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			While efforts to control malaria with available tools have stagnated, and arbovirus outbreaks persist around the globe, the advent of clustered regularly interspaced short palindromic repeat (CRISPR)-based gene editing has provided exciting new opportunities for genetics-based strategies to control these diseases. In one such strategy, called “population replacement”, mosquitoes, and other disease vectors are engineered with effector genes that render them unable to transmit pathogens. These effector genes can be linked to “gene drive” systems that can bias inheritance in their favor, providing novel opportunities to replace disease-susceptible vector populations with disease-refractory ones over the course of several generations. While promising for the control of vector-borne diseases on a wide scale, this sets up an evolutionary tug-of-war between the introduced effector genes and the pathogen. Here, we review the disease-refractory genes designed to date to target Plasmodium falciparum malaria transmitted by Anopheles gambiae, and arboviruses transmitted by Aedes aegypti, including dengue serotypes 2 and 3, chikungunya, and Zika viruses. We discuss resistance concerns for these effector genes, and genetic approaches to prevent parasite and viral escape variants. One general approach is to increase the evolutionary hurdle required for the pathogen to evolve resistance by attacking it at multiple sites in its genome and/or multiple stages of development. Another is to reduce the size of the pathogen population by other means, such as with vector control and antimalarial drugs. We discuss lessons learned from the evolution of resistance to antimalarial and antiviral drugs and implications for the management of resistance after its emergence. Finally, we discuss the target product profile for population replacement strategies for vector-borne disease control. This differs between early phase field trials and wide-scale disease control. In the latter case, the demands on effector gene efficacy are great; however, with new possibilities ushered in by CRISPR-based gene editing, and when combined with surveillance, monitoring, and rapid management of pathogen resistance, the odds are increasingly favoring effector genes in the upcoming evolutionary tug-of-war.
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Introduction

			While a dramatic reduction in malaria-related deaths was seen in the early part of this century, progress has halted since 2015 (Bhatt et al., 2015; Feachem et al., 2019), and models predict that elimination is not possible in the majority of disease-endemic countries with currently available tools (Walker et al., 2016). The burden of other vector-borne diseases is on the rise, with dengue incidence and mortality increasing in much of the world (Stanaway et al., 2016), Zika recently sweeping through Latin America and the Caribbean (O’Reilly et al., 2018), and the mosquito species responsible for vectoring these diseases, Aedes aegypti and Aedes albopictus, greatly expanding their geographic range (Kraemer et al., 2015; Lee et al., 2019).

			The advent of clustered regularly interspaced short palindromic repeat (CRISPR)-based gene editing (Doudna and Charpentier, 2014) has provided exciting new opportunities for genetics-based strategies to control these diseases. In particular, it has greatly accelerated the development of “gene drive” systems, capable of biasing inheritance in their favor, and thereby spreading desired genes and fitness loads into a population (Esvelt et al., 2014; Champer et al., 2016). Two distinct strategies for applying this technology to mosquitoes are: i) “population suppression,” in which the gene drive system induces a fitness load or sex bias, thereby suppressing (and potentially eliminating) mosquito populations as it spreads, and ii) “population replacement,” in which the gene drive system is used to bias inheritance in favor of linked effector genes that render them unable to transmit a pathogen. The disease-susceptible vector population is thereby replaced with a disease-refractory one over the course of several generations. While exciting progress has been made on the population suppression approach in mosquitoes (Hammond et al., 2016; Kyrou et al., 2018), we focus on the population replacement strategy in this review, as the population suppression approach targets the vector population directly rather than the vector-pathogen interaction.

			We also exclude from consideration Wolbachia for population replacement in this review (i.e., replacing a vector population with a Wolbachia-transfected one), as Wolbachia-mediated pathogen-blocking is induced by an endosymbiotic bacterium rather than an effector gene, and the mechanism of Wolbachia-induced pathogen-blocking is not yet well understood. The evolutionary tug-of-war between Wolbachia and pathogens is certainly relevant though, and worthy of a review in its own right. Wolbachia functions similarly to a gene drive system in spreading through a population, and has been shown to reduce vector competence for multiple arboviruses (Frentiu et al., 2014; Aliota et al., 2016). The mechanism of pathogen-blocking likely involves multiple pathways and competition for resources (Lindsey et al., 2018; Koh et al., 2019), though early evidence is mixed about whether natural selection favors enhanced or reduced pathogen-blocking by the endosymbiont (Hoffmann et al., 2015; Ford et al., 2019).

			Gene drive strategies are immensely promising for the control of vector-borne diseases due to their ability to spread beyond their release site and to function independently of human compliance, which is a barrier for many interventions (Macias and James, 2016; Raban and Akbari, 2017; Burt et al., 2018). Significant progress has been made in recent years, both in terms of the development of gene drive systems (Gantz et al., 2015; Li et al., 2019) and of effector genes to target malaria parasites (Carballar-Lejarazú and James, 2017), several dengue virus (DENV) serotypes (Franz et al., 2006; Yen et al., 2018; Buchman et al., 2019a), chikungunya (CHIKV) (Yen et al., 2018), and Zika (ZIKV) (Buchman et al., 2019b). Nevertheless, the introduction of disease-refractory genes into a vector population sets up an understudied evolutionary tug-of-war between the anti-pathogen effector and pathogen evolution. Resistance can evolve against the gene drive technologies that support the introgression of these anti-pathogen effectors into the target population. For instance, CRISPR-based homing systems are particularly susceptible to the formation of homing-resistant alleles through inaccurate DNA repair events including non-homologous end-joining (NHEJ) and microhomology-mediated end-joining (MMEJ). These imprecise DNA repair pathways could also lead to loss of the disease-refractory gene by inaccurate DNA repair or mutational loss-of-function. In this review, we focus on pathogen resistance to effector genes, as other resistance mechanisms are well documented elsewhere (Marshall et al., 2017; Noble et al., 2017; Unckless et al., 2017).

			We review the disease-refractory effectors designed to date to target the malaria parasite Plasmodium falciparum transmitted by Anopheles gambiae, and arboviruses transmitted by Ae. aegypti, including DENV serotypes 1–4, CHIKV, and ZIKV. Studies of pathogen resistance in response to synthetic antipathogen effectors have been limited to the laboratory, and conducted only over small time scales. Consequently, there is limited direct evidence for resistance to these technologies in the pathogen population. We therefore discuss lessons learned from the evolution of resistance to anti-pathogen drugs and potential implications for effector resistance management, emphasizing resistance concerns and design considerations that may mitigate pathogen escape variants. We discuss integrated control strategies that may decrease pathogen resistance to antipathogen effectors, including reducing the pathogen population size with traditional vector control measures or wide-scale distribution of antimalarial drugs, both of which could be used prior to and/or during a release. We conclude with a discussion of the target product profile (TPP) for gene drive systems intended for vector-borne disease control, with emphasis on the time span that the effector genes should be prevalent and functional in the vector population.

			

Lessons From the Evolution of Resistance to Antimalarial Drugs

			Antimalarial drugs provide a well-studied example of the evolutionary response of a mosquito-borne pathogen to selective pressure. Vector-borne pathogens alternate between their mosquito and human hosts; for antimalarial drugs, the suppressive effect is applied in the human host, while for disease-refractory genes, the suppressive effect is applied in the vector. For antimalarial drugs, efficacy is determined by their dosage and bioavailability, coverage level, and drugs used in combination. The efficacy of a disease-refractory gene will be determined by its expression level, timing, stability, and prevalence in the mosquito population; these are further influenced by the integration site, other effector genes present and synthetic elements included on the construct.

