

[image: Interferon Alpha Induces Cellular Autophagy and Modulates Hepatitis B Virus Replication]
Interferon Alpha Induces Cellular Autophagy and Modulates Hepatitis B Virus Replication





ORIGINAL RESEARCH

published: 02 February 2022

doi: 10.3389/fcimb.2022.804011

[image: image2]


Interferon Alpha Induces Cellular Autophagy and Modulates Hepatitis B Virus Replication


Jia Li 1, Thekla Kemper 1, Ruth Broering 2, Jieliang Chen 3, Zhenghong Yuan 3, Xueyu Wang 1,4* and Mengji Lu 1*


1 Insititute for Virology, University Hospital Essen, University of Duisburg-Essen, Essen, Germany, 2 Department of Gastroenterology, Hepatology and Transplant Medicine, University Hospital Essen, University of Duisburg-Essen, Essen, Germany, 3 Key Laboratory of Medical Molecular Virology, School of Basic Medical Sciences, Shanghai Medical College, Fudan University, Shanghai, China, 4 State Key Laboratory for Diagnostic and Treatment of Infectious Diseases, The First Affiliated Hospital, School of Medicine, Zhejiang University, Hangzhou, China




Edited by: 

Hua Niu, Affiliated Hospital of Guilin Medical University, China

Reviewed by: 

S. Jin, Sun Yat-sen University, China

Li Zhou, Wuhan University, China

*Correspondence: 

Mengji Lu
 mengji.lu@uni-due.de

Xueyu Wang
 xueyuwang02@163.com

Specialty section: 
 This article was submitted to Microbes and Innate Immunity, a section of the journal Frontiers in Cellular and Infection Microbiology


Received: 28 October 2021

Accepted: 10 January 2022

Published: 02 February 2022

Citation:
Li J, Kemper T, Broering R, Chen J, Yuan Z, Wang X and Lu M (2022) Interferon Alpha Induces Cellular Autophagy and Modulates Hepatitis B Virus Replication. Front. Cell. Infect. Microbiol. 12:804011. doi: 10.3389/fcimb.2022.804011



Hepatitis B virus (HBV) infection causes acute and chronic liver diseases, including severe hepatitis, liver cirrhosis, and hepatocellular carcinoma (HCC). Interferon alpha 2a (IFNα-2a) is commonly used for treating chronic HBV infection. However, its efficacy remains relatively low. Yet, the immunological and molecular mechanisms for successful IFNα-2a treatment remain elusive. One issue is whether the application of increasing IFNα doses may modulate cellular processes and HBV replication in hepatic cells. In the present study, we focused on the interaction of IFNα signaling with other cellular signaling pathways and the consequence for HBV replication. The results showed that with the concentration of 6000 U/ml IFNα-2a treatment downregulated the activity of not only the Akt/mTOR signaling but also the AMPK signaling. Additionally, IFNα-2a treatment increased the formation of the autophagosomes by blocking autophagic degradation. Furthermore, IFNα-2a treatment inhibited the Akt/mTOR signaling and initiated autophagy under low and high glucose concentrations. In reverse, inhibition of autophagy using 3-methyladenine (3-MA) and glucose concentrations influenced the expression of IFNα-2a-induced ISG15 and IFITM1. Despite of ISGs induction, HBV replication and gene expression in HepG2.2.15 cells, a cell model with continuous HBV replication, were slightly increased at high doses of IFNα-2a. In conclusion, our study indicates that IFNα-2a treatment may interfere with multiple intracellular signaling pathways, facilitate autophagy initiation, and block autophagic degradation, thereby resulting in slightly enhanced HBV replication.
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Introduction

Hepatitis B virus (HBV) infection causes acute and chronic infections that results in the death of over 887,000 people every year due to severe hepatitis, liver cirrhosis, and cancer despite of effective vaccination (Polaris Observatory, 2018). Current standard HBV therapeutic strategies include treatment using interferon alpha (IFNα) (Ferir et al., 2008) and nucleoside/nucleotide analogs (NAs) (Terrault et al., 2018). IFNα-2a is a cytokine with immunomodulatory and antiviral effects and is one of the first-line drugs for clinical treatment of chronic hepatitis B (CHB) (Cho and Kelsall, 2014). Nevertheless, the performance of IFNα-2a-based therapies has been limited, with a response rate of only approximately 30% (Ferir et al., 2008). The mechanisms underlying the limited response to IFNα in CHB patients are not completely understood.

The major human type I IFN includes three subtypes: α, β, and ω, primarily exerting antiviral, antiproliferative, and immunomodulatory functions (Wittling et al., 2020). IFNα binds to its specific receptors and activates intracellular signaling cascades (Pestka et al., 2004). A great number of cellular genes are up-or downregulated by IFNα and many of those so-called IFN-stimulated genes (ISGs) have antiviral functions (Schoggins and Rice, 2011; Schneider et al., 2014). The antiviral effect of ISGs in the context of HBV infection has been extensively studied over decades (Wieland et al., 2003). Overexpression of selected ISGs may lead to HBV suppression in cell models (Pei et al., 2014; Leong et al., 2016). Though many ISGs may contribute to suppression of HBV replication, their actions were rather ineffective (Rang et al., 2001; Kim et al., 2008). For example, IFIT1 and -2 are the most strongly upregulated genes, however, they rather play a role in limiting HBV replication at a high level (Pei et al., 2014). IFNα subtypes differ in their antiviral and immunomodulatory functions (Chen et al., 2021). IFNα-14 has been shown to be superior in HBV inhibition compared to other IFNα subtypes including IFNα-2a (Shen et al., 2018; Chen et al., 2021). Mechanistically, IFNα-14 is able to trigger a concerted IFNα and –γ response and presumably a broader antiviral activity in hepatocytes. Besides the JAK/STAT, which are called canonical signaling pathways (Mazewski et al., 2020), IFNα is able to modulate multiple intracellular signaling pathways through non-canonical, including MAP kinase and phosphoinositide 3-kinase (PI3K)/mammalian target of rapamycin (mTOR) pathways (Mazewski et al., 2020). Specifically, IFNα activates PI3K/Akt/mTOR signaling pathway (Uddin et al., 1995; Lekmine et al., 2004) and therefore initiates cellular autophagy.

Autophagy is an evolutionarily conserved cellular process that can be induced by various stimuli, including starvation, hypoxia, and treatment with cytokines (such as IFN and transforming growth factor (TGF)) (Lekmine et al., 2004; Schmid and Munz, 2007; Chang et al., 2010). Autophagy is initiated by mTOR or AMPK-ULK1 signaling to regulate ULK1-Atg13-FIP200 complex formation (Jung et al., 2009). Recent evidence suggests that type I IFN can induce autophagy by canonical and non-canonical pathways and participate in many pathological processes (Degtyarev et al., 2008; Zhu et al., 2013; Gu et al., 2017; Perot et al., 2018; Ma et al., 2019), which is correlated with cellular apoptosis and proliferation (Degtyarev et al., 2008; Zhu et al., 2013), cytokines networks (Gu et al., 2017; Ma et al., 2019), and antiviral activities (Perot et al., 2018).

Our and others’ previous studies showed that autophagy plays a key role in HBV replication and pathogenesis (Tian et al., 2011; Lin et al., 2017). Therefore, it is important to investigate whether the intracellular crosstalk induced by IFNα-2a can enhance cellular autophagy and change HBV replication in hepatic cells. In the present study, we tested the changes in intracellular signaling pathways and HBV replication after IFNα-2a treatment in hepatoma cells, HepG2.2.15 and Huh7 cells, which are commonly used cell models for HBV replication, and primary human hepatocytes (PHHs). The results illustrate that IFNα-2a induced autophagy and blocked autophagic degradation, resulting in a slight increase in HBV replication.



