

[image: image1]

  Wolbachia Inhibits Binding of Dengue and Zika Viruses to Mosquito Cells









 


	
	
ORIGINAL RESEARCH
 published: 04 August 2020
 doi: 10.3389/fmicb.2020.01750






[image: image2]

Wolbachia Inhibits Binding of Dengue and Zika Viruses to Mosquito Cells

Peng Lu1†, Qiang Sun1†, Ping Fu1,2, Kuibiao Li1,3, Xiao Liang1 and Zhiyong Xi1*


1Department of Microbiology and Molecular Genetics, Michigan State University, East Lansing, MI, United States


2School of Basic Medical Sciences, Guizhou Medical University, Guiyang, China


3Guangzhou Center for Disease Control and Prevention, Guangzhou, China


Edited by:
 Guido Favia, University of Camerino, Italy

Reviewed by:
 Sassan Asgari, The University of Queensland, Australia
 Elsa Beatriz Damonte, University of Buenos Aires, Argentina

*Correspondence: Zhiyong Xi, xizy@msu.edu 

†These authors have contributed equally to this work

Specialty section: This article was submitted to Microbial Symbioses, a section of the journal Frontiers in Microbiology


Received: 14 May 2020
 Accepted: 03 July 2020
 Published: 04 August 2020

Citation: Lu P, Sun Q, Fu P, Li K, Liang X and Xi Z (2020)  Wolbachia Inhibits Binding of Dengue and Zika Viruses to Mosquito Cells. Front. Microbiol. 11:1750. doi: 10.3389/fmicb.2020.01750
 

As traditional approaches to the control of dengue and Zika are insufficient, significant efforts have been made to develop utilization of the endosymbiotic bacterium Wolbachia to reduce the ability of mosquitoes to transmit pathogens. Although Wolbachia is known to inhibit flaviviruses in mosquitoes, including dengue virus (DENV) and Zika virus (ZIKV), it remains unclear how the endosymbiont interferes with viral replication cycle. In this study, we have carried out viral binding assays to investigate the impact of the Wolbachia strain wAlbB on the attachment of DENV serotype 2 (DENV-2) and ZIKV to Aedes aegypti Aag-2 cells. RNA interference (RNAi) was used to silence a variety of putative mosquito receptors of DENV that were differentially regulated by wAlbB in Aag-2 cells, in order to identify host factors involved in the inhibition of viral binding. Our results showed that, in addition to suppression of viral replication, Wolbachia strongly inhibited binding of both DENV-2 and ZIKV to Aag-2 cells. Moreover, the expression of two putative mosquito DENV receptors – dystroglycan and tubulin – was downregulated by wAlbB, and their knock-down resulted in the inhibition of DENV-2 binding to Aag-2 cells. These results will aid in understanding the Wolbachia-DENV interactions in mosquito and the development of novel control strategies for mosquito-borne diseases.

Keywords: Wolbachia, dengue, Zika, viral entry, mosquito


INTRODUCTION

Dengue virus (DENV), a member of the family Flaviviridae, is the causative agent of dengue fever, dengue hemorrhagic fever, and dengue shock syndrome. As a major public health problem, with approximately 2.5 billion people at risk of pathogen transmission, DENV causes up to 50 million infections annually, in over 100 endemic countries, with 22,000 deaths mainly among children (Bhatt et al., 2013). Zika virus (ZIKV) is another flavivirus, which, in 2016, the World Health Organization (WHO) declared a Public Health Emergency of International Concern, because of its outbreak in the Americas and the widespread microcephaly and other neurological disorders it caused. Both DENV and ZIKV are transmitted to humans by Aedes mosquitoes, including the two species Aedes aegypti and Aedes albopictus. Lack of effective vaccines and antiviral therapies means that vector control is the primary intervention tool, which has been insufficient to prevent the global spread of dengue (Guzman et al., 2010). In order to meet the challenge of controlling DENV and ZIKV, innovative approaches – including Wolbachia-based replacement and suppression of mosquito vector populations – are currently under development for disease control (Hoffmann et al., 2011; Zheng et al., 2019).

Flaviviruses, including DENV and ZIKV, are enveloped positive-strand RNA viruses with a genome of approximately 11 kilobases, which have a single open reading frame encoding three structural proteins – capsid (C), membrane (M), and envelope (E) protein – and seven non-structural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5; Mukhopadhyay et al., 2005; Harris et al., 2006). The viral life cycle begins with the binding of virions to their cellular receptors on the surface of susceptible host cells (Yazi Mendoza et al., 2002; Thepparit and Smith, 2004; Reyes-Del Valle et al., 2005; Mercado-Curiel et al., 2006), followed by entrance into the host cells through receptor-mediated endocytosis (Acosta et al., 2008; Miller et al., 2008; van der Schaar et al., 2008), then fusion of the viral membrane with the endosome membrane, and subsequent delivery of the nucleocapsid into the cell cytoplasm (Heinz and Allison, 2003; Bressanelli et al., 2004). Following uncoating of the nucleocapsid in the cell cytoplasm, replication and translation of the viral RNA begin. Assembly of immature virions occurs on the surface of the host cell endoplasmic reticulum (ER), with newly formed nucleocapsids budding into the ER lumen (Welsch et al., 2009; Apte-Sengupta et al., 2014). Subsequently, the immature virions are transported through the trans-Golgi network (TGN), where they mature and form infectious particles (Zybert et al., 2008). Finally, the mature flaviviruses are released from the host cell by exocytosis.


Wolbachia are maternally transmitted intracellular symbiotic bacteria that are estimated to infect >65% of insect species and a large number of other arthropods, including ticks and mites, as well as filarial nematodes (Hilgenboecker et al., 2008). Through cytoplasmic incompatibility (Werren, 1997), Wolbachia can rapidly invade and become fixed in mosquito populations not already infected with the same Wolbachia stain (Xi et al., 2005; Hoffmann et al., 2011). Furthermore, different Wolbachia strains have been observed to induce resistance to DENV in mosquitoes (Moreira et al., 2009; Bian et al., 2010; Walker et al., 2011; Ford et al., 2019), with the strength of viral inhibition depending on the density of Wolbachia (Osborne et al., 2009, 2012; Lu et al., 2012; Chrostek et al., 2013). This Wolbachia-mediated pathogen interference also has a broad spectrum, being effective against a variety of RNA viruses, including ZIKV, West Nile virus (WNV), and yellow fever and chikungunya viruses, as well as eukaryotic parasites, such as Plasmodium and filarial nematodes (Kambris et al., 2009; Moreira et al., 2009; Glaser and Meola, 2010; van den Hurk et al., 2012; Bian et al., 2013; Hussain et al., 2013). Although the detailed mechanism(s) underlying viral interference are not well understood, it is believed that both immune priming and metabolic alterations of the host contribute to pathogen resistance (Pan et al., 2012; Caragata et al., 2013). For example, Wolbachia induces the production of reactive oxygen species in both naturally-infected and artificially-transinfected insect hosts, which can trigger either direct and/or indirect antiviral responses (Brennan et al., 2008; Pan et al., 2012; Wong et al., 2015). Wolbachia also perturbs host metabolic pathways/networks (Caragata et al., 2013; Melnikow et al., 2013), which may interfere with host factors required for completion of the viral life cycle (Guo et al., 2010). In addition, genetic variation in certain host factors has been observed to affect the strength of Wolbachia-mediated viral blocking in mosquitoes (Ford et al., 2019). However, the impact of Wolbachia on the flavivirus life cycle has not yet been fully characterized. Previous studies have found that the Wolbachia strain wStri inhibited both ZIKV entry into A. albopictus cells and replication of the viral genome (Schultz et al., 2018). By contrast, the Wolbachia strain wMel was not observed to inhibit DENV binding or entry to A. aegypti Aag-2 cells (Thomas et al., 2018). The Wolbachia strain wMelPop was reported to enhance replication of the WNV genome, but it reduced production of secreted virus in the Aag-2 cell line (Hussain et al., 2013). However, a reduction of WNV and DENV replication, rather than enhancement, was observed in both wMel-infected and wAlbB-infected Aag-2 cells, respectively (Lu et al., 2012; Thomas et al., 2018). Thus, further studies are needed to clarify how the virus life cycle is affected by the presence of Wolbachia in host cells, and the universality of these impacts are among both different flaviviruses and Wolbachia strains. As different host factors participate in each stage of the virus life cycle (Kuadkitkan et al., 2010; Colpitts et al., 2011; Munoz Mde et al., 2013), knowledge of how the viral life cycle is affected by Wolbachia could provide important insights allowing further dissection of Wolbachia – flavivirus interactions in the mosquito host, thus facilitating the development of Wolbachia-mosquito symbioses with the greatest possible viral blocking.