			Resistance to antimalarial drugs has been documented several times over the course of the last 60–70 years (Table 1). Chloroquine, discovered in the 1930s, was quickly adopted for widespread treatment and prevention of malaria caused by P. falciparum, Plasmodium vivax, and other species. Resistance of P. falciparum to the drug was first documented in nature in the 1950s, and the effectiveness of chloroquine quickly declined as resistant strains of P. falciparum spread and evolved. Several mechanisms of chloroquine resistance that emerged in nature have been documented in the laboratory, mostly revolving around transport of chloroquine in and out of the parasite. Notably, mutations in a P. falciparum chloroquine resistance transporter gene (PfCRT) have been shown to permit the parasite to efflux chloroquine at a rate 40 times that of cells lacking the mutations (Martin et al., 2009). Several other mutations of transporter genes have been shown to have a protective effect against the drug, e.g., a chloroquine transporter protein (CG2), and an ATP-binding cassette transporter gene (PfMDR1) (Haldar et al., 2018). 



							Table 1 | Origins of resistance in malaria parasite, Plasmodium falciparum, to monotherapy drugs.
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			Antifolate drugs, such as pyrimethamine and sulfadoxine, were developed and used for chloroquine-resistant parasites and in other settings from the 1950s onwards. However, resistance quickly emerged in nature from mutations to the dihydrofolate reductase (DHFR) and dihydropteroate synthase (DHPS) genes, which allowed antifolates to act on and disrupt the folate biosynthetic pathway (Gregson and Plowe, 2005; Hyde, 2005). Pyrimethamine and sulfadoxine were combined for use together and have since been paired with other drugs. This combination is still used in sub-Saharan Africa (SSA), and other locales where resistance is not too severe, due to its availability and affordability.

			Piperaquine was developed in the 1960s and used in China and India for several years as a replacement for chloroquine, which is structurally similar. Both drugs are thought to accumulate in the digestive vacuole of the parasite and to interfere with the detoxification of heme. Resistance to piperaquine quickly evolved in nature, and the drug fell out of use as a monotherapy, and was later adopted for use in combination with artemisinin (Davis et al., 2005). Resistance to this combination has recently emerged in western Cambodia, where over 40% of combination treatments fail to eliminate parasites from patients’ blood (Duru et al., 2016); however, the mechanisms by which parasites become resistant to piperaquine remain unclear (Haldar et al., 2018).

			Artemisinin, a semisynthetic drug re-discovered from Chinese traditional medicine in the 1970s, has been used to treat malaria for decades. Use of the drug as a monotherapy has been discouraged since the early 2000s given evidence of emerging resistance in nature and availability of several partner drugs (e.g., piperaquine and amodiaquine) that are effective and well tolerated in patients. Resistance to artemisinin-based combination therapy drugs (ACTs) was first reported in Southeast Asia in 2008 and has subsequently spread throughout the region (Dondorp et al., 2009). Several mechanisms of resistance are thought to be involved, and have been documented in laboratory studies, including mutations in transporter genes that result in an efflux of the drug away from its site of action in the cell, or a change in target recognized by the parasite (Ouji et al., 2018).

			Curiously, resistance to ACTs has only been observed to a limited extent in SSA, where the malaria burden is greatest. One possible explanation is that there are many untreated malaria infections in SSA—some symptomatic, but many asymptomatic. If drug resistance is associated with a fitness cost in P. falciparum, then that cost could outweigh the benefits in a scenario where many infections go untreated. Treatment with “weaker” drugs is common in Southeast Asia, providing a fitness advantage to drug resistance there and a smaller evolutionary barrier for this trait to evolve. In sum, these observations suggest that: i) the malaria parasite P. falciparum has evolved resistance to a range of antimalarial drugs by multiple mechanisms; ii) combination therapies may help to slow the evolution of resistance (White and Olliaro, 1996); and iii) low-dose treatments likely provide a smaller evolutionary hurdle for the emergence of resistance.

			


Malaria-Refractory Genes and Resistance Concerns

			The malaria life cycle is complex and antimalarial effector genes could target the parasite at several stages of development in the mosquito, including: i) mosquito ingestion of gametocytes from human blood, ii) microgametocyte and macrogametocyte coalescence, iii) ookinete and oocyst formation, iv) rupture and sporozoite release into the midgut, and v) sporozoite migration to the salivary glands (Figure 1). Theoretically, any stage in this life cycle can be targeted; but the ookinete/oocyst life stage is a particularly attractive target, as it represents a population bottleneck for malaria parasites in the mosquito. The most effective antimalarial effector genes will likely target the parasite at multiple life stages.
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			Figure 1 | Schematic of the life cycle of Plasmodium falciparum. The complete life cycle takes place in two organisms: Anopheles mosquitoes and humans. A female mosquito ingests micro- and macro-gametocytes (I) in blood from an infectious human, which then fuse into diploid zygotes (II). Zygotes develop into ookinetes (III) that penetrate the midgut epithelium and grow into oocysts. Sporozoites (IV) multiply inside oocysts and escape into the hemolymph to migrate to the salivary glands. This process takes 10–18 days (the extrinsic incubation period). When an infected female mosquito feeds again, sporozoites are released with saliva into the human bloodstream. In humans, sporozoites migrate from the blood into liver cells where they mature, multiply, and develop into merozoites (VI). When merozoites rupture from liver cells, they infect and multiply in erythrocytes (VII). This starts cycles of synchronous erythrocyte infection/rupture typical of malaria fever (VIII). Some merozoites develop into gametocytes (IX), which can be ingested by a female mosquito, and the cycle begins again.

		


			Malaria-refractory genes and other putative effector strategies to target malaria parasites at various developmental stages are reviewed by Carballar-Lejarazu and James (Carballar-Lejarazú and James, 2017). These include cellular melanization mechanisms that occur in nature and inactivate the malaria parasite by encapsulating it in the midgut (Yassine et al., 2012) (Dong et al., 2011) (Dong et al., 2012), blocking receptors that the parasite recognizes and requires in order to pass through the midgut or salivary glands through genetic engineering (Ito et al., 2002), and a range of other potential targets and effectors potentiated in recent years through the advent of CRISPR-based gene editing (Carballar-Lejarazú and James, 2017) (Dong et al., 2018).

			Any refractory gene aiming to interrupt the development of the malaria parasite places a strong selective pressure on parasites capable of circumventing this interruption, and resistance mechanisms can be imagined for any of the effector genes produced thus far. For an antimalarial gene that prevents the parasite from recognizing the mosquito midgut by saturating the midgut receptors in the mosquito (Ito et al., 2002), parasites could evolve to recognize other receptors on the midgut, enabling them to pass into the hemocoel. Similarly, for a refractory gene that saturates parasite recognition receptors in the salivary glands (Ito et al., 2002), parasites could evolve to recognize other receptors, enabling them to pass through and to be injected into susceptible humans upon the mosquito taking a blood meal.

			Melanization-based mechanisms that inactivate malaria parasites exist in nature, as do resistant mechanisms in the parasite, providing insight into parasite evolutionary responses. In nature, there is a melanization pathway by which pattern recognition receptors (PRRs) bind to pathogen-associated molecular patterns (PAMPs), activating a cascade of reactions culminating in large-scale melanin synthesis and encapsulation of the parasite in a melanin coat (Cerenius et al., 2008). Parasite resistance responses include: i) breaking down melanin, or ii) interfering with melanin activation or synthesis pathways. Yassine et al. have documented a mechanism whereby two key regulators of malaria melanization in An. gambiae (TEP1 and CLIPA8) are deactivated (Yassine et al., 2012). Mutations could occur on the PAMPs, preventing the PRRs from binding to them.

