Effects Of Recombinant Alpha-Interferon Treatment In Patients With Chronic Hepatitis-B Virus-Infection. Hepatology (1990) 12:1266–70. doi: 10.1002/hep.1840120603

90. Brook, MG, McDonald, JA, Karayiannis, P, Caruso, L, Forster, G, Harris, JRW, et al. Randomized Controlled Trial Of Interferon-Alfa-2a (RBE) (ROFERON-A) For The Treatment Of Chronic Hepatitis-B Virus (HBV) Infection - Factors That Influence Response. Gut (1989) 30:1116–22. doi: 10.1136/gut.30.8.1116

91. Arends, P, van der Eijk, AA, Sonneveld, MJ, Hansen, BE, Janssen, HL, and Haagmans, BL. Presence of Anti-Interferon Antibodies is Not Associated With Non-Response to Pegylated Interferon Treatment in Chronic Hepatitis B. Antivir Ther (2014) 19:423–7. doi: 10.3851/IMP2711

92. Lebosse, F, Testoni, B, Fresquet, J, Facchetti, F, Galmozzi, E, Fournier, M, et al. Intrahepatic Innate Immune Response Pathways Are Downregulated in Untreated Chronic Hepatitis B. J Hepatol (2017) 66:897–909. doi: 10.1016/j.jhep.2016.12.024

93. Durantel, D, and Zoulim, F. Innate Response to Hepatitis B Virus Infection: Observations Challenging the Concept of a Stealth Virus. Hepatology (2009) 50:1692–5. doi: 10.1002/hep.23361

94. Mutz, P, Metz, P, Lempp, FA, Bender, S, Qu, B, Schoeneweis, K, et al. HBV Bypasses the Innate Immune Response and Does Not Protect HCV From Antiviral Activity of Interferon. Gastroenterology (2018) 154:1791–804. doi: 10.1053/j.gastro.2018.01.044

95. Zhang, Z, Trippler, M, Real, CI, Werner, M, Luo, X, Schefczyk, S, et al. Hepatitis B Virus Particles Activate Toll-Like Receptor 2 Signaling Initially Upon Infection of Primary Human Hepatocytes. Hepatology (2020) 72:829–44. doi: 10.1002/hep.31112

96. Verrier, ER, Yim, SA, Heydmann, L, El Saghire, H, Bach, C, Turon-Lagot, V, et al. Hepatitis B Virus Evasion From Cyclic Guanosine Monophosphate-Adenosine Monophosphate Synthase Sensing in Human Hepatocytes. Hepatology (2018) 68:1695–709. doi: 10.1002/hep.30054

97. Sato, S, Li, K, Kameyama, T, Hayashi, T, Ishida, Y, Murakami, S, et al. The RNA Sensor RIG-I Dually Functions as an Innate Sensor and Direct Antiviral Factor for Hepatitis B Virus. Immunity (2015) 42:123–32. doi: 10.1016/j.immuni.2014.12.016

98. Luangsay, S, Gruffaz, M, Isorce, N, Testoni, B, Michelet, M, Faure-Dupuy, S, et al. Early Inhibition of Hepatocyte Innate Responses by Hepatitis B Virus. J Hepatol (2015) 63(6):1314–22. doi: 10.1016/j.jhep.2015.07.014

99. Zhou, L, He, R, Fang, P, Li, M, Yu, H, Wang, Q, et al. Hepatitis B Virus Rigs the Cellular Metabolome to Avoid Innate Immune Recognition. Nat Commun (2021) 12(1):98. doi: 10.1038/s41467-020-20316-8

100. Lim, KH, Park, ES, Kim, DH, Cho, KC, Kim, KP, Park, YK, et al. Suppression of Interferon-Mediated Anti-HBV Response by Single CpG Methylation in the 5’-UTR of TRIM22. Gut (2018) 67:166–78. doi: 10.1136/gutjnl-2016-312742