We have previously shown that wAlbB induces strong resistance to the DENV serotype 2 (DENV-2) in the Aag-2 cell line (Lu et al., 2012) and that the strength of this viral inhibition depends on the density of wAlbB within host cells (Lu et al., 2012). DENV-2 is eliminated at a high density of Wolbachia in host cells, while both virus and the endosymbiont coexist in the cytoplasm of mosquito cells if wAlbB is present at a low density (Lu et al., 2012). In this study, in order to better understand how DENV is inhibited by wAlbB, we have focused on the impact of wAlbB on DENV-2 life cycle. Our results show that wAlbB prevents the intracellular accumulation of viral genome copies in Aag-2 cells by inhibiting the binding of both DENV-2 and ZIKV to Aag-2 cells and so prevents viruses from entering the next stage of their life cycle. Furthermore, we identify several mosquito host proteins bound by DENV, whose expression is downregulated by wAlbB and for which gene silencing is shown to interfere with viral binding in mosquito cells.



MATERIALS AND METHODS


Cell and Viral Culture

The A. aegypti W-Aag-2 cell line was generated by transinfecting Aag-2 cells (Peleg, 1968) with Wolbachia using the shell vial technique, as previously described (Lu et al., 2012). The R-Aag-2 cell line was generated from W-Aag-2 by treatment of the latter with the antibiotic rifampicin (Lu et al., 2012). The W-Aag-2 and R-Aag-2 cell lines were maintained at 25°C in Schneider’s Drosophila Medium (Invitrogen) supplemented with 10% (v/v) heat-inactivated fetal bovine serum (FBS) and 1% penicillin/streptomycin (Life Technologies) and were passaged at 1:5 dilution every 6–7 days.

The New Guinea C (NGC) strain of DENV-2 was grown in W-Aag-2 and R-Aag-2 cells, as previously described (Sim and Dimopoulos, 2010). Briefly, cells were seeded in a 48-well plate to a confluency of 80%. W-Aag-2 and R-Aag-2 monolayers were then infected with DENV-2 at the desired multiplicity of infection (MOI) of DENV-2. Plates were incubated at 25°C for the duration of the experiment. The ZIKV PRVABC59 strain, obtained from ATCC, was grown in Vero cells and cultured with Dulbecco’s Modified Eagle Medium (10% FBS) at 37°C with 5% CO2, and the titer was measured by plaque assay.



DENV-2 and ZIKV Binding Assays

Binding assays were carried out to characterize the attachment of DENV and ZIKV to W-Aag-2 and R-Aag-2 cells. Prior to the initiation of viral binding, the culture medium was removed and cells were washed with cold Schneider’s Drosophila Medium. Subsequently, viruses were overlain on the cell cultures and incubated with the cells for 1 h at 4°C, with either DENV-2 at an MOI of 1 or 10 or ZIKV at an MOI of 0.1. The cells were washed three times with cold phosphate-buffered saline (PBS) to remove any unbound virus, followed by the addition of 350 μl buffer RLT (QIAGEN) to each well for RNA extraction. The number of gene copies of bound DENV-2 and ZIKV were quantified by real-time PCR. For the DENV-2 assays, the incubation medium was collected for measurement of the titer of unbound viruses.



RNA Extraction, cDNA Synthesis, and Quantitative Reverse Transcription Polymerase Chain Reaction

Total RNA was extracted from the cell lines using the RNeasy Mini Kit (QIAGEN), and then the cDNA transcript was produced using the QuantiTect Reverse Transcription Kit (QIAGEN). Real-time PCR was conducted using the QuantiTect SYBR Green PCR Kit (QIAGEN) and an ABI Prism 7900HT Sequence Detection System (Applied Biosystems). DENV-2 genomic RNA was measured by quantitative reverse transcription PCR (qRT-PCR) using primers directed to the NS5 gene (Molina-Cruz et al., 2005). The copy numbers of both DENV-2 and ZIKV genomes were normalized using the host (A. aegypti) ribosomal protein S6 (rps6) gene. A standard curve was generated for each of the NS5 and rps6 genes by analyzing 101–108 copies/reaction of two different plasmids, containing a fragment of each gene (Lu et al., 2012). The number of genome copies of bound ZIKV was quantified by qRT-PCR using the primers ZIKV 835 and ZIKV 911c (Lanciotti et al., 2008). Wolbachia-regulated expression of mosquito DENV-binding proteins was assayed using the primers listed in Supplementary Table S1.

Tagged RT-PCR was used to specifically amplify the negative sense viral RNA by preventing false priming (Peyrefitte et al., 2003). The primer tagF 5'-CGGTCATGGTGGCGAATAAACAAGTAGAACAACCTGGTCCAT-3' was designed to contain the DENV-targeting sequence in its 3'-end and a 19-mer-long non-DENV sequence in its 5'-end. After RNA extraction, the RNAs were denatured at 65°C for 3 min in the presence of 20 pmol of tagF primer for the negative strand-specific reverse transcription. cDNA was synthesized without addition of the RT primer mix. Real-time PCR was performed with a forward primer Tag 5'-CGGTCATGGTGGCGAATAA-3' and a DENV-targeting reverse primer, as previously described (Molina-Cruz et al., 2005). The host rps6 gene was used to normalize the cDNA template.



Indirect Immunofluorescence Assay

Cells were seeded in an 8-well plate to a confluency of 80%. After the medium was removed, cells were washed with PBS, fixed with 4% formaldehyde solution for 15 min at room temperature, and then treated with 0.5% Triton X-100 in PBS for 5 min. Samples were incubated with 10% non-fat dry milk blocking solution at room temperature with gentle shaking for 1 h, followed by incubation with a rabbit anti-WSP primary antibody (GenScript) at 1:500 and Alexa Fluor 488-conjugated secondary antibody (Invitrogen) at 1:1000. After incubating with 0.1 μg/ml DAPI for 1 min, the samples were examined using an Olympus FluoView 1000 Laser Scanning Confocal Microscope.



Wolbachia Quantitative PCR

Quantitative PCR (qPCR) was performed to measure the density of Wolbachia in W-Aag-2 cells, as described previously (Tortosa et al., 2008). In brief, genomic DNA was extracted and wAlbB was amplified with the forward primer 183F (5'-AAGGAACCGAAGTTCATG-3') and the reverse primer QBrev2 (5'-AGTTGTGAGTAAAGTCCC-3'), which are specific for the Wolbachia surface protein (wsp) gene. The Wolbachia genome copy was normalized with the host rps6 gene.



DENV-2 RNA Transfection

W-Aag-2 and R-Aag-2 cells were seeded in a 48-well plate for 24 h prior to transfection and were at a confluency of 70–80% at the time of transfection (1 × 105 cells/well). DENV-2 RNA was extracted from virus-infected cell culture supernatant using RNeasy Mini Kit (QIAGEN). The infectious DENV RNA was transfected using TransIT-mRNA Transfection Kit (Mirus) according to the manufacturer’s instructions. Briefly, DENV-2 RNA (0.5 μg) was incubated with 1 μl messenger RNA (mRNA) Boost Reagent and 1 μl TranIT-mRNA Reagent in 26 μl Schneider’s Drosophila Medium for 5 min. The mixture was then transferred to the 48-well plate with W-Aag-2 or R-Aag-2 cells already grown to a 70–80% confluence (1 × 105 cells/well) in 260 μl complete medium. Four hours later, the medium containing transfection reagent was removed and replaced with normal fresh culture medium. This latter time point was designated as 0 h post-transfection. Cell lysates were collected at 0 h, 4 h, 3 days, and 7 days post-transfection to measure the levels of total DENV-2 RNA (0 h) and negative strand RNA (4 h, 3 days, and 7 days).



Plaque Assays for DENV-2 Virus Titration

DENV-2 titers were measured by plaque assays, as previously reported (Das et al., 2007; Bian et al., 2010). Briefly, C6/36 cells were seeded in the 48-well plate at a density of 4–8 × 104 cells/well and maintained for 2–3 days at 32°C in 5% CO2. The virus-containing culture medium was serially diluted and inoculated into C6/36 cells. After incubation for 5 days, plaque forming units (PFUs) were measured in the plates by peroxidase immunostaining, using mouse hyperimmune ascitic fluid (specific for DENV-2; CDC) as the primary antibody and a goat anti-mouse horseradish peroxidase (HRP) conjugate as the secondary antibody.



