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Abstract

:

Enterovirus 71 (EV71) is an etiological agent of hand foot and mouth disease and can also cause neurological complications in young children. However, there are no approved drugs as of yet to treat EV71 infections. In this study, we conducted antiviral drug screening by using a Food and Drug Administration (FDA)-approved drug library. We identified five drugs that showed dose-dependent inhibition of viral replication. Sertraline was further characterized because it exhibited the most potent antiviral activity with the highest selectivity index among the five hits. The antiviral activity of sertraline was noted for other EV serotypes. The drug’s antiviral effect is not likely associated with its approved indications as an antidepressant and its mode-of-action as a selective serotonin reuptake inhibitor. The time-of-addition assay revealed that sertraline inhibited an EV71 infection at the entry stage. We also showed that sertraline partitioned into acidic compartments, such as endolysosomes, to neutralize the low pH levels. In agreement with the findings, the antiviral effect of sertraline could be greatly relieved by exposing virus-infected cells to extracellular low-pH culture media. Ultimately, we have identified a use for an FDA-approved antidepressant in broad-spectrum EV inhibition by blocking viral entry through the alkalization of the endolysosomal route.
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1. Introduction


Enteroviruses (EVs) are non-enveloped, single-stranded RNA viruses belonging to the Picornaviridae family. The genus Enterovirus comprises many human pathogens, including poliovirus, coxsackie A and B viruses, echoviruses, numbered enteroviruses, and rhinoviruses. Diverse EVs can cause a broad range of diseases including hand, foot, and mouth disease (HFMD), encephalitis, aseptic meningitis, myocarditis and various respiratory diseases. Although most EV infections are mild, the symptoms can be severe in the young children and infants [1,2]. Among EVs, EV71 (or EV-A71) has emerged as a severe public health threat because it has caused major outbreaks of HFMD with a considerable number of affected individuals progressing to severe neurological complications and even death, mainly in the Asia-Pacific region [1,3]. Although many potent EV inhibitors have exhibited efficacy in cell cultures and animal models, effective antiviral agents for the clinical treatment of EV71 infections have not yet been approved [4,5]. The clinical course for the control of EV71 infections is currently limited to symptomatic treatment. Moreover, broad-spectrum drugs should be urgently developed because no single EV serotype is exclusively associated with any particular manifestations.



The EV71 life cycle begins from its attachment through the binding of the virus capsid protein to cell receptors [6,7]. This is followed by the entry of the virus mainly through clathrin-mediated endocytosis [8]; however, multiple pathways may be used by EV71 to enter diverse host cells [9,10,11,12]. Subsequently, a series of conformational changes can occur at low pH, followed by the release of viral RNA in the cell cytoplasm [8,10,11]. The positive-sense virus genome acts as an mRNA and is directly translated into a polyprotein through a mechanism of internal ribosome binding. Two viral proteases, 2A (2Apro) and 3C (3Cpro), process the polyprotein, thus generating structural and nonstructural proteins. The RNA genome replication is performed by RNA dependent RNA- polymerase, termed 3D. Finally, the structural proteins and the progeny viral genome is encapsidated to form new virions that are released from the cell through lytic and non-lytic mechanisms [4,13].



We have developed a cell-based biosensor, HeLa-G2AwtR, which exhibits the conversion of fluorescence resonance energy transfer (FRET) upon an EV71 infection [14]. Because the FRET levels demonstrated by the HeLa-G2AwtR biosensor were reversely correlated with EV71 replication, this biosensor was used as a drug screening platform to identify anti-EV71 compounds [15]. In this study, we used the HeLa-G2AwtR biosensor for the drug repurposing screen of a library containing 774 FDA-approved drugs. The results revealed that five hits could inhibit EV71 infection in a dose-dependent manner. Sertraline was further characterized because it emerged as the most potent with the least cytotoxicity among the five hits. The antiviral activity of sertraline was not correlated with its well-known activity of selective serotonin reuptake inhibition that is clinically used for the treatment of major depression and obsessive compulsive disorders [16,17]. We found that Sertraline exerted broad-spectrum anti-EV activities independent of cytotoxicity. Our findings indicated that sertraline targeted viral entry possibly through neutralizing low-pH intracellular compartments and interfering with the endo-lysosomal entry process. To our best knowledge, this is the first study that addresses sertraline as an effective EV entry blocker and its associated mechanism-of-action.




2. Materials and Methods


2.1. Cells and Viruses


Rhabdomyosarcoma (RD) (ATCC, CCL-136), HeLa (ATCC, CCL-2), and HeLa-G2AwtR cells [14] were cultured in minimum essential medium (MEM) (Gibco-BRL Inc.) supplemented with 10% fetal bovine serum (FBS). EV stocks including EV71 (strain BrCr), coxsackievirus A16 (CVA16), CVB1 CVB2, echovirus serotype 9 (Echo9), and Echo30 [18] were propagated in RD cell culture with MEM-2, and titrated on a RD cell monolayer by using a plaque assay [19].




2.2. Chemicals and Drug Library


Sertraline (79559-97-0), fluvoxamine (61718-82-9), paroxetine (110429-35-1), chlorpromazine (69-09-0), chloroquine (50-63-5) and ribavirin (36791-040-5) were purchased from Merck Inc. (Kenilworth, NJ, USA). A total of 774 compounds listed in the FDA (v.2.0) Approved Drug Library (BML-2843-0100) were purchase from Enzo Life Sciences Inc. (Farmingdale, NY, USA) and provided by Dr. Yeou-Guang Tsay (Supplementary Table S1). All the drugs were dissolved in dimethyl sulfoxide (DMSO), and the final concentration of DMSO in the culture medium did not exceed 0.05%, a concentration tolerated by all cell lines tested. All drug-free control contained 0.05% DMSO.




2.3. Drug Screening Format


We used the screening protocol reported in a previous study [15] with some modifications. Briefly, HeLa-G2AwtR cells in black 96-well dishes (SPL Life Sciences, Pocheon, Korea) were pretreated with drugs from the library at a concentration of 5 μM for 1 h, and the original medium was replaced with a medium containing EV71 stock at a multiplicity of infection (MOI) of 1 and the corresponding test drugs at 5 μM for 12 h. Drug-free, infected cells and drug-free, mock-infected cells, each in triplicate in a dish, were used as the infected control and uninfected control, respectively. Ribavirin, a known EV replication inhibitor [20], served as the positive control. The fluorescence intensities of the treated HeLa-G2AwtR cells were measured using a fluorometer (Fluoroskan Ascent type 374; Labsystems, Vantaa, Finland) with an excitation wavelength of 390 nm. The emission wavelengths for the fluorophore donor (green fluorescent protein 2, GFP2) and acceptor (red fluorescent protein, DsRed2) were 510 and 590 nm, respectively. The averages of FRET ratios for the infected HeLa-G2AwtR and mock-infected cells were arbitrarily set as 0% and 100% inhibition rates, respectively. We arbitrarily classified a test drug as a hit when the FRET ratio increased by >50% in the window between the infected and uninfected controls.




2.4. Cell Viability Assay


The drug concentrations tested were 0.1, 0.3, 1, 3, and 10 μM. Cell viability was determined after a 12 h treatment using the CellTiter 96 AQueous Cell Proliferation Assay (Promega, Madison, WI, USA) as previously described [18]. The 50% cytotoxicity concentration (CC50) was calculated using GraphPad Prism5 (GraphPad Software, San Diego, CA, USA).




2.5. Immunofluorescence Assay


RD cells grown in 24-well dishes were fixed with 4% paraformaldehyde and penetrated using 0.2% Triton X-100. The following antibodies (Abs) were used to probe EV serotypes: mouse anti-EV71 Ab (1:1000; MAB979, Merck Inc., Kenilworth, NJ, USA) for EV71 and CVA16; mouse anti-coxsackie virus B blend Ab (1:1000; MAB9410, Merck Inc., Kenilworth, NJ, USA) for CVB1 and CVB2; and mouse anti-echovirus blend Ab (1:1000; MAB9670, Merck Inc., Kenilworth, NJ, USA) for Echo9 and Echo30. A fluorescein isothiocyanate (FITC)–conjugated goat antimouse Ab (1:100; Jackson) was used as a secondary Ab. The nuclei were counterstained with 4′, 6-diamidino-2-phenylindole (DAPI; 0.1 µg/mL; Merck Inc., Kenilworth, NJ, USA). The cells were viewed under a fluorescent microscope (Leica DM6000B) equipped with both FITC and UV filters. EV antigen–positive cells and DAPI-positive cells from each field (at least four fields from each experiments) were counted and analyzed using the associated MetaMorph software (Nashville, TN, USA).




