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Live microbe vaccines are designed to elicit strong cellular and antibody responses without developing the symptoms of the disease, and these are effective in preventing infectious diseases. A flying vaccinator (also known as a flying syringe) is a conceptual, genetically engineered hematophagous insect that is used to deliver vaccines such as an antigen from a parasite produced in mosquito saliva; bites from such insects may elicit antibody production by immunizing the host with an antigen through blood-feeding. In addition to a simple vaccine antigen, a flying vaccinator may potentially load a live attenuated microbe with an appropriate mechanism for sustaining its constitutive proliferation in the insect. In this study, a recombinant vesicular stomatitis virus (VSV) lacking the glycoprotein gene (VSV-G) was used to produce replication-restricted VSV (rrVSV) containing GFP. Transgenic Anopheles stephensi mosquitoes, in which the salivary glands expressed a VSV-G gene driven by an aapp salivary gland-specific promoter, were generated and injected intraperitoneally with rrVSV. The injected rrVSV entered the cells of the salivary gland and stimulated endogenous production of progeny rrVSV particles, as seen in rrVSV-infected Drosophila melanogaster expressing VSV-G. These data suggested the possibility of developing a valuable tool for delivering genetically attenuated virus vaccines via mosquito saliva, although efficient replication-restricted virus production is required.
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Introduction

Using genetic transformation to hematophagous insects such as mosquitoes have advanced substantially in the past two decades. The establishment of broadly applicable genetic transformation systems has expanded the opportunity to understand gene functions in diverse insect species (1). It has recently become possible to introduce foreign genes into medically important insect vectors, including the major human malaria vectors (Anopheles mosquitoes) and dengue/zika vectors (Aedes mosquitoes) (2–6). Stable germline transformation of blood-sucking mosquitoes is becoming increasingly important for applications, including controlling pathogen transmission and managing insect populations in the field (7). Using tissue-specific expression systems, anti-pathogen gene products are introduced to be expressed. These agents can affect the pathogen’s viability, proliferation, or differentiation in the gut, salivary glands, or hemolymph of mosquitoes.

The first generation of mosquitoes refractory to disease transmission was reported with transgenic mosquitoes expressing a peptide, SM1, which binds to the midgut and salivary glands of Anopheles stephensi. The number of oocysts and sporozoites of Plasmodium berghei, a rodent malaria parasite species, was reduced in SM1-expressing female mosquitoes (8). Following this example, transgenic Aedes aegypti mosquitoes highly resistant to dengue-2 virus (DENV2) were produced. These transgenic mosquitoes enable a DENV2-specific inverted-repeat RNA to be expressed specifically in the midgut after blood-sucking. The artificially produced RNA partially formed a double-stranded RNA with the DENV2 genome, initiating RNA interference to reduce viral load (9). Genetic transformation has even granted mosquitoes multiple, different features that are not possessed naturally, such as boosted innate immunity (10), defects in flying capability (11), male sterility (12), hyper-hemolysis of sucked blood (13), and harboring an anti-pathogen antibody (14).

A flying vaccinator, alternatively known as a flying syringe, is a genetically engineered blood-feeding insect to deliver vaccine agents by replacing its natural populations. This strategy was first reported for a malaria mosquito strain carrying a vaccine antigen against leishmaniasis and malaria (15–17). The concept of a flying vaccinator relies on an indispensable feature of hematophagy; namely, it involves injecting saliva that inhibits host responses such as blood-clotting and vascular constriction to ensure smooth blood-sucking (18). Mosquito saliva contains over 20 proteins that are injected, such as an anticoagulant protein supporting the hematophagous process, and it has been proposed that by genetic transformation, exogenous proteins could be transferred from mosquitoes to an animal through blood-sucking when these introduced proteins are expressed in the salivary glands. For example, a gene encoding an antigen protein that triggers an immune response in humans could be integrated into the mosquito genome, resulting in the addition of the foreign protein into the mixture of saliva proteins.