101. Fang, Z, Li, J, Yu, X, Zhang, D, Ren, G, Shi, B, et al. Polarization of Monocytic Myeloid-Derived Suppressor Cells by Hepatitis B Surface Antigen Is Mediated via ERK/IL-6/STAT3 Signaling Feedback and Restrains the Activation of T Cells in Chronic Hepatitis B Virus Infection. J Immunol (2015) 195:4873–83. doi: 10.4049/jimmunol.1501362

102. Boni, C, Laccabue, D, Lampertico, P, Giuberti, T, Vigano, M, Schivazappa, S, et al. Restored Function of HBV-Specific T Cells After Long-Term Effective Therapy With Nucleos(T)Ide Analogues. Gastroenterology (2012) 143:963–73.e969. doi: 10.1053/j.gastro.2012.07.014

103. Wherry, EJ, and Ahmed, R. Memory CD8 T-Cell Differentiation During Viral Infection. J Virol (2004) 78:5535–45. doi: 10.1128/JVI.78.11.5535-5545.2004

104. Kawashima, K, Isogawa, M, Hamada-Tsutsumi, S, Baudi, I, Saito, S, Nakajima, A, et al. Type I Interferon Signaling Prevents Hepatitis B Virus-Specific T Cell Responses by Reducing Antigen Expression. J Virol (2018) 92(23):e01099–18. doi: 10.1128/JVI.01099-18

105. Cheng, X, Uchida, T, Xia, Y, Umarova, R, Liu, CJ, Chen, PJ, et al. Diminished Hepatic IFN Response Following HCV Clearance Triggers HBV Reactivation in Coinfection. J Clin Invest (2020) 130:3205–20. doi: 10.1172/JCI135616

106. Wieland, SF, Asabe, S, Engle, RE, Purcell, RH, and Chisari, FV. Limited Hepatitis B Virus Replication Space in the Chronically Hepatitis C Virus-Infected Liver. J Virol (2014) 88:5184–8. doi: 10.1128/JVI.03553-13

107. Lin, C-L, and Kao, J-H. The Clinical Implications of Hepatitis B Virus Genotype: Recent Advances. J Gastroenterol Hepatol (2011) 26:123–30. doi: 10.1111/j.1440-1746.2010.06541.x

108. Yuen, MF, Chen, DS, Dusheiko, GM, Janssen, HLA, Lau, DTY, Locarnini, SA, et al. Hepatitis B Virus Infection. Nat Rev Dis Primers (2018) 4:18035. doi: 10.1038/nrdp.2018.35

109. Ghany, MG, Perrillo, R, Li, R, Belle, SH, Janssen, HLA, Terrault, NA, et al. Characteristics of Adults in the Hepatitis B Research Network in North America Reflect Their Country of Origin and Hepatitis B Virus Genotype. Clin Gastroenterol Hepatol (2015) 13:183–92. doi: 10.1016/j.cgh.2014.06.028

110. Yuan, J, Zhou, B, Tanaka, Y, Kurbanov, F, Orito, E, Gong, Z, et al. Hepatitis B Virus (HBV) Genotypes/Subgenotypes in China: Mutations in Core Promoter and Precore/Core and Their Clinical Implications. J Clin Virol (2007) 39:87–93. doi: 10.1016/j.jcv.2007.03.005

111. Terrault, NA, Lok, ASF, McMahon, BJ, Chang, KM, Hwang, JP, Jonas, MM, et al. Update on Prevention, Diagnosis, and Treatment of Chronic Hepatitis B: AASLD 2018 Hepatitis B Guidance. Hepatology (2018) 67:1560–99. doi: 10.1002/hep.29800

112. McNaughton, AL, D’Arienzo, V, Ansari, MA, Lumley, SF, Littlejohn, M, Revill, P, et al. Insights From Deep Sequencing of the HBV Genome-Unique, Tiny, and Misunderstood. Gastroenterology (2019) 156:384–99. doi: 10.1053/j.gastro.2018.07.058

113. Chuaypen, N, Payungporn, S, Poovorawan, K, Chotiyaputta, W, Piratvisuth, T, and Tangkijvanich, P. Next Generation Sequencing Identifies Baseline Viral Mutants Associated With Treatment Response to Pegylated Interferon in HBeAg-Positive Chronic Hepatitis B. Virus Genes (2019) 55:610–8. doi: 10.1007/s11262-019-01689-5