			Care must be taken in the choice of disease-refractory genes to avoid a situation in which the effector gene selects for parasites displaying higher infectivity/pathogenicity in the population. Work on effector molecules based on single-chain antibodies suggests that these could prevent sporozoites from entering the salivary glands at infection levels encountered in natural conditions (Isaacs et al., 2012). However, in the laboratory, higher-than-normal parasitemia resulted in some parasites reaching the salivary glands despite the effector gene being present. Such effector genes could, in principle, select for parasites strains that reproduce at higher rates and produce higher loads, with potentially detrimental consequences for human disease burden and transmission. Clearly, in the presence of anti-parasite effector genes, malaria parasites displaying resistant phenotypes will be selected for in the population. The relevant question is therefore how we can substantially delay the emergence and subsequent spread of these parasite varieties. Perhaps the best approach might be to attack the parasites at as many stages as possible with an array of effector mechanisms to prevent the evolution of resistance, or increased infectivity/pathogenicity. That said, these effectors must be challenged with a diversity of parasites, similar to what is found in the wild, as opposed to a singular lab strain that has been maintained for many years in the lab (Isaacs et al., 2012). This may be the best lab-based attempt at generating data that could be translatable to what could occur in nature, however even this may still not reflect what would happen in the wild.

			


Lessons Learned From Antiviral Drug Development and Vector-Virus Interaction Studies

			Besides malaria, the largest vector-borne disease burden is that due to the family of arboviruses transmitted by Ae. aegypti, including DENV and ZIKV. Ae. aegypti-transmitted arboviruses are of particular concern at present, as the mosquito vector has rapidly expanded its range in recent years (Huang et al., 2017; Lee et al., 2019; Ryan et al., 2019). In response, a variety of approaches have recently been taken to engineer mosquitoes refractory to these diseases, including: i) transgene-based RNA interference (RNAi) in the midgut (Franz et al., 2006) and salivary glands (Mathur et al., 2010), ii) expression of synthetic miRNAs (Buchman et al., 2019b), iii) use of broadly neutralizing, single-chain variable fragments (scFv) (Buchman et al., 2019a), iv) use of antiviral hammerhead enzymes (Mishra et al., 2016), and v) transgenic activation of antiviral pathways (Jupatanakul et al., 2017). Nonetheless, these arboviruses are prone to rapidly evolving resistance to antiviral strategies. Lessons may be learned from human antiviral drug development and vector-virus immune studies, highlighting potential pitfalls that may transpire during antiviral effector development.

			Most mosquito-borne viruses of human health concern are RNA viruses in the families Flaviviridae, Togaviridae, and Bunyaviridae. The high genetic variability and mutability of RNA viruses, due to low fidelity RNA-dependent RNA polymerase activity (Steinhauer et al., 1992), along with their high yield and fast replication times, drive the diverse host and environmental ranges of these viruses. This leads to a dynamic population of mutant viral genomes, referred to as a quasispecies, that can rapidly increase or decrease in population frequency according to their fitness (Domingo and Holland, 1997; Lauring and Andino, 2010; Andino and Domingo, 2015). At any point in time, the viral population could comprise one or more variants that have a resistant mutant to an otherwise strong selection pressure, such as a drug or antiviral effector.

			These attributes of RNA viruses have confounded the development of antiviral drugs for many important human viral infections. For example, due to the high mutation frequency of the human immunodeficiency virus (HIV), a multi-target combinational drug approach is required to minimize HIV replication. This approach typically targets the viral reverse transcriptase (RT) gene, or other essential viral genes with reasonably high genetic or structural conservation (Ceccherini-Silberstein et al., 2005). However, resistance to these drugs is still frequent and often mechanistically distinct (Menéndez-Arias, 2013). Although not strictly comparable, this example demonstrates that targeting multiple essential viral genes and conserved sites in the viral genome, the common approach taken to mitigate antiviral effector resistance in mosquitoes, does not necessarily prevent resistance from emerging.

			A multitude of clinical and laboratory-based examples exist of similar RNA viruses evolving drug resistance despite mitigative design considerations. For instance, a multi-target approach did not prevent rapid viral resistance to ribavirin (Pfeiffer and Kirkegaard, 2003; Vignuzzi et al., 2005; Beaucourt and Vignuzzi, 2014; Debing et al., 2014), an antiviral drug that targets and mutates RNA viruses at multiple sites and time points during the viral replication cycle (Crotty et al., 2001; Crotty et al., 2002). Furthermore, when target site mutations have a high fitness cost, RNA viruses such as influenza have been shown to develop compensatory mutations to improve their fitness (Bloom et al., 2010; Bloom et al., 2011; Behera et al., 2015). Compensatory mutations have also been identified in other RNA viruses, notably increasing replication efficiency in large-deletion, replication-deficient CHIKV strains in both primate and mosquito cell cultures (Nougairede et al., 2013). However, these problems are not insurmountable, as the drugs described in these examples are still effective in combined and selectively administered antiviral therapies.

			Evolution of resistance to antiviral effectors is to be expected in the event that population replacement technologies are implemented to combat Ae. aegypti-transmitted arboviruses. Mosquitoes have evolved numerous systemic, small RNA-mediated immune defense mechanisms against viral infections that drive adaptation of viral counter-defenses. Notably, viral-associated immune suppression has been identified in laboratory studies of CHIKV infected mosquitoes and mosquito cell lines (McFarlane et al., 2014; Mathur et al., 2016) and in ZIKV vertebrate host models (Xia et al., 2018; Zheng et al., 2018). Presumably, similar viral counter-defenses could be developed against antiviral effectors. In prominent disease vectors, such as Ae. aegypti, the immune response is not adequate to prevent the replication and dissemination of arboviruses, and consequently allows systemic infections that lead to arboviral transmission to vertebrate hosts. One future approach to antiviral effector design could be to enhance natural mosquito immunity. Another approach could be to circumvent viral evasion mechanisms in order to support viral clearance (Li and Ding, 2006).

			The rapid mutation rates of arboviruses are key to their broad host tropism. Host-specific selection pressure can constrain viral diversity (Weaver et al., 1992; Coffey et al., 2008; Vasilakis et al., 2009; Grubaugh et al., 2016), and could be advantageous in effector design. Effectors that act very early will have the advantage of targeting smaller, less diverse viral populations, and hence viral resistance will be slower to emerge. However, these viral populations rapidly diversify in the vector given their high mutation rates and large population sizes. Virus host adaptations are found frequently in nature (Brault et al., 2004; Moudy et al., 2007; Tsetsarkin and Weaver, 2011) and can initiate or amplify disease outbreaks (Feng et al., 2019), as seen in the 2005-2006 CHIKV outbreak in La Réunion (Tsetsarkin et al., 2007). As the virus disseminates in the mosquito, viral diversity may be further bottlenecked (Patterson et al., 2018) and therefore additional tissue and timing-appropriate effector strategies may be able to take advantage of the lower viral diversity at these later bottlenecks in the transmission cycle.

			These examples indicate the immense potential to rapidly constrain the host range of these viruses, and effectors that disrupt areas of the viral genome required for host switching could further limit their epidemic potential. Many conserved, host-essential regions have been discovered in arboviruses, e.g., the 3’UTR of DENV (Villordo et al., 2015; Filomatori et al., 2017) and other arboviruses (Hyde et al., 2015; Morley et al., 2018). While host-specific selection pressures restrict the evolution of arboviruses in the mosquito, the immunity and host-associated diversification of arboviruses in mosquitoes indicate strong potential to develop resistance to antiviral effectors. Studying these important vector-virus interactions and their role in viral evolution will support the design of new and more robust antiviral effectors. Furthermore, with continued advancements in genome engineering, effector design capabilities will also improve. In the next section, we discuss the current state of antiviral effector development and future directions for these effectors.