2.6. Western Blot


A Western blot analysis was conducted following the procedure used in a previous study [18]. The abs used to probe EV71 antigen were a mouse anti-EV71 Ab (1:1000; MAB979, Merck Inc., Kenilworth, NJ, USA) as a primary Ab and a horseradish peroxidase (HRP)-conjugated goat anti-mouse polyclonal Ab (1:1000, sc-2060, Santa Cruz Biotechnology, Santa Cruz, CA, USA) as a secondary Ab. The α tubulin was a loading control probed by a rabbit anti-α tubulin primary Ab (1:1000, GTX112141, Gene Tex) and a goat anti-rabbit HRP-conjugated secondary Ab (1:3000, sc-2004, Santa Cruz Biotechnology, Santa Cruz, CA, USA). Proteins were detected using an enhanced chemiluminescence (ECL) Western blot kit (Perkin Elmer Inc., Norwalk, CT, USA).




2.7. RNA Extraction and RT-qPCR


RNA preparation and RT-qPCR followed the protocol previously described [18]. The total cellular and viral RNA was extracted using a TRIzol reagent (ThermoFisher Inc., Carlsbad, CA, USA). The reverse transcription (RT) reaction and real-time PCR were performed using an AMV Reverse Transcriptase XL (Takara, Kusatsu, Japan) and the FastStart Universal SYBR Green Master kit (Roche Applied Science, Penzberg, Germany), respectively, according to the manufacturer’s instructions. PCR primer pairs for the VP1 region of the EV71 (BrCr strain) genome were: forward primer: 5′-AGTATGATTGAGACTCGGTG-3′ and reverse primer 5′-GCGACAAAAGTGAACTCTGC-3′ [21]. PCR primers used for the human β-actin were: forward primer: 5′-AGCCTCGCCTTTGCCGA-3′ and reverse primer 5′-CTGGTGCCTGGGGCG-3′ [22]. Relative viral RNA level (%) was calculated using the viral cDNA level normalized against that of the human β-actin, and compared with that of the DMSO control, as described previously [22].




2.8. The Binding and Internalization Assay


For the binding assay, RD cells pretreated with were pre-chilled at 0 °C for 10 min. Culture medium was removed and cells were inoculated with EV71 stock at 5 MOI in the presence of sertraline at 5-, 10-μM or left untreated at 0 °C for 1 h. Unbound virions were removed by washing three times with ice-cold PBS. For the internalization assay, unbound virus was removed after binding and replaced with pre-warm medium containing respective concentrations of sertraline, and incubated at 37 °C for 1 h. Cells were trypsinized (0.25% trypsin, Gibco Inc., Brooklyn, NY, USA) at 37 °C for 3 min to remove surface-bound viruses.




2.9. Lysotracker-Flow Cytometry


This experiment followed the previous studies [23,24] with some modifications. RD cells were pretreated with indicated drugs at 5 and 10 μM for 2 h at 37 °C and replaced with LysoTracker DND-99 (150 nM, cat. no. L7528, ThermoFisher Inc., Carlsbad, CA USA) containing the same concentration of drug at 37 °C for 1 h. Subsequently, the cells were washed in phosphate-buffered saline (PBS) for three times, trypsinized, centrifuged, and resuspended in 500 μL of sorting buffer and 500 μL of 4% paraformaldehyde according to the manufacturer’s instructions. The resuspended cells were shaken for 30 min, and their fluorescence was measured using a Beckman Coulter CytoFLEX S at an excitation/emission wavelength of 561/585 ± 42 nm, and data were analyzed using CytExpert software.




2.10. The Low-pH Exposure Assay


We used a protocol reported in a previous study [25] with some modifications. The cells were pretreated with a medium containing 10 μM sertraline for 1 h at 37 °C. Following pretreatment, the cells were infected with EV71 at an MOI of 0.1 in the presence of 10 μM sertraline at 0 °C. The inoculum was removed, and unbound virus was washed away with ice-cold PBS. The cells were incubated for 1 h at 37 °C in the presence of sertraline. The supernatant was removed, and media with different pH levels (7.4, 6.5, 5.5, and 5.0) containing 10 μM sertraline were added for 10 min. The media were removed, and cells were incubated in medium (pH 7.4) containing 10 μM sertraline at 37 °C for 6 h and 12 h for measurement of relative levels of the viral protein and the viral titer, respectively.





3. Results


3.1. Drug Screening


To screen the anti-EV71 drugs, we used the HeLa-G2AwtR biosensor cells that exhibit reduced FRETs in response to viral multiplication. This was achieved by the stable expression of a recombinant substrate composed of the green fluorescent protein 2 (GFP2) and the red fluorescent protein (DsRed2) linked by a viral 2Apro cleavage motif. FRET from the biosensor cells was pronounced owing to the close proximity of the FRET pair until EV71 infection that disrupted the recombinant substrate through the substrate cleavage by the viral 2Apro [15] (Figure 1A). A library consisting of 774 FDA-approved drugs was used for a repurposing screen (Supplementary Table S1). The HeLa-G2AwtR cells were incubated with each test drug at a concentration of 5 μM prior to viral inoculation, and the compounds remained in the medium throughout the duration of the infection for 12 h, a period for an infectious cycle of EV71. The FRET ratio of each well was calculated by measuring emission fluorescence from the acceptor molecule divided by that from the donor molecule (Figure 1B). The Z’-factor that reflects statistical stability was calculated; Z’-factors monitored in each screening plate were in the range of 0.54 to 0.63, indicating a robust assay performance. This primary screen captured 24 hits that caused a >50% inhibition rate (Figure 1C). Among them, idarubicin, doxorubicin, daunorubicin, epirubicin, mitoxantrone and gemcitabine are known inhibitors of EV replication [15,18,20,26], thus, they served as internal controls for the sensitivity of the screen. The primary hits were used for secondary screening based on <20% cell cytotoxicity at 10 μM and dose-dependent inhibition. Fingolimod, hexachlorophene, mefloquine, nibivolol and sertraline scored as novel hits from the secondary screen; their approved indications and mode-of-action have been reported [16,17,27,28,29,30] (Table 1).




3.2. The Antiviral Potency and Spectrum


Next, the anti-EV71 potency of the five compounds was examined using an immunofluorescence assay (IFA). In the IFA, we used the indicated concentrations of the compounds in both the RD and HeLa cells. For all cases, dose–response inhibition was observed, and the 50% inhibition concentration (IC50) was calculated for each drug. In addition, a cell viability assay was performed to examine the 50% cytotoxicity concentration (CC50) of each drug, and the selectivity index (SI = CC50/IC50) for each drug was obtained (Table 1 and Figure 2). These data indicated that these five drugs exerted antiviral effects with IC50s, ranging from 1.92 to 4.74 μM and from 1.67 to 4.17 μM in the RD and HeLa cells, respectively, and that their effects were independent of cytotoxicity.



Sertraline (Supplementary Figure S1) was chosen for further characterization because this drug exhibited the strongest inhibition with relatively high selectivity indexes (Sis~20). We examined the antiviral spectrum of sertraline against a panel of representative EV serotypes, namely CVA16, CVB1, CVB2, Echo9, and Echo30. In all the species, sertraline exerted antiviral effects albeit to various extents, with IC50 values ranging from 1.87 to 4.14 μM and from 1.50 to 4.60 μM in the RD and HeLa cells, respectively (Figure 3).




3.3. Sertraline Targeted the Viral Entry


The antidepressant sertraline is a selective serotonin reuptake inhibitor (SSRI) and is unrelated to any of the clinically used antivirals. Mechanically, this class of drug acts by increasing the local concentration of serotonin at synapses and in extracellular spaces by targeting the serotonin transporter (SERT), thus blocking serotonin transport back to presynaptic neurons [16,17]. To determine whether the antiviral activity of sertraline is associated with the approved indications, we first used the Human Protein Atlas data set to determine the gene expression levels of SERTs in RD and HeLa cells. Although SERTs are abundantly expressed in brain tissues, they are minimally expressed in RD cells (striated muscle cells) and HeLa cells (Supplementary Section S2). These findings indicated that the antiviral activity of sertraline might not be associated with its selective serotonin reuptake inhibition activity.