114. Xiang, C, Du, Y, Meng, G, Yi, LS, Sun, S, Song, N, et al. Long-Term Functional Maintenance of Primary Human Hepatocytes In Vitro. Science (2019) 364(6438):399–402. doi: 10.1126/science.aau7307

115. Fu, GB, Huang, WJ, Zeng, M, Zhou, X, Wu, HP, Liu, CC, et al. Expansion and Differentiation of Human Hepatocyte-Derived Liver Progenitor-Like Cells and Their Use for the Study of Hepatotropic Pathogens. Cell Res (2019) 29:8–22. doi: 10.1038/s41422-018-0103-x

116. Zeilinger, K, Freyer, N, Damm, G, Seehofer, D, and Knospel, F. Cell Sources for In Vitro Human Liver Cell Culture Models. Exp Biol Med (Maywood) (2016) 241:1684–98. doi: 10.1177/1535370216657448

117. Shlomai, A, Schwartz, RE, Ramanan, V, Bhatta, A, de Jong, YP, Bhatia, SN, et al. Modeling Host Interactions With Hepatitis B Virus Using Primary and Induced Pluripotent Stem Cell-Derived Hepatocellular Systems. Proc Natl Acad Sci USA (2014) 111:12193–8. doi: 10.1073/pnas.1412631111

118. Jansen, L, de Niet, A, Makowska, Z, Dill, MT, van Dort, KA, Terpstra, V, et al. An Intrahepatic Transcriptional Signature of Enhanced Immune Activity Predicts Response to Peginterferon in Chronic Hepatitis B. Liver Int (2015) 35:1824–32. doi: 10.1111/liv.12768

119. Wu, H-L, Hsiao, T-H, Chen, P-J, Wong, S-H, Kao, J-H, Chen, D-S, et al. Liver Gene Expression Profiles Correlate With Virus Infection and Response to Interferon Therapy in Chronic Hepatitis B Patients. Sci Rep (2016) 6:31349. doi: 10.1038/srep31349

120. Marcellin, P, Lau, GKK, Bonino, F, Farci, P, Hadziyannis, S, Jin, R, et al. Peginterferon Alfa-2a Alone, Lamivudine Alone, and the Two in Combination in Patients With HBeAg-Negative Chronic Hepatitis B. N Engl J Med (2004) 351:1206–17. doi: 10.1056/NEJMoa040431

121. Ouzan, D, Penaranda, G, Joly, H, Khiri, H, Pironti, A, and Halfon, P. Add-On Peg-Interferon Leads to Loss of HBsAg in Patients With HBeAg-Negative Chronic Hepatitis and HBV DNA Fully Suppressed by Long-Term Nucleotide Analogs. J Clin Virol (2013) 58:713–7. doi: 10.1016/j.jcv.2013.09.020

122. Li, G-J, Yu, Y-Q, Chen, S-L, Fan, P, Shao, L-Y, Chen, J-Z, et al. Sequential Combination Therapy With Pegylated Interferon Leads to Loss of Hepatitis B Surface Antigen and Hepatitis B E Antigen (HBeAg) Seroconversion in HBeAg-Positive Chronic Hepatitis B Patients Receiving Long-Term Entecavir Treatment. Antimicrob Agents Chemother (2015) 59:4121–8. doi: 10.1128/AAC.00249-15

123. Fan, R, Sun, J, Yuan, Q, Xie, Q, Bai, X, Ning, Q, et al. Baseline Quantitative Hepatitis B Core Antibody Titre Alone Strongly Predicts HBeAg Seroconversion Across Chronic Hepatitis B Patients Treated With Peginterferon or Nucleos(T)Ide Analogues. Gut (2016) 65:313–20. doi: 10.1136/gutjnl-2014-308546

124. Li, J, Zhang, X, Chen, L, Zhang, Z, Zhang, J, Wang, W, et al. Circulating miR-210 and miR-22 Combined With ALT Predict the Virological Response to Interferon-Alpha Therapy of CHB Patients. Sci Rep (2017) 7:15658. doi: 10.1038/s41598-017-15594-0

