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Abstract

Hepatitis B virus (HBV) and hepatitis C virus (HCV) infections are the most common causes of chronic liver diseases and hepatocelluar carcinomas. Over the past few years, the liver-enriched microRNA-122 (miR-122) has been shown to differentially regulate viral replication of HBV and HCV. It is notable that the level of miR-122 is positively and negatively regulated by HCV and HBV, respectively. Consistent with the well-documented phenomenon that miR-122 promotes HCV accumulation, inhibition of miR-122 has been shown as an effective therapy for the treatment of HCV infection in both chimpanzees and humans. On the other hand, miR-122 is also known to block HBV replication, and HBV has recently been shown to inhibit miR-122 expression; such a reciprocal inhibition between miR-122 and HBV suggests an intriguing possibility that miR-122 replacement may represent a potential therapy for treatment of HBV infection. As HBV and HCV have shared transmission routes, dual infection is not an uncommon scenario, which is associated with more advanced liver disease than either HBV or HCV mono-infection. Thus, there is a clear need to further understand the interaction between HBV and HCV and to delineate the role of miR-122 in HBV/HCV dual infection in order to devise effective therapy. This review summarizes the current understanding of HBV/HCV dual infection, focusing on the pathobiological role and therapeutic potential of miR-122. 
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Core tip: This paper summarizes direct and indirect interactions between hepatitis B virus (HBV) and hepatitis C virus (HCV), and the pathobiological role and therapeutic potential of liver specific miR-122 in HBV/HCV dual infection.
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INTRODUCTION

Hepatitis B virus (HBV) and hepatitis C virus (HCV) infection are a major health problem globally. Ap​proximately 350 million and 170 million people are infected with HBV and HCV worldwide, respectively[1]. Although the exact number of patients with HBV/HCV dual infection is unknown, about 2%-10% of patients with chronic HCV are found to be hepatitis B surface antigen (HBsAg) positive and 5%-20% of patients with chronic HBV are anti-HCV positive[2]. Several studies have reported that HBV/HCV dual infection accelerates the progression of chronic liver disease including fibrosis, cirrhosis and hepatocelluar carcinoma (HCC)[3,4]. 

Although HBV/HCV dual infection is not uncom​mon, it is rare to have both HBV and HCV actively replicating in the same patient[5]. In general, HBV DNA and HCV RNA levels are lower in dual infected patients compared to their mono-infected patients[4,6]. This is in accordance with the described phenomenon of “viral interference”, i.e., infection by a first virus results in resistance of cells to infection by a second virus[7]. Indeed, there is growing evidence of reciprocal inhibitions between HBV and HCV. These reciprocal inhibitions may be mediated by several mechanisms including direct interference between two viruses, indirect inhibition through host gene regulation, and innate/adaptive host immune responses. Recently, the liver-enriched microRNA (miRNA)-122 (miR-122) has been implicated in the regulation of both HBV and HCV infections. 

MiRNAs are small noncoding RNAs which are implicated in various biological processes through destabilization or translational inhibition of protein encoding mRNAs. Several miRNAs have been shown to regulate the replication and life cycle of HBV and HCV, respectively[8,9]. Among these, the liver-specific miRNA, miR-122, is perhaps the best known miRNA implicated in HCV or HBV infection. Notably, although miR-122 has been shown to enhance HCV replication, it is also known to inhibit HBV replication. However, to date, the role of miR-122 in HBV/HCV dual infection has not yet been defined. This review summarizes the current understanding of the direct and indirect reciprocal interactions in HBV/HCV dual infection, and discusses the emerging role of miR-122 in this intricate process.

NATURAL HISTORY OF DUAL INFECTION WITH HBV AND HCV

HBV/HCV dual infection can be classified into four types based on clinical features[2,10]: acute dual infection, occult HBV infection, and super-infection by either virus in patients with preexisting chronic hepatitis. Given the different modalities of HBV/HCV dual infection, its actual prevalence may be underestimated on the basis of the available clinical data. For instance, the predicted prevalence may vary depending on the relative sensitivity of both HBsAg and HBV DNA assay in case of occult HBV infection. Presently, the exact global prevalence of HBV/HCV dual infection is largely unknown.

