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Hepatitis B virus (HBV) infection remains a major global threat to human health worldwide. Recently, the Chinese medicines with antiviral properties and low toxicity have been a concern. In our previous study, Eupolyphaga sinensis Walker polysaccharide (ESPS) has been isolated and characterized, while its antiviral effect on HBV remained unclear. The anti-HBV activity of ESPS and its regulatory pathway were investigated in vitro and in vivo. The results showed that ESPS significantly inhibited the production of HBsAg, HBeAg, and HBV DNA in the supernatants of HepG2.2.15 in a dose-dependent manner; HBV RNA and core protein expression were also decreased by ESPS. The in vivo studies using HBV transgenic mice further revealed that ESPS (20 and 40 mg/kg/2 days) significantly reduced the levels HBsAg, HBeAg, and HBV DNA in the serum, as well as HBV DNA and HBV RNA in mice liver. In addition, ESPS activated the Toll-like receptor 4 (TLR4) pathway; elevated levels of IFN-β, TNF-α, and IL-6 in the serum were observed, indicating that the anti-HBV effect of ESPS was achieved by potentiating innate immunity function. In conclusion, our study shows that ESPS is a potential anti-HBV ingredient and is of great value in the development of new anti-HBV drugs.
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INTRODUCTION
Hepatitis B virus (HBV) infection remains a major and serious global health problem, and with 257 million chronically infected people worldwide, HBV infection often results in acute or chronic infection and contributes to a high risk of severe liver disease including liver failure, cirrhosis, hepatocellular carcinoma (HCC), or death (Yuen et al., 2018; Likhitsup et al., 2019; Carey et al., 2020). Due to the lack of drugs with sustained virological response, the number of hepatitis B patients is increasing every year (Vittal and Ghany, 2019; Higashi-Kuwata et al., 2021). In recent decades, more and more evidence show that HBV causes different degrees of virus replication and liver inflammation under the dual effect of host–virus, leading to congenital immune dysfunction (Luangsay et al., 2015). Therefore, virological treatment is the basis of chronic hepatitis B and other related severe liver diseases (Revill et al., 2016). However, the effect of antiviral therapy is limited. Nucleoside analogues (NAS) need to be taken for a long time; interferon-α (IFN) has inevitable side effects (Zoulim et al., 2016; Lopatin, 2019). Therefore, the development of alternative strategies for HBV is imminent. At present, more and more attention has been paid to the investigation of polysaccharides, and they have been reported to have excellent anti-HBV activity (Lin et al., 2016; Yang et al., 2018).
Usually, natural products have novel structure and many kinds of pharmacological activities, which is a huge reservoir for the development of new anti-HBV drugs (Chen and Huang, 2018). Eupolyphaga sinensis Walker (ESW) belongs to the family Corydiidae (Blattodea), which is a kind of important insect and widely distributed in China (Zhan et al., 2016). In traditional medicine, ESW enhanced immune response and promoted blood circulation by removing blood stasis, so it was widely used in clinical natural healthcare products (Tang et al., 2010). In addition, ESW also treated a variety of diseases, including bone injury, cancer, and immune-related diseases (Wu et al., 2013). However, the antiviral effect was still unclear.
Recently, a new water-soluble polysaccharide, named ESPS, was separated from ESW in our laboratory. The primary chemical structure was studied with an average molecular weight of 21.4 kDa, and containing rhamnose (7.4%), fucose (3.1%), arabinose (13.9%), xylose (9.3%), glucose (39.7%), and galactose (26.5%) (Xie et al., 2020). We applied for a patent on its structure and use; the patent publication number is CN110894244A. Our previous studies showed that ESPS exhibited notable effects on immunity, such as restoring and improving the phagocytic ability of mouse macrophages, and inhibiting tumor growth (Xie et al., 2020). In this study, the hepatoma cell line HepG2.2.15 and C57BL/6J HBV-transgene mice were used as experimental models in vitro and in vivo. The results displayed that ESPS significantly inhibited HBV antigen, HBV DNA, and HBV core protein formation through TLR4 pathway. All data showed that ESPS has therapeutic potential for HBV.
