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Abstract

:

Zika virus (ZIKV) infection in utero might lead to microcephaly and other congenital defects. Since no specific therapy is available thus far, there is an urgent need for the discovery of agents capable of inhibiting its viral replication and deleterious effects. Chloroquine is widely used as an antimalarial drug, anti-inflammatory agent, and it also shows antiviral activity against several viruses. Here we show that chloroquine exhibits antiviral activity against ZIKV in Vero cells, human brain microvascular endothelial cells, human neural stem cells, and mouse neurospheres. We demonstrate that chloroquine reduces the number of ZIKV-infected cells in vitro, and inhibits virus production and cell death promoted by ZIKV infection without cytotoxic effects. In addition, chloroquine treatment partially reveres morphological changes induced by ZIKV infection in mouse neurospheres.
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1. Introduction


Zika virus (ZIKV) is an arthropod-borne virus, transmitted by Aedes mosquitoes, that belongs to the Flavivirus genus, which also includes other pathogens such as West Nile virus (WNV), yellow fever virus (YFV), Japanese encephalitis virus (JEV), and dengue virus (DENV). Zika virus was first isolated from a sentinel monkey in the Zika forest in Uganda in 1947 [1]. Since then, ZIKV has been isolated from humans and mosquitoes throughout Africa and Southeast Asian countries. Phylogenetic analysis of the nonstructural protein 5 encoding region has disclosed three ZIKV lineages: East African, West African, and Asian [2]. Sequences from Uganda and Senegal belong to the East African cluster, while sequences from Nigeria and also some sequences from Senegal are clustered on the West African lineage [3]. Most of the viral sequences recovered from recent outbreaks, from 2007 until now, belong to the Asian lineage, such as strains isolated in American, South Asian, and Pacific countries. In utero exposure to Asian lineage ZIKV might lead to microcephaly and other developmental malformations including calcifications, arthrogryposis, ventriculomegaly, lissencephaly, cerebellar atrophy, and ocular abnormalities [4,5,6,7,8]. Although all ZIKV lineages can infect humans, these severe manifestations reported after in utero infection have only been associated with Asian lineages, including Brazilian isolates [6,9].



Asian ZIKV strains were detected in the brain and amniotic fluid of newborns and stillborns with microcephaly [4,5,6,8,9] and the African MR766 strain was shown to kill human neuroprogenitor cells in vitro as well as decrease the growth rate of brain organoids [10,11].



Symptoms of infections with the Asian ZIKV include low-grade fever, headache, rash, conjunctivitis, arthritis, and myalgia [4,12]. Mild symptoms such as headache and low-grade fever were reported by a human volunteer during infection with the African ZIKV strain [13]. However, in rare instances, infection with the Asian ZIKV is associated with cases of Guillain–Barré syndrome [14] and meningoencephalitis [15]. Currently, there is no vaccine or specific therapeutic approaches to prevent or treat ZIKV infections. With the alarming increase in the number of countries affected and the potential for viral spread through global travel and sexual transmission [16,17], there is an urgent need to find a treatment capable of lessening the effects of the disease and inhibiting further transmission.



Chloroquine, a 4-aminoquinoline, is a weak base that is rapidly imported into acidic vesicles, increasing their pH [18]. It is approved by the Food and Drug Administration (FDA) to treat malaria and has long been prophylactically prescribed to pregnant women at risk of exposure to Plasmodium parasites [19]. Chloroquine, through the inhibition of pH-dependent steps of viral replication, restricts human immunodeficiency virus (HIV) [20], influenza virus [21], DENV [22], JEV [23], and WNV infection [24]. Here we investigated the antiviral effects of chloroquine on both Asian (using a Brazilian isolate) and African ZIKV infections in different cell types.




