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ABSTRACT
Zika virus (ZIKV) infections can cause microcephaly and neurological disorders. However, the early infection events of ZIKV in neural cells remain to be characterized. Here by using a combination of pharmacological and molecular approaches and the human glioblastoma cells T98G as a model, we first observed that ZIKV infection was inhibited by chloroquine and NH4Cl, indicating a requirement of low intracellular pH. We further showed that dynamin is required as ZIKV entry was affected by the specific inhibitor dynasore, siRNA knockdown of dynamin or by expressing the dominant negative K44A mutant. Moreover, ZIKV entry was significantly inhibited by chlorpromazine, pitstop2, or siRNA knockdown of clathrin heavy chain, indicating an involvement of clathrin-mediated endocytosis. In addition, genistein treatment, siRNA knockdown of caveolin-1 or overexpression of a dominant negative caveolin mutant impacted ZIKV entry, with ZIKV particles being observed to colocalize with caveolin-1, implying that caveola endocytosis can also be involved. Furthermore, we found that endocytosis of ZIKV is dependent on membrane cholesterol, microtubules and actin cytoskeleton. Importantly, ZIKV infection was inhibited by silencing of Rab5 and Rab7, while confocal microscopy showed that ZIKV particles localized in Rab5- and Rab7-postive endosomes. These results indicated that, after internalization, ZIKV likely moves to Rab5-positive early endosome and Rab7-positive late endosomes before delivering its RNA into the cytoplasm. Taken together, our study for the first time described the early infection events of ZIKV in human glioblastoma cells T98G.

INTRODUCTION
Zika virus (ZIKV) is a mosquito-borne virus belonging to the Flavivirus genus, which includes other pathogens such as dengue virus (DENV), Japanese encephalitis virus (JEV), West Nile virus (WNV), and yellow fever virus (YFV). ZIKV was originally isolated from a sentinel monkey in the Zika Forest of Uganda (Dick et al., 1952), and the first human infections were reported in 1977 in Central Java, Indonesia (Olson et al., 1981). The outbreak of ZIKV in French Polynesia and in Brazil, which expanded rapidly throughout South and Central America, raised a global health emergency (Avšic Županc and Petrovec, 2016; Bharucha and Breuer, 2016; Plourde and Bloch, 2016). Reports have now revealed the capability of ZIKV to cross the human placental barrier and consequently to infect the developing central nervous system (CNS) (Calvet et al., 2016). ZIKV infection in unborn fetuses showed cerebral calcifications, microcephaly, and other congenital malformations (Brasil et al., 2016; Rasmussen et al., 2016). In adults, neurological manifestation is known as Guillain-Barre syndrome with symptoms of neuropathy and paralysis (Acosta et al., 2009; Oehler et al., 2014; Cao-Lormeau et al., 2016). 

ZIKV is an enveloped, positive-sense-stranded RNA virus. The nearly 11-kilobase open reading frame encodes 3 structural proteins-capsid protein (C), precursor membrane protein (prM) and envelope protein (E), and 7 non-structural proteins- NS1, NS2A, NS2B, NS3, NS4A, NS4B and NS5 (Shi and Gao, 2017). The genomic RNA of ZIKV is organized within multiple copies of the protein C, forming a nucleocapsid surrounded by a host-derived lipid bilayer which contains viral membrane protein (prM/M) and envelope protein (E). ZIKV protein E is the major structural protein exposed on the cell surface of the particle and has been suggested to be engaged in viral attachment, penetration, and membrane fusion (Stadler et al., 1997). After internalization, flaviviruses are thought to traffic to an endosomal compartment where low pH induces conformational changes for viral uncoating (Gollins and Porterfield, 1986). It is known that viruses can utilize several endocytic pathways to enter host cells, including but not limited to clathrin-mediated endocytosis (CME), caveola/cholesterol-dependent uptake, and clathrin- and caveola-independent endocytosis such as macropinocytosis (Schelhaas, 2010). CME is the well characterized and most common endocytic pathway employed by viruses. Some of these pathways involve dynamin II as indicated by the beads around the neck of the endocytic indentations (Marsh and Helenius, 2006; Mercer et al., 2010). Recent studies have shown that these pathways differ from each other, and certain endocytic components can participate in more than just one pathway (Mayor and Pagano, 2007; Sandvig et al., 2008; Zhu et al., 2012). To date, most of the researches carried out on flavivirus endocytosis have been done with DENV and JEV. For instance, for productive infection of Vero and BHK-21 cells (Nawa et al., 2003; Liu et al., 2017), the functional entry of JEV is clathrin-mediated endocytosis, whereas in Neuro2a cells, its entry is clathrin-independent endocytosis (Kalia et al., 2013). DENV-1 infects Vero cells through a classical clathrin-mediated dynamin-dependent endocytosis, while DENV-2 infects the same cell lines via a nonclassical endocytic pathway independent of clathrin and caveolin-1 but dependent on dynamin (Acosta et al., 2009). It is probable that viruses of diverse strains may use different mechanism to enter the same cell lines. In light of these findings, the entry of flaviviruses into different cell lines appears to be very complex and likely involves different endocytic pathways.

The cell biology of ZIKV entry remains relatively unexplored. Some reports showed that ZIKV enters Axl-expressing cells by clathrin-mediated endocytosis and traffics through early endosomes (Nowakowski et al., 2016). Axl is expressed in glial cells in the developing brain and identified as an entry factor for ZIKV infection. It was reported that chloroquine, a 4-aminoquinoline, a weak base that is rapidly imported into acidic vesicles, consequently increasing the pH, interfered with ZIKV infection in Vero cells. Furthermore, researches of ZIKV endocytosis have broadened our understanding of ZIKV intracellular trafficking in clathrin-mediated endocytosis. ZIKV fusion occurs in late endosomes (Owczarek et al., 2019). It has been increasingly appreciated that many viruses can utilize more than one entry way to infect cells (Kalia et al., 2013; Yang et al., 2013). There have been studies showing that viruses can use clathrin-independent endocytosis for productive entry and infection. It has been shown that the cell types including radial glia cells, astrocytes, endothelial cells, and microglia may be particularly vulnerable to ZIKV infection (Nowakowski et al., 2016). In the current study, we addressed the role of different endocytic molecules and pathways being involved in ZIKV infection of T98G cells. Using a combination of pharmacological and molecular approaches, we have demonstrated that both clathrin-dependent and clathrin-independent pathways can be involved in ZIKV infection of glioblastoma cell T98G cells. Dynamin II, caveolin-1-dependent membrane cholesterol, and a dynamic actin cytoskeleton are required for ZIKV infection of T98G cells, whereas ZIKV entry into T98G cells is independent of micropinocytosis. In addition, immunofluorescence analysis of viral colocalization with endocytic markers showed that ZIKV is trafficked to Rab5-postive early endosome and Rab7-postive later endosomes. 

MATERIALS AND METHODS
Cells and viruses. African green monkey kidney cell line Vero (ATCC) and the human glioblastoma cell line T98G (ATCC) were cultured in minimum essential medium (MEM, GIBCO), containing 10% fetal bovina serum (FBS, GIBCO) and 100 U/ml penicillin/streptomycin. Baby hamster kidney BHK-21 cells (ATCC) were maintained in Dulbecco's Modified Eagle’s medium (DMEM, HyClone) supplemented with 10% fetal bovina serum (FBS, GIBCO) and 100 U/mL penicillin/streptomycin. All cell lines were grown at 37°C in the presence of 5% CO2. The ZIKV strain (Zika virus/s201/2016/China, GenBank: kv963796) was propagated in Vero cells utilizing MEM medium containing 2% FBS. The JEV strain SA14-14 was propagated in BHK-21 cells grown in DMEM medium containing 2% FBS. Pseudotyped VSV (VSVpv) bearing VSV-G envelope protein was generated as described previously (Fukuhara et al., 2011). 

Plaque Assay. ZIKV titer was determined by plaque assay using Vero cells. Viral stocks were 10-fold serially diluted in MEM for three times. For each dilution, 500 μl sample was added to one well in a 12-well plate containing Vero cells at about 100% confluency. The infected cells were incubated at 37°C for 1 h and rocked back and forth gently every 15 min. After the incubation, the dilution was removed and 1 ml of methyl cellulose overlay containing 2% FBS and 1% penicillin/streptomycin was added to each well, and the plate was incubated at 37°C for 5 days. Following the incubation, methyl-cellulose overlay was removed, and the plate was stained with 1% crystal violet containing 4% formaldehyde for 15 min. Visible plaques were counted, and viral titers were counted as plaque forming units per milliliter (PFU/ml). JEV titer was determined by plaque assay using BHK-21 cells as described above. 

Cell infection and drug treatment. To test ZIKV infection in the presence of various drugs, T98G cells were seeded into 12-well plates for 24 h until they were completely confluent and then pretreated with the indicated concentrations of chloroquine (Sigma), NH4Cl (Sigma), chlorpromazine (Sigma), pitstop2 (Sigma), dynasore (Abcam), Filipin III (MCE, NJ, USA), methyl-β-cyclodextrin (MβCD) (Sigma), Jasplakinolide (Abcam), nocodazole (Sigma), 5‐(N‐ethyl‐N‐isopropyl) amiloride (EIPA) (MCE, NJ, USA) or wortmanin (MCE, NJ, USA) before or during viral infection. Cell viability following different drug treatment was evaluated by a cell viability assay as described below. After treatment, ZIKV was added into each well. Total RNA was extracted by using NucleoSpin RNA Plus (MN-740984), and the viral RNA level was quantitated by using a reverse transcription-quantitative real-time PCR (RT-qPCR) assay as described previously (Xu et al., 2016). Data are presented as 2−ΔΔCT values from quadruplicate samples. 