MATERIALS AND METHODS
Chemicals and Reagents
ESPS was prepared in our laboratory (Xie et al., 2020). LPS and lamivudine were purchased from Sigma (St. Louis, MO, USA). Cell counting kit-8 (CCK8), Trizol agent, and dual luciferase reporter gene kit were purchased from Nanjing Novozan Biotechnology Co., Ltd. (Jiangsu, China). Interferon-β (IFN-β) ELISA kit was purchased from Elabscience (Wuhan, China). Dulbecco modified Eagle’s medium (DMEM) and fetal bovine serum (FBS) were obtained from Gibco (Grand Island, New York, USA). Penicillin and streptomycin were purchased from Beyotime Biotechnology (Shanghai, China). PrimeScript RT reagent kit and TB premix ex Taq were purchased from Takara (Liaoning, China). Tris-saturated phenol was purchased from Solebo Technology Co., Ltd. (Beijing, China). The ELISA kits for HBsAg and HBeAg were purchased from Kehua Bioengineering Co., Ltd. (Shanghai, China). Qiaamp DNA blood mini kit was purchased from Qiagen. TAK242 was purchased from MCE (New Jersey, USA). All other reagents used were analytically pure.
Cells and Animals
The hepatoma cell line HepG2.2.15 was purchased from ATCC (USA), cultured in DMEM medium containing 10% FBS, 100 U/ml penicillin, and 100 μg/ml streptomycin and incubated in an atmosphere at 37°C and 5% carbon dioxide.
Male C57BL/6J mice, weighing 21 ± 2 g, were purchased from Weitong Lihua Laboratory Animal Technology Co., Ltd. (Zhejiang, China), which can freely access to food and water under the conditions of temperature (22–25°C), humidity (55–70%), and 12-h light/dark cycle according to the China Pharmaceutical University Animal Care and Use Guidelines (Nanjing, China).
After 1-week adaptation, 8 μg pAAV-1.2HBV plasmid was injected into the tail vein of C57BL/6J mice by high-pressure hydrodynamic method within 5–8 s (Wu et al., 2014). Twenty-four hours later, blood was taken from the eye frame and the serum levels of HBsAg, HBeAg, and HBV DNA were detected. Then the mice were randomly divided into five groups (N, control group; M, model group; LP, 20 mg/kg/2 days ESPS treatment group; HP, 40 mg/kg/2 days ESPS treatment group; AP, 30 mg/kg/2 days 3TC treatment group). Animals got PBS and ESPS by intravenous injection, and 3TC by gavage. The administration volume was 10 ml/kg, and the administration was continuous for 20 days. Serum was collected at indicated times. At the end of the experiment, the mice were sacrificed by neck dissection, the abdominal cavities were dissected, and the fresh liver were taken out and stored. During the administration, the hair, diet, and mental and activity status of mice were observed, and the weight of mice was measured.
Cell Cytotoxicity and Viability Assays
HepG2.2.15 or Huh7 cells were seeded in a 96-well plate with 1 × 104 cells per well, cultured at 37°C with 5% CO2. The cytotoxicity of ESPS on HepG2.2.15 and Huh7 cells was evaluated by CCK8 method (Long et al., 2015). In short, ESPS were diluted in the medium (DMEM with 10% FBS) to the concentrations of 50, 100, 200, 400, and 800 μg/ml, and treated HepG2.2.15 and Huh7 cells at indicated concentrations for 48 h. After 48 h of ESPS treatment, 100 μl DMEM containing 10 μl CCK8 was replaced to each well and incubated for another 1 h at 37°C. Then, the absorbance at 450 nm was measured by using a microplate reader (Bio-Rad, USA). Cell viability was expressed as a percentage of untreated control group.
q-PCR
Total RNA was extracted from mouse liver homogenate or human hepatoma cells by Trizol lysis method, and used for synthesis of cDNA with PrimeScript RT reagent Kit according to instruction. Total DNA was extracted from mouse liver homogenate or human hepatoma cells with Tris-saturated phenol. Total DNA was extracted from mouse serum or culture supernatant of human hepatoma cells with Qiaamp DNA blood kit.
