

  cells-11-02829




cells-11-02829







Cells 2022, 11(18), 2829; doi:10.3390/cells11182829




Article



Emetine in Combination with Chloroquine Induces Oncolytic Potential of HIV-1-Based Lentiviral Particles



Pavel Spirin 1,2,*,†[image: Orcid], Elena Shyrokova 1,3,†[image: Orcid], Valeria Vedernikova 1,3, Timofey Lebedev 1,2 and Vladimir Prassolov 1,2





1



Department of Cancer Cell Biology, Engelhardt Institute of Molecular Biology, Russian Academy of Sciences, Vavilova 32, 119991 Moscow, Russia






2



Center for Precision Genome Editing and Genetic Technologies for Biomedicine, Engelhardt Institute of Molecular Biology, Russian Academy of Sciences, Vavilova 32, 119991 Moscow, Russia






3



Moscow Institute of Physics and Technology, National Research University, Institutskiy per. 9, 141701 Dolgoprudny, Russia









*



Correspondence: spirin.pvl@gmail.com






†



These authors contributed equally to this work.









Academic Editors: Chae-OK Yun and Amancio Carnero



Received: 4 July 2022 / Accepted: 6 September 2022 / Published: 10 September 2022



Abstract

:

Chloroquine and Emetine are drugs used to treat human parasitic infections. In addition, it has been shown that these drugs have an antiviral effect. Both drugs were also found to cause a suppressive effect on the growth of cancer cells of different origins. Here, using the replication-deficient HIV-1-based lentiviral vector particles, we evaluated the ability of the combination of these drugs to reduce viral transduction efficiency. We showed that these drugs act synergistically to decrease cancer cell growth when added in combination with medium containing lentiviral particles. We found that the combination of these drugs with lentiviral particles decreases the viability of treated cells. Taken together, we state the oncolytic potential of the medium containing HIV-1-based particles provoked by the combination of Chloroquine and Emetine.
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1. Introduction


Emetine (EME) is an alkaloid initially isolated from the medicinal plant Psychotria ipecacuanha and has been used in the clinic as an anti-amoebic, emetic, expectorant, and spermicide drug. It has been shown that among all alkaloids extracted from the ipecac roots, EME, being the most present alkaloid in ipecac, inhibits HIV-1 replication at relatively non-toxic or low toxic nanomolar concentrations. According to molecular docking analysis, it was suggested that EME might directly bind to HIV reverse transcriptase (RT), resulting in its inhibition [1]. The antiviral action of EME against different RNA and DNA viruses was shown [2]. In addition, it inhibits the replication of Zika and Ebola viruses [3] and human cytomegalovirus (CMV) [4]. Recently, several studies were performed, and the significant efficiency of EME against the SARS-CoV-2 virus both in vitro and in vivo was evaluated [5,6,7,8]. EME is able to bind irreversibly to the 40S ribosomal subunit, resulting in elongation termination. Thus, it is widely used to study mechanisms of translation [9,10,11].



The antiviral action of the well-known anti-protozoan drug Chloroquine (CQ) and its analogs was studied in vitro and in vivo on different viruses: African swine fever virus [12], HIV-1 [13], SARS-CoV [14,15], Influenza A [16], Chikungunya [17], Ebola [18,19], Zika [20], and, recently, on SARS-CoV-2 [21,22,23]. A mechanism of antiviral action for various viruses is common and based on elevating the pH of acidic intracellular organelles, such as endosomes/lysosomes, essential for virus replication. In the context of the COVID-19 pandemic, the application of CQ and its derivative Hydroxychloroquine (HCQ) was widely discussed to treat SARS-CoV-2 infection [14]. Although it has significant inhibitory efficiency in vitro, it was failed to translate it to in vivo [24]. Because of the strong methodological problems performed in this clinical trial study [25], the possibilities of CQ application to treat COVID-19 remain under discussion [26].



Firstly, the anti-neoplastic activity of CQ was noticed during a mass, long-term anti-malaria trial when the incidents of Burkitt’s lymphoma within CQ treated patients significantly decreased [27]. Burkitt’s lymphoma is known to be associated with Epstein-Barr virus (EBV) infection. Within the last two decades, the anti-neoplastic action of CQ and its analogs was shown for various neoplasms [28,29], including leukemia [30], osteosarcoma [31], prostate cancer [32], glioblastoma [33], and lung cancer [34]. The anti-neoplastic action of CQ and its analogs is mainly based on the inhibition of autophagy. When CQ enters the lysosomes, it becomes protonated because of the low pH within the lysosome. Accumulation of the protonated form of CQ leads to less acidic conditions and disrupted lysosomal function [35,36]. Thus, the antiviral and anti-neoplastic mechanism of CQ action is primarily similar.



Several clinical trials were performed to study the possible therapeutic effects of CQ or HCQ alone or in combination with other anti-cancer agents in various types of cancer [37,38,39,40,41,42]. In addition, the anti-cancer activity of EME was also found in different studies, revealing that various mechanisms may be activated by this drug [43,44].



Interestingly, many molecular mechanisms that are used in intracellular stages of virus replication and involved in the response of the human cells to infection are often the same as those which are deregulated in neoplastic cells in different types of cancer. These include cell cycle regulation mechanisms [45], apoptosis [46,47,48], autophagy [49,50,51], the DNA repair system [52,53,54,55,56,57], cytoskeleton organization mechanisms [58], the ubiquitin–proteasome system (UPS) [59,60,61,62], and immune system response [63,64].



It has been considered that rearrangements in these processes in cancer cells make them preferred for infection by certain types of viruses (herpes simplex virus (HSV), poliovirus, vesicular stomatitis virus, and vaccina virus) and more sensitive to the lytic action of viruses compared to healthy cells. This reflects the general point of oncolytic therapy. Recently, the first oncolytic virus therapy (T-VEC) based on the genetically modified herpes simplex virus, type 1 (HSV-1), was approved by US FDA to treat melanoma [65].



The abovementioned information paves the way to study the oncolytic potential of other known viruses and develop strategies to modulate their cytotoxic action against neoplastic cells.



As it was shown previously, HIV-1 causes pro-apoptotic [48] and cytostatic action on infected cells. The cell cycle deregulation is induced by the HIV-1 or HIV-2 Vpr protein, resulting in G2 arrest of the cell cycle via Cyclin B inhibition [66]. Furthermore, it was shown that the HIV-1 Vpr protein might directly bind to transcription factor Sp1 [67], which is the central regulator of expression of a huge number of genes encoding proteins involved in neoplastic transformation. The interplay between HIV-1 and autophagy pathways is dual and delicate. It utilizes autophagy to enhance viral yields at the early stages while inhibiting autophagy at the late stages [50]. The interplay of HIV-1 with host cell UPS and DNA repair is closely associated to virus replication [54,68].



We suggest that in some conditions, which possibly may be caused by the use of drugs targeting these mechanisms, the HIV-1 or its replication-deficient recombinant forms may cause a suppressive effect on cancer cells.



Using the model system based on the replication-deficient HIV-1 viral particles, we studied the antiviral action of EME and CQ taken alone and in combination. Furthermore, we examined the cytotoxic action of medium containing replication-deficient HIV-1 on neoplastic cells when added in combination with EME and CQ.




2. Results


2.1. Emetine and Chloroquine Suppress Viability of Cancer Cells


First, we measured the cytotoxic action of CQ and EME on cells of four human cell lines, namely two lung carcinomas A549 and H1299, a leukemia/lymphoma Jurkat cell line, and a human embryonic kidney cell line HEK293T, all widely used in cancer research. The cells were counted after 48 h incubation with CQ and EME. Half-maximal inhibitory concentrations (IC50) were determined for both drugs (Figure 1A). We found that both compounds caused a significant toxic effect on all used cell lines. EME suppressed the viability of cells in nanomolar concentrations. CQ efficiently suppressed viability in micromolar concentrations. The most sensitive both to Emetine and Chloroquine were HEK293T cells, and the less sensitive to the cytotoxic action of EME and CQ were H1299 cells (Figure 1A). For further experiments, we used the drugs in concentrations up to IC50, depending on the cell line.