Materials and Methods


Cell Culture

All the cell cultures were maintained at 37°C in a humidified atmosphere containing 5% CO2. The HBV-producing HepG2.2.15 hepatoma cell line, which harbors the integrated HBV genomic dimers (Sells et al., 1987) (provided by American Type Culture Collection), was cultured in RPMI-1640 medium (Gibco) with 10% fetal bovine serum, 100 U/ml penicillin, 100 μg/ml streptomycin (Gibco), and 1% nonessential amino acids (NEAAs), 1% HEPES, and 500 μg/ml G418 (Merck Millipore). Different concentrations of glucose were used in HepG2.2.15 culture medium, based on glucose‐free RPMI‐1640 medium (11879020; Gibco), supplemented with the indicated concentrations of glucose (5 and 25 mM), 10% fetal bovine serum, 100 U/ml penicillin, 100 μg/ml streptomycin (Gibco), 1% NEAAs, 1% HEPES, and 500 μg/ml G418 (Merck Millipore). Huh7 cells were cultured in DMEM medium, supplemented with 10% inactivated FBS, 100 U/mL penicillin, 100 μg/mL streptomycin (Gibco), 1% NEAA, and 1% HEPES. Primary human hepatocytes (PHHs) were cultured in Williams E medium, supplemented with 250 μL insulin, 2% DMSO, and 125 μL hydrocortisone hemisuccinate. The HBV particles harvested from HepG2.117 cells were used for PHHs infection. For HBV infection, as described previously (Wan et al., 2017). PHHs were cultured in primary hepatocyte maintenance medium (PMM) for 24 hours and then inoculated with a 30 multiplicity of genome equivalents of HBV in PMM with 4% PEG 8000 at 37°C for about 24 hours. One day after infection, the cells were washed with warm PBS three times to remove residual viral particles and refreshed the PMM medium containing 2% DMSO and treated with the indicated concentrations of IFNα-2a. The medium was refreshed every other day.



Chemical Reagents

Human interferon alpha 2a (11100) was purchased from PBL assay science. Glucose (G8270), chloroquine (C6628), insulin (I-034), and rapamycin (R8781) were purchased from Sigma‐Aldrich. MHY1485 (S7811) and AICAR (S1802) were purchased from Selleck Chemicals.



Western Blotting Assay

Western blotting assay was carried out as described previously (Lin et al., 2020). Antibodies we used in the experiment were as following: anti-AMPK (2532S), anti-phospho-AMPK (2531S), anti-Akt (9272S), anti-phospho-Akt (Ser473; 9271S), anti-mTOR (2972S), anti-phospho-mTOR (2971S), anti-p70 S6K (9202S), anti-phosphop70 S6K (S371; 9234S), anti-p62 (5114S), anti-LC3B (3868S), anti-IFITM1 (13126S), anti-ISG15 (2758S) and anti-beta-actin (Sigma, A5441). The signals were visualized with an enhanced chemiluminescence (ECL) system (GE Healthcare, UK). The relative levels of indicated proteins were determined by quantifying the gray scales of bands using ImageJ software, using beta‐actin as a loading control.



Immunofluorescence Staining

HepG2.2.15 cells were grown on coverslips and treated as indicated in each experiment. After treatment, the cells were fixed in 4% paraformaldehyde and permeabilized with 0.1% Triton X‐100. Then, the cells were incubated with anti-LC3B antibodies, staining with Alexa Fluor 488‐conjugated Goat anti-Rabbit IgG (H + L). The nuclei were stained with 4’,6-Diamidino-2-phenylindole (DAPI). The distribution of LC3B protein was visualized with a confocal microscope (LSM710, Carl Zeiss). For quantification the number of LC3B puncta in cells, around 3 cells were recorded and analyzed by ImageJ software.



Dye Quenched-Bovine Serum Albumin (DQ-BSA) Degradation Assay

HepG2.2.15 cells were grown on coverslips and treated as indicated in each experiment. After treatment, cells were incubated with DQ Red BSA (10 μg/mL; Invitrogen, D-12051) for 30 minutes. The fluorescent signal produced by lysosomal proteolysis of DQ Red BSA was quantified with an LSM 710 confocal microscope (Zeiss, Germany).



Detection of HBV Gene Expression and Replication

The levels of HBsAg and HBeAg in cell lysates and in the supernatant were measured by chemiluminescent microparticle immunoassay (CMIA, Abbott Laboratories, Chicago, IL, USA). HBV replicative intermediates (RIs) from intracellular core particles were extracted and detected by Southern blotting as described previously (Guan et al., 2007).



Statistical Analyses

All experiments were repeated independently at least 3 times. The data were expressed as the means ± SEM. Data were analyzed for statistical significance by ANOVA with two‐tailed Student’s t test or by one‐way ANOVA with a Tukey post-test using Prism 8 software. p < 0.05 was considered significant and indicated by asterisks.




Results


IFNα-2a Interferes Intracellular Signal Crosstalk

Previously, it has been shown that IFNα-2a was able to interfere with multiple cellular signalings. We firstly asked whether IFNα-2a interferes with Akt/mTOR and AMPK activities. HepG2.2.15 cells were treated with IFNα-2a at different concentrations (1000 U/ml and 6000 U/ml), and harvested after 48 hr. The baseline expressions of total AMPK, Akt, mTOR, and their phosphorylated forms were detected by western blotting. As the Figure 1A shows, the levels of phosphorylated Akt and mTOR were decreased with the increasing IFNα-2a concentrations. Interestingly, the levels of total and phosphorylated AMPK were decreased (Figure 1B). These data indicate that IFNα-2a attenuates Akt/mTOR signaling and AMPK signaling.




Figure 1 | IFNα-2a interferes with intracellular signal crosstalk. (A, B) HepG2.2.15 cells were treated with the indicated concentrations of IFNα-2a and harvested after 48 h. The total and phosphorylated Akt, mTOR, and AMPK were detected by western blotting and their relative levels were determined by quantifying the gray scales of bands, using beta‐actin as a loading control. (C) HepG2.2.15 cells were treated with 6000 U/ml IFNα-2a in combination with 10 μM insulin for 48 hr. The total and phosphorylated Akt, and mTOR were detected by western blotting and their relative levels were determined by quantifying the gray scales of bands, using beta‐actin as a loading control. (D) HepG2.2.15 cells were treated with 6000 U/ml IFNα-2a with or without 1 μM MTOR inhibitor rapamycin or activator MHY1485 for 48 h The total and phosphorylated mTOR and p-p70 S6K were detected by western blotting and their relative levels were determined by quantifying the gray scales of bands, using beta‐actin as a loading control. (E) HepG2.2.15 cells were treated with 6000 U/ml IFNα-2a with or without AMPK activator 0.1 mM AICAR for 48 hr. AMPK, phosphorylated AMPK, p62 and LC3 were analyzed by western blotting, using beta‐actin as a loading control. (F) PHHs were infected with HBV virions (multiplicity of infection = 30). 4 days post infection, PHHs were treated with IFNα-2a twice (1000 U/ml and 6000 U/ml). After 48 hr, The total and phosphorylated Akt, mTOR, and AMPK were detected by western blotting and their relative levels were determined by quantifying the gray scales of bands, using beta‐actin as a loading control.



Previous studies have shown that insulin physiologically activates the Akt/mTOR pathway (Molinaro et al., 2019). Insulin was added into the culture medium. Indeed, the levels of phosphorylated Akt and mTOR were increased after insulin treatment. Simultaneous addition of 6000 U/ml IFNα-2a counteracted the increased activities of Akt and mTOR stimulated by insulin (Figure 1C), confirming the suppressive effect of IFNα-2a on Akt/mTOR signaling.

To further examine the effect of IFNα-2a on mTOR signaling pathway, HepG2.2.15 cells were treated with 6000 U/ml of IFNα-2a combined either with rapamycin, an inhibitor of mTOR, or MHY1485, an agonist of mTOR, respectively. The results showed that the level of phosphorylated mTOR decreased after rapamycin treatment and was further reduced following the combined treatment with IFNα-2a and rapamycin. On the other hand, the inhibitory effect of IFNα-2a on mTOR phosphorylation was attenuated in cells co-treated with MHY1485 (Figure 1D). These results confirm that IFNα-2a treatment inhibits the mTOR signaling pathway in hepatoma cells.