It has been reported previously in several studies that hematophagous mosquitoes are a tractable tool as a means to deliver protective vaccines. A genetically modified mosquito strain of An. stephensi secreting the SP15 antigen as a component of saliva was developed. SP15 is a candidate vaccine against leishmaniasis, a parasitic disease spread by sand flies that can cause skin sores and organ damage, and repeated bites by the mosquitoes induced the development of anti-SP15 antibodies in mice (15). A transgenic mosquito strain expressing a partial circumsporozoite protein (CSP) from a rodent malaria parasite (Plasmodium berghei) in its saliva was also developed to raise an antibody against CSP in mice by blood-feeding (19). In addition, an alternative concept of a flying vaccinator that drives a live-attenuated pathogen itself was examined (20). Instead of applying the genetic transformation to mosquitoes, genetically engineered human malaria parasites (Plasmodium falciparum) lacking two essential, pre-erythrocytic stage-expressed genes (P52 and P36) were produced to create a vaccine that protects against malaria infection. Direct injection of P52/P36-deficient sporozoites into the human body, which is normally carried into human blood vessels by mosquito bites, produced an antibody that was specific to the Plasmodium parasite (20), suggesting a possibility that a mosquito infected with these attenuated malaria parasites may be capable of vaccinating a human via blood-sucking.

In this study, we developed a transgenic mosquito capable of continuously producing a genetically attenuated, live virus, which was achieved by engineering a replication-restricted virus. The replication-restricted virus did not carry the genetic material to produce additional viral envelope proteins required for virus cell entry. Vesicular stomatitis virus (VSV) lacking an envelope glycoprotein (VSV-G) was employed as a model of a replication-restricted virus (referred to as rrVSV). A transgenic An. stephensi mosquito strain, in which the salivary glands expressed VSV-G protein, was developed to permit replication and production of rrVSV only in the salivary glands. Our findings here may expand the range of applications of flying vaccinators to delivering live attenuated agents.



Materials and Methods


Ethics Statement

This study was carried out according to the recommendations in the Guide for the Laboratory Animals of the Obihiro University of Agriculture and Veterinary Medicine. The protocol was approved by the Committee on the Animal Experiments of Obihiro University of Agriculture and Veterinary Medicine (Permit Number: 21–41 and 21–42). All experiments using mice were performed under anesthesia, and all efforts were made to minimize suffering following the Guidelines for Animal Experimentation of the Japanese Association for Laboratory Animal Science and the Fundamental Guidelines for Proper Conduct of Animal Experiment and Related Activities in Academic Research Institutions under the jurisdiction of the Ministry of Education, Culture, Sports, Science and Technology, Japan.



Insect Maintenance

D. melanogaster was raised on a standard fly medium at 25°C. w1118 flies were used as a wild-type line. The fly lines da-GAL4, actin-GAL4, and UAS-GFP (S65T) were obtained from the Bloomington Stock Center. The pxn-GAL4 line was provided from Micheal J. Galko. A wild-type strain of laboratory-reared An. stephensi was used throughout this study (a gift from Dr. Yasuo Chinzei). Adult females and males were kept together in mesh nylon cages (30 cm × 30 cm × 30 cm) in the following conditions: 27°C; 80% relative humidity; and 12 h:12 h = L:D photoperiod. These mosquitoes had constant access to a 10% sucrose solution on filter paper. Eggs laid on wet filter papers were transferred to water trays. Larvae were fed Koi food (Hikari; Kyorin Corporation). Four- to 10-day-old females were used in all experiments.



Transformation Vector

For the transformation of fruit fly, a cDNA fragment for the open reading frame of VSV-G [described in the previous report (21)] was inserted into a pUAST vector (pUAST-VSV-G). The mosquito transformation plasmid pBac[3xP3-EGFPafm] and the helper plasmid phsp-pBac were kindly provided by Dr. Marcelo Jacobs-Lorena (8). A 1683 bp fragment of the aapp promoter sequence (22), a 402 bp fragment of the antryp1 terminator sequence (23), and a 1536 bp fragment of the open reading frame of VSV-G were inserted into the pBac[3xP3-EGFPafm] to generate pBac-aapp-VSV-G for mosquito transformation (Figure 4B).