To identify the stage of viral infection inhibited by sertraline, we performed a time-of-addition experiment in a single infectious cycle for 12 h. We added 10 μM of sertraline to RD cells at the following times: (a) 1 h before and during the 1 h virus adsorption step and maintained throughout the 12 h infection period, (b) 1 h before and during the 1 h virus adsorption step and for an additional 2 h and then removed (entry step), or (c) 2 h after the adsorption step and maintained for the remaining 10 h of infection (post-entry). Chlorpromazine (CPZ), a cationic amphiphilic reagent that blocks the assembly of the clathrin adaptor protein AP2, is known to inhibit entry of EV71 in RD cells through clathrin-dependent endocytosis [8,10]; thus, it was used as a control as entry inhibitor. Ribavirin is a nucleoside analog that targets EV71 genome replication so it served as a control for the post-entry step [20]. For each condition, the relative levels of viral RNA were analyzed through quantitative reverse transcription polymerase chain reaction (RT-qPCR; Figure 4A). We showed that treatment of sertraline resulted in a profound reduction in viral RNA levels at the entry step with a negligible effect on the post-entry step.



To determine the precise point at which EV71 viral entry was affected by sertraline, we investigated the effects of sertraline on virus binding and internalization. For the virus-binding assay, the cells were incubated with the virus at 0 °C for 1 h with or without sertraline. For the virus internalization assay, the temperature was increased to 37 °C for 1 h (after virus binding) to allow for the internalization of bound virus particles, followed by trypsinization to remove uninternalized surface virus particles [31,32]. For each condition, viral RNA levels were measured through RT-qPCR. An undetectable difference was observed between the drug-treated group and drug-free control, indicating that neither virus binding nor virus internalization was targeted by sertraline (Figure 4B).




3.4. Sertraline Neutralized the pH-Dependent Virus Entry


Next, we investigated endosomal trafficking, a step following the viral internalization step at the viral entry stage. Sertraline shows a structural and physicochemical property characteristic of lysomotropic cationic amphiphilic drugs (CADs) (Supplementary Figure S1). CADs contain a hydrophobic aromatic ring and segregated hydrophilic segments with an ionizable amine functional group. Owing to their amphiphilic nature, CADs tend to permeate the membrane, and they undergo protonation and are trapped inside acidic intracellular compartments such as late endosomes and lysosomes. This process can result in alkalization and the consequent physiological impairment of the endolysosomal pathway crucial for EV entry [33,34,35]. We examined whether sertraline treatment caused the alkalization of acidic cellular compartments labeled by the LysoTracker dye that emits red fluorescence only when the dye has entered an acidic milieu such as endolysosomes [23,34]. Two other known SSRIs, fluvoxamine and paroxetine, were used for comparison (Supplementary Figure S1) [16]. Two CADs, chlorpromazine and chloroquine, were included because chlorpromazine can target CME and chloroquine is a known inhibitor of endosomal acidification; both the drugs inhibit EVs independent of the SSRI activity [8,36]. The results of flow cytometry analysis revealed that among the three tested SSRIs, sertraline exerted the strongest alkalization effect, followed by paroxetine and fluvoxamine, according to the curve-shifting profile (Figure 5A). Next, these drugs were used to examine antiviral activity against EV71 infections. Sertraline displayed the strongest inhibitory effect, followed by paroxetine, whereas fluvoxamine exhibited the weakest antiviral activity (Figure 5B). These data indicated that the ability of endosomal alkalization is positively correlated with antiviral activity, which is likely independent of SSRI activity.



As sertraline raised the pH level in the acidic intracellular compartments, we posited that the antiviral effect of sertraline could result from the blockade of endosomal acidification. For this, we exposed RD and HeLa cells to low extracellular pH values after virus binding. The cells were pretreated with 10 μM sertraline and then inoculated with EV71 stock at 1 MOI in the presence of 10 μM sertraline on ice. At 1 h post-infection, the inoculum was removed and unbound viruses were washed off. The viruses were allowed to enter into the cells by incubating them in the presence of 10 μM sertraline at 37 °C for 1 h. Subsequently, the cells were incubated for 10 min in media at different pH values (7.4, 6.5, 5.5, and 5.0) containing 10 μM sertraline. The cells were incubated for another 6 h or 12 h in sertraline-containing medium (pH 7.4). The cell lysates were prepared for the Western blot analysis of the levels of viral protein at 6 h p.i. (Figure 6A,B). We found that viral replication at the levels of viral protein could be markedly rescued by the low-pH shocks (pH 5.5 and 5) in a pH-dependent manner in both distinct cell types. In addition, the supernatants were collected for the titration of the viral yields at 12 h p.i. (Figure 6C,D). The viral titers were reduced to 2.9% and 3.9% for the RD and HeLa cells, respectively, relative to the DMSO-pH 7.4 controls upon the treatment of 10 μM sertraline (pH 7.4). The alleviation of sertraline blockade was even more pronounced in that the exposure of pH 5.5 and 5 media resulted in 5.7 and 16 times more viral titers, respectively, than that of the sertraline-treated pH 7.4 control in RD cells. A similar trend was found with 4 and 13.4 times more viral titers after the pH 5.5 and 5 medium exposure, respectively, than that of the sertraline-treated pH 7.4 control in HeLa cells (Figure 6D). In marked contrast, exposure of the cells to media at pH 6.5 did not result in significant recovery of viral replication at the levels of viral protein and viral yield, consistent with the notion that the early endosomes (at pH 6.0–6.5) play a minor role in the viral entry [8]. This result agrees with our previous finding that sertraline treatment caused the alkalization of the cellular acid compartment (Figure 5A). Attempts to optimize the exposure time to extracellular acid media revealed that a longer exposure time (≥20 min) was cytotoxic, whereas a shorter exposure time (5 min) resulted in lesser efficiency in alleviation of the inhibitory effect by sertraline (data not shown). Together, the results indicated that sertraline likely targeted a low pH-dependent step of the viral entry process.





4. Discussion


In this study, we searched for new candidate drugs against EV71 infections by screening a repurposing library of 774 drugs using a FRET-based biosensor. Among the five hits, sertraline exerted the most potent antiviral activity with the highest SI value. The antiviral activity of sertraline is not likely associated with its mode of action as an SSRI for approved indications because (A) the sertraline transporter targeted by SSRIs is not expressed in the RD and HeLa cells employed in this study and (B) two other SSRIs we tested, paroxetine and fluvoxamine, exhibited much weaker antiviral activities. A serial mechanistic study showed that sertraline exerted the antiviral effect likely at the entry stage (Figure 4A), with the exclusion of the virus binding and internalization steps (Figure 4B). In addition, we observed that sertraline exhibited the lysomotropic feature that alkalizes cellular compartments, and compared with paroxetine and fluvoxamine, sertraline’s lysomotropism exhibits a stronger association with its antiviral activity. Moreover, the exposure of cells to the extracellular acidic medium markedly reversed the blockade of sertraline action in a pH-dependent manner in different cell types infected by EV71. Together, these data indicated the involvement of a mechanism through which sertraline neutralizes the pH level of the endolysosomal route, which is crucial for the entry of EVs.



Prior to this study, the antiviral activity of sertraline was reported on only against a few viral groups including filoviruses and coronaviruses [37,38]. Sertraline acts as a functional inhibitor of acid sphingomyelinase (ASM) that impairs the enzymatic activity of low-pH-dependent, lysosomal ASM [39,40]. In addition, ASM and its product ceramide play a crucial role in the entry of both filoviruses and coronaviruses [39,41,42]. It is therefore speculated that sertraline might intervene with the entry of both filoviruses and coronaviruses, at least partly, through the inactivation of ASM owing to its effect on the alkalization of the acid lysosomal milieu presented in this study. Moreover, the molecular modeling performed using the thermal shift assay indicated that sertraline directly binds with the envelope glycoprotein (GP) of Ebolavirus to destabilize GP conformation, thereby blocking the fusion between viral and endosomal membranes [43]. In addition, the main EV71 receptor scavenger receptor class B, member 2 (SCARB2) mediates viral attachment and uncoating. The SCARB2 is localized in the endolysosomal compartments and shuttles to the plasma membrane. Likewise, sertraline might target the SCARB2 in the acidic milieu along the endolysosomal pathway [7,11]. To the best of our knowledge, this is the first study to report that sertraline effectively blocks the entry of nonenveloped viruses, such as EVs, by acting through its lysomotropic feature. Whether lysosomal-resident proteins, such as ASM and SCARB2, are targets of sertraline merit further investigation.



