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Abstract

:

The porcine epidemic diarrhea virus (PEDV), belonging to the α-coronavirus, is the causative agent of porcine epidemic diarrhea (PED). Presently, protection from the existing PEDV vaccine is not effective. Therefore, anti-PEDV compounds should be studied. Berbamine (BBM), Fangchinoline (FAN), and (+)-Fangchinoline (+FAN), are types of bis-benzylisoquinoline alkaloids that are extracted from natural medicinal plants. These bis-benzylisoquinoline alkaloids have various biological activities, including antiviral, anticancer, and anti-inflammatory properties. In this study, we found that BBM, FAN, and +FAN suppressed PEDV activity with a 50% inhibitory concentration of 9.00 µM, 3.54 µM, and 4.68 µM, respectively. Furthermore, these alkaloids can decrease the PEDV-N protein levels and virus titers in vitro. The time-of-addition assay results showed that these alkaloids mainly inhibit PEDV entry. We also found that the inhibitory effects of BBM, FAN, and +FAN on PEDV rely on decreasing the activity of Cathepsin L (CTSL) and Cathepsin B (CTSB) by suppressing lysosome acidification. Taken together, these results indicated that BBM, FAN, and +FAN were effective anti-PEDV natural products that prevented PEDV entry and may be considered novel antiviral drugs.
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1. Introduction


The porcine epidemic diarrhea virus (PEDV) belongs to the α-coronavirus family and can infect pigs of all ages, causing acute diarrhea, vomiting, dehydration, and high mortality in neonatal piglets. PED causes large-scale outbreaks and is one of the most important diseases that harm the pig industry. This results in significant economic losses worldwide each year, especially after the emergence of highly pathogenic PEDV variant strains [1]. PEDV is an enveloped single-stranded positive-sense RNA coronavirus with a genome of approximately 28 kb. It synthesizes the following four structural proteins spike (S), envelope (E), membrane (M), and nucleocapsid (N), and 17 nonstructural proteins, namely nsp1-nsp16 and ORF3 [2,3].



The PEDV lifecycle comprises the following four stages: binding, entry, replication, and release. PEDV entry into the host cells can be divided into three steps. The PEDV particles first enter cells via endocytosis. Internalized viruses are then trafficked by the endo-lysosome system to accomplish membrane fusion. Finally, the viral genome is released into the cytoplasm [4]. During the entry process, Cathepsin L (CTSL) and Cathepsin B (CTSB), two types of endo-lysosomal enzymes, are required to alter the conformation of the PEDV-S to activate membrane fusion [5,6]. Some previous studies have indicated that the maximal activity of CTSL and CTSB requires endo-lysosomes to have a highly acidic pH [7,8]. Therefore, PEDV entry requires an acidic environment.



Owing to the difference in antigens, namely the genes (>10% amino acid variation between respective S proteins) and phylogeny among the vaccine strains and prevalent strains of the PEDV (G1 versus G2), the existing vaccines are not effective in preventing and controlling PEDV [9,10,11]. Broad-spectrum antiviral compounds that target host cells are possibly toxic [12]. Therefore, studying low-toxic antiviral compounds is a key route for the prevention and control of PEDV. Berbamine (BBM), Fangchinoline (FAN), and (+)-Fangchinoline (+FAN) are a few types of bis-benzylisoquinoline alkaloids that are extracted from natural medicinal plants [13]. These three compounds have various biological activities, including antiviral, anticancer, and anti-inflammatory activities, by modulating different cell-signaling pathways [14,15,16]. In a study of antiviral drugs, BBM was reported to inhibit Middle Respiratory Syndrome Coronavirus (MERS-CoV), Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2), Japanese encephalitis Virus (JEV), Ebola virus (EBOV), and African Swine Fever Virus (ASFV) infections [17,18,19,20,21]. FAN can inhibit MERS-CoV, Human Coronavirus OC43, and human immunodeficiency virus type 1 (HIV-1) [18,22,23]. Mechanistically, BBM and FAN blocked TPC activity, which is required for endosomal motility and MERS pseudovirus translocation through acidic Ca2+ stores. Further study showed that BBM prevents SARS-CoV-2 or MERS-CoV by compromising TRPMLs-mediated endolysosomal trafficking of ACE2 or DPP4, the primary receptors of SARS-CoV-2 and MERS-CoV.



In this study, we investigated whether BBM, FAN, and +FAN have anti-PEDV activity. We found that BBM, FAN, and +FAN can suppress PEDV by decreasing the activity of CTSL and CTSB through the suppression of lysosome acidification, thereby inhibiting PEDV entry. Our results indicate the mechanism underlying the inhibitory effects of BBM, FAN, and +FAN on PEDV entry and provide a reference for developing new broad-spectrum antiviral drugs against PEDV.




2. Materials and Methods


2.1. Cell Culture


The Vero-E6 (African green monkey kidney cells), Marc-145 (a clone of the African monkey kidney MA-104 cell line), PK15 (pig kidney epithelial morphology cells), and A549 (human lung carcinoma epithelial cell line) cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco, NY, USA) supplemented with 8% fetal bovine serum (FBS) (Gibco, NY, USA) and 1% Penicillin/Streptomycin (w/v) (p/s) in a humidified 5% CO2 incubator at 37 °C.




2.2. Antibody and Reagents


A rabbit anti-PEDV-N protein polyclonal antibody was generated in the laboratory [24]. A beta-actin rabbit polyclonal antibody was purchased from Proteintech Group, Inc. (Rosemont, IL, USA). Alexa 488-conjugated goat anti-rabbit IgG antibody and 4’,6-diamidino-2-phenylindole (DAPI) were obtained from Thermo Fisher Scientific, Inc. (San Hose, CA, USA). The Cell Counting Kit-8 (CCK-8) was purchased from Apex Bio Technology, Inc. (Houston, TX, USA). A soluble TMB Substrate Solution (TMB) was obtained from Tiangen (Beijing, China). HiScript II Reverse Transcriptase and 2×Taq Master Mix were purchased from Vazyme Biotech Co., Ltd. (Nanjing, China). An RNA extraction kit was obtained from PuDi Biotech Co., Ltd. (Shanghai, China). LysoSensor™ Yellow/Blue DND-160 was purchased from Thermo Fisher Scientific, Inc. (Waltham, MA, USA). Magic Red® Cathepsin L Assay Kit and Magic Red® Cathepsin B Assay Kit were obtained from Immunochemistry Technologies, LLC. (Davis, CA, USA). BBM, FAN, and +FAN were purchased from Selleck Chemicals (Houston, TX, USA). NH4Cl was obtained from Sigma-Aldrich (St. Louis, MO, USA).




2.3. PEDV Propagation


The PEDVs (strains HLJBY and CV777) were propagated in Vero-E6 cells. The Vero-E6 cells were infected with PEDV at a multiplicity of infection (MOI) of 0.01 at 37 °C for 1 h. After incubation, the cells were washed with phosphate-buffered saline (PBS) and transferred to DMEM containing 2% FBS and 17.5 ng/mL trypsin. The virus titer was determined by performing the plaque formation assay.