2. Materials and Methods


2.1. Cell Culture


Vero cells (ATCC, Manassas, VA, USA) are derived from the kidney of African green monkey and were grown in DMEM High Glucose (GIBCO, Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 5% fetal bovine serum (FBS) (GIBCO). Human brain microvascular endothelial cells (hBMEC) were a kind gift from Dr. Julio Scharfstein (Federal University of Rio de Janeiro, Rio de Janeiro, Brazil), and hBMEC isolation was performed as previously described [25]. These cells were cultured in DMEM High Glucose supplemented with 20% FBS. The C6/36 cell line is derived from Aedes albopictus. C6/36 cells (ATCC, Manassas, VA, USA) were grown in Leibovitz L-15 medium (GIBCO) supplemented with 2.95 g/L tryptose phosphate broth (Sigma Aldrich, Boston, MA, USA), 2 mM glutamine (GIBCO), 0.075% sodium bicarbonate (GIBCO), 1X non-essential amino acids (GIBCO) and 5% FBS. Neural stem cells (NSCs) were derived from human induced pluripotent stem cells (iPSCs). iPSCs were provided by the Biobank of iPSCs of the Brazilian Ministry of Health (CONEP B-027 # 25000.111598/2014-04). According to the supplier, fibroblasts were reprogrammed using the protocol developed by Paulsen et al. [26], and transduced with the CytoTune-iPS Sendai kit (Thermo Fisher Scientific, Waltham, MA, USA). iPSCs presented a normal karyotype and the expression of pluripotency markers. These cells were cultured with E8 culture media (GIBCO) on a Matrigel (BD Biosciences, San Jose, CA, USA) coated surface. iPSC colonies were manually passaged every 5–7 days until they reached 70%–80% confluence and were maintained at 37 °C in humidified air with 5% CO2. To produce NSCs, human iPSCs were exposed to the serum-free neural induction medium (GIBCO), containing Neurobasal medium (GIBCO) and the pluripotent stem cell neural induction supplement (GIBCO), according to the manufacturer’s protocol [27]. Briefly, the medium was changed every other day until day 7, when initial NSCs are split and grown on neural expansion medium (Advanced DMEM/F12 and neurobasal medium (1:1) with neural induction supplement; GIBCO). NSCs were used after four passages in neural expansion media. Mouse central nervous system (CNS) cells were harvested from Swiss mouse embryos at embryo day 14 (E14) and grown for 72 h as free floating neurospheres in neurobasal culture media (GIBCO) supplemented with 1X B27 (GIBCO).




2.2. Compounds


Chloroquine diphosphate was kindly supplied by FarManguinhos (Fiocruz, Rio de Janeiro, Brazil). The lyophilized powder was diluted in double distilled water to 20 mM. The chloroquine solution was filtered through a 0.22 μm membrane and stored at −80 °C.




2.3. Viruses


ZIKV strain MR 766 (Uganda/Africa, accession no.: NC012532.1, kindly provided by Dr. Davis Ferreira, Federal University of Rio de Janeiro, Rio de Janeiro, Brazil) was isolated from a rhesus monkey and injected intracerebrally on Swiss mice for several passages [1] and ZIKV BR (Recife/Brazil, ZIKV PE/243, accession no: KX197192.1, kindly provided by Dr. Marli Tenório Cordeiro, Centro de Pesquisas Aggeu Magalhães, Recife, Brazil) was isolated from a patient presenting classical symptoms of ZIKV infection [28]. These viruses were propagated in Vero and C6/36 cells, respectively. Briefly, the cells were infected with ZIKV at a multiplicity of infection (MOI) of 0.01 and incubated at 37 °C. After 1 h, the inoculum was removed and replaced with DMEM high-glucose (Vero) and Leibovitz L-15 (C6/36) growth media supplemented with 2% FBS. After 4 to 6 days, the conditioned medium was harvested, centrifuged at 300× g, and sterile-filtered to remove cells and cellular debris. Virus stocks were stored at −80 °C.




2.4. Plaque Assay


Virus titers were determined by plaque assay performed on Vero cells. Virus stocks or samples were serially diluted and adsorbed to confluent monolayers. After 1 h, the inoculum was removed and cells were overlaid with semisolid medium constituted of alpha-MEM (GIBCO) containing 1% carboxymethyl cellulose (Sigma Aldrich) and 1% FBS (GIBCO). Cells were further incubated for 5 days when cells were fixed in 4% formaldehyde. Cells were stained with 1% crystal violet in 20% ethanol for plaque visualization. Titers were expressed as plaque forming units (PFU) per milliliter.




2.5. Quantification of ZIKV-Infected Cells by Flow Cytometry


Vero cells, hBMEC, and NSC were infected with ZIKV MR 766 or ZIKV BR strain at an MOI of 2. After 1 h, the inoculum was removed and medium containing chloroquine (6.25 to 50 μM) was added to the cells. After 4 to 5 days, cells were fixed with 4% paraformaldehyde (Sigma Aldrich) in phosphate buffered saline (PBS) for 15 min at room temperature and washed with PBS. Cells were permeabilized with 0.1% Triton X-100 (Sigma Aldrich) in PBS, washed with PBS, and blocked with PBS with 5% FBS. Cells were incubated with 4G2, a pan-flavivirus antibody raised against the ZIKV envelope E protein produced in 4G2-4-15 hybridoma (ATCC), diluted 1:5 in PBS with 5% FBS. Cells were labeled with donkey anti-mouse Alexa Fluor 488 antibody (Thermo Scientific, Waltham, MA, USA) diluted 1:1000 in PBS with 5% FBS, and were analyzed by flow cytometry in a BD Accuri C6 (Becton, Dickinson and Company, Franklin Lakes, NJ, USA) for ZIKV infection.




