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Chronic hepatitis B is a major health problem worldwide, with more than 250 million chronic carriers. Hepatitis B virus interferes with the host innate immune system so as to evade elimination via almost all of its constituent proteins; nevertheless, the function of HBsAg with respect to immune escape remains unclear. This study aimed to determine the role HBsAg plays in assisting HBV to escape from immune responses. We found that HBsAg suppressed the activation of the nuclear factor kappa B (NF-кB) pathway, leading to downregulation of innate immune responses. HBsAg interacted with TAK1 and TAB2 specifically, inhibiting the phosphorylation and polyubiquitination of TAK1 and the K63-linked polyubiquitination of TAB2. Autophagy is a major catabolic process participating in many cellular processes, including the life cycle of HBV. We found that HBsAg promoted the autophagic degradation of TAK1 and TAB2 via the formation of complexes with TAK1 and TAB2, resulting in suppression of the NF-κB pathway. The expression of TAK1, TAB2, and the translocation of NF-κB inversely correlated with HBsAg levels in clinical liver tissues. Taken together, our findings suggest a novel mechanism by which HBsAg interacts with TAK1-TAB2 complex and suppresses the activation of NF-κB signaling pathway via reduction of the post-translational modifications and autophagic degradation.
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Introduction

Viral hepatitis is a major public health threat, causing approximately 1 million deaths per year. Complications of chronic hepatitis led to 96% of those deaths, while 66% of chronic hepatitis cases were caused by HBV (1), despite the fact that a vaccine for HBV has been available for almost 30 years. Chronic hepatitis B virus (HBV) is carried by more than 250 million individuals, in whom it causes liver diseases ranging from asymptomatic carriage, fulminant hepatitis, chronic hepatitis, and cirrhosis to hepatocellular carcinoma (2).

HBV is a hepatotropic, non-cytopathic partially double-stranded DNA virus (3). After its entry into host cells via sodium taurocholate cotransporting polypeptide receptor (4), the uncoated viral genome translocated to nucleus and converted to covalently closed circular DNA, which is the transcription template for all viral RNAs (5). In the cytoplasm, viral mRNAs are translated into following viral proteins: small/middle/large surface protein (HBsAg), precore (HBeAg)/core protein (HBcAg), polymerase proteins, and the non-structural HBV X protein (HBxAg) (6).

The innate immune system serves as the first line of the host defense against virus infection, and the NF-κB signaling pathway plays an important role in it. Virus particles are recognized by pattern-recognition receptors (7–9). The canonical NF-κB signaling pathway is triggered by signals from those receptors, which active the kinase TGFβ-activated kinase 1(TAK1) (10). Activated TAK1 then phosphorylates the I kappa B kinase (IKK) complex (composed of IKKα, IKKβ, and NEMO) and IkBа, leading to the translocation of p50/p65 and the production of IFN and inflammatory cytokines (11–13).The TAK1-TAB complex has a pivotal role in the innate immune signaling pathways stimulated by virus. The TAK1 protein kinase complex is composed of its binding partners, TAB1, TAB2, and TAB3. TAB1 is constitutively bound to TAK1, While TAB2 or TAB3 are recruited after stimulation. TAB2 or TAB3 binds to K63-linked polyubiquitin chains on TRAF6 or RIP1 because of the C-terminal NZF ubiquitin-binding domain, promoting TAK1 activation (14, 15).

HBV behaves like a “stealth” virus that establishes persistent infection in hepatocytes using multiple evasion strategies to suppress host innate and adaptive immune systems (16–18). Almost all HBV proteins interfere with intracellular signal transduction pathways, such as IFN associated signaling pathways and inflammation-related pathways (19–32). HBsAg is widely known as a structure protein which is the main component of both HBV virions and subviral partials. Many studies have also reported that HBsAg works as an immune inhibitor to help HBV surviving from the snipe of host immune systems. HBsAg promotes GP73 production, which facilitates HBV replication by repressing the NF-κB signaling pathway (27). HBsAg also blocks the TLR9-interferon regulatory factor 7-IFNα signaling pathway by upregulating the expression of suppressor of cytokine signaling (28). HBsAg may directly contribute to the dysfunction of myeloid dendritic cells in patients with chronic HBV, which could be considered as a potent mechanism by which HBV escapes from immune systems (33). However, the precise molecular mechanisms by which HBV escapes from innate immune with the help of HBsAg remain unclear.

Autophagy is a major catabolic process that degrades and recycles damaged organelles and long-lived cytoplasmic macromolecules, involving in cellular processes such as maintenance of cellular homeostasis, suppression of tumor development and influence on pathogen replication (34–36). HBV infection induces autophagy mainly through the HBx protein or an HBsAg-dependent mechanism (37–39). The autophagy process was bound up with the life cycle of HBV (40). Early autophagy is required for HBV replication and envelopment, while late autophagy is associated with the degradation of cargoes, including HBV virions and proteins (such as HBsAg) (38, 41–43). We expect to know whether or not autophagy works in the process of HBsAg associated HBV immune escapes.

In the present study, we demonstrated that HBsAg specifically bound to TAK1 and TAB2, and then suppressed the polyubiquitination of TAK1-TAB2 complex and blocked TAK1 phosphorylation, leading to the inhibition the NF-κB signaling pathway. HBsAg interfered the molecular interaction between TAK1 and TAB2 by promoting autophagic degradation of TAK1 and TAB2, further inhibiting the activation of NF-κB signaling pathways.



Materials and Methods


Ethics Statement

Serum from 34 HBV-infected patients were collected at HuangShi Central Hospital (Hubei, China). Ten HBV-infected patients and ten healthy control subjects were recruited from Tongji Hospital (Wuhan, China). All samples were collected between 2014 and 2019. This study was approved by the institutional review board of Wuhan University, and was conducted in accordance with the principles of the Declaration of Helsinki. We acquired written informed consent from volunteers. Detailed information is described in Supplementary Table I.



Cell Culture, Transfection, and Infection

Human embryonic kidney (HEK293T) cells and the human hepatoma cell line (Huh7, HepG2, HepG2.215, HepG2-hNTCP, and HepAD38 cells, purchased from the China Center Type Culture Collection) were cultured in DMEM (Gibco, Thermo Fisher Scientific, Waltham, MA, USA). Human THP-1 monocytes were cultured in RPMI 1640 medium. All media were supplemented with 10% heat-inactivated fetal bovine serum, 100 U/ml penicillin, and 100 mg/ml streptomycin in a humidified incubator with 5% CO2 maintained at 37°C. HepAD38 cells were supplemented with 10% heat-inactivated fetal bovine serum (Gibco, US), 100 U/ml penicillin, 100 mg/ml streptomycin, and 1 μg/ml adriamycin (Dox) in a humidified incubator with 5% CO2 maintained at 37°C.

HEK293T cells were transfected with polyethylenimine according to the manufacturers’ instructions. Huh7 and HepG2 cells were transfected with Lipofectamine 2000 (Invitrogen, US). Human THP-1 monocytes were transfected with electroporation method as described previously (44). Vesicular stomatitis virus (VSV, Indiana serotype) was provided by the China Center for Type Culture Collection. Cells were incubated with DMEM or RPMI 1640 containing SeV/VSV (MOI = 1) or equivalent PBS for indicated intervals.



Plasmids, Antibodies, and Reagents

3×HA-TAB1, 3×HA-TAK1, 3×HA-RIG-I, and 3×HA-MyD88 were subcloned directly into PKH3-3×HA mammalian expression vectors. DsRed-TAK1 was subcloned directly into pDsRed-Monomer-N1 vector. GFP-LC3B was a gift from Professor Mingzhou Chen of Wuhan University, China. 3×Flag-HBsAg (3×Flag-HBs, genome D, Serotype ayw, expressing the full length HBsAg, large HBsAg), 3×Flag-SHBsAg, 3×Flag-MHBsAg, pBlue-HBV 1.3, Flag-TAB1, 3×HA-TAB2, 3×HA-TAB3, and ISRE/IFNβ/IFNλ1/NF-κB/IL16 luciferase reporter plasmids were previously cloned by our laboratory. Myc-Ub/K48/K63/K48R/K63R and Myc-TAK1 were cloned into pcDNA3.1 Myc-His (–) vector.

Antibodies against Flag (M185-3L), HA (M180-3), and Myc (M192-3) were purchased from Medical & Biological Laboratories. Antibodies against TAK1 (12330-2-AP), TAB2 (14410-1-AP), NF-κB p65 (10745-1-AP), NF-κB p50 (14220-1-AP), lamin A/C (10298-1-AP), β-actin (60008-1-Ig), GAPDH (60004-1-Ig), ubiquitin (10201-2-AP) were purchased from ProteinTech Group. Antibodies against p-TAK1 (4508S), p-IκBα (2859S), IκBα (4812S) were purchased from Cell Signaling Technology. Antibodies against LC3B (A19665) were purchased from Abclonal. Antibodies against HBsAg (ab9136) were purchased from Abcam. LC3B Mouse Monoclonal Antibody (9H5) and Dylight 649 goat anti-rabbit IgG (A23620-1) were purchased from Abbkine. Cy3 goat anti -mouse IgG (H+L) (E031610-01) and FITC goat anti-rabbit IgG (H+L) (E031220-01) were purchased from EarthOx. Fluorescein (FITC)-AffiniPure goat anti-horse IgG (H+L) (108–095–003) was purchased from Jackson ImmunoResearch Laboratories. MG132 and chloroquine (CQ) were purchased from TopScience.