			


Arbovirus-Refractory Genes and Resistance Concerns

			The majority of arbovirus-refractory effectors developed to date utilize RNAi-based approaches (Sánchez-Vargas et al., 2009; McFarlane et al., 2014; Blair and Olson, 2015). These have been used to target DENV serotype 2 (DENV-2) for over a decade, with trailblazing studies demonstrating that transgenes encoding long double-stranded RNAs serve as small interfering RNAs (siRNAs) capable of targeting the viral genome and consequently suppressing viral replication and transmission (Franz et al., 2006; Travanty et al., 2004; Mathur et al., 2010; Franz et al., 2014). Similar approaches have recently been implemented against DENV serotype 3 (DENV-3), CHIKV and ZIKV (Yen et al., 2018; Buchman et al., 2019b). Yen et al. (2018) developed transgenes encoding microRNAs (miRNAs)—a class of small noncoding RNAs involved in the regulation of gene expression—targeting DENV-3 and CHIKV, triggered either ubiquitously or in the midgut in response to a blood meal. These effectors still need to be optimized; however, reductions in DENV-3 and CHIKV transmission rates were significant—~94 and ~77–83%, respectively. Buchman et al. (2019b) developed transgenes encoding a cluster of synthetic small RNAs designed to target the ZIKV genome in the midgut (Buchman et al., 2019b). Results for these effectors were impressive, with homozygotes being completely refractory to ZIKV infection, and heterozygotes having infection and transmission rates low enough to make them unlikely to transmit to a susceptible human host.

			All of these approaches are based on small RNAs, and to prevent the evolution of viral escape variants, high target coverage of the viral genome is required. Indeed, some viruses have been shown to replicate to high enough titers that they can overcome an RNAi response (McFarlane et al., 2014), and engineering efforts must ensure that high viral replication is not an evolutionary consequence. The rigorous target sequence conservation required in parts of the small RNA-targeting sequence, and the high mutation rate of RNA viruses, have resulted in the rapid development of resistance to other RNAi technologies (Boden et al., 2003; Das et al., 2004; Gitlin et al., 2005; Westerhout et al., 2005; Wilson and Richardson, 2005; Nishitsuji et al., 2006; Wu et al., 2011). The solution of Buchman et al. (2019b) was to use eight separate small RNAs to target 6–10 conserved protein-coding genes in the ZIKV genome, reducing the possibility of escape mutants.

			An RNAi-mediated effector itself may also increase viral genetic diversity thereby potentiating viral escape. For example, the RNAi immune response drove the diversification of West Nile virus in mosquitoes (Brackney et al., 2009) and mosquito cells (Brackney et al., 2015). It is unknown whether effectors that use a similar RNAi-mediated antiviral mechanism will drive diversification of arboviruses, and if so, what the impact of this diversification would be on viral resistance. It is also still an open question as to how many small RNAs are necessary to prevent viral escape mutants in a diverse wild population, and the potential effect of this RNAi-mediated approach on viral evolution.

			A recent approach taken to target multiple serotypes of DENV (1-4) utilized a broadly neutralizing scFV (Buchman et al., 2019a), reducing viral infection and dissemination of all four major serotypes of DENV. Another approach to minimize the emergence of escape mutants is to use small antiviral hammerhead ribozymes to increase the number of sites being targeted in the viral genome. This was used by Mishra et al. (2016) to target the CHIKV genome (Mishra et al., 2016). Error-prone activities of RNA polymerase provide opportunities for viruses to escape from ribozyme catalysis (Scherer and Rossi, 2003); however this can be overcome by using antiviral group-I introns, and by targeting conserved sequences in arboviruses (Carter et al., 2015). As discussed above, these designs must consider the high mutation rate and large size of viral populations, or viral “quasispecies”, and the implications of these features on viral resistance to effector genes. That said, off-target effects of small antiviral RNAs may help to reduce the risk of escape mutants, despite the heightened diversity of viral quasispecies (Yen et al., 2018).

			Taken together, arboviruses and their corresponding effector genes clearly have distinct properties as compared to the malaria parasites and antimalarial effectors; however the critical related question remains as to how we can substantially delay the emergence and spread of viral escape mutants.

			


Delaying and Managing Resistance to Disease-Refractory Genes

			Strategies for delaying and managing resistance to disease-refractory effector genes in mosquitoes parallel those for antimalarial and antiviral drugs in humans (White and Olliaro, 1996). Three key elements include: i) preventing emergence of resistance, ii) monitoring efficacy and confirming resistance when present, and iii) managing resistance through containing its spread and ensuring a pipeline of new effector genes.

			Prevention or slowing of the emergence of effector resistance is the first step to ensure effectors are effective components of population replacement strategies. This has two dimensions: i) increasing the evolutionary hurdle required by the pathogen to evolve resistance to the effector gene, and ii) reducing the size of the pathogen population to reduce the rate of resistance emergence (Figure 2). Most of the discussion thus far has focused on the former. Strategies to increase the evolutionary hurdle include: i) using multiple effectors that attack the pathogen at multiple sites on its genome and/or multiple stages of development (Figure 3) (Mishra et al., 2016; Buchman et al., 2019b), and ii) ensuring that the effectors used are effective at substantially reducing pathogen transmission, and in a wide range of individuals representing the genetic diversity of the species. As mentioned earlier, a crucial goal is to prevent selection of escape mutants with a higher viral or parasitic load. This must be true across the species range of the vector, as ambitious population replacement strategies aim to introduce disease-refractory genes on a potentially continental scale, and hence the effector genes must be robust to pathogen evolution on a similar scale.
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			Figure 2 | Potential intervention points to block mosquito-borne disease transmission. Mosquito-borne diseases require incubation periods in both mosquito (extrinsic) and human (intrinsic) hosts. Blocking the cycle at any point will interrupt transmission. Multiple coordinated interventions will likely be needed to achieve effective and sustainable disease control. Potential interventions that could be implemented on the mosquito vector include: i) mosquito population reduction strategies (e.g. insecticide application, and the sterile insect technique), ii) mosquito lifespan reduction strategies (e.g. Wolbachia-associated lifespan reduction), and iii) pathogen transmission blocking in mosquitoes (e.g. population replacement gene drive systems, or population transfection with Wolbachia). Potential interventions that could be implemented on the human host include: i) human-mosquito contact reduction (e.g. insecticide-treated bed nets, and spatial repellents), and ii) pathogen transmission-blocking in humans using vaccines and prophylactic drugs, and iii) combination-therapy drugs. Reducing pathogen transmission, and hence the pathogen population size, reduces the ability of the pathogen to evolve resistance to effector genes.
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			Figure 3 | Key events in pathogen transmission from mosquito to vertebrate host and implications to effector selection. The transmission of mosquito-borne pathogens can be suppressed by blocking one or more of the steps required for pathogen infection and/or dissemination in mosquitoes. For Plasmodium parasites (I) and arboviruses (II) effectors can be built to block one or more essential points in the pathogen replication cycle: (A)—initial infection of a midgut epithelial cell; (B)—spread of infection among midgut epithelial cells; (C)—midgut escape of infecting agents from midgut epithelial cells into hemolymph; (D)—salivary gland infection, and (E)—salivary gland escape where the pathogens spread to salivary glands and are expectorated in a subsequent blood meal of the female mosquito, respectively. If any one or more of these events is completely blocked, then transmission cannot occur. At each of these potential intervention points, there is a bottleneck that constricts pathogen population size and diversity. By selecting effectors with timing and specificity that can exploit these natural bottlenecks, it may slow the rate that pathogen resistance to the effector is developed. For example, as Plasmodium parasites (I) move through the gametocyte, gamete, zygote (A), ookinete (B), and oocyst (B-C) stages, their population size and diversity progressively decreases with a substantial genetic bottleneck at each stage. However, the population size increases dramatically when the oocysts release sporozoites (C-E). Most current anti-Plasmodium effectors developed to date target the ookinete stage when the parasite population is relatively small, but if pathogen resistance to anti-ookinete effectors does occur then targeting the oocyst stage, where the parasite population size is the lowest and least diverse, may slow resistance. Similar to a combinatorial drug approach, targeting multiple parasite development stages concurrently is also a strategy that researchers are taking to circumvent resistance. Arbovirus populations (II) go through a series of population expansions and reductions that correspond with the essential points in their replication cycle (A-E). In the vertebrate, purifying selection reduces the genetic diversity of viruses acquired during blood feeding (1), but with the high mutation rate the genetic composition of the virus genome drifts as it disseminations through the mosquito. Effectors that target the virus in the early stages of infection (A and early B) prior to expansion and diversification of the virus in the midgut would potentially decrease the likelihood of the virus circumventing an antiviral effector. Most current antiviral effector designs target these early stages.