Then expression levels of the following genes were analyzed with quantitative real-time PCR (qPCR) assays using TB Premix Ex Taq in the CFX96 Real-time fluorescence PCR system (Bio-Rad, USA). The primers of forward and reverse sequences from 5′ to 3′ were respectively shown in Table 1. The mRNA data were calibrated to GAPDH; all mRNA and DNA data were calculated via the method of ΔΔCt, which could figure out the expression level of mRNA and DNA equal to 2−ΔΔCt.
TABLE1 | Gene sequence
[image: T1]Western Blot
HepG2.2.15 cells were seeded in a 6-well plate with 2 × 105 cells per well and cultured at 37°C with 5% CO2, treated with ESPS (50, 100, 200, and 400 μg/ml) or 3TC (2.45 μg/ml) or LPS (1 μg/ml)for 6 days or 16 h. And then, HepG2.2.15 cells were lysed in Ripa (Bestbio, Shanghai, China) containing 1% PMSF (Sigma, USA) and 0.01% phosphatase inhibitor (TIANGEN, Beijing, China). The loading buffer was added into the homogenate, accounting for 20%. After boiling at 100°C for 10 min, the protein extracts were electrophoretically separated on 10% SDS-PAGE gel and then transferred to a polyvinylidene fluoride (PVDF) membrane at 340 mA for 90 min. Then, the membranes were blocked with 5% BSA (Action-award, Guangzhou, China) for 2 h, incubated with anti-TLR4 (Catalog No. GTX75742; GeneTex), anti-TLR2 (Catalog No. GTX00996; GeneTex), anti-p-P65 (Catalog No. GTX133899; GeneTex), anti-p65 (Catalog No. GTX102090; GeneTex), anti-IRF3 (Catalog No. GTX84287; GeneTex), anti-p-IRF3 (Catalog No. GTX130422; GeneTex), anti-HBc (Catalog No. SC-23945; Santa Cruz), anti-HBs (Catalog No. SC-53299; Santa Cruz), anti-HB pol (Catalog No. SC-81590; Santa Cruz), anti-HNF4α (Catalog No. GTX01036; GeneTex), and anti-β-actin (Catalog No. SC-47778, Santa Cruz) at 4°C overnight and probed with secondary antibody (ABclonal, Hubei, China; Rayantibody, Beijing, China) conjugated with horseradish peroxidase at 37°C for 2 h. Finally, the bands of protein on the membrane were visualized by 30% acrylamide and DAB Immunohistochemistry Color Development Kit (Vazyme, Nanjing, China) on a Bio-Imaging system, and the band intensities of proteins were quantified using ImageJ and normalized to β-actin levels.
Detection of HBsAg, HBeAg and IFN-β in HepG2.2.15 Cells and Mice Serum
The levels of HBsAg, HBeAg, and IFN-β in HepG2.2.15 cells and mice serum were determined using ELISA kits according to the manufacturer’s instructions.
Immunohistochemical
For immunohistochemical investigation (Fang et al., 2019), a portion of the right lobe of liver was removed, fixed in 4% paraformaldehyde, and embedded in paraffin. After pathological sectioning, liver histopathologic changes were examined by light microscopy. A total of 15 tissue sections were analyzed.
Statistical Analysis
All of the experimental data were presented as the mean ± SD. Also, statistical analysis was calculated using GraphPad Prism 8.0. Comparison between groups was performed using one-way ANOVA, while considering a p-value <0.05 as statistically significant.