Harvest of HBV Inoculums and Infection of HepG2-hNTCP Cells

HepAD38 cells were cultured in DMEM/F-12 medium (Gibco, Thermo Fisher Scientific, Waltham, MA, USA) for 3 days, supplemented with 10% heat-inactivated fetal bovine serum (Gibco, US), 100 U/ml penicillin, and 100 mg/ml streptomycin in a humidified incubator with 5% CO2 maintained at 37°C. The supernatants of HepAD38 cells were concentrated 100-fold by ultracentrifugation as HBV inoculums. HBV stock titer (multiplicity of genome equivalents) was measured by using qPCR.

HepG2-hNTCP cells were cultured in primary hepatocytes maintenance medium (PMM) for 6 h and then inoculated with 1,000 multiplicity of genome equivalents of HBV in PMM with 4% PEG 8000 at 37°C for approximately 16 h. After the virus-containing medium were removed, cells were washed with PBS three times to remove residual viral particles and cultured in fresh PMM medium. The medium was refreshed every other day. Cells were harvested for research on 7 days after infection.



ELISA

The supernatants of HBV infected-HepG2-hNTCP cells were collected and a standard ELISA kit was used to quantify HBsAg (Shanghai KeHua Biotech, Shanghai, China).



qRT-PCR Analysis

Total RNA was isolated using the TRIzol reagent (Invitrogen, US) and cDNA was reverse transcribed with the TRUEscript H Minus M-MuLV Reverse Transcriptase (Aidlab Biotechnologies, China). The relative abundances of indicated mRNA were normalized to GAPDH. qRT-PCR assays were performed using the Bio-Rad CFX connect system with iTaq Universal SYBR Green Supermix (BioRad, US). All primers used for qRT-PCR assays are described in Supplementary Table II.



Luciferase Assays

HepG2 cells or Huh7 cells were plated in 24-well plates, and were co-transfected with indicated plasmids when cells achieved 80% confluence. pRL-TK was used as an internal control. The luciferase activity assays were measured according to the manufacturer’s instructions of dual-luciferase reporter assay (Promega, US). The data were expressed as fold-expression normalized to pRL-TK.



MTS Assays

HepG2 cells or Huh7 cells were seeded into 96-well plates. After culturing for 24 h, cells were transfected with 3×Flag-HBsAg or empty vector plasmids and incubated for 24 h. Next, cells were serum-starved for 12 h, and then treated with SeV (MOI = 1) for 12 h. Then, cell viability was assessed using the MTS assays. We added 20 μl Cell Titer 96® AQueous One Solution Cell Proliferation Assay (Promega, US) per well. After incubating for 3 h, absorbance was measured by a microplate reader (BioTek, US) at 490 nm.



Coimmunoprecipitation and Western Blotting Analysis

Cells were lysed in 1 ml Nonidet P-40 lysis buffer containing 20 mM Tris-HCl (pH 7.4–7.5), 150 mM NaCl, 1 mM EDTA, 1% Nonidet P-40, and 1% protease inhibitor mixture. Bio-Rad Protein Assay (BioRad, US) was used to evaluate the protein concentration. For co-immunoprecipitation, cell lysates (1–5 mg) were prewashed by adding protein A/G agarose (Pierce, US) prior to incubation on 4°C for 2 h, then IgG or indicated antibodies (2 μg) were added to supernatants for 4 h at 4°C, captured by adding the protein A/G agarose (Pierce, US) prior to incubation on 4°C for 4 h, and the precipitates were washed five times with lysis buffer containing 500 mM NaCl as mentioned above. The immune complexes were separated, subjected to SDS-PAGE, transferred to nitrocellulose membranes, blocked in skim milk and probed with the indicated antibodies.



Nuclear Extraction

Harvested cells were washed with ice-cold PBS for three times, and then resuspended with hypotonic buffer A (10 mM Tris-HCl [pH 7.4], 5 mM MgCl2, 10 mM NaCl, 1 mM DTT, 10% protease inhibitor mixture) for 15 min on ice before incubation in 0.5% Nonidet P-40 on ice for 1 min. Whole cell lysates were centrifuged at 13,000 g for 3 min at 4°C. The nuclear extracts were pellets and the supernatants were collected as cytoplasm extracts. The nuclear extracts were resuspended with hypotonic buffer A for 10 min on ice and collected by centrifugation, after which the supernatants were removed. The pellets were resuspended in buffer B (20 mM HEPES-KOH [pH 7.9], 1.5 mM MgCl2, 0.5 mM NaCl, 1 mM DTT, 0.2 mM EDTA, 1% Nonidet P-40, 10% protease inhibitor mixture, 1% Nonidet P-40), vortexed for 15 s, and incubated on ice for 30 min, centrifuged at 13,000 g for 30 min together with the cytoplasm extracts; then, the nuclear and the cytoplasm protein-containing supernatants were collected. All fractions were stored at –80C until use. The indicated proteins were examined using western blot.



Immunofluorescence Microscopy

For confocal analysis, HepG2 cells were plated on collagen incubated in 14-mm confocal dishes, transfected with indicated plasmids and treated with indicated reagents. Cells were washed with 1× PBS three times, fixed with 4% paraformaldehyde, permeabilized with 0.3% Triton X-100, and blocked with PBS containing 3% BSA for 1 h at room temperature. Then, the cells were immunostained with the indicated primary Abs overnight at 4°C followed by incubation with the relevant dye-conjugated secondary Abs at 37°C for 1 h. The nuclei were stained with 4’,6-diamidino-2-phenylindole for 3 min at 37°C. The cells were imaged using a fluorescence microscope (Leica, Germany) with 100× objective lens. The analysis for colocalization was conducted with Image J.

Liver tissues for immunofluorescence assays were collected from patients as described above. LC3 and TAK1 proteins were examined and visualized using anti-LC3B 9H5 and anti-TAK1 (12330-2-AP), respectively.



Immunohistochemistry

Liver tissues were collected from patients as mentioned above. The expression of HBsAg, TAK1, TAB2, p50, p65 in liver tissue was visualized using immunohistochemical staining of thin liver tissue sections using indicated antibodies. The analysis for the expression of protein was conducted with Image J.



Statistical Analysis

All data were expressed as mean values ± standard deviation. Statistical analyses were performed using Graph Pad Prism software (GraphPad Software Inc., La Jolla, CA, USA). The two-tailed Student’s t-test was used to determine significant differences. Differences were considered statistically significant when P < 0.05.




Results


HBsAg Suppresses the Antiviral Innate Immune Response

To investigate the potential role of HBsAg in the immune escape of HBV, we constructed the 3×Flag-HBsAg (3×Flag-HBs, genome D, Serotype ayw, expressing the full length HBsAg). HBsAg (HBs) as mentioned below is large HBsAg. We measured expression of IFNα, IFNβ, IFNλ1, IL6, and TNFα at the mRNA level in both HepG2 and Huh7 cell lines transfected with increasing dose of 3×Flag-HBs using qRT-PCR testing, triggered with SeV. As shown in Figures 1A–C, overexpression of HBs reduced the expression of IFNα, IFNβ, IFNλ1, IL6, and TNFα in HepG2 and Huh7 cells in a dose-dependent manner. We next transfected 3×Flag-HBsAg into macrophages induced from THP-1 via electroporation, triggered with SeV. HBsAg reduced the expression of IFNα, IFNβ, IFNλ1, IL6, and TNFα in macrophages induced from THP-1 (Supplementary Figure 1A). All kinds of HBsAg decreased the virus-trigged expression of IFNβ and TNFα (Supplementary Figure 1B). We performed reporter assays in both HepG2 and Huh7 cell lines infected with SeV, and found that HBsAg significantly inhibited the activation of NF-κB promoters. The activation of ISRE, IFNβ and IFNλ1 promoters was also inhibited by HBsAg, while almost had no influence on the IL16 promoter (negative control) in both HepG2 and Huh7 cells (Figure 1D). 3×Flag-HBs or control vector were transfected into HepG2 cells, at 24 h post-transfection, cells were mock infected or infected with VSV or SeV and harvested for qRT-PCR analysis or western blot. Overexpression of HBsAg facilitated both the replication of VSV and SeV in HepG2 cells (Figures 1E, F). 3×Flag-HBs or control vector were transfected into HepG2 cells and Huh7 cells for 24 h. Cells were harvested to conduct the MTT assays after infected with SeV for 12 h. HBsAg showed no cytotoxicity in either HepG2 or Huh7 cells (Figure 1G). Taken together, these data suggest that HBsAg inhibits the antiviral innate immune response in host cells.