		


			Reducing the size of the pathogen population by other means is complementary to the design of robust effector genes, and provides an additional rationale for maintaining an integrated vector and disease control program. The simple rationale is that, if the pathogen population is smaller, then there will be less opportunities for effector resistance to emerge. For malaria, additional approaches to reduce the parasite burden at the population level include: i) vector control methods, such as the distribution and use of insecticide-treated nets and spraying of walls with insecticides, and ii) the distribution of antimalarial drugs (ACTs), either when cases present at health facilities, or through some variety of mass drug administration. A range of novel vector control interventions are also becoming available to further reduce vector densities (Killeen et al., 2017; Kiware et al., 2017). For arboviruses, additional approaches rely on vector control, traditionally through fogging with insecticides, or larval source reduction, but more recently through the use of Wolbachia-infected mosquitoes, either as a form of population suppression or replacement (Hoffmann et al., 2011), and the release of genetically sterile males as a form of population suppression (Carvalho et al., 2015). Models of disease transmission between vectors and humans, as well as vector population dynamics(Killeen et al., 2017; Kiware et al., 2017) and pathogen strain evolution, will allow the relative contributions of these complementary strategies to be assessed in future modeling studies. Data to inform these models is limited at present; however initial impressions may be gained by including sensitivity analyses, and will improve as further data is obtained, for instance, pertaining to pathogen population size and genetic diversity.

			Upon implementation, routine monitoring will be integral to preventing the spread of pathogen resistance to effector genes. Early detection through regular monitoring allows alternative effectors to be introduced into the vector population and/or alternative vector and disease control interventions to be put in place to minimize the selection and further spread of effector resistance. To aid in these efforts, accurate rapid assays for pathogen susceptibility to effector genes will be extremely useful, as will a pipeline of alternative anti-pathogen effector genes, and a resistance management strategy including geographical considerations informed by spatial modeling.

			Clearly, considerations regarding the evolutionary robustness of anti-pathogen effector genes are the most urgent, and progress made here will ease the load of resistance management later; however, as this technology moves closer to the field, the emphasis will quickly shift to monitoring and management.

			


Target Product Profile Considerations for Duration of Efficacy

			If the competition between effector gene design and pathogen evolution is a tug-of-war, then the TPP would determine the position of the line that one has to pull the other over. Where we draw that line is determined by what our goals and evaluation criteria are. Are they entomological or epidemiological? If entomological, what is the minimum proportion of the vector population we require to be disease-refractory, and for how long? If epidemiological, what is the desired reduction in clinical incidence of disease (or some other disease-related measure), and over what time period? And what vector species and pathogens are we focusing our attention on?

			Likely, there will be multiple TPPs for different stages of technology implementation. Leading up to the first phase of field trials, an entomological endpoint may be more feasible, and it may only be necessary to have a product capable of being prevalent and functional in a local vector population for a few years, i.e., over the duration and spatial extent of a field trial (James et al., 2018). Leading up to an open release with the intent of wide-scale disease control, however, an epidemiological endpoint will be of most interest, and it will be necessary to have a product capable of spreading widely and retaining its effectiveness for a duration potentially required to achieve widespread pathogen elimination (James et al., 2018) and measured at timepoints sufficiently after the release to see an effect on disease incidence.

			Which TPP we are aiming for dramatically influences several minimal properties of the drive system including: i) for homing-based drive systems, the rates of accurate homology-directed repair and generation of homing-resistant alleles, ii) the rates of mutational loss of the gene drive system and/or effector genes, and iii) the rate of pathogen evolution in response to the effector genes, among other properties. Here, we limit our attention to the latter property regarding pathogen evolution; however, all are essential to achieve the desired entomological and/or epidemiological endpoints. To be effective in achieving wide-scale disease control and potentially elimination through reduced pathogen transmission in a range of vectors representing the genetic diversity of the species, multiple effectors that attack the pathogen at multiple genomic sites and/or stages of development will need to be included (Mishra et al., 2016; Buchman et al., 2019b). It will also be essential to reduce the parasite population by other means, including vector control and, for malaria, the distribution of antimalarial drugs (Feachem et al., 2019).

			



Conclusion

			The advent of CRISPR-based gene editing has greatly expanded the realm of possibility for engineering of disease-refractory effector genes. Combined with monitoring and rapid management of pathogen resistance when it emerges, we believe that the odds are increasingly favoring the effector genes over the pathogens in this forthcoming evolutionary tug-of-war. In the coming years, we expect more anti-pathogen effectors to be developed, thereby increasing the array of tools available to combat these pathogens. Concomitantly, laboratory and modeling studies of how to best prevent the emergence of resistance in the field should be conducted to investigate ways to create “evolution-proof” strategies for the development and release of effector gene products. Semi-field studies and mathematical modeling will both have a role in highlighting challenges and opportunities for these systems, as they have for drug and insecticide resistance (Koella et al., 2009; Wale et al., 2017). As these technologies are developed and improved and regulatory approvals are granted, we remain optimistic they will play a pivotal role in eliminating vector-borne disease transmission on a global scale, in concert with other strategies (Feachem et al., 2019).

			


Author Contributions

			All authors contributed to the writing of this review.

			


Funding

			This work was supported by funding from the Defense Advanced Research Project Agency (DARPA) Safe Genes Program Grant (HR0011-17-2- 0047) awarded to O.S.A. and J.M.M. Funds from the UC Irvine Malaria Initiative supported J.M.M.

