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Abstract

:

Dengue virus (DENV) is transmitted by mosquitoes and is a major public health concern. The study of innate mosquito defense mechanisms against DENV have revealed crucial roles for the Toll, Imd, JAK-STAT, and RNAi pathways in mediating DENV in the mosquito. Often overlooked in such studies is the role of intrinsic cellular defense mechanisms that we hypothesize to work in concert with the classical immune pathways to affect organismal defense. Our understanding of the molecular interaction of DENV with mosquito host cells is limited, and we propose to expand upon the recent results from a genome-scale, small interfering RNA (siRNA)-based study that identified mammalian host proteins associated with resistance to dengue/West Nile virus (DENV/WNV) infection. The study identified 22 human DENV/WNV resistance genes (DVR), and we hypothesized that a subset would be functionally conserved in Aedes aegypti mosquitoes, imparting cellular defense against flaviviruses in this species. We identified 12 homologs of 22 human DVR genes in the Ae. aegypti genome. To evaluate their possible role in cellular resistance/antiviral defense against DENV, we used siRNA silencing targeted against each of the 12 homologs in an Ae. aegypti cell line (Aag2) infected with DENV2 and identified that silencing of the two candidates, AeFKBP1 and AeATCAY, homologs of human FKBP1B and ATCAY, were associated with a viral increase. We then used dsRNA to silence each of the two genes in adult mosquitoes to validate the observed antiviral functions in vivo. Depletion of AeFKBP1 or AeATCAY increased viral dissemination through the mosquito at 14 days post-infection. Our results demonstrated that AeFKBP1 and AeATCAY mediate resistance to DENV akin to what has been described for their homologs in humans. AeFKBP1 and AeATCAY provide a rare opportunity to elucidate a DENV-resistance mechanism that may be evolutionarily conserved between humans and Ae. aegypti.
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1. Introduction


Dengue virus (DENV; Flaviviridae, Flavivirus) is a causative agent of dengue and dengue hemorrhagic fever. More than 2.5 billion people are at risk of DENV infection, and an estimated 96 million people per year have infections that manifest clinically [1,2]. Recently, a commercially available vaccine was developed, but its safety profile is questionable, leaving the at-risk population without a key preventative measure [3,4,5,6]. The lack of both an effective vaccine and anti-viral therapies make mosquito control and disease surveillance the primary methods to combat DENV transmission. However, Aedes aegypti, the primary vector of DENV, is not easily controlled, and surveillance of DENV has not reduced the spread of outbreaks to date [1]. Therefore, novel and effective control methods are needed to reduce DENV transmission. A promising and relatively newer strategy that prevents pathogen transmission is the genetic control of mosquito-borne diseases utilizing loci expressed in the vector [7,8]. Arbovirus infection of vector tissues, particularly the midgut and salivary glands, is an obligate part of the DENV transmission cycle, and despite recent advances in delineating anti-viral defense mechanisms in the vector, our understanding of the underlying pathways and their interconnectivity (i.e., crosstalk) remains incomplete [9]. Hence, it is necessary to elucidate the genetic basis of mosquito immunity to arboviruses as one possible means of developing a more effective dengue control strategy.



Although the process of DENV replication within human and mosquito cells is similar, the virus experiences distinctly different physiologies in each host. In the mosquito, the usual route of infection is oral, and virus particles must therefore infect midgut epithelial cells to perpetuate the transmission cycle. The time interval between oral infection of virus and ability of transmission by bite is termed as the extrinsic incubation period (EIP). The EIP of DENV in Aedes aegypti varies based on environmental factors such as temperature or larval nutrition (which affects adult mosquito robustness), but the range is between 7–14 days in controlled studies [10,11,12]. After entering midgut cells through endocytosis, the DENV positive-sense ssRNA genomes are released into the cytoplasm where they get translated into polyproteins that are cleaved into structural and non-structural proteins [13]. Replication of DENV genomes occurs in the cytoplasm within virus-induced, vesicular membranous structures associated with the endoplasmic reticulum (ER) [14]. Newly synthesized RNA genomes associate with capsid proteins and then bud into the ER forming immature virions [15]. These particles mature during transport through the trans-Golgi network and are then released into the mosquito’s open circulatory system either by exocytosis through the basal lamina [16] or by way of the tracheal system [10] or muscle tissue surrounding the midgut [17]. Once in the hemocoel, the flow of hemolymph promotes dissemination of virions to other tissues where the process of infection, replication, and escape is repeated. This amplifies virus production systemically, increasing the likelihood of salivary-gland infection and the production of infectious virions in saliva [10,16,18]. While in mosquito cells, DENV particles and/or replication trigger antiviral pathways, including those responsible for RNA interference and innate immunity. It is now recognized that RNA interference (RNAi) pathways [19,20], particularly the one mediated by exogenous small interfering RNAs (exo-siRNAs), represent the primary antiviral response against DENV [21]. Other RNAi pathways include those mediated by microRNAs (miRNAs) and PIWI (P-element-induced wimpy testes)-interacting RNAs (piRNAs), which primarily regulate endogenous gene expression and transposons, respectively, but have been recently implicated in defense against DENV [22,23,24,25]. Among innate immunity pathways, the Toll [26,27], Janus kinase (JAK)-signal transducer and activator of transcription (STAT) [28,29], and Immune Deficiency (Imd) [30,31] pathways have been shown to elicit antiviral responses in mosquitoes, although the effector mechanisms remain poorly understood. In addition, a number of putative or confirmed arboviral restriction factors have been identified, including DVRF1 (Q1HR00) and DVRF2 (AAEL000896) [28], a putative cystatin (AAEL013287), a hypothetical protein with ankyrin repeats (AAEL003728) [32], Lysozyme C and Cecropin G (AAEL015404) [33], Cecropin (AAEL015515) [31], AeTEP-1 (AAEL012267) [34], and Ubi3881 (AAEL003881) [35]. Considering that much of the study of mosquito immunity has been based on Drosophila models [36,37,38], our knowledge of specific DENV resistance genes that may or may not be related to RNAi pathways or the classic innate immune pathways in Ae. aegypti is poor. Moreover, since DENV does not naturally infect Drosophila, this model has limitations in its complete translation to mosquito-DENV research.