Sertraline displays the physicochemical features of a lysosomotropic CAD that readily allows for the transmigration of membranes. Upon reaching acidic compartments such as late endosomes and lysosomes, the basic amine groups of sertraline undergo protonation, thus resulting in the lysosomal trapping of compounds and their subsequent accumulation in acidified compartments. Criteria for drugs with high possibility of lysosomotropic effects include lipophilicity, the protonation ability, and the tendency to accumulate in cells and induce phospholipidosis [34]. Therefore, SSRIs such as paroxetine and fluvoxamine used in this study exerted a lower lysosomotropic effect than did sertraline, at least partly owing to the variations in the factors above. While well-known lysosomotropic agents such as chloroquine exerted its inhibitory effect comparable that of sertraline (Figure 5B), other known lysosomotropic agent such as NH4Cl had much weaker antiviral effect in the range of several mM milimolar levels [8,11]. Moreover, in a previous study, the three SSRIs were tested on a mouse model for the pharmacological effects on attenuation of obsessive compulsive disorder behavior [44]. The drug potencies were in the order of paroxetine > sertraline > fluvoxamine, which is different from their lysomotropic effects presented in this study. The data further supported that the antiviral activity of sertraline is likely independent of its SSRI activity.



Sertraline is an FDA-approved drug with a long clinical history of use with approval for major depression and obsessive compulsive disorder. Drug repurposing of an approved drug can significantly reduce the time and resources required to advance a candidate drug into animal studies and clinical setting, because its safety and pharmacokinetic profiles have already been extensively evaluated. The reported maximum concentration of sertraline in human plasma is approximately 200 ng/mL (~654 nM) [45], which is lower than the in vitro IC50s we observed (Table 1 and Figure 2). Nevertheless, sertraline can concentrate in some organs including the brain, which is targeted by EV71 [2] by as much as 7.38 to 22-fold on average [46,47]; therefore, therapeutic concentrations may be achieved in some tissues. Moreover, EV71 acute infection would presumably require a shorter drug course than chronic treatment for depression-related disorders, thereby reducing drug loading. Another consideration is drug combination with sertraline as a component and other approved drugs to test for synergism, which may reduce the dosage and improve therapeutic selectivity [48,49].



The early stages of the virus lifecycle are ideal targets for preventing viral infection because, by this point, the virus has not yet multiplied. Our study suggested that the alkalization of acidic compartments in host cells is an effective strategy for reducing viral infection and that the lysosome is a viable target organelle for antiviral drug discovery. The pH-dependent, endolysosomal route is a common pathway shared by many viruses of distinct groups; therefore, the antiviral spectrum of sertraline merits further investigation. On the other hand, less-pH dependent EVs and viruses of other groups have been reported [50]. Underlying mechanisms other than acid milieu in the endolysosomal route have been proposed. These involve ionic conditions in the endolysosomes regulated by lysosomal ion channels such as the Ca2+ selective two-pore channels (TPCs) and transient receptor potential mucolipins (TRPMLs) [51]. The TPCs have been implicated in the viral entry of filoviruses and coronaviruses whereas the TRPMLs have been reported to promote the infectivity of influenza virus and Zika virus, both types of ion channels act through increased endosomal trafficking [52,53,54]. Whether the TPCs and TRPMLs mediate endosomal entry of EVs warrants investigation. Moreover, sertraline, as a host-directed antiviral agent, presents a higher bar to the development of drug resistance.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/v14010109/s1, Table S1: a list of the BML-2843-0100 drug library; Figure S1: Chemical structures of sertraline, fluvoxamine and paroxetine in Supplementary Section S1; Supplementary Website: The expression profiles of the serotonin transporter encoded by the SLC6A4 gene in various tissues and cell lines, in Supplementary Section S2.





Author Contributions


Conceptualization, S.-H.K., P.L. and C.-W.L.; methodology, S.-H.K. and C.-W.L.; K.-C.T. and B.-Y.H. conducted the experiments; data analysis, B.-Y.H. and W.-W.L.; writing—original draft preparation, K.-C.T.; writing—review and editing, S.-H.K. and P.L.; supervision, S.-H.K.; funding acquisition, S.-H.K. and W.-W.L. All authors have read and agreed to the published version of the manuscript.




Funding


This study was supported in part by Cheng Hsin General Hospital (Grant 109-31), and the Ministry of Science and Technology, Taiwan, ROC (Grant-MOST 108-2320-B-010-036).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


We thank Yeou-Guang Tsay for providing the drug library.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Solomon, T.; Lewthwaite, P.; Perera, D.; Cardosa, M.J.; McMinn, P.; Ooi, M.H. Virology, epidemiology, pathogenesis, and control of enterovirus 71. Lancet Infect. Dis. 2010, 10, 778–790. [Google Scholar] [CrossRef]

	



Rhoades, R.E.; Tabor-Godwin, J.M.; Tsueng, G.; Feuer, R. Enterovirus infections of the central nervous system. Virology 2011, 411, 288–305. [Google Scholar] [CrossRef] [PubMed]

	



Liu, S.-L.; Pan, H.; Liu, P.; Amer, S.; Chan, T.-C.; Zhan, J.; Huo, X.; Liu, Y.; Teng, Z.; Wang, L.; et al. Comparative epidemiology and virology of fatal and nonfatal cases of hand, foot and mouth disease in mainland China from 2008 to 2014. Rev. Med. Virol. 2015, 25, 115–128. [Google Scholar] [CrossRef]

	



Baggen, J.; Thibaut, H.J.; Strating, J.; Van Kuppeveld, F.J.M. The life cycle of non-polio enteroviruses and how to target it. Nat. Rev. Genet. 2018, 16, 368–381. [Google Scholar] [CrossRef]

	



Bauer, L.; Lyoo, H.; van der Schaar, H.M.; Strating, J.; van Kuppeveld, F.J. Direct-acting antivirals and host-targeting strategies to combat enterovirus infections. Curr. Opin. Virol. 2017, 24, 1–8. [Google Scholar] [CrossRef] [PubMed]

	



Lin, J.-Y.; Shih, S.-R. Cell and tissue tropism of enterovirus 71 and other enteroviruses infections. J. Biomed. Sci. 2014, 21, 18. [Google Scholar] [CrossRef]

	



Yamayoshi, S.; Iizuka, S.; Yamashita, T.; Minagawa, H.; Mizuta, K.; Okamoto, M.; Nishimura, H.; Sanjoh, K.; Katsushima, N.; Itagaki, T.; et al. Human SCARB2-Dependent Infection by Coxsackievirus A7, A14, and A16 and Enterovirus 71. J. Virol. 2012, 86, 5686–5696. [Google Scholar] [CrossRef] [PubMed]

	



Hussain, K.M.; Leong, K.L.J.; Ng, M.M.-L.; Chu, J.J.H. The Essential Role of Clathrin-mediated Endocytosis in the Infectious Entry of Human Enterovirus 71. J. Biol. Chem. 2011, 286, 309–321. [Google Scholar] [CrossRef]

	



Chen, S.-L.; Liu, Y.-G.; Zhou, Y.-T.; Zhao, P.; Ren, H.; Xiao, M.; Zhu, Y.-Z.; Qi, Z.-T. Endophilin-A2-mediated endocytic pathway is critical for enterovirus 71 entry into caco-2 cells. Emerg. Microbes Infect. 2019, 8, 773–786. [Google Scholar] [CrossRef]

	



Lin, H.-Y.; Yang, Y.-T.; Yu, S.-L.; Hsiao, K.-N.; Liu, C.-C.; Sia, C.; Chow, Y.-H. Caveolar Endocytosis Is Required for Human PSGL-1-Mediated Enterovirus 71 Infection. J. Virol. 2013, 87, 9064–9076. [Google Scholar] [CrossRef]

	