2.4. Cytotoxicity Assay


The cytotoxic effects of BBM, FAN, and +FAN on Vero-E6, Marc-145, A549, and PK-15 cells was measured using the CCK-8 assay according to the manufacturer’s protocol. Mechanistically, WST-8 will be reduced by dehydrogenases, which are abundant in viable cells and transformed to formazan, which is an orange-colored dye soluble in the culture medium. The quantity of the formazan generated by dehydrogenases is directly proportional to the number of living cells. Briefly, cells were seeded at 1.5 × 104 per well in a 96-well plate. After culturing for 12 h, the cells were treated with different concentrations of the alkaloid compounds (0, 5, 10, and 20 µM of BBM, FAN, and +FAN). After 14 h, the fresh DMEM containing 10% CCK-8 reagent was added to each well for 2 h, and then the absorbance was measured at 450 nm (BioTek Instruments, Inc, Winoonski, VT, USA). To determine the cell viability against BBM, FAN, and +FAN treatment during PEDV infection, Vero-E6 or Marc-145 cells were seeded at 1.5 × 104 per well in a 96-well plate. After 12 h, the cells were treated with different concentrations of the alkaloid compounds (1, 2, 4, 8 μM of FAN and +FAN, 1, 2, 4, 8, 12, 16 μM of BBM) for 2 h and then infected with 1 MOI PEDV for 1 h at 37 °C. After incubation, the cells were washed with PBS and transferred to DMEM containing 2% FBS and 17.5 ng/mL trypsin with compound treatments. After another 11 h, the fresh DMEM containing 10% CCK-8 reagent was added to each well for 2 h, and then the absorbance was measured at 450 nm.




2.5. Determination of the Half Maximal Inhibitory Concentration (IC50) of Compounds


The cell-based enzyme-linked immunoassay (ELISA) was performed to determine the half-maximal inhibitory concentration (IC50) of the compounds. The Vero-E6 cells were seeded at 1.5 × 104 per well in a 96-well plate. After culturing for 12 h, the cells were treated with different concentrations of the compounds (1, 2, 4, 8 μM of FAN and +FAN, 1, 2, 4, 8, 12, 16 μM of BBM) for 2 h and then infected with 1 MOI PEDV for 1 h at 37 °C. After incubation, the cells were washed with PBS and transferred to DMEM containing 2% FBS and 17.5 ng/mL trypsin with compound treatments. The cells were then fixed and permeabilized using 4% formaldehyde and 0.1% Triton X-100, respectively, at 37 °C for 30 min, washed with Glycine-PBS (0.02 M glycine in PBS), and finally blocked with 3% bovine serum albumin (BSA) in PBS at 37 °C for 1 h. Subsequently, the cells were incubated with the first and secondary antibodies, respectively. Finally, 100 µL of TMB was added, and the cells were incubated at room temperature for 30 min. Subsequently, 50 μL/well of 2% H2SO4 was dispensed in each well to stop the reaction, and OD450 value was measured. OriginPro® 2022 software was utilized to get the IC50 value.




2.6. The Effect of the Compounds on PEDV Binding and Entry


To investigate the ability of the compounds in inhibiting PEDV binding, a previously described binding assay was modified [25]. Vero-E6 cells were pretreated with the compounds for 2 h (1 h at 37 °C and another 1 h at 4 °C), and then washed with cold PBS and incubated with 1 MOI PEDV, the HLJBY strain, with or without the compound for 1 h at 4 °C. After incubation, the cells were washed thrice with cold PBS to remove the unattached virus. Then, total RNA was extracted to perform reverse transcription–polymerase chain reaction (RT-PCR) to measure the levels of PEDV-M and actin mRNA. For the entry assay, Vero-E6 cells were cooled for 1 h at 4 °C and then infected with 1 MOI PEDV, the HLJBY strain, for 1 h at 4 °C. After infection, they were treated with the compound for 2 h at 37 °C, and then the cells were washed with citrate buffer (pH = 3) to remove non-internalized virions. The cells were then incubated with a fresh culture medium for 4 h. Finally, the cells were harvested to perform the immunoblotting assay and detect the changes in PEDV-N and actin protein.




2.7. RNA Extraction and RT-PCR


The total RNA was extracted from the cells using the Simply P Total RNA Extraction Kit (BioFlux, Beijing, China) according to the manufacturer’s protocol. The cDNA was synthesized using the iScript™ Reverse Transcription Supermix kit (Bio-Rad, Hercules, CA, USA) as per the manufacturer’s instructions. The RT-PCR primers were designed using the Primer Premier 5 software. The sequences of the primers used for viral and cellular gene amplification were as follows: PEDV-M-F (5′-GGA CAC ATT CTT GGT GGT CTT TC-3′) and PEDV-M-R (5′-GCC AGT AGC AAC CTT ATA GCC C-3′), actin-F (5′-ACA CTG TGC CCA TCT ACG AGG-3′) and actin-R (5′-TTG CCA ATG GTG ATG ACC TG-3′).




2.8. Western Blot Analysis


To detect the N protein levels in PEDV-infected Vero-E6 cells, the cells were lysed in a sodium dodecyl sulfate (SDS) sample buffer (0.1 M Tris-Cl pH 6.8, 20% Glycerol, 4% SDS, 4% β-Mercaptoethanol, 1% Bromophenol Blue). The protein samples were denatured for 10 min at 98 °C, and then separated using an SDS-PAGE gel, and transferred to a polyvinylidene fluoride (PVDF) membrane (Pall Corp, Beijing, China). The membranes were blocked using 3% skim milk at room temperature for 40 min, and then incubated with the primary antibodies overnight at 4 °C, washed thrice with PBST (PBS with Tween 20), and finally incubated with secondary antibodies for 4–6 h at 4 °C. The target protein was detected using the enhanced chemiluminescence (ECL) reagent.




2.9. Immunofluorescence Analysis


The Vero-E6 cells seeded on coverslips were fixed and permeabilized using 4% formaldehyde and 0.1% Triton X-100 at 37 °C for 30 min, which was washed with glycine-PBS (0.02 M glycine in PBS) and blocked with 3% BSA in PBS 37 °C for 30 min. They were incubated with the primary antibodies for 1 h at 37 °C, washed thrice with PBS, and then incubated with secondary antibodies for 30 min at 37 °C. After washing thrice with PBS, the nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI) containing the anti-fade Dabco solution. The images were obtained using a Nikon fluorescence microscope (Nikon Eclipse Ti-U, Tokyo, Japan).




2.10. Plaque Formation Assay (PFU)


The Vero-E6 cells were seeded in a 6-well plate. The cells grew to a monolayer after culturing for 12 h. The cells were then infected with the virus and diluted in DMEM through a ten-fold serial dilution for 1 h at 37 °C. Then, a 2 mL overlay medium (1% low-melting agarose, 2% FBS, and 17.5 ng/mL trypsin in DMEM) was added to each well, and the plates were incubated at 37 °C for 2–3 days until the plaques were visible. Then, 500 μL of 1% crystal violet was added and stained for 3–5 h at room temperature. After incubation, the overlay medium with crystal was removed, and the number of plaques was counted.