Figure 1 | HBsAg down-regulated the antiviral innate immune response in hepatic cells. (A) HepG2 cells and (B) Huh7 cells were transfected with different doses (0, 0, 0.5, 1 μg) of HBsAg (HBs) expression plasmids (3×Flag-HBsAg), the total amount of plasmids was adjusted to 1 μg with empty vector. At 24 h post-transfection, the cells were serum starved for 12 h. Cells were mock infected or infected with SeV (MOI = 1) for 12 h, and then harvested for qRT-PCR analysis. (C) HepG2 or Huh7 cells were transfected with different doses (0, 0, 0.5, 1 μg) of 3×Flag-HBs expression plasmids, the total amount of plasmids was adjusted to 1 μg with empty vector. At 24 h post-transfection, the cells were serum starved for 12 h. Cells were mock infected or infected with SeV (MOI = 1) for 12 h, and then harvested for western blots. (D) ISRE/IFNβ/IFNλ1/NF-κB/IL16 luciferase reporter plasmids (0.3 μg) were co-transfected into HepG2 cells or Huh7 cells with HBs expression plasmids/vector plasmids (0.2 μg) and pRL-TK (0.1 μg). At 24 h post transfection, the cells were serum starved for 12 h. Next cells were infected with SeV (MOI = 1) for 12 h, and then harvested for luciferase activities determination. (E) HBs expression plasmids or vector plasmids (0.5 μg) were transfected into HepG2 cells. At 24 h after transfection, cells were mock infected or infected with vesicular stomatitis virus (VSV) (MOI = 1) for 12 h. The mRNA levels of VSV P protein were determined by qRT-PCR. (F) HBs expression plasmids or vector plasmids (1 μg) were transfected into HepG2 cells, at 24 h post-transfection, cells were mock infected or infected with SeV (MOI = 1) for 24 h, and then harvested for western blot. (G) HBs expression plasmids or vector plasmids (0.1 μg) were transfected into HepG2 cells and Huh7 cells. At 24 H post transfection, the cells were serum starved for 12 h. cells were infected with SeV (MOI = 1) for 12 h, and then conducted the MTT assays. All experiments were repeated three times with consistent results. The graphs show the means ± SD, n = 3 (***P < 0.01; **P < 0.01; *P < 0.05), NS., not significant.





HBsAg Specifically Interacts With the TAK1-TAB2 Complex

To determine which protein in the antiviral innate immune pathway is the target of HBsAg, we conducted Co-IP assays. Indicated plasmids were co-transfected into HEK293T cells for 48 h, and then harvested for immunoprecipitation and immunoblot with indicated antibodies. We found that HBsAg interacted specifically with TAK1 and TAB2 in HEK293T cells, but not with RIG-I and Myd88 (Figure 2A). Interestingly, HBsAg did not interact with TAB1 or TAB3 (Supplementary Figure 2A), which also belong to TAK1-TAB complex. Small HBsAg and middle HBsAg interacted with TAK1 in vitro (Supplementary Figure 2B). We harvested HepAD38 cells and HBV infected HepG2-hNTCP cells for Co-IP assays. We found endogenous interactions of HBsAg with TAK1 and TAB2 in HepAD38 cells and HBV infected HepG2-hNTCP cells (Figure 2B). We diluted the serum of HBV-infected patients 20 times for Co-IP assays, immunoprecipitated with anti-IgG or anti-HBsAg and immunoblotted with indicated antibodies. In the serum of HBV-infected patients, we found that TAK1 interacted with HBsAg specifically (Figure 2C). HBV 1.3 expression plasmids or empty vector were transfected into HepG2 cells for 24 h to conduct confocal microscopy (Figure 2D). We assessed the level of colocalization between HBsAg with TAK1/TAB2 by Pearson’s correlation coefficient calculated via Image J (Figure 2E). Confocal imaging analysis cells revealed that HBsAg colocalized with both TAK1 and TAB2 in vitro. These data suggest that HBsAg interacts with TAK1-TAB2 complex specifically in vitro and in vivo.




Figure 2 | HBsAg interacts with TAK1 and TAB2 specifically in vitro and in vivo. (A) 3×Flag-HBs or vector plasmids were co-transfected into human embryonic kidney (HEK293T) cells with 3×HA-TAK1/TAB2/RIG-I/Myd88, at 48 h post transfection, cells were harvested for Co-IP assays. (B) HepAD38 cells were seeded in 10-cm wells, and then harvested for Co-IP assays at 48 h later. HepG2-hNTCP were seeded in 10-cm wells with primary hepatocytes maintenance medium (PMM) for 6 h, and then infected with 1000 multiplicity of genome equivalents of HBV in PMM with 4% PEG 8000 at 37°C for approximately 16 h. After the virus-containing medium were removed, cells were washed with PBS three times to remove residual viral particles and cultured in fresh PMM medium. The medium was refreshed every other day. Cells were harvested for Co-IP assays on 7 days after infection. We divided the cell lysate of HepAD38 cells or HBV infected HepG2-hNTCP cells into three. One of which was immunoprecipitated with IgG, one was with anti-HBsAg antibody, and the other was prepared as lysate for western blot. Proteins were immunoblotted with indicated antibody. (C) The serum of HBV infected patients was diluted 20 times for Co-IP assays. We divided the diluted serum into three aliquots. One of which was immunoprecipitated using IgG, one was incubated with anti-HBsAg antibody, and the other was used for western blot. Proteins were immunoblotted with indicated antibodies. We found that HBsAg interacted specifically with TAK1 in vivo. (D) HepG2 cells were plated on collagen incubated in 14-mm confocal dishes, and then HBV1.3 expression plasmids or control vector were transfected into HepG2 cells for 24 h to conduct confocal microscopy assays. HBsAg were stained with fluorescein (FITC)-AffiniPure goat anti-horse IgG (H+L). TAK1 and TAB2 were stained with Dylight 649 goat anti-rabbit IgG. The nuclei were stained with 4’,6-diamidino-2-phenylindole (DAPI). The cells were imaged using a fluorescence microscope (Leica, Germany) with 100× objective lens. Scale bar = 5 μm. (E) We analyze the level of colocalization between HBsAg with TAK1/TAB2 by using Image J and GrapPad Prism 8. The graphs show the means ± SD, n = 3 (**P < 0.01).





HBsAg Suppresses the Polyubiquitination of the TAK1-TAB2 Complex

Ubiquitination is essential to the activation of the TAK1-TAB2 complex. Therefore, we next determined whether the expression of HBsAg affected the ubiquitination of the TAK1-TAB2 complex. Indicated plasmids were co-transfected with Myc-Ub into Huh7 cells. Cells were stimulated with virus, and then harvested for Co-IP assays with indicated antibodies to analyze the ubiquitination abundance of corresponding protein. As shown in Figures 3A, B, co-expression of HBsAg reduced the ubiquitination of TAB2 and TAK1 in the presence of exogenous ubiquitin. We next tested the level of endogenous TAB2 and TAK1 ubiquitination in HBsAg-overexpressing Huh7 cells infected with virus. The polyubiquitination of TAB2 (Figure 3C) and TAK1 (Figure 3D) decreased in the presence of HBsAg in virus infected Huh7 cells.  The same samples were used in Figures 3C, D. To determine what type of ubiquitination modification in TAB2 was blocked by HBsAg, we then co-transfected Myc-K48/K63/K48R/K63R, 3×HA-TAB2, 3×Flag-HBs or empty vector as indicated in Figure 3E. Here, K48R, or K63R means that only Lysine48 or Lysine63 residue was mutated to arginine, K63 or K48 means only Lysine63 or Lysine48 residue remains unchanged while the other lysines were all mutated to arginines. The results showed that HBsAg weakened the K63 and K48R-linked polyubiquitination, while the K48 and K63R remained unaltered. It indicated that HBsAg restrained K63-linked, but not K48-linked polyubiquitination of TAB2. When the K48 residue of the wild-type ubiquitin chain was mutated to R, with K63 still present, we found that HBsAg could still downregulate the K48R-mediated ubiquitination of TAB2, which further proves that HBsAg mainly regulates the ubiquitination of TAB2 at K63 site. These results suggest that HBsAg down-regulates the polyubiquitination of the TAK1-TAB2 complex, especially the K63-linked polyubiquitination of TAB2.




Figure 3 | HBsAg suppresses the polyubiquitination of TAK1-TAB2 complex. (A) 3×Flag-HBs (HBsAg) or vector plasmids were co-transfected into Huh7 cells with 3×HA-TAB2 and Myc-Ub for 36 h, and then cells were stimulated with virus for 12 h. The cell lysate was immunoprecipitated and immunoblotted using indicated antibody, and then analyzed the ubiquitination abundance of corresponding protein. (B) 3×HA-TAK1, Flag-TAB1, Myc-Ub were co-transfected into Huh7 cells with 3×Flag-HBs or vector plasmids for 36 h. Cells were then treated with virus for 12 h, followed by ubiquitination assays. (C, D) The levels of endogenous TAB2 and TAK1 ubiquitination in HBsAg-overexpressing Huh7 Cells infected with virus. HBs expression plasmids (3×Flag-HBs) or vector plasmids were transfected into Huh7 cells for 36 h, and then cells were stimulated with virus for 12 h, followed by ubiquitination assays. The same samples were used in (C, D). (E) 3×HA-TAB2, Myc-K48/K63/K48R/K63R plasmids were co-transfected with 3×Flag-HBs or control vector into Huh7 cells for 36 h as indicated, and then cells were stimulated with virus for 12 h, followed by ubiquitination assays. We use the Image J for the abundance analyses.





HBsAg Inhibits the Activation of NF-κB Signaling Pathway by Blocking TAK1 Phosphorylation

In addition to ubiquitination, phosphorylation is also of great importance in the activation of the NF-κB signaling pathway. We next examined the effect of HBsAg on SeV-triggered TAK1 phosphorylation and subsequent NF-κB translocation and activation. An overexpression system was used in HepG2 and Huh7 cells, and cells were harvested for western blot with indicated antibodies at indicated time after SeV infection. As shown in the Figure 4A, B, the phosphorylation of TAK1 and IKBα was blocked in the presence of HBsAg in HepG2 and Huh7 cells. The phosphorylation of TAK1 and IKBα is the key for NF-κB translocation. We then performed a nuclear extraction experiment in HepG2 and Huh7 cells to determine whether HBsAg affected NF-κB translocation. HBsAg expression noticeably reduced virus-triggered translocation of NF-κB subunits p50 and p65 from the cytosol to the nucleus in HepG2 and Huh7 cells, whereas the total expression of proteins was not affected (Figure 4C, D). We harvested both HepG2 and HepG2.215 cells to conduct a nuclear extraction experiment for comparing the translocation of p50 and p65. The translocation of p50 and p65 was also inhibited in HepG2.215 cells compared with in HepG2 cells (Figure 4E), which implied that NF-κB signaling pathway was suppressed in the presence of HBV. These findings suggest that HBsAg blocks the translocation of p50 and p65 from the cytosol to the nucleus by suppressing the phosphorylation of TAK1 and IKBα.