The transduction efficiency of GFP encoding replication-deficient HIV-1 particles added to the Jurkat, HEK293T, A549, and H1299 cells not pre-treated with CQ and EME is represented in Supplementary Figure S1.




2.2. Combination of Emetine and Chloroquine Suppresses the Infection Efficiency of Replication-Deficient HIV-1 Virus


Next, we evaluated the antiviral action of CQ and EME used in different concentrations. For that, cells were pre-treated with CQ or EME alone or in combination for 24 h (Figure 1B). After that, the medium containing replication-deficient HIV-1 particles (RD HIV-1) bearing the marker gene encoding eGFP and pseudotyped with the G-protein of the vesicular stomatitis virus (VSV-G) was added to achieve not more than 60% of infected cells (Supplementary Figure S1). At 48 h post infection, the cells were analyzed with flow cytometry. The percentage of infected cells and mean fluorescence intensity (MFI) were detected. The percentage of GFP-positive cells and the MFI in samples treated with drugs were normalized to the percentage of GFP-positive cells in untreated control (represented as 100%) and shown as the relative percentage and relative MFI in the bar plots (Figure 2).



The absolute percentage of transduction efficiency for Jurkat, HEK293, A549, and H1299 cells and an example of the gating scheme is provided in Supplementary Figures S1 and S2.



We found that pre-treatment of cells with EME or CQ alone in concentrations close to IC50 (20 nM for EME and 25 μM for CQ) caused a significant reduction in percentage and MFI of infected Jurkat cells (Figure 2A).



Figure 2 represents the antiviral action of several combinations of drugs when both are taken in low toxic concentrations and the combinations of drugs when one is taken in low or non-toxic concentration and the other is used in relatively high or toxic concentration (higher than IC50), leading to increased antiviral action.



Importantly, we verified that the drugs alone or taken in combination do not affect eGFP fluorescence. For that we obtained the Jurkat cell line stably transduced with vector LeGO G2 encoding GFP. Seven days after, these cells were treated with CQ or EME or their combinations. We found that treatment with drugs did not cause any changes in MFI or percentage of GFP-positive cells (Supplementary Figure S3). That means that the reduction in the percentage of GFP-positive cells and MFI of the whole population is caused by the suppression of transduction efficiency of viral particles bearing the GFP-encoding gene, but not the GFP biogenesis, which may be possibly affected by the drugs.



We found that the pre-treatment of cells with a combination of EME with CQ followed by virus addition causes an approximate three-fold decrease in the percentage of GFP-positive cells in the whole population of cells treated with drugs, and decreases its MFI compared to cells not pre-treated with CQ and EME but infected with the virus. Importantly, CQ in a non-toxic concentration of 5 μM does not affect infection efficiency when taken alone, but in combination with 20 nM of EME causes the same three-fold reduction in fluorescence intensity (Figure 2A,B). The decrease in fluorescence intensity and percentage of cells infected with RD HIV-1 was also detected when HEK293T (Figure 2C,D), A549 (Figure 2E,F), and H1299 cells (Figure 2G,H) were treated with EME or CQ alone or in combinations. The most pronounced suppression of infection efficiency was observed when the relatively high concentrations of drugs (close to IC50) were used. Interestingly, treatment with EME alone in concentrations up to 20 nM and CQ alone in concentrations up to 10 μM did not cause significant suppression in the percentage of HEK293T cells infected/transduced with RD HIV-1. When EME 20 nM and CQ 10 μM were taken in combination, we observed about a 40% decrease in the percentage of GFP-positive cells (Figure 2C). Notably, this combination caused a significant (up to 95%) reduction in MFI, suggesting that treatment with CQ and EME reduced the virus infectivity. Even the combination of CQ in a lower concentration of 2.5 μM with EME 20 nM significantly decreased the MFI of cells infected with RD HIV-1.



CQ added alone in the non-toxic concentration of 5 μM to lung carcinoma A549 or H1299 cells caused pronounced suppression of infection efficiency (Figure 2E,G). EME added alone in a low toxic concentration of 10 nM to A549 cells did not affect infection efficiency, even taken in combination with CQ 5 μM. A slight enhancement of the antiviral effect of CQ (10 μM; close to IC50) was detected when EME (10 nM) was used. EME added in higher concentrations (40 nM) efficiently suppressed the infection, and an antiviral effect was observed when EME was used in combination with CQ 5 μM (Figure 2E,F). The main restriction of this experiment is that the 40 nM concentration of EME is much higher than IC50 and is mostly toxic for A549 cells.



On the contrary, we found that EME taken in low toxic concentrations up to 40 nM significantly enhanced the antiviral action of CQ used in the non-toxic concentration of 5 μM (Figure 2G).



Taken together, we found that different combinations of EME and CQ may be sufficient to suppress the infection caused by replication-deficient HIV-1 particles. The most pronounced antiviral action was observed when drugs were used in relatively high concentrations close to IC50. The increase in drug concentrations resulted in higher toxic effects when used in combination with the lentiviral particles. We suggest that the decrease in the percentage of infected GFP-positive cells may be primarily associated with cell death induced by the medium containing HIV-1 particles when combined with EME and CQ.




2.3. Emetine in Combination with Chloroquine Affects Viability of Cancer Cells Transduced with RD HIV-1


To evaluate the effect of RD HIV-1 treated with drugs on the viability of cancer cells, we performed a 24 h pre-treatment of cells with EME and CQ. Four cell lines, Jurkat, HEK293T, A549, and H1299, were treated with both drugs in different concentrations and drugs added alone followed by the addition of RD HIV-1 to achieve not more than 60% of transduced cells in the population, as it was performed in previous Section 2.2. As a control, we used the cells pre-treated with drugs followed by conditioned DMEM addition instead of RD HIV-1. The cells were counted and dose–response matrixes were obtained (Figure 3A and Figure 4A). We found that both drugs, EME and CQ, significantly reduced cell growth when added alone. After that, the synergy distribution plots were generated and analyzed with the SynergyFinder v2.0 web application. Using the ZIP model to capture the drug interaction relationships, the most synergistic areas were detected, and the synergy scores were calculated (Figure 3B,E and Figure 4B,E). The synergy scores up to 10 mean that the interaction between two drugs is likely to be additive. Scores larger than 10 mean that the interaction between two drugs is likely to be synergistic.



We found that treatment with a combination of EME, CQ, and RD HIV-1 causes a pronounced synergistic suppressive effect on the growth of human leukemia Jurkat cells (Figure 3B). Importantly, when taken alone, the RD HIV-1 did not affect the cell survival even when the high volumes of viral stocks were taken (Supplementary Figures S4–S6).



HEK293T cells, which are widely used to study neoplastic transformations, were also synergistically suppressed by the combination of these drugs in the presence of the RD HIV-1 (Figure 3D). Importantly, we found that non-toxic concentrations of EME (5 nM) combined with CQ in the low toxic concentration of 7.5 μM significantly reduced the Jurkat cell growth when RD HIV-1 was added compared to the control sample without a virus (Figure 3C upper panel). The combinations of drugs in higher concentrations were also more cytotoxic when RD HIV-1 was added (Figure 3C bottom panels). A similar synergistic suppressive effect was shown when EME in a non-toxic concentration (10 nM) and CQ taken in a low toxic concentration (2.5 μM) were added to HEK293 cells in combination with RD HIV-1 (Figure 3F).



Both drugs, EME and CQ, were shown to significantly suppress cell growth when added alone (Figure 4A,C). The joint additive action of EME and CQ in combination with RD HIV-1 was observed when lung carcinoma cells A549 and H1299 were treated (Figure 4B,E). Importantly, when we added the drugs to the cells 24 h post infection, the sensitivity of cells to EME and CQ was not changed compared to cells not transduced with lentiviral particles. That possibly means that integrated provirus encoding GFP do not cause any additional effect on survival of cells treated with drugs. These results suggest that the cytotoxic action of viral stocks in combination with drugs is implemented on the first stages of viral life cycle prior to integration into the host cell genome.