2.11. Lysosomal pH Measurement


The lysosomal pH was determined using lysosensorTM yellow/blue DND-160 reagent. The Vero-E6 cells were seeded at 1.5 × 104/well in a black 96-well plate with a clear bottom. After culture for 12 h, the cells were treated with compounds for 0, 1, 2, and 4 h. The cells were treated with 2 mM lysosensorTM yellow/blue DND-160 reagent for 2 min at 37 °C after washing twice with PBS. The cells were washed twice with cold PBS and transferred to DMEM. Finally, the fluorescence intensity was measured at excitation-365 nm/emission-450 nm and excitation-365 nm/emission-510 nm, and the change of the ratio of excitation-365 nm/emission-450 nm to excitation-365 nm/emission-510 nm reflects the change in lysosomal pH.




2.12. Determining the Activity of CTSL and CTSB


The Magic Red® Cathepsin-L Assay Kit and Magic Red® Cathepsin-B Assay Kit were used to monitor the intracellular CTSL and CTSB activities. Vero-E6 cells were seeded at 1.5 × 104 per well in a black 96-well plate with clear bottom. After culture for 12 h, the cells were treated with compounds for 0, 1, 2, and 4 h. The cells were then washed with PBS and treated with the Magic Red® Cathepsin-L Assay Kit or Magic Red® Cathepsin-B Assay Kit at 37 °C for 40 min. Finally, the cells were washed using PBS and transferred to DMEM without phenol red. The fluorescence intensity was measured at excitation-592 nm/emission-628 nm.




2.13. Statistical Analysis


All experiments were performed in triplicate. All results were analyzed using GraphPad Prism and are presented as means ± standard deviations (SDs). The statistical significance was determined using the two-tailed Student unpaired-sample t-test (*, p < 0.05; **, p < 0.01; ***, p < 0.001).





3. Results


3.1. The 50% Cytotoxicity Concentration (CC50) and IC50 Values of BBM, FAN, and +FAN in Vero-E6 Cells


Bis-benzylisoquinoline alkaloids exhibit high anti-viral activity against viruses, especially coronaviruses [26]. BBM, FAN, and +FAN have the same chemical formula and a similar chemical structure (Figure 1A–C). Therefore, we investigated whether all three exhibit anti-PEDV activity. First, we determined the cytotoxic effects of BBM, FAN, and +FAN on Vero-E6 cells by performing the CCK-8 assay. The CC50 values of the compounds were more than 20, 17, and 16 µM in the Vero-E6 cells, respectively (Figure 1D). Then, the inhibitory effects of BBM, FAN, and +FAN against PEDV, HLJBY strain infection, were analyzed by the cell-based ELISA. The IC50 values of BBM, FAN, and +FAN were 9.00, 3.54, and 4.68 μM, respectively (Figure 1E). Further, the selectivity indices (CC50/IC50) of BBM, FAN, and +FAN were >2.22, 4.8, and 3.41, respectively (Table 1). Simultaneously, we determined the CC50 values of these compounds in Marc-145 cells and the IC50 values against PEDV, HLJBY strain, in Marc-145 cells (Figure S1A,B). Furthermore, we detected the IC50 values of BBM, FAN, and +FAN against the CV777 strain in Vero-E6 and Marc-145 cells (Figure S1C,D). Meanwhile, the cytotoxic effect of Vero-E6 or Marc-145 cells against PEDV, CV777 or HLJBY strain, infection (one MOI) with BBM, FAN, and + FAN treatments were determined (Figure S1 E–H). The cell viability all remained above 90% upon PEDV infection with the compounds’ treatment. Generally, these data showed that an effective dose of BBM, FAN, and +FAN exhibited a certain degree of anti-PEDV activity. Finally, we selected a compound concentration (BBM = 10 μM, FAN and +FAN = 5 μM) with low cytotoxicity and an obvious effect on the Vero-E6 cells for further study.




3.2. PEDV Infection Was Inhibited by BBM, FAN, and +FAN In Vitro


To determine the antiviral activities of BBM, FAN, and +FAN, Vero-E6 cells were infected with one MOI PEDV and treated with these compounds (Figure 2A). The solid gray line in Figure 2A refers to the PEDV infection period, and the dotted gray line refers to BBM, FAN, and +FAN treatments. HLJBY-N protein levels decreased markedly after BBM, FAN, and +FAN treatments in Vero-E6 and Marc-145 cells (Figure 2B and Figure S2A). Similarly, the CV777-N protein was dramatically decreased by BBM, FAN, and +FAN treatments in Vero-E6 and Marc-145 cells (Figure S2B,C). Furthermore, PEDV titers decreased markedly by BBM, FAN, and +FAN treatments (Figure 2C). Additionally, the inhibitory effects of BBM, FAN, and +FAN on PEDV replication were determined by immunofluorescence staining. We observed that the PEDV-N fluorescence intensity decreased after BBM, FAN, and +FAN treatments (Figure 2D). These data suggested that BBM, FAN, and +FAN could markedly inhibit PEDV infection in vitro.




3.3. BBM, FAN, and +FAN Inhibited PEDV Infection Mainly at the Early Stage


The PEDV lifecycle comprises four stages: binding, entry, replication, and release. To determine which stage of the virus life cycle was affected by BBM, FAN, and +FAN, we performed a time-of-drug-addition assay. The compounds were added at three stages: pre-treatment, co-treatment, or post-infection (Figure 3A). The results showed that PEDV-N protein levels decreased after BBM, FAN, and +FAN addition at all stages. PEDV-N protein level decreased most significantly after BBM and FAN addition at the co-treatment stage and +FAN addition at the pre-treatment stage (Figure 3B). Therefore, BBM, FAN, and +FAN mainly inhibit PEDV infection at the early stage.




3.4. BBM, FAN, and +FAN Did Not Target PEDV Particles Directly


The study of the mechanism of antiviral compounds is focused on two different points: whether such compounds target corresponding viruses directly or indirectly via host cell factors [27]. Therefore, we determined whether BBM, FAN, and +FAN exerted a direct effect on virions. To assess this, we premixed PEDV with BBM, FAN, and +FAN for 1 h at 37 °C, and then diluted the mixture before inoculating the cells (Figure 4A). The Western blotting results showed that PEDV-N protein levels did not change much after BBM, FAN, and +FAN or dimethyl sulfoxide (DMSO) treatments (Figure 4B–D). The results suggested that BBM, FAN, and +FAN did not target PEDV particles. To investigate the antiviral activity of BBM, FAN, and +FAN, we investigated at which stage of the PEDV early infection process (viral binding or entry) these compounds were most effective. Specifically, we incubated Vero-E6 cells at 37 °C for 1 h and at 4 °C for 1 h to precool and then infected them with PEDV at 4 °C. The Vero-E6 cells were treated with the three compounds throughout the process (Figure 4E). We found that the mRNA levels of PEDV-M did not differ in cells treated with or without the compounds (Figure 4F). These data indicated that BBM, FAN, and +FAN did not exert their effects on PEDV at the adsorption stage.