Although our understanding of DENV-mosquito interactions is incomplete, the interaction between DENV and human host cells and tissues has been studied extensively [39]. A genome-wide screen of host-enabling factors and restriction factors to West Nile virus (WNV) or DENV2 in HeLa cells identified 22 WNV-resistance genes that resulted in higher WNV titers following gene silencing. Importantly, these 22 WNV resistance genes were also shown to be involved in resistance to DENV2 infection [40]; suggesting a common resistance mechanism against Flavivirus infections in humans. Here, we explored the possibility that mosquitoes and humans share resistance mechanisms against flaviviruses that supplement the better-characterized viral defense strategies in mosquitoes. To this end, we conducted sequence homology analysis of the 22 human WNV/DENV-resistance genes in the Ae. aegypti genome and found 12 Ae. aegypti homologs. Functional conservation of these homologs was tested by siRNA silencing using an Ae. aegypti cell line, Aag2, and adult mosquitoes. We found that two homologs of the 22 human restriction factors have an anti-DENV function in mosquitoes, suggesting, remarkably, that these proteins have maintained an antiviral role in eukaryotic lineages that diverged approximately 600 million years ago [41,42].




2. Materials and Methods


2.1. In Silico Identification of Mosquito Homologs for Dengue Virus Resistance (DVR) Homologs


The non-redundant (nr) Ae. aegypti genome (VectorBase, VB-2018-10) was searched using TBLASTX for putative homologs of the 22 human WNV/DENV-resistance genes reported by Krishnan et al. [40]. For each query, an E-value of 1 × 10−20 was imposed as a cutoff. For queries returning more than one locus meeting this criterion, we selected the one with the best total score as the putative homolog. Of the 22 human genes queried, 12 loci in the Ae. aegypti genome were selected for follow-up study.




2.2. Mosquito Rearing, Cell Lines, and Viruses


Aedes aegypti (Rockefeller/UGAL [Rock]) mosquitoes were maintained on a 10% sucrose solution at 27 °C and 80% humidity with a 12 h light/dark cycle. Dengue virus 2 (DENV; New Guinea C strain, type 2) was cultured and titered according to standard methodology [43]. DENV2 was grown in Vero cells (African green monkey; purchased from ATCC.org, Manassas, VA, USA) once, and the medium was collected and centrifuged at 1000× g for 10 min at 4 °C. The resulting supernatant was stored at −80 °C until use. All Vero cells were grown in Dulbecco’s Modified Eagle Medium (DMEM, ThermoFisher, Waltham, MA, USA) with 10% fetal bovine serum (FBS; ThermoFisher), 100 U/mL penicillin, and 100 µg/mL streptomycin (Penicillin-Streptomycin; ThermoFisher) at 37 °C with 5% CO2. Aag2 cells (Aedes aegypti) were kindly provided by D. O’Brochta (University of Maryland Biotechnology Institute, Rockville, MD, USA) and cultured as originally described by Lan and Fallon [44] with minor modifications. Briefly, Aag2 cells were grown in Leibovitz L15 medium (ThermoFisher) supplemented with 10% tryptose phosphate broth (MP Biomedicals, Santa Ana, CA, USA), 10% FBS, 100 U/mL penicillin, and 100 µg/mL streptomycin at 27 °C without CO2.




2.3. siRNA Preparation


Target sites for siRNA of the 12 identified Ae. aegypti West Nile/dengue virus resistance homologs and the β-gal control were determined using Ambion siRNA Target Finder (ThermoFisher) [45,46] (Table S1). The specificity of each of the 12 siRNAs was predicted in the non-redundant (nr) Ae. aegypti genome using the BLASTN algorithm. Sequences were eliminated and re-designed if the target sequences were homologous to other non-targeted coding sequences with more than 15 contiguous base pairs. Synthesis of siRNAs targeting the respective mRNAs was performed commercially using the sequences listed in Table 1 by the Bioneer Company (Daejeon, Korea).