Germline Transformation of D. melanogaster

The ectopic expression of VSV-G glycoprotein in the fly was achieved using the GAL4/UAS system. The UAS‐VSV-G transgenic fly was generated by general P element‐mediated transformation, with a slight modification (24). Briefly, the pUAST-VSV-G plasmid was injected into w1118 embryos with a helper plasmid expressing transposase to produce transgenic flies. At least two independently transformed lines were obtained for the transgenic construct.



Germline Transformation of An. stephensi

Germline transformation of An. stephensi mosquito was performed as described previously with some modifications (8). Briefly, embryos were microinjected with an aliquot of the solution containing two plasmids, pBac-aapp-VSV-G (200 ng/µL) and phsp-pBac (50 ng/µL) using quartz capillaries. Each EGFP-expressing adult mosquito (G0) from the injected embryos was mated with 5–10 wild-type, opposite-sex mosquitoes. The progeny larvae (G1) were screened for expressing GFP fluorescence (Figure 4C). GFP-positive individuals were then crossed with a wild-type to establish the transgenic line.



Viral Infection to Insects

The rrVSV (VSVΔG*-G) is a recombinant VSV derived from a full-length cDNA clone of the VSV genome (Indiana serotype), in which the coding region of GFP replaced the coding region of the glycoprotein. The rrVSV was initially produced by reverse genetics as described previously (25). Either an adult fly (2 days old) or a female mosquito (7–8 days old) was injected with a 65 nL aliquot of the solution containing rrVSV (7.8 × 104 ffu/insect) using an IM-300 microinjector (Narishige) as reported previously (13). Injected insects were kept at 27°C with 80% relative humidity for mosquitoes and 29°C for fruit fly during each experiment.



Immunoblotting

The whole body of a fly was lysed in an SDS sample buffer. All samples were separated by 10% SDS-PAGE and subjected to immunoblotting described previously (24). The following antibodies were used for immunoblotting in this study: mouse anti-VSV-G monoclonal antibody (1:2000, Sigma), mouse anti-β-tubulin monoclonal antibody (1:1000, Chemicon), rabbit anti-GFP antibody (1:1000, MBL), anti-mouse IgG-HRP antibody (1:2000, Promega), and anti-rabbit IgG-HRP antibody (1:1000, Transduction). The signals were visualized using Immobilon Western Chemiluminescent HRP Substrate (Millipore). Immunoblotting with an anti-beta-tubulin antibody was used as a loading control.



Immunohistochemistry

Either tissues or cells were dissected from control or infected insects. Immunostaining of insect tissues or cells was carried out as reported previously with some modifications (26). The following antibodies were used for immunostaining: mouse anti-VSV-G monoclonal antibody (1:1000, Sigma), rabbit anti-GFP antibody (1:1000, MBL), goat anti-mouse IgG-Alexa 488 antibody (1:100, Invitrogen), goat anti-mouse IgG-Alexa 568 antibody (1:100, Invitrogen), and goat anti-rabbit IgG-Alexa 488 antibody (1:100, Invitrogen). TO-PRO-3 (Invitrogen) and propidium iodide (PI) are used for nuclear staining. All fluorescent signals were examined using a TCS SP5 confocal microscope (Leica).



Titration of rrVSV

Infected insects were dissected to isolate tissues at each indicated time point. The saliva of mosquitoes was collected as described previously (27). The whole body, salivary glands, carcass parts, and saliva were homogenized or mixed in 1× PBS. After centrifugation, the supernatants were filtered (0.45 µm) to collect the solution containing rrVSV particles. A diluted series of the virus solutions were inoculated into Drosophila S2 cells (1 × 105 cells/well). Infected S2 cells were maintained in standard conditions (27°C in Drosophila Schneider’s medium [GIBCO] supplemented with 10% fetal bovine serum, 5 mg/mL peptone, 100 U/mL penicillin, and 100 µL/mL streptomycin). After incubation for 12–16 hours, the number of GFP-expressing cells was counted using a fluorescence microscope.