3.5. BBM, FAN, and +FAN Inhibited PEDV Entry by Suppressing Lysosome Acidification


Our data showed that BBM, FAN, and +FAN inhibited PEDV infection mainly at the early stage and hardly affected viral binding to cells. Therefore, whether BBM, FAN, and +FAN inhibited PEDV during the entry stage was investigated in the present study. The PEDV entry assays were performed as shown in Figure 5A. PEDV virions were bound to the cell membrane of Vero-E6 cells at 4 °C, then fresh DMEM, with or without BBM, FAN, and +FAN, was added at 37 °C for 2 h. Next, non-internalized PEDV virions were removed using the citrate buffer. The Western blotting results revealed that the PEDV-N protein levels decreased after BBM, FAN, and +FAN treatments compared with that after DMSO treatment (Figure 5B). These results suggested that BBM, FAN, and +FAN exerted an antiviral effect during the viral entry stage.



Ammonium chloride is a weak base that increases the pH of acidic cell compartments [28]. A previous study showed that ammonium chloride inhibited PEDV entry into cells by inhibiting lysosome acidification [4]. We observed that the HLJBY-N protein level decreased after treatment with 30 mM and 50 mM ammonium chloride during the viral entry stage (Figure 5C). These data showed that the entry of the PEDV, HLJBY strain, in the cells depended on lysosome acidification. Additionally, previous results showed that BBM, FAN, and +FAN inhibited PEDV entry into cells. Therefore, we investigated whether BBM, FAN, and +FAN affected lysosome acidification. The LysosensorTM yellow/blue DND-160 was used to measure the pH of the lysosome. The results showed that the pH of the lysosome increased after BBM, FAN, and +FAN treatments (Figure 5D–F). These data indicated that BBM, FAN, and +FAN inhibited PEDV entry by suppressing lysosome acidification.




3.6. BBM, FAN, and +FAN Decreased the Activity of CTSL and CTSB


The S protein of PEDV was activated by endo-lysosomal cysteine proteases, such as CTSL and CTSB, to expose a fusion domain for membrane fusion and viral genome translocation to the cytoplasm [5,6]. CTSL and CTSB require low pH for their optimal activity. As shown in Figure 5D–F, the lysosomal pH increased after BBM, FAN, and +FAN treatment. Therefore, we investigated whether BBM, FAN, and +FAN decreased the activity of the CTSL and CTSB using the Magic Red® Cathepsin-L Assay Kit and Magic Red® Cathepsin-B Assay Kit. We found that the fluorescence intensities decreased after BBM, FAN, and +FAN treatments, indicating decreased activity of CTSL and CTSB (Figure 6A–F). The data indicated that BBM, FAN, and +FAN decreased the activity of CTSL and CTSB.



The endo-lysosome system and CTSL and CTSB are required to release the PEDV genome from the internalized viral particles. As illustrated in Figure 7, BBM, FAN, and +FAN inhibited PEDV entry by suppressing the endo-lysosome traffic and the activity of CTSL and CTSB by increasing the pH of the lysosome. Further, the low activity of CTSL and CTSB could not cleave the PEDV-S protein to expose the fusion domain, thus suppressing membrane fusion. Ultimately, the viral genome could not translocate to the cytoplasm.





4. Discussion


PED is a highly contagious disease in pigs, causing a significant economic loss in the swine industry [29]. The hypervariability of the PEDV has led to complex and heterogeneous field pandemics, and efficient vaccines are difficult to develop [30]. Therefore, developing an efficient antiviral compound against PEDV infection is crucial. BBM, FAN, and +FAN are bis-benzylisoquinoline alkaloids with anticancer, anti-inflammatory, and antiviral activities [26,31,32]. Here, we have found that they exerted anti-PEDV activities, revealing some of their functional mechanisms. To investigate the anti-PEDV mechanism of the compounds in vitro, we performed the time-of-drug-addition assay. The results showed that BBM and FAN exerted better anti-PEDV activity during the co-treatment stage, whereas the +FAN was more effective during the pre-treatment stage. We speculate that BBM and FAN share higher similarity in their chemical scaffold structure compared with +FAN, which may lead to +FAN exerting more effective antiviral activity in the pre-treatment stage. In general, these compounds all inhibit PEDV infection at the early stage.



To further investigate which lifecycle stage of PEDV infection was affected by these compounds, we performed PEDV virion binding and entry assays considering the mechanism that the PEDV virion can only bind to the cell membrane but cannot enter the cell at 4 °C. After virus adsorption, virions undergo penetration and uncoating stages before viral gene transcription and replication. In addition, our results showed that these compounds mainly inhibited PEDV entry but not viral attachment. Furthermore, due to some bis-benzylisoquinolines alkaloids regulating endo-lysosome Ca2+ release [18], we hypothesize that these compounds inhibit PEDV infection at the viral uncoating stage.



Bis-benzylisoquinolines alkaloids can be divided into two groups: tubocurarine-like compounds and tetrandrine-like compounds. BBM, FAN, and +FAN are tetrandrine-like compounds. According to some study reports, Tetrandrine and Fangchinoline block two-pore channel (TPC) activity, an endo-lysosomal Ca2+ channel, suppressing Ca2+ release from endo-lysosome [18,33]. Therefore, we speculated that the molecular mechanism by which BBM, FAN, and +FAN inhibit PEDV entry depended on blocking the TPC activity and suppressing the endo-lysosomal Ca2+/H+ exchanges to suppress the endo-lysosomal acidification. We performed an assay to validate our assumption. The result was consistent with the previous conjecture. CTSL and CTSB, endo-lysosomal proteases, are required for PEDV membrane fusion, a prerequisite for the viral uncoating stage [5]. Suppressed endo-lysosomal acidification decreases CTSL and CTSB activities. Our results showed that BBM, FAN, and +FAN decreased the activity of CTSL and CTSB, furthering PEDV membrane fusion and genome release.



In this study, we found that Berbamine analogs were a novel anti-PEDV drug candidate. Berbamine is a bis-benzylisoquinoline alkaloid isolated from the traditional Chinese herb Berberis amurensis [14]. Berbamine inhibits various viruses, including SARS-CoV-2, MERS-CoV, JEV, ASFV, and EBOV [17,18,19,20,21]. For human coronaviruses, berbamine prevents SARS-CoV-2 or MERS-CoV from entering host cells by decreasing the viral receptor levels of ACE2 or DPP4 at the plasma membrane [17]. For EBOV, berbamine hydrochloride disrupts the EBOV glycoprotein (GPcl) interaction with viral receptor Niemann-Pick C1, thus blocking the fusion of viral and cellular membranes [21]. Moreover, Berbamine prevented JEV entry by blocking endo-lysosomal trafficking [19]. In our study, we found that Berbamine analogs inhibited PEDV infection at the early stage, probably blocking host proteins and subsequently inhibiting virus entry. For compound–protein interactions (CPIs), further analytic tools, such as computational molecular docking analysis, are required to determine the interaction between Berbamine and host proteins. However, PEDV entry/trafficking-associated proteins are not well understood yet.