2.4. siRNA Transfection


Transfection of siRNAs in Aag2 cells was performed in 24-well plates using Lipofectamine at a final concentration of 200 nM according to the manufacturer’s instructions (ThermoFisher) as previously described [47]. Briefly, when the Aag2 cells reached ~80% confluency, the culture medium was removed and 200 μL of fresh L15 medium without antibiotics and FBS was added. The cells were then transfected with each siRNA in six replicates. After 6 h of incubation at room temperature, transfection medium was replaced with complete medium including proper antibiotics and 10% FBS as described earlier.




2.5. Quantitative Real-Time PCR Analysis (qRT-PCR) for Aag2 Cells


Silencing efficiencies of siRNA were estimated using Aag2 cells harvested 3 days after gene silencing through transfection (n = 3 replicates) (Table S2 for primers). Total RNA was isolated from the cells to assess the levels of transcript reduction by two-step qRT-PCR using Trizol Reagent (ThermoFisher). The quality and quantity of RNAs were measured by a NanoDrop spectrophotometer (ThermoFisher). First-strand cDNAs were then synthesized using a SuperScript III first-strand synthesis supermix according to the manufacturer’s instructions (ThermoFisher). Briefly, 500 ng of total RNA was incubated with random hexamers at 65 °C for 5 min to denature the RNAs and subsequently placed on ice. Superscript III with RNaseOUT enzyme mix was then added to the RNA samples. Samples were first incubated at 25 °C for 10 min. The reverse transcription reactions were performed at 50 °C for 50 min followed by inactivation at 85 °C for 5 min. All qPCR reactions and melting curve analyses were performed in triplicate with an IQ5 I-cycler (BioRad, Hercules, CA, USA) in 25 μL reactions containing 12.5 μL SYBR Green PCR Master Mix (BioRad), 0.5 μL of each primer (10 μM), 1.0 μL of cDNA template, and 10.5 μL of ultrapure water. Reactions were carried out at 95 °C for 3 min, followed by 50 cycles of denaturation at 95 °C for 15 s, annealing and extension at 60 °C for 1 min. PCR data were normalized to the Ribosomal Protein S7 (RpS7) gene as an internal control using a mathematical model developed for relative quantification of real-time PCR amplicons [48]. RpS7 has been used to normalize transcript expression levels in Aedes mosquito infection studies [30,49,50], as its expression is relatively stable except for a significant decrease 48 h post-blood feeding, after which it returns to levels observed 24 h earlier [51,52].




2.6. Virus Infection


To test if the target genes are involved with antiviral defense mechanism, transfected Aag2 cells were infected with DENV2 at 6 h after transfection at a multiplicity of infection (MOI) of 0.05 in 6 replicates. Cell culture media containing DENV2 was subjected to plaque assays in Vero cells at 3 days post-infection (dpi) to assess titers.




2.7. Plaque Assay


DENV2 titers in the medium of Aag2 cells transfected with siRNAs were determined by plaque assay [53]. Vero cells were seeded at a density of 2 × 105 cells in each well of a 12-well plate 24 h prior to infection. Ten-fold serial dilutions of the media from each sample were made in DMEM, and 100 μL of each dilution were added to each well. The virus was allowed to infect the cells for 1 h at 37 °C, after which the cells were overlaid with 0.5% agarose in MEM with 10% FBS (Invitrogen, CA). The cells were then incubated at 37 °C with 5% CO2 for 3 days, after which a second overlay of agarose was added to each well. The second overlay had the same composition as the first except that it contained 3.3% (v/v) of a 1:300 solution of neutral red (Sigma-Aldrich, St. Louis, MO, USA). Plaques were counted 24 h after the second overlay.