Although no synergistic action of EME and CQ used in different combinations with RD HIV-1 was detected on A549 cells (Figure 4C), we found that treatment of H1299 p53-deficient cells with a non-toxic concentration of EME 10 nM and CQ 5 μM caused significant synergistic reduction in cell growth 48 h post addition of RD HIV-1 (Figure 4F upper panel). The higher concentrations of CQ and EME used in combinations were also shown to synergistically suppress H1299 cell growth followed by virus addition compared to control samples not treated with a virus (Figure 4F bottom panel).




2.4. Emetine and Chloroquine Induce Apoptosis of Cells Treated with RD HIV-1


Next, a double staining assay (Annexin V/PI) was conducted to determine the apoptotic effect of EME and CQ in combination with RD HIV-1 on cells. For that, Jurkat, HEK293T, A549, and H1299 cells were treated with the combination of drugs in different concentrations followed by infection with RD HIV-1 to achieve not more than ~50% of infected cells in the whole population. We found that treatment of cells with a combination of EME and CQ induce apoptosis (Figure 5A–H). We did not find any significant impact of the virus on the pro-apoptotic action of EME and CQ on Jurkat, A549, and H1299 cells in the whole population. A significant action of RD HIV-1 on apoptosis activation in HEK293T cells treated with CQ and EME was evaluated (Figure 5G).



The percentage of infected cells (GFP-positive) in the whole population treated with CQ and EME followed by RD HIV-1 addition was 52.2% for Jurkat, 53.3% for A549, 54.4% for HEK293T, and 52.9% for H1299.



Next, we compared the percentage of apoptotic cells in the whole population of cells treated with RD HIV-1, CQ, and EME with a sub-population of cells that were infected (GFP-positive) and with a sub-population of cells which were not infected (GFP-negative). We found that the percentage of apoptotic cells in the sub-population of infected Jurkat, A549, and HEK293T cells was significantly higher than the percentage of apoptotic cells in the non-infected sub-population. The rate of apoptotic cells in the whole population treated with EME, CQ, and RD HIV-1 was significantly lower than in the sub-population of cells that were indeed infected with RD HIV-1 (GFP-positive) (Figure 5J–P). Interestingly, we did not determine any impact of RD HIV-1 on apoptosis activation of H1299 p53-deficient cells treated with EME and CQ (Figure 5Q).





3. Discussion


Here, we found that treatment of cells with EME and CQ significantly reduces the infection efficiency of replication-deficient HIV-1 (RD HIV-1). We noticed that cells treated with CQ, EME, and RD HIV-1 look less viable when compared to cells treated only with CQ and EME. Notably, the addition of RD HIV-1 alone in concentrations used in this study does not affect the viability of cells. We suggested that the antiviral action of EME and CQ is strongly associated with its cytotoxic action. Trying to use lower concentrations of the drugs, we found that cytotoxic activity of EME and CQ is paradoxically attenuated with RD HIV-1 addition. Furthermore, we found that treatment with a combination of these drugs induces apoptosis of cells infected with RD HIV-1, unlike the cells treated with EME and CQ but treated with RD HIV-1.



These results reveal that RD HIV-1 in the presence of EME and CQ may exhibit oncolytic properties. The mechanisms of oncolytic action of different viruses are not clearly understood. The oncolytic action of FDA-approved TVEC is mainly based on exploiting the disrupted antiviral pathways, which are also involved in neoplastic transformation, primarily the protein kinase R (PKR) and type I interferon (IFN) pathways [69]. The action of other oncolytic viruses is actively studied. The interplay between autophagy in cancer cells and its pivotal role for viruses may partially explain the oncolytic potential of various viruses [70]. The involvement of the ubiquitin–proteasome system in cancer cell viability and virus replication was utilized in a study demonstrating the use of proteasomal inhibitor bortezomib in combination with oncolytic HSV-1, which synergistically inhibited the growth of intracranial tumors of glioma and head and neck cancer in vivo [71]. In drug-resistant tumor models, it was shown that the oncolytic potential of VSV can be reversibly stimulated by combination with epigenetic modulators, such as the histone deacetylase inhibitor vorinostat [72]. These partially explain the possible mechanisms, which may be associated with the oncolytic action of various viruses.



The pro-oncolytic action of replication-deficient HIV-1 induced by EME and CQ may be associated with antiviral and anti-cancer mechanisms of these drugs. The antiviral action of EME and CQ combination was shown for the first time but mostly it was expected, unlike the oncolytic activity of RD HIV-1 induced by EME and CQ which was not apparent. The provided results may be partially explained by the substantial experimental data obtained by other groups. Both drugs used in this study, EME and CQ, were early shown to cause pronounced inhibitory action on replication of different viruses, including HIV-1. The antiviral and tumor-suppressive action of CQ is considered to be associated with autophagy inhibition in response to pH elevation caused by CQ [49]. The anti-cancer effect of CQ is generally explained via autophagy deregulation [35]. Notably, the more specific mechanisms targeted by CQ in cancer cells were defined earlier. As an example, CQ was shown to cause inhibitory action on AKT and ERK signaling. Due to this, CQ was also shown to effectively overcome the innate resistance of wild-type EGFR non-small-cell lung cancer cells to the EGFR inhibitor erlotinib [73]. CQ was shown to induce p21 expression alone and in combination with cisplatin to overcome the chemoresistance in ovarian cancer cells [74]. CQ induces cell death by activating the p53 pathway in glioblastoma [75]. The antiviral action of EME against HIV-1 was shown to be caused by inhibition of HIV-1 reverse transcriptase [1]. It has been reported that Emetine inhibits translation of viral proteins by blocking the 40S ribosomal protein S14 in host cells [4,9,76]. The mechanism of its anti-protozoal action is still under discussion. One of the possible effects is based on its possibility to intercalate into trypanosome DNA, resulting in their death [77].



The anti-cancer action of EME is of particular interest. EME was shown to induce caspase-3, caspase-9/6, and caspase-8, followed by apoptosis induction in different human cancer cell lines [78]. Furthermore, the antitumor activity of EME was shown to be associated with its inhibitory effects on the Wnt signaling pathway [43]. The inactivating mutations in the Von Hippel-Lindau (VHL) tumor suppressor factor led to stabilization of HIF-1ɑ and HIF-2ɑ factors, which is often associated with the development of renal cell carcinomas. EME was shown to promote VHL-independent down-regulation of HIF-2ɑ in several renal cancer cell lines [44]. Recently, EME was identified as a therapeutic agent for pulmonary arterial hypertension (PAH). Its anti-PAH action was also connected with reduction in HIF-1ɑ and HIF-2ɑ protein levels and their downstream targets PDK1 (pyruvate dehydrogenase kinase 1), RhoA (Ras homolog gene family, member A), ROCK1 and ROCK2 (rho-associated coiled-coil containing protein kinases 1 and 2), and their downstream CyPA (cyclophilin A) and Bsg (basigin) [79]. As it was previously mentioned, EME is widely used to study translation, because of elongation termination via inhibiting the 40S ribosomal subunit [11]. Importantly, in translation studies relatively high concentrations of EME (1–300 μM) are used to repress the elongation. These concentrations are much higher than toxic concentrations of this drug used in our study and the studies conducted by other groups. This suggests the other targets are responsible for the cytotoxic and tumor-suppressive activity of Emetine.



Summarizing the data of our experimental results indicates that EME is necessary for stimulating the cytotoxic action of RD HIV-1 on neoplastic cells, and previously published data reveal that EME inhibits HIV-1 RT [1]; therefore, we suggest that the oncolytic action of RD HIV-1 induced by a combination of EME and CQ becomes implemented on the initial stages of virus replication, foregoing provirus synthesis. These may be the steps associated with virus entry or endosomal trafficking. Interestingly, the autophagy suppression induced by EME was earlier described and predicted in several studies [3,80,81]. Inhibition of autophagy was shown to restore and enhance the sensitivity of various cancer cells to anti-cancer treatment [82]. Autophagy plays an important role in the early steps of the HIV-1 life cycle associated with endosomal trafficking. Autophagy is a pivotal mechanism associated with the survival of cancer cells. The combination of EME and CQ induces its deficiency in cancer cells. We speculate that exploitation of autophagy in cancer cells after treatment with medium containing replication-deficient HIV-1 particles leads to increased autophagy deficiency in treated cancer cells, resulting in enhancement of their cell death. Importantly, the described action may be caused not only by a virus, and the input of other factors in viral stocks cannot be excluded, thus it needs further investigation.