RNAi-Mediated Gene Silencing

Double-stranded RNA (dsRNA) was synthesized from PCR-amplified gene fragments using the MEGAscript T7 High Yield Transcription Kit (Ambion). The sequences of the primers are listed in Supplementary Table S2. Transfection of dsRNA was carried out using Attractene Transfection Reagent (Qiagen) according to the manufacturer’s instruction. Briefly, cells were seeded in the 48-well plate for 24 h prior to transfection. One microgram of dsRNA was incubated with 3.5 μl Attractene Transfection Reagent in 50 μl Schneider’s Drosophila Medium for 10–15 min at room temperature and then transferred to each well. Three days post-transfection, DENV-2 binding assays were then performed at 4°C on R-Aag-2 and W-Aag-2 cells with an MOI of 10. Gene silencing efficiency was determined by comparing the relative mRNA levels of the target gene after knockdown with its specific dsRNA and dsRNA of green fluorescent protein (dsGFP, the non-target control) using real-time PCR.




RESULTS


wAlbB Inhibits Intracellular Accumulation of DENV-2 Genome Copies in Aag-2 Cells

We previously reported that the Wolbachia strain wAlbB induced density-dependent inhibition of DENV-2 in mosquito cells (Lu et al., 2012). In order to further investigate the dynamics of DENV suppression by wAlbB, we compared the number of genome copies of DENV-2 at various times post-infection in wAlbB-infected Aag-2 cells (W-Aag-2) and aposymbiotic cells (R-Aag-2, a cell line derived from W-Aag-2 cells through rifampicin treatment and used as a control). After both cells were infected with DENV-2 at an MOI of 1, the number of genome copies of DENV-2 was measured by qRT-PCR at seven different time points over the course of the 9-day experiment. Overall, the number of genome copies of DENV-2 was significantly lower in W-Aag-2 cells than R-Aag-2 cells at all seven of the time points assayed (Figure 1). At 2 h post-infection, the mean genome copy number of DENV-2 in R-Aag-2 cells was 3.2-fold higher than in W-Aag-2 cells, suggesting that wAlbB may interfere with early events in virus life cycle. The magnitude of variation in viral genome copies between two cell lines increased markedly from 3 dpi (i.e., when genome replication was first detectable in R-Aag-2 cells). Consequently, the viral copy number increased 72-, 200-, 574-, and 1,577-fold in R-Aag-2 cells relative to W-Aag2 cells at 3, 5, 7, and 9 dpi, respectively, indicating that wAlbB constantly and persistently inhibited intracellular accumulation of DENV genome copies in W-Aag-2 cells (Figure 1).
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FIGURE 1. Comparison of dengue virus serotype 2 (DENV-2) dynamics in W-Aag-2 and R-Aag-2 cells. The copy number of DENV-2 genomic RNA was measured by quantitative reverse transcription PCR (qRT-PCR) in Aedes aegypti W-Aag-2 and R-Aag-2 cells at different times post-infection. Ribosomal protein S6 (rps6) gene was used as a host gene to normalize the data. Error bars are standard errors of the mean of three biological replicates for each cell line. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; Student’s t-test.




wAlbB Inhibits Binding of DENV-2 and ZIKV to Aag-2 Cells

The observed viral inhibition at 2 h post-infection indicated that the viral interference might occur as early as virus binding to and/or entry into host cells. Thus, we tested whether wAlbB prevented DENV-2 from binding to Aag-2 cells. Both W-Aag-2 and R-Aag-2 cells were incubated with DENV-2 at an MOI of either 10 or 1 for 1 h at 4°C to allow virus binding to – but not penetration of – host cells (Salas-Benito and del Angel, 1997; Wei et al., 2003). Immediately, the challenged host cells were then washed three times with ice-cold medium, and the number of bound RNA copies of DENV-2 was determined by qRT-PCR. At an initial MOI of 10, the amount of DENV-2 bound to W-Aag-2 cells (0.0033 RNA copies per RNA copy of host rps6) was 3.9-fold lower than the amount bound to R-Aag-2 cells (0.013 copies per copy rps6; Figure 2A). This represents a 75% reduction in binding of DENV-2 to Aag-2 cells. Similar results were observed when mosquito cells were exposed to lower levels of virus. At an MOI of 1, the viral genome copy number (0.0006 copies per copy of rps6) was 3.2-fold lower in the W-Aag-2 cell line than R-Aag-2 cells (0.0019 copies per copy of rps6; Figure 2A). For further validation, we also measured, using plaque assays, the titers of unbound DENV in the incubation medium. Consistent with an inhibition of viral binding to cells, the unbound viral titer in the incubation medium of W-Aag-2 cells (3.4 × 106 PFU/ml) was 2.1-fold higher than that of R-Aag-2 cells (1.6 × 106 PFU/ml) at an MOI of 10 (Figure 2B). At an MOI of 1, a 3.3-fold increase in the unbound viral titer was also observed in the incubation medium of W-Aag-2 cells (2.4 × 105 PFU/ml) compared to that of R-Aag-2 cells (7.2 × 104 PFU/ml; Figure 2B). In order to test how viral infection was affected by a temperature that allowed DENV-2 to both bind and penetrate into host cells, we performed the same assays at 25°C. At an initial MOI of 10, the genome copy number of DENV-2 was 6.1-fold lower in W-Aag-2 cells (0.0036 copies per copy of rps6) than R-Aag-2 cells (0.022 copies per copy of rps6; Figure 2C). A similar reduction was also observed at an MOI of 1, where the copy numbers of viral genomic RNA were 6.6-fold lower in W-Aag-2 cells (0.00058 copies per copy of rps6) than R-Aag-2 (0.0038 copies per copy of rps6; Figure 2C). The moderate variation in viral inhibition between 4 and 25°C does not support the conclusion that the viral internalization process is affected by Wolbachia as the low number of internalized viruses may be a simple consequence of binding inhibition.
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FIGURE 2. Inhibition of binding of DENV-2 and Zika virus (ZIKV) to mosquito cells by wAlbB. (A) Binding of DENV-2 to W-Aag-2 and R-Aag-2 cells at 4°C. W-Aag-2 and R-Aag-2 cells were incubated with DENV-2 at either 10 MOI or 1 MOI for 60 min at 4°C. Virus-cell binding was measured by qRT-PCR and normalized using rps6. (B) Infectivity to C6/36 cells lacking Wolbachia infection of unbound DENV-2 in the culture medium from W-Aag-2 and R-Aag-2 cells. After incubation at 4°C with W-Aag-2 and R-Aag-2 cells, viral titer in the culture medium was measured by plaque assay to determine the amount of unbound virus. (C) W-Aag-2 and R-Aag-2 cells were incubated with DENV-2 at an MOI of either 10 or 1 for 60 min at 25°C. (D–F) Binding of ZIKV to Aag-2 cells at a 0.1 MOI for 60 min at 4°C, with different wAlbB densities in W-Aag-2 cells as indicated. (G–I) Representative indirect immunofluorescence assay (IFA) pictures showing: (G) high Wolbachia density (W-Aag-2-HD) in W-Aag-2 cells, (H) low Wolbachia density (W-Aag-2-LD) in W-Aag-2 cells, and (I) the absence of Wolbachia in R-Aag-2 cells. Viral genomic copies were measured by qRT-PCR and normalized by rps6. Lines indicate the median value of the eight biological replicates *p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant; Mann Whitney U test.