Cell viability assay. The 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium bromide (MTT) assay (Sigma) was used to determine cell viability upon treatment with drugs. In brief, T98G cells were treated with the drugs for 1 h, and subsequently cultured in medium containing 2% FBS. After cultivation at 37°C for 24 h, MTT (5 mg/ml in PBS) was added and the cells were further cultured for 4 h. The supernatants were then removed from the wells, and the MTT formazan was dissolved following the addition of 50 µl DMSO per well. The plates were subjected to absorbance reading using an ELISA plate reader (BioTek) at a wavelength of 490 nm.

RNA-mediated interference. The following small-interfering RNA (siRNA) oligonucleotides were synthesized by GenePharma: AUCCGCGCGAUAGUACGUATT for negative control, UCCAAUUCGAAGACCAAUUTT for clathrin heavy chain (CHC), and AGCCGAGCUGAGCGAGAAGCA for caveolin-1 (Masuyama et al., 2009). The siRNAs targeting vacuolar ATPase (VTPase) (sc-42686), dynamin (sc-43736), Rab5 (sc-36344) and Rab7 (sc-29460), respectively, were purchased from Santa Cruz. T98G cells were transfected with the indicated siRNAs using HiPerFect Transfection Reagent (Qiagen) according to the manufacturer's protocol (Zheng et al., 2018). Knockdown efficiency was measured by western blot. The function of siRNA targeting CHC and dynamin II was confirmed by the uptake of Alexa Fluor 555-conjugated transferrin (10 μg/ml) (Molecular Probes). 

Transfection of T98G cells. Plasmids expressing GFP-tagged wild-type (WT) Dynamin or DN (K44A), and constructs expressing wild-type caveolin-1 (GFP-cav-1 WT) or GFP-cav-1 DN mutant were kindly provided by Dr. Yong-zhe Zhu (Second Military Medical University, Shanghai). Plasmids pEGFP-Rab5 and pEGFP-Rab7 were kindly provided by Dr. Zongqiang Cui (Li et al., 2017b). T98G cells were seeded onto 35 mm glass bottom culture dishes and grown overnight until 80% confluence. 2 μg of the plasmid was mixed with 200 μl of Opti-MEM containing 4 μl of X-tremeGENE HP DNA Transfection Reagent (Roche). The transfection reagent: DNA complex was incubated for 30 min at room temperature. Following 24 h transfection, cells were infected with ZIKV at an MOI of 0.5. 

Quantification of ZIKV infection by flow cytometry. ZIKV infection of cells transfected with plasmids was measured by flow cytometry. Cells transfected with the indicated plasmids were infected with ZIKV at an MOI of 0.5. After incubation, infected cells were washed off with chilled PBS and fed with fresh MEM. At 24 h post-infection, cells were treated with BD Cytofix/CytopermTM Fixation/Permeabilization Kit (Cat.554714, BD) and incubated with an antibody against ZIKV envelope protein (4G2, Merck-Millipore) for 1 h on ice, followed by Alexa Fluor 555-labeled Donkey Anti-Mouse IgG (H+L) (A0460, Beyotime). Cells were washed three times with flow cytometry buffer and fixed with 1% paraformaldehyde. At least 5000 events were collected for each sample and analyzed using a Becton Dickinson (BD) FACSCantoII flow cytometer.

[bookmark: _Hlk26913035][bookmark: _Hlk26913073]Western blotting. Cells were lysed in RIPA buffer and the cell lysates were separated by SDS-PAGE, and then transferred onto PVDF membranes. The membranes were incubated in PBS with nonfat milk and probed with anti-CHC antibody (1:1000；ab21679, Abcam), anti-dynamin II antibody (1:1000; ab151555, Abcam), anti-caveolin-1 antibody (1:1000; C4490, Sigma), anti-Rab5 antibody (1:1000; ab18211, Abcam) or anti-Rab7 antibody (1:1000; ab126712, Abcam) for 1 h at room temperature, and subsequently washed three times with 0.1% Tween 20/PBS, followed by an incubation for 1 h with HRP conjugated goat anti–rabbit secondary antibody (1:10,000; BA1054, Boster) or HRP conjugated goat anti–mouse secondary antibody (1:10,000; BA1050, Boster). The membranes were washed three times with 0.1% Tween 20/PBS, and visualized by exposure to FluorChem HD2 Imaging System (Alpha Innotech) after the addition of chemiluminescent substrate (SuperSignal® West Dura Extended Duration Substrate; 34075; Thermo Scientific Pierce) (Li et al., 2017a).

Immunofluorescence. T98G cells transfected with plasmids or siRNA were infected with ZIKV at an MOI of 0.5 and incubated for 1 h at 37°C. At 24 h post-infection, cells on 35 mm glass bottom culture dishes were washed three times with PBS, followed by the addition of 4% (w/v) cold paraformaldehyde. Cells were fixed for 10 min at room temperature. The cells were washed three times with PBS for 5 min and then blocked with blocking buffer (5% FBS and 0.3% TritonX-100 in PBS) for 1 h. Cells were incubated overnight at 4°C with the anti-ZIKV E antibody at a dilution of 1:200, followed by an incubation with a Alexa Fluor 555-labeled Donkey Anti-Mouse IgG (H+L) (A0460, Beyotime) or Alexa Fluor 488-labeled Goat Anti-Mouse IgG (H+L)(A-11001, Thermo Fisher) at a dilution of 1:500 in PBS-3% (w/v) BSA for 1 h at room temperature in the dark. Nuclei were dyed with DAPI (C1006, Beyotime). Stained cells were analyzed under Olympus Microscope IX73 using a 20 × objective or by confocal microscopy (Andor Dragonfly 202 or Nikon A1 MP) using a 60 × oil objective with 1.5-fold optical zoom. 

Assay of viral penetration. T98G cells were plated in a 6-well plate and incubated with ZIKV at an MOI of 10 for 1 h at 4°C. Cells were washed three times with cold PBS, followed by the addition of MEM containing 2% FBS. After incubation at 37°C for 1 h, the cells were washed with cold PBS, and treated with proteinase K (1 mg/ml) for 45 min at 4°C to remove the absorbed but not yet internalized virus. After the proteinase K was inactivated by treatment with 2 mM phenylmethylsulfonyl fluoride (PMSF) in cold PBS containing 3% BSA, the cells were further washed with PBS-0.2% BSA. The samples were then immediately processed for total RNA extraction. Total RNA was extracted using the NucleoSpin RNA Plus (MN-740984), and quantitated by a reverse transcription-quantitative real-time PCR (RT-qPCR) assay as described previously (Xu et al., 2016). Data are presented as 2−ΔΔCT values from quadruplicate samples. 

Infectious center assay. The internalization of ZIKV was measured by an infectious center assay (Wang et al., 2016). T98G cells were treated with the indicated inhibitor for 1 h and then incubated with ZIKV at an MOI of 10 at 4°C for 1 h. The cells were then moved to 37°C in the presence or absence of the inhibitors. After 1 h of incubation, cells were treated with proteinase K (1 mg/ml) at 4°C for 45 min as mentioned above. Finally, cell pellets were resuspended in MEM, and ten-fold serial dilutions of the cell suspensions were plated onto Vero monolayers and overlaid with MEM containing 1% methyl-cellulose and 2% FBS. The cells were then incubated at 37°C for 5 days, fixed in 4% formaldehyde and stained with 1% crystal violet.

Luciferase assay. Briefly, 1 day prior to infection, T98G cells per well were seeded in a 96-well plate in MEM containing 10% FBS, penicillin and streptomycin (both at 100 U/ml), and incubated at 37˚C with 5% CO2 for 48 h. Fifty TCID50 pseudotyped VSV was added into the pre-seeded T98G cells. After 48 h, the medium was removed, and the cells were washed and lysed. Luciferase activity was measured using a Luciferase Assay kit, according the manufacturer’s instructions (Promega). All conditions were done in duplicate. Background luciferase activity was subtracted with luciferase activity from uninfected cells.

[bookmark: article1.body1.sec2.sec7.p1]Statistical Analysis. Statistical analyses and calculation were performed with GraphPad Prism 7 software. Student´s t-test was used for comparison between untreated and treated groups. Statistical significance is depicted in figures: * p < 0.05, ** p < 0.01, *** p < 0.001. A p value less than 0.05 was considered statistically significant.

RESULTS
ZIKV infection is dependent on acidic pH. Endocytic entry into host cells by most enveloped viruses requires a low-pH step to trigger fusion of the viral envelope with the endosome membrane, which leads to the release of the nucleocapsid into the cytosol. To address the role of acid pH in ZIKV infection of T98G cells, the effect of ammonium chloride (NH4Cl) and chroloquine on ZIKV infection was investigated. We used a ZIKV strain (Zika virus/s201/2016/China, GenBank: kv963796) which neurotropism has been well characterized (Deng et al., 2016). NH4Cl is a lysosomotropic weak base that raises the pH of intracellular acidic vesicle (Zhu et al., 2012), while chroloquine is an inhibitor of endosomal acidification (Silva et al., 2007). We first tested the drug cytotoxic effects using the MTT cell viability assay. NH4Cl did not impact cell viability at the concentration of 40 mM or lower, whereas the working concentration of chroloquine was ranging from 0 to 200 μM (Figure 1A and D). Following treatment of T98G cells with increasing concentrations of NH4Cl or chroloquine, the copies of viral genomic RNA of progeny viruses were significantly decreased in a dose-dependent fashion (Figure 1B and E). Plaque assays showed that there was an apparently reduced production of infectious virions in the presence of drugs (Figure 1C and F). Subsequently, we examined the low pH requirement for ZIKV infection by silencing the expression of vacuolar ATPase (V-ATPase), a proton pump, which is key to the establishment of low pH in endosomal compartments. The knockdown efficiency of V-ATPase siRNA was analyzed by Western blot (Figure 1G). As shown in Fig 1H, 1I and 1J, siV-ATPase treatment of cells significantly reduced the copies of viral genomic RNA and the production of infectious virions. Taken together, these data demonstrate that ZIKV infects T98G cells in a pH-dependent manner.