Lin, Y.-W.; Lin, H.-Y.; Tsou, Y.-L.; Chitra, E.; Hsiao, K.-N.; Shao, H.-Y.; Liu, C.-C.; Sia, C.; Chong, P.; Chow, Y.-H. Human SCARB2-Mediated Entry and Endocytosis of EV71. PLoS ONE 2012, 7, e30507. [Google Scholar] [CrossRef]

	



Yuan, M.; Yan, J.; Xun, J.; Chen, C.; Zhang, Y.; Wang, M.; Chu, W.; Song, Z.; Hu, Y.; Zhang, S.; et al. Enhanced human enterovirus 71 infection by endocytosis inhibitors reveals multiple entry pathways by enterovirus causing hand-foot-and-mouth diseases. Virol. J. 2018, 15, 1–13. [Google Scholar] [CrossRef]

	



Van der Linden, L.; Wolthers, K.C.; van Kuppeveld, F.J. Replication and Inhibitors of Enteroviruses and Parechoviruses. Viruses 2015, 7, 4529–4562. [Google Scholar] [CrossRef] [PubMed]

	



Hsu, Y.-Y.; Liu, Y.-N.; Wang, W.; Kao, F.-J.; Kung, S.-H. In vivo dynamics of enterovirus protease revealed by fluorescence resonance emission transfer (FRET) based on a novel FRET pair. Biochem. Biophys. Res. Commun. 2007, 353, 939–945. [Google Scholar] [CrossRef]

	



Lu, W.-W.; Kung, F.-Y.; Deng, P.-A.; Lin, Y.-C.; Lin, C.-W.; Kung, S.-H. Development of a fluorescence resonance energy transfer–based intracellular assay to identify novel enterovirus 71 antivirals. Arch. Virol. 2016, 162, 713–720. [Google Scholar] [CrossRef]

	



Cipriani, A.; Furukawa, T.A.; Salanti, G.; Chaimani, A.; Atkinson, L.Z.; Ogawa, Y.; Leucht, S.; Ruhe, H.G.; Turner, E.H.; Higgins, J.P.T.; et al. Comparative efficacy and acceptability of 21 antidepressant drugs for the acute treatment of adults with major depressive disorder: A systematic review and network meta-analysis. Lancet 2018, 391, 1357–1366. [Google Scholar] [CrossRef]

	



Coleman, J.A.; Gouaux, E. Structural basis for recognition of diverse antidepressants by the human serotonin transporter. Nat. Struct. Mol. Biol. 2018, 25, 170–175. [Google Scholar] [CrossRef]

	



Hou, H.-Y.; Lu, W.-W.; Wu, K.-Y.; Lin, C.-W.; Kung, S.-H. Idarubicin is a broad-spectrum enterovirus replication inhibitor that selectively targets the virus internal ribosomal entry site. J. Gen. Virol. 2016, 97, 1122–1133. [Google Scholar] [CrossRef] [PubMed]

	



Tsai, M.-T.; Cheng, Y.-H.; Liu, Y.-N.; Liao, N.-C.; Lu, W.-W.; Kung, S.-H. Real-Time Monitoring of Human Enterovirus (HEV)-Infected Cells and Anti-HEV 3C Protease Potency by Fluorescence Resonance Energy Transfer. Antimicrob. Agents Chemother. 2009, 53, 748–755. [Google Scholar] [CrossRef]

	



Kang, H.; Kim, C.; Kim, D.-E.; Song, J.-H.; Choi, M.; Choi, K.; Kang, M.; Lee, K.; Kim, H.S.; Shin, J.S.; et al. Synergistic antiviral activity of gemcitabine and ribavirin against enteroviruses. Antivir. Res. 2015, 124, 1–10. [Google Scholar] [CrossRef] [PubMed]

	



Lu, W.-W.; Hsu, Y.-Y.; Yang, J.-Y.; Kung, S.-H. Selective inhibition of enterovirus 71 replication by short hairpin RNAs. Biochem. Biophys. Res. Commun. 2004, 325, 494–499. [Google Scholar] [CrossRef] [PubMed]

	



Rujkijyanont, P.; Adams, S.-L.; Beyene, J.; Dror, Y. Bone marrow cells from patients with Shwachman-Diamond syndrome abnormally express genes involved in ribosome biogenesis and RNA processing. Br. J. Haematol. 2009, 145, 806–815. [Google Scholar] [CrossRef] [PubMed]

	



Nadanaciva, S.; Lu, S.; Gebhard, D.F.; Jessen, B.A.; Pennie, W.D.; Will, Y. A high content screening assay for identifying lysosomotropic compounds. Toxicol. Vitr. 2011, 25, 715–723. [Google Scholar] [CrossRef] [PubMed]

	



Wu, S.; Huang, L.; Shen, R.; Bernard-Cacciarella, M.; Zhou, P.; Hu, C.; Di Benedetto, M.; Janin, A.; Bousquet, G.; Li, H.; et al. Drug resistance-related sunitinib sequestration in autophagolysosomes of endothelial cells. Int. J. Oncol. 2019, 56, 113–122. [Google Scholar] [CrossRef]

	



Madshus, I.H.; Olsnes, S.; Sandvig, K. Mechanism of entry into the cytosol of poliovirus type 1: Requirement for low pH. J. Cell Biol. 1984, 98, 1194–1200. [Google Scholar] [CrossRef] [PubMed]

	



Patel, D.; Patel, A.; Nolan, W.C.; Zhang, Y.; Holtzman, M.J. High Throughput Screening for Small Molecule Enhancers of the Interferon Signaling Pathway to Drive Next-Generation Antiviral Drug Discovery. PLoS ONE 2012, 7, e36594. [Google Scholar] [CrossRef]

	



Chun, J.; Kihara, Y.; Jonnalagadda, D.; Blaho, V.A. Fingolimod: Lessons Learned and New Opportunities for Treating Multiple Sclerosis and Other Disorders. Annu. Rev. Pharmacol. Toxicol. 2019, 59, 149–170. [Google Scholar] [CrossRef]

	



Olawi, N.; Krüger, M.; Grimm, D.; Infanger, M.; Wehland, M. Nebivolol in the treatment of arterial hypertension. Basic Clin. Pharmacol. Toxicol. 2019, 125, 189–201. [Google Scholar] [CrossRef] [PubMed]

	



Rubio, P.A. Septisol antiseptic foam: A sensible alternative to the conventional surgical scrub. Int. Surg. 1987, 72, 243–246. [Google Scholar] [CrossRef]

	



Wong, W.; Bai, X.-C.; Sleebs, B.E.; Triglia, T.; Brown, A.; Thompson, J.K.; Jackson, K.E.; Hanssen, E.; Marapana, D.S.; Fernandez, I.S.; et al. Mefloquine targets the Plasmodium falciparum 80S ribosome to inhibit protein synthesis. Nat. Microbiol. 2017, 2, 1–9. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, H.; Leung, C.; Tahan, S.; Wang, D. Entry by multiple picornaviruses is dependent on a pathway that includes TNK2, WASL, and NCK1. eLife 2019, 8, e50276. [Google Scholar] [CrossRef]

	



Xu, F.; Zhao, X.; Hu, S.; Li, J.; Yin, L.; Mei, S.; Liu, T.; Wang, Y.; Ren, L.; Cen, S.; et al. Amphotericin B Inhibits Enterovirus 71 Replication by Impeding Viral Entry. Sci. Rep. 2016, 6, 33150. [Google Scholar] [CrossRef]

	



Kazmi, F.; Hensley, T.; Pope, C.; Funk, R.S.; Loewen, G.J.; Buckley, D.B.; Parkinson, A. Lysosomal Sequestration (Trapping) of Lipophilic Amine (Cationic Amphiphilic) Drugs in Immortalized Human Hepatocytes (Fa2N-4 Cells). Drug Metab. Dispos. 2013, 41, 897–905. [Google Scholar] [CrossRef] [PubMed]

	



Norinder, U.; Tuck, A.; Norgren, K.; Kos, V.M. Existing highly accumulating lysosomotropic drugs with potential for repurposing to target COVID-19. Biomed. Pharmacother. 2020, 130, 110582. [Google Scholar] [CrossRef]

	



Salata, C.; Calistri, A.; Parolin, C.; Baritussio, A.; Palù, G. Antiviral activity of cationic amphiphilic drugs. Expert Rev. Anti-infective Ther. 2017, 15, 483–492. [Google Scholar] [CrossRef]

	