IFNα-2a treatment resulted in a significant decrease of AMPK phosphorylation at the baseline expression. When HepG2.2.15 cells were grown in the presence of AICAR, an AMPK agonist, for 48 hr, AMPK phosphorylation markedly increased. Again, IFNα-2a co-treatment abolished increased phosphorylation of AMPK by AICAR activation (Figure 1E). Thus, IFNα-2a treatment also diminishes AMPK signaling in hepatoma cells.

Besides the hepatoma cells, we also used PHHs in our experiment. However, uninfected PHHs had initially very low levels of phosphorylated Akt and mTOR. PHHs were incubated in medium and treated with indicated concentrations of IFNα-2a (1000 U/ml and 6000 U/ml) for 48 hr. Differed from HepG2.2.15 cells, IFNα-2a treatment caused increased levels of phosphorylated Akt, mTOR, and AMPK in PHHs (Figure 1F). HBV-infected PHHs cell model is a transient and de novo infection model and is notably different from the stable HBV-transfected cells, such as HepG2.2.15 cells.



IFNα-2a Induces Autophagy Through Inhibiting Akt/mTOR Pathway and Blocks Autophagic Degradation in Hepatoma Cells

The Akt/mTOR signaling pathway is known to regulate autophagy (Degtyarev et al., 2008; Jung et al., 2009). Thus, we addressed the question whether IFNα-2a treatment changes the autophagic activity in hepatoma cells. The levels of LC3II after IFNα-2a treatment were determined using IF staining and western blotting. IF staining showed that the numbers of endogenous LC3-positive autophagic puncta increased in IFNα-2a-treated cells (Figure 2A). Consistently, the IFNα-2a treatment also markedly increased the levels of LC3II, as shown by western blotting analysis (Figure 2B). Next, HepG2.2.15 cells were cultured in the presence of rapamycin with and without IFNα-2a, respectively. The level of LC3II was higher after rapamycin treatment and further increased by IFNα-2a co-treatment. Interestingly, the level of p62 also increased markedly after IFNα-2a treatment, similar to chloroquine (CQ) treatment. These results indicate that IFNα-2a treatment blocked autophagic degradation and led to accumulation of LC3 puncta. To confirm this assumption, HepG2.2.15 cells were treated with 6000 U/ml IFNα-2a for 48 hr and then incubated with dye quenched-bovine serum albumin (DQ-BSA) for 30 min. Cells cultured in Earle’s balanced salt solution (EBSS) was used as a positive control and CQ treatment as a negative control. Fluorescence microscopic analysis showed that the fluorescent signal of DQ-BSA decreased upon IFNα-2a treatment, while increased upon incubation with Earle’s balanced salt solution (EBSS), suggesting that IFNα-2a treatment blocks autophagic degradation in hepatoma cells (Figure 2C).




Figure 2 | IFNα-2a induces autophagy through inhibiting Akt/mTOR pathway and blocks autophagic degradation. (A) HepG2.2.15 cells were treated with 6000 U/ml IFNα-2a. After 48 hr, cells were fixed, incubated with rabbit anti-LC3 antibodies, followed by staining with Alexa Fluor 488-conjugated anti-rabbit secondary antibody IgG. Finally, the distribution of LC3 was imaged by confocal microscopy. Cells treated with 10 nM chloroquine (CQ) were used as a positive control. LC3 puncta in cells were quantified as described previously (Lin et al., 2020). Scale bar: 5 μm. (B) HepG2.2.15 cells were treated with the indicated concentrations of IFNα-2a and harvested after 48 hr. HepG2.2.15 cells were cultured in the medium either with 6000 U/ml IFNα-2a or rapamycin (1 μM) for 48 hr. p62 and LC3 were analyzed by western blotting using beta‐actin as a loading control. The relative levels were determined by quantifying the gray scales of bands, using beta‐actin as a loading control. (C) HepG2.2.15 cells were treated with 6000 U/ml IFNα-2a for 48 hr, followed by incubation with 10 μg/mL DQ-BSA for 30 minutes. The fluorescent signal of DQ-BSA was detected by confocal microscopy. Cells cultured with EBSS for 2 hours were used as a positive control and CQ treatment was as a negative control. Scale bar: 5 μm. (D) PHHs were infected with HBV virions (multiplicity of infection = 30). 4 days post infection, PHHs were treated with IFNα-2a twice (1000 U/ml and 6000 U/ml). After 48 hr, p62 and LC3 were analyzed by western blotting using beta‐actin as a loading control. *P < 0.05; **P < 0.01; ***P < 0.001.



Next, we explored whether IFNα-2a treatment induce autophagy in PHHs. Interestingly, consistent with the previous results, the levels of p62 and LC3 were upregulated after being posed to IFNα-2a, indicating an increased level of autophagy and a decreased autophagic degradation in PHHs (Figure 2D).

Taken together, these results demonstrate that IFNα-2a treatment promotes the formation of autophagosomes and blocks the autophagic degradation in lysosomes.



IFNα-2a Inhibits Akt/mTOR Activation and Enhances Autophagy Independently on Glucose Concentrations

Cellular energy metabolism can modulate cellular autophagy (Meijer and Codogno, 2011). Our previous study showed that high glucose concentration reduced autophagy by activating Akt/mTOR pathway. On the contrary, autophagy is enhanced by activation of AMPK and ULK1 and inhibition of Akt, mTOR and p70 S6K at low glucose concentration (Wang et al., 2020). Therefore, we asked whether glucose concentrations also influence IFNα-2a-mediated Akt/mTOR inhibition and enhancement of autophagy. HepG2.2.15 cells were cultured with the indicated glucose concentrations (5 mM and 25 mM, later called low glucose and high glucose conditions, respectively) and treated with 6000 U/ml IFNα-2a for 48 hr. Western blotting was used to detect the levels of total Akt, mTOR, and AMPK proteins and their phosphorylated forms. Consistent with our previous results, the levels of the phosphorylated Akt and mTOR were increased under the high glucose condition (Figures 3A and S1) but decreased in hepatoma cells in the presence of IFNα-2a in hepatoma cells. In addition, AMPK was inactivated under the high glucose condition and much less active when additionally treated with IFNα-2a (Figure 3B). These data suggest that IFNα-2a-mediated Akt/mTOR inhibition occurred independently on glucose concentrations.




Figure 3 | IFNα-2a inhibits Akt/mTOR activation and enhances autophagy independently on glucose concentrations. HepG2.2.15 cells were cultured in medium with the indicated glucose concentrations (5 and 25 mM) with or without 6000U/ml IFNα-2a and harvested after 48 hr. (A) The total and phosphorylated Akt, mTOR, (B) AMPK and (C) p62 and LC3 were detected by western blotting and their relative levels were determined by quantifying the gray scales of bands, using beta‐actin as a loading control. (D) The cells were fixed, incubated with rabbit anti-LC3 antibodies, followed by staining with Alexa Fluor 488-conjugated anti-rabbit secondary antibody IgG. Finally, the distribution of LC3 was imaged by confocal microscopy. The results presented in the graphs were calculated from at least five cells. Scale bar: 5 μm. *P < 0.05; **P < 0.01; ****P < 0.001.



Consistently, independent of the glucose concentrations, the levels of LC3II and p62 and the numbers of LC3-positive autophagic puncta increase in IFNα-2a-treated HepG2.2.15 cells (Figures 3C, D) and Huh7 cells (Figure S1).

Taken together, IFNα-2a inhibits Akt/mTOR activation and enhances autophagy independently on glucose concentrations in hepatoma cells.