While studying the inhibition of PEDV entry by BBM, FAN, and +FAN treatments, we found these compounds to be broad-spectrum antiviral compounds. First, our results showed that BBM, FAN, and +FAN inhibited the Influenza A virus (IAV), Herpes simplex virus 1 (HSV-1), and Porcine α-herpesvirus pseudorabies (PRV) infections (Figure S3). Second, diverse viruses, including Coronavirus (SARS-CoV, MERS-CoV, and SARS-CoV-2), Filoviruses (Ebola virus), Orthomyxoviridae (IAV), and Calicivirus (Murine norovirus and Feline calicivirus), entered the host cells with the help of endo-lysosomal cysteine proteases, such as CTSL and/or CTSB [7,34,35,36,37,38,39,40]. Finally, several studies showed that the entry of many viruses, such as Hepatitis B virus (HBV), African swine fever virus (ASFV), and PRV, was acid-dependent [41,42,43,44,45,46,47].



In conclusion, our study shows that natural products such as bis-benzylisoquinoline alkaloids inhibit PEDV at the early stage of infection, exhibiting strong antiviral activitites. Thus, bis-benzylisoquinoline alkaloids may be a potential antiviral drug for PEDV prevention or cure in the future.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/pathogens12060845/s1, Figure S1: CC50 and IC50 of BBM, FAN, and +FAN; Figure S2: BBM, FAN, and +FAN inhibit PEDV infection in vitro; Figure S3: The CC50 values of BBM, FAN, and +FAN in PK-15 and A549 cells, and the inhibitory effect of the compounds in IAV, HSV, and PRV.





Author Contributions


Conceptualization, C.Z., H.C., Y.-S.J. and Y.Q.; Methodology, C.Z., P.Z., H.C., A.S., C.Q. and Y.Y.; software, C.Z.; formal analysis, C.Z.; investigation, C.Z., Y.-S.J. and Y.Q.; resources, C.Z. and Y.Y.; data curation, C.Z., H.C., Y.-S.J.; writing—review and editing, C.Z., H.C., L.S., Y.-S.J.; visualization, Y.-S.J.; supervision, Y.-S.J.; project administration, H.C., Y.-S.J.; funding acquisition, H.C. and Y.-S.J. All authors have read and agreed to the published version of the manuscript.




Funding


This work was funded by the National Natural Science Foundation of China (U19A2039, 31900141), the Fundamental Research Funds for the Central Universities (KJQN202022), and the Priority Academic Program Development of Jiangsu Higher Education Institutions (PAPD).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


The authors would like to thank our laboratory members who helped us to improve the manuscript with their skillful technical assistance, invaluable comments, and suggestions.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Yang, X.; Wang, Y.; Lu, P.; Shen, Y.; Zhao, X.; Zhu, Y.; Jiang, Z.; Yang, H.; Pan, H.; Zhao, L.; et al. Pebp1 Suppresses HIV Transcription and Induces Latency by Inactivating Mapk/Nf-Kappab Signaling. EMBO Rep. 2020, 21, e49305. [Google Scholar] [CrossRef]

	



Lin, F.; Zhang, H.; Li, L.; Yang, Y.; Zou, X.; Chen, J.; Tang, X. PEDV: Insights and Advances into Types, Function, Structure, and Receptor Recognition. Viruses 2022, 14, 1744. [Google Scholar] [CrossRef]

	



Shi, P.; Su, Y.; Li, R.; Liang, Z.; Dong, S.; Huang, J. PEDV Nsp16 Negatively Regulates Innate Immunity to Promote Viral Proliferation. Virus Res. 2019, 265, 57–66. [Google Scholar] [CrossRef]

	



Wei, X.; She, G.; Wu, T.; Xue, C.; Cao, Y. PEDV Enters Cells through Clathrin-, Caveolae-, and Lipid Raft-Mediated Endocytosis and Traffics via the Endo-/Lysosome Pathway. Vet. Res. 2020, 51, 10. [Google Scholar] [CrossRef]

	



Liu, C.; Ma, Y.; Yang, Y.; Zheng, Y.; Shang, J.; Zhou, Y.; Jiang, S.; Du, L.; Li, J.; Li, F. Cell Entry of Porcine Epidemic Diarrhea Coronavirus Is Activated by Lysosomal Proteases. J. Biol. Chem. 2016, 291, 24779–24786. [Google Scholar] [CrossRef] [PubMed]

	



Oh, C.; Kim, Y.; Chang, K.O. Proteases Facilitate the Endosomal Escape of Porcine Epidemic Diarrhea Virus during Entry into Host Cells. Virus Res. 2019, 272, 197730. [Google Scholar] [CrossRef]

	



Shivanna, V.; Kim, Y.; Chang, K.O. Endosomal Acidification and Cathepsin L Activity Is Required for Calicivirus Replication. Virology 2014, 464–465, 287–295. [Google Scholar] [CrossRef] [PubMed]

	



Yoon, M.C.; Solania, A.; Jiang, Z.; Christy, M.P.; Podvin, S.; Mosier, C.; Lietz, C.B.; Ito, G.; Gerwick, W.H.; Wolan, D.W.; et al. Selective Neutral Ph Inhibitor of Cathepsin B Designed Based on Cleavage Preferences at Cytosolic and Lysosomal Ph Conditions. ACS Chem. Biol. 2021, 16, 1628–1643. [Google Scholar] [CrossRef] [PubMed]

	



Jung, K.; Saif, L.J.; Wang, Q. Porcine Epidemic Diarrhea Virus (PEDV): An Update on Etiology, Transmission, Pathogenesis, and Prevention and Control. Virus Res. 2020, 286, 198045. [Google Scholar] [CrossRef]

	



Su, M.; Li, C.; Qi, S.; Yang, D.; Jiang, N.; Yin, B.; Guo, D.; Kong, F.; Yuan, D.; Feng, L.; et al. A Molecular Epidemiological Investigation of PEDV in China: Characterization of Co-Infection and Genetic Diversity of S1-Based Genes. Transbound. Emerg. Dis. 2020, 67, 1129–1140. [Google Scholar] [CrossRef]

	



Lee, C. Porcine Epidemic Diarrhea Virus: An Emerging and Re-Emerging Epizootic Swine Virus. Virol. J. 2015, 12, 193. [Google Scholar] [CrossRef]

	