			

References

			Aliota, M. T., Peinado, S. A., Velez, I. D., and Osorio, J. E. (2016). The wMel strain of Wolbachia Reduces Transmission of Zika virus by Aedes aegypti. Sci. Rep. 6, 28792. doi: 10.1038/srep28792

			Andino, R., and Domingo, E. (2015). Viral quasispecies. Virology 479–480. doi: 10.1016/j.virol.2015.03.022

			Beaucourt, S., and Vignuzzi, M. (2014). Ribavirin: a drug active against many viruses with multiple effects on virus replication and propagation. Molecular basis of ribavirin resistance. Curr. Opin. Virol. 8, 10–15. doi: 10.1016/j.coviro.2014.04.011

			Behera, A. K., Basu, S., and Cherian, S. S. (2015). Molecular mechanism of the enhanced viral fitness contributed by secondary mutations in the hemagglutinin protein of oseltamivir resistant H1N1 influenza viruses: modeling studies of antibody and receptor binding. Gene 557, 19–27. doi: 10.1016/j.gene.2014.12.003

			Bhatt, S., Weiss, D. J., Cameron, E., Bisanzio, D., Mappin, B., Dalrymple, U., et al. (2015). The effect of malaria control on Plasmodium falciparum in Africa between 2000 and 2015. Nature 526, 207–211. doi: 10.1038/nature15535

			Blair, C. D., and Olson, K. E. (2015). The role of RNA interference (RNAi) in arbovirus-vector interactions. Viruses 7, 820–843. doi: 10.3390/v7020820

			Bloom, J. D., Gong, L. I., and Baltimore, D. (2010). Permissive secondary mutations enable the evolution of influenza oseltamivir resistance. Science 328, 1272–1275. doi: 10.1126/science.1187816

			Bloom, J. D., Nayak, J. S., and Baltimore, D. (2011). A computational-experimental approach identifies mutations that enhance surface expression of an oseltamivir-resistant influenza neuraminidase. PloS One 6, e22201. doi: 10.1371/journal.pone.0022201

			Boden, D., Pusch, O., Lee, F., Tucker, L., and Ramratnam, B. (2003). Human Immunodeficiency Virus Type 1 Escape from RNA Interference. J. Virol. 77, 11531–11535. doi: 10.1128/JVI.77.21.11531-11535.2003

			Brackney, D. E., Beane, J. E., and Ebel, G. D. (2009). RNAi targeting of West Nile virus in mosquito midguts promotes virus diversification. PloS Pathog. 5, e1000502. doi: 10.1371/journal.ppat.1000502

			Brackney, D. E., Schirtzinger, E. E., Harrison, T. D., Ebel, G. D., and Hanley, K. A. (2015). Modulation of flavivirus population diversity by RNA interference. J. Virol. 89, 4035–4039. doi: 10.1128/JVI.02612-14

			Brault, A. C., Powers, A. M., Ortiz, D., Estrada-Franco, J. G., Navarro-Lopez, R., and Weaver, S. C. (2004). Venezuelan equine encephalitis emergence: enhanced vector infection from a single amino acid substitution in the envelope glycoprotein. Proc. Natl. Acad. Sci. U. S. A. 101, 11344–11349. doi: 10.1073/pnas.0402905101

			Buchman, A., Gamez, S., Li, M., Antoshechkin, I., Lee, S.-H., Wang, S.-W., et al. (2019a). Broad Dengue Neutralization in Mosquitoes Expressing an Engineered Antibody. SSRN Electron. J. doi: 10.2139/ssrn.3398490

			Buchman, A., Gamez, S., Li, M., Antoshechkin, I., Li, H.-H., Wang, H.-W., et al. (2019b). Engineered resistance to Zika virus in transgenic Aedes aegypti expressing a polycistronic cluster of synthetic small RNAs. Proc. Nat. Acad. Sci. 116, 3656–3661. doi: 10.1073/pnas.1810771116

			Burt, A., Coulibaly, M., Crisanti, A., Diabate, A., and Kayondo, J. K. (2018). Gene drive to reduce malaria transmission in sub-Saharan Africa. J. Responsible Innovation 5, S66–S80. doi: 10.1080/23299460.2017.1419410

			Carballar-Lejarazú, R., and James, A. A. (2017). Population modification of Anopheline species to control malaria transmission. Pathog. Glob. Health 111, 424–435. doi: 10.1080/20477724.2018.1427192

			Carter, J. R., Taylor, S., Fraser, T. S., Kucharski, C. A., Dawson, J. L., and Fraser, M. J. (2015). Suppression of the Arboviruses Dengue and Chikungunya Using a Dual-Acting Group-I Intron Coupled with Conditional Expression of the Bax C-Terminal Domain. PloS One 10, e0139899. doi: 10.1371/journal.pone.0139899

			Carvalho, D. O., McKemey, A. R., Garziera, L., Lacroix, R., Donnelly, C. A., Alphey, L., et al. (2015). Suppression of a Field Population of Aedes aegypti in Brazil by Sustained Release of Transgenic Male Mosquitoes. PloS Negl. Trop. Dis. 9, e0003864. doi: 10.1371/journal.pntd.0003864

			Ceccherini-Silberstein, F., Gago, F., Santoro, M., Gori, C., Svicher, V., Rodríguez-Barrios, F., et al. (2005). High sequence conservation of human immunodeficiency virus type 1 reverse transcriptase under drug pressure despite the continuous appearance of mutations. J. Virol. 79, 10718–10729. doi: 10.1128/JVI.79.16.10718-10729.2005

			Cerenius, L., Lee, B. L., and Söderhäll, K. (2008). The proPO-system: pros and cons for its role in invertebrate immunity. Trends Immunol. 29, 263–271. doi: 10.1016/j.it.2008.02.009

			Champer, J., Buchman, A., and Akbari, O. S. (2016). Cheating evolution: engineering gene drives to manipulate the fate of wild populations. Nat. Rev. Genet. 17, 146–159. doi: 10.1038/nrg.2015.34

			Coffey, L. L., Vasilakis, N., Brault, A. C., Powers, A. M., Tripet, F., and Weaver, S. C. (2008). Arbovirus evolution in vivo is constrained by host alternation. Proc. Natl. Acad. Sci. U. S. A. 105, 6970–6975. doi: 10.1073/pnas.0712130105

			Costa, G. L., Amaral, L. C., Fontes, C. J. F., Carvalho, L. H., de Brito, C. F. A., and de Sousa, T. N. (2017). Assessment of copy number variation in genes related to drug resistance in Plasmodium vivax and Plasmodium falciparum isolates from the Brazilian Amazon and a systematic review of the literature. Malaria J. 16. doi: 10.1186/s12936-017-1806-z

			Crotty, S., Cameron, C., and Andino, R. (2002). Ribavirin’s antiviral mechanism of action: lethal mutagenesis? J. Mol. Med. 80, 86–95. doi: 10.1007/s00109-001-0308-0

			Crotty, S., Cameron, C. E., and Andino, R. (2001). RNA virus error catastrophe: direct molecular test by using ribavirin. Proc. Natl. Acad. Sci. U. S. A. 98, 6895–6900. doi: 10.1073/pnas.111085598

			Das, A. T., Brummelkamp, T. R., Westerhout, E. M., Vink, M., Madiredjo, M., Bernards, R., et al. (2004). Human immunodeficiency virus type 1 escapes from RNA interference-mediated inhibition. J. Virol. 78, 2601–2605. doi: 10.1128/JVI.78.5.2601-2605.2004

			Davis, T. M. E., Hung, T.-Y., Sim, I.-K., Karunajeewa, H. A., and Ilett, K. F. (2005). Piperaquine: a resurgent antimalarial drug. Drugs 65, 75–87. doi: 10.2165/00003495-200565010-00004

			Debing, Y., Gisa, A., Dallmeier, K., Pischke, S., Bremer, B., Manns, M., et al. (2014). A mutation in the hepatitis E virus RNA polymerase promotes its replication and associates with ribavirin treatment failure in organ transplant recipients. Gastroenterology 147, 1008–11.e7; quiz e15–6. doi: 10.1053/j.gastro.2014.08.040