IFNα-2a Induced ISGs Expression Is Dependent on Autophagy and Glucose

Interferon-stimulated 15 kDa protein (ISG15) and interferon-induced transmembrane protein1 (IFITM1) are the typical anti-viral proteins under the control of IFN signaling and highly expressed after IFN stimulation. IFN-α treatment activates the JAK–STAT pathway and upregulates the expression of ISGs (Darnell et al., 1994; van Boxel-Dezaire et al., 2006). Activation of the JAK-STAT pathway could be verified by the detection of increased levels of STAT1 and phosphorylated STAT1 in our cell model (Figure S2). Further, emerged evidence implicated that PI3K/Akt/mTOR pathway is also involved in the induction of ISGs (Kaur et al., 2008; Kaur et al., 2012). We asked whether PI3K/Akt/mTOR signal pathways-related autophagy may also participate in the regulation of ISG15 and IFITM1 expression. Western blotting analysis showed that the expressions of ISG15 and IFITM1 were upregulated after IFNα-2a treatment (Figure 4A). When using an autophagy inhibitor 3-Methyladenine (3-MA), ISG15 and IFITM1 were reduced (Figure 4B), suggesting a positive effect of autophagy on ISG15 and IFITM1 induction.




Figure 4 | IFNα-2a induced ISGs expression is dependent on autophagy and glucose concentrations. (A) HepG2.2.15 cells were treated with the indicated concentrations of IFNα-2a and harvested after 48 hr. (B) HepG2.2.15 cells were treated with 6000 U/ml IFNα-2a with or without 10 nM 3-MA and harvested after 48 hr. (C) HepG2.2.15 cells were cultured in medium with the indicated glucose concentrations (5 and 25 mM) with or without 6000 U/ml IFNα-2a and harvested after 48 hr. (D) HepG2.2.15 cells were cultured at the indicated glucose concentrations and 6000 U/ml IFNα-2a with or without 10 nM 3-MA. The levels of ISG15 and IFITM1 were detected by western blotting, and their relative levels were determined by quantifying the gray scales of bands, using beta‐actin as a loading control.



As glucose can modulate Akt/mTOR/ULK1 signaling pathway and regulate autophagy (Wang et al., 2020), we tested whether glucose-mediated autophagy also influences ISG15 and IFITM1 expression. HepG2.2.15 cells were cultured in medium with low and high glucose concentrations, respectively, and then treated with IFNα-2a. Interestingly, IFNα-2a differently promoted ISG15 and IFITM1 expression at high glucose concentration, if compared with their corresponding expression levels at the low glucose concentration (Figure 4C).

Moreover, HepG2.2.15 cells were treated with 3-MA at the indicated glucose concentrations, combined with IFNα-2a treatment. Consistently, both the expressions of ISG15 and IFITM1 were significantly suppressed by the co-treatment of 3-MA and IFNα-2a. It can be further verified ISG15 and IFITM1 expression were dependent on autophagy. These findings illustrate that IFNα-2a-induced autophagy and glucose concentrations influence ISGs expression, however, the accurate mechanisms need to be investigated in the future.



High IFNα-2a Concentrations Do Not Inhibit HBV Replication and Gene Expression in Hepatoma Cells

Cellular autophagy is an important process for HBV life cycle by regulating HBV transcription, assembly, and release (Lin et al., 2017; Lin et al., 2020). Thus, we explored whether IFNα-2a-induced autophagy has an impact on HBV replication. PHHs were infected with HBV and treated with IFNα-2a post infection. The levels of HBsAg and HBeAg in the culture supernatants were detected by CIMA. After the treatment at the concentration of 6000 U/ml IFNα-2a, the HBsAg increased significantly (Figure 5). A short-term (24 h) IFNα-2a treatment of transiently pSM2-transfected Huh7 did not significantly change the HBsAg production, likely due to the short time period (Figure S3A).




Figure 5 | High IFNα-2a concentrations promote the yield of HBsAg in PHHs. PHHs were infected with HBV virions (multiplicity of infection = 30). 4 days post infection, PHHs were treated with IFNα-2a twice (1000 U/ml and 6000 U/ml). After 48 hr, the HBsAg and HBeAg levels in the culture supernatants were harvested and quantified by chemiluminescent microparticle immunoassay (CMIA).  **P < 0.01.



HepG2.2.15 cells were treated with IFNα-2a at different concentrations (1000 U/ml and 6000 U/ml), and harvested after 72 hr. The levels of secreted and intracellular HBsAg and HBeAg were measured by chemiluminescent microparticle immunoassay. HBV replicative intermediates (RIs) were detected by Southern blotting. The levels of secreted and intracellular HBsAg but not HBeAg as well as the amount of HBV RIs increased after IFNα-2a treatment (Figure 6A).




Figure 6 | High IFNα-2a concentrations do not inhibit HBV replication and gene expression in HepG2.2.15 cells. (A) HepG2.2.15 cells were cultured in medium with the indicated concentrations of IFNα-2a. (B) HepG2.2.15 cells were treated with 6000 U/ml IFNα-2a with or without 10 nM 3-MA. (C) HepG2.2.15 cells were cultured in medium with the indicated glucose concentrations (5 and 25 mM) and treated with 6000 U/ml IFNα-2a. After 72 hr, cells were harvested and the HBsAg and HBeAg levels in the culture supernatants and intracellular HBsAg and HBeAg from cell lysates were quantified by chemiluminescent microparticle immunoassay Å(CMIA). (D) HepG2.2.15 cells were cultured at the indicated glucose concentrations (5 and 25 mM) and IFNα-2a (1000 U/ml and 6000 U/ml). Encapsidated HBV RIs were detected by Southern blotting. (E) HepG2.2.15 cells were cultured at the indicated glucose concentrations (5 and 25 mM) and 6000 U/ml IFNα-2a with or without 10 nM 3-MA. After 72 hr, cells were harvested and the HBsAg and HBeAg levels in the culture supernatants and intracellular HBsAg and HBeAg from cell lysates were quantified by chemiluminescent microparticle immunoassay (CMIA). *P < 0.05; **P < 0.01; ns, not significant; RC, relaxed circular DNA; S/CO, signal to cutoff ratio; SS, single‐stranded DNA.



These data suggest that IFNα-2a has a poor antiviral response in HepG2.2.15 cells and infected PHHs, and has a slight but measurable virus-promoting effect at high concentrations.

Then, to test whether IFNα-2a-mediated enhancement of HBV replication is related to autophagy, HepG2.2.15 cells were co-treated with 3-MA and IFNα-2a. 3-MA clearly blocked the positive effect of IFNα-2a on HBsAg production and secretion (Figure 6B).

Next, HepG2.2.15 cells were grown at the indicated glucose concentrations and treated with IFNα-2a. The results showed that the secreted and intracellular HBsAg increased after IFNα-2a treatment both at low and high glucose conditions (Figure 6C). The amount of HBV RIs decreased at the high glucose concentration, but it increased after IFNα-2a treatment independent on glucose concentrations (Figure 6D). Consistently, the secreted and intracellular HBsAg decreased after co-treatment with 3-MA (Figure 6E). All these results indicate that IFNα-2a enhances HBV replication at a high dose and this enhancement is dependent on autophagy.




Discussion

In the present study, we demonstrated that IFNα-2a interferes with multiple intracellular signaling pathways, including inhibiting Akt/mTOR and AMPK signaling pathways, promoting the autophagosomes formation, and blocking autophagic degradation. This action of IFNα-2a resulted in enhanced HBV replication. Additionally, the induction of ISGs, ISG15 and IFITM1 by IFNα-2a is dependent on Akt/mTOR signaling and autophagy, as examined in the present study.

Type I IFN (IFN-I) can modulate JAK-STAT and PI3K/Akt/mTOR pathways, which induce autophagy and drive downstream biological activities. IFNα induces rapid tyrosine phosphorylation of the insulin receptor substrate-1 (IRS-1) and then activates PI3’-kinase was firstly demonstrated in U-266 and in Daudi cells (Uddin et al., 1995). Lekmine et al. (2004) found that type I IFN activated the proteins downstream of PI3K pathway including p70 S6K and 4E-BP1. Schmeisser et al. confirmed that type I IFN induces autophagy and particularly, the autophagosomes were induced by type I IFNs in Daudi and T98G cells as shown by electron microscopy (Schmeisser et al., 2013). IFNs induces autophagy through IGF1–PI3K/Akt/mTOR signaling pathways and participates in controlling tumor growth, inflammatory reactions and antiviral activities (Degtyarev et al., 2008; Gu et al., 2017; Perot et al., 2018; Ma et al., 2019). Leukocyte IFN failed to increase autophagosomes formation after JAK1 or STAT1 knockout, which highlighted the role of JAK/STAT pathway in IFN-α-induced autophagy in antitumor activity (Zhu et al., 2013). Therefore, IFNα triggers autophagy via both canonical and non-canonical signaling pathways and may contribute to the outcome of IFNα treatment in different diseases. Our results verified that IFNα-2a induces autophagy by Akt/mTOR in hepatic cells.