RESULTS
Effect of ESPS on HBV Activity in vitro
HepG2.2.15 is recognized as a cell model for screening and evaluating anti-HBV drugs in vitro (Zhang et al., 2016). We wondered whether the ESPS had an anti-HBV effect. The maximum non-toxic concentration of ESPS was about 400 μg/ml; the dose of ESPS for subsequent experiment was under 400 μg/ml (Supplementary Figures S1A,B). As shown in Figure 1A, to determine the inhibitory effect of ESPS on viral replication, cells were incubated with ESPS or 3TC for 6/9 days. Then, samples were collected at indicated time points. Compared with normal control group, HBsAg, HBeAg, and extracellular HBV DNA were significantly inhibited by ESPS (p < 0.001) (Figures 1B–E), while after treatment with ESPS (400 μg/ml), intracellular HBV DNA, HBV pgRNA, and HBV total RNA decreased by 48.18, 48.51, and 47.91%, respectively (p < 0.01) (Figure 1F). The intracellular core protein and the HBsAg expression decreased by 48.17 and 29.34% after treatment with ESPS (400 μg/ml), respectively. However, the level of polymerase protein showed no significant difference (Figure 1G). Therefore, ESPS had anti-HBV activity in vitro, but the anti-HBV mechanism was different from that of nucleoside analogues.
[image: Figure 1]FIGURE 1 | Inhibitory effects of ESPS on HBV in vitro. (A) Experimental process of inhibiting HBV by ESPS in vitro. HepG2.2.15 cells were seeded at day 0, after treatment with ESPS at indicated concentrations, HBsAg (B), HBeAg (C) in the supernatant of HepG2.2.15 cells were measured by ELISA on the sixth and ninth days. qPCR was used to detect the levels of intracellular core-associated DNA (D), secreted core-associated DNA (E) on the ninth day, and HBV mRNA (F) on the sixth day. Western blotting analysis was used to detect the levels of HBV protein (G) on the sixth day. 3TC was used as positive control. Values are means ± SD (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001 vs. the normal control group.
ESPS Inhibit HBV Replication Through TRL4
To elucidate the molecular mechanisms of ESPS on anti-HBV action, we first determined the classic polysaccharide receptor, Toll-like receptor 2 (TLR2) and 4 (TLR4) expression in HepG2.2.15 cells. The mRNA and protein levels of TLR2 were not changed (p > 0.05) (Figures 2A,B), while the expression of TLR4 were improved in a dose-dependent manner (p < 0.05) (Figures 2C,D) after treatment with various concentrations of ESPS (50, 100, 200, 400 μg/ml). To further explore whether TLR4 is a potential target of ESPS, the inhibitor of TLR4 (TAK242) has been used to block the activation of TLR4. As shown in Figures 2E–G, the inhibitory effects of ESPS (50, 100, 200, 400 μg/ml) on HBV pgRNA, HBV total mRNA, and secreted core associated DNA were blocked by TAK242. Thus, TLR4 may be the potential target of ESPS on HepG2.2.15 cells.
[image: Figure 2]FIGURE 2 | ESPS inhibit HBV replication through TRL4 pathway. HepG2.2.15 cells were treated with indicated compounds for 16 h; the protein levels of TLR2 and TLR4 were evaluated by western blotting analysis (A,C). Then the mRNA level of TLR2 and TLR4 was evaluated by Q-PCR (B,D). HepG2.2.15 cells were treated with the inhibitor of TLR4 (TAK242) and ESPS, qPCR was used to evaluate the HBV pgRNA (E) and total mRNA (F) after 6 days, and HBV core-associated DNA (G) was evaluated after 9 days. Values are means ± SD (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001 vs. control group.