The viral dominance and prevalence of HBV/HCV dual infection vary depending on the ethnicity and geographic region. Nguyen et al[11] analyzed 115 patients with HBV/HCV dual infection in multiethnic study and found that HBV viral dominance pattern is significantly higher in Asian patients than non-Asian patients (38% vs 10%; P = 0.02). In contrast, HCV viral dominance pattern is more common in North American and European patients than in Asian patients. Simultaneous infection of HBV and HCV is rare, and it is mostly found in the situations such as accidental needle-stick injury, blood transfusion and injection drug users[12,13]. Mimms et al[14] showed that delayed appearance of HBsAg and decreased alanine aminotransferase (ALT) levels in simultaneous dual infected patients compared to mono-infected patients, suggesting that HCV inhibits HBV activity. Occult HBV infection, defined as the presence of HBV DNA in the liver and/or in the serum from patients with undetectable HBsAg[15], has been frequently identified in patients with chronic HCV infection[16]. Several lines of evidences suggest that occult HBV infection may accelerate the progression of liver disease including HCC in chronic HCV infected patients[17-20]. For example, the prevalence of occult HBV infection is significantly higher (61.6% vs 36.3%) in HCV positive patients with HCC than non-HCC chronic HCV infected patients[17]. The incidence of HCC is also significantly higher (14% vs 1.4%) in chronic HCV patients with occult HBV compared to HCV patients without occult HBV[19]. HCV superinfection is common in areas where HBV is prevalent such as Asian countries[21,22]. Several studies have shown that HCV superinfection results in suppression of HBV replication and elimination of HBsAg[23,24]. However, acute HCV superinfection in patients with chronic hepatitis B is associated with worse prognosis in terms of higher incidence of cirrhosis and HCC compared to chronic hepatitis B alone[21]. Although HBV superinfection in patients with chronic hepatitis C is less common, several studies have shown that acute HBV superinfection leads to suppression of HCV replication. Sagnelli et al[25] showed that the patients who had been HCV RNA positive for at least 1 year before HBV superinfection became HCV RNA negative during HBV infection, but more severe clinical presentation (development of portosystemic encephalopathy, ascites or prothrombin activity lower than 25%) were observed in HBV superinfected patients[25,26].

Therefore, the evidence is compelling that HBV/HCV dual infection exhibits reciprocal inhibition of viral replication, yet more aggressive clinical course of liver disease and higher risk of HCC compared to HBV or HCV mono-infection.

RECIPROCAL INHIBITION BETWEEN HBV AND HCV

Clinical and in vivo animal studies have shown that the HBV and HCV affect their replication each other. Patients with HBV/HCV dual infection show significantly lower titer of HCV RNA compared to patients with HCV mono-infection[27]. Decreased HBsAg and HBV DNA levels are seen in chronic hepatitis B patients co-infected with HCV[28]. Likewise, HCV super-infection results in significant reduction in the titer of serum HBsAg in chronic HBV-infected chimpanzee[29]. Conversely, in chronic HCV-infected chimpanzee, HBV infection is delayed and attenuated compared to HCV-negative chimpanzee[30]. These reciprocal inhibitions between HBV and HCV may account for various viral profiles including occult infection and viral dominance in HBV/HCV dual infection.