In our study, as shown in Figures 1 and 3, IFNα-2a treatment decreased the phosphorylation of Akt/mTOR and increased the autophagosome formation in hepatocytes. IFNα-2a downregulated the phosphorated form of Akt, and it cannot be recovered by insulin-mediated Akt activation, suggesting that IFNα-2a may also interfere with some other upstream proteins expression and functions.

Additionally, cellular autophagy process can be modulated by different glucose concentrations through AMPK signaling pathways (Wang et al., 2020). Low cellular energy metabolism activates AMPK and initiates autophagy. In our study, even though IFNα-2a treatment downregulated the phosphorylated form of AMPK, it did not interfere with LC3II expression. In addition, using AICAR to upregulate the activity of AMPK increased the expression of LC3II in IFNα-2a and AICAR-cotreated cells. Thus, IFNα-2a may also significantly disturb AMPK phosphorylation in HepG2.2.15 cells. Besides, blocking autophagic degradation by suppressing lysosomal acidification can promote the expression of LC3 (Lin et al., 2020). In this study, the expression of p62, the cargo for autophagic degradation, was increased in IFNα-2a-treated cells. Consistently, the DQ-BSA assay indicated reduced autophagic degradation after IFNα-2a treatment, leading to the accumulation of autophagosomes.

However, the situation in PHHs was completely different. Since PHHs are not growing cells when cultured in the medium, thus with very low basal levels of phosphorylated mTOR and Akt. The levels of phosphorylated Akt and mTOR increased rapidly in response to stimulation of different doses of IFNα-2a, indicating that IFN activated the non-canonical pathways. Upon HBV infection, the levels of phosphorylated Akt and mTOR are increased accompanied with IFNα-2a treatment. Several studies indicated that HBV infection leads to the accumulation of HBsAg in the endoplasmic reticulum and thereby activates the PI3K/Akt/mTOR pathway (Yang et al., 2009). We previously reviewed that mTOR pathway is a central regulator of cell growth, metabolism, proliferation, survival and autophagy and how this pathway is regulated in HBV infection (Wang et al., 2021). AMPK is a sensitive indicator of the cytosolic AMP/ATP ratio (Towler and Hardie, 2007). Treatment with interferons may cause a reduction in cellular ATP levels (Lewis et al., 1996), thus, IFN-α 2a likely induces an increased level of phosphorylated AMPK indirectly through changes in the AMP/ATP ratio in PHHs. Our previous study revealed AMPK positively regulates autophagy and thereby increased HBV replication in PHHs (Wang et al., 2020), which is consistent with this finding in IFNα-2a treated PHHs. Overall, naïve or transiently infected PHHs differently respond to IFNα treatment than persistently infected cells with high levels of HBV replication and gene expression.

Previously, the antiviral activity against IFNα-2a was tested in different cell systems (Hayashi and Koike, 1989; Caselmann et al., 1992; Rang et al., 2001; Shen et al., 2018; Chen et al., 2021). IFNα subtype 14 showed a higher potency to reduce HBV replication by simultaneously eliciting IFN-α and -γ signaling in PHHs. Thus, type I IFNs are able to modulate other cellular signaling pathways and thereby exert antiviral activities.

A relatively high dose of IFNα-2a was required to suppress HBV replication in the primary human hepatocytes (PHHs) (Chen et al., 2021). In hepatoma cells, HBV suppression could be achieved if the cells were treated with IFNα-2a prior to or early after transfection with replication-competent HBV genomes (Rang et al., 1999). This is reproducible in our own experiments (data not shown). Moreover, suppression of established HBV replication in hepatic cells by IFNα-2a is rather ineffective (Hayashi and Koike, 1989; Caselmann et al., 1992). In our cell culture system, HBV replication was slightly enhanced when treated with 1000 or 6000 U/ml of IFNα-2a. We also attempted to achieve stronger antiviral activities by increasing IFNα-2a concentrations up to 24000 U/ml to HepG2.2.15 cells. The high doses of IFNα-2a increased ISGs expression but did not reduce HBV replication and gene expression in HepG2.2.15 cells (Figure S4). Thus, it is not likely to achieve stronger HBV suppression by escalating doses of IFNα-2a in this cell system. It is consistent with Hayashi et al. (Hayashi and Koike, 1989) and Caselmann’s (Caselmann et al., 1992) studies that HBV replication and HBsAg production were not changed after treatment with IFNs in HBV-producing cell lines. Thus, IFNα-2a may preferentially protect uninfected hepatocytes against the establishment of HBV infection while it does not effectively clear HBV from persistently infected cells. Recently, Wu et al. investigated the hepatic gene expression profiles in patients received IFNα treatment (Wu et al., 2016). They found that non-responder patients have elevated ISGs expression prior to the treatment. It is generally assumed that HBV clearance is not achieved by the direct antiviral activity of IFNs rather by their ability for immune modulation (Pei et al., 2014).

Further, the interaction of HBV and IFN signaling is also very complex. A recent study showed that HBV may escape from the host innate immune system by promoting a complex composed of HK2, MAVS and VDAC1, which required Akt activity (Zhou et al., 2021). Besides, Li et al. (2021) reported that IFN-α inhibited the expression of MAVS in HepG2.2.15, thereby weakening its anti-HBV effect.

IFNs can activate a signal transduction cascade and induce the expression of ISGs. In the present study, it was demonstrated that the expression of ISGs, ISG15 and IFITM1, was attenuated by blocking autophagy. These results indicate that induction of ISG15 and IFITM1 is dependent on the initiation of autophagy. However, IFNα-2a-induced ISG15 and IFITM1 expressions are differently regulated at low and high glucose conditions. The activation of the Akt/mTOR pathway may also allow ISG15 expression (Kaur et al., 2008; Kaur et al., 2012). Our results revealed that the high glucose concentration modulated higher expression levels of Akt and mTOR, which may contribute to the expression of ISG15.

In conclusion, our findings demonstrated that IFNα-2a can inhibit Akt/mTOR signaling pathway, resulting in the initiation of autophagy and blockade of autophagic degradation. This non-canonical IFNα signaling may positively modulate HBV replication in hepatic cells.



Data Availability Statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Author Contributions

ML contributed to the conception of this study. JL performed the experiment and data analyses and wrote the manuscript. TK offered excellent technical support. RB provided PHHs. JC and ZY helped perform the analysis with constructive discussions. XW aided in interpreting the results and worked on the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by a grant from the Deutsche Forschungsgemeinschaft (RTG1949) and a scholarship from the Medical Faculty of University Duisburg-Essen.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcimb.2022.804011/full#supplementary-material



Abbreviations

HBV, Hepatitis B virus; ISGs, IFN-stimulated genes; ISG15, Interferon Stimulated Gene 15; IFITM, interferon-induced transmembrane proteins; LC3, microtubule‐associated protein 1 light chain 3 beta.