2.6. Immunofluorescence Assay


Vero, hBMEC, and NSC were seeded on black 96-well plates with clear bottoms and infected with ZIKV MR 766 or ZIKV BR strain at an MOI of 2 for 1 h. Neurospheres were seeded on coverslips and infected with ZIKV MR766 with 2.5 × 105 PFU After infection, the viral inoculum was removed and cells were incubated with medium containing chloroquine (1.56 to 50 μM) for 4 to 5 days, depending on cell type. Cells and neurospheres were fixed with 4% paraformaldehyde in PBS for 20 min at room temperature. The fixative was removed and the samples were washed three times with PBS. Blocking of unspecific binding of the antibody and permeabilization were performed with PBS supplemented with 3% bovine serum albumin (BSA, Sigma Aldrich) and 0.1% Triton X-100 for 40 min at room temperature. Incubation with anti-Map2 antibody was performed following the manufacturer’s instructions (ABCAM, Cambridge, Cambridgeshire, UK, #32454; 1:1000) and the 4G2 antibody was diluted 1:4 in PBS with 3% BSA and incubated with cells for 1 h. After washing three times with PBS, cells were incubated with secondary antibodies coupled to Alexa fluorochromes (Thermo Fisher Scientific) for 40 min and washed five times. Coverslips with neurospheres were mounted with Prolong Gold mounting medium (Thermo Fisher Scientific). Samples were imaged using either Leica SP5 or Leica SPE (Leica Biosystems, Wetzlar, Hesse, DE) confocal microscopes and a Nikon TE300 (Tokyo, Japan) inverted microscope coupled to a Leica DFC310FX camera (Leica Biosystems, Wetzlar, Germany).




2.7. Virus Infection Inhibition Through Cell Viability Assay


Vero, hBMEC, and NSC were exposed to ZIKV MR 766 at an MOI of 2. After 1 h, inoculum was removed and chloroquine-containing medium (6.25 to 50 μM) was added to the cells. Five days post-infection, 20 μL of CellTiter Blue reagent (Promega, Madison, WI, USA) was added in each well, incubated for 12–16 h, and fluorescence was measured (560/590 nm), except for NSCp14 cells when CellTiter Blue was added at three days post-infection. Mean fluorescence intensity (MFI) and standard deviation were displayed. In order to calculate the half maximum effective concentration (EC50) that protects cells from death caused by ZIKV infection, MFI values from ZIKV MR766 control were subtracted from every condition and then these values were normalized over the mock control. These data were plotted and Hill 4 parameter sigmoidal regression was performed on Sigma Plot v.12.0 (Systat Software Inc., San Jose, CA, USA).




2.8. Drug Cytotoxicity Assay


Vero cells, hBMEC, and NSC were incubated with medium containing chloroquine (1.56 to 200 μM) for 3 days (NSC) or 5 days (Vero and hBMEC). CellTiter Blue reagent (Promega) was added in each well, incubated for 12–16 h, and fluorescence was measured (560/590 nm). In order to calculate the 50% cytotoxicity concentration (CC50), MFI values were normalized over the untreated control. These data were plotted and Hill 4 parameter sigmoidal regression was performed on Sigma Plot v.12.0 (Systat Software Inc.).




2.9. Time-of-Addition Assay


Vero cells were inoculated with ZIKV MR 766 at an MOI of 10 for 1 h at 4 °C. Cells were washed three times with cold PBS to remove unbound virus and treated with 50 μM chloroquine that was added at different time points: 0, 0.5, 3, 12, and 24 h post-infection. Conditioned media were collected at 30 h post-infection to analyze the production of virus particles through viral RNA content or the amount of infectious virus particles. Viral RNA was extracted and quantitative reverse transcription polymerase chain reaction (RT-qPCR) was performed. The titer of infectious virus particles was determined by plaque assay.




2.10. ZIKV Inhibition Assessed by Virus Production


Vero cells were infected with ZIKV MR766 or ZIKV BR strain at an MOI of 2 for 1 h at 4 °C. Virus input was washed three times with cold PBS and cells were treated with chloroquine (6.25 to 50 μM) for 48 h, and then the supernatant was collected and the RNA was extracted and analyzed by relative quantification by RT-qPCR. The supernatant was also evaluated by plaque assay to quantitate the infectious virus particles.




2.11. Viral RNA Extraction and RT-qPCR


Viral RNA was extracted from 200 μL supernatant of infected cells using QIAmp MiniElute Virus Spin (QIAgen, Hilden, Düsseldorf ,DE), following the manufacturer’s recommendations. ZIKV detection was performed using One Step Taqman RT-qPCR (Thermo Fisher Scientific) on a 7500 Real-Time PCR System (Applied Biosystems) with primers and the probe described elsewhere [2]. Threshold cycle (CT) was determined and ∆CT (CT chloroquine treated − CT untreated) was calculated. The fold reduction of virus particles’ release, including defective viral particles, were calculated by 2∆Ct.