Activation of Interferon Signaling Pathway by ESPS in HepG2.2.15 Cells
The contribution of host innate immunity on clearance of HBV has been explored, and antiviral mediators such as interferon (IFN) and other immunoglobulin factors are considered to be the first line of antiviral immunity (Wu et al., 2009; Belloni et al., 2012; Niu et al., 2018; Wu et al., 2018). We wonder whether ESPS inhibits HBV replication through TLR-4/IRF3/INF pathway; lipopolysaccharide (LPS) as an agonist for TLR4 was used as positive control. First, we tested whether ESPS affected the protein expression of IRF3 in HepG2.2.15 cells. Western blotting analysis showed that the level of total IRF3 protein remained unchanged, while p-IRF3 was promoted in a dose-dependent manner (Figure 3A). Compared with the control group, the transcription levels of IFN-α and IFN-β were increased by 4.25-fold and 4.96-fold, respectively (Figures 3B,C). In addition, ELISA showed that the level of IFN-β in supernatant was increased by 1.48-fold after ESPS (400 μg/ml) treatment (Figure 3D). The transcriptional level of interferon-stimulated genes (ISGs), such as OAS and MxA, was increased by 2.08-fold and 7.37-fold, respectively (Figures 3E,F). Therefore, ESPS may inhibit HBV replication via enhancement of the interferon system in vitro.
[image: Figure 3]FIGURE 3 | Activation of interferon signaling pathway by ESPS in HepG2.2.15 cells. After treatment with ESPS at indicated concentrations, Western blotting analysis was used to detect the levels of IRF3 or p-IRF3 protein; β-actin protein was used as loading control (A). qPCR was used to detect the levels of intracellular IFN-α (B), IFN-β (C), OAS (E), and MxA (F). Secreted IFN-β (D) was detected by ELISA. LPS was used as positive control. Values are means ±SD (n = 3). **p < 0.01, ***p < 0.001 vs. the normal control group.
NF-κB and ERK Signaling Pathways were Involved in the Anti-HBV Actions of ESPS in vitro
NF-κB is an important regulator of inflammation, immunity, or apoptosis and other pathological processes (Zeisel et al., 2015; Li et al., 2019; Namineni et al., 2020). Activation of NF-κB has been reported to increase the production of pro-inflammatory cytokines. Then pro-inflammatory cytokines can activate ERK to play a direct antiviral function (Takeuchi and Akira, 2010). Thus, the effect of ESPS on NF-κB signaling pathway was explored.
The results showed that the level of phosphorylated NF-κB was significantly increased after 16-h treatment of ESPS (50, 100, 200, 400 μg/ml), compared with negative control group, while the total level of NF-κB had no significant change. The positive control LPS also increased the phosphorylated level of NF-κB (Figures 4A,C). As shown in Figures 4B,D, the expression levels of IL-6 and TNF-α in HepG2.2.15 cells were significantly elevated by ESPS (400 μg/ml), and they were 0.70-fold and 1.36-fold higher than those of non-treated cells (p < 0.05; p < 0.01), respectively.
[image: Figure 4]FIGURE 4 | Effects of ESPS on NF-κB and ERK signaling pathways in vitro. HepG2.2.15 cells were treated with indicated compounds for 16 h; the phosphorylation and total expression of NF-κB proteins were evaluated by Western blotting analysis (A). Quantification of immunoblot for the ratio of p-NF-κB or total NF-κB protein to β-actin protein, respectively. The ratio for non–drug-treated control cells was assigned values of 1.0 (C). The mRNA levels of IL-6 (B) and TNF-α (D) were evaluated by qPCR. The phosphorylation and total expression of ERK1/2 proteins were evaluated by Western blotting analysis (E). The protein level (F) and mRNA level (G) of HNF4α were detected by Western blotting and qPCR analysis, respectively. After HBV promoter was transfected, HepG2 cells were treated with ESPS. Then the promoter activity was analyzed by double luciferase (H). Values are means ± SD (n = 3). *p < 0.05, **p < 0.01 vs. control group.