ZIKV endocytosis into T98G cells depends on dynamin. Dynamin II, a GTPase, is the most-studied membrane fusion machinery and plays a critical role in pinching off vesicle in clathrin- and caveolae- dependent endocytosis (Marsh and Helenius, 2006). To investigate if dynamin II is involved in ZIKV entry into T98G cells, the effect of dynasore, a cell-permeable, noncompetitive inhibitor of dynamin GTPase activity, was evaluated (Macia et al., 2006). No apparent cytotoxicity was observed when cells were treated with dynasore up to 150 μM (Figure 2A). We observed that dynasore inhibited ZIKV entry in a dose-dependent manner (Figure 2B and C). To further determine the role of dynamin II during ZIKV entry, we silenced dynamin II by siRNA treatment. Western blotting showed a reduced expression of dynamin II by siRNA compared to the control siRNA (Figure 2D). T98G cells were transfected with a specific siRNA against dynamin II or a control siRNA, and then infected with ZIKV at an MOI of 10. Depletion of dynamin II significantly reduced ZIKV internalization in T98G cells (Figure 2E and F). A significant decrease of mean fluorescence intensity (MFI) of transferrin was observed in the cells treated with the specific siRNA against dynamin II (Figure 2G). When siDynamin-transfected cells were infected with ZIKV and examined by immunofluorescence, we observed a significant reduction in the number of ZIKV-infected cells compared to that with siControl treatment (Figure 2H). To further confirm the role of dynamin in ZIKV infection of T98G cells, the GFP-tagged versions of the wild-type form of dynamin II (DYN WT) and the dominant negative mutant GFP-dyn II K44A (DYN K44A) were used (Damke et al., 1994; Oh et al., 1998). T98G cells were transfected with both constructs, and after 48 h transfection, cells were infected with ZIKV (MOI = 0.5). The expression of DN dynamin II K44A mutant resulted in approximately 35% inhibition of the number of ZIKV E-expression cells (Figure 2I). Collectively, it is reasonable to conclude that the entry of ZIKV into T98G cells is dependent on the functionality of dynamin II.

[bookmark: OLE_LINK4]ZIKV entry into T98G cells is clathrin dependent. ZIKV has been shown to exploit the clathrin-dependent pathway to enter CHME3 and HT1080 cells (Persaud et al., 2018). Therefore, the role of clathrin in ZIKV entry into T98G cells was tested by employing different strategies to disrupt the pathway. First, chlorpromazine and pitstop2 were used to inhibit clathrin-mediated endocytosis, respectively. Chlorpromazine prevents the assembly of clathrin-coated pits at the cell surface and induces the assembly of clathrin lattice on endosomes (Wang et al., 1993). Pitstop2 is an inhibitor of the interaction of amphiphysin with the N-terminal domain of clathrin heavy chain (Dutta et al., 2012). No apparent cytotoxicity was observed when cells were treated with chlorpromazine up to 50 μM and pitstop2 up to 30 μM, respectively (Figure 3A and D). We observed that chlorpromazine and pitstop2 inhibited ZIKV internalization into cells in a dose-dependent manner (Figure 3B and E), whereas the viral RNA copies of JEV, another member of the Flaviviridae, remained unchanged. The infectious center assay showed an apparently reduced ZIKV internalization in the presence of drugs. Of note, chlorpromazine or pitstop2 treatment had no effect on JEV internalization (Figure 3C and F). Furthermore, we assessed the role of clathrin during ZIKV infection by siRNA knockdown of clathrin heavy chain (CHC). Depletion of CHC in T98G cells was confirmed by western blot (Figure 3G). To assess whether CHC depletion affects ZIKV entry, T98G cells were transfected with siRNA specifically against CHC followed by infection with ZIKV at an MOI of 10, showing that depletion of CHC led to a significant decrease of ZIKV internalization into T98G cells (Figure 3H and I). A significant decreased MFI of transferrin was observed in the cells treated with the specific siRNA against CHC (Figure 3J). When siCHC-transfected cells were infected with ZIKV and examined by immunofluorescence, the number of ZIKV-infected cells reduced compared to that in cells transfected with siControl (Figure 3K). These data together indicate that ZIKV entry into T98G cells can be mediated by a clathrin- dependent pathway. 

ZIKV enters T98G cells via a caveola-mediated endocytosis pathway. In addition to participating in clathrin-dependent endocytosis, dynamin has been implicated to be involved in several other endocytic pathways. Another form of endocytosis that requires dynamin is caveola-mediated uptake (Doherty and McMahon, 2009). Caveolae consists of caveolin membrane proteins and can bud from the plasma membrane, resulting in the formation of vesicles which are involved in virus entry. Caveolae are usually associated with lipid rafts and characterized by the presence of caveolin-1 protein. Genistein is a tyrosine kinase inhibitor and causes local disruption of the actin network at the site of endocytosis, which is known to be an indispensable event in the caveola-mediated uptake. Here we tested the effect of genistein, a specific tyrosine kinase inhibitor, on ZIKV entry. First, T98G cells were treated with increasing concentration of genistein followed by MTT assay, showing that no apparent cytotoxicity was observed when cells were treated with genistein up to 200 μM (Figure 4A). As shown in Figure 4B and C, the copies of ZIKV and JEV genomic RNA and the internalization of viruses were decreased in the cells treated with increasing concentration of genistein compared to those in the untreated control. It has been shown that, in the absence of caveolins, no caveolae were observed, and when caveolins were expressed in cells that lack caveolae, the formation of caveola was decrease (Fra et al., 1995). To block caveola-mediated endocytosis, we used siRNA to silence caveolin-1 expression. The knockdown efficiency of the siCaveolin-1 was analyzed by western blotting (Figure 4D). T98G cells were transfected with siCaveolin-1 or a control siRNA and then infected with ZIKV or JEV. RT-qPCR showed that there were significantly less ZIKV and JEV RNA copies in siCaveolin-1-transfected cells than those in siControl transfected cells (Figure 4E), while the infectious center assay showed that ZIKV or JEV entry into T98G cells was reduced in cells transfected with siCaveolin-1 compared to that in cells transfected with siControl (Figure 4F). T98G cells were incubated with ZIKV at an MOI of 10 at 4°C for 1 h to allow for attachment and then shifted to 37°C for 5 min. The localization of ZIKV and caveolin-1 was analyzed by confocal microscopy. The results showed that ZIKV colocalized with caveolin-1 after 5 min incubation at 37°C (Figure 4G). In addition, T98G cells were transfected with caveolin-1 WT and DN constructs, respectively, and then infected with ZIKV (Patel et al., 2009). Virus-infected cells were quantitated using flow cytometry. Overexpression of caveolin-1 DN results in a 58% reduction in the number of ZIKV infected cells compared to that in cells transfected with caveolin-1 WT (Figure 4H). These data strongly suggest that ZIKV infection of T98G cells is dependent on caveola-mediated endocytosis. 

Cholesterol is required for ZIKV infection. Cholesterol-dependent primary endocytic vesicle formation is one of the characteristics of the caveola-dependent pathway (Parton and Richards, 2003). Several studies have demonstrated that lipid raft and cholesterol not only play vital roles in cellular pathways, but also have critical functions in virus infection (Marsh and Helenius, 2006; Lee et al., 2008). We next examined whether ZIKV infection was affected by the expression level of membrane cholesterol, which is a major determinant of many endocytic processes (Parton and Richards, 2003). Cholesterol has been suggested to be an indicator of caveola/lipid raft endocytosis, but such cholesterol dependency does not necessarily reflect a specific pathway of entry (Mayor and Pagano, 2007). For dengue and West Nile flaviviruses, cholesterol was shown to be required for infection (Lee et al., 2008; Medigeshi et al., 2008; Puerta-Guardo et al., 2010). Mouse neural stem cells depleted of cholesterol before JEV infection also demonstrated a reduction both in viral load and in the production of infective virus particles (Das et al., 2010). To determine if ZIKV infection before trafficking to the acidic vesicles was sensitive to perturbation of lipid rafts, we evaluated the effects of methyl-β-cyclodextrin (MβCD), a drug selectively extracting cholesterol from the plasma membrane (Kilsdonk et al., 1995; Acosta et al., 2009) and filipin, a compound that binds selectively to cholesterol-rich microdomains on virus infection (Bolard, 1986). Because MβCD and filipin were virucidal to ZIKV (Supplementary material Figure 2), cells were pre-treated with drugs and then extensively washed prior to the addition of ZIKV. Depletion of cholesterol was conducted by treating cells with MβCD, or filipin. The cytotoxic effect of MβCD and filipin was evaluated by MTT assay. T98G cells tolerated up to 10 mM MβCD and 1 μM filipin, respectively (Figure 5A and D). Subsequently, T98G cells were pre-treated with MβCD or filipin for 1 h, extensively washed, and infected with ZIKV. RT-qPCR showed that the copies of ZIKV genomic RNA in treated cells were significantly reduced in a dose-dependent manner (Figure 5B and E). There was also a reduced production of infectious virions upon drug treatment (Figure 5C and F). Indirect immunofluorescence assay showed that cells treated with 7.5 mM MβCD resulted in a significant decrease of ZIKV infection (Figure 5G). In parallel, when T98G cells were pretreated with 0.5 μM filipin, ZIKV infection was also inhibited (Figure 5H). Both treatments resulted in a remarkable inhibition of ZIKV infection, highlighting an essential role of cholesterol in ZIKV infection of T98G cells. 