In order to know whether wAlbB-mediated inhibition of DENV-2 binding to mosquito cells might apply to other flaviviruses, we repeated the above viral binding assays using ZIKV. At an initial MOI of 0.1, the amount of ZIKV bound to W-Aag-2 cells (0.000621 copies per copy of rps6) was 2.1-fold lower than the amount bound to R-Aag-2 cells (0.001296 copies per copy of rps6; Figure 2D). Quantitative PCR showed that the estimated relative density of wAlbB in the W-Aag-2 cells during this experiment was 257.6 copies of the wsp gene per copy of host cell rps6. In order to test whether the observed inhibition of ZIKV was influenced by the density of Wolbachia, we performed the same experiment again using cells with a lower Wolbachia density (66.5 wsp/rps6), which were random cultures from the same W-Aag-2 cell line but had different Wolbachia densities in a particular generation of culture. No significant difference was observed in the amount of ZIKV bound to W-Aag-2 cells as compared to R-Aag2 cells (Figure 2E). Interestingly, the density of wAlbB increased to 190.1 wAlbB/RPS6 after six passages of the low density Wolbachia culture of the above Aag-2 cells, and significant inhibition of viral binding to W-Aag-2 cells was observed again following this increase in wAlbB density (Figure 2F). The above high and low densities of wAlbB in W-Aag-2 cells were also visualized using indirect immunofluorescence assay (IFA; Figures 2G–I). Overall, these results indicate that wAlbB needs a sufficiently high density to inhibit viral binding to mosquito cells.



wAlbB Inhibits DENV Replication in Aag-2 Cells

Given that the previous observation of Wolbachia-mediated viral interference is an accumulated outcome from viral binding and the other stages (Lu et al., 2012), we attempted to characterize the impact of wAlbB on virus replication alone. Thus, we delivered infectious DENV-2 RNA into host cells by transfection, in order to bypass the initial events in the life cycle of DENV infection – including binding, entry, nucleocapsid release, and uncoating – and then conducted tagged RT-PCR to measure negative-strand antigenomic RNA (Peyrefitte et al., 2003), a hallmark of active DENV replication (Tuiskunen et al., 2010). There was no significant difference in the amount of the viral genome (i.e., positive-strand RNA) in W-Aag-2 and R-Aag-2 cells at 0 h post-transfection (Figure 3A). However, we observed significantly lower copy numbers of viral negative-strand RNA at 4 h post-transfection in W-Aag-2 cells compared to R-Aag-2 cells (Figure 3B). This indicates that wAlbB inhibited virus genome replication by blocking synthesis of the viral negative-strand RNA. The copy number of viral negative-strand RNA was also measured at 3 and 7 days post-transfection. Again, there was a significantly lower copy number of viral negative-strand RNA in W-Aag-2 cells than R-Aag-2 cells at both time points (Figure 3B). In addition, the viral titer was also significantly lower in the supernatant of W-Aag-2 cells (2.8 × 103 PFU/ml) than R-Aag2 cells (1.0 × 107 PFU/ml) at 5 days post-transfection (Figure 3C). Overall, these observations indicate that wAlbB inhibits DENV-2 infection when the initial stages of the life cycle (i.e., binding, cell entry, and virion disassembly) are artificially by-passed using transfection.
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FIGURE 3. Suppression of DENV RNA replication by wAlbB in mosquito cells. (A) The number of copies of DENV-2 genomic RNA in W-Aag-2 and R-Aag-2 cells at 0 h post-transfection. (B) The number of copies of DENV-2 negative-strand RNA in W-Aag-2 and R-Aag-2 cells at various times post-transfection. Equivalent amounts of purified DENV-2 RNA were transfected into cells. Cells were sampled at 4 h and 3 and 7 days post-transfection. Negative-strand RNA was measured by Tag-PCR. (C) The titer of DENV-2 in the supernatant of W-Aag-2 and R-Aag-2 cells at 5 days post-transfection. Viral titer was measured by plaque assay. *p < 0.05; ***p < 0.001; ns, not significant; Mann Whitney U test.




wAlbB Regulates Expression of Host Cell Proteins Bound by DENV

In order to explore the molecular mechanism by which the DENV life cycle is inhibited by wAlbB in mosquito cells, we selected 21 mosquito host proteins that were previously reported as being bound by DENV (Table 1; Kuadkitkan et al., 2010; Colpitts et al., 2011; Munoz Mde et al., 2013) and tested whether wAlbB influenced the expression of the genes encoding these proteins. The 21 mosquito DENV-binding proteins were classified into two broad groups based on whether they were cell surface membrane proteins likely to be involved in viral binding to the host cell or non-cell surface membrane proteins putatively involved in the other (i.e., intracellular) stages of the DENV life cycle. We measured and compared their transcription in W-Aag-2 and R-Aag-2 cells by qRT-PCR. As a result, we found that – with the exception of prohibitin (AAEL009345) – seven out of the eight host membrane proteins were regulated by wAlbB in W-Aag-2 cells (Figure 4). Among them, dystroglycan (AAEL013147), laminin (AAEL001477), beta-tubulin (AAEL002851), and HSC70 (DQ440299) were downregulated by wAlbB, while cadherin (AAEL001196), enolase (AAEL001668), and BARK (AAEL006868) were upregulated in W-Aag-2 cells. In addition, 11 out of the 13 mosquito non-cell surface membrane proteins possibly involved in other stages of DENV life cycle were also regulated by wAlbB (Figure 4). Remarkably, histone 4 (AAEL003863) was downregulated more than 24.2-fold in W-Aag-2 cells compared to R-Aag-2 cells (Figure 4).



TABLE 1. The 21 host proteins that were previously reported as being bound by DENV.
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FIGURE 4. Differential expressions in W-Aag-2 cells compared to R-Aag-2 cells of 21 host genes encoding proteins bound by DENV. The 21 host proteins bound by DENV were grouped into those involved in either the binding stage or other stages of viral life cycle. qRT-PCR was used to quantify the expression of each gene relative to the rps6 gene, which was used as an internal reference control to normalize the data. The 2−ΔΔCT method was used to calculate the fold-change for each gene, and significance was determined based on comparison of ΔCT of each gene in W-Aag-2 and R-Aag-2 cells. Each gene has eight biological replicates. Mean ± SEM; **p < 0.01; ***p < 0.001; Mann Whitney U test.




Silencing Membrane Binding Proteins Downregulated by wAlbB Results in Inhibition of DENV Binding to Aag-2 Cells

In order to examine how wAlbB inhibits DENV binding to Aag-2 cells, we used RNA interference (RNAi) to separately silence all eight of the mosquito host membrane proteins described above and then measured the copy number of DENV binding to host cells. For those genes that were upregulated by wAlbB, we knocked them down in both W-Aag-2 and R-Aag-2 cells using their respective dsRNAs and tested whether the inhibition of viral binding was compromised compared to the control groups in which RNAi was performed using dsGFP. Individual silencing of cadherin, enolase, BARK, and prohibitin had no effect on wAlbB-induced inhibition of viral binding to Aag-2 cells, and difference in viral binding between W-Aag-2 and R-Aag-2 cells stayed the same, regardless of which of these four genes was silenced (Figure 5A). These observations indicate that they were not involved in wAlbB-mediated viral binding interference even if they were upregulated by wAlbB. However, cadherin and prohibitin silencing resulted in significant reduction in the number of viruses binding to both W-Aag-2 and R-Aag-2 cells as compared to the control group (Figure 5A). A similar reduction was also observed in R-Aag-2 cells but not in W-Aag-2 cells, after enolase was knockdown. The above indicate that these genes regulate binding of DENV to Aag-2 cells, although unrelated to wAlbB-mediated binding inhibition effects. A similar and high knockdown efficiency was observed for all four of these genes in both W-Aag-2 and R-Aag-2 cells (Figure 5B). For the four membrane proteins that were downregulated by wAlbB, we individually knocked them down only in R-Aag-2 cells, in order to mimic the impact of wAlbB in the W-Aag-2 cells, and then tested whether the RNAi resulted in a similar inhibition of viral binding to host cells. Knockdown of dystroglycan and beta-tubulin led to a significant reduction in DENV-2 binding compared to the control using dsGFP treatment, while silencing of HSC70 and laminin had no effect (Figure 6A). Over 70% knockdown efficiency was achieved for all four genes encoding the wAlbB-downregulated membrane proteins (Figure 6B). These results suggest that downregulation of the transcription of dystroglycan and beta-tubulin by wAlbB may explain inhibition of DENV binding to Aag-2 cells.
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FIGURE 5. The contribution of wAlbB upregulating putative DENV mosquito receptors to viral binding interference. (A) Each gene was knocked down individually in both W-Aag-2 and R-Aag-2 cells, and its impact on viral binding was measured through comparison with their respective control groups (the dsGFP treatment). An 83–86% reduction in viral binding was consistently observed for W-Aag-2 cells compared to R-Aag-2 cells, regardless of which of these four genes was silenced. (B) Knockdown efficiency was measured by the relative messenger RNA (mRNA) levels of the target gene after its RNA interference (RNAi) silencing in both W-Aag-2 and R-Aag-2 cells as compared to the dsGFP treatment. Each treatment has six biological replicates. Mean ± SEM; *p < 0.05, **p < 0.01; ANOVA and Dunn’s multiple comparisons test.
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FIGURE 6. The role of wAlbB downregulating putative DENV mosquito receptors in viral binding interference. (A) Each gene was knocked down individually in R-Aag-2 cells, and its impact on viral binding was measured through comparison with the control group (with the dsGFP treatment). (B) Knock-down efficiency was measured by the relative mRNA levels of the target gene after its RNAi silencing as compared to the dsGFP treatment. Each treatment has six biological replicates. Mean ± SEM; *p < 0.05; ANOVA and Dunn’s multiple comparisons test.