Here, we state the pro-oncolytic activity of the viral stocks containing HIV-1 replication-deficient viral particles, which may be potentially induced by a combination of the FDA-approved drugs Emetine and Chloroquine. This may be of significant interest in the context of drug repurposing strategies for the development of novel anti-HIV-1 and cancer therapy approaches.




4. Materials and Methods


4.1. Cell Lines, Culture Conditions, and Reagents


Embryonic kidney cells HEK293T and human lung cancer cells A549 and H1299 were cultured in a DMEM growth medium. The human leukemia cancer cells Jurkat were cultured in RPMI-1640 growth medium. Cells were cultured in a humidified atmosphere with 5% CO2 at 37 °C, and all growth media were also supplemented with 2 mM L-glutamine, 100 units/mL penicillin, 100 µg/mL streptomycin, and 1 mM sodium pyruvate and 10% fetal bovine serum (FBS). DMEM, RPMI-1640, FBS, penicillin/streptomycin, sodium pyruvate, and L-glutamine were purchased from Gibco (ThermoFisher Scientific, Waltham, MA, USA). The cells were continuously kept in culture for a maximum of 2 weeks after thaw. For apoptosis assay, cell viability assay and fluorescence detection using flow cytometry of adherent cell lines (HEK293T, A549, and H1299) were prepared for analysis by washing with ×1 PBS solution (Merck KGaA, Darmstadt, Germany) and treatment with ×1 Trypsin-EDTA solution (Merck, KGaA, Darmstadt, Germany). Jurkat and HEK293T cell lines were a gift from Prof. Dr. Boris Fehse, UKE UNI, Hamburg, Germany. A549 and H1299 cell lines were gifted by Prof. Dr. Thomas Dobner, Heinrich-Pette Institute at the Leibniz Institute for Experimental Virology. Drugs used in the current study were Chloroquine (C6628, Sigma Aldrich, Burlington, MA, USA) and Emetine (E2375, Sigma Aldrich, Burlington, MA, USA).




4.2. Lentiviral Particle Production


The stocks containing VSV-G pseudotyped lentiviral particles were obtained via calcium phosphate transfection by co-transfection of HEK293T packaging cells with 10 µg LeGO-C2 plasmid and packaging plasmids (10 µg of pMDLg/pRRE, 5 µg of pRSV-Rev, and 2 µg VSV-G). At 8 h after transfection, the medium was changed with DMEM containing 20 mM HEPES (ThermoFisher Scientific, Waltham, MA, USA). After 12 h, the supernatants containing VSVG pseudotyped viral particles were collected, filtered through a 0.22 µm filter (Millipore), and stored at −80 °C. The supernatant containing pseudotyped vector particles was titrated using HEK293T cells as described before [83]. Titer was 2.6–2.9 × 106 units/mL.




4.3. Analysis of Fluorescence


Cells were transduced with lentiviral particles to achieve a ~ 50% transduction rate. At 48 h after lentiviral particles were added, the transduction rates were verified by flow cytometry using LSRFortessa flow cytometer (BD Biosciences, San Jose, CA, USA) and analyzed with FlowJo v10.0.7 software (FlowJo LLC, Ashland, OR, USA). All images were obtained by EVOS FL Cell Imaging System (ThermoFisher Scientific, Waltham, MA, USA) using ×10 magnification lenses.




4.4. Cell Viability Assay


The Jurkat, HEK293T, and H1299 cells (5000 cells/well in 200 µL/well) and A549 cells (10,000 cells/well in 200 µL/well) were plated into 48-well plates and treated with 0–25 µM of Emetine (EME) and 0–50 µM of Chloroquine. Chloroquine was dissolved in PBS, and Emetine was dissolved in H2O. Cellular viability was assessed 48 h and 72 h post drug treatment using 0.4% Trypan blue solution (ThermoFisher Scientific, Waltham, MA, USA) with exclusion in a 1:1 ratio in the Neubauer chamber. IC50s were calculated by nonlinear regression with variable slope (four parameters) and robust fitting using The GraphPad Prism software v.9.3.1 (GraphPad Software, San Diego, CA, USA).




4.5. Drug Combination Analysis


The effects (synergistic versus antagonistic) of Emetine with Chloroquine were determined using web-based SynergyFinder 2.0 software (https://synergyfinder.fimm.fi) (accessed on 9 September 2022) [84]. Cells were treated with Emetine (0–20 nM for Jurkat and HEK293T, 0–40 nM for A549 and H1299) and Chloroquine (0–10 µM for HEK293T, 0–25 µM for A549 and H1299, and 0–30 µM for Jurkat) alone or in combination and after 24 h cells were infected. Cells were incubated for 72 h, and the viability was measured as described above. The zero interaction potency (ZIP) [85] model was used for the reference.




4.6. Analysis of Apoptosis


The cells were plated into 48-well plates in concentrations of 5000 cells per well for Jurkat, HEK293T, and H1299 and 10,000 cells per well for A549 in the final volume of 150 µL and treated with 0–10 nM of Emetine and 0–10 µM of Chloroquine. At 24 h, cells were transduced with lentiviral particles to a final volume of 250 µL to achieve ~ 50% transduction rate. Apoptosis was measured by double staining with Annexin V-FITC (Molecular 429 Probes) [86] and propidium iodide (PI) [87] 48 h after transduction. All measurements were performed on an LSR Fortessa flow cytometer (BD Biosciences, San Jose, CA, USA). Analysis of apoptosis rate was performed with FlowJo software 10.0.7 (FlowJo LLC, Ashland, OR, USA).




4.7. Data and Statistical Analysis


The GraphPad Prism software v.9.3.1 (GraphPad Software, San Diego, CA, USA) was used for statistical analysis. The unpaired Student’s t-test (for comparison of two groups) or one-way ANOVA was used to compare the treated groups with a control group. All experiments were performed in triplicate. Statistically significant differences (*) were assumed if p < 0.05.









Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/cells11182829/s1, Supplementary Figure S1: The percentage and MFI of cells transduced with GFP encoding virus; Supplementary Figure S2: An example of gating of GFP positive Jurkat cells transduced with replication deficient lentiviral particles; Supplementary Figure S3: Emetine and Chloroquine do not affect GFP in Jurkat cells which were stably transduced with replication deficient GFP encoding vector Lego G2 (the same, which was used in our study); Supplementary Figure S4: The percentage of transduced Jurkat cells plated in 96-well plates when GFP encoding replication deficient HIV-1 particles were added (1–50 uL); Supplementary Figure S5: The MFI (mean fluorescence intensity) of transduced Jurkat cells plated in 96-well plates when GFP encoding replication deficient HIV-1 particles were added (1–50 uL); Supplementary Figure S6: The percentage of living Jurkat cells plated in 96-well plates when GFP encoding replication deficient HIV-1 particles were added (1–50 uL).





Author Contributions


Conception and design: P.S. and E.S.; development of methodology: P.S., E.S. and T.L.; acquisition of data: P.S., E.S. and V.V.; data analysis: P.S. and E.S.; data interpretation: all authors; writing of the manuscript—original draft preparation: P.S. and E.S.; writing of the manuscript—review and editing: all authors; review and/or revision of the final version of the manuscript: all authors; artwork: E.S.; fundraising: V.P. and P.S.; study supervision: V.P. and P.S. All authors have read and agreed to the published version of the manuscript.