Tan, Y.W.; Yam, W.K.; Sun, J.; Chu, J.J.H. An evaluation of Chloroquine as a broad-acting antiviral against Hand, Foot and Mouth Disease. Antivir. Res. 2018, 149, 143–149. [Google Scholar] [CrossRef]

	



Finch, C.; Dyall, J.; Xu, S.; Nelson, E.; Postnikova, E.; Liang, J.; Zhou, H.; DeWald, L.; Thomas, C.; Wang, A.; et al. Formulation, Stability, Pharmacokinetic, and Modeling Studies for Tests of Synergistic Combinations of Orally Available Approved Drugs against Ebola Virus In Vivo. Microorganisms 2021, 9, 566. [Google Scholar] [CrossRef]

	



Madrid, P.B.; Panchal, R.; Warren, T.K.; Shurtleff, A.C.; Endsley, A.N.; Green, C.E.; Kolokoltsov, A.; Davey, R.; Manger, I.D.; Gilfillan, L.; et al. Evaluation of Ebola Virus Inhibitors for Drug Repurposing. ACS Infect. Dis. 2015, 1, 317–326. [Google Scholar] [CrossRef]

	



Carpinteiro, A.; Edwards, M.J.; Hoffmann, M.; Kochs, G.; Gripp, B.; Weigang, S.; Adams, C.; Carpinteiro, E.; Gulbins, A.; Keitsch, S.; et al. Pharmacological Inhibition of Acid Sphingomyelinase Prevents Uptake of SARS-CoV-2 by Epithelial Cells. Cell Rep. Med. 2020, 1, 100142. [Google Scholar] [CrossRef]

	



Kornhuber, J.; Tripal, P.; Reichel, M.; Terfloth, L.; Bleich, S.; Wiltfang, J.; Gulbins, E. Identification of New Functional Inhibitors of Acid Sphingomyelinase Using a Structure−Property−Activity Relation Model. J. Med. Chem. 2008, 51, 219–237. [Google Scholar] [CrossRef]

	



Hoertel, N.; Sánchez-Rico, M.; Cougoule, C.; Gulbins, E.; Kornhuber, J.; Carpinteiro, A.; Becker, K.A.; Reiersen, A.M.; Lenze, E.J.; Seftel, D.; et al. Repurposing antidepressants inhibiting the sphingomyelinase acid/ceramide system against COVID-19: Current evidence and potential mechanisms. Mol. Psychiatry 2021, 1–2. [Google Scholar] [CrossRef]

	



Miller, M.E.; Adhikary, S.; Kolokoltsov, A.A.; Davey, R.A. Ebolavirus Requires Acid Sphingomyelinase Activity and Plasma Membrane Sphingomyelin for Infection. J. Virol. 2012, 86, 7473–7483. [Google Scholar] [CrossRef]

	



Ren, J.; Zhao, Y.; Fry, E.E.; Stuart, D.I. Target Identification and Mode of Action of Four Chemically Divergent Drugs against Ebolavirus Infection. J. Med. Chem. 2018, 61, 724–733. [Google Scholar] [CrossRef]

	



Hirano, K.; Kimura, R.; Sugimoto, Y.; Yamada, J.; Uchida, S.; Kato, Y.; Hashimoto, H.; Yamada, S. Relationship between brain serotonin transporter binding, plasma concentration and behavioural effect of selective serotonin reuptake inhibitors. Br. J. Pharmacol. 2005, 144, 695–702. [Google Scholar] [CrossRef]

	



Regenthal, R.; Krueger, M.; Koeppel, C.; Preiss, R. Drug Levels: Therapeutic and Toxic Serum/Plasma Concentrations of Common Drugs. Int. J. Clin. Monit. Comput. 1999, 15, 529–544. [Google Scholar] [CrossRef]

	



Lewis, R.J.; Angier, M.K.; Williamson, K.S.; Johnson, R.D. Analysis of Sertraline in Postmortem Fluids and Tissues in 11 Aviation Accident Victims. J. Anal. Toxicol. 2013, 37, 208–216. [Google Scholar] [CrossRef]

	



Nedahl, M.; Johansen, S.S.; Linnet, K. Reference Brain/Blood Concentrations of Citalopram, Duloxetine, Mirtazapine and Sertraline. J. Anal. Toxicol. 2017, 42, 149–156. [Google Scholar] [CrossRef] [PubMed]

	



Mercorelli, B.; Palù, G.; Loregian, A. Drug Repurposing for Viral Infectious Diseases: How Far Are We? Trends Microbiol. 2018, 26, 865–876. [Google Scholar] [CrossRef] [PubMed]

	



Sun, W.; Sanderson, P.E.; Zheng, W. Drug combination therapy increases successful drug repositioning. Drug Discov. Today 2016, 21, 1189–1195. [Google Scholar] [CrossRef]

	



Jurgeit, A.; McDowell, R.; Moese, S.; Meldrum, E.; Schwendener, R.; Greber, U.F. Niclosamide Is a Proton Carrier and Targets Acidic Endosomes with Broad Antiviral Effects. PLoS Pathog. 2012, 8, e1002976. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, Z.; Qin, P.; Huang, Y.W. Lysosomal ion channels involved in cellular entry and uncoating of enveloped viruses: Implications for therapeutic strategies against SARS-CoV-2. Cell Calcium 2021, 94, 102360. [Google Scholar] [CrossRef]

	



Sakurai, Y.; Kolokoltsov, A.A.; Chen, C.-C.; Tidwell, M.W.; Bauta, W.E.; Klugbauer, N.; Grimm, C.; Wahl-Schott, C.; Biel, M.; Davey, R.A. Two-pore channels control Ebola virus host cell entry and are drug targets for disease treatment. Science 2015, 347, 995–998. [Google Scholar] [CrossRef] [PubMed]

	



Rinkenberger, N.; Schoggins, J.W. Mucolipin-2 Cation Channel Increases Trafficking Efficiency of Endocytosed Viruses. mBio 2018, 9, e02314-17. [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]








[image: Viruses 14 00109 g001 550] 