Figure 4 | HBsAg inhibits virus-triggered nuclear factor kappa B (NF-kB) activation. (A, B) HBsAg suppresses the phosphorylation of TAK1 and IKBα in HepG2 and Huh7 cells. HepG2 (A) or Huh7 (B) cells were transfected with vector plasmid or the HBs (3×Flag-HBsAg) expression plasmid for 24 h, then infected with SeV (MOI = 1) for indicated times, then harvested and immunoblotted with the indicated antibodies. (C, D) HBsAg blocked NF-κB subunits translocation from cytoplasm into the nucleus in HepG2 and Huh7 cells. HepG2 (C) or Huh7 (D) cells were transfected with vector plasmid or the HBs (3×Flag-HBsAg) expression plasmid for 24 h; HepG2 and HepG2.215 (E) were plated on collagen-coated six-well plate for 24 h. Then, cells were infected with SeV (MO I= 1) for 12 h. The whole cell lysates, the cytosolic and nuclear extracts were prepared as indicated in materials and methods, followed by western blot with indicated antibodies. GAPDH and LaminA were used as cytosolic and nuclear markers respectively. We use the Image J for the protein abundance analyses. All experiments were repeated three times with consistent results, and we showed the most representative results.





HBsAg Interferes With the Interaction Between TAK1 and TAB2 Through Autophagic Degradation

HBsAg interacts with both TAK1 and TAB2. The combination of TAK1-TAB2 plays a crucial part in the activation of the NF-κB signaling pathway. We determined whether HBsAg may interfere with the formation of the TAK1-TAB complex. At 48 h after co-transfection of indicated plasmids into HEK293T cells, we conducted a Co-IP assay. HBsAg interfered with the interaction of TAK1 and TAB2, but not TAB1 and TAB3 (Figure 5A). Next, HEK293T cells were co-transfected with 3×HA-TAB2, Myc-TAK1 and increasing dose of 3×Flag-HBs, the total amount of plasmids was adjusted to 10 μg with empty vector. At 48 h post-transfection, cells were harvested for Co-IP and western blot assays with indicated antibodies. We found that HBsAg disrupted the TAK1-TAB2 interactions in a dose-dependent manner (Figure 5B).




Figure 5 | HBsAg suppresses TAK1-TAB2 interaction through autophagic degradation. (A) HBs expression plasmids (3×Flag-HBsAg) or vector plasmids were co-transfected into human embryonic kidney (HEK293T) cells with indicated plasmids for 48 h, and then cells were harvested for Co-IP and western blot assays using indicated antibodies. (B, C, D) CQ, but not MG132, reversed the suppression effect of HBsAg on the interaction between TAK1 and TAB2. HEK293T cells were co-transfected with 3×HA-TAB2 (3 μg), Myc-TAK1 (3 μg) and increasing amounts (0, 0.12, 0.6, 3 μg) of 3×Flag-HBs (HBsAg), the total amount of plasmids was adjusted to 10 μg with empty vector. At 24 h post co-transfection, cells were serum starved for 12 h and treated without (B) or with MG132 (3 μM) (C)/CQ (10 μM) (D) for 24 h, then harvested for Co-IP and western blot assays with indicated antibodies. (E) HBsAg facilitated the degradation of TAK1 and TAB2 in a dose-dependent manner in HepG2 cells, and the effect disappeared with the treatment of CQ. Increasing amount of 3×Flag-HBs (0, 0.35, 1, 3 μg) were transfected into HepG2 cells for 24 h. The total amount of plasmids was adjusted to 3 μg. Next cells were treated with or without CQ (10 μM) for 24 h, and then harvested for Co-IP and western blot assays.



Interestingly, with the increase of HBsAg’s expression in the whole cell lysate, protein levels of TAK1 and TAB2 decreased (Figure 5B). However, mRNA levels of TAK1 and TAB2 made no difference with or without the presence of HBsAg (Supplementary Figure 1C). Autophagy and proteasome degradation are the two major reasons for intercellular protein degradation (45). Next, we repeated the competitive Co-IP experiments (shown in Figure 5B) with the treatment of MG132 (a proteasome inhibitor) or chloroquine (CQ, an autophagy inhibitor). We found that CQ (Figure 5D), but not MG132 (Figure 5C), inhibited the degradation of TAK1 and TAB2 caused by the expression of HBsAg, and the interference of HBsAg on TAK1-TAB2 interaction disappeared. We next determined whether protein levels of endogenous TAK1 and TAB2 in HepG2 cells were affected by the expression of HBsAg. We transfected increasing dose of 3×Flag-HBs into HepG2 cells for 24 h, and then cells were treated with or without CQ for 24 h. Next, we collected cells for western blot analysis. As shown in Figure 5E, HBsAg facilitated the degradation of endogenous TAK1 and TAB2 in a dose-dependent manner in cells without the treatment of CQ, whereas increasing HBsAg levels made no difference in the expression of TAK1 and TAB2 in cells with the treatment of CQ. The value of LC3II/I increased with HBsAg in a dose-dependent manner in HepG2 cells with or without the treatment of CQ (Figure 5E), and HBsAg promoted the puncta formation of LC3B (Supplementary Figure 3), which indicated that HBsAg induced autophagy. These results suggest that HBsAg would promote the autophagic degradation of TAK1 and TAB2.

To strengthen the evidence that HBsAg affects the autophagic degradation, HepG2 cells were co-transfected GFP-LC3B, DsRed-TAK1, and Vector plasmid or 3×Flag-HBs for 24 h, followed by the treatment of 10 μM CQ for 24 h. Next, the colocalization of TAK1 and LC3B was further analyzed using confocal microscopy and Image J. TAK1 and LC3B colocalized in the presence of HBsAg, which was increased upon CQ treatment in HepG2 cells (Figures 6A, B). Furthermore, we conducted the Immunofluorescence staining of TAK1 and LC3B in both HepG2 and HepG2.215 cells with or without treatment of CQ, the results also showed that the colocalization of TAK1 and LC3B was significantly increased in HepG2.215 cells, which was more obvious in HepG2.215 cells with the treatment of CQ (Figures 6C, D). Similar results also appeared in HBV positively-infected HepG2-hNTCP cells, compared to HBV negatively infected HepG2-hNTCP cells (Figures 6E, F). The supernatants of HepG2-hNTCP cells were collected for HBsAg ELISA analysis to determine whether or not HBV infected HepG2-hNTCP cells successfully (Figure 6G). These findings suggest that HBsAg promotes the degradation of TAK1 with the help of autophagic degradation, which might lead to the reduction of the interaction between TAK1 and TAB2.




Figure 6 | The colocalization of TAK1 and LC3B in the presence of HBsAg is increased upon CQ treatment. (A) DsRed-TAK1, GFP-LC3B were co-transfected into HepG2 cells with HBs expression plasmids (3×Flag-HBsAg) or empty vector for 24 h; (C) HepG2 and HepG2.215 cells were plated on collagen incubated in 14-mm confocal dishes for 24 h; (E) HepG2-hNTCP cells were cultured in collagen-coated 14-mm confocal dishes with primary hepatocytes maintenance medium (PMM) for 6 h, infected with HBV for 4 days; Then treated with or without CQ (10 μM) for 24 h. LC3B were stained Cy3 goat anti-mouse IgG (H+L) and TAK1 were stained with FITC goat anti-rabbit IgG (H+L). The nuclei were stained with DAPI before observation using confocal microscopy. Scale bar = 5 μm. (B, D, F) We assessed the level of colocalization by Pearson’s correlation coefficient through using Image J. (G) The supernatant of HepG2-hNTCP on 5 days after HBV infection were collected for HBsAg ELISA analysis. The graphs show the means ± SD, n = 3 (**P < 0.01; *P < 0.05).





Down-Regulated Expression of TAK1 and TAB2 and Activation of NF-κB in Liver Biopsy Tumor Tissues From HBV-Infected Patients

We selected 10 liver biopsy samples from both healthy individuals and HBV-infected patients. We first measured the differences in expression levels of HBsAg, TAK1 and TAB2 in each group. We conducted the semiquantitative analysis at the protein level using Image J. The results of immunohistochemical analysis showed that the protein levels of TAK1 and TAB2 in liver biopsy tissues from HBV-infected patients were lower than those in tissues from healthy individuals (Figures 7A, C). The translocation of the NF-κB subunits p50 and p65 from the cytosol to the nucleus indicates NF-κB signaling pathway activation; therefore, we then measured protein levels of p50 and p65 in both groups using immunohistochemistry. As shown in Figures 7B, C, levels of p50 and p65 internuclear from liver biopsy tissues of HBV-infected patients were also lower than those in tissues from healthy individuals, suggesting that the activation of NF-κB was suppressed in liver biopsy tissues from HBV-infected patients. We further confirmed that TAK1 was colocalized with LC3 in liver tissues from HBV-infected patients using immunofluorescence (Figure 7D). Moreover, we detected the translocation of p50 and p65 in HBV infected or not HepG2-hNTCP cells by nuclear extraction (Figure 7E) and immunofluorescence staining analysis (Figure 7F). Both p50 and p65 were inhibited from translocation from the cytosol to nucleus in HBV-infected HepG2-hNTCP cells. The supernatants of HBV infected or mock infected HepG2-hNTCP cells were collected for HBsAg ELISA analysis to determine whether or not HBV infected HepG2-hNTCP cells successfully (Figure 7G). Taken together, the data suggest that it is possible for HBsAg to promote the autophagic degradation of TAK1 and TAB2 and to inhibit the activation of the NF-κB signaling pathway in the context of HBV infection.