Funding


Analysis of synergistic action of drugs was supported by the Russian Science Foundation by grant № 21-14-00355. Flow cytometry assay was supported by the Russian Foundation for Basic Research by grant № 20-04-00923. The RD HIV-1 particle generation experiments and transduction efficiency analysis were supported by the Russian Foundation for Basic Research (grant № 20-54-76005) and by grant 075-15-2019-1660 from the Ministry of Science and Higher Education of the Russian Federation.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Acknowledgments


We thank Boris Fehse and Kristoffer Riecken (University Medical Center Hamburg-Eppendorf, Hamburg, Germany) for kindly providing LeGO vectors for this study.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Valadão, A.L.C.; Abreu, C.M.; Dias, J.Z.; Arantes, P.; Verli, H.; Tanuri, A.; De Aguiar, R.S. Natural Plant Alkaloid (Emetine) Inhibits HIV-1 Replication by Interfering with Reverse Transcriptase Activity. Molecules 2015, 20, 11474–11489. [Google Scholar] [CrossRef] [PubMed]

	



Khandelwal, N.; Chander, Y.; Rawat, K.D.; Riyesh, T.; Nishanth, C.; Sharma, S.; Jindal, N.; Tripathi, B.N.; Barua, S.; Kumar, N. Emetine inhibits replication of RNA and DNA viruses without generating drug-resistant virus variants. Antivir. Res. 2017, 144, 196–204. [Google Scholar] [CrossRef] [PubMed]

	



Yang, S.; Xu, M.; Lee, E.M.; Gorshkov, K.; Shiryaev, S.A.; He, S.; Sun, W.; Cheng, Y.-S.; Hu, X.; Tharappel, A.M.; et al. Emetine inhibits Zika and Ebola virus infections through two molecular mechanisms: Inhibiting viral replication and decreasing viral entry. Cell Discov. 2018, 4, 31. [Google Scholar] [CrossRef] [PubMed]

	



Mukhopadhyay, R.; Roy, S.; Venkatadri, R.; Su, Y.-P.; Ye, W.; Barnaeva, E.; Griner, L.M.; Southall, N.; Hu, X.; Wang, A.Q.; et al. Efficacy and Mechanism of Action of Low Dose Emetine against Human Cytomegalovirus. PLOS Pathog. 2016, 12, e1005717. [Google Scholar] [CrossRef] [PubMed]

	



Bleasel, M.D.; Peterson, G.M. Emetine Is Not Ipecac: Considerations for Its Use as Treatment for SARS-CoV. Pharmaceuticals 2020, 13, 428. [Google Scholar] [CrossRef] [PubMed]

	



Bleasel, M.D.; Peterson, G.M. Emetine, Ipecac, Ipecac Alkaloids and Analogues as Potential Antiviral Agents for Coronaviruses. Pharmaceuticals 2020, 13, 51. [Google Scholar] [CrossRef]

	



Kumar, R.; Afsar, M.; Khandelwal, N.; Chander, Y.; Riyesh, T.; Dedar, R.K.; Gulati, B.R.; Pal, Y.; Barua, S.; Tripathi, B.N.; et al. Emetine suppresses SARS-CoV-2 replication by inhibiting interaction of viral mRNA with eIF4E. Antivir. Res. 2021, 189, 105056. [Google Scholar] [CrossRef]

	



Choy, K.-T.; Wong, A.Y.-L.; Kaewpreedee, P.; Sia, S.F.; Chen, D.; Hui, K.P.Y.; Chu, D.K.W.; Chan, M.C.W.; Cheung, P.P.-H.; Huang, X.; et al. Remdesivir, lopinavir, emetine, and homoharringtonine inhibit SARS-CoV-2 replication in vitro. Antivir. Res. 2020, 178, 104786. [Google Scholar] [CrossRef]

	



Jimenez, A.; Carrasco, L.; Vazquez, D. Enzymic and nonenzymic translocation by yeast polysomes. Site of action of a number of inhibitors. Biochemistry 1977, 16, 4727–4730. [Google Scholar] [CrossRef]

	



David, A.; Bennink, J.R.; Yewdell, J.W. Emetine optimally facilitates nascent chain puromycylation and potentiates the ribopuromycylation method (RPM) applied to inert cells. Histochem. Cell Biol. 2012, 139, 501–504. [Google Scholar] [CrossRef]

	



Hobson, B.D.; Kong, L.; Hartwick, E.W.; Gonzalez, R.L.; A Sims, P. Elongation inhibitors do not prevent the release of puromycylated nascent polypeptide chains from ribosomes. eLife 2020, 9, e60048. [Google Scholar] [CrossRef] [PubMed]

	



Geraldes, A.; Valdeira, M.L. Effect of Chloroquine on African Swine Fever Virus Infection. J. Gen. Virol. 1985, 66, 1145–1148. [Google Scholar] [CrossRef]

	



Tsai, W.-P.; Nara, P.L.; Kung, H.-F.; Oroszlan, S. Inhibition of Human Immunodeficiency Virus Infectivity by Chloroquine. AIDS Res. Hum. Retroviruses 1990, 6, 481–489. [Google Scholar] [CrossRef] [PubMed]

	



Liu, J.; Cao, R.; Xu, M.; Wang, X.; Zhang, H.; Hu, H.; Li, Y.; Hu, Z.; Zhong, W.; Wang, M. Hydroxychloroquine, a less toxic derivative of chloroquine, is effective in inhibiting SARS-CoV-2 infection in vitro. Cell Discov. 2020, 6, 16. [Google Scholar] [CrossRef]

	



Vincent, M.J.; Bergeron, E.; Benjannet, S.; Erickson, B.R.; Rollin, P.E.; Ksiazek, T.G.; Seidah, N.G.; Nichol, S.T. Chloroquine is a potent inhibitor of SARS coronavirus infection and spread. Virol. J. 2005, 2, 69. [Google Scholar] [CrossRef]

	



Vigerust, D.J.; McCullers, J.A. Chloroquine is effective against influenza A virus in vitro but not in vivo. Influ. Other Respir. Viruses 2007, 1, 189–192. [Google Scholar] [CrossRef] [PubMed]

	



De Lamballerie, X.; Boisson, V.; Reynier, J.-C.; Enault, S.; Charrel, R.; Flahault, A.; Roques, P.; Le Grand, R. On Chikungunya Acute Infection and Chloroquine Treatment. Vector-Borne Zoonotic Dis. 2008, 8, 837–840. [Google Scholar] [CrossRef]

	



Dowall, S.D.; Bosworth, A.; Watson, R.; Bewley, K.; Taylor, I.; Rayner, E.; Hunter, L.; Pearson, G.; Easterbrook, L.; Pitman, J.; et al. Chloroquine inhibited Ebola virus replication in vitro but failed to protect against infection and disease in the in vivo guinea pig model. J. Gen. Virol. 2015, 96, 3484–3492. [Google Scholar] [CrossRef]

	



Falzarano, D.; Safronetz, D.; Prescott, J.; Marzi, A.; Feldmann, F.; Feldmann, H. Lack of Protection Against Ebola Virus from Chloroquine in Mice and Hamsters. Emerg. Infect. Dis. 2015, 21, 1065–1067. [Google Scholar] [CrossRef]

	



Delvecchio, R.; Higa, L.M.; Pezzuto, P.; Valadão, A.L.; Garcez, P.P.; Monteiro, F.L.; Loiola, E.C.; Dias, A.A.; Silva, F.J.; Aliota, M.T.; et al. Chloroquine, an Endocytosis Blocking Agent, Inhibits Zika Virus Infection in Different Cell Models. Viruses 2016, 8, 322. [Google Scholar] [CrossRef]

	



Gao, J.; Tian, Z.; Yang, X. Breakthrough: Chloroquine phosphate has shown apparent efficacy in treatment of COVID-19 associated pneumonia in clinical studies. Biosci. Trends 2020, 14, 72–73. [Google Scholar] [CrossRef] [PubMed]

	



Wang, M.; Cao, R.; Zhang, L.; Yang, X.; Liu, J.; Xu, M.; Shi, Z.; Hu, Z.; Zhong, W.; Xiao, G. Remdesivir and chloroquine effectively inhibit the recently emerged novel coronavirus (2019-nCoV) in vitro. Cell Res. 2020, 30, 269–271. [Google Scholar] [CrossRef] [PubMed]

	



Colson, P.; Rolain, J.-M.; Raoult, D. Chloroquine for the 2019 novel coronavirus SARS-CoV-2. Int. J. Antimicrob. Agents 2020, 55, 105923. [Google Scholar] [CrossRef] [PubMed]

	