Statistical Analysis

Student’s t-test was performed for analyzing the titer of rrVSV (ffu assay). All results are indicated in the appropriate figure legends. Results are represented as mean ± S.D.




Results


Replication-Restricted Vesicular Stomatitis Virus System

To develop a flying vaccinator capable of infecting a bitten host with a live attenuated virus, we adopted a replication-restricted virus to secrete an antigen in a transgenic hematophagous insect. VSV, a prototypic enveloped virus that has been used frequently to investigate virus entry, replication, and assembly, exhibits broad host range and robust replication properties in a wide variety of mammalian and insect cells, including mosquitoes (28). A recombinant rrVSV, which contains the green fluorescent protein (GFP) gene instead of a receptor-binding glycoprotein gene (VSV-G), which is indispensable for viral entry into cells, can bud from host cells only as “disabled” virus particles lacking VSV-G (Figure 1). When a glycoprotein or glycoprotein complex from a heterologous virus is expressed transiently in host cells, rrVSV carrying the heterologous glycoprotein is released with high efficiency (21, 25, 29, 30), which has been used as a vaccine vector because of its replication competency (31–33). rrVSV produced from cells expressing VSV-G appears to be a proper virus particle except for the lack of the VSV-G gene (Figure 1). VSV-G-incorporated rrVSV is a single-round infectious particle capable of invading a naïve cell only once. Thus, in this study, VSV-G-expressing hematophagous insects are expected to be a scaffold for the replication of rrVSV, which are unable to produce their glycoprotein, and to be a live syringe for a single round of rrVSV infection into a host animal.




Figure 1 | Replication-restricted vesicular stomatitis virus. The restriction of VSV replication was achieved using the following procedure. A wild-type VSV particle, a prototypic enveloped virus with a receptor-binding glycoprotein gene (VSV-G) that encodes an essential protein for viral entry into cells, infects a host cell and shows complete viral properties such as entry, replication, and assembly to produce fully infectious virus particles. A virus particle of the replication-restricted VSV (rrVSV), in which the GFP gene replaces the VSV-G gene, infects host cells. When VSV-G is artificially expressed in host cells, newly generated viral particles incorporate the glycoprotein into the virion, and the resulting progenies are identical to the original rrVSV. The rrVSV, however, cannot produce any progeny viruses because of the lack of VSV-G; the viral particles lose their ability to enter another cell.





Propagation of rrVSV in the Fruit Fly

To examine whether insects harboring VSV-G can drive rrVSV replication inside their body, we first introduced the fruit fly (D. melanogaster), a non-blood sucking insect that has frequently been used for transgenesis (Figure 2A). A fruit fly injected with fully infectious wild-type VSV directly into the abdomen continued to carry more virus particles for 10 days than virus particles initially administered, indicating that fruit fly may possess cellular components sufficient to support VSV replication (Figure 2B). A transgenic fly strain to overexpress VSV-G was established (UAS-VSV-G), and expression of the glycoprotein in combination with a fly strain expressing GAL4 in whole bodies (da-GAL4) or hemocytes (insect blood cells) (pxn-GAL4) was confirmed (Figures 2C, D). VSV-G-expressing adult transgenic flies were subjected to direct injection of rrVSV into the abdomen, and dense accumulation patches of fluorescent spots of GFP were observed in various parts of the body at 5 days post-infection (dpi), whereas no visible signals were detected in wild-type flies (Figure 3A, a, b). The clustered GFP-positive cells seen in VSV-G transgenic flies suggested that a number of newly generated rrVSV reentered into neighboring cells iteratively to accumulate GFP proteins (Figure 3A, c-f). According to these findings, increased rrVSV burden was observed in VSV-G transgenic flies, whereas the original rrVSV particles that were infected into wild-type flies rapidly disappeared at least at 2 dpi (Figures 3B, C), indicating that the rrVSV system worked in vivo and could apply to other insect species.