2.12. Statistical Analysis


Mean and standard deviation (SD) were calculated for each assay. One way analysis of variance (ANOVA) was conducted using the non-parametric test (Kruskal–Wallis) followed by Dunn’s multiple comparisons test. A p-value of <0.05 was considered significant. All analyses were performed on GraphPad Prism v.7 (GraphPad Software, San Diego, CA, USA). The sample size is provided in the respective figure legends.





3. Results


3.1. Chloroquine Inhibits ZIKV Infection in Vero Cells


We characterized the antiviral properties of chloroquine in Vero cells, a model widely used to study viral infections. Vero cells were infected with ZIKV MR766 at an MOI of 2 (i.e., 2 PFU/cell) and were then treated for 5 days with chloroquine in concentrations ranging from 6.25 to 50 μM. Viral infectivity was assessed using the 4G2 antibody, which detects flavivirus envelope E protein. We observed that chloroquine treatment decreased the number of ZIKV-infected cells in a dose-dependent manner. Flow cytometry analysis showed a reduction of 35% and 65% in ZIKV-infected cells when cultures were treated with 25 μM and 50 μM chloroquine, respectively, compared to untreated infected cells (Figure 1A). Immunofluorescence staining corroborated these results (Figure 1B) and additionally, chloroquine decreased the production of infectious (Figure 1C) and total (Figure 1D) virus particles, including defective viral particles, by ZIKV-infected cells. To confirm that viral inhibition is independent of chloroquine cytotoxicity, the viability of uninfected cells treated with chloroquine (1.56 to 200 μM) for 5 days was analyzed. Chloroquine did not impact cell viability at concentrations of 50 μM or lower (Figure 1E). We further analyzed whether chloroquine treatment could protect Vero cells from ZIKV infection as assessed by cell viability. Chloroquine, ranging from 12.5 to 50 μM, increased cell viability from 55% up to 100% (Figure 1F).




3.2. Chloroquine Inhibits Infection of Asian ZIKV Strains


Microcephaly cases and neurological disorders have only been associated with infection with strains of ZIKV from the Asian lineage, detected in French Polynesia and in the Americas [6,9,29]. To determine the inhibition spectrum of chloroquine against ZIKV infection, Vero cells were infected with the Brazilian isolate of the Asian lineage (ZIKV BR). Chloroquine decreases the percentage of cells infected with the Brazilian isolate from 70% to 30% and 5% at 12.5 and 25 μM, respectively (Figure 2A,C). Moreover, viral RNA levels in the supernatant of Vero cells were quantified as a direct measurement of ZIKV infection. Treatment with 25 μM chloroquine led to a 16-fold reduction in the level of viral RNA detected in the supernatant (Figure 2B).




3.3. Chloroquine Inhibits Early Stages of ZIKV Infection


Inhibition of viral infection mediated by chloroquine can occur in both the early and later stages of the viral replication cycle [30,31]. To evaluate which step of the viral cycle was susceptible to inhibition, chloroquine was added to Vero cells at different time points post-infection with ZIKV MR766. The supernatant was collected 30 h post-infection and virus production was evaluated by relative quantification of viral RNA over the untreated control by RT-qPCR. Virus titers were also determined by plaque assay in Vero cells. Incubation of Vero cells with chloroquine at 0 h post-infection had a greater impact on the production of ZIKV particles, decreasing viral RNA 64-fold over the controls (Figure 3A). The addition of chloroquine from 30 min to 12 h post-infection was able to reduce virus release 9–20 fold over untreated, infected-cells. However, chloroquine added at 24 h post-infection had only a minor effect on viral production (Figure 3A). These results were confirmed by quantification of ZIKV infectious particles released after chloroquine treatment (Figure 3B). These data confirm that chloroquine interferes with the early stages of the ZIKV replication cycle.




3.4. Chloroquine Reduces ZIKV Infection in hBMEC, an In Vitro Model of the Blood–Brain Barrier


Considering that ZIKV infects hBMECs [32], we investigated whether chloroquine could inhibit viral infection of these cells. Chloroquine reduced 45% and 50% of the number of ZIKV MR766-infected hBMECs at 25 and 50 μM, respectively (Figure 4A,D). These concentrations are non-cytotoxic (Figure 4B), and protected approximately 80% of hBMECs from ZIKV infection as demonstrated by the increase in cell viability (Figure 4C).




3.5. Chloroquine Inhibits ZIKV Infection in Human Neural Progenitor Cells


Neural stem cells are key cells in the process of corticogenesis, giving rise to the three main cell types of the central nervous system: neurons, astrocytes, and oligodendrocytes. Depletion of the NSC pool is one of the main mechanisms responsible for primary microcephaly [33]. To evaluate if chloroquine could protect these cells from ZIKV MR766 infection, NSCs were exposed to up to 50 μM chloroquine for 4 days. Chloroquine treatment decreased the number of NSCs infected with ZIKV MR766 by 57%, and, through cell viability assessment protected 70% of NSCs from ZIKV infection, without cytotoxicity effects (Figure 5A–D). Similar results were observed when NSCs were infected with the Brazilian strain (Figure 5E).