Zheng, Y.; Li, S.; Song, K.; Ye, J.; Li, W.; Zhong, Y.; Feng, Z.; Liang, S.; Cai, Z.; Xu, K. A Broad Antiviral Strategy: Inhibitors of Human DHODH Pave the Way for Host-Targeting Antivirals against Emerging and Re-Emerging Viruses. Viruses 2022, 14, 928. [Google Scholar] [CrossRef]

	



Xu, W.; Chen, S.; Wang, X.; Wu, H.; Yamada, H.; Hirano, T. Bisbenzylisoquinoline Alkaloids and P-Glycoprotein Function: A Structure Activity Relationship Study. Bioorg. Med. Chem. 2020, 28, 115553. [Google Scholar] [CrossRef]

	



Farooqi, A.A.; Wen, R.; Attar, R.; Taverna, S.; Butt, G.; Xu, B. Regulation of Cell-Signaling Pathways by Berbamine in Different Cancers. Int. J. Mol. Sci. 2022, 23, 2758. [Google Scholar] [CrossRef]

	



Jia, X.J.; Li, X.; Wang, F.; Liu, H.Q.; Zhang, D.J.; Chen, Y. Berbamine Exerts Anti-Inflammatory Effects Via Inhibition of Nf-Kappab and Mapk Signaling Pathways. Cell. Physiol. Biochem. 2017, 41, 2307–2318. [Google Scholar] [CrossRef]

	



Chen, B.; Song, Y.; Zhan, Y.; Zhou, S.; Ke, J.; Ao, W.; Zhang, Y.; Liang, Q.; He, M.; Li, S.; et al. Fangchinoline Inhibits Non-Small Cell Lung Cancer Metastasis by Reversing Epithelial-Mesenchymal Transition and Suppressing the Cytosolic ROS-Related Akt-mTOR Signaling Pathway. Cancer Lett. 2022, 543, 215783. [Google Scholar] [CrossRef] [PubMed]

	



Huang, L.; Yuen, T.T.; Ye, Z.; Liu, S.; Zhang, G.; Chu, H.; Yue, J. Berbamine Inhibits Sars-Cov-2 Infection by Compromising TRPMLs-Mediated Endolysosomal Trafficking of ACE2. Signal Transduct. Target. Ther. 2021, 6, 168. [Google Scholar] [CrossRef] [PubMed]

	



Gunaratne, G.S.; Yang, Y.; Li, F.; Walseth, T.F.; Marchant, J.S. Naadp-Dependent Ca2+ Signaling Regulates Middle East Respiratory Syndrome-Coronavirus Pseudovirus Translocation through the Endolysosomal System. Cell Calcium 2018, 75, 30–41. [Google Scholar] [CrossRef] [PubMed]

	



Huang, L.; Li, H.; Ye, Z.; Xu, Q.; Fu, Q.; Sun, W.; Qi, W.; Yue, J. Berbamine Inhibits Japanese Encephalitis Virus (JEV) Infection by Compromising TPRMLs-Mediated Endolysosomal Trafficking of Low-Density Lipoprotein Receptor (LDLR). Emerg. Microbes Infect. 2021, 10, 1257–1271. [Google Scholar] [CrossRef] [PubMed]

	



Zhu, J.; Huang, L.; Gao, F.; Jian, W.; Chen, H.; Liao, M.; Qi, W. Berbamine Hydrochloride Inhibits African Swine Fever Virus Infection In Vitro. Molecules 2022, 28, 170. [Google Scholar] [CrossRef]

	



Yi, D.; Li, Q.; Wang, H.; Lv, K.; Ma, L.; Wang, Y.; Wang, J.; Zhang, Y.; Liu, M.; Li, X.; et al. Repurposing of Berbamine Hydrochloride to Inhibit Ebola Virus by Targeting Viral Glycoprotein. Acta Pharm. Sin. B 2022, 12, 4378–4389. [Google Scholar] [CrossRef]

	



Wan, Z.; Lu, Y.; Liao, Q.; Wu, Y.; Chen, X. Fangchinoline Inhibits Human Immunodeficiency Virus Type 1 Replication by Interfering with Gp160 Proteolytic Processing. PLoS ONE 2012, 7, e39225. [Google Scholar] [CrossRef] [PubMed]

	



Kim, D.E.; Min, J.S.; Jang, M.S.; Lee, J.Y.; Shin, Y.S.; Song, J.H.; Kim, H.R.; Kim, S.; Jin, Y.H.; Kwon, S. Natural Bis-Benzylisoquinoline Alkaloids-Tetrandrine, Fangchinoline, and Cepharanthine, Inhibit Human Coronavirus Oc43 Infection of Mrc-5 Human Lung Cells. Biomolecules 2019, 9, 696. [Google Scholar] [CrossRef] [PubMed]

	



Sun, L.; Chen, H.; Ming, X.; Bo, Z.; Shin, H.J.; Jung, Y.S.; Qian, Y. Porcine Epidemic Diarrhea Virus Infection Induces Caspase-8-Mediated G3bp1 Cleavage and Subverts Stress Granules to Promote Viral Replication. J. Virol. 2021, 95, e02344-20. [Google Scholar] [CrossRef] [PubMed]

	



Zhai, X.; Wang, N.; Jiao, H.; Zhang, J.; Li, C.; Ren, W.; Reiter, R.J.; Su, S. Melatonin and Other Indoles Show Antiviral Activities against Swine Coronaviruses In Vitro at Pharmacological Concentrations. J. Pineal Res. 2021, 71, e12754. [Google Scholar] [CrossRef] [PubMed]

	



Dong, S.; Yu, R.; Wang, X.; Chen, B.; Si, F.; Zhou, J.; Xie, C.; Li, Z.; Zhang, D. Bis-Benzylisoquinoline Alkaloids Inhibit Porcine Epidemic Diarrhea Virus In Vitro and In Vivo. Viruses 2022, 14, 1231. [Google Scholar] [CrossRef]

	



Kausar, S.; Khan, F.S.; Rehman, M.I.M.U.; Akram, M.; Riaz, M.; Rasool, G.; Khan, A.H.; Saleem, I.; Shamim, S.; Malik, A. A Review: Mechanism of Action of Antiviral Drugs. Int. J. Immunopathol. Pharmacol. 2021, 35, 20587384211002621. [Google Scholar] [CrossRef]

	



Koyama, A.H.; Uchida, T. The Effect of Ammonium Chloride on the Multiplication of Herpes Simplex Virus Type 1 In Vero Cells. Virus Res. 1989, 13, 271–281. [Google Scholar] [CrossRef]

	



Antas, M.; Woźniakowski, G. Current Status of Porcine Epidemic Diarrhoea (Ped) in European Pigs. J. Vet. Res. 2019, 63, 465–470. [Google Scholar] [CrossRef]

	



Sun, M.; Ma, J.; Wang, Y.; Wang, M.; Song, W.; Zhang, W.; Lu, C.; Yao, H. Genomic and Epidemiological Characteristics Provide New Insights into the Phylogeographical and Spatiotemporal Spread of Porcine Epidemic Diarrhea Virus in Asia. J. Clin. Microbiol. 2015, 53, 1484–1492. [Google Scholar] [CrossRef]