DISCUSSION


Wolbachia has shown a great potential to be used as a biocontrol agent to prevent transmission of flaviviruses due to its ability both to suppress mosquito populations and to render them resistant to viruses. Understanding the mechanisms underlying this viral interference will help facilitate the development and improvement of Wolbachia-based strategies for disease control. In this work, we showed that the Wolbachia strain wAlbB was able to persistently inhibit the intracellular accumulation of DENV RNA in W-Aag-2 cells. wAlbB not only significantly inhibited the synthesis of viral negative-strand RNA but also decreased the number of DENV-2 virions binding to Aag-2 cells, thus preventing attachment of the virus to host cells. In addition, wAlbB also inhibited binding of ZIKV to Aag-2 cells, an effect that was dependent on Wolbachia density. Lastly, we provided evidence to show that wAlbB-induced downregulation of two potential mosquito dengue receptors – dystroglycan and tubulin – might contribute to inhibition of viral binding to mosquito cells.

The first step of DENV life cycle is binding to host cells before entry into them. Direct binding assays at a low temperature (4°C) have been previously used to prevent subsequent viral entry so that the binding step can be studied without consideration of the impact of the downstream steps (Salas-Benito and del Angel, 1997; Wei et al., 2003). Based on this approach, we found that the number of DENV attached to W-Aag-2 cells was significantly less than that to R-Aag-2 cells, at both high and low MOI. The magnitude of viral binding inhibition did not depend on the viral dose used to challenge the cells, and a 3–4 fold (or 68–75%) reduction in the number of virus binding to cells was observed at an MOI of both 10 and 1. A similar inhibition of ZIKV binding to Aag-2 cells, with a 2-fold (46%) reduction, was also observed when wAlbB density was high. Previous studies reported that wStri inhibited entry of ZIKV into A. albopictus cells, while a similar inhibition was not observed in wMel-infected Aag-2 cells (Schultz et al., 2018; Thomas et al., 2018). One of the potential reasons for these inconsistent observations is that the cell lines used in the two former studies may have had different Wolbachia densities, similar to the different results that were observed here in the ZIKV binding assays, using the same cell line but with either a low or high density of wAlbB. Consistent with a reduction in viral binding to W-Aag-2 cells, more viral particles were present in the culture medium of W-Aag-2 compared to that of R-Aag-2 cells. Furthermore, although they did not effectively bind to W-Aag-2 cells, using a plaque assay, we were able to demonstrate that unbound DENV-2 virions exposed to W-Aag-2 cells remained infective to mosquito cells lacking Wolbachia infection (Figure 2B). This latter result would seem to refute the hypothesis that antiviral effectors secreted into the culture medium from W-Aag-2 cells inactivate of DENV and thereby inhibit its binding to W-Aag-2 cells. There was a ~6-fold reduction in the copy number of DENV-2 at 1 h post-infection in W-Aag-2 compared to R-Aag-2 cells at 25°C, while only ~3-fold reduction was observed at 4°C. As the level of viral infection was similar in W-Aag-2 cells at both temperatures, this variation might be due to initiation of viral RNA replication following the binding stage in R-Aag2 cells at 25°C. This is consistent with the previous observations that DENV enters into mosquito cells within 5–7 min, and its replicative intermediate RNA could be detected as soon as 20 min post-infection in mosquito cells (Vaughan et al., 2002; Mosso et al., 2008).

In order to understand the molecular mechanism by which wAlbB inhibited the binding of DENV to mosquito cells, we determined the relative expression and knocked-down host genes, previously reported as being bound by DENV. Our results indicate that binding of DENV to cells may be inhibited by Wolbachia through its suppression of the expression of two membrane proteins: dystroglycan and tubulin, but it did not support the involvement of those wAlbB-induced host membrane proteins, including cadherin or enolase, in inhibition of viral binding to Aag-2 cells. The former is consistent with previous evidence of direct interaction between these putative DENV receptors. Alpha-dystroglycan is an extra-cellular protein which binds to laminin, a component of the extracellular matrix, and to beta-dystroglycan, a transmembrane protein which binds to components of the cytoskeleton, including tubulin and actin. Direct binding of the laminin receptor to tubulin and actin was also reported previously (Venticinque et al., 2011). Interestingly, actin is also downregulated by Wolbachia, and previous studies have showed that actin is involved with viral endocytosis and replication (Acosta et al., 2008). In both filarial nematodes and Drosophila, Wolbachia has been shown to interact with the cytoskeletal proteins, actin and tubulin, with potential functions involving facilitation of bacterial migration, distribution, and maternal transmission (Ferree et al., 2005; Melnikow et al., 2013). Thus, interaction of Wolbachia with a molecular complex comprising dystroglycan, tubulin, and actin may decrease the binding of DENV to mosquito cells.

It should be noted that the magnitude of viral binding inhibition is lower in RNAi-mediated silencing of either dystroglycan or tubulin than observed in the W-Aag-2 cells, although the degree of silencing produced by dsRNA is higher than the downregulation produced by wAlbB. This is probably caused by silencing of only one single gene in the dsRNA treatment, whereas wAlbB suppresses numerous host genes simultaneously, which can produce additive or synergistic effects on inhibition of viral binding to host cells. Viruses may utilize multiple redundant host membrane proteins to mediate the binding such that silencing of a single host gene may cause only a subtle effect on inhibition. In addition, transient effects induced by dsRNA-mediated gene silencing may also limit the robustness of this approach in recapitulating the ability of Wolbachia to affect those viral host factors during its persistent intracellular infection. However, it is possible that there are other unknown factors involved in this Wolbachia-mediated inhibition of viral binding to host cells. Lack of inhibition of ZIKV binding to Aag-2 cells at a low level of wAlbB infection suggests that the intracellular Wolbachia titer should be above a threshold to interfere with viral binding to the cells. Although further studies are needed to fully elucidate the impact of Wolbachia on each stage in the virus life cycle, the previous observation of viral inhibition without impact on viral binding (Thomas et al., 2018) suggests that Wolbachia-mediated viral inhibition may be mainly exerted in intracellular replication with the binding as an additional step.

The presence of negative-strand RNA is a hallmark of DENV replication within host cells. In order to study the impact of Wolbachia on viral replication, we used a transfection assay to directly introduce the DENV-2 genome into the cytoplasm of host cells and so bypass the initial life cycle stages of viral binding, entry, and uncoating. We then measured the copy number of viral negative-strand RNA. Even though an equivalent amount of DENV-2 genome was introduced into both W-Aag-2 and R-Aag-2 cells, we observed significantly lower copy numbers of viral negative-strand RNA in W-Aag-2 cells as compared to R-Aag-2 cells. Since it takes about 1 day for DENV to start de novo virion production in Aag-2 cells (Sim and Dimopoulos, 2010), the negative-strand RNA at 4 h post-transfection should come only from the initial round of replication of the primarily infecting virus. Thus, this result provides direct evidence that wAlbB can inhibit viral replication even after viral entry into host cells. Furthermore, we observed an increase in viral inhibition with increasing time after transfection. At days 3 and 7 post-transfection, there was significantly less negative-strand RNA in W-Aag-2 cells than in R-Aag-2 cells. The viral titer was also significantly lower in the supernatant of W-Aag-2 cells than in that of R-Aag2 cells at 5 days post-transfection. However, this difference at later time points could be caused by both inhibition of binding and replication because progeny viruses can be subject to interference at both stages.

Overall, our findings highlight several important aspects for understanding both the mechanism and practical application for disease control of Wolbachia-mediated viral interference. First, Wolbachia-mediated viral inhibition occurs at multiple stages of the DENV life cycle, including binding and replication, resulting in a high efficacy of blocking viral propagation. With up to 75% reduction in DENV binding to host cells, this could be one of the important factors contributing to the overall outcome of viral interference. Targeting DENV at multiple stages of its life cycle would also make it more difficult for DENV to evolve resistance to Wolbachia than other antiviral agents, which target only a single stage in the viral life cycle. It is worth noting that wAlbB also induced inhibition of ZIKV binding to mosquito cells, indicating that the viral interference associated with wAlbB is a broad spectrum. Second, like antiviral drugs, Wolbachia does not appear to destroy either the viral genome or assembled infectious virions; instead, Wolbachia inhibits progression through the viral life cycle preventing the formation of new virus. Given our current lack of anti-dengue drugs, understanding the mechanism of Wolbachia-mediated viral inhibition may provide insights into the rational design and development of new drugs for medical therapy. Finally, Wolbachia-mediated viral interference occurs through alteration of host factors that are required for viral growth. Future studies should continue focusing on identification and characterization of the host factors that interact with Wolbachia to inhibit viral binding and replication. This knowledge may contribute toward and facilitate the development of novel strategies for the control of mosquito-borne diseases.