Role of actin cytoskeleton and microtubules in ZIKV infection of T98G cells. Many viruses use the cytoskeleton network of the cell as a transport system. Both actin and microtubules have been reported to be involved in JEV infection of human neuroblastoma cells (Henry Sum, 2015). Actin cytoskeleton is identified as an important component for cellular structure and integrity. Viruses are obligate intracellular parasites that require the involvement of actin cytoskeleton at all stages from entry through replication to egress and spread (Taylor et al., 2011). With a few exceptions of viruses that predominantly exploit actin-driven motility, most viruses switch from the actin cytoskeleton to microtubule tracks to promote long-range movement of their cores (Walsh and Naghavi, 2019). The drug jasplakinolide, which binds to F-actin and results in decreased rate of actin depolymerization, was previously used to block the turnover of actin microfilaments (Cramer, 1999). Another drug named nocodazole is an antineoplastic agent which exerts its effect in cells by interfering with the polymerization of microtubules (Vasquez et al., 1997). We evaluated the cytotoxic effect of jasplakinolide and nocodazole by MTT assay, and no apparent cytotoxicity was observed (Figure 6A and D). Treatment with jasplakinolide at concentrations ranging from 0.5 to 2.5 μM resulted in approximately 80% inhibition of ZIKV infection in T98G cells by qPCR (Figure 6B). We also confirmed that nocodazole blocked ZIKV infection by qPCR (Figure 6E). The production of progeny virions was also reduced upon drug treatment (Figure 6C and F). Treatment of cells with jasplakinolide and nocodazole at the concentrations of 2.5 μM and 5 μM, respectively, showed a decrease of ZIKV infection in T98G cells by immunofluorescence microscopy (Figure 6G and H). Collectively, these pharmacological and immunofluorescence data strongly suggest that the dynamic reorganization of actin microfilaments and microtubules is critical for ZIKV infection of T98G cells.

ZIKV entry into T98G cells is independent of macropinocytosis/phagocytosis. Macropinocytosis is an actin-driven endocytosis process. Macropinosome formation increases actin polymerization and actin-mediated engulfing on the plasma membrane (Mercer and Helenius, 2009). Macropinocytosis has been reported as an alternative DENV cell entry pathway in HepG2 cells and was found to be important for several viruses (Suksanpaisan et al., 2009). To address the involvement of micropinocytosis in ZIKV entry, we examined the effect of 5-ethyl-N-isopropyl amiloride (EIPA), an inhibitor of micropinocytosis that blocks Na+/H+ exchanger activity thereby modulating Rho GTPase and interfering with macropinosome formation (Yin et al., 2016). Cell viability of treated cells was unaffected by EIPA at the concentration of 50 μM (Figure 7A). The drug EIPA did not decrease ZIKV entry into T98G cells (Figure 7B and C). PI3-kinase contributes to a late step in the formation of macropinosomes. We utilizes wortmannin, an inhibitor of PI3K, to decrease the macropinosomes vesicles (Lee et al., 2005). Cell viability of treated cells was unaffected by wortmannin at the concentration of 30 μM (Figure 7D). As shown in Figure 7E and F, no inhibition was observed on ZIKV entry after treatment with wortmannin. In contrast, EIPA and wortmannin effectively blocked the internalization of VSVpv (Figure 7G and H). These results together indicate that ZIKV entry into T98G cells is likely independent of macropinocytosis/phagocytosis.

Role of Rab proteins in ZIKV infection of T98G cells. It is known that endocytic trafficking is regulated by a large family of small Rab GTPase with specific Rab GTPases being enriched in distinct intracellular vesicles (Vale-Costa and Amorim, 2016). Rab5 and Rab7 primarily function in early and late endosomes, respectively, and their roles in ZIKV infection remain to be determined. We used Rab5 and Rab7 siRNAs to investigate the requirement for ZIKV transports to early or late endosomes. The knockdown efficiency of siRab5 or siRab7 was confirmed by western blot. As shown in Figure 8A, the expression level of Rab5 or Rab7 in T98G cells was efficiently knocked down by siRNA treatment. Subsequently, siRNA-transfected cells were infected with ZIKV at an MOI of 0.5. Cells were lysed to measure the copies of viral genomic RNA by RT-qPCR, while progeny virions were determined by infection assay. The results showed that depletion of Rab5 or Rab7 reduced viral RNA levels compared to those in siControl-transfected cells (Figure 8B). The production of progeny virions was reduced in SiRabs (siRab5 and siRab7)-treated cells compared to that in the control group (Figure 8C). In addition, ZIKV appeared to be much less in the Rab5 and Rab7-silenced cells compared to the control cells (Supplementary material Figure 3). To determine whether ZIKV localizes in Rab5- or Rab7-postive endosomes, T98G cells were transfected with pEGFP-Rab5 or pEGFP-Rab7. At 24 h post-infection, cells were incubated with ZIKV at an MOI of 10. The cells were examined by confocal microscopy, and ZIKV was observed in the Rab5- and Rab7-postive endosomes (Figure 8D). The above results together suggest that both Rab5 and Rab7 are likely required for ZIKV endocytosis.

DISCUSSION
Although there is evidence that ZIKV infects the central nervous system (CNS) of the developing fetus (Calvet et al., 2016), the mechanism by which ZIKV causes fetal abnormalities including microcephaly remains to be further determined. It has been hypothesized that ZIKV might impair cerebral cortical development by infecting neural progenitor cells (NPCs) (Miner and Diamond, 2016; Tang et al., 2016). Radial glial cells are the primary neural stem cells in human brain (Fietz et al., 2010; Hansen et al., 2010). Although ZIKV has been shown to infect a range of cells (Khaiboullina et al., 2019a; Khaiboullina et al., 2019b; Tamhankar and Patterson, 2019), little information is available concerning the infectious cell pathway in glial cells. The glial cell line T98G was derived from human glioblastoma cells in the brain. In this study, we demonstrated that the early infection of ZIKV in T98G cells involves strategies different from those described for other flaviviruses.
Viruses penetrate cells by various mechanisms, including fusion with the cell membrane or entering by receptor-mediated endocytosis (Smith and Helenius, 2004). Clathrin-mediated endocytosis is the most frequently used pathway by many enveloped viruses (Sieczkarski and Whittaker, 2002; van der Schaar et al., 2008). Previously, it was demonstrated that JEV entry into Vero cells is dependent on clathrin-mediated endocytosis and requires low-pH conditions (Nawa et al., 2003). As demonstrated previously, chloroquine inhibited ZIKV infection of human neural stem cells (Delvecchio et al., 2016). In the current study, the dose-dependent inhibition of ZIKV entry into T98G cells by NH4Cl or chloroquine indicates the involvement of low-pH condition. The pH-dependent entry of ZIKV suggests that ZIKV is likely to be internalized from the cell surface by receptor-mediated endocytosis and reaches an endosomal compartment where fusion occurs. 
Dynamin is a high-molecular-weight GTPase that is required for receptor-mediated endocytosis including clathrin-mediated and lipid raft/caveola-based endocytosis (Ferguson and De Camilli, 2012). However, little is currently known about the participation of dynamin in the entry process of ZIKV. In this study, the essential role of dynamin in the endocytosis of ZIKV entry was determined. Our data revealed that blockade of dynamin-dependent endocytosis inhibited ZIKV infection of T98G cells, thus confirming the importance of dynamin. 
The information currently available suggests that flavivirus internalization is clathrin dependent. Our findings firstly showed that a clathrin-dependent endocytosis pathway is operational for ZIKV entry into T98G cells. Neural cells are highly relevant for ZIKV infection, since ZIKV is primarily a neurotropic virus. Previous study by others showed that JEV entry into neural cells is via a clathrin-independent pathway (Zhu et al., 2012; Kalia et al., 2013). Our findings demonstrated that entry of ZIKV into T98G cells is different from that of JEV. In addition, it appears that ZIKV can enter T98G cells through not only clathrin-dependent but also clathrin-independent pathways. Our following findings showed that caveola-mediated pathway plays an important role in the entry of ZIKV into T98G cells. Of interest, ZIKV titers decreased 2.5 to 5 fold when cells were treated with drugs or siRNAs, whereas JEV titers decreased in the range of 5 to 10 fold. This was likely due to the lower infectivity of ZIKV than JEV in T98G cells. We indeed found that ZIKV infection was more efficient in Vero cells than in T98G cells (Supplementary material Figure 1).
We also addressed the roles of alternative/minor routes played in ZIKV entry by treatment with specific inhibitors. Cholesterol is required for caveola and lipid raft-mediated pathway endosome (Pitha et al., 1988; Rahn et al., 2011). However, cholesterol is essential for most membrane processes including endocytosis of viruses (Imelli et al., 2004). Previous studies have shown that cholesterol in cellular membranes is involved during flavivirus infection, suggesting that membrane cholesterol is a requirement for virus infection (Kaufmann and Rossmann, 2011; Zhu et al., 2012; Carro and Damonte, 2013; Yang et al., 2013). We found that depletion or sequestration of cholesterol from the membrane by methyl-β-cyclodextrin (MβCD) or filipin inhibited ZIKV entry into T98G cells. These data indicated that lipid raft, cholesterol-enriched membrane domains, may play an important role in ZIKV infection in T98G cells. In addition, a previous study demonstrated that virus binding induces dynamic rearrangements of the actin cytoskeleton at the early stages of infection (Taylor et al., 2011). Our data from experiments with drugs that alter actin organization also showed that both actin polymerization and depolymerization are required during the ZIKV infection cycles. Macropinocytosis can be defined as a transient, growth factor-induced, actin-dependent endocytic process that leads to internalization of fluid and membrane in large vacuoles (Mercer et al., 2010). We found that micropinocytosis is unlikely to be involved in ZIKV entry into T98G cells as evidenced by EIPA or wortmannin treatment experiments, which is similar to other viruses belonging to the flavivirus family (Zhu et al., 2012; Liu et al., 2017). 