References

 Caselmann, W. H., Meyer, M., Scholz, S., Hofschneider, P. H., and Koshy, R. (1992). Type I Interferons Inhibit Hepatitis B Virus Replication and Induce Hepatocellular Gene Expression in Cultured Liver Cells. J. Infect. Dis. 166 (5), 966–971. doi: 10.1093/infdis/166.5.966

 Chang, Y. P., Tsai, C. C., Huang, W. C., Wang, C. Y., Chen, C. L., Lin, Y. S., et al. (2010). Autophagy Facilitates IFN-Gamma-Induced Jak2-STAT1 Activation and Cellular Inflammation. J. Biol. Chem. 285 (37), 28715–28722. doi: 10.1074/jbc.M110.133355

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

 Cho, H., and Kelsall, B. L. (2014). The Role of Type I Interferons in Intestinal Infection, Homeostasis, and Inflammation. Immunol. Rev. 260 (1), 145–167. doi: 10.1111/imr.12195

 Darnell, J. E. Jr., Kerr, I. M., and Stark, G. R. (1994). Jak-STAT Pathways and Transcriptional Activation in Response to IFNs and Other Extracellular Signaling Proteins. Science 264 (5164), 1415–1421. doi: 10.1126/science.8197455

 Degtyarev, M., De Maziere, A., Orr, C., Lin, J., Lee, B. B., Tien, J. Y., et al. (2008). Akt Inhibition Promotes Autophagy and Sensitizes PTEN-Null Tumors to Lysosomotropic Agents. J. Cell Biol. 183 (1), 101–116. doi: 10.1083/jcb.200801099

 Ferir, G., Kaptein, S., Neyts, J., and De Clercq, E. (2008). Antiviral Treatment of Chronic Hepatitis B Virus Infections: The Past, the Present and the Future. Rev. Med. Virol. 18 (1), 19–34. doi: 10.1002/rmv.554

 Guan, S. H., Lu, M., Grunewald, P., Roggendorf, M., Gerken, G., and Schlaak, J. F. (2007). Interferon-Alpha Response in Chronic Hepatitis B-Transfected HepG2.2.15 Cells Is Partially Restored by Lamivudine Treatment. World J. Gastroenterol. 13 (2), 228–235. doi: 10.3748/wjg.v13.i2.228

 Gu, W., Cui, R., Ding, T., Li, X., Peng, J., Xu, W., et al. (2017). Simvastatin Alleviates Airway Inflammation and Remodelling Through Up-Regulation of Autophagy in Mouse Models of Asthma. Respirology 22 (3), 533–541. doi: 10.1111/resp.12926

 Hayashi, Y., and Koike, K. (1989). Interferon Inhibits Hepatitis B Virus Replication in a Stable Expression System of Transfected Viral DNA. J. Virol. 63 (7), 2936–2940. doi: 10.1128/JVI.63.7.2936-2940.1989

 Jung, C. H., Jun, C. B., Ro, S. H., Kim, Y. M., Otto, N. M., Cao, J., et al. (2009). ULK-Atg13-FIP200 Complexes Mediate mTOR Signaling to the Autophagy Machinery. Mol. Biol. Cell 20 (7), 1992–2003. doi: 10.1091/mbc.E08-12-1249

 Kaur, S., Sassano, A., Dolniak, B., Joshi, S., Majchrzak-Kita, B., Baker, D. P., et al. (2008). Role of the Akt Pathway in mRNA Translation of Interferon-Stimulated Genes. Proc. Natl. Acad. Sci. U.S.A. 105 (12), 4808–4813. doi: 10.1073/pnas.0710907105

 Kaur, S., Sassano, A., Majchrzak-Kita, B., Baker, D. P., Su, B., Fish, E. N., et al. (2012). Regulatory Effects of Mtorc2 Complexes in Type I IFN Signaling and in the Generation of IFN Responses. Proc. Natl. Acad. Sci. U.S.A. 109 (20), 7723–7728. doi: 10.1073/pnas.1118122109

 Kim, J. H., Luo, J. K., and Zhang, D. E. (2008). The Level of Hepatitis B Virus Replication is Not Affected by Protein ISG15 Modification But Is Reduced by Inhibition of UBP43 (USP18) Expression. J. Immunol. 181 (9), 6467–6472. doi: 10.4049/jimmunol.181.9.6467

 Lekmine, F., Sassano, A., Uddin, S., Smith, J., Majchrzak, B., Brachmann, S. M., et al. (2004). Interferon-Gamma Engages the P70 S6 Kinase to Regulate Phosphorylation of the 40S S6 Ribosomal Protein. Exp. Cell Res. 295 (1), 173–182. doi: 10.1016/j.yexcr.2003.12.021

 Leong, C. R., Funami, K., Oshiumi, H., Mengao, D., Takaki, H., Matsumoto, M., et al. (2016). Interferon-Stimulated Gene of 20 kDa Protein (ISG20) Degrades RNA of Hepatitis B Virus to Impede the Replication of HBV In Vitro and In Vivo. Oncotarget 7 (42), 68179–68193. doi: 10.18632/oncotarget.11907

 Lewis, J. A., Huq, A., and Najarro, P. (1996). Inhibition of Mitochondrial Function by Interferon. J. Biol. Chem. 271 (22), 13184–13190. doi: 10.1074/jbc.271.22.13184

 Lin, Y., Deng, W., Pang, J., Kemper, T., Hu, J., Yin, J., et al. (2017). The microRNA-99 Family Modulates Hepatitis B Virus Replication by Promoting IGF-1r/PI3K/Akt/mTOR/ULK1 Signaling-Induced Autophagy. Cell Microbiol. 19 (5), e12709. doi: 10.1111/cmi.12709

 Lin, Y., Wu, C., Wang, X., Liu, S., Zhao, K., Kemper, T., et al. (2020). Glucosamine Promotes Hepatitis B Virus Replication Through Its Dual Effects in Suppressing Autophagic Degradation and Inhibiting MTORC1 Signaling. Autophagy 16 (3), 548–561. doi: 10.1080/15548627.2019.1632104

 Li, T., Yang, X., Li, W., Song, J., Li, Z., Zhu, X., et al. (2021). ADAR1 Stimulation by IFN-Alpha Downregulates the Expression of MAVS via RNA Editing to Regulate the Anti-HBV Response. Mol. Ther. 29 (3), 1335–1348. doi: 10.1016/j.ymthe.2020.11.031

 Ma, R. J., Tan, Y. Q., and Zhou, G. (2019). Aberrant IGF1-PI3K/AKT/MTOR Signaling Pathway Regulates the Local Immunity of Oral Lichen Planus. Immunobiology 224 (3), 455–461. doi: 10.1016/j.imbio.2019.01.004

 Mazewski, C., Perez, R. E., Fish, E. N., and Platanias, L. C. (2020). Type I Interferon (IFN)-Regulated Activation of Canonical and Non-Canonical Signaling Pathways. Front. Immunol. 11. doi: 10.3389/fimmu.2020.606456

 Meijer, A. J., and Codogno, P. (2011). Autophagy: Regulation by Energy Sensing. Curr. Biol. 21 (6), R227–R229. doi: 10.1016/j.cub.2011.02.007

 Molinaro, A., Becattini, B., Mazzoli, A., Bleve, A., Radici, L., Maxvall, I., et al. (2019). Insulin-Driven PI3K-AKT Signaling in the Hepatocyte Is Mediated by Redundant PI3Kalpha and PI3Kbeta Activities and Is Promoted by RAS. Cell Metab. 29 (6), 1400–1409.e1405. doi: 10.1016/j.cmet.2019.03.010

 Pei, R. J., Chen, X. W., and Lu, M. J. (2014). Control of Hepatitis B Virus Replication by Interferons and Toll-Like Receptor Signaling Pathways. World J. Gastroenterol. 20 (33), 11618–11629. doi: 10.3748/wjg.v20.i33.11618

 Pei, R., Qin, B., Zhang, X., Zhu, W., Kemper, T., Ma, Z., et al. (2014). Interferon-Induced Proteins With Tetratricopeptide Repeats 1 and 2 Are Cellular Factors That Limit Hepatitis B Virus Replication. J. Innate Immun. 6 (2), 182–191. doi: 10.1159/000353220

 Perot, B. P., Boussier, J., Yatim, N., Rossman, J. S., Ingersoll, M. A., and Albert, M. L. (2018). Autophagy Diminishes the Early Interferon-Beta Response to Influenza A Virus Resulting in Differential Expression of Interferon-Stimulated Genes. Cell Death Dis. 9 (5), 539. doi: 10.1038/s41419-018-0546-5