DATA AVAILABILITY STATEMENT

All datasets presented in this study are included in the article/Supplementary Material.



AUTHOR CONTRIBUTIONS

PL and ZX conceived the idea, designed the experiments, and supervised the project. PL and QS performed the majority of the experiments and analyzed the data. PF, KL, and XL performed partial experiments. PL, QS, and ZX wrote the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This work has been supported by the National Institutes of Health/National Institute of Allergy and Infectious Diseases R01AI080597 and a Michigan State University Strategic Partnership Grant. PF and KL are supported by fellowships from China Scholarship Council.


ACKNOWLEDGMENTS

We thank Dr. Suzanne Thiem for fruitful discussions about this study, the Arboviral Diseases Branch of the CDC for providing us with the anti-dengue antibodies (hyperimmune mouse ascitic fluid), and Dr. Luke Baton for revising and commenting on the manuscript.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2020.01750/full#supplementary-material.



REFERENCES

 Acosta, E. G., Castilla, V., and Damonte, E. B. (2008). Functional entry of dengue virus into Aedes albopictus mosquito cells is dependent on clathrin-mediated endocytosis. J. Gen. Virol. 89, 474–484. doi: 10.1099/vir.0.83357-0 

 Apte-Sengupta, S., Sirohi, D., and Kuhn, R. J. (2014). Coupling of replication and assembly in flaviviruses. Curr. Opin. Virol. 9, 134–142. doi: 10.1016/j.coviro.2014.09.020 

 Bhatt, S., Gething, P. W., Brady, O. J., Messina, J. P., Farlow, A. W., Moyes, C. L., et al. (2013). The global distribution and burden of dengue. Nature 496, 504–507. doi: 10.1038/nature12060 

 Bian, G., Joshi, D., Dong, Y., Lu, P., Zhou, G., Pan, X., et al. (2013). Wolbachia invades Anopheles stephensi populations and induces refractoriness to Plasmodium infection. Science 340, 748–751. doi: 10.1126/science.1236192 

 Bian, G., Xu, Y., Lu, P., Xie, Y., and Xi, Z. (2010). The endosymbiotic bacterium Wolbachia induces resistance to dengue virus in Aedes aegypti. PLoS Pathog. 6:e1000833. doi: 10.1371/journal.ppat.1000833 

 Brennan, L. J., Keddie, B. A., Braig, H. R., and Harris, H. L. (2008). The endosymbiont Wolbachia pipientis induces the expression of host antioxidant proteins in an Aedes albopictus cell line. PLoS One 3:e2083. doi: 10.1371/journal.pone.0002083 

 Bressanelli, S., Stiasny, K., Allison, S. L., Stura, E. A., Duquerroy, S., Lescar, J., et al. (2004). Structure of a flavivirus envelope glycoprotein in its low-pH-induced membrane fusion conformation. EMBO J. 23, 728–738. doi: 10.1038/sj.emboj.7600064 

 Caragata, E. P., Rances, E., Hedges, L. M., Gofton, A. W., Johnson, K. N., O’neill, S. L., et al. (2013). Dietary cholesterol modulates pathogen blocking by Wolbachia. PLoS Pathog. 9:e1003459. doi: 10.1371/journal.ppat.1003459 

 Chrostek, E., Marialva, M. S., Esteves, S. S., Weinert, L. A., Martinez, J., Jiggins, F. M., et al. (2013). Wolbachia variants induce differential protection to viruses in Drosophila melanogaster: a phenotypic and phylogenomic analysis. PLoS Genet. 9:e1003896. doi: 10.1371/journal.pgen.1003896 

 Colpitts, T. M., Cox, J., Nguyen, A., Feitosa, F., Krishnan, M. N., and Fikrig, E. (2011). Use of a tandem affinity purification assay to detect interactions between West Nile and dengue viral proteins and proteins of the mosquito vector. Virology 417, 179–187. doi: 10.1016/j.virol.2011.06.002 

 Das, S., Garver, L., Ramirez, J. R., Xi, Z., and Dimopoulos, G. (2007). Protocol for dengue infections in mosquitoes (A. aegypti) and infection phenotype determination. J. Vis. Exp. 5:220. doi: 10.3791/220 

 Ferree, P. M., Frydman, H. M., Li, J. M., Cao, J., Wieschaus, E., and Sullivan, W. (2005). Wolbachia utilizes host microtubules and dynein for anterior localization in the Drosophila oocyte. PLoS Pathog. 1:e14. doi: 10.1371/journal.ppat.0010014 

 Ford, S. A., Allen, S. L., Ohm, J. R., Sigle, L. T., Sebastian, A., Albert, I., et al. (2019). Selection on Aedes aegypti alters Wolbachia-mediated dengue virus blocking and fitness. Nat. Microbiol. 4, 1832–1839. doi: 10.1038/s41564-019-0533-3 

 Glaser, R. L., and Meola, M. A. (2010). The native Wolbachia endosymbionts of Drosophila melanogaster and Culex quinquefasciatus increase host resistance to West Nile virus infection. PLoS One 5:e11977. doi: 10.1371/journal.pone.0011977 

 Guo, X., Xu, Y., Bian, G., Pike, A. D., Xie, Y., and Xi, Z. (2010). Response of the mosquito protein interaction network to dengue infection. BMC Genomics 11:380. doi: 10.1186/1471-2164-11-380 

 Guzman, M. G., Halstead, S. B., Artsob, H., Buchy, P., Farrar, J., Gubler, D. J., et al. (2010). Dengue: a continuing global threat. Nat. Rev. Microbiol. 8, S7–S16. doi: 10.1038/nrmicro2460 

 Harris, E., Holden, K. L., Edgil, D., Polacek, C., and Clyde, K. (2006). Molecular biology of flaviviruses. Novartis Found. Symp. 277, 23–39. doi: 10.1002/0470058005.ch3 

 Heinz, F. X., and Allison, S. L. (2003). Flavivirus structure and membrane fusion. Adv. Virus Res. 59, 63–97. doi: 10.1016/s0065-3527(03)59003-0 

 Hilgenboecker, K., Hammerstein, P., Schlattmann, P., Telschow, A., and Werren, J. H. (2008). How many species are infected with Wolbachia? – a statistical analysis of current data. FEMS Microbiol. Lett. 281, 215–220. doi: 10.1111/j.1574-6968.2008.01110.x 

 Hoffmann, A. A., Montgomery, B. L., Popovici, J., Iturbe-Ormaetxe, I., Johnson, P. H., Muzzi, F., et al. (2011). Successful establishment of Wolbachia in Aedes populations to suppress dengue transmission. Nature 476, 454–457. doi: 10.1038/nature10356 

 Hussain, M., Lu, G., Torres, S., Edmonds, J. H., Kay, B. H., Khromykh, A. A., et al. (2013). Effect of Wolbachia on replication of West Nile virus in a mosquito cell line and adult mosquitoes. J. Virol. 87, 851–858. doi: 10.1128/JVI.01837-12 

 Kambris, Z., Cook, P. E., Phuc, H. K., and Sinkins, S. P. (2009). Immune activation by life-shortening Wolbachia and reduced filarial competence in mosquitoes. Science 326, 134–136. doi: 10.1126/science.1177531 

 Kuadkitkan, A., Wikan, N., Fongsaran, C., and Smith, D. R. (2010). Identification and characterization of prohibitin as a receptor protein mediating DENV-2 entry into insect cells. Virology 406, 149–161. doi: 10.1016/j.virol.2010.07.015 

 Lanciotti, R. S., Kosoy, O. L., Laven, J. J., Velez, J. O., Lambert, A. J., Johnson, A. J., et al. (2008). Genetic and serologic properties of Zika virus associated with an epidemic, Yap State, Micronesia, 2007. Emerg. Infect. Dis. 14, 1232–1239. doi: 10.3201/eid1408.080287 

 Lu, P., Bian, G., Pan, X., and Xi, Z. (2012). Wolbachia induces density-dependent inhibition to dengue virus in mosquito cells. PLoS Negl. Trop. Dis. 6:e1754. doi: 10.1371/journal.pntd.0001754 

 Melnikow, E., Xu, S., Liu, J., Bell, A. J., Ghedin, E., Unnasch, T. R., et al. (2013). A potential role for the interaction of Wolbachia surface proteins with the Brugia malayi glycolytic enzymes and cytoskeleton in maintenance of endosymbiosis. PLoS Negl. Trop. Dis. 7:e2151. doi: 10.1371/journal.pntd.0002151 