3.6. Chloroquine Inhibits ZIKV Infection in Mouse Neurospheres


Neuroprogenitor-enriched neurospheres, when subjected to differentiation culture conditions, can generate neurons. Our group recently demonstrated that ZIKV infection affected neurosphere size, neurite extension, and neuronal differentiation [34]. As we previously observed, neurospheres infected with ZIKV strain MR766 showed convoluted and misshapen neurites. Neurite extension was evaluated in chloroquine treated cultures by microtubule-associated protein 2 (Map2) staining and phase contrast microscopy and although many neurospheres were severely impacted by the infection, many others displayed the same general characteristics of mock-infected spheres indicating that chloroquine treatment rescued the neurite extension phenotype (Figure 6A–C). Furthermore, ZIKV infection decreased when neurospheres were treated with 12.5 μM chloroquine, as evaluated by 4G2 staining (Figure 6D–F).





4. Discussion


Chloroquine is known to be a non-specific antiviral agent, but its effect on the Zika virus replication has not been evaluated yet. This is the first report of inhibitory effects of chloroquine on ZIKV replication, which, given the ongoing epidemics, may become interesting both for the scientific knowledge of the virus and for the clinical perspective.



Although Zika virus was first identified in Uganda in 1947, from January 2007 to April 2016, ZIKV transmission has been reported in 64 countries and territories [35]. The Zika virus disease is in general mild, but the recent positive correlation between infection, congenital malformations, and neurological damage in adults has intensified the need for therapeutic approaches. Prophylactic treatments for women intending to get pregnant in epidemic areas and travelers going to affected countries would represent relevant tools to reduce ZIKV transmission and avoid the spread of the disease by travelers. Moreover, a drug that blocks placental transfer of the virus could decrease the chance of vertical transmission in viremic pregnant women as was shown for HIV-infected pregnant women treated with antiretroviral therapy [36].



Here we demonstrated that chloroquine decreases the number of ZIKV-infected cells and protected cells from ZIKV infection as measured by cell viability at non-cytotoxic concentrations (Figure 1, Figure 4 and Figure 5). The EC50 or concentration of chloroquine that protected 50% of the cells from ZIKV infection assessed by cell viability, was 9.82–14.2 μM depending on the cell model and the CC50 ranged from 94.95 to 134.54 μM (Table 1). The values of EC50 obtained for ZIKV MR766 are lower than those obtained for DENV inhibition (~25 μM) and HIV inhibition (100 μM) [20,22]. Furthermore, we observed similar ZIKV inhibitory effects of chloroquine when tested on different ZIKV lineage infections (Figure 2 and Figure 5), supporting the idea that chloroquine could help to manage recent infections caused by Asian ZIKV lineage.



Although chloroquine has shown antiviral activity against a large spectrum of viruses in vitro, few clinical studies have been performed to evaluate chloroquine effects on patients with viral infections. Two clinical trial studies of chloroquine have been conducted to assess chloroquine treatment in patients infected with DENV [37,38]. One of the trials evaluated the benefits of chloroquine treatment for 3 days in patients infected with DENV and showed no reduction in the duration or intensity of DENV viremia or nonstructural 1 protein (NS1) antigenemia clearance [37]. However, a trend towards a reduction in the number of dengue hemorrhagic fever cases was noticed in the chloroquine-treated group [37]. A more recent clinical trial of chloroquine administration to DENV-infected patients, also for 3 days, showed that 60% of the patients in the chloroquine-treated group reported feeling less pain and showed improvement in the performance of daily chores during treatment [38]. Moreover, the symptoms returned after medication withdrawal. However, chloroquine treatment did not reduce the duration and intensity of the fever or duration of the disease [38]. The antiviral effect of chloroquine may be insufficient to produce a decrease in viral load or improvement of the disease progression when chloroquine/hydroxychloroquine is used in monotherapy. However, chloroquine may produce a significant antiflaviviral effect when used in combination therapies, as recently shown in a clinical trial of hydroxychloroquine plus ribavirin and interferon alpha in individuals infected with hepatitis C virus (HCV) [39]. In regard to the potential antiviral therapeutic combinations for Zika, a freshly published screening of drugs already approved for other clinical indications has resulted in the identification of more than 20 candidate drugs [40]. Of note, one of these is mefloquine, a compound related to chloroquine. In terms of safety for pregnant women, however, mefloquine is included in the B category, i.e., a drug for which the animal reproduction studies have failed to demonstrate a risk to the fetus and there are no adequate and well-controlled studies in pregnant women. Be that as it may, the aforementioned study corroborates our results using chloroquine, and provides new anti-ZIKV drugs that could be tested in combination with chloroquine.