2.8. Sequence and Phylogenetic Analyses


Pairwise sequence comparisons of human proteins and Ae. aegypti proteins were performed using the BLASTP algorithm with the human FKBP1B (NP_004107) or ATCAY (NP_149053) as queries. When searching FKBP1B against the Ae. aegypti genome, six homologs were discovered, but the gene denoted AAEL007833 in VectorBase had the highest score, best alignment length, highest percent amino acid identity (19.5% greater than the next best homolog), and lowest E value. We then performed a reciprocal search by querying AAEL007833 against the human genome and found that the best BLASTP hit was FKBP1A with the next best protein being FKBP1B. So although the human genome codes for two FKBP1 proteins, the Ae. aegypti genome appears to have only one, as the other FKBP paralogs have greater similarity to other human FKBP proteins. Therefore, we named the AAEL007883 gene AeFKBP1. Phylogenetic analyses were performed using MEGA 5 [54] and a bootstrap consensus tree was obtained using the neighbor-joining method with 1000 bootstrap replications. To construct a phylogenetic tree of FKBP1B homologs, the relevant sequences of human (NP_004107), chimpanzee (Pan troglodyte, XP_001144201), cow (Bos taurus, NP_001091627), chicken (Gallus gallus, NP_989898), zebrafish (Danio rerio, NP_957106), mouse (Mus musculus, NP_058559), fruit fly (Drosophila melanogaster, NP_523792), African malaria mosquito (An. gambiae, XP_320351), yellow fever mosquito (Ae. aegypti, XP_001652968), red flour beetle (Tribolium castaneum, XP_969563), parasitoid wasp (Nasonia vitripennis, XP_001599935), honey bee (Apis mellifera, XP_624498), silk worm (Bombyx mori NP_001040382), black-legged tick (I. scalpularis, XP_002406730), and baker’s yeast (S. cerevisiae, NP_014264) were obtained from the NCBI sequence database using precalculated HomoloGene (https://www.ncbi.nlm.nih.gov/homologene/?term=homologene) and individual sequence retrieval using the BLASTP algorithm with the human FKBP1B (NP_004107) as a query. The conserved domains of human and mosquito proteins were compared using the DELTA-BLAST (Domain Enhanced Lookup Time Accelerated BLAST) algorithm.



In contrast to FKBP1B, the human ATCAY protein (NP_149053) appears to have four putative homologs in the Ae. aegypti genome, all of which are less similar at the amino acid level than FKBP1B/AAEL007833. The best BLASTP hit for ATCAY was a putative cdc42 rho GTPase-activating protein (AAEL021611), and a reciprocal search of the human genome returned numerous proteins (including ATCAY) with very similar scores and percent amino acid identities. For this study, we refer to AAEL021611 as AeATCAY but make no claims about orthology for either pair of human-mosquito homologs.




2.9. dsRNA Preparation for Adult Mosquito Experiments


Total RNA was extracted from whole mosquito bodies and cDNA was synthesized with random hexamers. To generate templates for dsRNA synthesis, specific primer sets were designed for each gene of interest (Table S3) and used for PCR with T7 sequences (5’-TAA TAC GAC TCA CTA TAG GG-3’) appended to the 5’ ends. The PCR products were utilized for dsRNA synthesis using the Megascript RNAi Kit (Ambion, CA) following the manufacturer’s instructions.




2.10. Gene Silencing Assay in Adult Mosquitoes


RNAi-meditated gene silencing in Ae. aegypti mosquitoes was performed to determine if AAEL021611 (AeATCAY) and AAEL007883 (AeFKBP1) have antiviral functions in adult mosquitoes using double-stranded green fluorescence protein (dsGFP) RNA as a negative control. In two groups of 50 mosquitoes per treatment, female mosquitoes three to four-days old were injected with 69 nL of dsRNA (200 ng/mosquito) into the thorax of each mosquito using a nanoinjector (Nanoject II; Drummond Scientific, Broomall, PA, USA) with glass capillary needles. Mosquitoes were maintained in 8 oz paperboard “mosquito cups” covered with mesh and supplied with 20% sucrose to enhance recovery. Three days after injection, mosquitoes were fed blood supplemented with DENV2 using an artificial feeding apparatus (Hemotek, United Kingdom) following previously established methods [55,56,57] or were sacrificed to assess the efficiency of gene silencing. To determine the efficiency of gene silencing, RNA was extracted from 3–5 whole mosquitoes per biological replicate (n = 3 replicates) at three days after injection and analyzed by qRT-PCR. For mosquitoes fed with DENV2, engorged females were maintained in mosquito cups at 28 °C with 20% sucrose solution for 7 days or 14 days post-infection (dpi). At 7 dpi for each treatment, mosquitoes in one cup (n = 25–30) were sacrificed to determine the infection rate (i.e., whole body mosquito infectivity), while the remaining mosquitoes in the other cup (n = 23–42) were sacrificed at 14 dpi. From the latter, legs were removed and saved from individual mosquitoes to assay for viral dissemination, while whole bodies without legs were saved to determine mosquito infectivity at 14 dpi. Only if the virus was detected in mosquito bodies were the corresponding legs processed to investigate viral dissemination (n = 19–38). All samples were homogenized using a Tissue Lyser (Qiagen, CA), and RNA was extracted using Trizol Reagent (ThermoFisher) following previously established methods [56,57]. The amount of DENV2 RNA in the bodies and legs was estimated using qRT-PCR with DENV2-specific primers (Table S4) and the iTaq Universal SYBR Green One-step kit (BioRad) on a Bio-Rad CFX96™ Real-Time PCR Detection System. Mosquito infection rates were presented as the percentage of blood engorged mosquitoes with bodies testing positive for DENV2 RNA at 7 and 14 dpi. Dissemination rates were calculated as the percentage of mosquitoes with DENV2-positive bodies that also had DENV2-positive legs at 14 dpi as described elsewhere [58].