 Pestka, S., Krause, C. D., and Walter, M. R. (2004). Interferons, Interferon-Like Cytokines, and Their Receptors. Immunol. Rev. 202, 8–32. doi: 10.1111/j.0105-2896.2004.00204.x

 Polaris Observatory, C. (2018). Global Prevalence, Treatment, and Prevention of Hepatitis B Virus Infection in 2016: A Modelling Study. Lancet Gastroenterol. Hepatol. 3 (6), 383–403. doi: 10.1016/S2468-1253(18)30056-6

 Rang, A., Gunther, S., and Will, H. (1999). Effect of Interferon Alpha on Hepatitis B Virus Replication and Gene Expression in Transiently Transfected Human Hepatoma Cells. J. Hepatol. 31 (5), 791–799. doi: 10.1016/s0168-8278(99)80279-7

 Rang, A., Heise, T., and Will, H. (2001). Lack of a Role of the Interferon-Stimulated Response Element-Like Region in Interferon Alpha -Induced Suppression of Hepatitis B Virus In Vitro. J. Biol. Chem. 276 (5), 3531–3535. doi: 10.1074/jbc.C000584200

 Schmeisser, H., Fey, S. B., Horowitz, J., Fischer, E. R., Balinsky, C. A., Miyake, K., et al. (2013). Type I Interferons Induce Autophagy in Certain Human Cancer Cell Lines. Autophagy 9 (5), 683–696. doi: 10.4161/auto.23921

 Schmid, D., and Munz, C. (2007). Innate and Adaptive Immunity Through Autophagy. Immunity 27 (1), 11–21. doi: 10.1016/j.immuni.2007.07.004

 Schneider, W. M., Chevillotte, M. D., and Rice, C. M. (2014). Interferon-Stimulated Genes: A Complex Web of Host Defenses. Annu. Rev. Immunol. 32, 513–545. doi: 10.1146/annurev-immunol-032713-120231

 Schoggins, J. W., and Rice, C. M. (2011). Interferon-Stimulated Genes and Their Antiviral Effector Functions. Curr. Opin. Virol. 1 (6), 519–525. doi: 10.1016/j.coviro.2011.10.008

 Sells, M. A., Chen, M. L., and Acs, G. (1987). Production of Hepatitis B Virus Particles in Hep G2 Cells Transfected With Cloned Hepatitis B Virus DNA. Proc. Natl. Acad. Sci. U.S.A. 84 (4), 1005–1009. doi: 10.1073/pnas.84.4.1005

 Shen, F., Li, Y., Wang, Y., Sozzi, V., Revill, P. A., Liu, J., et al. (2018). Hepatitis B Virus Sensitivity to Interferon-Alpha in Hepatocytes Is More Associated With Cellular Interferon Response Than With Viral Genotype. Hepatology 67 (4), 1237–1252. doi: 10.1002/hep.29609

 Terrault, N. A., Lok, A. S. F., McMahon, B. J., Chang, K. M., Hwang, J. P., Jonas, M. M., et al. (2018). Update on Prevention, Diagnosis, and Treatment of Chronic Hepatitis B: AASLD 2018 Hepatitis B Guidance. Clin. Liver Dis. (Hoboken) 12 (1), 33–34. doi: 10.1002/cld.728

 Tian, Y., Sir, D., Kuo, C. F., Ann, D. K., and Ou, J. H. (2011). Autophagy Required for Hepatitis B Virus Replication in Transgenic Mice. J. Virol. 85 (24), 13453–13456. doi: 10.1128/JVI.06064-11

 Towler, M. C., and Hardie, D. G. (2007). AMP-Activated Protein Kinase in Metabolic Control and Insulin Signaling. Circ. Res. 100 (3), 328–341. doi: 10.1161/01.RES.0000256090.42690.05

 Uddin, S., Yenush, L., Sun, X. J., Sweet, M. E., White, M. F., and Platanias, L. C. (1995). Interferon-Alpha Engages the Insulin Receptor Substrate-1 to Associate With the Phosphatidylinositol 3’-Kinase. J. Biol. Chem. 270 (27), 15938–15941. doi: 10.1074/jbc.270.27.15938

 van Boxel-Dezaire, A. H., Rani, M. R., and Stark, G. R. (2006). Complex Modulation of Cell Type-Specific Signaling in Response to Type I Interferons. Immunity 25 (3), 361–372. doi: 10.1016/j.immuni.2006.08.014

 Wan, Y., Cao, W., Han, T., Ren, S., Feng, J., Chen, T., et al. (2017). Inducible Rubicon Facilitates Viral Replication by Antagonizing Interferon Production. Cell Mol. Immunol. 14 (7), 607–620. doi: 10.1038/cmi.2017.1

 Wang, X., Lin, Y., Kemper, T., Chen, J., Yuan, Z., Liu, S., et al. (2020). AMPK and Akt/mTOR Signalling Pathways Participate in Glucose-Mediated Regulation of Hepatitis B Virus Replication and Cellular Autophagy. Cell Microbiol. 22 (2), e13131. doi: 10.1111/cmi.13131

 Wang, X., Wei, Z., Jiang, Y., Meng, Z., and Lu, M. (2021). mTOR Signaling: The Interface Linking Cellular Metabolism and Hepatitis B Virus Replication. Virol. Sin. 36 (6), 1303–1314. doi: 10.1007/s12250-021-00450-3

 Wieland, S. F., Vega, R. G., Muller, R., Evans, C. F., Hilbush, B., Guidotti, L. G., et al. (2003). Searching for Interferon-Induced Genes That Inhibit Hepatitis B Virus Replication in Transgenic Mouse Hepatocytes. J. Virol. 77 (2), 1227–1236. doi: 10.1128/jvi.77.2.1227-1236.2003

 Wittling, M. C., Cahalan, S. R., Levenson, E. A., and Rabin, R. L. (2020). Shared and Unique Features of Human Interferon-Beta and Interferon-Alpha Subtypes. Front. Immunol. 11. doi: 10.3389/fimmu.2020.605673

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

 Yang, J. C., Teng, C. F., Wu, H. C., Tsai, H. W., Chuang, H. C., Tsai, T. F., et al. (2009). Enhanced Expression of Vascular Endothelial Growth Factor-A in Ground Glass Hepatocytes and Its Implication in Hepatitis B Virus Hepatocarcinogenesis. Hepatology 49 (6), 1962–1971. doi: 10.1002/hep.22889

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

 Zhu, S., Cao, L., Yu, Y., Yang, L., Yang, M., Liu, K., et al. (2013). Inhibiting Autophagy Potentiates the Anticancer Activity of IFN1@/IFNalpha in Chronic Myeloid Leukemia Cells. Autophagy 9 (3), 317–327. doi: 10.4161/auto.22923




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 © 2022 Li, Kemper, Broering, Chen, Yuan, Wang and Lu. 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/fcimb-12-804011-g005.jpg
1.0

C1HBsAg

@)
<
0
oM
L
[

Secreted HBeAg (S/CO)

o () o
(4p) (Q\| «—

(00/s) bysgH pejaioeg

0.0

6000

1000

0

U/ml)

(

IFN-a 2a





OEBPS/Images/fcimb-12-804011-g003.jpg
A

Glucose (mM) 5 25

IFN-a 2a (U/ml) 0

C

6000 0 6000
Akt -60 kDa
1.00 1.28 1.28 1.06
p-Akt -60 kDa
1.00 0.72 2.00 1.69
- 289 kDa
1.00 0.99 1.77 1.04
- 289 kDa
1.00 0.92 2.29 1.59
-42 kDa

mTOR
p-mTOR

B-actin

Glucose (mM) 5 25

IFN-a 2a (U/ml) 0

Autophagic puncta
(per cell)
o
o

6000 0 6000

p62 [ B -62 kDa
700 193 083 097

LC3-l -16 kDa

LC3-ll -14 kDa
1.00 1.38 0.88 0.76

B-actin -42 kDa

Glucose (5mM)
IFN-a 2a
6000U/ml

Medium Chloroquine

LC3

Merge

80

60

Medium

- . . .