Differing from mefloquine administration, the use of chloroquine during pregnancy was thoroughly evaluated and when prophylactic doses of chloroquine were administered for malaria (400 mg/week), no increment in birth defects was observed [41]. Higher concentrations of chloroquine (250 mg to 500 mg/day) were administered to pregnant women with severe diseases, such as lupus or rheumatoid arthritis. In these studies, few cases of abortion and fetal toxicity were observed. However, fetal toxicity or death could not be discarded as direct consequences of the disease itself. In addition, all term deliveries resulted in healthy newborns [19,42].



Chloroquine has been successfully tested in animal models. Twice daily administration of chloroquine (90 mg/kg) has been shown to increase the Balb/c mice survival rate to 80%–90% after infection with Ebola virus (EBOV) [43]. In a C57BL/6 mice model for coronavirus infection, chloroquine (50 mg/kg) protected 100% of 5-day-old suckling mice infected with human coronavirus OC43 (HCoV-OC43) when administered to pregnant mice 1 day prepartum [44]. A survival rate of 70% was observed in Balb/c mice infected with avian influenza H5N1 virus treated with chloroquine at 50 mg/kg/day [45]. These results suggest that chloroquine has the potential to inhibit ZIKV in in vivo mouse studies.



Chloroquine is widely distributed to body tissues as well as its analogue hydroxychloroquine. The concentration of hydroxychloroquine in the brain is 4–30 times higher than in the plasma [46]. The concentration of chloroquine in the plasma reached 10 μM when a daily intake of 500 mg was prescribed to arthritis patients [47]. Chloroquine is able to cross the placental barrier and is supposed to reach similar concentrations in both maternal and fetal plasma [48]. Concentrations of chloroquine, similar to the EC50 values calculated here (Table 1), are achieved in the plasma in current chloroquine administration protocols and might reach the brain.



Different mechanisms for the chloroquine inhibition of viral infection have been described [49,50,51]. We observed a strong reduction in the release of ZIKV particles when the drug was added at 0 h post-infection (Figure 3), suggesting a higher impact on early stages of infection, possibly during fusion of the envelope protein to the endosome membrane. Chloroquine inhibits acidification of the endosome, consequently inhibiting the low pH-induced conformational changes required for the fusion of the envelope protein of flaviviruses with the endosomal membrane [52]. Chloroquine was also effective in decreasing virus release, although less pronouncedly and not statistically significant, when added after the early stages of virus infection (from 0.5 to 24 h post-infection), suggesting that later stages of the ZIKV replication cycle might also be affected (Figure 3).



ZIKV was detected in the cerebrospinal fluid of ZIKV-infected adult patients that manifested meningoencephalitis, indicating that ZIKV invades the central nervous system through yet unknown mechanisms. Transcytosis through the endothelial cells of the blood brain barrier is a known mechanism of viral access to the central nervous system [53,54]. Here we demonstrated, by different methodologies, that chloroquine protects hBMEC, an immortalized cell line widely used as in vitro model of the blood–brain barrier [25], from ZIKV infection (Figure 4).



Recent studies showed that neural stem cells are highly permissive for ZIKV infection and one of the mechanisms proposed for the cause of microcephaly would be the depletion of the stem cell pool induced by ZIKV [10,11,55]. Our data showed that chloroquine inhibits the infection of human neural stem cells (Figure 5). Using the mouse neurospheres model to study neural stem cell differentiation into neurons, another process that might be disturbed in microcephaly, we observed that chloroquine inhibited the infection of neuronal progenitors and partially protected the ability of these cells to extend neurites (Figure 6). The protective effect of chloroquine on stem cells and committed progenitors is potentially a groundbreaking feature of this compound, as it would be prescribed to women at childbearing age that are traveling to affected countries and women planning pregnancy in endemic areas. This would decrease the chances of infection and thus fetal damage, especially to the developing brain.