Direct viral interaction

Studying the direct interaction between HBV and HCV requires appropriate in vitro and in vivo model systems. At present, only few cell systems are sus​ceptible to hepatotropic viral infections, even in the case of HBV or HCV mono-infection. While human primary hepatocytes are susceptible to both HBV and HCV infection, they are restricted to infection with acute phase, due to their short life span and the loss of hepatocyte features during cell culture process[31]. As an alternative, heterologous overexpression of viral proteins has been utilized to study HBV and HCV viral protein interactions. Ectopic expression of HCV core protein has been shown to interrupt HBV X-protein (HBx)-mediated trans-activation of HBV genome through direct binding to HBx[32]. HCV core protein has also been shown to form complex with HBV polymerase, thereby inhibiting HBV transcription and viral encapsidation[32]. Recently, Bellecave et al[33] established an inducible HBV replicating Huh7 cell system that has consistent replicating subgenomic HCV RNA. In that system, tetracycline-induced HBV replication did not alter the replication of HCV, nor the subcellular localization of HCV proteins. Similar results were also observed in a newly established the HCC cell line, HLCZ01 (derived from HCC tissue of HCV-infected male patient; the HLCZ01 cells are susceptible to the entire life cycle of both HBV and HCV including virus entry, replication and viral particle production)[34]. In that system, HLCZ01 cells were infected with HBV for 10 d and then infected with HCV for another 6 d; following HCV infection, the intracellular HCV RNA gradually increased while the HBV DNA copies were not changed by HCV infection. Additionally, simultaneous infection of HLCZ01 cells by HBV and HCV did not affect either HBV or HCV replication[34]. Thus, the data on the direct interaction between HBV and HCV are rather conflicting; such an inconsistency may relate to different experimental conditions (such as cell system, viral genotypes, or duration of infection, etc.), although it points toward the possibility that the documented “viral interference” during HBV/HCV dual infection may be largely mediated by other mechanisms (such as indirect molecular interaction).

Indirect molecular interaction

Infection with HBV or HCV alters host gene expression and cellular phenotypes through diverse mechanism such as integration into host genomes and viral-host protein interaction[35]. Several studies have reported that the gene expression profiles in patients with chronic HBV and HCV are different[36,37]. In patients with chronic hepatitis B, the genes related to pro-apoptotic signaling and DNA repair response are up-regulated, whereas the genes related to immune reaction, lipid metabolism and epidermal growth factor receptor signaling are up-regulated in patients with chronic hepatitis C[37]. While these differentially regulated genes may reflect the difference in the pathogenesis of chronic hepatitis B and C, it is possible that these host genes may mediate indirect molecular interaction between HBV and HCV in the setting of HBV/HCV dual infection. 

HCV NS5A has been shown to activate PI3K-Akt pathway through direct binding with p85 regulatory subunit of PI3K[38]. HCV E2 has also been reported to activate PI3K-Akt pathway via interaction with CD81 and claudin-1; the resulting PI3K-Akt activation further enhances HCV infectivity[39]. Constitutively active Akt1 results in decreased HBV replication, while inhibition of PI3K-Akt promotes HBV RNA transcription and DNA replication in HepG2.2.15 cells[40]. These findings suggest that HCV may inhibit HBV replication through activating PI3K-Akt pathway in patients with HBV/HCV dual infection. In addition, several studies suggest that HCV core and NS2 proteins inhibit the transcription of HBV through interacting with nuclear receptor family and affecting other cellular transcription factors[41,42]. 

EMERGING ROLE OF MIR-122 IN HBV/HCV DUAL INFECTION

MiR-122 is implicated in diverse aspects of hepatic functions, including hepatic lipid and cholesterol meta​bolism and regulation of hepatitis C and B viruses[43]. On the subject of HCV regulation, miR-122 is known to positively regulate HCV replication through direct interaction with the 5’ UTR of the HCV genome. In contrast to the general phenomenon that miRNA-mRNA complex leads to either mRNA degradation or inhibition of translation, miR-122 is unique in that it stabilizes HCV viral RNA by protecting the 5’ terminus of the HCV genome from degradation by the host exonuclease, Xrn-1 and also stimulates HCV translation[44]. Given that the miR-122 promotes the accumulation of HCV, miR-122 represents an attractive therapeutic target for the treatment of HCV infection. Indeed, silencing of miR-122 has been shown to significantly inhibit HCV replication in cultured liver cells and chronically HCV-infected chimpanzee model[45,46]. A recent clinical study has shown that miravirsen, an antisense inhibitor of miR-122, significantly prolonged the reduction of HCV RNA in patients with chronic HCV genotype 1 infection[47]. 