ERK signaling pathway was reported to be able to downregulate the expression of hepatocyte nuclear factor 4α (HNF4α), which is a very important factor for HBV transcription (Kawai and Akira, 2011). Thus, we evaluated the effects of ESPS on ERK pathway. The western blotting analysis showed that the levels of phosphorylated ERK1/2 in HepG2.2.15 cells were significantly upregulated after 16-h treatment of ESPS (50, 100, 200, 400 μg/ml) compared with the negative control group (Figure 4E). Then, we further evaluated the effects of ESPS on HNF4α. The western blotting and qPCR analysis showed that the levels of HNF4α in HepG2.2.15 or HepG2cells were significantly downregulated after 16-h treatment of ESPS, compared with the non–drug-treated control group (p < 0.01) (Figures 4F,G). As expected, HBV core promoter activity was downregulated by ESPS in HepG2.2.15 cells (p < 0.01) (Figure 4H). Therefore, ESPS may inhibit HBV replication via NF-κB/ERK/HNF4α axis.
Effect of ESPS on HBV Activity in vivo
We further investigated the influence of ESPS on HBV replication in a hydrodynamic injection (HI) mouse model. After injection for 24 h, HBsAg-positive mice were randomly divided into four groups, including PBS (model group), low-dose group (20 mg/kg/2 days ESPS treatment group), high-dose group (40 mg/kg/2 days ESPS treatment group), and positive control group (30 mg/kg/2 days 3TC treatment group) (Figure 5A). Consistent with the results in vitro, compared with the PBS group, the level of serum HBsAg decreased by about 35% at day 8 in the low-dose and high-dose group; the level of serum HBeAg decreased by about 30% at day 12 in the low-dose and high-dose groups (Figures 5B,C). In the high-dose group, the level of serum HBV DNA decreased to 40% at day 16, which was equivalent to that of the positive control group (Figure 5D). Similarly, ESPS treatment reduced the level of HBV DNA, HBV pgRNA, and HBV total mRNA in liver at day 20 (Figures 5E,F). In addition, immunohistochemistry results showed that HBcAg in the right lobe of liver was significantly decreased after ESPS treatment (Figure 5H). Moreover, no significant difference in body weight was observed in all mice (data not shown). The hair, diet, and mental and activity status of mice were all normal in the healthy controls.
[image: Figure 5]FIGURE 5 | Inhibitory effects of ESPS on HBV in vivo. (A) Experimental process for inhibiting of HBV by ESPS in vivo. C57BL/6J mice were injected with plasmid pAAV-HBV1.2 via HI. On day D-0, the mice were divided into four groups according to the results of HBsAg detection. The blood was taken every 4 days and weighed, and the liver tissue was taken out on day 20. After treatment with ESPS at indicated times, ELISA was used to detect the levels of serum HBsAg (B) and HBeAg (C). The levels of core-associated DNA in the serum (D) and in the liver tissue (E), HBV pgRNA (F), and HBV total mRNA (G) in the liver issue of mice were detected by qPCR; HBcAg in the right lobe of model group (PBS treatment group), low-dose group (20 mg/kg/2 days ESPS treatment group), high-dose group (40 mg/kg/2 days ESPS treatment group), and positive control group (30 mg/kg/2 days 3TC treatment group) (H) were detected by immunohistochemistry on day 20. 3TC was used as positive control. Values are means ± SD (n = 6). *p < 0.05, **p < 0.01, ***p < 0.001 vs. the model control group.
Influence on the Innate Immunomodulatory Activity by ESPS in vivo
The results in vitro showed that ESPS played an anti-HBV role through innate immune signaling pathway mediated by TLR4. As expected, as shown in Figure 6, qPCR results showed that TLR4, OAS, MxA, IL-6, and TNF-α in liver tissue and IFN-β in serum were all upregulated in C57BL/6J HBV-tg mice treated with ESPS (40 mg/kg) for 20 days. It is suggested that polysaccharide ESPS may activate innate immunity and exert antiviral effect by TLR4. Notably, the downregulation of HNF4α in liver tissue implied that ESPS may inhibit HBV through reducing the activity of HBV core promotor.