Our results suggest that the chloroquine concentrations inhibiting ZIKV replication in vitro may overlap the highest drug concentrations detected in humans [56]. We therefore suggest that the therapeutic potential of chloroquine for Zika be subjected to further study.
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Figure 1. Inhibition of Zika virus (ZIKV) infection by chloroquine in Vero cells. (A) Vero cells were infected with ZIKV MR766 at a multiplicity of infection (MOI) of 2, treated with chloroquine for 5 days, and were then stained for the viral envelope protein and analyzed by flow cytometry; (B) Vero cells were infected, treated for 2 days, and ZIKV infection was evaluated by immunofluorescence staining with 4G2 antibody (green) and DAPI (blue); Infectious (C) or total (D) virus particles were quantified on the supernatant 48 h post-infection. Titers are expressed as plaque forming units (PFU) per milliliter. The dashed line represents no reduction in RNA levels; (E) Cell viability of uninfected cells treated with increasing concentrations of chloroquine was evaluated by fluorescence measurement at 560/590 nm after viability dye incubation; (F) Protection against ZIKV infection was evaluated through cell viability in ZIKV-infected Vero cells treated with chloroquine for 5 days. Data are represented as mean fluorescent intensity (MFI) ± standard deviation (SD) from two to four independent experiments. Statistical analysis was performed with the Kruskal–Wallis test and multiple comparisons with infected and untreated control corrected by Dunn’s test (* p < 0.05; ** p < 0,005). 
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Figure 2. Chloroquine inhibits infection by Asian lineage. (A) Vero cells were infected with Brazilian ZIKV strain at an MOI of 2, treated with chloroquine at the indicated concentrations for 5 days, and the frequency of infected cells was evaluated by flow cytometry; (B) Vero cells were infected with Brazilian strain at an MOI of 2 and exposed to chloroquine for 48 h. The supernatant was collected and viral RNA was relatively quantified over the untreated infected control (B) or infectivity was analyzed by immunofluorescence with 4G2 antibody (C). The dashed line represents fold reduction on virus production of 1. Data are represented as mean ± SD from two independent experiments. Statistical significance was assessed by Kruskal–Wallis test and multiple comparisons with infected and untreated control corrected by Dunn’s test (* p < 0.05). 
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Figure 3. Early stages of infection are inhibited by chloroquine. Vero cells were infected with ZIKV MR766 at an MOI of 10 and 50 μM chloroquine was added at different times post-infection. At 30 h post-infection, the supernatant was collected and viral RNA (A) or infectious particles (B) were quantified. Viral RNA reduction is represented in fold change (2∆Ct). The dashed line represents no reduction in RNA levels. Infectious particles are depicted as PFU/mL. Data are represented as mean ± SD from two independent experiments. Statistical analysis was performed with Kruskal–Wallis test and multiple comparisons with infected and untreated control corrected by Dunn’s test (* p < 0.05). 
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Figure 4. Chloroquine reduces the number of ZIKV-infected human brain microvascular endothelial cells (hBMECs). (A) hBMECs were infected with ZIKV MR 766 at an MOI of 2 followed by chloroquine treatment for 5 days. Cells were stained with the 4G2 antibody and analyzed by flow cytometry; (B) Uninfected hBMECs were incubated with chloroquine for 5 days and cell viability was analyzed; (C) Protection against ZIKV infection was measured through cell viability in chloroquine-treated ZIKV-infected cells; (D) Immunofluorescence with 4G2 antibody (green) and DAPI (blue) of ZIKV-infected cells treated with chloroquine for 5 days. Data are represented as mean ± SD from two independent experiments. Statistical significance was assessed by Kruskal–Wallis test and multiple comparisons with infected and untreated control corrected by Dunn’s test (* p < 0.05). 
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Figure 5. Chloroquine inhibits ZIKV infection in human neural stem cells (hNSCs). hNSCs were infected with ZIKV MR766 at an MOI of 2 and incubated with increasing concentrations of chloroquine for 4 days. (A) The frequency of ZIKV-infected cells was analyzed by 4G2 staining and flow cytometry; (B) Chloroquine cytotoxicity was assessed by the viability of uninfected hNSCs treated with chloroquine; (C) Chloroquine treatment protection from ZIKV infection was evaluated by cell viability measurement at 4 days post-infection. Immunofluorescence NSCs infected with ZIKV MR766 (D) or ZIKV BR (E) at an MOI of 2 and treated with chloroquine for 4 days with 4G2 antibody (green) and DAPI (blue). Data are represented as mean ± SD from two to three independent experiments. Statistical analysis was performed with Kruskal–Wallis test and multiple comparisons with infected and untreated control corrected by Dunn’s test (* p < 0.05). 
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Figure 6. Chloroquine inhibits ZIKV infection in mouse neurospheres. Mouse neurospheres were infected with ZIKV MR766 (2.5 × 105 PFU and were treated with chloroquine for 3 days. Neurospheres were analyzed by phase contrast microscopy (A–C), and triple stained for envelope viral protein (green), microtubule-associated protein 2 (Map-2, red), a neuron-specific protein, and DAPI (blue) (D–F). 
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Table 1. Pharmacological parameters of chloroquine in each cell type against ZIKV MR766.
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Cell Type

	
CC50

	
EC50

	
TI






	
Vero

	
134.54 ± 16.76 μM

	
9.82 ± 2.79 μM

	
13.70




	
hBMEC

	
116.61 ± 9.70 μM

	
14.20 ± 0.18 μM

	
8.21




	
hNSC

	
94.95 ± 9.38 μM

	
12.36 ± 2.76 μM

	
7.68








CC50: 50% cytotoxicity concentration; EC50: half maximal effective concentration; TI: therapeutic index (CC50/EC50). Data are represented as mean ± SD.