On the subject of HBV regulation, miR-122 is known to inhibit the gene expression and replication of HBV. Chen et al[48] showed that miR-122 binds to highly conserved region of HBV pregenomic RNA, which is also a bicistronic mRNA encoding the HBV polymerase and core protein, thereby leading to inhibition of HBV gene expression and replication. MiR-122 also inhibits HBV replication by regulating the activity of p53 and its association with HBV enhancer via directly targeting of cyclin G1[49]. These findings suggest that liver-specific miR-122 is a critical regulator of viral replication in both HBV and HCV by either directly affecting viral RNA or modulating host gene expression.  

The level of miRNAs is tightly controlled by tran​scriptional or post transcriptional regulation of biogenesis[50]. Although the expression of miR-122 is transcriptionally regulated by liver-enriched trans​cription factors including HNF4 and C/EBP[51,52], it can be regulated by HBV and HCV infection. Recent studies have shown that the abundance of miR-122 is different in HCC patients with HBV versus HCV. The levels of miR-122 in patients from HBV-associated HCC is significantly lower compared to HCV-associated HCC[53]. Down-regulation of miR-122 is observed in a stable HBV-expressing cell line, HepG2.2.15, compared to its parental cell line, HepG2[54,55]. In addition, HBV infection also decreases the levels of miR-122 in human hepatocyte and HepaRG cells[56]. Recent evidence suggests that HBx is an important negative regulator of miR-122 expression, highlighted by the fact that HBx binds to peroxisome proliferator activated receptor gamma and inhibits the transcription of miR-122[56]. A separate study shows that HBx decreases miR-122 level post-transcriptionally through downregulation of Germline development 2[55]. 

Acute HCV infection has been reported to increase the level of miR-122 in cultured cells and chimpanzee models. In HCV infected Huh7.5.1 cells, the level of miR-122 increased at early time points (at day 19 post-infection), then decreased quickly and reached minimum levels at late time points (at day 32 post-infection)[57]. In a chimpanzee model, inoculation of HCV genotype 1 resulted in increased expression of miR-122 at the first 4 wk (rapidly increasing HCV viral titer), followed by declined levels of miR-122 at 10-14 wk (with elevation of serum ALT)[58]. 

The above findings provide evidence for reci​procal interactions between miR-122 and HBV/HCV (summarized in Figure 1). It is possible that the dominant virus in HBV/HCV dual infection may affect the level of miR-122 and thereby influence the replication of the other virus, although details of miR-122 and HBV/HCV interactions remain to be further defined.

MIR-122 AS THERAPEUTIC TARGET IN PATIENT WITH HBV/HCV DUAL INFECTION 

Since HBV/HCV dual infection is heterogeneous, currently there is no standard therapy for the treat​ment of HBV-HCV dual infected patients. Although interferon- (IFN-) is the only treatment option effective for both viruses, early treatment trials showed that HBV/HCV dual infected patients were less responsive to IFN than HCV mono-infective patients[59]. Therefore, it is very important to identify virological profiles including viral dominances in HBV/HCV dual infection to guide treatment. A previous study report that approximately 70% of dual infected patients have active HCV, whereas 38% of patients have active HBV[60]. Multiple studies have evaluated the efficacy of pegylated interferon-alpha (Peg-IFN-) and ribavirin on HBV/HCV dual infection with active HCV infection. Potthoff et al[61] administered Peg-IFN-α/ribavirin to 19 patients with chronic hepatitis C and positive HBsAg for 24 wk; sustained virologic response (SVR) was achieved in 74% patients (14/19); although HBsAg and HBeAg status remained unchanged, HBV-DNA became negative in two of six HBV-DNA positive patients; however, four of the 13 patients (31%) with HBV-DNA negative patients became positive after clearance of HCV. Liu et al[62] conducted a larger multicenter clinical trial and found that HCV SVR was 72.2% in dually infected patients vs 77.3% in mono-infected patients with genotype 1 infection. For patients with genotype 2/3, SVR were 82.8% and 84%, respectively. Notably, 11.2% (18/161) of the dually infected patients showed HBsAg clearance and serum HBV-DNA became undetectable in 55.9% (38/68) of patients at the end of the follow-up period. In contrast, 36.3% (28/77) dually infected patients whose pretreatment serum HBV DNA was undetectable showed reappearance of HBV DNA. A separate study has demonstrated the effectiveness of IFN and lamivudin in dually infected patients with active HBV[63]. In that study, eight patients received IFN plus lamivudin for 12 mo and followed by 6 mo of lamivudin alone; HBV DNA and HBeAg clearance were observed in 3/8 patients and serum HCV RNA became negative in 4/8 patients. These results suggest that targeting dominant virus through combined IFN plus ribavirin or IFN plus nucleoside/nucleotide analog might be effective in HBV/HCV dual infection. 