			Domingo, E., and Holland, J. J. (1997). RNA virus mutations and fitness for survival. Annu. Rev. Microbiol. 51, 151–178. doi: 10.1146/annurev.micro.51.1.151

			Dondorp, A. M., Nosten, F., Yi, P., Das, D., Phyo, A. P., Tarning, J., et al. (2009). Artemisinin Resistance inPlasmodium falciparumMalaria. N. Engl. J. Med. 361, 455–467. doi: 10.1056/NEJMoa0808859

			Dong, Y., Cirimotich, C. M., Pike, A., Chandra, R., and Dimopoulos, G. (2012). Anopheles NF-κB-regulated splicing factors direct pathogen-specific repertoires of the hypervariable pattern recognition receptor AgDscam. Cell Host Microbe 12, 521–530. doi: 10.1016/j.chom.2012.09.004

			Dong, Y., Das, S., Cirimotich, C., Souza-Neto, J. A., McLean, K. J., and Dimopoulos, G. (2011). Engineered anopheles immunity to Plasmodium infection. PloS Pathog. 7, e1002458. doi: 10.1371/journal.ppat.1002458

			Dong, Y., Simões, M. L., Marois, E., and Dimopoulos, G. (2018). CRISPR/Cas9 -mediated gene knockout of Anopheles gambiae FREP1 suppresses malaria parasite infection. PloS Pathogens 14, e1006898. doi: 10.1371/journal.ppat.1006898

			Doudna, J. A., and Charpentier, E. (2014). Genome editing. The new frontier of genome engineering with CRISPR-Cas9. Science 346, 1258096. doi: 10.1126/science.1258096

			Duru, V., Witkowski, B., and Ménard, D. (2016). Plasmodium falciparum Resistance to Artemisinin Derivatives and Piperaquine: A Major Challenge for Malaria Elimination in Cambodia. Am. J. Trop. Med. Hyg. 95, 1228–1238. doi: 10.4269/ajtmh.16-0234

			Eastman, R. T., and Fidock, D. A. (2009). Artemisinin-based combination therapies: a vital tool in efforts to eliminate malaria. Nat. Rev. Microbiol. 7, 864–874. doi: 10.1038/nrmicro2239

			Esvelt, K. M., Smidler, A. L., Catteruccia, F., and Church, G. M. (2014). Emerging technology: concerning RNA-guided gene drives for the alteration of wild populations. Elife 3, e03401. doi: 10.7554/eLife.03401

			Feachem, R. G. A., Chen, I., Akbari, O., Bertozzi-Villa, A., Bhatt, S., Binka, F., et al. (2019). Malaria eradication within a generation: ambitious, achievable, and necessary. Lancet. 394, 1056–1112. doi: 10.1016/S0140-6736(19)31139-0

			Feng, X., Huo, X., Tang, B., Tang, S., Wang, K., and Wu, J. (2019). Modelling and Analyzing Virus Mutation Dynamics of Chikungunya Outbreaks. Sci. Rep. 9, 2860. doi: 10.1038/s41598-019-38792-4

			Filomatori, C. V., Carballeda, J. M., Villordo, S. M., Aguirre, S., Pallarés, H. M., Maestre, A. M., et al. (2017). Dengue virus genomic variation associated with mosquito adaptation defines the pattern of viral non-coding RNAs and fitness in human cells. PloS Pathog. 13, e1006265. doi: 10.1371/journal.ppat.1006265

			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. doi: 10.1038/s41564-019-0533-3

			Franz, A. W. E., Sanchez-Vargas, I., Adelman, Z. N., Blair, C. D., Beaty, B. J., James, A. A., et al. (2006). Engineering RNA interference-based resistance to dengue virus type 2 in genetically modified Aedes aegypti. Proc. Natl. Acad. Sci. U. S. A. 103, 4198–4203. doi: 10.1073/pnas.0600479103

			Franz, A. W. E., Sanchez-Vargas, I., Raban, R. R., Black, W. C. 4th, James, A. A., and Olson, K. E. (2014). Fitness impact and stability of a transgene conferring resistance to dengue-2 virus following introgression into a genetically diverse Aedes aegypti strain. PloS Negl. Trop. Dis. 8, e2833. doi: 10.1371/journal.pntd.0002833

			Frentiu, F. D., Zakir, T., Walker, T., Popovici, J., Pyke, A. T., van den Hurk, A., et al. (2014). Limited dengue virus replication in field-collected Aedes aegypti mosquitoes infected with Wolbachia. PloS Negl. Trop. Dis. 8, e2688. doi: 10.1371/journal.pntd.0002688

			Gantz, V. M., Jasinskiene, N., Tatarenkova, O., Fazekas, A., Macias, V. M., Bier, E., et al. (2015). Highly efficient Cas9-mediated gene drive for population modification of the malaria vector mosquito Anopheles stephensi. Proc. Natl. Acad. Sci. U. S. A. 112, E6736–E6743. doi: 10.1073/pnas.1521077112

			Gesase, S., Gosling, R. D., Hashim, R., Ord, R., Naidoo, I., Madebe, R., et al. (2009). High resistance of Plasmodium falciparum to sulphadoxine/pyrimethamine in northern Tanzania and the emergence of dhps resistance mutation at Codon 581. PloS One 4, e4569. doi: 10.1371/journal.pone.0004569

			Gitlin, L., Stone, J. K., and Andino, R. (2005). Poliovirus escape from RNA interference: short interfering RNA-target recognition and implications for therapeutic approaches. J. Virol. 79, 1027–1035. doi: 10.1128/JVI.79.2.1027-1035.2005

			Gregson, A., and Plowe, C. V. (2005). Mechanisms of resistance of malaria parasites to antifolates. Pharmacol. Rev. 57, 117–145. doi: 10.1124/pr.57.1.4

			Grubaugh, N. D., Weger-Lucarelli, J., Murrieta, R. A., Fauver, J. R., Garcia-Luna, S. M., Prasad, A. N., et al. (2016). Genetic Drift during Systemic Arbovirus Infection of Mosquito Vectors Leads to Decreased Relative Fitness during Host Switching. Cell Host Microbe 19, 481–492. doi: 10.1016/j.chom.2016.03.002

			Haldar, K., Bhattacharjee, S., and Safeukui, I. (2018). Drug resistance in Plasmodium. Nat. Rev. Microbiol. 16, 156–170. doi: 10.1038/nrmicro.2017.161

			Hammond, A., Galizi, R., Kyrou, K., Simoni, A., Siniscalchi, C., Katsanos, D., et al. (2016). A CRISPR-Cas9 gene drive system targeting female reproduction in the malaria mosquito vector Anopheles gambiae. Nat. Biotechnol. 34, 78–83. doi: 10.1038/nbt.3439

			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

			Hoffmann, A. A., Ross, P. A., and Rašić, G. (2015). Wolbachia strains for disease control: ecological and evolutionary considerations. Evol. Appl. 8, 751–768. doi: 10.1111/eva.12286

			Huang, Y.-J. S., Higgs, S., and Vanlandingham, D. L. (2017). Biological Control Strategies for Mosquito Vectors of Arboviruses. Insects 8. doi: 10.3390/insects8010021

			Hyde, J. E. (2005). Drug-resistant malaria. Trends Parasitol. 21, 494–498. doi: 10.1016/j.pt.2005.08.020

			Hyde, J. L., Chen, R., Trobaugh, D. W., Diamond, M. S., Weaver, S. C., Klimstra, W. B., et al. (2015). The 5′ and 3′ ends of alphavirus RNAs – Non-coding is not non-functional. Virus Res. 206, 99–107. doi: 10.1016/j.virusres.2015.01.016