125. van Bommel, F, van Bommel, A, Krauel, A, Wat, C, Pavlovic, V, Yang, L, et al. Serum HBV RNA as a Predictor of Peginterferon Alfa-2a Response in Patients With HBeAg-Positive Chronic Hepatitis B. J Infect Dis (2018) 218:1066–74. doi: 10.1093/infdis/jiy270

126. Farag, MS, van Campenhout, MJH, Pfefferkorn, M, Fischer, J, Deichsel, D, Boonstra, A, et al. Hepatitis B Virus RNA as Early Predictor for Response to Pegylated Interferon Alpha in HBeAg-Negative Chronic Hepatitis B. Clin Infect Dis (2021) 72:202–11. doi: 10.1093/cid/ciaa013

127. Chuaypen, N, Posuwan, N, Payungporn, S, Tanaka, Y, Shinkai, N, Poovorawan, Y, et al. Serum Hepatitis B Core-Related Antigen as a Treatment Predictor of Pegylated Interferon in Patients With HBeAg-Positive Chronic Hepatitis B. Liver Int (2016) 36:827–36. doi: 10.1111/liv.13046

128. Mendoza, JL, Escalante, NK, Jude, KM, Sotolongo Bellon, J, Su, L, Horton, TM, et al. Structure of the IFNgamma Receptor Complex Guides Design of Biased Agonists. Nature (2019) 567:56–60. doi: 10.1038/s41586-019-0988-7

129. Spangler, JB, Moraga, I, Mendoza, JL, and Garcia, KC. Insights Into Cytokine-Receptor Interactions From Cytokine Engineering. Annu Rev Immunol (2015) 33:139–67. doi: 10.1146/annurev-immunol-032713-120211

130. Heathcote, EJ, Shiffman, ML, Cooksley, WGE, Dusheiko, GM, Lee, SS, Balart, L, et al. Peginterferon Alfa-2a in Patients With Chronic Hepatitis C and Cirrhosis. New Engl J Med (2000) 343:1673–80. doi: 10.1056/NEJM200012073432302

131. Hu, J, Wang, G, Liu, X, and Gao, W. Enhancing Pharmacokinetics, Tumor Accumulation, and Antitumor Efficacy by Elastin-Like Polypeptide Fusion of Interferon Alpha. Adv Mater (2015) 27:7320–4. doi: 10.1002/adma.201503440

132. Xia, Y, Schlapschy, M, Morath, V, Roeder, N, Vogt, EI, Stadler, D, et al. PASylated Interferon Alpha Efficiently Suppresses Hepatitis B Virus and Induces Anti-HBs Seroconversion in HBV-Transgenic Mice. Antiviral Res (2019) 161:134–43. doi: 10.1016/j.antiviral.2018.11.003

133. Fioravanti, J, Gonzalez, I, Medina-Echeverz, J, Larrea, E, Ardaiz, N, Gonzalez-Aseguinolaza, G, et al. Anchoring Interferon Alpha to Apolipoprotein A-I Reduces Hematological Toxicity While Enhancing Immunostimulatory Properties. Hepatology (2011) 53:1864–73. doi: 10.1002/hep.24306

134. Furutani, Y, Toguchi, M, Shiozaki-Sato, Y, Qin, XY, Ebisui, E, Higuchi, S, et al. An Interferon-Like Small Chemical Compound CDM-3008 Suppresses Hepatitis B Virus Through Induction of Interferon-Stimulated Genes. PloS One (2019) 14:e0216139. doi: 10.1371/journal.pone.0216139

135. Kalie, E, Jaitin, DA, Abramovich, R, and Schreiber, G. An Interferon Alpha2 Mutant Optimized by Phage Display for IFNAR1 Binding Confers Specifically Enhanced Antitumor Activities. J Biol Chem (2007) 282:11602–11. doi: 10.1074/jbc.M610115200