Studies have shown that SVR to IFN-based therapy is associated with single-nucleotide polymorphisms near the IL28B gene such as rs12979860, rs12980275 and rs8099917. The IL-28B rs12979860 CC, rs12980275 AA and rs8099917 TT genotypes are more frequently found in chronic hepatitis C patients (genotype 1) in SVR group than in null virological response (NVR)[64-66]. In case of genotype 2/3, only IL-28B rs12979860 CC genotype is associated with SVR to Peg-INF-/ribavirin therapy, but not rs12980275 and rs8099917 genotypes[67]. These genotypes are also closely associated with SVR to IFN therapy in patients with HBV infection[68,69]. Consistent with their role in mono-infection, IL-28B genotypes are also associated with SVR to Peg-INF-/ribavirin therapy in HBV/HCV dual infection. Guo et al[70] showed that IL-28B rs12979860 CC and rs8099917 TT genotypes are frequently found in SVR group than NVR in dual infected patients treated with Peg-INF-/ribavirin. Interestingly, the reactivation rate of HBV DNA was significantly lower in IL28B rs8099917 TT genotypes than their TG + GG genotypes (TT vs TG + GG; 13.9% vs 41.7%, P = 0.005)[70]. Therefore, these results suggest that IL28B gene polymorphism can be used to predict HBV reactivation as well as IFN response in HBV/HCV dual infection.
Several recent studies suggest that miR-122 levels might be related to the IL28B genotype. Su et al[71] found that IL28B rs8099917 TT genotypes had significantly high pre-treatment miR-122 levels in serum with strong response to treatment than the IL28B GT or GG genotypes. Conversely, low levels of pre-treatment miR-122 have been observed in chronic HCV patients who had no virological response during Peg-IFN-/ribavirin therapy[71,72]. Hao et al[73] showed that IFN- treatment induced a marked decrease of miR-122 in hepatocyte through sequestration by the IFN-stimulated gene, NT5C3, and thereby negatively affects the anti-HBV efficiency of IFN-α. These findings suggest that the level of miR-122 is regulated by IFN-stimulated genes and is closely related to interferon response in patients with HBV or HCV. Given that Peg-IFN-/ribavirin is also used as therapeutic drugs for dual infected patients with active HCV, pre- and post-treatment miR-122 levels should be measured in various types of dual infected patients; the data may not only help predict therapeutic response, but also provide insights into viral interaction and reactivation. 

As stated in the preceding section, targeting miR-122 using anti-sense nucleic acid is highly effec​tive for the treatment of chronic HCV infec​tion[45-47]. This approach has several advantages, including effectiveness on all HCV genotypes (because of highly conserved miR-122 binding sites across HCV genotypes[74]), no evidence of viral resistance, and lack of significant side effect[46]. However, as mentioned above, miR-122 has dual function on HBV and HCV replication and it may play a role in reciprocal viral inhibition between these two viruses. Thus, silencing of miR-122 might not be suitable for the treatment of HBV/HCV dual infected patients, even in dual infected patients with dominant HCV, as inhibition of miR-122 may cause reactivation of HBV. Careful testing and screening for HBV is required before initiation of miR-122 inhibitor in patients with positive HCV serology. 