Figure 7 | Down-regulated expression of TAK1 and TAB2 and activation of nuclear factor kappa B (NF-κB) in bioptic liver tissues from hepatitis B virus (HBV)-infected patients or HBV infected HepG2-hNTCP cells. (A) Immunohistochemical staining of HBsAg, TAK1, and TAB2 in bioptic liver tissues from the healthy individuals and HBV-infected patients. (B) Immunohistochemical staining of NF-κB subunits (p50, p65) in bioptic liver tissues from the healthy individuals and HBV-infected patients. The magnification times are 400. (C) The abundance of HBsAg/TAK1/TAB2 was assessed by score values after analyzed using Image J. We used the percent of cells p50/p65 located in nucleus to total cell amounts to show the p50/p65 nucleus translocation level. (D) Immunofluorescence in bioptic liver tissues was performed to determine the colocalization of TAK1 and LC3. (E) HepG2-hNTCP cells were cultured in collagen-coated six-well plates for 6 h, inoculated with 1,000 multiplicity of genome equivalents of hepatitis B virus (HBV) in primary hepatocytes maintenance medium (PMM) with 4% PEG 8000 at 37°C for approximately 16 h, removed the virus-containing medium, washed with PBS three times and cultured in fresh PMM medium. The medium was refreshed every other day. Cells were harvested for nuclear extraction on 7 days after infection. (F) HepG2-hNTCP cells were plated on collagen incubated in 14-mm confocal dishes with PMM for 6 h, then inoculated with 1,000 multiplicity of genome equivalents of HBV in PMM with 4% PEG 8000 at 37°C for approximately 16 h, removed the virus-containing medium, washed with PBS three times and cultured in fresh PMM medium. The medium was refreshed every other day. Cells were analyzed the translocation of p50 and p65 through immunofluorescent staining on 5 days after infection. P50 and p65 were stained with FITC goat anti-rabbit IgG (H+L), and the nuclei were stained with DAPI before observation using confocal microscopy. Scale bar = 5 μm. (G) The supernatant of HepG2-hNTCP on 5 days after HBV infection were collected for HBsAg ELISA analysis. The graphs show the means ± SD, n = 3 (**P < 0.01; *P < 0.05).






Discussion

Chronic HBV infection is a global public health threat; millions of people suffer chronic infection with the virus (1). Previous studies have shown that HBV behaved like a “stealth” virus that establishes persistent infection in hepatocytes (16–18). Whether or not HBV stimulates and interferes with innate immune responses has been a matter of controversy. Previous studies showed that RIG-I senses HBV pregenomic RNA to induce interferon production (46), while HBx and PreS2 activate the NF-κB signaling pathway (47, 48). However, expression levels of many innate immune-related genes remain low (49) and NF-κB activity returns to a normal level (50), while infections continued and HBV replication increased. Several studies have suggested that HBV have developed strategies to escape from innate immune responses system (19–32). In addition to the persistence of covalently closed circular DNA, HBV DNA integrated into the host genome was another barrier to eliminating HBV (51). Wooddell et al. found that integrated HBV DNA was sufficiently intact to support translation of viral proteins, including HBsAg (52). Our previous study indicated that HBsAg interacted directly with MVP to break the interaction between MVP and MyD88, inhibiting the induction of type-I IFN (53). Fanny et al. found that chronic HBV infection suppressed intrahepatic immune responses, which were more intense at high levels of HBsAg (54). All these previous studies suggested that HBV is transiently sensed by the innate immune system but develops some strategies to escape from immune system, and HBsAg plays an important role in it. However, the specific molecular mechanisms by which this occurs remain obscure. In the present study, we demonstrated a novel mechanism by which HBsAg interacts with TAK1-TAB2 complexes and suppresses the activation of the NF-κB signaling pathway.

The NF-κB signaling pathway forms an integral part in the host defense against viral infection. In the present study, we found that activation of the NF-κB signaling pathway was significantly suppressed by the overexpression of HBsAg in a dose-dependent manner (Figure 1). We investigated which protein was the potential target of HBsAg, and discovered that HBsAg interacted specifically with TAK1 and TAB2 in vitro and in vivo, but not TAB1 and TAB3, using co-immunoprecipitation assays. In the HBV infected HepG2-hNTCP cells and serum of HBV-infected patients collected from Huangshi Central Hospital, we found that TAK1 interacted with HBsAg specifically, verifying the existence of the interaction between TAK1 and HBsAg in humans. Confocal microscopy assays further confirmed the possibility of colocation of HBsAg with TAK1-TAB2 complex (Figure 2).

The TAK1-TAB complex is the key to regulating the activation of the NF-κB signaling pathway. Deletion of TAK1 from hepatocytes resulted in spontaneous development of hepatocellular carcinoma (55, 56). Another study showed that TAK1 inhibited HBV replication at the viral transcription level (57). In our previous study, we found that HBV stimulated fibronectin promoted HBV expression and replication via interaction with TAK1-TAB complex and suppression of the NF-κB signaling pathway (58). K63-linked polyubiquitination of upstream proteins recruits TAB2 or TAB3, and then binds to TAK1, which allows autophosphorylation-dependent activation of TAK1 to occur. Both polyubiquitination and phosphorylation are of great importance in the activation of TAK1 (15). The kinase activity of TAK1 is required for TAK1-mediated inhibition of HBV replication and gene expression in hepatocytes (57). Therefore, we next measured the effect of HBsAg on the polyubiquitination and phosphorylation of TAK1-TAB2 complex. Both exogenous and endogenous ubiquitination of TAK1 and TAB2 were significantly reduced in the presence of HBsAg. K63, but not K48-linked polyubiquitination of TAB2 was inhibited by HBsAg (Figure 3). HBsAg also inhibited the ubiquitination of NEMO (Supplementary Figure 2C), a key protein in the IFN-induction pathway. Phosphorylation of TAK1 and IKBα was also blocked by HBsAg (Figures 4A, B). We further found that HBsAg significantly inhibited the SeV-triggered translocation of the NF-κB subunits p50 and p65 from the cytosol to the nucleus in HepG2 and Huh7 cells, whereas the total expression of proteins was not affected (Figures 4C, D). Both p50 and p65 accumulated more in cytosol in HepG2.215 cells than HepG2 cells (Figure 4E), which implied that NF-κB signaling pathway were indeed suppressed in HBV persistent replication cell lines. Moreover, we confirmed the inhibitory role of HBsAg in activation of NF-κB signaling pathway in clinical samples and HBV infected HepG2-hNTCP cells (Figure 7). Taken together, these findings suggest that HBsAg inhibits the activation of NF-κB signaling pathway through inhibition of the phosphorylation of TAK1 and the polyubiquitination of TAK1 and TAB2.

The formation of TAK1-TAB complex is required for the activation of TAK1 (17). We then tested whether the interaction between TAK1 and TAB2 was inhibited by the presence of HBsAg. We found that HBsAg weakened the interaction of TAK1 and TAB2, but not of TAB1 or TAB3, in a dose-dependent manner (Figures 5A, B). Interestingly, protein levels of TAK1 and TAB2 decreased with the increase of HBsAg expression in whole cell lysates (Figure 5B), which also occurred in clinical liver tissues (Figures 7A, C); nevertheless, mRNA levels of TAK1 and TAB2 did not change in the presence of HBsAg in HepG2 Cells (Supplementary Figure 1C). We next sought for the mechanism of TAK1 and TAB2 degradation in the presence of HBsAg.