Gautret, P.; Lagier, J.C.; Parola, P.; Hoang, V.T.; Meddeb, L.; Mailhe, M.; Doudier, B.; Courjon, J.; Giordanengo, V.; Vieira, V.E.; et al. Hydroxychloroquine and azithromycin as a treatment of COVID-19: Results of an open-label non-randomized clinical trial. Int. J. Antimicrob. Agents 2020, 56, 105949. [Google Scholar] [CrossRef]

	



Kim, A.H.; Sparks, J.A.; Liew, J.W.; Putman, M.S.; Berenbaum, F.; Duarte-García, A.; Graef, E.R.; Korsten, P.; Sattui, S.E.; Sirotich, E.; et al. A Rush to Judgment? Rapid Reporting and Dissemination of Results and Its Consequences Regarding the Use of Hydroxychloroquine for COVID-19. Ann. Intern. Med. 2020, 172, 819–821. [Google Scholar] [CrossRef]

	



Rebeaud, M.; Zores, F. SARS-CoV-2 and the Use of Chloroquine as an Antiviral Treatment. Front. Med. 2020, 7, 184. [Google Scholar] [CrossRef]

	



Geser, A.; Brubaker, G.; Draper, C.C. Effect of a Malaria suppression program on the incidence of African Burkitt’s lymphoma. Am. J. Epidemiology 1989, 129, 740–752. [Google Scholar] [CrossRef]

	



Al-Bari, A.A. Chloroquine analogues in drug discovery: New directions of uses, mechanisms of actions and toxic manifestations from malaria to multifarious diseases. J. Antimicrob. Chemother. 2015, 70, 1608–1621. [Google Scholar] [CrossRef]

	



Verbaanderd, C.; Maes, H.; Schaaf, M.B.; Sukhatme, V.P.; Pantziarka, P.; Sukhatme, V.; Agostinis, P.; Bouche, G. Repurposing Drugs in Oncology (ReDO)—chloroquine and hydroxychloroquine as anti-cancer agents. ecancermedicalscience 2017, 11, 781. [Google Scholar] [CrossRef]

	



Fauzi, Y.R.; Nakahata, S.; Chilmi, S.; Ichikawa, T.; Nueangphuet, P.; Yamaguchi, R.; Nakamura, T.; Shimoda, K.; Morishita, K. Antitumor effects of chloroquine/hydroxychloroquine mediated by inhibition of the NF-κB signaling pathway through abrogation of autophagic p47 degradation in adult T-cell leukemia/lymphoma cells. PLoS ONE 2021, 16, e0256320. [Google Scholar] [CrossRef]

	



O’Farrill, J.S.; Gordon, N. Autophagy in Osteosarcoma. Adv. Exp. Med. Biol. 2014, 804, 147–160. [Google Scholar] [CrossRef] [PubMed]

	



Farrow, J.M.; Yang, J.C.; Evans, C.P. Autophagy as a modulator and target in prostate cancer. Nat. Rev. Urol. 2014, 11, 508–516. [Google Scholar] [CrossRef] [PubMed]

	



Weyerhäuser, P.; Kantelhardt, S.R.; Kim, E.L. Re-purposing Chloroquine for Glioblastoma: Potential Merits and Confounding Variables. Front. Oncol. 2018, 8, 335. [Google Scholar] [CrossRef] [PubMed]

	



Liu, L.; Han, C.; Yu, H.; Zhu, W.; Cui, H.; Zheng, L.; Zhang, C.; Yue, L. Chloroquine inhibits cell growth in human A549 lung cancer cells by blocking autophagy and inducing mitochondrial-mediated apoptosis. Oncol. Rep. 2018, 39, 2807–2816. [Google Scholar] [CrossRef]

	



Kimura, T.; Takabatake, Y.; Takahashi, A.; Isaka, Y. Chloroquine in Cancer Therapy: A Double-Edged Sword of Autophagy. Cancer Res. 2013, 73, 3–7. [Google Scholar] [CrossRef]

	



Amaravadi, R.K.; Kimmelman, A.C.; Debnath, J. Targeting Autophagy in Cancer: Recent Advances and Future Directions. Cancer Discov. 2019, 9, 1167–1181. [Google Scholar] [CrossRef]

	



Rosenfeld, M.R.; Ye, X.; Supko, J.G.; Desideri, S.; Grossman, S.A.; Brem, S.; Mikkelson, T.; Wang, D.; Chang, Y.C.; Hu, J.; et al. A phase I/II trial of hydroxychloroquine in conjunction with radiation therapy and concurrent and adjuvant temozolomide in patients with newly diagnosed glioblastoma multiforme. Autophagy 2014, 10, 1359–1368. [Google Scholar] [CrossRef]

	



Rangwala, R.; Leone, R.; Chang, Y.C.; Fecher, L.A.; Schuchter, L.M.; Kramer, A.; Tan, K.-S.; Heitjan, D.F.; Rodgers, G.; Gallagher, M.; et al. Phase I trial of hydroxychloroquine with dose-intense temozolomide in patients with advanced solid tumors and melanoma. Autophagy 2014, 10, 1369–1379. [Google Scholar] [CrossRef]

	



Barnard, R.A.; Wittenburg, L.A.; Amaravadi, R.K.; Gustafson, D.L.; Thorburn, A.; Thamm, D.H. Phase I clinical trial and pharmacodynamic evaluation of combination hydroxychloroquine and doxorubicin treatment in pet dogs treated for spontaneously occurring lymphoma. Autophagy 2014, 10, 1415–1425. [Google Scholar] [CrossRef]

	



Rangwala, R.; Chang, Y.C.; Hu, J.; Algazy, K.M.; Evans, T.L.; Fecher, L.A.; Schuchter, L.M.; Torigian, D.A.; Panosian, J.T.; Troxel, A.B.; et al. Combined MTOR and autophagy inhibition Phase I trial of hydroxychloroquine and temsirolimus in patients with advanced solid tumors and melanoma. Autophagy 2014, 10, 1391–1402. [Google Scholar] [CrossRef]

	



Vogl, D.T.; Stadtmauer, E.A.; Tan, K.-S.; Heitjan, D.F.; Davis, L.E.; Pontiggia, L.; Rangwala, R.; Piao, S.; Chang, Y.C.; Scott, E.C.; et al. Combined autophagy and proteasome inhibition: A phase 1 trial of hydroxychloroquine and bortezomib in patients with relapsed/refractory myeloma. Autophagy 2014, 10, 1380–1390. [Google Scholar] [CrossRef] [PubMed]

	



Mahalingam, D.; Mita, M.; Sarantopoulos, J.; Wood, L.; Amaravadi, R.K.; Davis, L.E.; Mita, A.C.; Curiel, T.J.; Espitia, C.M.; Nawrocki, S.T.; et al. Combined autophagy and HDAC inhibition: A phase I safety, tolerability, pharmacokinetic, and pharmacodynamic analysis of hydroxychloroquine in combination with the HDAC inhibitor vorinostat in patients with advanced solid tumors. Autophagy 2014, 10, 1403–1414. [Google Scholar] [CrossRef] [PubMed]

	



Sun, Q.; Fu, Q.; Li, S.; Li, J.; Liu, S.; Wang, Z.; Su, Z.; Song, J.; Lu, D. Emetine exhibits anticancer activity in breast cancer cells as an antagonist of Wnt/β-catenin signaling. Oncol. Rep. 2019, 42, 1735–1744. [Google Scholar] [CrossRef]

	



Kong, H.-S.; Lee, S.; Beebe, K.; Scroggins, B.; Gupta, G.; Lee, M.-J.; Jung, Y.-J.; Trepel, J.; Neckers, L. Emetine Promotes von Hippel-Lindau-Independent Degradation of Hypoxia-Inducible Factor-2α in Clear Cell Renal Carcinoma. Mol. Pharmacol. 2010, 78, 1072–1078. [Google Scholar] [CrossRef] [PubMed]

	



Bagga, S.; Bouchard, M.J. Cell Cycle Regulation During Viral Infection. Methods Mol. Biol. 2014, 1170, 165–227. [Google Scholar] [CrossRef]

	