© 2016 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 (http://creativecommons.org/licenses/by/4.0/).







nav.xhtml


  viruses-08-00322


  
    		
      viruses-08-00322
    


  




  





media/file8.jpg
3w
H i
2. 3
CP P P e CHS e
i) creroon

chroqune

‘Coroquine






media/file11.png
J'.

.‘[”“!.

'l-.h-!_

1M} yrm

D e ———
100 g

. S0 e
et -
L) " N
T %1 . 5 l_‘l\
T, o g "
o - 2
" ."-‘ o & 3 -3
ey - L Ry
L e k- . P 1
SR AVERN e
~3 ar, &h--‘j. “
N il
l..-u..-.'. ‘.__""':‘ -I‘;l ‘
- - ..\\ .-.'
& = = P
. X
l-'t
&/

1 o






media/file6.jpg
g oo

L B
TE o b e re vt es mvwei T TUT T
i oy oo o 3 s

choroqune






media/file1.png
100+
= Chloroqume
o 807 Mock 1.56 uM
8
< 60-
2
Q
:'E 40
> 504
< 20
N
0-
Q o .&1: ®
C Chloroquine (uM) D E
108 __40- 125-
E Tg _
2 107 ¥ g & 1004
o 2> 3w
5 10% % S EE 75 -
g 10° -E I g8 50
g -  E
a — O 10+ T =
o 10¢ s 3 O E 254
- S e
> 103 01l= 0-
Q ) ° 2 ) 2 ® 2 R I T T
oV 3 Vv ) o WV Vv < e VYT S P
- Chloroquine (uM) Chloroquine (uM) Chloroquine (uM)
3.0x10° +
T
:-'E- 2.0x10° 4
2
o
2
> 1.0x10° -
]
O
0-
ZIKV MOI 2 - + + + + +

Chloroquine (uM) 0 0 625 125 25 50





media/file10.jpg
ZIK
Chloroquine
12.5 uM






media/file7.png
ZIKV-infected cells (%)

=
o
1

L=1]
o
1

s
by

ra
L=
1

o
L

2.5x10°% -
= 2.010° 4
<
> 1.510° -
E
8 1.0x10%
>
. S 5007
0-
Q “ ] o)
g N3 Vv o
Chloroquine (uM)
D
Mock ZIKV

N ]

P

ho

]

NG

WV

o

Chloroquine (M)

S ®
N

Cell viability (MFI)

2.5:10° -

2.0x10°% 4

1.5:10° +

1.0x10°%

5.0,107 +

0-

ZIKV MOI 2

Chloroquine

Chloroquine (uM) 0

1.56 uM

25uM






media/file9.png
ZIKV-infected cells (%)

100+

804

60+

40-

204

B 30400- C n—
= =
= ™
— 2.0x10% 4 =
2 x ‘_,: 2.0:108 -
> 1.0x108 - re
© = )
= &)
0- 0-
o ] x)
& W Y 9 S P e P RS ZKVMOI2 - + + + + 4
Chloroquine (1M) Chloroquine (M) Chloroquine (uM) 0 0 625 125 25 50

Chloroquine

ZIKV

Chloroquine
12.5uM

ZIKV






media/file5.png
Time of chloroquine addition (h)

o)
Ve
]
.-l- s.-..--- -D-q:- T T .l_- .¢¢
e & & > 7
(wy/n4d) uonyonpoud snuip
o0
@
“ 3
@
£
=
o
2
o
=
o

0-

o (= o (=
o0 w =t o~
(WNY AMIZ J0 uononpal

PIoj) @seajas YNy |_JIA
<C





media/file3.png
A 100- B 20-
= g
2 S %
7] - -
3 2> 15
o o E
F £
o <6 107
& -
E © S
> T 3
< =T
N >2 |, ... ... ...
Q © ) o & 2 o
¥ N v o¥ WV Vv
Chloroquine (M) Chloroquine (uM)

Chloroquine
ZIKV 12.5uM






media/file4.jpg
107

£

2

o

8

3

Fror

g .

H

St
R S S e

Chioroquine (M)

& Time of chioroquine adtion (h)





media/file0.jpg
% _ coronuie
X 25 o

cut vy o
r———
5z

SE e b e R eI
p—

[— r—

£
H
H





media/file2.jpg
A 100 B

ES
&, 33
3Z1s
H iz
fa H]
H 230
fo H
: i
i K
] HH
. .
C e @ EREEE
Chloroquine (M) Chloroquine (M)
Choroquine

Mock 2K 1s6um 125uM 25um