Autophagy and the ubiquitin-proteasome system constitute the two major intercellular degradative mechanisms (45). In addition to proteasome degradation, selective autophagy may contribute to expression levels of the TAK1-TAB complex (59). Autophagy is a major catabolic process which is known to degrade and recycle damaged organelles and long-lived cytoplasmic macromolecules (34). Autophagy takes part in the life cycle of HBV under certain conditions (40, 60, 61). Another study reported that HBV infection induced autophagy through the HBx protein or an HBsAg-dependent mechanism (37). Yet another study showed that intracellular HBsAg, but not extracellular HBsAg, induced autophagy in hepatoma cells (38). Lin et al. found that glucosamine promoted HBV replication and HBsAg expression via suppressing autophagic degradation (43). The value of LC3II/I increased with HBsAg in a dose-dependent manner in HepG2 cells with or without the treatment of CQ (Figure 5E), and HBsAg promoted the puncta formation of LC3B (Supplementary Figure 3). Our results are clearly in favor of the notion that HBsAg induces autophagy. Therefore, we repeated the competitive Co-IP experiments in Figure 5B with the treatment of MG132 (a proteasome inhibitor) and CQ (an autophagy inhibitor) (Figures 5C, D). CQ, but not MG132, inhibited the degradation of TAK1 and TAB2 caused by the expression of HBsAg, and the interference of HBsAg on TAK1-TAB2 interaction disappeared. Endogenous TAK1 and TAB2 were also degraded by HBsAg via the autophagy pathway (Figure 5E). As mentioned above, HBsAg inhibited the K63 but not K48-linked polyubiquitination of TAB2. Some studies have reported that K48 polyubiquitination chains regulate protein levels by signaling a target protein for degradation by the proteosome, while K63-linked chains regulate processes proteosome-independently such as inflammatory signal transduction, DNA repair, endocytosis, and selective autophagy etc (62). We speculated that autophagy, but not ubiquitin-proteasome system plays a role on TAK1-TAB2 degradation in the presence of HBsAg. We further found that HBsAg promoted the colocalization of exogenous TAK1 and LC3B in HepG2 cells, which was increased upon CQ treatment (Figures 6A, B). TAK1 and LC3B colocalized more markedly in HepG2.215 cells than in HepG2 cells with the treatment of CQ (Figures 6C, D), as well as in HBV infected HepG2-hNTCP cells (Figures 6E–G). TAK1 colocalized with LC3 in HBsAg-positive clinical liver tissues (Figure 7D). HBsAg interacts directly with TAK1 as shown in Figure 2. It has been reported that there is a direct interaction between HBsAg and LC3 (42) and LAMP1 (43). HBsAg can be secreted either by ER-Golgi, multivesicular, or secreted autophagy (42, 63–65). In light of previous reports and our results, we suggest that HBsAg forms a complex with TAK1 and TAB2, fusing with autophagosome, accelerating the autophagic degradation of TAK1 and TAB2, and reducing the activation of the NF-κB signaling pathway.

In conclusion, as the diagram in Figure 8 shows, this study revealed a novel molecular mechanism for HBsAg assisting HBV escape from innate immune responses. HBsAg suppresses the activation of NF-κB signaling pathway via regulation of post-translational modification of the TAK1 and TAB2 complexes. HBsAg also interacts with TAK1 and TAB2, accelerating the degradation of TAK1 and TAB2 with the help of autophagy, reducing the activation of the NF-κB signaling pathway. These findings provide a new insight into the role of HBsAg in assisting HBV to evade host innate immune responses, which may contribute to the elimination of persistent HBV infection.




Figure 8 | Schematic illustration of how HBsAg interferes with the nuclear factor kappa B (NF-κB) signaling pathway. HBsAg specifically binds to TAK1 and TAB2, suppresses the polyubiquitination of TAK1-TAB2 complex, blocks TAK1 and IKBα phosphorylation, inhibits the NF- κB subunits p50 and p65 translocation from cytoplasm to nucleus, and downregulates the expression of IFNs and inflammatory cytokines. On the other hand, HBsAg interferes the molecular interaction between TAK1 and TAB2 with promoting autophagic degradation, further inhibiting the activation of NF-κB signaling pathways.





Data Availability Statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.



Ethics Statement

The studies involving human participants were reviewed and approved by the institutional review board of Wuhan University. The patients/participants provided their written informed consent to participate in this study.



Author Contributions 

All authors meet the criteria for authorship. FD, GX, ZC and YZ designed the study, analyzed the data, wrote and revised the manuscript. FD, YH, CM, CL, and CY performed the experiments. JW and XX contributed to clinical liver and serum specimens. SL and YZ contributed to critical comments and revision of the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by research grants from the National Natural Science Foundation of China (81971494) and the Natural Science Foundation of Hubei Province Innovation Group (2017CFA022). The funding agencies had no role in study design, data collection or analysis, decision to publish, or preparation of the manuscript.



Acknowledgments

We thank Jun Wang (Department of Pathology, Tongji Hospital, Tongji Medical College, Huazhong University of Science and Technology) and Xiupeng Xu (Department of clinical laboratory, Huangshi Central Hospital, Affiliated Hospital of Hubei Polytechnic) for their support in clinical specimens. We thank Dr. Mingzhou Chen (College of Life Sciences, Wuhan University) for providing plasmids.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2021.618196/full#supplementary-material



Abbreviations

Co-IP, coimmunoprecipitation; CQ, chloroquine; GFP, green fluorescence protein; HA, hemagglutinin; HBsAg (HBs), hepatitis B surface antigen; HBV, hepatitis B virus; IB, immunoblotting; IFN, interferon; IkBа, NF-kappa-B inhibitor alpha; IL6, interleukin 6; IP, immunoprecipitation; LC3, microtubule-associated protein 1 light chain 3; NF-κB, nuclear factor kappa B; qRT-PCR, quantitative reverse transcriptase polymerase chain reaction; SEM, standard error of the mean; SeV, Sendai virus; TAB1/2/3, TGF-Beta Activated Kinase 1 Binding Protein 1/2/3; TAK1, TGF-β activated kinase 1; TNFα, tumor necrosis factor alpha; Ub, ubiquitination; VSV, vesicular stomatitis virus.



References

1. Seto, W-K, Lo, Y-R, Pawlotsky, J-M, and Yuen, M-F. Chronic hepatitis B virus infection. Lancet (2018) 392(10161):2313–24. doi: 10.1016/S0140-6736(18)31865-8

2. Schweitzer, A, Horn, J, Mikolajczyk, RT, Krause, G, and Ott, JJ. Estimations of worldwide prevalence of chronic hepatitis B virus infection: a systematic review of data published between 1965 and 2013. Lancet (2015) 386(10003):1546–55. doi: 10.1016/S0140-6736(15)61412-X

3. Fanning, GC, Zoulim, F, Hou, J, and Bertoletti, A. Therapeutic strategies for hepatitis B virus infection: towards a cure. Nat Rev Drug Discovery (2019) 18(11):827–44. doi: 10.1038/s41573-019-0037-0

4. Yan, H, Zhong, G, Xu, G, He, W, Jing, Z, Gao, Z, et al. Sodium taurocholate cotransporting polypeptide is a functional receptor for human hepatitis B and D virus. eLife (2012) 1:1–28. doi: 10.7554/eLife.00049

5. Tong, S, and Revill, P. Overview of hepatitis B viral replication and genetic variability. J Hepatol (2016) 64(1 Suppl):S4–S16. doi: 10.1016/j.jhep.2016.01.027

6. Hu, J, Protzer, U, and Siddiqui, A. Revisiting Hepatitis B Virus: Challenges of Curative Therapies. J Virol (2019) 93(20):1–16. doi: 10.1128/JVI.01032-19

7. Takeuchi, O, and Akira, S. Pattern recognition receptors and inflammation. Cell (2010) 140(6):805–20. doi: 10.1016/j.cell.2010.01.022

8. Brennan, K, and Bowie, AG. Activation of host pattern recognition receptors by viruses. Curr Opin Microbiol (2010) 13(4):503–7. doi: 10.1016/j.mib.2010.05.007

9. Hiscott, J. Convergence of the NF-kappaB and IRF pathways in the regulation of the innate antiviral response. Cytokine Growth Factor Rev (2007) 18(5-6):483–90. doi: 10.1016/j.cytogfr.2007.06.002

10. Sun, SC. The non-canonical NF-kappaB pathway in immunity and inflammation. Nat Rev Immunol (2017) 17(9):545–58. doi: 10.1038/nri.2017.52

11. Wang C, DL, Hong, M, Akkaraju, GR, Inoue, J, and Chen, ZJ. TAK1 is a ubiquitin-dependent kinase of MKK and IKK. Nature (2001) 412:346–51. doi: 10.1038/35085597

12. Xia, Z, Xu, G, Yang, X, Peng, N, Zuo, Q, Zhu, S, et al. Inducible TAP1 Negatively Regulates the Antiviral Innate Immune Response by Targeting the TAK1 Complex. J Immunol (2017) 198(9):3690–704. doi: 10.4049/jimmunol.1601588

13. Xu, G, Xia, Z, Deng, F, Liu, L, Wang, Q, Yu, Y, et al. Inducible LGALS3BP/90K activates antiviral innate immune responses by targeting TRAF6 and TRAF3 complex. PloS Pathog (2019) 15(8):e1008002. doi: 10.1371/journal.ppat.1008002

14. Ajibade, AA, Wang, HY, and Wang, RF. Cell type-specific function of TAK1 in innate immune signaling. Trends Immunol (2013) 34(7):307–16. doi: 10.1016/j.it.2013.03.007

15. Hirata, Y, Takahashi, M, Morishita, T, Noguchi, T, and Matsuzawa, A. Post-Translational Modifications of the TAK1-TAB Complex. Int J Mol Sci (2017) 18(1):205–21. doi: 10.3390/ijms18010205

16. Megahed, FAK, Zhou, X, and Sun, P. The Interactions between HBV and the Innate Immunity of Hepatocytes. Viruses (2020) 12(3):285–98. doi: 10.3390/v12030285

17. 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(6):1779–93. doi: 10.1002/hep.29348

18. Wieland, S, Thimme, R, Purcell, RH, and Chisari, FV. Genomic analysis of the host response to hepatitis B virus infection. Proc Natl Acad Sci USA (2004) 101(17):6669–74. doi: 10.1073/pnas.0401771101

19. Chen, J, Wu, M, Zhang, X, Zhang, W, Zhang, Z, Chen, L, et al. Hepatitis B virus polymerase impairs interferon-alpha-induced STA T activation through inhibition of importin-alpha5 and protein kinase C-delta. Hepatology (2013) 57(2):470–82. doi: 10.1002/hep.26064

20. 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(4):2287–300. doi: 10.1128/JVI.02760-14