N
o o
]

B

Glucose (mM) 5 25
IFN-a2a (U/ml) 0 6000 0 6000
AMPK - 65 kDa
100 0.94 1.14 1.09
p-AMPK - 65kDa
1.00 083 0.77 0.72
B-actin -42 kDa
Glucose (25mM)
IFN-a 2a
6000U/ml Chloroquine





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Interferon Alpha Induces Cellular Autophagy and Modulates Hepatitis B Virus Replication

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Cell Culture

          



          		

            Chemical Reagents

          



          		

            Western Blotting Assay

          



          		

            Immunofluorescence Staining

          



          		

            Dye Quenched-Bovine Serum Albumin (DQ-BSA) Degradation Assay

          



          		

            Detection of HBV Gene Expression and Replication

          



          		

            Statistical Analyses

          



        



        



        		

          Results

        

          		

            IFNα-2a Interferes Intracellular Signal Crosstalk

          



          		

            IFNα-2a Induces Autophagy Through Inhibiting Akt/mTOR Pathway and Blocks Autophagic Degradation in Hepatoma Cells

          



          		

            IFNα-2a Inhibits Akt/mTOR Activation and Enhances Autophagy Independently on Glucose Concentrations

          



          		

            IFNα-2a Induced ISGs Expression Is Dependent on Autophagy and Glucose

          



          		

            High IFNα-2a Concentrations Do Not Inhibit HBV Replication and Gene Expression in Hepatoma Cells

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Supplementary Material

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/fcimb-12-804011-g001.jpg
A

IFN-a 2a (U/ml) 0 1000 6000
o

1.00 0.92 0.87
e P

1.00 0.90 0.76
-289 kDa

1.00 1.14 1.21
-289 kDa

1.00 0.81 0.55
-42 kDa

mTOR

p-mTOR

B-actin

o]
IFN-a 2a (6000U/ml) - + -

Insulin (10pM) - -+

+
Akt | S—— .. 50 kDa
00 0.99 0.96

-60 kDa

-289 kDa
1.00 0.94 0.84 078

-289 kDa

e

~1.00 0.88 1.19 0,94
-42kDa

E
IFN-a 2a (6000U/ml) - + - +

AICAR 0.1mM) - - + +

1.00 0.89 0O

p-AMPK -65kDa

1.00 0.38 1.60 0.83
1.00 5.18 4.25 2.29
LC3-l |-16kDa
LC3-II I - 14 kDa
1.00 1.67 1.40 2.29

B-actin -42kDa

B
IFN-a 2a (U/ml) 0
AMPK

1000 6000

- 65 kDa
1.00 0.96 1.00

1.00 071 _0.77

-42 kDa

D

IFN-a 2a (6000U/mI) - + - *+ -+

Rapamycin (1uM) - + + - -

MYH1485 (luM) - - - - + +

1.00 111 _0.81 0.76 1.13 0.93

p-mTOR -289 kDa

1.00 0.028 1.20 0.74

p70 S6K -72 kDa

1.00 1.03 2.52 1.71 125 0.
pp70 SoK Q1,03 252 171 125 071

b o0

(T3gg) [ 4 .
1.00 251 00 147 196

HBV & +

IFN-a 2a (U/ml) 0 1000 6000 O 1000 6000

1.00 1.26 1.32 1.00 1.09 1.13

p-Akt -60 kDa
1.00 2.41 1.42 1.00 1.05 1.16
mTOR -289 kDa
00 1 00 0.90
p-mTOR -289 kDa

1.00 1.44 1.10 1.00 2.41 5.42

AMPK [ S - . -

1.00 1.16 1.16 1.00 1.42 1.98

- 65 kDa

p-AMPK





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fcimb-12-804011-g004.jpg
A

IFN-a 2a (U/ml) 0 1000 6000
ISG15 -15 kDa
1.00 3.32 4.01
IFITM1 -14 kDa
1.00 148 223
B-actin -42 kDa
Cc
Glucose (mM) 5 25
IFN-a2a (U/ml) 0 6000 O 6000

1.00 5.75 1.54 7.16
IFITM1 -14 kDa
1.00 4.7 0.92 2.88

B-actin -42 kDa

B

-15 kDa

-42 kDa

—_
5 25

0 6000 0 6000

3MA (10nM) - +
IFN-a 2a (U/ml) 0 6000 0 6000
ISG15
1.00 8.48 0.98 7.18
IFITM1 _-“ -14 kDa
1.00 1.92 0.73 1.49
B-actin
3MA (1omM) — =
Glucose (mM) 5 25
IFN-a2a (U/ml) 0 6000 O 6000
ISG15

1.0010.50 1.09 16.07
IFITM1

1.00 1.41 0.81 1.26
B-actin | ———————

1.07 8.31 1.0011.81

0.55 0.92 0.510.82

— — . —

-15kDa

-14 kDa

-42kDa





OEBPS/Images/logo.jpg
’ frontiers
in Cellular and Infection Microbiology





OEBPS/Images/fcimb.2022.804011_cover.jpg
, frontiers

in Cellular and Infection Microbiology

Interferon Alpha Induces
Cellular Autophagy and Modulates
Hepatitis B Virus Replication





OEBPS/Images/fcimb-12-804011-g002.jpg
IFN-a 2a

A .
Mediom 6000U/ml

Chloroquine

LC3

DAPI

Merge

B IFN-a 2a (6000U/ml)
Rapamycin (1pM)

IFN-a2a (U/ml) 0 1000 6000

H

p62 -62kDa
1.00 1.79 2.19
LC3-l -16 kDa
LC3-Il -14 kDa
1.00 1.11 2.70
B-actin -42 kDa
C Medium :STJ’\(‘)-O“U%?\I Chloroquine

DQ-BSA

DAPI

Merge

| ...

HBV
IFN-a 2a(U/ml) 0 1000 6000 O 1000 6000

p62

EBSS

Autophagic puncta
(per cell)
IS
o

@®
=]

@
=]

20
0
N 22 N
SRRV o
W@ ‘\\O\DQ
-+ -+
- -+ o+

ooz [E ] c2 s

LC3-I
LC3-Il

B-actin

Relative
DQ-BSA intensity

N

0

1.00 149 1.12 2.25

1.00 146 224 2.71

- 16 kDa
- 14 kDa

-42 kDa





OEBPS/Images/fcimb-12-804011-g006.jpg
>
N
=3
S

(9]

400T=rmsAg 400

3300 1508 3 300 g
j=
2 T g T
[+e] @ o w
T 200 1008 T 200 e
o «Q o «Q
8 ] B =
] @ ° )
S o o (]
@ 100 50 O & 100 ke
0 0
200 00 800
3150 150 5 ) 600 5
Q S &4 S
12 x (2 x
=3 @ o o)
5 100 00Z % 400 &
o > < >
s 3 e 3
£ 50 50 2 £ 2002
0 0
IFN-a2a(U/ml)0 1000 6000 IFN-a 2a (U/ml) 0 6000 0 6000
Glucose (mM) 5 25
% 124 131 D % 100 116.55 117.85 58.63 95.28 _86.13
RC RC
SS ss
IFN-a2a(U/ml)0 1000 6000 IFN-a2a (U/ml) 01000 6000 0 1000 6000

Glucose(mM) 5 25

o]
m

600

400 200
a A w
Z <2300 1505
2400 2 g
J723 73 -
£ £ g
2 3 200 100&
& 200 g &
® @ 100 50 &
0 0 0
600 800 200 800
BRHBoAY

600 _ 5150 600 =
© 400 0 T
[} S &b @
2] [=3 (]
E 4003 %100 400 &
2 EE: @
T 200 ] 8
£ 2009 £ 50 200 <
= e}

0 0 0 0
IFN-a 2a(U/ml) 0 6000 0 6000 IFNa(U/ml) O 6000 O 6000 O 6000 O 6000
3-MA(10mM) - + Glucose(mM) 5 25 5 25

3-MA(10mM) - +