	



Liu, L.; Liang, D.; Zheng, Q.; Zhao, M.; Lv, R.; Tang, J.; Chen, N. Berbamine Dihydrochloride Suppresses the Progression of Colorectal Cancer via RTKs/Akt Axis. J. Ethnopharmacol. 2023, 303, 116025. [Google Scholar] [CrossRef] [PubMed]

	



He, C.L.; Huang, L.Y.; Wang, K.; Gu, C.J.; Hu, J.; Zhang, G.J.; Xu, W.; Xie, Y.H.; Tang, N.; Huang, A.L. Identification of Bis-Benzylisoquinoline Alkaloids as SARS-CoV-2 Entry Inhibitors from a Library of Natural Products. Signal Transduct. Target. Ther. 2021, 6, 131. [Google Scholar] [CrossRef] [PubMed]

	



Saurav, S.; Tanwar, J.; Ahuja, K.; Motiani, R.K. Dysregulation of Host Cell Calcium Signaling during Viral Infections: Emerging Paradigm with High Clinical Relevance. Mol. Aspects Med. 2021, 81, 101004. [Google Scholar] [CrossRef] [PubMed]

	



Simmons, G.; Gosalia, D.N.; Rennekamp, A.J.; Reeves, J.D.; Diamond, S.L.; Bates, P. Inhibitors of Cathepsin L Prevent Severe Acute Respiratory Syndrome Coronavirus Entry. Proc. Natl. Acad. Sci. USA 2005, 102, 11876–11881. [Google Scholar] [CrossRef]

	



Huang, I.C.; Bosch, B.J.; Li, F.; Li, W.; Lee, K.H.; Ghiran, S.; Vasilieva, N.; Dermody, T.S.; Harrison, S.C.; Dormitzer, P.R.; et al. Sars Coronavirus, but Not Human Coronavirus Nl63, Utilizes Cathepsin L to Infect Ace2-Expressing Cells. J. Biol. Chem. 2006, 281, 3198–3203. [Google Scholar] [CrossRef]

	



Kleine-Weber, H.; Elzayat, M.T.; Hoffmann, M.; Pohlmann, S. Functional Analysis of Potential Cleavage Sites in the MERS-Coronavirus Spike Protein. Sci. Rep. 2018, 8, 16597. [Google Scholar] [CrossRef]

	



Zhao, M.M.; Yang, W.L.; Yang, F.Y.; Zhang, L.; Huang, W.J.; Hou, W.; Fan, C.F.; Jin, R.H.; Feng, Y.M.; Wang, Y.C.; et al. Cathepsin L Plays a Key Role in SARS-CoV-2 Infection in Humans and Humanized Mice and Is a Promising Target for New Drug Development. Signal Transduct. Target. Ther. 2021, 6, 134. [Google Scholar] [CrossRef]

	



Ou, X.; Liu, Y.; Lei, X.; Li, P.; Mi, D.; Ren, L.; Guo, L.; Guo, R.; Chen, T.; Hu, J.; et al. Characterization of Spike Glycoprotein of SARS-CoV-2 on Virus Entry and Its Immune Cross-Reactivity with SARS-CoV. Nat. Commun. 2020, 11, 1620. [Google Scholar] [CrossRef]

	



Hood, C.L.; Abraham, J.; Boyington, J.C.; Leung, K.; Kwong, P.D.; Nabel, G.J. Biochemical and Structural Characterization of Cathepsin L-Processed Ebola Virus Glycoprotein: Implications for Viral Entry and Immunogenicity. J. Virol. 2010, 84, 2972–2982. [Google Scholar] [CrossRef]

	



Coleman, M.D.; Ha, S.D.; Haeryfar, S.M.M.; Barr, S.D.; Kim, S.O. Cathepsin B Plays a Key Role in Optimal Production of the Influenza a Virus. J. Virol. Antivir. Res. 2018, 7, 1–20. [Google Scholar] [CrossRef]

	



Zhou, T.; Tsybovsky, Y.; Gorman, J.; Rapp, M.; Cerutti, G.; Chuang, G.Y.; Katsamba, P.S.; Sampson, J.M.; Schon, A.; Bimela, J.; et al. Cryo-Em Structures of SARS-CoV-2 Spike without and with Ace2 Reveal a Ph-Dependent Switch to Mediate Endosomal Positioning of Receptor-Binding Domains. Cell Host Microbe 2020, 28, 867–879.e5. [Google Scholar] [CrossRef]

	



Liu, Q.; Somiya, M.; Kuroda, S. Elucidation of the Early Infection Machinery of Hepatitis B Virus by Using Bio-Nanocapsule. World J. Gastroenterol. 2016, 22, 8489–8496. [Google Scholar] [CrossRef] [PubMed]

	



Valdeira, M.L.; Bernardes, C.; Cruz, B.; Geraldes, A. Entry of African Swine Fever Virus into Vero Cells and Uncoating. Vet. Microbiol. 1998, 60, 131–140. [Google Scholar] [CrossRef] [PubMed]

	



Nicola, A.V. Herpesvirus Entry into Host Cells Mediated by Endosomal Low Ph. Traffic 2016, 17, 965–975. [Google Scholar] [CrossRef] [PubMed]

	



Miller, J.L.; Weed, D.J.; Lee, B.H.; Pritchard, S.M.; Nicola, A.V. Low-Ph Endocytic Entry of the Porcine Alphaherpesvirus Pseudorabies Virus. J. Virol. 2019, 93, e01849-18. [Google Scholar] [CrossRef]

	



Komala Sari, T.; Gianopulos, K.A.; Weed, D.J.; Schneider, S.M.; Pritchard, S.M.; Nicola, A.V. Herpes Simplex Virus Glycoprotein C Regulates Low-Ph Entry. mSphere 2020, 5, e00826-19. [Google Scholar] [CrossRef]

	



Yang, G.; Ojha, C.R.; Russell, C.J. Relationship between Hemagglutinin Stability and Influenza Virus Persistence after Exposure to Low Ph or Supraphysiological Heating. PLoS Pathog. 2021, 17, e1009910. [Google Scholar] [CrossRef]








[image: Pathogens 12 00845 g001 550] 