 Mercado-Curiel, R. F., Esquinca-Aviles, H. A., Tovar, R., Diaz-Badillo, A., Camacho-Nuez, M., and Munoz Mde, L. (2006). The four serotypes of dengue recognize the same putative receptors in Aedes aegypti midgut and A. albopictus cells. BMC Microbiol. 6:85. doi: 10.1186/1471-2180-6-85 

 Miller, J. L., De Wet, B. J., Martinez-Pomares, L., Radcliffe, C. M., Dwek, R. A., Rudd, P. M., et al. (2008). The mannose receptor mediates dengue virus infection of macrophages. PLoS Pathog. 4:e17. doi: 10.1371/annotation/98b92fca-fa6e-4bf3-9b39-13b66b640476 

 Molina-Cruz, A., Gupta, L., Richardson, J., Bennett, K., Black, W. T., and Barillas-Mury, C. (2005). Effect of mosquito midgut trypsin activity on dengue-2 virus infection and dissemination in Aedes aegypti. Am. J. Trop. Med. Hyg. 72, 631–637. doi: 10.4269/ajtmh.2005.72.631 

 Moreira, L. A., Iturbe-Ormaetxe, I., Jeffery, J. A., Lu, G., Pyke, A. T., Hedges, L. M., et al. (2009). A Wolbachia symbiont in Aedes aegypti limits infection with dengue, chikungunya, and Plasmodium. Cell 139, 1268–1278. doi: 10.1016/j.cell.2009.11.042 

 Mosso, C., Galvan-Mendoza, I. J., Ludert, J. E., and del Angel, R. M. (2008). Endocytic pathway followed by dengue virus to infect the mosquito cell line C6/36 HT. Virology 378, 193–199. doi: 10.1016/j.virol.2008.05.012 

 Mukhopadhyay, S., Kuhn, R. J., and Rossmann, M. G. (2005). A structural perspective of the flavivirus life cycle. Nat. Rev. Microbiol. 3, 13–22. doi: 10.1038/nrmicro1067 

 Munoz Mde, L., Limon-Camacho, G., Tovar, R., Diaz-Badillo, A., Mendoza-Hernandez, G., and Black, W. C. T. (2013). Proteomic identification of dengue virus binding proteins in Aedes aegypti mosquitoes and Aedes albopictus cells. Biomed. Res. Int. 2013:875958. doi: 10.1155/2013/875958 

 Osborne, S. E., Iturbe-Ormaetxe, I., Brownlie, J. C., O’neill, S. L., and Johnson, K. N. (2012). Antiviral protection and the importance of Wolbachia density and tissue tropism in Drosophila simulans. Appl. Environ. Microbiol. 78, 6922–6929. doi: 10.1128/AEM.01727-12 

 Osborne, S. E., Leong, Y. S., O’neill, S. L., and Johnson, K. N. (2009). Variation in antiviral protection mediated by different Wolbachia strains in Drosophila simulans. PLoS Pathog. 5:e1000656. doi: 10.1371/journal.ppat.1000656 

 Paingankar, M. S., Gokhale, M. D., and Deobagkar, D. N. (2010). Dengue-2-virus-interacting polypeptides involved in mosquito cell infection. Arch. Virol. 155, 1453–1461. doi: 10.1007/s00705-010-0728-7 

 Pan, X., Zhou, G., Wu, J., Bian, G., Lu, P., Raikhel, A. S., et al. (2012). Wolbachia induces reactive oxygen species (ROS)-dependent activation of the Toll pathway to control dengue virus in the mosquito Aedes aegypti. Proc. Natl. Acad. Sci. U. S. A. 109, E23–E31. doi: 10.1073/pnas.1116932108 

 Peleg, J. (1968). Growth of arboviruses in monolayers from subcultured mosquito embryo cells. Virology 35, 617–619. doi: 10.1016/0042-6822(68)90293-6 

 Peyrefitte, C. N., Pastorino, B., Bessaud, M., Tolou, H. J., and Couissinier-Paris, P. (2003). Evidence for in vitro falsely-primed cDNAs that prevent specific detection of virus negative strand RNAs in dengue-infected cells: improvement by tagged RT-PCR. J. Virol. Methods 113, 19–28. doi: 10.1016/S0166-0934(03)00218-0 

 Reyes-Del Valle, J., Chavez-Salinas, S., Medina, F., and Del Angel, R. M. (2005). Heat shock protein 90 and heat shock protein 70 are components of dengue virus receptor complex in human cells. J. Virol. 79, 4557–4567. doi: 10.1128/JVI.79.8.4557-4567.2005 

 Salas-Benito, J. S., and del Angel, R. M. (1997). Identification of two surface proteins from C6/36 cells that bind dengue type 4 virus. J. Virol. 71, 7246–7252. doi: 10.1128/JVI.71.10.7246-7252.1997 

 Schultz, M. J., Tan, A. L., Gray, C. N., Isern, S., Michael, S. F., Frydman, H. M., et al. (2018). Wolbachia wStri blocks Zika virus growth at two independent stages of viral replication. mBio 9, e00738–e00818. doi: 10.1128/mBio.00738-18 

 Sim, S., and Dimopoulos, G. (2010). Dengue virus inhibits immune responses in Aedes aegypti cells. PLoS One 5:e10678. doi: 10.1371/journal.pone.0010678 

 Thepparit, C., and Smith, D. R. (2004). Serotype-specific entry of dengue virus into liver cells: identification of the 37-kilodalton/67-kilodalton high-affinity laminin receptor as a dengue virus serotype 1 receptor. J. Virol. 78, 12647–12656. doi: 10.1128/JVI.78.22.12647-12656.2004 

 Thomas, S., Verma, J., Woolfit, M., and O’neill, S. L. (2018). Wolbachia-mediated virus blocking in mosquito cells is dependent on XRN1-mediated viral RNA degradation and influenced by viral replication rate. PLoS Pathog. 14:e1006879. doi: 10.1371/journal.ppat.1006879 

 Tortosa, P., Courtiol, A., Moutailler, S., Failloux, A., and Weill, M. (2008). Chikungunya-Wolbachia interplay in Aedes albopictus. Insect Mol. Biol. 17, 677–684. doi: 10.1111/j.1365-2583.2008.00842.x 

 Tuiskunen, A., Leparc-Goffart, I., Boubis, L., Monteil, V., Klingstrom, J., Tolou, H. J., et al. (2010). Self-priming of reverse transcriptase impairs strand-specific detection of dengue virus RNA. J. Gen. Virol. 91, 1019–1027. doi: 10.1099/vir.0.016667-0 

 van den Hurk, A. F., Hall-Mendelin, S., Pyke, A. T., Frentiu, F. D., Mcelroy, K., Day, A., et al. (2012). Impact of Wolbachia on infection with chikungunya and yellow fever viruses in the mosquito vector Aedes aegypti. PLoS Negl. Trop. Dis. 6:e1892. doi: 10.1371/journal.pntd.0001892 

 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:e1000244. doi: 10.1371/journal.ppat.1000244 

 Vaughan, G., Olivera, H., Santos-Argumedo, L., Landa, A., Briseno, B., and Escobar-Gutierrez, A. (2002). Dengue virus replicative intermediate RNA detection by reverse transcription-PCR. Clin. Diagn. Lab. Immunol. 9, 198–200. doi: 10.1128/cdli.9.1.198-200.2002 

 Venticinque, L., Jamieson, K. V., and Meruelo, D. (2011). Interactions between laminin receptor and the cytoskeleton during translation and cell motility. PLoS One 6:e15895. doi: 10.1371/journal.pone.0015895 

 Walker, T., Johnson, P. H., Moreira, L. A., Iturbe-Ormaetxe, I., Frentiu, F. D., Mcmeniman, C. J., et al. (2011). The wMel Wolbachia strain blocks dengue and invades caged Aedes aegypti populations. Nature 476, 450–453. doi: 10.1038/nature10355 

 Wei, H. Y., Jiang, L. F., Fang, D. Y., and Guo, H. Y. (2003). Dengue virus type 2 infects human endothelial cells through binding of the viral envelope glycoprotein to cell surface polypeptides. J. Gen. Virol. 84, 3095–3098. doi: 10.1099/vir.0.19308-0 

 Welsch, S., Miller, S., Romero-Brey, I., Merz, A., Bleck, C. K., Walther, P., et al. (2009). Composition and three-dimensional architecture of the dengue virus replication and assembly sites. Cell Host Microbe 5, 365–375. doi: 10.1016/j.chom.2009.03.007 