Figure 1. Fluorescence resonance energy transfer (FRET)-based biosensor for the drug screening of EV71 inhibitors. (A) Diagram illustrating the principle of FRET-based drug screening by using HeLa-G2AwtR cells where the green fluorescence protein (GFP2)–red fluorescence protein (DsRed2) tandem fluorophores with the cleavage site (CS) of virus 2A protease in between is stably expressed. FRET occurs due to the close proximity of the fluorophore pair. FRET is reduced upon the viral protease cleavage in the context of EV71 replication, whereas FRET remains intact when viral replication is significantly blocked. (B) Flowchart of the FRET-based biosensor for drug screening with the BML-2843-0100 drug library. (C) Scatter plot of the inhibition rate resulted from the action of test drugs. A total of 24 drugs from the screen yielded an inhibition rate of >50%, as indicated. The average FRET ratios from EV71-infected HeLa-G2AwtR cells and mock-infected cells were arbitrarily set as 0% and 100% inhibition rates, respectively. 
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Figure 2. Dose–response relationships of novel anti-EV71 hits identified from the screen. (A) RD and (B) HeLa cells were pretreated for 1 h at increasing concentrations (0.1, 0.3, 1, 3, and 10 μM) of the indicated drugs and then infected with EV71 stocks at a multiplicity of infection (MOI) of 0.1, with test drugs maintained throughout the infection. At 12 post-infection (p.i.), the cells were analyzed using an immunofluorescence assay (IFA). For each condition, the percentage of infection was calculated as the ratio of the number of infected cells stained for viral VP1 to the number of cells stained with DAPI. Drug cytotoxicity was determined by treating HeLa or RD cells with increasing concentrations of the indicated drugs (1, 3, 10, 30, and 100 μM) for 12 h. Cell viability was measured using a cell proliferation assay and expressed as the percentage of drug-free cells. IC50 and CC50 values were calculated using GraphPad Prism5 software. The solid circle and empty circle represented the inhibition rate (%) and cell viability (%), respectively. The Selective Index (SI) value was calculated by value of CC50 divided by that of IC50. Data represented the means of triplicated experiments and the SEM. Drug-free wells contained 0.05% DMSO. 
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Figure 3. Antiviral activity of sertraline against five other EV serotypes. (A) RD and (B) HeLa cells were pretreated for 1 h at increasing concentrations (0.1, 0.3, 1, 3, and 10 μM) of sertraline and subsequently infected with CVA16, CVB1, CVB2, Echo9, and Echo30 stocks at an MOI of 0.1 for 12 h, with the corresponding concentration of sertraline maintained throughout the infection. The IFA was conducted using the aforementioned protocol. Primary antibodies (Abs) were the mouse anti-EV71 Ab for EV71 and CVA16, mouse anti-coxsackie virus B blend Ab for CVB1 and CVB2, and mouse anti-echovirus blend Ab for Echo9 and Echo30. The secondary Ab was the FITC-conjugated goat anti-mouse Ab. The inhibition rate (%) was measured as described in Figure 2. Triplicated experiments were conducted with the mean and the SEM shown. Drug-free wells contained 0.05% DMSO. 
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Figure 4. Timing of EV71 inhibition by sertraline. (A) Time-of-addition assay with the schematic representation. Each compound was added to RD cells at the indicated times relative to viral infection at an MOI of 0.1 at 37 °C, with the initiation (−1 h) and completion (0 h) of viral adsorption indicated. Solid and dashed lines indicate the periods with and without compound treatment, respectively. Whole: −2 to 12 h; entry: −2 to 2 h; post-entry: 2–12 h. Sertraline (SER), 10 μM; chlorpromazine (CPZ), 20 μM; ribavirin (RIB), 100 μM. (B) The binding and internalization assay with the schematics. EV71 at an MOI of 5 was allowed to bind to the cells on ice for 1 h in the presence of 5 or 10 μM of sertraline or without drug treatment. For the binding assay, unbound virus was extensively washed off. For the internalization assay, the cells were warmed to 37 °C for 1 h after incubation on ice, allowing viruses to enter cells. Cell surface–bound viruses were removed using trypsin. Quantitative reverse transcription polymerase chain reaction (RT-qPCR) was conducted using total RNA prepared from each condition in (A,B), and shown as relative levels to drug-free control containing 0.05% DMSO. These data were from three independent experiments. ** p < 0.01; *** p < 0.001. 
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Figure 5. The alkalizing effect of selective serotonin reuptake inhibitors tested was associated with the antiviral potency. (A) RD cells were treated with chloropromazine (CPZ), fluvoxamine (FLX), paroxetine (PAR), sertraline (SER), and chloroquine (CQ) at 5 and 10 μM for 2 h. The cells were labeled with 150 nM Lysotracker (LTR) for 1 h. Flow cytometry was performed using the indicated mean fluorescence intensity value. Histogram overlays of LTR-free control (in the top panel) and LTR-labeled cells in the absence or presence of indicated drugs are shown. (B) RD cells were pretreated with the indicated drugs at 5 or 10 μM for 1 h. Culture media were replaced with EV71 stock at an MOI of 1 and the corresponding drugs of the same concentrations for 1 h. Culture media were removed and replaced with media containing the corresponding drugs of the same concentrations for 6 h. Cell lysates were prepared and subjected to Western blot analysis using the mouse anti-EV71 VP1 antibody, using the antitubulin antibody as the internal control. The percentage shown below each lane represents the intensity of viral VP1 relative to that of tubulin. 
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Figure 6. Exposure of the cells to low pH alleviated the antiviral activity of sertraline. The low-pH exposure assay with the schematic representation. (A,C) RD and (B,D) HeLa cells were pretreated with 10 μM sertraline for 1 h. EV71 was used to inoculate the pretreated cells at an MOI of 1 in the presence of 10 μM sertraline on ice for 1 h. The supernatant containing unbound virus was removed, and the cells were incubated with medium containing 10 μM sertraline at 37 °C for 1 h. The cells were incubated with media with different pH values (7.4, 6.5, 5.5, and 5.0) that contained 10 μM sertraline for 10 min and then replaced with 10 μM sertraline-containing medium (pH 7.4). (A,B) At 6 h after the addition of the media with the different pH values, levels of viral VP1 protein and tubulin (the internal control) were measured by Western blot. The percentage shown below each lane represents the intensity of viral VP1 relative to that of tubulin. (C,D) At 12 h after the addition of the media with the different pH values, viral titers from the supernatants were titrated by plaque assay. Triplicated experiments were conducted (* p < 0.05; ** p < 0.01; *** p < 0.001). 






Figure 6. Exposure of the cells to low pH alleviated the antiviral activity of sertraline. The low-pH exposure assay with the schematic representation. (A,C) RD and (B,D) HeLa cells were pretreated with 10 μM sertraline for 1 h. EV71 was used to inoculate the pretreated cells at an MOI of 1 in the presence of 10 μM sertraline on ice for 1 h. The supernatant containing unbound virus was removed, and the cells were incubated with medium containing 10 μM sertraline at 37 °C for 1 h. The cells were incubated with media with different pH values (7.4, 6.5, 5.5, and 5.0) that contained 10 μM sertraline for 10 min and then replaced with 10 μM sertraline-containing medium (pH 7.4). (A,B) At 6 h after the addition of the media with the different pH values, levels of viral VP1 protein and tubulin (the internal control) were measured by Western blot. The percentage shown below each lane represents the intensity of viral VP1 relative to that of tubulin. (C,D) At 12 h after the addition of the media with the different pH values, viral titers from the supernatants were titrated by plaque assay. Triplicated experiments were conducted (* p < 0.05; ** p < 0.01; *** p < 0.001).



[image: Viruses 14 00109 g006]







[image: Table] 





Table 1. Antiviral Potency of the Hits, and Their Approved Indications and the Associated Modes of Action.
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Drug Name

	
IC50/CC50 (μM)

	
Approved Indication

	
Mode of Action

	
Reference




	
RD

	
HeLa






	
Fingolimod

	
3.59/24.50

	
2.94/21.75

	
Anti-multiple sclerosis

	
Sphingosine-1-phosphate receptor modulator

	
[26]




	
Hexachorophene

	
3.04/28.60

	
2.80/23.81

	
Topical disinfectant

	
Bacteriostatic action

	
[28]




	
Mefloquine

	
3.89/30.04

	
3.25/29.78

	
Antimalarial agent

	
Targeting Plasmodium falciparum 80S ribosome

	
[29]




	
Nebivolol

	
4.74/32.87

	
4.17/32.71

	
Anti-hypertension

	
β-blocker

	
[27]




	
Sertraline

	
1.92/38.89

	
1.67/33.32

	
Antidepressant

	
Selective serotonin reuptake inhibitor

	
[16,17]

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
Inhibition rate { %)

Inhibition rate (%)

Inhibition rate (%)