136. Brideau-Andersen, AD, Huang, X, Sun, S-CC, Chen, TT, Stark, D, Sas, IJ, et al. Directed Evolution of Gene-Shuffled IFN-Alpha Molecules With Activity Profiles Tailored for Treatment of Chronic Viral Diseases. Proc Natl Acad Sci USA (2007) 104:8269–74. doi: 10.1073/pnas.0609001104

137. Symons, J, Brideau-Andersen, AD, Huang, J, Huang, X, Vogt, A, Sun, S-CC, et al. In Vitro and In Vivo Characterization of R7025, a Novel Pegylated Human Interferon Alpha Molecule, Generated by DNA Shuffling for the Treatment of Chronic Hepatitis C. Hepatology (2007) 46:853A–4A.

138. Pereira, AA, and Jacobson, IM. New and Experimental Therapies for HCV. Nat Rev Gastroenterol Hepatol (2009) 6:403–11. doi: 10.1038/nrgastro.2009.92

139. Schreiber, G, and Piehler, J. The Molecular Basis for Functional Plasticity in Type I Interferon Signaling. Trends Immunol (2015) 36:139–49. doi: 10.1016/j.it.2015.01.002

140. Lavoie, TB, Kalie, E, Crisafulli-Cabatu, S, Abramovich, R, DiGioia, G, Moolchan, K, et al. Binding and Activity of All Human Alpha Interferon Subtypes. Cytokine (2011) 56:282–9. doi: 10.1016/j.cyto.2011.07.019

141. Chen, J, Li, Y, Lai, F, Wang, Y, Sutter, K, Dittmer, U, et al. Functional Comparison of IFN-Alpha Subtypes Reveals Potent HBV Suppression by a Concerted Action of IFN-Alpha and -Gamma Signaling. Hepatology (2021) 73(2):486–502. doi: 10.1002/hep.31282

142. Novotny, LA, Evans, JG, Su, L, Guo, H, and Meissner, EG. Review of Lambda Interferons in Hepatitis B Virus Infection: Outcomes and Therapeutic Strategies. Viruses (2021) 13(6):1090. doi: 10.3390/v13061090 

143. Sheppard, P, Kindsvogel, W, Xu, WF, Henderson, K, Schlutsmeyer, S, Whitmore, TE, et al. IL-28, IL-29 and Their Class II Cytokine Receptor IL-28r. Nat Immunol (2003) 4:63–8. doi: 10.1038/ni873

144. Doyle, SE, Schreckhise, H, Khuu-Duong, K, Henderson, K, Rosler, R, Storey, H, et al. Interleukin-29 Uses a Type 1 Interferon-Like Program to Promote Antiviral Responses in Human Hepatocytes. Hepatology (2006) 44:896–906. doi: 10.1002/hep.21312

145. Ye, L, Schnepf, D, and Staeheli, P. Interferon-Lambda Orchestrates Innate and Adaptive Mucosal Immune Responses. Nat Rev Immunol (2019) 19:614–25. doi: 10.1038/s41577-019-0182-z

146. Ge, D, Fellay, J, Thompson, AJ, Simon, JS, Shianna, KV, Urban, TJ, et al. Genetic Variation in IL28B Predicts Hepatitis C Treatment-Induced Viral Clearance. Nature (2009) 461:399–401. doi: 10.1038/nature08309

147. Seto, W-K, Wong, DK-H, Kopaniszen, M, Proitsi, P, Sham, P-C, Hung, IF-N, et al. HLA-DP and IL28B Polymorphisms: Influence of Host Genome on Hepatitis B Surface Antigen Seroclearance in Chronic Hepatitis B. Clin Infect Dis (2013) 56:1695–703. doi: 10.1093/cid/cit121

148. Karatayli, SC, Bozdayi, M, Karatayli, E, Ozturk, T, Husseini, AA, Albayrak, R, et al. Interleukin-28 Gene Polymorphisms may Contribute to HBsAg Persistence and the Development of HBeAg-Negative Chronic Hepatitis B. Liver Int (2015) 35:846–53. doi: 10.1111/liv.12595