2.11. Gene Expression during Infection


Approximately 50 female mosquitoes were fed with infectious or naïve blood. Whole bodies of three to five groups of three mosquitoes were homogenized at 0 (1 h after blood feeding), 7, and 14 days after blood feeding. Total RNA was extracted using Trizol Reagent (ThermoFisher), and cDNA was prepared using a SuperScript III first-strand synthesis supermix according to the manufacturer’s instructions (ThermoFisher). Induction of AeFKBP1 and AeATCAY during infection was quantified using qRT-PCR with gene specific primers as described above in the sub-section on qRT-PCR for Aag2 cells. The exon sequences of each gene were exported from the Ae. aegypti complete transcript database (VectorBase, VB-2018-10). The primer sets were designed based on the exon sequences, using the IDT PrimerQuest Tool (Integrated DNA Technologies, Skokie, IL, USA)). The ribosomal protein gene S7 was used as an endogenous control (Table S4).




2.12. Statistical Analysis


Statistical analyses were performed by the Mann-Whitney U test or two-way analysis of variance (ANOVA) using the GraphPad Prism software package (Prism 5.05; GraphPad Software, Inc., San Diego, CA, USA).





3. Results


3.1. Silencing of Two Aedes aegypti Homologs of WNV/DENV2-Resistance Genes Increased DENV2 Infection in Aag2 Cells


We identified 12 Ae. aegypti homologs out of 22 human WNV/DENV2-resistance genes [40] (Table 1) and explored their putative roles in DENV2 infection in mosquitoes. We silenced expression of all 12 genes using RNA interference in Aag2 cells and examined the impact on DENV2 infection. To confirm gene silencing and assess efficiency of knock-down prior to infection studies, RNA was isolated from the transfected cells at Day 3 and used in qPCR analysis to measure gene expression (Figure 1A). Compared to the non-silenced control (β-gal siRNA transfected), mean silencing efficiencies ranged from 49.37% to 89.34%. To quantify the effects of siRNA silencing of target mRNAs on DENV2 titers, the culture media of DENV2-infected Aag2 cells (MOI = 0.05) that had been silenced for each target mRNA were collected at 3 dpi and used in plaque assays to calculate viral titers. Viral titers were normalized to the control experiment (β-gal siRNA) defined as 1. The average viral titer was higher than the control in 10 groups out of 12, but silencing of two genes (AAEL021611, AeATCAY; and AAEL007883, AeFKBP1) increased viral titers significantly (p = 0.002 and p = 0.008, respectively), reaching titers approximately two-fold higher than controls (Figure 1B and Table S5). Given that a two-fold increase in viral titer has been considered a meaningful, biologically relevant increase in mosquito functional genomics studies that used an RNAi approach [30,49,59], we selected the AeATCAY and AeFKBP1 gene targets for in vivo validation.




3.2. Sequence Analyses Indicate a High Degree of Domain Conservation for FKBP1 and ATCAY between Humans and Mosquitoes


A pairwise sequence alignment of human FKBP1B and AeFKBP1 showed that they share 72.2% and 81% amino acid identity and similarity, respectively, and maintain the same protein length (108 amino acids; no gaps) (Figure 2A). Therefore, the human FKBP1B (HsFKBP1B) and AeFKBP1 appear to be homologous proteins with a highly conserved primary structure, suggesting the potential for functional conservation. Both proteins share FKBP-type peptidylproline cis-trans isomerase (PPIase) domains, which are found in proteins collectively called immunophilins that act as co-regulatory subunits of molecular complexes involved in the folding, assembly, and trafficking of proteins, as well as immunomodulation and apoptosis [60,61] (Figure 2B). In vertebrates, FKBP-type immunophilins are expressed in a wide range of cell types, and isoforms may be secreted or membrane-bound [60,61]. The human protein FKBP1A, a paralog of FKBP1B, is known to bind to the immunosuppressants FK506 (Kd = 0.4 nM) and rapamycin (Kd = 0.2 nM) and has been implicated in T-cell activation and proliferation [62]. Phylogenetic analysis revealed that FKBP1 homologs share considerable sequence conservation among eukaryotes from yeast to humans (Figure S1). Even when human FKBP1B was compared with the most distant taxon, Saccharomyces cerevisiae, the amino acid identity and similarity were 56% and 74%, respectively. This high degree of sequence conservation across widely diverse taxa indicates fundamental importance of FKBP1 proteins in cellular processes, likely stemming from their small size and the multifunctional nature of FKBP-type immunophilins [61].



We also compared ATCAY from humans (HsATCAY) and Ae. aegypti and found that they share 48% and 69% amino acid identity and similarity, respectively (Figure 2C). Compared to FKBP1, the percent identity between mosquito and human homologs is not as high; however, both proteins contain the BNIP2 and CRAL/TRIO domains (Figure 2D). BNIP2 domains interact with apoptosis regulators, such as BCL2 [63,64], and CRAL/TRIO domains have been known to suppress Newcastle disease virus in a human cell line [65], suggesting a potential mechanism of anti-DENV function of this gene in mosquitoes.