21. 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(7):e1000986. doi: 10.1371/journal.ppat.1000986

22. Wang, Y, Cui, L, Yang, G, Zhan, J, Guo, L, Chen, Y, et al. Hepatitis B e Antigen Inhibits NF-kappaB Activity by Interrupting K63-Linked Ubiquitination of NEMO. J Virol (2019) 93(2):1–22. doi: 10.1128/JVI.00667-18

23. Yu, X, Lan, P, Hou, X, Han, Q, Lu, N, Li, T, et al. HBV inhibits LPS-induced NLRP3 inflammasome activation and IL-1beta production via suppressing the NF-kappaB pathway and ROS production. J Hepatol (2017) 66(4):693–702. doi: 10.1016/j.jhep.2016.12.018

24. 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(4):762–9. doi: 10.1016/j.jhep.2010.12.042

25. 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):427–41. doi: 10.3390/v11050427

26. 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):1–20. doi: 10.1128/JVI.00196-19

27. Liu, L, Zhu, J, Yang, J, Li, X, Yuan, J, Wu, J, et al. GP73 facilitates hepatitis B virus replication by repressing the NF-kappaB signaling pathway. J Med Virol (2020) 92(12):3327–35. doi: 10.1002/jmv.25718

28. 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(13):2640–6. doi: 10.1016/j.molimm.2009.04.031

29. 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(1):166–78. doi: 10.1136/gutjnl-2016-312742

30. 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(2):987–95. doi: 10.1128/JVI.01825-10

31. Tan, G, Yi, Z, Song, H, Xu, F, Li, F, Aliyari, R, et al. Type-I-IFN-Stimulated Gene TRIM5gamma Inhibits HBV Replication by Promoting HBx Degradation. Cell Rep (2019) 29(11):3551–63 e3. doi: 10.1016/j.celrep.2019.11.041

32. Pol, JG, Lekbaby, B, Redelsperger, F, Klamer, S, Mandouri, Y, Ahodantin, J, et al. Alternative splicing-regulated protein of hepatitis B virus hacks the TNF-α-stimulated signaling pathways and limits the extent of liver inflammation. FASEB J (2015) 29(5):1879–89. doi: 10.1096/fj.14-258715

33. Op den Brouw, ML, Binda, RS, van Roosmalen, MH, Protzer, U, Janssen, HL, van der Molen, RG, et al. Hepatitis B virus surface antigen impairs myeloid dendritic cell function: a possible immune escape mechanism of hepatitis B virus. Immunology (2009) 126(2):280–9. doi: 10.1111/j.1365-2567.2008.02896.x

34. Shin, GC, Kang, HS, Lee, AR, and Kim, KH. Hepatitis B virus-triggered autophagy targets TNFRSF10B/death receptor 5 for degradation to limit TNFSF10/TRAIL response. Autophagy (2016) 12(12):2451–66. doi: 10.1080/15548627.2016.1239002

35. Xie, M, Yang, Z, Liu, Y, and Zheng, M. The role of HBV-induced autophagy in HBV replication and HBV related-HCC. Life Sci (2018) 205:107–12. doi: 10.1016/j.lfs.2018.04.051

36. Klionsky, DJ, Abdelmohsen, K, Abe, A, Abedin, MJ, Abeliovich, H, Acevedo Arozena, A, et al. Guidelines for the use and interpretation of assays for monitoring autophagy (3rd edition). Autophagy (2016) 12(1):1–222. doi: 10.1080/15548627.2015.1100356

37. Wu, SY, Lan, SH, and Liu, HS. Autophagy and microRNA in hepatitis B virus-related hepatocellular carcinoma. World J Gastroenterol (2016) 22(1):176–87. doi: 10.3748/wjg.v22.i1.176

38. Li, J, Liu, Y, Wang, Z, Liu, K, Wang, Y, Liu, J, et al. Subversion of cellular autophagy machinery by hepatitis B virus for viral envelopment. J Virol (2011) 85(13):6319–33. doi: 10.1128/JVI.02627-10

39. Tang, H, Da, L, Mao, Y, Li, Y, Li, D, Xu, Z, et al. Hepatitis B virus X protein sensitizes cells to starvation-induced autophagy via up-regulation of beclin 1 expression. Hepatology (2009) 49(1):60–71. doi: 10.1002/hep.22581

40. Lan, SH, Wu, SY, Zuchini, R, Lin, XZ, Su, IJ, Tsai, TF, et al. Autophagy suppresses tumorigenesis of hepatitis B virus-associated hepatocellular carcinoma through degradation of microRNA-224. Hepatology (2014) 59(2):505–17. doi: 10.1002/hep.26659

41. Sir, D, Tian, Y, Chen, WL, Ann, DK, Yen, TS, and Ou, JH. The early autophagic pathway is activated by hepatitis B virus and required for viral DNA replication. Proc Natl Acad Sci USA (2010) 107(9):4383–8. doi: 10.1073/pnas.0911373107

42. Lin, Y, Wu, C, Wang, X, Kemper, T, Squire, A, Gunzer, M, et al. Hepatitis B virus is degraded by autophagosome-lysosome fusion mediated by Rab7 and related components. Protein Cell (2019) 10(1):60–6. doi: 10.1007/s13238-018-0555-2

43. Lin, Y, Wu, C, Wang, X, Liu, S, Zhao, K, Kemper, T, et al. Glucosamine promotes hepatitis B virus replication through its dual effects in suppressing autophagic degradation and inhibiting MTORC1 signaling. Autophagy (2020) 16(3):548–61. doi: 10.1080/15548627.2019.1632104

44. Maess, MB, Wittig, B, and Lorkowski, S. Highly efficient transfection of human THP-1 macrophages by nucleofection. J Vis Exp (2014) 91):e51960. doi: 10.3791/51960

45. Wong, YK, Zhang, J, Hua, ZC, Lin, Q, Shen, HM, and Wang, J. Recent advances in quantitative and chemical proteomics for autophagy studies. Autophagy (2017) 13(9):1472–86. doi: 10.1080/15548627.2017.1313944

46. 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(1):123–32. doi: 10.1016/j.immuni.2014.12.016

47. Su, FSR. Hepatitis B virus HBx protein activates transcription factor NF-kappaB by acting on multiple cytoplasmic inhibitors of rel-Related proteins. J Virol (1996) 70:4558–66. doi: 10.1128/JVI.70.7.4558-4566.1996

48. Hildt, EHP. The PreS2 activators of the hepatitis B virus: activators of tumour promoter pathways. Recent Results Cancer Res (1998) 154:315–29. doi: 10.1007/978-3-642-46870-4_23

49. Romani, S, Hosseini, SM, Mohebbi, SR, Boonstra, A, and Sharifian, A. Differential expression of innate immune response genes in clinical phases of chronic hepatitis B infection. J Viral Hepat (2017) 24(9):776–88. doi: 10.1111/jvh.12699

50. Hosel, M, Quasdorff, M, Wiegmann, K, Webb, D, Zedler, U, Broxtermann, M, et al. Not interferon, but interleukin-6 controls early gene expression in hepatitis B virus infection. Hepatology (2009) 50(6):1773–82. doi: 10.1002/hep.23226

51. Suk-Fong Lok, A. Hepatitis B Treatment: What We Know Now and What Remains to Be Researched. Hepatol Commun (2019) 3(1):8–19. doi: 10.1002/hep4.1281

52. Wooddell, CI, Yuen, MF, Chan, HL, Gish, RG, Locarnini, SA, Chavez, D, et al. RNAi-based treatment of chronically infected patients and chimpanzees reveals that integrated hepatitis B virus DNA is a source of HBsAg. Sci Transl Med (2017) 9(409):1–11. doi: 10.1126/scitranslmed.aan0241

53. Liu, S, Peng, N, Xie, J, Hao, Q, Zhang, M, Zhang, Y, et al. Human hepatitis B virus surface and e antigens inhibit major vault protein signaling in interferon induction pathways. J Hepatol (2015) 62(5):1015–23. doi: 10.1016/j.jhep.2014.11.035

54. 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(5):897–909. doi: 10.1016/j.jhep.2016.12.024

55. Yang, L, Inokuchi, S, Roh, YS, Song, J, Loomba, R, Park, EJ, et al. Transforming growth factor-beta signaling in hepatocytes promotes hepatic fibrosis and carcinogenesis in mice with hepatocyte-specific deletion of TAK1. Gastroenterology (2013) 144(5):1042–54 e4. doi: 10.1053/j.gastro.2013.01.056

56. Inokuchi, S, Aoyama, T, Miura, K, Osterreicher, CH, Kodama, Y, Miyai, K, et al. Disruption of TAK1 in hepatocytes causes hepatic injury, inflammation, fibrosis, and carcinogenesis. Proc Natl Acad Sci USA (2010) 107(2):844–9. doi: 10.1073/pnas.0909781107

57. Pang, J, Zhang, G, Lin, Y, Xie, Z, Liu, H, Tang, L, et al. Transforming growth factor β-activated kinase 1 transcriptionally suppresses hepatitis B virus replication. Sci Rep (2017) 7(1):1–13. doi: 10.1038/srep39901

58. Ren, S, Wang, J, Chen, TL, Li, HY, Wan, YS, Peng, NF, et al. Hepatitis B Virus Stimulated Fibronectin Facilitates Viral Maintenance and Replication through Two Distinct Mechanisms. PloS One (2016) 11(3):e0152721. doi: 10.1371/journal.pone.0152721