[image: Figure 6]FIGURE 6 | Influence on the innate immunomodulatory activity by ESPS in vivo. C57BL/6J mice were treated with ESPS (40 mg/kg/2 days) for 20 days. The mRNA relative expressions of TLR4 (A), IL-6 (B), TNF-α (C), OAS (D), MxA (E), and HNF4α (F) in liver tissue of mice were detected by qPCR. Comparison between groups was performed by t-test analysis. Values are means ± SD (n = 6). *p < 0.05, **p < 0.01, ***p < 0.001 vs. the model group. Serum IFN-β was analyzed by ELISA kit (G). Values are means ± SD (n = 6). ***p < 0.001 vs. the model group.
DISCUSSION
In this study, we found that ESPS exhibited significant inhibitory activity on the replication of HBV in vivo and in vitro, and its antiviral activity has a time- and dose-dependent effect. The anti-HBV activity of ESPS may be associated with appropriate activation of TLR4 signaling pathway, which results in the enhancement of I interferon and pro-inflammatory factors. Therefore, the Eupolyphaga sinensis Walker–derived polysaccharide ESPS was valuable for further investigation as a novel innate immune response–associated anti-HBV agent.
Cell surface receptors play a vital role in identifying invading pathogens and initiating innate immune responses. For example, during HBV infection, both HBV DNA and pgRNA can be recognized by the cyclic GMP-AMP synthase (cGAS) and retinoic acid inducible gene I (RIG-I) receptors to activate the innate immune response (Marcellin et al., 2005; Megahed et al., 2020; Xie et al., 2020); however, HBV can still escape the innate immune response (Yu et al., 2017). ESPS, as a natural polysaccharide with immunostimulatory properties extracted from traditional Chinese medicine, can interact with cell surface receptors to activate the innate immune response to exert antiviral effects.
As a nucleoside analogue, lamivudine targets the DNA polymerase of HBV, but its long-term application can cause mutations in the HBV-YMDD gene sequence, leading to HBV resistance (Marcellin et al., 2005). Unlike lamivudine, ESPS inhibited not only HBV DNA but also HBsAg, HBeAg, HBV RNA, and HBV core protein. Although the inhibitory effect of ESPS on intracellular HBV DNA was not as well as lamivudine, the inhibitory effect on the secretion of HBV DNA in vitro was comparable with lamivudine. Our data suggested that ESPS promoted the activation of cellular interferon system, stimulated the host to improve the level of interferon, and played an antiviral role. In addition, the in vitro data showed that ESPS inhibited HNF4α expression through the TLR4/NF-κB/ERK axis, thereby downregulating the activity of HBV core promoter, which may also be one of the mechanisms of ESPS for against HBV (Figure 7). Since monotherapy only exerts its antiviral effect on a single target site to varying degrees, and it has high probability to produce drug-resistant mutations, lamivudine combined with ESPS may produce better curative effect and break HBV resistance.
[image: Figure 7]FIGURE 7 | Schema of ESPS against HBV. ESPS promotes the expression of TLR4, thereby activating interferon signaling pathway and inflammatory signaling pathway to play an indirect antiviral role, or activating ERK pathway to directly inhibit HBV promoter activity and inhibit HBV replication.
Polysaccharides are widely distributed in nature. A large number of experiments have proved that many biological polysaccharides have immune and anti-tumor effects (Xie et al., 2020). The previous research of our laboratory found that ESPS can stimulate immune cells, release cytokines, and improve the innate immune ability to fight tumors indirectly. Chronic HBV infection normally results in patients developing HCC, which suggests that ESPS may be able to restore or enhance innate immunity by activating immune cells and releasing cytokines to clear HBV and HBV-induced liver cancer.