Figure 2 | Generation of transgenic fruit flies expressing VSV-G. (A) Scheme for the production of rrVSV in transgenic flies, which can elicit the expression of VSV-G glycoprotein using the GAL4/UAS system. (B) The viral burden of intact VSV in wild-type fruit flies. Five flies were injected with wild-type VSV (7.8 × 104 ffu/fly) and homogenized to measure infectious viral particles (ffu) at each time point (days post-infection [dpi]). (C) Expression of VSV-G in a transgenic fruit fly. UAS-VSV-G flies were crossed to driver da-GAL4 flies, and the progeny obtained (VSV-G TG flies (da>VSV-G)) were homogenized to examine the expression of VSV-G protein by immunoblotting. Wild-type flies (w1118) were used as negative control, intact VSV virion (1 × 106 ffu) as a positive control, and an anti-beta tubulin antibody to detect beta-tubulin as the loading control. (D) VSV-G expression was visualized by immunohistochemistry using an anti-VSV-G antibody with hemocytes (blood cells) from VSV-G transgenic flies. UAS-VSV-G flies were crossed with a driver flies pxn-GAL4, expressing a target protein in hemocytes. The progeny VSV-G TG flies (pxn>VSV-G) were examined for VSV-G expression compared with wild-type flies (w1118). Green, VSV-G (anti-VSV-G); magenta, nuclei (PI). See Supplementary Table 1 for data of experiment, exact sample sizes, and p values.






Figure 3 | Propagation of replication-restricted VSV in fruit flies. (A) The occurrence of rrVSV-harboring cells in VSV-G transgenic flies. rrVSV (7.8 × 104 ffu/fly) was injected into VSV-G TG flies (da>VSV-G) and wild-type flies (w1118). Several dense accumulation patches of GFP (arrowhead) were detected in the abdomens of VSV-G TG flies at 5 days post-infection (dpi) by immunohistochemistry using an anti-GFP antibody. High magnification images of a cluster of GFP-positive cells (arrow) are shown in (c-f). Green, GFP; blue, nuclei (TO-PRO-3). (B) VSV-G TG flies (da>VSV-G) and wild-type flies (w1118) were injected with rrVSV as in (A) and homogenized at each time point to examine GFP protein levels. GFP flies (act>GFP) were used as a positive control of immunoblotting and an anti-beta tubulin antibody to detect beta-tubulin as the loading control. (C) Viral loads in the whole body of VSV-G transgenic fruit flies. The rrVSV-injected flies (three flies/group) were homogenized at 2 hours post-infection, 2 dpi, and 4 dpi. The average number of viral particles (ffu) was calculated from 3 groups at each time point using a fluorescence-forming assay with cultured insect cells. **p < 0.01, N.D., not detected. See Supplementary Table 1 for data of experiment, exact sample sizes, and p values.





Generation of Transgenic Mosquitoes With the Salivary Gland-Specific Expression of VSV-G

We then performed germline transformation of mosquito embryos to elicit stable expression of VSV-G. A cDNA fragment (termed aapp-VSV-G), consisting of the VSV-G envelope protein-coding gene driven by the salivary gland-specific aapp promoter (22), was inserted into a piggyBac transposon vector, and the plasmid fabricated was used for transforming the germline of the mosquito An. stephensi (Figures 4A, B). In addition to the availability of methods inducing transgenesis, an Anopheline species was employed in this study because these mosquitoes are normally unable to transmit arbovirus and seemed to be more appropriate to examine the concept of viral, attenuated vaccinating via mosquito blood-sucking. Of 2635 embryos injected, 67 G0 transient transformants (with partial GFP fluorescence observed in tissues) were obtained. Crossing the individual G0 transformant with wild-type mosquitoes, we established 8 transgenic lines (aapp-VSV-G transgenic mosquito) with stable GFP expression (Figure 4C). Immunofluorescence assays on salivary glands identified that one of the transgenic lines expressed VSV-G as a protein in both lateral lobes and the medial lobe (Figure 4D), and this line was then used for further experiments. These mosquito lines transformed with the aapp-VSV-G construct seemed to have similar fitness parameters (such as survival, fecundity, and fertility) as those of wild-type mosquitoes because these lines were maintained well in an insectarium.