149. Chan, HLY, Ahn, SH, Chang, T-T, Peng, C-Y, Wong, D, Coffin, CS, et al. Peginterferon Lambda for the Treatment of HBeAg-Positive Chronic Hepatitis B: A Randomized Phase 2b Study (LIRA-B). J Hepatol (2016) 64:1011–9. doi: 10.1016/j.jhep.2015.12.018

150. Naggie, S, and Lok, AS. New Therapeutics for Hepatitis B: The Road to Cure. Annu Rev Med (2021) 72:93–105. doi: 10.1146/annurev-med-080119-103356

151. Klumpp, K, Shimada, T, Allweiss, L, Volz, T, Luetgehetmann, M, Hartman, G, et al. Efficacy of NVR 3-778, Alone and In Combination With Pegylated Interferon, vs Entecavir In uPA/SCID Mice With Humanized Livers and HBV Infection. Gastroenterology (2018) 154:652–62. doi: 10.1053/j.gastro.2017.10.017

152. Zoulim, F. Inhibition of Hepatitis B Virus Gene Expression: A Step Towards Functional Cure. J Hepatol (2018) 68:386–8. doi: 10.1016/j.jhep.2017.11.036




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Ye and Chen. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Interferon and Hepatitis B: Current and Future Perspectives

      

        		

          Introduction

        



        		

          Advantages and Mechanisms of IFN-α Treatment Against CHB

        



        		

          Factors That Influence IFN Response

        



        		

          Viral Factors

        



        		

          Host Factors

        



        		

          Strategies to Improve the Efficacy of IFN-Based Therapy

        



        		

          Perspective

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-12-733364-g001.jpg
« Half-ife and stability
* Binding afinity and kinetics
« Hepatic targeting
« Delivery methods

e o + Combination with DAAS
PEGIFNa - O )

Host
ALT

- Gender and age

* Genetic polymorphisms
e Virus

At sntlioties +Viral load and antigen levels
Genotypes
- cccDNA persistence and heterogenciy
«HBV RNAs. HBorAg

HBV





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu.2021.733364_cover.jpg
, frontiers
in Immunology

Interferon and Hepatitis
B: Current and Future
Perspectives





OEBPS/Images/table1.jpg
Viral and host factors Role in modulating IFN response Ref

Viral Factors  Viral load Lower viral load and antigen levels associate with higher responsiveness to IFN-o. therapy (55, 56)
Genotype and mutants Gt A and B associates with better response to IFN treatment than gt D and C, respectively (57-60)
Precore and core promoter mutants limits the probability of response to IFN in HBeAg-positive CHB
Viral Counteractions HBsAg Inhibits with TLRs signaling and IFN-c. induction in pDCs, and interfers with immune cell functions. (61-63)
Pol Inhibits RIG-I/TLR3/STING-IRF-IFN-I and IFN-I-JAK/STAT signaling in hepatocytes (64-66)
HBx Inhibits RIG-I/MAVS signaling (67-69)
HBc Inhibits IFN-inducible MxA and IFITM1 (70, 71)
HBeAg Inhibits TLR2 and TIR intracellular form and IFN signaling (72-74)
HBSP Inhibits IFN-1 signaling (75)
Host Factors ~ ALT Higher baseline ALT levels are predictive of better IFN responsiveness (56, 76)
Age and gender Younger age and female are predictive of better IFN responsiveness (77, 78)
Genetic polymorphisms SNPs of IL28B(IFN-A3), STAT4 and UBE2L3 could be associated with IFN response (79-87)
Liver stage and intrinsic sensitivity Staging of liver fibrosis, presence of liver steatosis may affect the IFN response (55, 78)
to IFN
Anti-IFN antibodies May associate with non-response to IFN-o. therapy (88-91)

HBSP, hepatitis B spliced protein; IFITM1, interferon induced transmembrane protein 1; MxA, myxovirus resistance protein; RIG-I, retinoic acid-inducible gene I; TIR, Toll/IL-1 receptor;
STING, stimulator of interferon genes; IRF, interferon regulatory factor: MAVS, mitochondrial antiviral-signaling protein.