Rab GTPases have been shown to be involved in the formation of vesicles on the cell surface and the downstream delivery of internalized molecules to a number of cellular locations (Imelli et al., 2004). Rab5 is a small GTPase associated with the plasma membrane and early endosomes, while Rab7 is critically involved in early to late endosome traffic (Vitelli et al., 1997; Rink et al., 2005). Previous studies with dengue virus demonstrated that the virus is transported from Rab5-positive early endosomes to Rab7-positive late endosomes before the viral genome being delivered into the cytoplasm (Krishnan et al., 2007; Acosta et al., 2012). The entry of West Nile virus requires Rab5 but not Rab7 (Krishnan et al., 2007). In this study, we found that Rab5 and Rab7 are likely required for ZIKV endocytosis. We speculate that ZIKV particles are first transported to the early Rab5-positive endosome, and the late Rab7-positive endosome may provide an important endosomal environment for ZIKV RNA release. 

In conclusion, we conduct a systematic study to identify the internalization mechanism of ZIKV into T98G cells. The evidence presented here indicated that ZIKV can enter T98G cells through both clathrin-dependent and clathrin-independent endocytosis pathways.


Funding
This work was supported by the National Mega-Projects against Infectious Diseases (2018ZX10301406-002, 2018ZX10734401-018-003 and 2018ZX10301405-003), the Emergency Prevention and Control Capacity Program for New Severe Infectious diseases of National Institute for Viral Disease Control and Prevention, the 135 Strategic Program of Chinese Academy of Sciences, and the Hotung Trust. 

Author Contributions 
QH, ML and DZ conceived the study. ML and DZ performed experiments and analyzed the data. CL, MF, FN, YL and MZ conducted some experiments. TD, HW, and GEG offered advices and technical assistance. ML drafted, and QH and MZ reviewed and finalized the manuscript. All authors read and approved the manuscript.

Conflict of Interest Statement
The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Figure Legends
Figure 1. ZIKV infection requires acidic endosomal pH. (A and D) Cells treated with increasing concentrations of NH4Cl or chloroquine were assessed by MTT assay to test cell viability. (B and E) Treatment with NH4Cl or chloroquine inhibited ZIKV infection. T98G cells treated with NH4Cl (B) or chloroquine (E) were incubated with ZIKV for 1 h at 37°C in the presence of drugs. At 24 h post-infection, infected cells were lysed to determine viral RNA copy numbers by RT-qPCR. (C and F) Treatment with NH4Cl or chloroquine inhibited ZIKV infection. T98G cells treated with NH4Cl (C) or chloroquine (F) were incubated with ZIKV for 1 h at 37°C. At 48 h post-infection, the titers of supernatant viruses were determined by plaque assay. (G) To verify V-ATPase knockdown, protein samples from cells expressing each siRNA construct were analyzed by western blotting. (H and I) T98G cells were transfected with siRNA targeting V-ATPase or control siRNA for 48 h and then infected with ZIKV at an MOI of 0.5. At 24 h post-infection, the cells were lysed to determine viral RNA copy numbers (H). At 48 h post-infection, the titers of supernatant viruses were determined by plaque assay (I). (J) At the same time, the cells were fixed with 4% PFA, incubated with an anti-ZIKV E antibody (green), and visualized by an Olympus microscope. Nuclei were counterstained with DAPI (blue). Scale bars in all panels represent 50 μm. One representative experiment out of three is shown (G and J). Data shown are mean ± SD of three independent experiments (A, B, C, D, E, F, H and I). *P<0.05; **P<0.01; ***P<0.001.

Figure 2. ZIKV entry depends on dynamin II. (A) Cell viability upon dynasore treatment was assessed by MTT assay. (B and C) Treatment with dynasore inhibited ZIKV entry into T98G cells. T98G cells treated with dynasore were incubated with ZIKV at an MOI of 10 for 1 h at 4°C and then shifted to 37°C for 1 h. The internalized viruses were determined by RT-qPCR (B) and infectious center assay (C). (D) To verify dynamin II knockdown, protein samples from cells transfected with each siRNA were analyzed by immunoblotting for dynamin II. (E and F) T98G cells were transfected with siRNA targeting dynamin II or control siRNA for 48 h followed by infection with ZIKV at an MOI of 10 for 1 h at 4 °C and then shifted to 37°C for 1 h. The internalized viruses were determined by RT-qPCR (E) and infectious center assay (F). (G) T98G cells were transfected with siRNA targeting dynamin II or control siRNA for 48 h and then incubated with 10 μg/ml AF-555-labeled transferrin for 10 min at 37°C. The cells were fixed and stained with DAPI. Scale bars in all panels represent 10 μm. (H) T98G cells were transfected with siRNA targeting dynamin II or control siRNA for 48 h followed by infection with ZIKV at an MOI of 0.5. At 48 h post-infection, the cells were fixed and analyzed under an Olympus microscope. Scale bars in all panels represent 50 μm. (I) Cells transfected with the DYN WT or DN plasmid construct were infected with ZIKV at an MOI of 0.5. At 48 h post-infection, the cells were analyzed by flow cytometry. One representative experiment out of three is shown (D). Representative confocal images from three independent experiments are shown (G and H). Data shown are mean ± SD of three independent experiments (A, B, C, E, F and I). *P<0.05; **P<0.01; ***P<0.001.
Figure 3. Clathrin is required for ZIKV infection of T98G cells. (A and D) Cell viability upon chlorpromazine treatment was assessed by MTT assay. (B and C) Treatment with chlorpromazine inhibited ZIKV entry into T98G cells. T98G cells treated with chlorpromazine were incubated with ZIKV or JEV at an MOI of 10 for 1 h at 4°C and then shifted to 37°C for 1 h. The internalized viruses were determined by RT-qPCR (B) and infectious center assay (C). (E and F) Treatment with pitstop2 inhibited ZIKV entry into T98G cells. T98G cells treated with increasing concentration of pitstop2 were infected with ZIKV or JEV at an MOI of 10 for 1 h at 4°C and then shifted to 37°C for 1 h. The internalized viruses were determined by RT-qPCR (E) and infectious center assay (F). (G) To verify the knockdown of clathrin heavy chain, protein samples from cells transfected with each siRNA were analyzed by immunoblotting for clathrin heavy chain. (H and I) T98G cells were transfected with siRNA targeting clathrin heavy chain or control siRNA for 48 h followed by infection with ZIKV or JEV at an MOI of 10 for 1 h at 4°C and then shifted to 37°C for 1 h. The internalized viruses were determined by RT-qPCR (H) and infectious center assay (I). (J) T98G cells were transfected with siRNA targeting clathrin heavy chain or control siRNA for 48 h and then incubated with 10 μg/ml AF-555-labeled transferrin for 10 min at 37°C. The cells were fixed and stained with DAPI (blue). Scale bars in all panels represent 10 μm. (K) T98G cells were transfected with siRNA targeting clathrin heavy chain or control siRNA for 48 h followed by infection with ZIKV at an MOI of 0.5. At 48 h post-infection, the cells were fixed and analyzed by an Olympus microscope. Nuclei were counterstained with DAPI (blue). Scale bars in all panels represent 50 μm. One representative experiment out of three is shown (G). Representative confocal images from three independent experiments are shown (J and K). Data shown are mean ± SD of three independent experiments (A, B, C, E, F, H and I). *P<0.05; **P<0.01.

Figure 4. ZIKV enters T98G cells via a caveola-mediated endocytosis pathway. (A) Cell viability upon genistein treatment was assessed by MTT assay. (B and C) Treatment with genistein inhibited ZIKV entry. T98G cells were pretreated with increasing concentration of genistein for 1 h at 37°C followed by infection with ZIKV or JEV at an MOI of 10, with the drug being maintained during the adsorption period of 1 h at 37°C. The internalized viruses were determined by RT-qPCR (B) and infectious center assay (C). (D) To verify caveolin-1 knockdown, protein samples from cells expressing each siRNA construct were analyzed by immunoblotting for caveolin-1. (E and F) T98G cells were transfected with siRNA targeting caveolin-1 protein or control siRNA for 48 h followed by infection with ZIKV or JEV. The internalized viruses were determined by RT-qPCR (E) and infectious center assay (F).  (G) Colocalization of caveolin-1 with ZIKV during the early stage of infection. Cells grown on glass coverslips in six-well plates were infected with ZIKV at 4°C for 1 h and then shifted to 37°C for 5 min. Cells were then fixed with 4% PFA, stained with mouse anti-ZIKV E antibody (red) and rabbit anti-caveolin-1 (green), and examined by confocal microscopy. Scale bars in all panels represent 10 μm. (H) The inhibitory effect of Caveolin-1 DN construct on ZIKV infection was determined by flow cytometry. One representative experiment out of three is shown (D). Representative confocal images from three independent experiments are shown (G). Data shown are mean ± SD of three independent experiments (A, B, C, E, F and H). *P<0.05; **P<0.01; ***P<0.001.