Figure 4 | Generation of transgenic mosquitoes expressing VSV-G in salivary glands. (A) Scheme of producing rrVSV in genetically modified mosquitoes with forced expression of VSV-G glycoprotein only in salivary glands. (B) Schematic diagram of the piggyBac-based transformation vector (pBac-aapp-VSV-G) integrated into the An. stephensi germline. The EGFP gene cassette consists of the  D. melanogaster Pax6 eye-specific promoter (3xP3), fluorescent selectable marker (EGFP, green), and SV40 terminator sequence (SV40poly). The VSV-G gene cassette consists of the An. stephensi aapp promoter (aapp), VSV-G gene (VSV-G, red), and An. stephensi trypsin terminator sequence (antyp1). The left (piggyBacL) and right (piggyBacR) arms of the piggyBac transposon are indicated by black triangles. (C) Ectopic expression of 3xP3-EGFP selectable marker in compound eyes of aapp-VSV-G transgenic mosquitoes (TG, right) compared with wild-type (WT, left). (D) VSV-G expression was visualized by immunohistochemistry using an anti-VSV-G antibody with salivary glands of aapp-VSV-G transgenic mosquitoes. High magnification images of lateral lobes are presented in (a, b). Scale bar=50 µm. Green, VSV-G (anti-VSV-G); magenta, nuclei (PI).





In Vivo Persistence of rrVSV in Aapp-VSV-G Transgenic Mosquitoes

To investigate whether forced expression of VSV-G in mosquitoes could enable rrVSV to replicate autonomously, we performed infection of rrVSV in a female, aapp-VSV-G transgenic mosquitoes by direct injection of rrVSV particles into the mosquito abdomen, in which hemocoel constantly circulates. Accumulated GFP fluorescence was observed in cells of the salivary gland of rrVSV-infected aapp-VSV-G mosquitoes (Figure 5A). The naïve, non-infected transgenic mosquitoes only showed expression of marker GFP in a peripheral part of the salivary gland, presumably because of leaky activity of the 3×P3 promoter (Figure 5A). The detectable amount of GFP fluorescence that originated from the gene-cassette being carried in rrVSV suggested that virus re-entry may occur in cells expressing VSV-G, as observed in VSV-G transgenic Drosophila (Figure 3A). Because no structural changes at both the tissue and cellular levels were observed in rrVSV-infected salivary glands (Figure 5A), massive replication of rrVSV may not cause any damage, such as apoptosis, in these cells. To examine whether the aapp-VSV-G transgenic mosquito could produce progeny rrVSV that were infective, we dissected mosquitoes to detect viral particles in salivary glands and carcasses (other parts of the mosquito body except for the salivary gland) (Figure 5B). At 3 days after injection of rrVSV into mosquitoes, wild-type salivary glands contained a small amount of rrVSV [73 ± 18.75 ffu (focus forming unit)].




Figure 5 | In vivo replication of rrVSV in transgenic mosquitoes expressing VSV-G. (A) Identification of rrVSV in salivary glands of aapp-VSV-G transgenic mosquitoes. Each mosquito was injected with 7.8 × 104 ffu of rrVSV. rrVSV was detected at 5 days after injection using an immunofluorescence assay with an anti-GFP antibody. GFP-positive cells (green) indicate rrVSV-infected salivary gland cells expressing VSV-G. Scale bar=20 µm. Green, GFP; red, VSV-G (anti-VSV-G); blue, nuclei (TO-PRO-3). (B) Viral loads in the salivary gland and the carcass of aapp-VSV-G transgenic mosquitoes. The rrVSV-injected mosquitoes (five mosquitoes/group) shown in (A) were dissected at 3 days and 5 days post-infection (dpi). The average number of viral particles (ffu) was calculated from 3-4 groups at each time point using a fluorescence-forming assay with cultured insect cells. **p < 0.01, N.D., not detected. See Supplementary Table 1 for data of experiment, exact sample sizes, and p values.