3.3. Viral Dissemination in Adult Mosquitoes was Increased Following the Silencing of AeATCAY and AeFKBP1 at 14 dpi


We investigated whether silencing the two genes that significantly influenced DENV2 titers in Aag2 cells (AeATCAY and AeFKBP1) would impact virus titers in adult mosquitoes. We injected mosquitoes with dsRNA against these genes three days prior to feeding on DENV2-mixed with blood (Figure 3A). To confirm gene silencing, RNA was isolated from a subset of whole mosquitoes at three days after dsRNA injection and used in qRT-PCR analysis to measure target gene expression (Figure 3B). To examine DENV2 RNA levels in mosquitoes, relative amounts of DENV2 RNA were normalized to the housekeeping gene RpS7, which has been used to measure amount of infected viruses in mosquitoes [66]. Silencing the genes did not affect relative DENV2 RNA in the total mosquito body at 7 dpi (Figure 3C).



To analyze the impact of gene silencing on DENV2 dissemination, which is calculated as the percentage of mosquitoes at 14 dpi with DENV2-positive bodies that also had DENV2-positive legs, we looked at relative DENV2 RNA at day 14 dpi. Silencing AeATCAY increased relative DENV2 RNA levels by 1.7-fold (p = 0.0109) in mosquito bodies compared to controls (Figure 3D), while silencing AeFKBP1 did not have an effect (Figure 3D). To analyze dissemination rate, DENV2 RNA was quantified in RNA extracted from mosquito legs at day 14 dpi. Silencing AeATCAY and AeFKBP1 significantly increased relative DENV2 RNA in legs by 2.3- and 2.8-fold, respectively (p = 0.0385 and p = 0.0195) (Figure 3E).




3.4. Expression of Selected DENV2 Resistance Genes Increased during Blood Feeding But Was Unaffected by Viral Infection


To determine if DENV2 infection influences the expression of these putative resistance genes, we quantified gene expression during infection at various time points. We analyzed transcriptional changes in the genes in whole mosquitoes either fed with DENV2 infectious blood or naïve blood. RNA was isolated at 0 (1 h after feeding), 7, and 14 days post-blood feeding (dpf), and gene expression was quantified by qPCR. Our results showed that expression of AeATCAY, in both infected and uninfected samples, increased by ~1.8-fold at 7 dpf and by ~1.5-fold at 14 dpf compared to the day of feeding (F(2, 18) = 11.21, p = 0.0007) (Figure 3F). The pattern was similar for the expression of AeFKBP1, although the relative increase observed was greater. AeFKBP1 expression of both infected and uninfected samples increased during blood feeding, by ~5.8-fold at 7 dpf and ~4.5-fold at 14 dpf (F(2, 18) = 17.77, p < 0.0001) (Figure 3G). However, our data indicated that the transcript levels of the two genes were unaffected by DENV2 infection. In other words, transcript levels were similar at 7 and 14 dpf with infectious or naïve blood ((F(1, 18) = 0.0001322, p = 0.9910) for AeATCAY; (F(1, 18) = 0.7567, p = 0.3958) for AeFKBP1).





4. Discussion


We identified 12 Ae. aegypti homologs of 22 previously reported human WNV/DENV2-resistance genes [40]. We cannot rule out the possibility that other mosquito homologs of these genes have anti-DENV function, but as a first step, we focused on the 12 genes with the lowest E values and best BLAST scores. Considering functional similarities of some of the homologs involved in innate immunity [67], we hypothesized that some of these 12 might be functionally conserved between human and Ae. aegypti with respect to imparting DENV2-resistance, particularly since both organisms are part of the natural transmission cycle. As obligate intracellular pathogens, arboviruses alternate between vertebrate and arthropod hosts and require ‘host factors’ to complete their life cycle in each organism, as they lack most of the cellular machinery necessary for replication [68]. Because determinants of infection status include host antiviral defense, in addition to these host replication factors, a better understanding of mosquito-DENV2 interactions is a prerequisite to the discovery of target molecules that may be exploited for more effective approaches to interrupt DENV2 transmission [69]. Our siRNA-based knockdown assays of the 12 Ae. aegypti homologs revealed that AeFKBP1 and AeATCAY may encode DENV2 resistance factors much like human FKBP1B and ATCAY genes. Therefore, we can infer that a common cellular defense mechanism mediated through these two genes may be conserved in both Ae. aegypti and humans. We further validated the in vitro assay by in vivo RNAi knockdown in adult mosquitoes. Interestingly, silencing of AeFKBP1 and AeATCAY did not increase viral titers in the whole body at 7 dpi. Our results suggest that neither gene acts as a restriction factor for viral infection or replication in the midgut (i.e., not a component of the midgut infection barrier), or at least not until after 7 dpi.