On the other hand, evidence also suggests the possibility of miR-122 replacement therapy for the treatment of HBV or even late stage of HCV-associated diseases. Several studies have shown that hepatic level of miR-122 was significantly decreased in the late stage of fibrosis and HCC[75,76], suggesting that miR-122 may inhibit hepatic fibrogenesis and carcinogenesis; these observations argue for miR-122 replacement therapy in late stage of HCV-associated liver disease. Nguyen et al[11] found that 83% of HBV-dominant dual infected patients had complete dominance (i.e., with negative HCV RNA). For these cases, it remains to be determined whether miR-122 replacement therapy can be strategized to curtail HBV and improve HBV-associated pathology; should this be attempted, it would be critical to continually monitor HCV replication given the possibility of HCV reactivation. Thus, whether or when to inhibit or enhance miR-122 for therapy requires careful consideration of the context of the viral infections and the stage of the liver diseases.
Given the enormous promise of direct-acting antiviral (DAA) drugs (including NS3/4A protease inhibitors, NS5A and NS5B polymerase inhibitors) for successful interferon-free treatment of HCV across multiple genotypes[77-79], further investigation is warranted to determine whether DAA drugs could be effectively utilized for optimal antiviral therapy in HCV/HBV dual infected patients and whether their antiviral efficacy is dependent upon miR-122.

CONCLUSION

HBV and HCV dual infection is associated with more advanced liver disease than either mono-infection. The modalities and viral dominance are highly variable in patient with HBV-HCV dual infection. Recent clinical and experimental studies have shown reciprocal inhibition between HBV and HCV. However, until now the underlying mechanisms of these inhibitions are poorly understood because of the complicated viral profiles of HBV/HCV dual infection and the lack of optimal experimental models. A better understanding of the dynamic and intricate interactions between HBV and HCV is needed prior to consideration of treatment of HBV/HCV dual infections. The host genes regulated by HBV and HCV viruses have been recognized as important players that mediate the reciprocal inhibition between HBV and HCV and regulate the pathogenesis of viral hepatitis. Recent studies have shown that miR-122 is a crucial host gene that differentially regulates the replication of both HBV and HCV. Con​versely, the expression of miR-122 is regulated differently by these two viruses. Although silencing of miR-122 is an attractive therapy against HCV infection, this approach might not be suitable for the treatment of HBV/HCV dual infection, given the potential concern for HBV reactivation. Further studies are needed to better understand the mechanisms for miR-122-mediated hepatotropic viral replication and to devise the optimal regimen for treatment of HBV/HCV dual infection. 
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Figure Legends

[image: image1.png]Hov

HOV
N3

ey

HoV
T,

miR-122 miR-122 2
o

Cytoplasm

Nucleus

HBV polymerase
¥ o2

Hov
Al
ke o1
e Inhibition of
:‘ ;. HBV °
by miR-122
¥ [ J l 2L
miR-122

Inhibition of

»
Cydlin G1
l miR-122
: by HBV
HeX

G G




Figure 1  Emerging role of miR-122 in hepatitis B virus and hepatitis C virus infection. Liver specific miR-122 binds to 5’UTR sites of HCV RNA and promotes their translation and replication. In contrast, miR-122 binds to highly conserved HBV pregenomic RNA (pgRNA) and modulating pgRNA stability, leading to inhibition of HBV production. miR-122 also positively regulates p53-mediated inhibition of HBV transcription through direct targeting cyclin G1. HBV infection affects miR-122 expression and stability. Hepatitis B viral X protein (HBX) binds to peroxisome proliferator activated receptor gamma (PPAR-γ) and thereby inhibits miR-122 transcription. In addition, HBX also reduce the miR-122 levels through downregulating Gld2. HBV: Hepatitis B virus; HCV: Hepatitis C virus; miR-122: MicroRNA-122; Gld2: Germline development 2.
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