On the other hand, salivary glands from aapp-VSV-G mosquitoes were associated with a 29.5-fold increase in virus titer (2156 ± 387.28 ffu; p<0.01). The carcasses of transgenic mosquitoes also showed more rrVSV (3078 ± 368.21 ffu) than wild-type mosquitoes (1391 ± 186.4 ffu; p<0.01), probably because a part of the newly produced rrVSV in salivary glands could be released into the hemocoel and circulate in the body cavity. In wild-type mosquitoes, the injected rrVSV almost entirely disappeared at 5 dpi, whereas detectable amounts of rrVSV were still observed in both salivary glands (497.5 ± 134 ffu) and the carcass (733.75 ± 155.3 ffu) of aapp-VSV-G mosquitoes (Figure 5B). Finally, we attempted to detect rrVSV in mosquito saliva, collected at 3 and 5 dpi as excretion from the proboscis (mouthpart) of infected aapp-VSV-G mosquitoes. No infectious virus particles were observed in the saliva secreted from transgenic salivary glands, indicating that the low efficiency of rrVSV production could be improved for acquiring immunogenicity of the vaccine in mosquito-bitten hosts.




Discussion

Arboviruses transmitted by blood-sucking bugs have been the cause of a range of devastating diseases in recent decades, such as re-emerged West Nile, chikungunya, dengue, and zika, which generate public severe health emergencies. No vaccines targeting these pathogens are available yet, mainly because of different subtypes and strain variations of these viruses (34). In this study, a new platform for producing a live attenuated virus vaccine was developed in a blood-sucking insect species, Anopheles mosquitoes. Successive propagation of attenuated VSV (rrVSV), which lacked the glycoprotein gene in its viral genome, was confirmed in mosquitoes ectopically expressing the glycoprotein using a transgenic method. The present study is the first investigation where a genetically attenuated virus has been loaded into mosquitoes under the idea of a flying vaccinator.

Flying vaccinators can be distinguished conceptually into three types. The first is a mosquito inoculated with a live attenuated (or weakened) arbovirus vaccine strain, which is currently available in clinical practice, such as a less virulent virus of yellow fever (17D). The 17D strain of yellow fever virus is almost identical to intact virus except for mutations in its genome, and it can be injected into humans after virus propagation in the mosquito body and subsequently biting a human. Although the live attenuated virus is a promising tool to elicit a strong and protective immune response, this version of a flying vaccinator may not be a completely secure method because of a possible risk of virus reversion to a virulent strain during serial passage in the cells/tissues of mosquitoes (35). The second is a mosquito ectopically expressing an antigenic protein from the pathogen in its salivary glands to deliver the exogenous protein into the host via injected saliva. For this, a specific protein encoded by the pathogen genome and exposed as an antigen on the pathogen surface must be selected to provoke a response from the human immune system that can provide future protection against the target pathogen. Protein immunization often requires booster injections with adjuvants because of the poor immunogenicity of proteins and an inability to stimulate cellular immune responses (36). Indeed, a mosquito strain capable of injecting saliva with Plasmodium CSP as an antigen needed approximately 1,500 bites per mouse (a mouse was bitten by 100 transgenic mosquitoes, which was repeated 20 times in four months) to raise sufficient amounts of antibodies to disturb malaria parasite invasion into host hepatocytes (19). As reported in this study, the third approach is a mosquito harboring genetically engineered, live attenuated virus, in which a part of the genome or genes is artificially disrupted. The virus particles delivered via mosquito blood-sucking behave in the manner of single-round infectious agents, providing for the safety of recombinant proteins and the efficiency of live attenuated virus in vaccination. Although the genetically attenuated viruses are generally disabled to replicate in normal cells, this limitation can be overcome through compensating by introducing the viral gene component into the mosquito genome using transgenic methods, as shown practically in this report.