Benedict, C.A.; Norris, P.S.; Ware, C.F. To kill or be killed: Viral evasion of apoptosis. Nat. Immunol. 2002, 3, 1013–1018. [Google Scholar] [CrossRef]

	



Galluzzi, L.; Brenner, C.; Morselli, E.; Touat, Z.; Kroemer, G. Viral Control of Mitochondrial Apoptosis. PLOS Pathog. 2008, 4, e1000018. [Google Scholar] [CrossRef]

	



Mbita, Z.; Hull, R.; Dlamini, Z. Human Immunodeficiency Virus-1 (HIV-1)-Mediated Apoptosis: New Therapeutic Targets. Viruses 2014, 6, 3181–3227. [Google Scholar] [CrossRef]

	



Choi, Y.; Bowman, J.W.; Jung, J.U. Autophagy during viral infection—A double-edged sword. Nat. Rev. Microbiol. 2018, 16, 341–354. [Google Scholar] [CrossRef]

	



Mao, J.; Lin, E.; He, L.; Yu, J.; Tan, P.; Zhou, Y. Autophagy and Viral Infection. Adv. Exp. Med. Biol. 2019, 1209, 55–78. [Google Scholar] [CrossRef]

	



Ahmad, L.; Mostowy, S.; Sancho-Shimizu, V. Autophagy-Virus Interplay: From Cell Biology to Human Disease. Front. Cell Dev. Biol. 2018, 6, 155. [Google Scholar] [CrossRef] [PubMed]

	



Weitzman, M.D.; Fradet-Turcotte, A. Virus DNA Replication and the Host DNA Damage Response. Annu. Rev. Virol. 2018, 5, 141–164. [Google Scholar] [CrossRef] [PubMed]

	



Sakurai, Y.; Komatsu, K.; Agematsu, K.; Matsuoka, M. DNA double strand break repair enzymes function at multiple steps in retroviral infection. Retrovirology 2009, 6, 114. [Google Scholar] [CrossRef] [PubMed]

	



Anisenko, A.N.; Gottikh, M.B. Role of Cellular DNA Repair Systems in HIV-1 Replication. Mol. Biol. 2019, 53, 355–366. [Google Scholar] [CrossRef]

	



Verhalen, B.; Justice, J.L.; Imperiale, M.J.; Jiang, M. Viral DNA Replication-Dependent DNA Damage Response Activation during BK Polyomavirus Infection. J. Virol. 2015, 89, 5032–5039. [Google Scholar] [CrossRef]

	



Banerjee, P.; DeJesus, R.; Gjoerup, O.; Schaffhausen, B.S. Viral Interference with DNA Repair by Targeting of the Single-Stranded DNA Binding Protein RPA. PLOS Pathog. 2013, 9, e1003725. [Google Scholar] [CrossRef]

	



Hainley, L.; Hughson, M.; Narendran, A.; Smith, R.; Arthur, J.; Hayner-Buchan, A.; Conti, D.; Lehman, J.; Friedrich, T. Chk1 and the Host Cell DNA Damage Response as a Potential Antiviral Target in BK Polyomavirus Infection. Viruses 2021, 13, 1353. [Google Scholar] [CrossRef]

	



Ploubidou, A.; Way, M. Viral transport and the cytoskeleton. Curr. Opin. Cell Biol. 2001, 13, 97–105. [Google Scholar] [CrossRef]

	



Gao, G.; Luo, H. The ubiquitin–proteasome pathway in viral infections. Can. J. Physiol. Pharmacol. 2006, 84, 5–14. [Google Scholar] [CrossRef]

	



Vagapova, E.; Burov, A.; Spasskaya, D.; Lebedev, T.; Astakhova, T.; Spirin, P.; Prassolov, V.; Karpov, V.; Morozov, A. Immunoproteasome Activity and Content Determine Hematopoietic Cell Sensitivity to ONX-0914 and to the Infection of Cells with Lentiviruses. Cells 2021, 10, 1185. [Google Scholar] [CrossRef]

	



Luo, H. Interplay between the virus and the ubiquitin–proteasome system: Molecular mechanism of viral pathogenesis. Curr. Opin. Virol. 2015, 17, 1–10. [Google Scholar] [CrossRef]

	



Yang, Y.; Kitagaki, J.; Wang, H.; Hou, D.-X.; Perantoni, A.O. Targeting the ubiquitin-proteasome system for cancer therapy. Cancer Sci. 2009, 100, 24–28. [Google Scholar] [CrossRef] [PubMed]

	



Cao, S.; Wylie, K.M.; Wyczalkowski, M.A.; Karpova, A.; Ley, J.; Sun, S.; Mashl, R.J.; Liang, W.-W.; Wang, X.; Johnson, K.; et al. Dynamic host immune response in virus-associated cancers. Commun. Biol. 2019, 2, 109. [Google Scholar] [CrossRef] [PubMed]

	



Goldszmid, R.S.; Dzutsev, A.; Trinchieri, G. Host Immune Response to Infection and Cancer: Unexpected Commonalities. Cell Host Microbe 2014, 15, 295–305. [Google Scholar] [CrossRef] [PubMed]

	



Bommareddy, P.K.; Patel, A.; Hossain, S.; Kaufman, H.L. Talimogene Laherparepvec (T-VEC) and Other Oncolytic Viruses for the Treatment of Melanoma. Am. J. Clin. Dermatol. 2016, 18, 1–15. [Google Scholar] [CrossRef]

	



Emerman, M. HIV-1, Vpr and the cell cycle. Curr. Biol. 1996, 6, 1096–1103. [Google Scholar] [CrossRef]

	



Wang, L.; Mukherjee, S.; Jia, F.; Narayan, O.; Zhao, L.-J. Interaction of Virion Protein Vpr of Human Immunodeficiency Virus Type 1 with Cellular Transcription Factor Sp1 and trans-Activation of Viral Long Terminal Repeat. J. Biol. Chem. 1995, 270, 25564–25569. [Google Scholar] [CrossRef]

	



Lata, S.; Mishra, R.; Banerjea, A.C. Proteasomal Degradation Machinery: Favorite Target of HIV-1 Proteins. Front. Microbiol. 2018, 9, 2738. [Google Scholar] [CrossRef]

	



Kohlhapp, F.J.; Kaufman, H.L. Molecular Pathways: Mechanism of Action for Talimogene Laherparepvec, a New Oncolytic Virus Immunotherapy. Clin. Cancer Res. 2016, 22, 1048–1054. [Google Scholar] [CrossRef]

	



Jin, K.-T.; Tao, X.-H.; Fan, Y.-B.; Wang, S.-B. Crosstalk between oncolytic viruses and autophagy in cancer therapy. Biomed. Pharmacother. 2020, 134, 110932. [Google Scholar] [CrossRef]

	



Yoo, J.Y.; Hurwitz, B.S.; Bolyard, C.; Yu, J.-G.; Zhang, J.; Selvendiran, K.; Rath, K.S.; He, S.; Bailey, Z.; Eaves, D.; et al. Bortezomib-Induced Unfolded Protein Response Increases Oncolytic HSV-1 Replication Resulting in Synergistic Antitumor Effects. Clin. Cancer Res. 2014, 20, 3787–3798. [Google Scholar] [CrossRef] [PubMed]

	



Shulak, L.; Beljanski, V.; Chiang, C.; Dutta, S.M.; Van Grevenynghe, J.; Belgnaoui, S.M.; Nguyên, T.L.-A.; Di Lenardo, T.; Semmes, O.J.; Lin, R.; et al. Histone Deacetylase Inhibitors Potentiate Vesicular Stomatitis Virus Oncolysis in Prostate Cancer Cells by Modulating NF-κB-Dependent Autophagy. J. Virol. 2014, 88, 2927–2940. [Google Scholar] [CrossRef] [PubMed]

	



Zou, Y.; Ling, Y.-H.; Sironi, J.; Schwartz, E.L.; Perez-Soler, R.; Piperdi, B. The Autophagy Inhibitor Chloroquine Overcomes the Innate Resistance of Wild-Type EGFR Non-Small-Cell Lung Cancer Cells to Erlotinib. J. Thorac. Oncol. 2013, 8, 693–702. [Google Scholar] [CrossRef] [PubMed]