Figure 5. Cholesterol is required for ZIKV infection. (A and D) Cell viability upon MβCD and Filipin treatment was assessed as described in the text. (B and E) Treatment with MβCD or Filipin inhibited ZIKV infection. T98G cells were pretreated with increasing concentration of MβCD or Filipin for 1 h at 37°C. Cells were extensively washed, followed by infection with ZIKV at an MOI of 5. At 24 h post-infection, infected cells were lysed to quantitate viral RNA copy numbers by RT-qPCR. (C and F) At 48 h post-infection, the titers of supernatant viruses were determined by plaque assay. (G) Cells were pre-treated with 7.5 mM MβCD for 1 h, extensively washed, and then infected with ZIKV at an MOI of 5. At 24 h post-infection, cells were fixed and stained with an anti-ZIKV envelop antibody (green). The cells were fixed and stained with DAPI (blue). (H) Cells were pre-treated with 1 μm filipin for 1 h, extensively washed, and then infected with ZIKV at an MOI of 5. At 24 h post-infection, cells were fixed and stained with an anti-ZIKV E antibody (green). Nuclei were counterstained with DAPI (blue). Scale bars in all panels represent 50 μm. Representative confocal images from three independent experiments are shown (G and H). Data shown are mean ± SD of three independent experiments (A, B, C, D, E and F). *P<0.05; **P<0.01; ***P<0.001.

[bookmark: OLE_LINK5]Figure 6. Role of microtubules and actin cytoskeleton in ZIKV infection. (A and D) Assessment of cell viability upon Jasplakinolide or Nocodazole treatment. (B and E) T98G cells were pretreated with Jasplakinolide or Nocodazole and inoculated with ZIKV at an MOI of 0.5. At 24 h post-infection, the cells were lysed to determine the number of viral RNA copies. (C and F) At 48 h post-infection, the titers of supernatant viruses were determined by plaque assay. (G) Cells were treated with 2.5 μM Jasplakinolide for 1 h and then infected with ZIKV at an MOI of 5 in the presence of the inhibitor. At 24 h post-infection, cells were fixed and stained with an anti-ZIKV envelop antibody (green). The cells were fixed and stained with DAPI (blue). (H) Cells were treated with 5 μm Nocodazole for 1 h and then infected with ZIKV at an MOI of 5 in the presence of the inhibitor. At 24 h post-infection, cells were fixed and stained with an anti-ZIKV envelop antibody (green). Nuclei were counterstained with DAPI (blue). Representative confocal images from three independent experiments are shown (G and H). Scale bars in all panels represent 50 μm. Data shown are mean ± SD of three independent experiments (A, B, C, D, E and F). *P<0.05; **P<0.01; ***P<0.001.

Figure 7. ZIKV entry is independent of macropinocytosis/phagocytosis. (A and D) Cell viability upon drug treatment was assessed. (B and C) T98G cells treated with EIPA were incubated with ZIKV at an MOI of 10 for 1 h at 4°C and then shifted to 37°C for 1 h. The internalized viruses were determined by RT-qPCR (B) and infectious center assay (C). (E and F) T98G cells treated with increasing concentration of wortmannin were infected with ZIKV at an MOI of 10 for 1 h at 4°C and then shifted to 37°C for 1 h. The internalized viruses were determined by RT-qPCR (E) and infectious center assay (F). (G and H) T98G cells treated with increasing concentration of EIPA or wortmannin were infected with VSVpv for 1 h at 4°C and then shifted to 37°C for 1 h. The cells were washed by PBS three times and fed with fresh DMEM. Luciferase activities were determined at 48 h post infection. Data shown are mean ± SD of three independent experiments (A, B, C, D, E, F, G and H). *P<0.05; **P<0.01. 