59. Settembre, C, Fraldi, A, Medina, DL, and Ballabio, A. Signals from the lysosome: a control centre for cellular clearance and energy metabolism. Nat Rev Mol Cell Biol (2013) 14(5):283–96. doi: 10.1038/nrm3565

60. 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):1–21. doi: 10.1128/JVI.01578-18

61. Gao, Q, Hou, B, Yang, H, and Jiang, X. Distinct role of 4E-BP1 and S6K1 in regulating autophagy and hepatitis B virus (HBV) replication. Life Sci (2019) 220:1–7. doi: 10.1016/j.lfs.2019.01.039

62. Swatek, KN, and Komander, D. Ubiquitin modifications. Cell Res (2016) 26(4):399–422. doi: 10.1038/cr.2016.39

63. Selzer, L, and Zlotnick, A. Assembly and Release of Hepatitis B Virus. Cold Spring Harb Perspect Med (2015) 5(12):1–17. doi: 10.1101/cshperspect.a021394

64. Jiang, B, Himmelsbach, K, Ren, H, Boller, K, and Hildt, E. Subviral Hepatitis B Virus Filaments, like Infectious Viral Particles, Are Released via Multivesicular Bodies. J Virol (2015) 90(7):3330–41. doi: 10.1128/JVI.03109-15

65. Inoue, J, Krueger, EW, Chen, J, Cao, H, Ninomiya, M, and McNiven, MA. HBV secretion is regulated through the activation of endocytic and autophagic compartments mediated by Rab7 stimulation. J Cell Sci (2015) 128(9):1696–706. doi: 10.1242/jcs.158097



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.

Copyright © 2021 Deng, Xu, Cheng, Huang, Ma, Luo, Yu, Wang, Xu, Liu and Zhu. 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/fimmu-12-618196-g002.jpg
3xFlagHBs +3xHATAKT  3xFlagHBs +3xHATAK1  3xFlag-HBs +3xHARIG-

196 Flag yw 1gG_Flag yy
glln:m\ on glla:w\ on
2lieriag [ ], Hligiring [0W0]

3xFlag-HBs +3xHA-TAB2 3xFlag-HBs +3xHA-Myd88

ik o

p

dom =1
5o =L
o L

n [
l.a rog[ ]

¢
HepAD38 HepG2-hNTCP HBV infected Human Serum
196 i8S ww 196 _HBs uw 19G_HBs

wrasz[ W] Lysdo
:
IB:TAK1 yw |B:HBs I1B:TAK1 HBs
0 LHBs
\5TABZ 15 wies & |IBTAB? 35 EE

= SHBs =
™ 0 Z—|p shes

Dyelights FITC- Dyelights FITC- = Vector
49.TAK1 HBsAg  DAP| Merge  49.TAB2 HBsAg papi  Merge 0.8 HBV13

04
0.0

w -

Lysate

HBV 1.3 Vector

£

TAK1 TAB2





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Hepatitis B Surface Antigen Suppresses the Activation of Nuclear Factor Kappa B Pathway via Interaction With the TAK1-TAB2 Complex

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Ethics Statement

          



          		

            Cell Culture, Transfection, and Infection

          



          		

            Plasmids, Antibodies, and Reagents

          



          		

            Harvest of HBV Inoculums and Infection of HepG2-hNTCP Cells

          



          		

            ELISA

          



          		

            qRT-PCR Analysis

          



          		

            Luciferase Assays

          



          		

            MTS Assays

          



          		

            Coimmunoprecipitation and Western Blotting Analysis

          



          		

            Nuclear Extraction

          



          		

            Immunofluorescence Microscopy

          



          		

            Immunohistochemistry

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            HBsAg Suppresses the Antiviral Innate Immune Response

          



          		

            HBsAg Specifically Interacts With the TAK1-TAB2 Complex

          



          		

            HBsAg Suppresses the Polyubiquitination of the TAK1-TAB2 Complex

          



          		

            HBsAg Inhibits the Activation of NF-κB Signaling Pathway by Blocking TAK1 Phosphorylation

          



          		

            HBsAg Interferes With the Interaction Between TAK1 and TAB2 Through Autophagic Degradation

          



          		

            Down-Regulated Expression of TAK1 and TAB2 and Activation of NF-κB in Liver Biopsy Tumor Tissues From HBV-Infected Patients

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions 

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-12-618196-g004.jpg
n b
oh 4n__ HepG2 Cytoplasm  Nucleus _ WCL _ HepG2

Vector HBs Vector HBs VectorHBs  VeclorHBs  Vector HBs.

03t 025 048019 0% oer om0z e

£
o7

: v e B

—
Vector HBs Vector HB: ‘GAPDH |
i Vigor e ==

o
g

AT

e ooy i VecorTs
i e . ihefte Vackrhoa Vechrh
ppen E=m], 0[] “
: e e
Oh 4h Huh7 —_——
o _an s o
VesorBe Vicior e
R o |

L

\ 2
L o [ —— |
e [es o],

£ Cytoplasm _ Nucleus. weL
18:p.actn [B o v ], HOpGZ HopG2 HopG2 HopG2 HopGZ FepG2
o ) 2 215 215

o0t 057 o6 0m  oar dss
Vector HBs Voctor HBs
07" 028 04 033

- R
e ww]

1B:p-actin






OEBPS/Images/fimmu-12-618196-g006.jpg
3z 1 § g3 o 8 z H
b S £ ; ]
" & 4 s
t ] ] [l 8
Lt Rk R (A0O/s ) vsna Bysan
[
o Sstousmng . onemiss Ssouseed

Z9doH 51229doH Z9doH iz ZodeH -ABH_+ASH -ASH_+ASH
~05 300 BTE) 00






OEBPS/Images/fimmu-12-618196-g008.jpg
< m<1 b
um, , Ay >%
Pt

uemuamnn

c,.a,.m,,_——————_‘f
an =
/Nu E

cle M;%





OEBPS/Images/fimmu-12-618196-g003.jpg
"mycub - o+ o+ % omyen - 4 s £
e 0.68 6.53 510
<
:Flag
2 28 HIZ 5 D
= “0 (HBs) 0
wpscnmee], |apn[E==],
- '
oo L
0.19 067 e 70
flme =L
Lt lie: oapon =T
[
-

18:GAPDH|





OEBPS/Images/fimmu-12-618196-g001.jpg
g E
s ] o
= e < 1 %
g FR o+ z %,
H S+ 2 Se .
3 £ &
23 a3 2 2 3 3
SIS W W I Ry e L (spiod)
(5PI04) (A7 YNHWOE | (5PIoa) 1987 VNBWIOR Jouno
- . o, o %
g 3+ g 3+ g %
2 S 3 . e LTl E; 8
o o1 (spioa)iovonTIoN = B
83 rTrIrrisz K
28 scecs iR I
& -5
(5pI0) 9n91 yNHw oY (spio3)
B . st g o unoue o
[ H o 2 g8 3 3
- 83
£3 R
(5pI0) 19807 VNUW108 $.05
Lo | fag
-+ (spoarovINTION g,
g H 34° 28e n s = s
z £ o+ B2} % 3 % H z
o1 4 ° 3z 8 3
23 & & 3
I3z FTTETCER 0. 8 & &
(spio) ons N (eprog) ey viuriey = | R
k. Tt e 2 M
z 2 g =2 2
£ £ . .83z z ar 5
S Peiai "
1 8 g g 2 2 °
T T T i8g: caud 2 %2 3
S2233% s dad s 2 & 8
(spio) 0ne1 N0y oo IO

ol
5
c
3





OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Images/fimmu.2021.618196_cover.jpg
, frontiers
in Immunology

Hepatitis B Surface Antigen
Suppresses the Activation of Nuclear
Factor Kappa B Pathway via
Interaction With the TAK1-TAB2
Complex





OEBPS/Images/fimmu-12-618196-g005.jpg
3xFlagTAB1 + SXHATAKI  3xHATAB2 #MycTAK1  3xHATAB3 +Myc-TAK1
£08 o 182 1.60. i 197188 i
(TAB1) 497479 074080 099 085
Z|B:Fiag 3 s
18:p-actin[~ w=] Bipactin[wmw =],  liB:pactin[me =]
L RRRR R - R
IB:TAKY “‘7‘;" 1B:TAK1 :’ IB:TAK1 ----“‘,‘:’;’
Smme ™ " s
1B:HA - & 1B:HA . & 1B:HA - - .- .- .
ot E2 A
£ S § S § oxrry
=] e FEE
18:B-actin [T == -]

3xFlag HBs
|
e W
050040 00 031 045000050
[
o
smoson e Tomomen

[un_ _wwwn]

000020043078 500 012 025

TAK1

TaB2

Flag
LCMIT 045075073 170 S9GRET T 90

Les1
Lo

e -
—_y——————






OEBPS/Images/fimmu-12-618196-g007.jpg
3 Health individuals = HBV infected Patients
50

.
30.
2.
.

o

50,
40
20,
2.

10

o
HBSAGTAK1 TAB2 pS0 pes

Percent of col
positive in nucleus.

Scoro Value ( % )

DAPI  anti-TAK1 _antilC3_ Morge

Healthy individualsHBY infected Patients

§ = R,
(3
# H
3 e )
FBV- HBV+HBV- HBV+HBV- HBV+ HBV-HBV+ HBV-HBV+ 3 7 .
w (=] L] [l ¢SO -
003 018 030 007 033 088 5 5’2
g =, (i
e ] E5) E=1, ¢ R £ R G
2 2 =
avon[@ms] [ [==1 &