	



Hwang, J.R.; Kim, W.Y.; Cho, Y.-J.; Ryu, J.-Y.; Choi, J.-J.; Jeong, S.Y.; Kim, M.-S.; Kim, J.H.; Paik, E.S.; Lee, Y.-Y.; et al. Chloroquine reverses chemoresistance via upregulation of p21WAF1/CIP1 and autophagy inhibition in ovarian cancer. Cell Death Dis. 2020, 11, 1034. [Google Scholar] [CrossRef] [PubMed]

	



Kim, E.L.; Wüstenberg, R.; Rübsam, A.; Schmitz-Salue, C.; Warnecke, G.; Bücker, E.-M.; Pettkus, N.; Speidel, D.; Rohde, V.; Schulz-Schaeffer, W.; et al. Chloroquine activates the p53 pathway and induces apoptosis in human glioma cells. Neuro-Oncology 2010, 12, 389–400. [Google Scholar] [CrossRef]

	



Gupta, R.S.; Siminovitch, L. The molecular basis of emetine resistance in chinese hamster ovary cells: Alteration in the 40S ribosomal subunit. Cell 1977, 10, 61–66. [Google Scholar] [CrossRef]

	



Krstin, S.; Mohamed, T.; Wang, X.; Wink, M. How do the alkaloids emetine and homoharringtonine kill trypanosomes? An insight into their molecular modes of action. Phytomedicine 2016, 23, 1771–1777. [Google Scholar] [CrossRef]

	



Möller, M.; Wink, M. Characteristics of Apoptosis Induction by the Alkaloid Emetine in Human Tumour Cell Lines. Planta Medica 2007, 73, 1389–1396. [Google Scholar] [CrossRef]

	



Siddique, M.A.H.; Satoh, K.; Kurosawa, R.; Kikuchi, N.; Al Mamun, E.; Omura, J.; Satoh, T.; Nogi, M.; Sunamura, S.; Miyata, S.; et al. Identification of Emetine as a Therapeutic Agent for Pulmonary Arterial Hypertension. Arter. Thromb. Vasc. Biol. 2019, 39, 2367–2385. [Google Scholar] [CrossRef]

	



Kovács, J.; Réz, G. Prevention of induced autophagy by emetine in exocrine cells of mouse pancreas and seminal vesicle. Virchows Arch. B, Cell Pathol. 1974, 15, 209–216. [Google Scholar] [CrossRef]

	



Li, Y.; McGreal, S.; Zhao, J.; Huang, R.; Zhou, Y.; Zhong, H.; Xia, M.; Ding, W.-X. A cell-based quantitative high-throughput image screening identified novel autophagy modulators. Pharmacol. Res. 2016, 110, 35–49. [Google Scholar] [CrossRef] [PubMed]

	



Degenhardt, K.; Mathew, R.; Beaudoin, B.; Bray, K.; Anderson, D.; Chen, G.; Mukherjee, C.; Shi, Y.; Gélinas, C.; Fan, Y.; et al. Autophagy promotes tumor cell survival and restricts necrosis, inflammation, and tumorigenesis. Cancer Cell 2006, 10, 51–64. [Google Scholar] [CrossRef] [PubMed]

	



Weber, K.; Bartsch, U.; Stocking, C.; Fehse, B. A Multicolor Panel of Novel Lentiviral “Gene Ontology” (LeGO) Vectors for Functional Gene Analysis. Mol. Ther. 2008, 16, 698–706. [Google Scholar] [CrossRef] [PubMed]

	



Ianevski, A.; Giri, A.K.; Aittokallio, T. SynergyFinder 2.0: Visual analytics of multi-drug combination synergies. Nucleic Acids Res. 2020, 48, W488–W493. [Google Scholar] [CrossRef]

	



Yadav, B.; Wennerberg, K.; Aittokallio, T.; Tang, J. Searching for Drug Synergy in Complex Dose–Response Landscapes Using an Interaction Potency Model. Comput. Struct. Biotechnol. J. 2015, 13, 504–513. [Google Scholar] [CrossRef]

	



Koopman, G.; Reutelingsperger, C.P.; Kuijten, G.A.; Keehnen, R.M.; Pals, S.T.; Van Oers, M.H. Annexin V for flow cytometric detection of phosphatidylserine expression on B cells undergoing apoptosis. Blood 1994, 84, 1415–1420. [Google Scholar] [CrossRef] [PubMed]

	



Riccardi, C.; Nicoletti, I. Analysis of apoptosis by propidium iodide staining and flow cytometry. Nat. Protoc. 2006, 1, 1458–1461. [Google Scholar] [CrossRef]








[image: Cells 11 02829 g001 550] 





Figure 1. Cytotoxicity of EME and CQ. Scheme of the experiment. Viability of human cancer cells treated with (A) 0–25 nM of EME and (B) 0–50 µM of CQ; dotted line shows the level where the percentage of alive cells reaches 50%; cell viability was measured 48 h post drug treatment using Trypan blue exclusion. (C) Scheme of the experiment: cells were pretreated with EME and CQ for 24 h and transduced with lentiviral particles pseudotyped with G-protein of vesicular stomatitis virus (VSVG). The recombinant plasmid LeGO G2 was used (LTR—long terminal repeats, ψ—packaging signal, SFFV—spleen focus-forming virus promoter, eGFP—marker gene encoding green). Percentage and fluorescence intensity of eGFP-positive cells were measured by flow cytometry 48 h after transduction (see next section). 
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Figure 2. The quantitative differences in antiviral action between Emetine and Chloroquine and its combinations. Jurkat and HEK293T cell lines were pre-treated with EME in combination with CQ and 24 h after that were infected with RD HIV-1. (A,C,E,G) Graphs represent the relative percentage of transduced cells and relative MFI level in cells pre-treated with EME and CQ compared to non-treated cells. (B,D,F,H) Phase-contrast and fluorescence images of cells treated with EME and CQ compared to non-treated cells. Scale bars 200 μm. Asterisks: * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001. 
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Figure 3. Analysis of the effect of Emetine in combination with Chloroquine. Jurkat and HEK293T cell lines were co-pre-treated with EME in combination with CQ and infected 24 h after. Viability was measured 72 h post drug treatment using Trypan blue exclusion; (A,D) dose–response matrix represents the percentage of viable cells compared to non-treated control cells in both control (not-infected) and virus (infected) groups. (B,E) Synergy plots represent the effect of the drug combination that was calculated and visualized using SynergyFinder v2.0 software and a ZIP reference model. Red regions indicate synergism, white—additive effect, green—antagonism; (C,F) the graphs represent the viability of cells in % of control for effective combinations. Asterisks: * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001. 
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Figure 4. Analysis of the effect of Emetine in combination with Chloroquine. A549 and H1299 cell lines were co-pre-treated with EME in combination with CQ and infected 24 h after. Viability was measured 72 h post drug treatment; (A,D) dose–response matrix represents the percentage of viable cells compared to non-treated cells in both control (not- infected) and virus (infected) groups. (B,E) Synergy plots represent the effect of the drug combination (synergism/additive effect/antagonism) that was calculated and visualized using SynergyFinder v2.0 software and a ZIP reference model. Red regions indicate synergism, white—additive effect, green—antagonism; (C,F) the graphs represent the viability of cells in % of control for effective combinations. Asterisks: ns p > 0.05; * p < 0.05. 
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Figure 5. Emetine and Chloroquine induce apoptosis of infected cells. Jurkat, A549, HEK293T, and H1299 cell lines were co-pre-treated with EME in combination with CQ and infected with RD HIV-1 24 h after. (A–H) The graphs represent a distribution of Annexin V/PI-stained cells 72 h post infection compared to control cells. (I) Pie charts represent the percentage of transduced and non-transduced cells 72 h after infection. (J–Q) The graphs represent a distribution of Annexin V/PI-stained cells 72 h post-infection in transduced and non-transduced cells compared to control cells. A—early apoptosis (Annexin V single-positive cells), LA—late apoptosis (Annexin V/PI double-positive cells). Asterisks: ns p > 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001. 
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