Figure 8. Effects of Rab5 and Rab7 knockdown on ZIKV infection. (A) The knockdown efficiency of Rab5 or Rab7 was determined by Western blotting. T98G cells were transfected with either siCtrl, siRab5, or siRab7 for 48 h. Cell lysates were reacted with anti-Rab5 antibody or anti-Rab7 antibody specific for the indicated proteins. β-actin was used as an internal loading control. One representative experiment out of three is shown. (B) Rab5 or Rab7 depletion reduced ZIKV propagation. T98G cells transfected with the indicated siRNAs were infected with ZIKV at an MOI of 0.5 and incubated for 48 h to allow virus propagation. Infected cells were lysed to quantitate viral RNA copy numbers by RT-qPCR. (C) At 48 h post-infection, the titers of supernatant viruses were determined by plaque assay. (D) ZIKV localized in Rab5 and Rab7-postitive endosomes. T98G cells were transfected with EGFP-tagged Rab5 or Rab7 for 24 h, followed by infection with ZIKV at an MOI of 10 at 4°C for 1 h and then shifted to 37°C. At 24 h post-infection, cells were fixed and stained with an anti-ZIKV envelop antibody (red). Nuclei were stained with DAPI (blue). One representative experiment out of three is shown (A). The immunofluorescence was examined under confocal microscope. Representative confocal images from three independent experiments are shown. Scale bars in all panels represent 10 μm (D). Data shown are mean ± SD of three independent experiments (B and C). *P<0.05; **P<0.01; ***P<0.001.
REFERENCE
Acosta, E.G., Castilla, V., and Damonte, E.B. (2009). Alternative infectious entry pathways for dengue virus serotypes into mammalian cells. Cell Microbiol 11(10), 1533-1549. doi: 10.1111/j.1462-5822.2009.01345.x.
Acosta, E.G., Castilla, V., and Damonte, E.B. (2012). Differential requirements in endocytic trafficking for penetration of dengue virus. PLoS One 7(9), e44835. doi: 10.1371/journal.pone.0044835.
Avšic Županc, T., and Petrovec, M. (2016). Zika: an old virus with a new face. Zdravstveno varstvo 55(4), 228-230. doi: 10.1515/sjph-2016-0031.
Bharucha, T., and Breuer, J. (2016). Review: A neglected Flavivirus: an update on Zika virus in 2016 and the future direction of research. Neuropathology and applied neurobiology 42(4), 317-325. doi: 10.1111/nan.12326.
Bolard, J. (1986). How do the polyene macrolide antibiotics affect the cellular membrane properties? Biochim Biophys Acta 864(3-4), 257-304. doi: 10.1016/0304-4157(86)90002-x.
Brasil, P., Pereira, J.P., Jr., Moreira, M.E., Ribeiro Nogueira, R.M., Damasceno, L., Wakimoto, M., et al. (2016). Zika Virus Infection in Pregnant Women in Rio de Janeiro. N Engl J Med 375(24), 2321-2334. doi: 10.1056/NEJMoa1602412.
Calvet, G., Aguiar, R.S., Melo, A.S.O., Sampaio, S.A., de Filippis, I., Fabri, A., et al. (2016). Detection and sequencing of Zika virus from amniotic fluid of fetuses with microcephaly in Brazil: a case study. The Lancet Infectious Diseases 16(6), 653-660. doi: 10.1016/S1473-3099(16)00095-5.
Cao-Lormeau, V.M., Blake, A., Mons, S., Lastere, S., Roche, C., Vanhomwegen, J., et al. (2016). Guillain-Barre Syndrome outbreak associated with Zika virus infection in French Polynesia: a case-control study. Lancet 387(10027), 1531-1539. doi: 10.1016/s0140-6736(16)00562-6.
Carro, A.C., and Damonte, E.B. (2013). Requirement of cholesterol in the viral envelope for dengue virus infection. Virus Res 174(1-2), 78-87. doi: 10.1016/j.virusres.2013.03.005.
Cramer, L.P. (1999). Role of actin-filament disassembly in lamellipodium protrusion in motile cells revealed using the drug jasplakinolide. Current Biology 9(19), 1095-1105. doi: 10.1016/S0960-9822(99)80478-3.
Damke, H., Baba, T., Warnock, D.E., and Schmid, S.L. (1994). Induction of mutant dynamin specifically blocks endocytic coated vesicle formation. J Cell Biol 127(4), 915-934. doi:10.1083/jcb.127.4.915.
Das, S., Chakraborty, S., and Basu, A. (2010). Critical role of lipid rafts in virus entry and activation of phosphoinositide 3' kinase/Akt signaling during early stages of Japanese encephalitis virus infection in neural stem/progenitor cells. J Neurochem 115(2), 537-549. doi: 10.1111/j.1471-4159.2010.06951.x.
Delvecchio, R., Higa, M.L., Pezzuto, P., Valadão, L.A., Garcez, P.P., Monteiro, L.F., et al. (2016). Chloroquine, an Endocytosis Blocking Agent, Inhibits Zika Virus Infection in Different Cell Models. Viruses 8(12). doi: 10.3390/v8120322.
Deng, C., Liu, S., Zhang, Q., Xu, M., Zhang, H., Gu, D., et al. (2016). Isolation and characterization of Zika virus imported to China using C6/36 mosquito cells. Virol Sin 31(2), 176-179. doi: 10.1007/s12250-016-3778-5.
Dick, G.W., Kitchen, S.F., and Haddow, A.J. (1952). Zika virus. I. Isolations and serological specificity. Trans R Soc Trop Med Hyg 46(5), 509-520. doi: 
10.1016/0035-9203(52)90042-4.
Doherty, G.J., and McMahon, H.T. (2009). Mechanisms of endocytosis. Annu Rev Biochem 78, 857-902. doi: 10.1146/annurev.biochem.78.081307.110540.
Dutta, D., Williamson, C.D., Cole, N.B., and Donaldson, J.G. (2012). Pitstop 2 Is a Potent Inhibitor of Clathrin-Independent Endocytosis. PLOS ONE 7(9), e45799. doi: 10.1371/journal.pone.0045799.
Ferguson, S.M., and De Camilli, P. (2012). Dynamin, a membrane-remodelling GTPase. Nat Rev Mol Cell Biol 13(2), 75-88. doi: 10.1038/nrm3266.
Fietz, S.A., Kelava, I., Vogt, J., Wilsch-Brauninger, M., Stenzel, D., Fish, J.L., et al. (2010). OSVZ progenitors of human and ferret neocortex are epithelial-like and expand by integrin signaling. Nat Neurosci 13(6), 690-699. doi: 10.1038/nn.2553.
Fra, A.M., Williamson, E., Simons, K., and Parton, R.G. (1995). De novo formation of caveolae in lymphocytes by expression of VIP21-caveolin. Proc Natl Acad Sci U S A 92(19), 8655-8659. doi: 10.1073/pnas.92.19.8655.
Fukuhara, T., Tani, H., Shiokawa, M., Goto, Y., Abe, T., Taketomi, A., et al. (2011). Intracellular delivery of serum-derived hepatitis C virus. Microbes Infect 13(4), 405-412. doi: 10.1016/j.micinf.2011.01.005.
Gollins, S.W., and Porterfield, J.S. (1986). The uncoating and infectivity of the flavivirus West Nile on interaction with cells: effects of pH and ammonium chloride. J Gen Virol 67 (Pt 9), 1941-1950. doi: 10.1099/0022-1317-67-9-1941.
Hansen, D.V., Lui, J.H., Parker, P.R., and Kriegstein, A.R. (2010). Neurogenic radial glia in the outer subventricular zone of human neocortex. Nature 464(7288), 554-561. doi: 10.1038/nature08845.
Henry Sum, M.S. (2015). The involvement of microtubules and actin during the infection of Japanese encephalitis virus in neuroblastoma cell line, IMR32. Biomed Res Int 2015, 695283. doi: 10.1155/2015/695283.
Imelli, N., Meier, O., Boucke, K., Hemmi, S., and Greber, U.F. (2004). Cholesterol is required for endocytosis and endosomal escape of adenovirus type 2. J Virol 78(6), 3089-3098. doi:10.1128/jvi.78.6.3089-3098.2004.
Kalia, M., Khasa, R., Sharma, M., Nain, M., and Vrati, S. (2013). Japanese encephalitis virus infects neuronal cells through a clathrin-independent endocytic mechanism. J Virol 87(1), 148-162. doi: 10.1128/jvi.01399-12.
Kaufmann, B., and Rossmann, M.G. (2011). Molecular mechanisms involved in the early steps of flavivirus cell entry. Microbes and Infection 13(1), 1-9. doi: 10.1016/j.micinf.2010.09.005.
Khaiboullina, S., Uppal, T., Kletenkov, K., St Jeor, S.C., Garanina, E., Rizvanov, A., et al. (2019a). Transcriptome Profiling Reveals Pro-Inflammatory Cytokines and Matrix Metalloproteinase Activation in Zika Virus Infected Human Umbilical Vein Endothelial Cells. Frontiers in Pharmacology 10. doi: ARTN 642
10.3389/fphar.2019.00642.
Khaiboullina, S.F., Ribeiro, F.M., Uppal, T., Martynova, E.V., Rizvanov, A.A., and Verma, S.C. (2019b). Zika Virus Transmission Through Blood Tissue Barriers. Front Microbiol 10, 1465. doi: 10.3389/fmicb.2019.01465.
Kilsdonk, E.P., Yancey, P.G., Stoudt, G.W., Bangerter, F.W., Johnson, W.J., Phillips, M.C., et al. (1995). Cellular cholesterol efflux mediated by cyclodextrins. J Biol Chem 270(29), 17250-17256. doi:10.1074/jbc.270.29.17250.
Krishnan, M.N., Sukumaran, B., Pal, U., Agaisse, H., Murray, J.L., Hodge, T.W., et al. (2007). Rab 5 is required for the cellular entry of dengue and West Nile viruses. J Virol 81(9), 4881-4885. doi: 10.1128/jvi.02210-06.
Lee, C.-J., Liao, C.-L., and Lin, Y.-L. (2005). Flavivirus Activates Phosphatidylinositol 3-Kinase Signaling To Block Caspase-Dependent Apoptotic Cell Death at the Early Stage of Virus Infection. Journal of Virology 79(13), 8388-8399. doi: 10.1128/jvi.79.13.8388-8399.2005.
Lee, C.J., Lin, H.R., Liao, C.L., and Lin, Y.L. (2008). Cholesterol effectively blocks entry of flavivirus. J Virol 82(13), 6470-6480. doi: 10.1128/jvi.00117-08.
Li, M., Wang, P., Zheng, Z., Hu, K., Zhang, M., Guan, X., et al. (2017a). Japanese encephalitis virus counteracts BST2 restriction via its envelope protein E. Virology 510, 67-75. doi: 10.1016/j.virol.2017.07.008.
Li, Q., Li, W., Yin, W., Guo, J., Zhang, Z.P., Zeng, D., et al. (2017b). Single-Particle Tracking of Human Immunodeficiency Virus Type 1 Productive Entry into Human Primary Macrophages. ACS Nano 11(4), 3890-3903. doi: 10.1021/acsnano.7b00275.
Liu, C.C., Zhang, Y.N., Li, Z.Y., Hou, J.X., Zhou, J., Kan, L., et al. (2017). Rab5 and Rab11 Are Required for Clathrin-Dependent Endocytosis of Japanese Encephalitis Virus in BHK-21 Cells. J Virol 91(19). doi: 10.1128/jvi.01113-17.
Macia, E., Ehrlich, M., Massol, R., Boucrot, E., Brunner, C., and Kirchhausen, T. (2006). Dynasore, a cell-permeable inhibitor of dynamin. Dev Cell 10(6), 839-850. doi: 10.1016/j.devcel.2006.04.002.