 Werren, J. H. (1997). Biology of Wolbachia. Annu. Rev. Entomol. 42, 587–609. doi: 10.1146/annurev.ento.42.1.587 

 Wong, Z. S., Brownlie, J. C., and Johnson, K. N. (2015). Oxidative stress correlates with Wolbachia-mediated antiviral protection in Wolbachia-Drosophila associations. Appl. Environ. Microbiol. 81, 3001–3005. doi: 10.1128/AEM.03847-14 

 Xi, Z., Khoo, C. C., and Dobson, S. L. (2005). Wolbachia establishment and invasion in an Aedes aegypti laboratory population. Science 310, 326–328. doi: 10.1126/science.1117607 

 Yazi Mendoza, M., Salas-Benito, J. S., Lanz-Mendoza, H., Hernandez-Martinez, S., and del Angel, R. M. (2002). A putative receptor for dengue virus in mosquito tissues: localization of a 45-kDa glycoprotein. Am. J. Trop. Med. Hyg. 67, 76–84. doi: 10.4269/ajtmh.2002.67.76 

 Zheng, X., Zhang, D., Li, Y., Yang, C., Wu, Y., Liang, X., et al. (2019). Incompatible and sterile insect techniques combined eliminate mosquitoes. Nature 572, 56–61. doi: 10.1038/s41586-019-1407-9 

 Zybert, I. A., van der Ende-Metselaar, H., Wilschut, J., and Smit, J. M. (2008). Functional importance of dengue virus maturation: infectious properties of immature virions. J. Gen. Virol. 89, 3047–3051. doi: 10.1099/vir.0.2008/002535-0 

Conflict of Interest: ZX was employed by the Guangzhou Wolbaki Biotech Co., Ltd.

The remaining 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.

Copyright © 2020 Lu, Sun, Fu, Li, Liang and Xi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fmicb-11-01750-g005.jpg
>
-]

0.08

DENVIrps6

[T 428 - gy 12 - WA
S — 1 s g L ERAR sl o R
- H
0.06: T s i
= [
-[ E® £
£« 2w
k- B
a ] I £ i
- . _
sl 5 dsGFP _ dsCadherin 4sGFP _dsEnolase
0.02 20 20
" - g2 - Aag2
ssen | e e 1
001 2100 T ReA2G? 4 100 T R-Aag2
0010 5@ H
[ H
& E o
0.005 2w 2w
EES R
0.000 -
dsRNA: Cadherin Enolase Proibitin BARK  GFP =

o °
. WAz B RAsg? dsGFP _ dsPronibitin dSGFP  dsBARK





OPS/images/fmicb-11-01750-g006.jpg
dsHEC70

g
(]

dsGFP

IEEEEEERE EEEEE

SIoASIYNYWSAIEISY  Slone] YNNI BAIEIoN

f

dsGFP _dsTubulin
dsGFP_dsLaminin

EEEEEREEEERE]

SISASI VNNW SAEISY  SISAS] YNEW SAREISN

20

GFP

§
2
=
g
2
&

dsRNA treatment

s = 8 8 =
2 & & § 3
s 8 &8 & @&
< 9sdsANIa





OPS/images/fmicb-11-01750-g003.jpg
A

DENVIrps6

Viral genomic RNA B Viral negative-strand RNA C  viral titer
20 025 100 *
ns * Fkk * -
= 020 "
15 » 2 105
B 0.15; P
7 & E
1.0 bed s 104,
Bl
Hono 5
o5 ” 102 5
008
0.0 0 10°-
[TV Whag? RARG2 W-hag2 R-Aeg2 W-Aag2 R-AsG2 Whagz _ RAag?

oh

Fi= 3d 7d

5d





OPS/images/fmicb-11-01750-g004.jpg
al life cycle

The other stages of

Binding stage

IREEEREERS
G e






OPS/images/fmicb-11-01750-t001.jpg
Gene ID

AAEL003863
AAELO15390
AAEL002851
AAELO17096
AAEL003670
AAEL001928
AAELO01477
AAELO13147
AAELO15681
AAEL009994
AAELO06868
AAELO09345
AAEL000032
AAELO07439
AAEL001668
AAELO01411
AAELO01196
AAEL000386
AAEL003594
AAEL003827
DQ440299

Gene name

Histone 4
Histone 2A

Beta tubulin

EF-1 alpha

Myelinprotein expression factor (MYEF)
Actin

Laminin alpha-1, 2 chain
Dystroglycan-like protein

Histone 28

60S ribosomal protein L4 (pL4)
beta-adrenergic receptor kinase (BARK)
Prohibitin

408 ribosomal protein S6 (1pS6)
Myosin light chain (MLC)

Enolase

Myosin heavy chain (MHC)

Cadherin

PI3 kinase

Kinectin

Histone 3

HSC70

Viral protein

Capsid
Capsid

£, NS2A

£, NS2A, NS4B
NS2A

Capsid, NS48
£

£

Capsid

NS2A

E

E

NS2A

3

Capsid, E

E, NS2A

Capsid
Capsid

Reference

(Colpitts et al., 2011)
(Colpitts et al., 2011)

(Colpitts et al., 2011)

(Colpitts et al., 2011; Munoz Mde et al., 2013)
(Colpitts et al., 2011)

(Colpitts et al., 2011)

(Colpitts et al., 2011)

(Colpitts et al., 2011)

(Colpitts et al., 2011)

(Colpitts et al., 2011)

(Munoz Mde et al., 2013)

(Kuadkitkan et al,, 2010)

(Colpitts et al., 2011)

(Colpitts et al., 2011)

(Colpitts et al., 2011; Munoz Mde et al., 2013)
(Colpitts et al., 2011)

(Colpitts et al., 2011; Munoz Mde et al., 2013)
(Colpitts et al., 2011)

(Colpitts et al., 2011)

(Colpitts et al., 2011)

(Paingankar et al., 2010)






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Wolbachia Inhibits Binding of Dengue and Zika Viruses to Mosquito Cells



		Introduction



		Materials and Methods



		Cell and Viral Culture



		DENV-2 and ZIKV Binding Assays



		RNA Extraction, cDNA Synthesis, and Quantitative Reverse Transcription Polymerase Chain Reaction



		Indirect Immunofluorescence Assay



		Wolbachia Quantitative PCR



		DENV-2 RNA Transfection



		Plaque Assays for DENV-2 Virus Titration



		RNAi-Mediated Gene Silencing









		Results



		wAlbB Inhibits Intracellular Accumulation of DENV-2 Genome Copies in Aag-2 Cells



		wAlbB Inhibits Binding of DENV-2 and ZIKV to Aag-2 Cells



		wAlbB Inhibits DENV Replication in Aag-2 Cells



		wAlbB Regulates Expression of Host Cell Proteins Bound by DENV



		Silencing Membrane Binding Proteins Downregulated by wAlbB Results in Inhibition of DENV Binding to Aag-2 Cells









		Discussion



		Data Availability Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References



















OPS/images/fmicb-11-01750-g001.jpg
wekdk

1.0

Tk

o

*

e

(95d1/AN3Q)* 6o

o
. ]
2l






OPS/images/fmicb-11-01750-g002.jpg
A Cell-bound @ 4°C

B Unbound @ 4°C
810%

C  Cell-bound @ 25°C
0.0,

004 “ -
e ik ectom]| T i e
= 003
008 Eaeton ©
g 2 2e10% g
So02 . 2 S ooz
o 6.0<10% . o
001 4.0410% 001
— 204105 e
0.00° . 0.00° e
Wohwg2 RAg2 W-Asg2 RAag2 WAz RAGZ WAy RAag2 WAag2 RAag? Wohag? RAsg2
Woito wort Wor 10 wort Woi 10 wWort
D  257.6 wAlbBIrps6 E  66.5 wAIbBIrps6 F  190.1 wAIbB/rps6
00020 0.0020, 0.0020
ke fis ek
00015 | 0.0015; 0.0015 )
o e ; s I
So.0010) . Soooto : Soooto .
£ g -
N - N > — R
00005 i 0.0005, ? E 00005,
0.0000 0.0000 0.0000
WoAag2 RAag2 WoAag2 RARg2 WAag2 RAg2

W-Aag-2-HD

W-Aag-2-LD

R-Aag-2





OPS/images/cover.jpg
’ frontiers
in Microbiology

Wolbachia Inhibits Binding of Dengue
and Zika Viruses to Mosquito Cells









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
’ frontiers
1N Microbiology