RD

1001 a-. 5 - 100 1004 G- -100 100 4 §_\§ -100
‘\\ \\é \\Q
~ 804 b - 80 ~ 80 \ - 80 __ 801 _ B 80
= IC;p = 3.59 uM g = S ICs5 = 3.04 M \ - 3 1C50=3.89 uM i
= CC,, = 24.50 uM : < P CCso = 28.60 pM \ < & CCy, = 30.04 uM \
R \ Loo 2 7 60 \ 60 2 B 601 \ e
= \ = = ‘\ = - \
: g g \ L g \
Z 404 : Ly = Z 401 5\ L4 = Z 40 1 §\\ 40
£ §\\ 8 = \ 8 L A é
= \ - L
20 \‘\§ L 20 204 \\§ 20 20 1 g . 20
2 N 2 2 : 2
Y 100 10° 102 T E 100 10° 100 10+ 100 10" 102
Fingolimod (pM) Hexachlorophene (uM) Mefloquine ( pM)
1004 §_.__ - 100 100 §_ L 100
3.5 9. :
80+ ‘\ - 80 80 \ i . | Fingolimod
'cCso= 4;‘; I;MM \ 3 3 IC5o = 1.92 uM \ S :I Hexachlorophene
=32. - " = 4
04 €0 H \ Lo Z 2 go] Cx=3889mM \ L p
\ o ol \ =
" > £ Y k. 7 | Mefloquine
404 §‘ L 40 z = § \ (>
\\ T. = 401 \\ 40 =
M .
"3 S | \9 8 - | Nebivolol
20 by - 20 20 v L0
. Sertraline
0 T T T T 0 0 o Trrrrsrvrvrrrrre v
101 100 10! 102 T g0 100 10 102 5 10 15 20 25
Nebivolol (pM) Sertraline (uM) S| value
100 §‘_ - 100 1004 §-~\g =100 1004 a~‘ Q L 100
80 §\\ 80 80 A 80 80 ™ L 80
1C;p = 2.94 uM < 9 IC5, = 2.80 pM ~ $ ICs = 3.25 UM X 2
o -~ Y e -
CC,,=21.75 = ) CCsp=23.81uM \ - 2 CCsp=29.78 yM \ -
604 ° M \ 60 £ 2 601 ‘\\ 60 2 Z 601 ‘\\ L 60 g
— e s
\\ g g ‘\\ g ; \‘\ g
40- \ L4 = Z 404 \ r40 = = 401 o (40 =
\ 3 z § 0 £ \\é o
p— Ay
204 §\‘\ § - 20 204 \\\ § =20 201 L 20
\\ \
\. \\'
0 0 0 0 0 T T T T 0
10 100 10! 102 10" 10° 10° 102 101 10° 10! 102
Fingolimod (uM) Hexachlorophene (pM) Mefloquine (pM)
1001 &g L 100 100 ®---3.._ § 100
g 'Y 1 | Fingolimod
507 N\ 80 g | =167 Y 80
— —_ ) = —
1G5 =4.17 1M \ = < s0=1.67uM \ 2 . Hexachlorophene
CCso = 32.71 M Y < z CC;p=33.32uM \ <
604 s \ H60 2 E 607 \ 60 £
= \ - .
] H 3 F-] - | Mefloquine
\ s - s
404 §\\ 40 % :g 401 \‘\ 40 ; .
N\ 3 0 € \ 3 ':I Nebivolol
\
\ Y
204 : -20 20- \ L 20 .
‘§ . Sertraline
;; ! r Y - 3 2 M ML L L L |
101 10° 101 102 10+ 100 101 102 0 5 10 15 20 25
Nebivalol (pM)

Sertraline (uM)

Sl value

Cell viability (%)





nav.xhtml


  viruses-14-00109


  
    		
      viruses-14-00109
    


  




  





media/file2.png
FRET

N
I

Viral replication
unsuppressed

Viral replication
suppressed

DsRed2

DsRed2

HeLa-G2AwtR cells

l

Drugs added (5 uM)

[

EV71 at 1 MOI and
drugs added (5 uM)

| -

FRET impaired FRET intact FRET Ratio
120 -
°
o
& °
[+] o o
o °
100 - ® .
o ° °
° o
°
80 . °
1 o
> o
Y
2 60 -
g
g . .
= & °
= 40 -
= L e
= % .
o . =
" e 0 4 o i : : :6 o o ™ "
o o e 9 o ° [-]
+ ]
20 - oa: foa ° 3#@;‘,%009 coe o e 2 P £ g Eg °° :o
S ] g o oo © o ° 0,9
I Tt 7AYo AR g o0 380 O gp0 e
© S o 90%0 8.8 . o% oacﬂ’%goe oego 000 gg Qo0
% © o9 dpn% %8 € S, % oo o © o oo oa oo ¥©
° =+ o o‘” o o Od) %D % . 9 D
® D %SG ° 8@ % Bod, B2 o S0 e % %, o0 ¢ W
o At T 0 Sidn S ERNE D
. b i @ o g"o % l?oﬁ"q? " cgooo o s :
» 0 8%° %% o ©
0830 E e & g0 °
A 5 o °® . g 90 ggoo
o
-20 T T L] T 1 L] L T |
0 100 200 300 400 500 600 700 800 900





media/file5.jpg





media/file3.jpg
RD.

Hela






media/file1.jpg
Vil epliaton Vi eplction
nppresed supprssed

FRETinpeied
o

o .

[roe—r—

/@)
[ ol oeei: ]

FRETinict

HeLa.G2AwR cell

|

Drugs added (5100

[

EVILa1 MOl
drgs added (5 1M)






media/file7.jpg
L |
-
_ Enry
) = postonry
oMo s oez  mB
dnng
[R—
i o am
I
o iieaion
120 o ouso
= 5um
o
g -oun
5w
2w
S
s
o

Binding _ Inkerrmizalion





media/file10.png
) B LR free
) B Orug-free
) W co1oum
8.
-
[
3
| /X\
"
§.
Bcrzoum
B cPZ10puM
gg- m
°I
g" B rucsum
- W FUC10pM
8.
Al
3
o -
8]
od
) B PAR 5pM
§: B PAR 10pM
%
8]
- B SER 5pM
| B SER 10uM
s
8 &1
o ey L
107 10° 104 10° 10°
Lysotracker
b A FLX PAR SER CQ

3 10 5 10 5 10 5 10 5 10 (uM)

Tubulin

VP1/Tubulin (%) 100 109 54 82 77 74 48 58 10 32 15





media/file12.png
-2 -1 0 1 7 13 (h)

i37°ci 0°C [ 37°ci | 1

Drug  Virus Wash Low pH Lysates for Supernatants for
+Drug  +Drug +Drug,10min  Western blot Plaque assay
DMSO Sertraline (10 uM)

pH74 pHS pH74 pH6.5 pHS5.5

i

pHS

VPI
Tubulin
b
VP1/Tubulin (%) 100 104 23 25 36 52
DMSO Sertraline (10 uM)
pH74 pHS pH74 pH6S5 pHSS5 pHS
VP1
Tubulin
VP1/Tubulin (%) 100 112 18 21 45 56
D
RD cells Hela cells
* & & &
- cxx | oaw ' =3 bmso ) A B | &3 bmso
' I ' B3 Sertraline 1079 I I @A Seriraline
_ 10% 108
S 105 E
Sl Imm ¢ - [
1044 el ™
10!

H level
74 50 74 65 55 5.0 (pH level) 74 50 74 65 55 50 (pH level)





media/file9.jpg





media/file0.png





media/file8.png
A

Whole
ENTIY c——— i - - - -,
Post-entry
-2 e 0 1 2 12 (h)
Drug  Virus Wash
Inoculation
100- B Whole
—_ Entry
) Bl Post-entry
< 10-
=
oc
<
s M
0.1-
DMSO SER CPZ RIB
B
Binding —
Internalization
10 1
i 0°C ] 37“ci
Virus  Wash Wash,
+ Drug trypsinization
1204 1 DMSO
~ 1004 = T l T = 5uM
s B OpM
« 804
=
X g0-
£ 40-
>
20+
0

L 1
Binding Internalization





media/file11.jpg
23 e 1 7 1K

IEaaER 1 1
Oug Vi wash lowpi satesfor supermstants or
VOug SO +0NE10min  Wesemblot  Plaque sy

_owo _ seecomn

ToTe oHs A pies pss pis

owso Scrtine (10,0
P S e pnes piss s

ook

jﬂﬂnll

T u 74 65 55 50 Hmm

74 50 74 65 55 50 M)





media/file6.png
RD

1001

100
CVA16 (] CVB1 CVB2
9 3 80- 2 8
Y IC50—1.87 UM Y IC50—2.74 UM Y IC50=3.21 UM
s £ 60- £ 60-
£ g £
= = 40 £ 401
E E e
201 204
101 10° 10" ) 10-" 100 101 : 10-1 100 10
Sertraline (L M) Sertraline (W M) Sertraline (WM)
100 100
Echo9 Echo30
S 8K 3 80-
Y IC50—4.14 uM Y IC50—2.13 uM
£ 601 £ 601
=] =]
£ £
g 40 é 40-
201 204
T E 10° 10" T 10° 10"
Sertraline (L M) Sertraline (L M)
Hela
1004 1001 1004
~ @ & 80- & 80-
S 80 s CVB1 S CVB2
o 2 2
E 60 £ 601 £ 604
= = = T
-5 E IC50 2.33 uM E IC50—2.77
§ 404 = 404 é 401
£ E E UM
204 201 201
0N 3 $ T T G $ T T
N 10 10° 101 10 10° 101 10+ 10° 10"
Sertraline (LM) Sertraline (UL M) Sertraline (uM)
100 100
& 80 Echo9 & 80-
bt cho s Echo30
£ 60 2 o
-] —- Rt
£ IC,,=4.60 uM £ 1IC..=2.71 uM
Z 404 £ >0
E = 401
20- £
201
v l-1 I0 I1 G ! T T
10 S 1_?1 10 10+ 100 10"
ertraline (1 M) Sertraline (uM)