Marsh, M., and Helenius, A. (2006). Virus entry: open sesame. Cell 124(4), 729-740. doi: 10.1016/j.cell.2006.02.007.
Masuyama, N., Kuronita, T., Tanaka, R., Muto, T., Hirota, Y., Takigawa, A., et al. (2009). HM1.24 is Internalized from Lipid Rafts by Clathrin-Mediated Endocytosis through Interaction with α-adaptin. Journal of Biological Chemistry. doi: 10.1074/jbc.M109.005124.
Mayor, S., and Pagano, R.E. (2007). Pathways of clathrin-independent endocytosis. Nat Rev Mol Cell Biol 8(8), 603-612. doi: 10.1038/nrm2216.
Medigeshi, G.R., Hirsch, A.J., Streblow, D.N., Nikolich-Zugich, J., and Nelson, J.A. (2008). West Nile virus entry requires cholesterol-rich membrane microdomains and is independent of alphavbeta3 integrin. J Virol 82(11), 5212-5219. doi: 10.1128/jvi.00008-08.
Mercer, J., and Helenius, A. (2009). Virus entry by macropinocytosis. Nature Cell Biology 11, 510. doi: 10.1038/ncb0509-510.
Mercer, J., Schelhaas, M., and Helenius, A. (2010). Virus Entry by Endocytosis. Annual Review of Biochemistry, Vol 79 79, 803-833. doi: 10.1146/annurev-biochem-060208-104626.
Miner, J.J., and Diamond, M.S. (2016). Understanding How Zika Virus Enters and Infects Neural Target Cells. Cell Stem Cell 18(5), 559-560. doi: 10.1016/j.stem.2016.04.009.
Nawa, M., Takasaki, T., Yamada, K., Kurane, I., and Akatsuka, T. (2003). Interference in Japanese encephalitis virus infection of Vero cells by a cationic amphiphilic drug, chlorpromazine. J Gen Virol 84(Pt 7), 1737-1741. doi: 10.1099/vir.0.18883-0.
Nowakowski, Tomasz J., Pollen, Alex A., Di Lullo, E., Sandoval-Espinosa, C., Bershteyn, M., and Kriegstein, Arnold R. (2016). Expression Analysis Highlights AXL as a Candidate Zika Virus Entry Receptor in Neural Stem Cells. Cell Stem Cell 18(5), 591-596. doi: 10.1016/j.stem.2016.03.012.
Oehler, E., Watrin, L., Larre, P., Leparc-Goffart, I., Lastere, S., Valour, F., et al. (2014). Zika virus infection complicated by Guillain-Barre syndrome--case report, French Polynesia, December 2013. Euro Surveill 19(9). doi: 10.2807/1560-7917.es2014.19.9.20720.
Oh, P., McIntosh, D.P., and Schnitzer, J.E. (1998). Dynamin at the neck of caveolae mediates their budding to form transport vesicles by GTP-driven fission from the plasma membrane of endothelium. J Cell Biol 141(1), 101-114. doi: 
10.1083/jcb.141.1.101.
Olson, J.G., Ksiazek, T.G., Suhandiman, and Triwibowo (1981). Zika virus, a cause of fever in Central Java, Indonesia. Trans R Soc Trop Med Hyg 75(3), 389-393. doi： 10.1016/0035-9203(81)90100-0.
Owczarek, K., Chykunova, Y., Jassoy, C., Maksym, B., Rajfur, Z., and Pyrc, K. (2019). Zika virus: mapping and reprogramming the entry. Cell Communication and Signaling 17(1), 41. doi: 10.1186/s12964-019-0349-z.
Parton, R.G., and Richards, A.A. (2003). Lipid rafts and caveolae as portals for endocytosis: new insights and common mechanisms. Traffic 4(11), 724-738. doi: 
10.1034/j.1600-0854.2003.00128.x.
Patel, K.P., Coyne, C.B., and Bergelson, J.M. (2009). Dynamin- and lipid raft-dependent entry of decay-accelerating factor (DAF)-binding and non-DAF-binding coxsackieviruses into nonpolarized cells. J Virol 83(21), 11064-11077. doi: 10.1128/jvi.01016-09.
Persaud, M., Martinez-Lopez, A., Buffone, C., Porcelli, S.A., and Diaz-Griffero, F. (2018). Infection by Zika viruses requires the transmembrane protein AXL, endocytosis and low pH. Virology 518, 301-312. doi: 10.1016/j.virol.2018.03.009.
Pitha, J., Irie, T., Sklar, P.B., and Nye, J.S. (1988). Drug solubilizers to aid pharmacologists: amorphous cyclodextrin derivatives. Life Sci 43(6), 493-502.
Plourde, A.R., and Bloch, E.M. (2016). A Literature Review of Zika Virus. Emerging infectious diseases 22(7), 1185-1192. doi: 10.3201/eid2207.151990.
Puerta-Guardo, H., Mosso, C., Medina, F., Liprandi, F., Ludert, J.E., and del Angel, R.M. (2010). Antibody-dependent enhancement of dengue virus infection in U937 cells requires cholesterol-rich membrane microdomains. J Gen Virol 91(Pt 2), 394-403. doi: 10.1099/vir.0.015420-0.
Rahn, E., Petermann, P., Hsu, M.J., Rixon, F.J., and Knebel-Morsdorf, D. (2011). Entry pathways of herpes simplex virus type 1 into human keratinocytes are dynamin- and cholesterol-dependent. PLoS One 6(10), e25464. doi: 10.1371/journal.pone.0025464.
Rasmussen, S.A., Jamieson, D.J., Honein, M.A., and Petersen, L.R. (2016). Zika Virus and Birth Defects--Reviewing the Evidence for Causality. N Engl J Med 374(20), 1981-1987. doi: 10.1056/NEJMsr1604338.
Rink, J., Ghigo, E., Kalaidzidis, Y., and Zerial, M. (2005). Rab conversion as a mechanism of progression from early to late endosomes. Cell 122(5), 735-749. doi: 10.1016/j.cell.2005.06.043.
Sandvig, K., Torgersen, M.L., Raa, H.A., and van Deurs, B. (2008). Clathrin-independent endocytosis: from nonexisting to an extreme degree of complexity. Histochem Cell Biol 129(3), 267-276. doi: 10.1007/s00418-007-0376-5.
Schelhaas, M. (2010). Come in and take your coat off - how host cells provide endocytosis for virus entry. Cell Microbiol 12(10), 1378-1388. doi: 10.1111/j.1462-5822.2010.01510.x.
Shi, Y., and Gao, G.F. (2017). Structural Biology of the Zika Virus. Trends in Biochemical Sciences 42(6), 443-456. doi: 10.1016/j.tibs.2017.02.009.
Sieczkarski, S.B., and Whittaker, G.R. (2002). Dissecting virus entry via endocytosis. J Gen Virol 83(Pt 7), 1535-1545. doi: 10.1099/0022-1317-83-7-1535.
Silva, M.C., Guerrero-Plata, A., Gilfoy, F.D., Garofalo, R.P., and Mason, P.W. (2007). Differential activation of human monocyte-derived and plasmacytoid dendritic cells by West Nile virus generated in different host cells. J Virol 81(24), 13640-13648. doi: 10.1128/JVI.00857-07.
Smith, A.E., and Helenius, A. (2004). How Viruses Enter Animal Cells. Science 304(5668), 237. doi: 10.1126/science.1094823.
Stadler, K., Allison, S.L., Schalich, J., and Heinz, F.X. (1997). Proteolytic activation of tick-borne encephalitis virus by furin. J Virol 71(11), 8475-8481.
Suksanpaisan, L., Susantad, T., and Smith, D.R. (2009). Characterization of dengue virus entry into HepG2 cells. Journal of Biomedical Science 16(1), 17. doi: 10.1186/1423-0127-16-17.
Tamhankar, M., and Patterson, J.L. (2019). Directional entry and release of Zika virus from polarized epithelial cells. Virology Journal 16(1). doi: 10.1186/s12985-019-1200-2.
Tang, H., Hammack, C., Ogden, S.C., Wen, Z., Qian, X., Li, Y., et al. (2016). Zika Virus Infects Human Cortical Neural Progenitors and Attenuates Their Growth. Cell Stem Cell 18(5), 587-590. doi: 10.1016/j.stem.2016.02.016.
Taylor, M.P., Koyuncu, O.O., and Enquist, L.W. (2011). Subversion of the actin cytoskeleton during viral infection. Nat Rev Microbiol 9(6), 427-439. doi: 10.1038/nrmicro2574.
Vale-Costa, S., and Amorim, M.J. (2016). Recycling Endosomes and Viral Infection. Viruses 8(3), 64. doi: 10.3390/v8030064.
van der Schaar, H.M., Rust, M.J., Chen, C., van der Ende-Metselaar, H., Wilschut, J., Zhuang, X., et al. (2008). Dissecting the cell entry pathway of dengue virus by single-particle tracking in living cells. PLoS Pathog 4(12), e1000244. doi: 10.1371/journal.ppat.1000244.
Vasquez, R.J., Howell, B., Yvon, A.M., Wadsworth, P., and Cassimeris, L. (1997). Nanomolar concentrations of nocodazole alter microtubule dynamic instability in vivo and in vitro. Mol Biol Cell 8(6), 973-985. doi: 10.1091/mbc.8.6.973.
Vitelli, R., Santillo, M., Lattero, D., Chiariello, M., Bifulco, M., Bruni, C.B., et al. (1997). Role of the small GTPase Rab7 in the late endocytic pathway. J Biol Chem 272(7), 4391-4397. doi: 10.1074/jbc.272.7.4391.
Walsh, D., and Naghavi, M.H. (2019). Exploitation of Cytoskeletal Networks during Early Viral Infection. Trends in Microbiology 27(1), 39-50. doi: 10.1016/j.tim.2018.06.008.
Wang, L.H., Rothberg, K.G., and Anderson, R.G.W. (1993). Mis-Assembly of Clathrin Lattices on Endosomes Reveals a Regulatory Switch for Coated Pit Formation. Journal of Cell Biology 123(5), 1107-1117. doi: 10.1083/jcb.123.5.1107.
Wang, S.B., Liu, H.B., Zu, X.Y., Liu, Y., Chen, L.M., Zhu, X.Q., et al. (2016). The ubiquitin-proteasome system is essential for the productive entry of Japanese encephalitis virus. Virology 498, 116-127. doi: 10.1016/j.virol.2016.08.013.
Xu, M.-Y., Liu, S.-Q., Deng, C.-L., Zhang, Q.-Y., and Zhang, B. (2016). Detection of Zika virus by SYBR green one-step real-time RT-PCR. Journal of Virological Methods 236, 93-97. doi: 10.1016/j.jviromet.2016.07.014.
Yang, S., He, M., Liu, X., Li, X., Fan, B., and Zhao, S. (2013). Japanese encephalitis virus infects porcine kidney epithelial PK15 cells via clathrin- and cholesterol-dependent endocytosis. Virol J 10, 258. doi: 10.1186/1743-422x-10-258.
Yin, X., Ambardekar, C., Lu, Y., and Feng, Z. (2016). Distinct Entry Mechanisms for Nonenveloped and Quasi-Enveloped Hepatitis E Viruses. Journal of Virology 90(8), 4232-4242. doi: 10.1128/jvi.02804-15.
Zheng, Z., Yang, J., Jiang, X., Liu, Y., Zhang, X., Li, M., et al. (2018). Tick-Borne Encephalitis Virus Nonstructural Protein NS5 Induces RANTES Expression Dependent on the RNA-Dependent RNA Polymerase Activity. J Immunol 201(1), 53-68. doi: 10.4049/jimmunol.1701507.
Zhu, Y.Z., Xu, Q.Q., Wu, D.G., Ren, H., Zhao, P., Lao, W.G., et al. (2012). Japanese encephalitis virus enters rat neuroblastoma cells via a pH-dependent, dynamin and caveola-mediated endocytosis pathway. J Virol 86(24), 13407-13422. doi: 10.1128/jvi.00903-12.
[bookmark: _GoBack]

6