Figure 1. CC50 and IC50 of Berbamine (BBM), Fangchinoline (FAN), and (+)-Fangchinoline (+FAN). (A–C) The chemical structures of BBM, FAN, and +FAN. (D) Vero-E6 cells were treated with 0, 5, 10, and 20 μM of BBM, FAN, and +FAN for 14 h, and then treated with CCK-8 for 2 h. The OD450 value was measured. (E) The Half Maximal Inhibitory Concentration (IC50) was determined by cell-based ELISA assay and calculated by nonlinear regression analysis. The horizontal dotted lines show 50% cell viability or 50% inhibition rate. 
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Figure 2. BBM, FAN, and +FAN inhibit PEDV infection in vitro. (A) Overall scheme for Vero-E6 cells infection and treatment with BBM (10 μM), FAN (5 μM), and +FAN (5 μM); the solid gray line refers to the PEDV infection period and the dotted gray line refers to the compound treatment. (B) The protein sample was harvested at 12 h post-infection (h.p.i.) and PEDV-N and actin protein levels were determined by Western blotting. (C) The cells were harvested at 12 h.p.i., and the PEDV, HLJBY strain titer was determined by the PFU assay. (D) The cells were fixed and permeabilized at 12 h.p.i. and PEDV-N fluorescence intensity was determined by an IFA assay. The results were analyzed using the Student t-test (***, p < 0.001). 
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Figure 3. Time-of-addition analysis of BBM, FAN, and +FAN. (A) Overall scheme for Vero-E6 cells infection and treatment with BBM (10 μM), FAN (5 μM), and +FAN (5 μM); the solid gray line refers to the PEDV infection period and the dotted gray line refers to the BBM, FAN, and +FAN treatment. (B) After 12 h.p.i., the protein sample was harvested, and the PEDV-N and actin protein levels were determined by Western blotting. 
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Figure 4. BBM, FAN, and +FAN did not target PEDV particles directly. (A) The overall scheme for Vero-E6 cells infection and treatment with BBM (0, 2, 5, and 10 μM), FAN (0, 1, 2, and 5 μM), and +FAN (0, 1, 2, and 5 μM). PEDV, HLJBY strain (one MOI) was mixed with BBM, FAN, and +FAN for 1 h at 37 °C. Then, the mixture was diluted in 2 mL DMEM and incubated with Vero-E6. (B–D) The protein sample was harvested at 12 h.p.i., and the PEDV-N and actin protein levels were determined by Western blotting. (E) An overall scheme for PEDV infection and treatment with BBM (10 μM), FAN (5 μM), and +FAN (5 μM). The gray solid line refers to the PEDV infection period. The dotted gray line refers to the BBM, FAN, and +FAN treatments. (F) Vero-E6 cells were pretreated with BBM, FAN, and +FAN for 2 h (1 h at 37 °C and another at 4 °C), infected with PEDV, HLJBY strain (one MOI), and then treated with BBM, FAN, and +FAN for 1 h at 4 °C. Finally, the cells were washed with cold PBS to wash out the unbound virus, followed by RT-PCR assay to determine the levels of PEDV-M and actin mRNA. 






Figure 4. BBM, FAN, and +FAN did not target PEDV particles directly. (A) The overall scheme for Vero-E6 cells infection and treatment with BBM (0, 2, 5, and 10 μM), FAN (0, 1, 2, and 5 μM), and +FAN (0, 1, 2, and 5 μM). PEDV, HLJBY strain (one MOI) was mixed with BBM, FAN, and +FAN for 1 h at 37 °C. Then, the mixture was diluted in 2 mL DMEM and incubated with Vero-E6. (B–D) The protein sample was harvested at 12 h.p.i., and the PEDV-N and actin protein levels were determined by Western blotting. (E) An overall scheme for PEDV infection and treatment with BBM (10 μM), FAN (5 μM), and +FAN (5 μM). The gray solid line refers to the PEDV infection period. The dotted gray line refers to the BBM, FAN, and +FAN treatments. (F) Vero-E6 cells were pretreated with BBM, FAN, and +FAN for 2 h (1 h at 37 °C and another at 4 °C), infected with PEDV, HLJBY strain (one MOI), and then treated with BBM, FAN, and +FAN for 1 h at 4 °C. Finally, the cells were washed with cold PBS to wash out the unbound virus, followed by RT-PCR assay to determine the levels of PEDV-M and actin mRNA.



[image: Pathogens 12 00845 g004]







[image: Pathogens 12 00845 g005 550] 





Figure 5. BBM, FAN, and +FAN inhibited PEDV entry by suppressing endo-lysosome acidification. (A) The overall scheme for PEDV infection and treatment with BBM (10 μM), FAN (5 μM), and +FAN (5 μM). The gray solid line refers to the PEDV infection period. The dotted gray line refers to the BBM, FAN, and +FAN treatments. (B) Vero-E6 cells were infected with PEDV, HLJBY strain (one MOI) at 4 °C. After infection, the cells were treated with BBM, FAN, and +FAN for 2 h at 37 °C and washed thrice with citrate buffer, followed by incubation in fresh DMEM for 3 h. Finally, the protein sample was harvested, and the levels of PEDV-N and actin protein were determined by Western blotting. (C) Vero-E6 cells were infected with PEDV, HLJBY strain (one MOI) at 4 °C. After infection, the cells were treated with NH4Cl (0, 30, and 50 mM) for 2 h at 37 °C and washed thrice with citrate buffer, followed by incubation with fresh DMEM for 3 h. Finally, the protein sample was harvested, and the levels of PEDV-N and actin protein were determined by Western blotting. (D–F) The Vero-E6 cells were treated with BBM, FAN, and +FAN for 0, 1, 2, and 4 h, and then labeled with 2 μM lysosensorTM yellow/blue DND-160 for 3 min at 37 °C. The excess dye was removed with cold PBS and then transferred to DMEM. The emission ratio at 451/510 nm was measured at excitation-365 nm. The results were analyzed by Student t-test (*, p < 0.05; **, p < 0.01; ns, p > 0.05). 
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Figure 6. BBM, FAN, and +FAN inhibit PEDV entry by decreasing the activity of CTSL and CTSB. (A–C) The Vero-E6 cells were treated with BBM (10 μM), FAN (5 μM), and +FAN (5 μM) for 0, 1, 2, and 4 h and then labeled with the Magic Red® Cathepsin-L Assay Kit at 37 °C for 40 min. The excess dye was removed with PBS, followed by transferring it to DMEM without phenol red. The fluorescence intensity was measured at excitation-592 nm/emission-628 nm. (D–F) The Vero-E6 cells were treated with BBM (10 μM), FAN (5 μM), and +FAN (5 μM) for 0, 1, 2, and 4 h, followed by labeled with the Magic Red® Cathepsin-B Assay Kit at 37 °C for 40 min. The excess dye was removed with PBS, followed by transferring it to DMEM without phenol red. The fluorescence intensity was measured at excitation-592 nm/emission-628 nm. The results were analyzed by Student t-test (*, p < 0.05; **, p < 0.01; ***, p < 0.001). 
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Figure 7. Diagram showing a hypothesized antiviral mechanism of BBM, FAN, and +FAN during PEDV infection. 
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Table 1. CC50, IC50, and selectivity indices (CC50/IC50) of BBM, FAN, and +FAN.
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PEDV

	
Compound

	
CC50 (μM)

	
IC50 (μM)

	
SI (CC50/IC50)






	
HLJBY

	
BBM

	
>20

	
9

	
>2.22




	
FAN

	
17

	
3.54

	
4.8




	
+FAN

	
16

	
4.68

	
3.41
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