In summary, we concluded that ESPS inhibited HBV replication in vitro and in vivo via activation of the TLR4 signaling pathway. Our study provided a reference for ESPS as an anti-HBV agent.
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GLOSSARY
Amp ampicillin
BSA bovine serum albumin
CHB chronic hepatitis B
cccDNA covalently closed circular DNA
DAPI diamidino-phenyl-indole
DMEM Dulbecco’s modified Eagle’s medium
DMSO dimethyl sulfoxide
ESPSEupolyphaga sinensis Walker polysaccharides
EDTA ethylene diaminetetraacetic acid
FBS fetal bovine serum
GFP green fluorescent protein
HNF4a hepatocyte nuclear factor 4 alpha
HBeAg hepatitis B e antigen
HBsAg hepatitis B surface antigen
HBV hepatitis B virus
HBV pol Hepatitis B virus pol protein
HBs Hepatitis B virus S protein
HBc Hepatitis B virus core protein
HBcAg hepatitis B core antigen
HCC hepatocellular carcinoma
HSPG heparan sulfate proteoglycan
IF immunofluorescence
IHC immunohistochemistry
IL-6 interleukin-6
ISG immune serum globulin
LPS lipopolysaccharides
M mol/L
NC negative control
NK natural killer cell
NTCP cholic acid transporter-sodium taurocholate cotransporting polypeptide
OD optical density
ORF open reading frame
PBS phosphate buffer saline
pgRNA pregenomic RNA
PMSF phenylmethanesulfonyl fluoride
qPCR quantitative real-time PCR
rcDNA relaxed circular DNA
SDS sodium dodecyl sulfate
TBS Tris–HCl buffer
TNF-a tumor necrosis factor-α
3TC lamivudine
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Sequence

5'-AAA TCA AGT GGG GCG ATG CTG-3'
5'-GCA GAG ATG ATG ACC CTT TTG-3'
5'-ACC AAT CGC CAG TCA GGA AG-3'
5'-ACC AGC AGG GAA ATA CAG GC-3'
5'-CTG GGT GGG TGT TAA TTT GG-3'
5'-TAA GCT GGA GGA GTG CGA AT-3'
5'-TCA CCA GCA CCA TGC AAC-3'

5'-AAG CCA CCC AAG GCA CAG-3'

5'-TCT TGG TGA AGT TGA ACG G-3
5'-GCC ACA CCG GGA ATA A-3'

5'-CTG TGC TCT GTT CCT GCT GA-3'
5'-GAT GTT CCT GCT GGG AGC TT-3'
5'-CCA GTT CCA GAA GGC TCC AG-3'
5'-CTG CTC TGA CAA CCT CCC AG-3'
5'-GTG AGG AAA TAC TTC CAA AGA ATC AC-3'
5'-GTG AGG AAA TAC TTC CAA AGA ATC AC-3’
5'-CTC CGA CAC GAG TTC CAC AA-3'
5'-GGC TCT TCC AGT GCC TTG AT-3
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5'-TTC TTA AAG CAT GGG TAA TTC-3'
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5'-ATC TGC GAT GCT GGC AAT CT-3'
5'-ATG GCA TGG CTT ACA CCA CC-3'
5'-GAG GCC AAT TTT GTC TCC ACA-3'
5'-CTC TTC AGC AAA CGC TGT TCT-3'
5'-GGC GTC TCC CTC TAT TGT ATT G-3'
5'-GAC CAT AGG GGT CTT GAC CAA-3'
5'-AGA CTT GCT CTT TCT GAA AAG CC-3'
5'-GGC CTC TAA GGG GGT CAA G-3'
5'-CTG GCA GCA CGT CAA ACT TC-3'
5'-CCC TCA CAC TCA GAT CAT CTT CT-3'
5'-GCT ACG ACG TGG GCT ACA G-3'
5'-ACT TCC ATC CAG TTG CCT TCT TGG-3'
5'-TTA AGC CTC CGA CTT GTG AAG TGG-3'
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