The lack of congruence between the impact of silencing each gene on whole-body and disseminated infections at day 14 (Figure 3D,E, respectively) may be because the influence of each gene on viral infection and/or dissemination is different. Comparison of Figure 3D,E shows that at day 14 post-infection, silencing AeATCAY increased viral copy numbers in both whole body and legs while silencing AeFKBP1 increased the amount of virus only in legs (i.e., a tissue that marks disseminated infection). Figure 3D illustrates potential roles of target genes in virus propagation but does not provide data relevant for systemic viral dissemination (i.e., processes that occur following escape from the midgut epithelium). To investigate dissemination, we measured viral RNA using only legs. Figure 3E shows that at day 14 post-infection, viral dissemination is reduced compared to controls, implying that the two genes influence the process of dissemination. Therefore, it appears that AeFKBP1 may be associated with a barrier that slows the pace of DENV2 dissemination but may not affect viral propagation. In contrast, AeATCAY appears to suppress viral propagation and dissemination between 7 dpi and 14 dpi. Compared to controls, more viral RNA was detected in the AeATCAY-silenced samples for both whole body and legs at 14 dpi, suggesting that AeATCAY may be involved in suppression of viral propagation and dissemination after the virus passes the midgut barrier.



In a relevant study, Behura et al. reported differential modulation of gene expression between DENV-refractory (Moyo-In-Dry) and susceptible (DS3) Ae. aegypti strains in response to DENV infection [70]. In that experiment, AeFKBP1 was found to be transcriptionally up-regulated by about five-fold in the midgut of the refractory strain when compared to the susceptible strain at 3 days post DENV2 infection. As for the response of AeATCAY gene expression to DENV infection, there are at least two contradictory studies. Colpitts et al. did not observe any statistically significant changes in expression of AeATCAY at 1, 2, and 7 dpi with DENV2 when the virus was intrathoracically injected [52], while Behura et al. reported that AeATCAY is up-regulated in a refractory strain and down-regulated in a susceptible strain early in a DENV2 infection [71]. Therefore, expression of AeFKBP1 and AeATCAY may be differentially regulated in a tissue-specific or strain-specific manner. However, in our study we found that both AeFKBP1 and AeATCAY expression levels remained unaffected by DENV2 infection, albeit our experimental design did not include time points earlier than 7 dpi precluding direct comparisons with data from the two studies by Behura and colleagues.



We note that the antiviral effects of AeFKBP1 and AeATCAY are less pronounced than those of other known viral defense genes in mosquitoes, such as ago2 and dcr2 [21]. However, these genes may share functional conservation with their human homologs, while the siRNA-mediated pathway for viral defense occurs in arthropods but not mammals. The mechanisms underlying the antiviral effects of AeFKBP1 and AeATCAY in mosquitoes remain to be determined, but it is intriguing that these genes may represent remnants of evolutionarily ancient viral-defense strategies. Interestingly, FKBP proteins have been associated with apoptosis regulation in mammals [72], a process that serves as a viral defense mechanism in vertebrates [73]. ATCAY may also be linked to apoptotic pathways, as it has a BNIP (BCL2/adenovirus E1B 19 kd-interacting protein) 2 domain, and proteins of the BCL2 family interact with regulatory proteins that influence apoptosis [63,64]. Whether apoptosis is a limiting factor of viral replication in mosquitoes remains controversial (reviewed in [74]), yet it reportedly coincides with viral infection in Ae. aegypti [75], Ae. albopictus [76] and Culex spp. [17,77,78]. Moreover, there is also evidence that apoptosis limits viral infection in Drosophila melanogaster [79,80]. A next step will be to test the hypothesis that the antiviral functions of AeFKBP1 and AeATCAY are exerted through apoptosis.