Remarkable advances in making genetically engineered viruses have broadened the opportunities to develop potent vaccines against pathogenic arboviruses. The ultimate form of a genetically attenuated virus lacking any viral genomic material, called a virus-like particle (VLP), has only repetitive nanostructures that mimic the original virus structures, further increasing safety (36). Trials in the production of genetically attenuated viruses, including VLPs, have been carried out for members of major arbovirus families such as the Flaviviridae (dengue, West Nile, Japanese encephalitis) and Togaviridae (chikungunya) (37). These compromised viruses can still trigger both humoral and cellular immune responses in hosts, and recent findings raise an intriguing possibility that a flying vaccinator may enhance the immunogenicity of the attenuated virus by using mosquito saliva. Hematophagous arthropod saliva facilitates the transmission of pathogens, including arboviruses (34). A set of saliva proteins secreted from the salivary glands of the Aedes mosquito enhanced the viral replication and pathogenesis of flavivirus such as dengue and West Nile virus in infected hosts (38–40). Either salivary gland extract or the saliva itself of mosquito can locally inhibit eliciting the anti-viral Th1 immune response at the intradermal site of viral inoculation after a mosquito bite, allowing the virus to enter the host and replicate more efficiently (41–44). The blood-sucking of VSV-infected Aedes mosquito (Aedes toriseriatus) can induce antibodies specific to VSV in mice sera more efficiently than virus injection, suggesting that mosquito saliva stimulated the enhancement of VSV infection (45). Salivary gland homogenate dampened interferon-mediated anti-viral effects and stimulated virus propagation in vitro (46). Although the possibility of immuno-modulatory effects of mosquito saliva on increasing the immunogenicity of the genetically attenuated virus remains to be examined, it seems to be worth considering such an “adjuvant” function of flying vaccinators when loaded with live pathogenic materials.

It could be argued why the titer of rrVSV was not so high in the transgenic Anopheles mosquitoes as shown in this study, despite the observation that rrVSV replicated to produce significant numbers of viral particles in both salivary glands and the carcass (Figure 5B). Among insect species in the field, VSV is frequently identified in Aedes mosquitoes, and VSV increases in Ae. aegypti by 3,000–30,000 times in 1 week after intrathoracic injection of the virus (47). Salivary glands of Ae. aegypti continue to produce substantial amounts of VSV even at 9 days post-infection, which results in virus transmission into mice (28). It is well known that Aedes species are more efficient transmitters of arboviruses than Anopheles mosquitos, based on previous observations such as the viral load of dengue virus being significantly lower in Anopheles albimanus than in Ae. aegypti (48). It was also suggested that arbovirus demands cellular processes, particularly proper post-translational modifications, which are essential in correct arboviral glycoprotein folding to yield high-quality virus particles (36). Given the possibility that most Anopheles species may be poor at multiplying such viruses, arboviral vector mosquitoes such as Aedes albopictus and Culex tritaeniorhynchus, which are responsible for the spread of viruses causing dengue, zika, and encephalitides, could be considered as appropriate platforms of flying vaccinators and be utilized in further experiments.

In conclusion, a novel class of flying vaccinators for the genetically attenuated virus was developed experimentally in this study. Further examination regarding the efficient production of the replication-restricted virus remains to be performed. Confirming and improving the possible ability of the transgenic Anopheles mosquitoes to inject an adequate amount of rrVSV into vertebrate hosts to raise immune response is another challenge. At least, this method may make it possible to perform intensive studies using mosquitoes carrying human hazardous arbovirus, even in counties where highly secure containment systems are mandatory. Our findings in this study could also be applicable to Aedes and Culex mosquitoes, which are significant vectors for other viruses such as dengue, zika, West Nile fever, and Japanese encephalitis.
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