5. Conclusions


In conclusion, our data demonstrate that FKBP1 and ATCAY play anti-DENV roles in human cell lines and Ae. aegypti, revealing a potentially ancient antiviral defense mechanism. Silencing of AeFKBP1, and AeATCAY, homologs of human FKBP1B and ATCAY, both in an Ae. aegypti cell line and adult mosquitoes increases DENV2 viral titers. Human FKBP1B and AeFKBP1 have substantial conservation in their primary structures, and FKBP sequences are highly conserved among various organisms. Together, these data suggest that its anti-DENV function may have appeared during the early evolution of antiviral immunity. Intriguingly, both genes are involved in the regulation of apoptosis in mammals, indicating two potential links to apoptosis as an important mechanism that limits DENV infection and dissemination in Aedes. Moreover, given that apoptosis is a well-studied process, proteins in certain parts of the pathway are logical candidates for interaction partners of AeFKBP1 or AeATCAY. These could be targeted experimentally to delineate the pathway(s) underlying apoptosis regulation in response to DENV infection. We hypothesize that these FKBP1- and ATCAY-mediated antiviral pathways represent ancient cellular defense mechanisms, but it remains to be seen if and how they are linked to the canonical pathways of innate immunity.
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Figure 1. siRNA-mediated silencing assay during Dengue virus 2 (DENV2) infection in Aag2 cells. (A) Silencing efficiencies were determined by quantitative real-time PCR compared to the non-silenced control (β-gal siRNA transfected) and presented as means and standard errors (n = 3). Mean silencing efficiencies ranged from 49.37% to 89.34% compared to the control group. (B) Putative anti-DENV2 function of twelve homologs of human West Nile virus (WNV)/DENV2 resistance genes were tested using siRNA silencing assays in Aag2 cells. For each assay result, DENV2 titers are presented as means and standard errors (n = 6). The highlighted bars (AAEL021611 and AAEL007883;) indicate that silencing of the genes increased DENV2 titers (Mann-Whitney U test, p = 0.002 and p = 0.008, respectively) nearly two-fold higher than the β-gal silenced controls (normalized to 100%, dotted line). The red line indicates a two-fold increase over controls. 
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Figure 2. Sequence analysis of AeFKBP1 and AeATCAY. (A) Pairwise sequence alignment of human FKBP1B and AeFKBP1 shows that both sequences share 72.2% and 81% amino acid identity and similarity, respectively. These two proteins consist of 108 amino acids without gaps, indicating putative functional conservation. (B) Comparison of protein domains using the DELTA-BLAST algorithm shows that human FKBP1B (HsFKBP1B) and AeFKBP1 share FKBP-type peptidyl-prolyl cis-trans isomerase domains. (C) Pairwise sequence alignment of human ATCAY (HsATCAY) and AeATCAY shows that both sequences share 48% and 69% amino acid identity and similarity, respectively. (D) Comparison of protein domains using the DELTA-BLAST algorithm shows that human ATCAY and AeATCAY share BNIP2 and CRAL/TRIO domains but differ in in domain length. (A,C) ‘*’ means fully conserved residue; ‘:’ means strongly similar properties; ‘.’ means weakly similar properties. 
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Figure 3. dsRNA-mediated silencing assay during DENV2 infection in adult mosquitoes. Mosquitoes were injected with dsRNA against AeATCAY (AAEL021611) or AeFKBP1 (AAEL007883) and infected with DENV2 through infectious blood feeding. (A) Experimental design. (B) Silencing efficiencies were determined by quantitative real-time PCR compared to the control (dsGFP injected) and presented as means (60.92% for AeFKBP1 and 95.47% for Ae ATCAY) and standard errors (n = 3). (C) Relative viral RNA was measured in whole bodies at 7 days post-infection (dpi) and compared to the control. (D,E) Relative viral RNA was measured in whole bodies without legs (D) and in legs (E) at 14 dpi. (C–E) DENV2 RNA copy number was normalized to RpS7 (AAEL009496) and compared to the control (dsGFP injected). The red bar indicates a relative and normalized median DENV2 copy number. Statistical analyses were performed by the Mann-Whitney U test. Gene expression of (F) AeATCAY (AAEL021611) and (G) AeFKBP1 (AAEL007883) in infected mosquitoes were compared to naïve blood-fed mosquitoes at 0, 7 and 14 days post-infection. Transcript levels of both genes were not affected by DENV2 infection in mosquitoes at 7 and 14 days post-blood feeding (F,G) Statistical analyses were performed by two way ANOVA; (F(1, 18) = 0.0001322, p = 0.9910) for AeATCAY; (F(1, 18) = 0.7567, p = 0.3958) for AeFKBP1. 
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Table 1. Twelve Aedes aegypti homologs of human West Nile/dengue virus-resistance genes reported by Krishnan et al [40].
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	Human WNV/DVR Genes *
	Ae. aegypti Gene ID (VectorBase, VB-2018-10)
	E Value





	NM_052957.4
	Conserved hypothetical protein (AAEL013110)
	6e−35



	NM_006401.2
	Putative microtubule binding protein (AAEL001605)
	2e−33



	NM_033064.4
	Putative cdc42 rho GTPase-activating protein (AAEL021611)
	1e−49



	NM_016246.2
	Short-chain dehydrogenase (AAEL008152)
	1e−26



	NM_014705.3
	Dedicator of cytokinesis (AAEL018215)
	0.0



	NM_004116.4
	FK506-binding protein (AAEL007883)
	6e−39



	NM_032505.2
	Kelch-like protein diablo (AAEL010911)
	4e−45



	NM_014873.2
	1-Acylglycerol-3-phosphate acyltransferase (AAEL006321)
	1e−56



	NM_021100.4
	Cysteine desulfurylase (AAEL010743)
	0.0



	NM_003784.3
	Serine protease inhibitor 10 (AAEL007765)
	3e−34



	NM_004696.2
	Monocarboxylate transporter (AAEL008028)
	3e−30



	NM_020971.2
	Beta chain spectrin (AAEL005845)
	0.0







* The remaining West Nile/dengue virus-resistance genes reported by Krishnan et al. [40] such as NM_001143.1, NM_005217.3, NM_024974.2, NM_001571.5, NM_014804.2, NM_002443.3, NM_006985.3, NM_006993.2, NM_002407.2, and NM_152784.3 had no significant BLAST hits in the Ae. aegypti genome database.
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