			Isaacs, A. T., Jasinskiene, N., Tretiakov, M., Thiery, I., Zettor, A., Bourgouin, C., et al. (2012). Transgenic Anopheles stephensi coexpressing single-chain antibodies resist Plasmodium falciparum development. Proc. Nat. Acad. Sci. 109, E1922–E1930. doi: 10.1073/pnas.1207738109

			Ito, J., Ghosh, A., Moreira, L. A., Wimmer, E. A., and Jacobs-Lorena, M. (2002). Transgenic anopheline mosquitoes impaired in transmission of a malaria parasite. Nature 417, 452–455. doi: 10.1038/417452a

			James, S., Collins, F. H., Welkhoff, P. A., Emerson, C., Godfray, H. C. J., Gottlieb, M., et al. (2018). Pathway to Deployment of Gene Drive Mosquitoes as a Potential Biocontrol Tool for Elimination of Malaria in Sub-Saharan Africa: Recommendations of a Scientific Working Group †. Am. J.Trop. Med. Hyg. 98, 1–49. doi: 10.4269/ajtmh.18-0083

			Jupatanakul, N., Sim, S., Angleró-Rodríguez, Y. I., Souza-Neto, J., Das, S., Poti, K. E., et al. (2017). Engineered Aedes aegypti JAK/STAT Pathway-Mediated Immunity to Dengue Virus. PloS Negl. Trop. Dis. 11, e0005187. doi: 10.1371/journal.pntd.0005187

			Killeen, G. F., Tatarsky, A., Diabate, A., Chaccour, C. J., Marshall, J. M., Okumu, F. O., et al. (2017). Developing an expanded vector control toolbox for malaria elimination. BMJ Glob Health 2, e000211. doi: 10.1136/bmjgh-2016-000211

			Kiware, S. S., Chitnis, N., Tatarsky, A., Wu, S., Castellanos, H. M. S., Gosling, R., et al. (2017). Attacking the mosquito on multiple fronts: Insights from the Vector Control Optimization Model (VCOM) for malaria elimination. PloS One 12, e0187680. doi: 10.1371/journal.pone.0187680

			Koella, J. C., Lynch, P. A., Thomas, M. B., and Read, A. F. (2009). Towards evolution-proof malaria control with insecticides. Evol. Appl. 2, 469–480. doi: 10.1111/j.1752-4571.2009.00072.x

			Koh, C., Audsley, M. D., Di Giallonardo, F., Kerton, E. J., Young, P. R., Holmes, E. C., et al. (2019). Sustained Wolbachia-mediated blocking of dengue virus isolates following serial passage in Aedes aegypti cell culture. Virus Evol. 5. doi: 10.1093/ve/vez012

			Kraemer, M. U. G., Sinka, M. E., Duda, K. A., Mylne, A. Q. N., Shearer, F. M., Barker, C. M., et al. (2015). The global distribution of the arbovirus vectors Aedes aegypti and Ae. albopictus. Elife 4, e08347. doi: 10.7554/eLife.08347

			Kyrou, K., Hammond, A. M., Galizi, R., Kranjc, N., Burt, A., Beaghton, A. K., et al. (2018). A CRISPR-Cas9 gene drive targeting doublesex causes complete population suppression in caged Anopheles gambiae mosquitoes. Nat. Biotechnol. 36, 1062–1066. doi: 10.1038/nbt.4245

			Lauring, A. S., and Andino, R. (2010). Quasispecies theory and the behavior of RNA viruses. PloS Pathog. 6, e1001005. doi: 10.1371/journal.ppat.1001005

			Lee, Y., Schmidt, H., Collier, T. C., Conner, W. R., Hanemaaijer, M. J., Slatkin, M., et al. (2019). Genome-wide divergence among invasive populations of Aedes aegypti in California. BMC Genomics 20, 204. doi: 10.1186/s12864-019-5586-4

			Li, F., and Ding, S.-W. (2006). Virus counterdefense: diverse strategies for evading the RNA-silencing immunity. Annu. Rev. Microbiol. 60, 503–531. doi: 10.1146/annurev.micro.60.080805.142205

			Li, M., Yang, T., Kandul, N. P., Bui, M., Gamez, S., Raban, R., et al. (2019). Development of a Confinable Gene-Drive System in the Human Disease Vector, Aedes aegypti. bioRxiv. doi: 10.1101/645440

			Lindsey, A., Bhattacharya, T., Newton, I., and Hardy, R. (2018). Conflict in the Intracellular Lives of Endosymbionts and Viruses: A Mechanistic Look at Wolbachia-Mediated Pathogen-blocking. Viruses 10, 141. doi: 10.3390/v10040141

			Macias, V., and James, A. A., (2016). “Chapter 19 - Impact of Genetic Modification of Vector Populations on the Malaria Eradication Agenda,” in Genetic Control of Malaria and Dengue. Ed. Adelman, Z. N. (Boston: Academic Press), 423–444. doi: 10.1016/B978-0-12-800246-9.00019-3

			Marshall, J. M., Buchman, A., Sánchez C, H. M., and Akbari, O. S. (2017). Overcoming evolved resistance to population-suppressing homing-based gene drives. Sci. Rep. 7, 3776. doi: 10.1038/s41598-017-02744-7

			Martin, R. E., Marchetti, R. V., Cowan, A. I., Howitt, S. M., Broer, S., and Kirk, K. (2009). Chloroquine Transport via the Malaria Parasite’s Chloroquine Resistance Transporter. Science 325, 1680–1682. doi: 10.1126/science.1175667

			Mathur, G., Sanchez-Vargas, I., Alvarez, D., Olson, K. E., Marinotti, O., and James, A. A. (2010). Transgene-mediated suppression of dengue viruses in the salivary glands of the yellow fever mosquito,Aedes aegypti. Insect Mol. Biol. 19, 753–763. doi: 10.1111/j.1365-2583.2010.01032.x

			Mathur, K., Anand, A., Dubey, S. K., Sanan-Mishra, N., Bhatnagar, R. K., and Sunil, S. (2016). Analysis of chikungunya virus proteins reveals that non-structural proteins nsP2 and nsP3 exhibit RNA interference (RNAi) suppressor activity. Sci. Rep. 6, 38065. doi: 10.1038/srep38065

			McFarlane, M., Arias-Goeta, C., Martin, E., O’Hara, Z., Lulla, A., Mousson, L., et al. (2014). Characterization of Aedes aegypti Innate-Immune Pathways that Limit Chikungunya Virus Replication. PloS Negl. Trop. Dis. 8, e2994. doi: 10.1371/journal.pntd.0002994

			Menéndez-Arias, L. (2013). Molecular basis of human immunodeficiency virus type 1 drug resistance: overview and recent developments. Antiviral Res. 98, 93–120. doi: 10.1016/j.antiviral.2013.01.007

			Mishra, P., Furey, C., Balaraman, V., and Fraser, M. (2016). Antiviral Hammerhead Ribozymes Are Effective for Developing Transgenic Suppression of Chikungunya Virus in Aedes aegypti Mosquitoes. Viruses 8, 163. doi: 10.3390/v8060163

			Morley, V. J., Noval, M. G., Chen, R., Weaver, S. C., Vignuzzi, M., Stapleford, K. A., et al. (2018). Chikungunya virus evolution following a large 3′UTR deletion results in host-specific molecular changes in protein-coding regions. Virus Evol. 4. doi: 10.1093/ve/vey012

			Moudy, R. M., Meola, M. A., Morin, L.-L. L., Ebel, G. D., and Kramer, L. D. (2007). A newly emergent genotype of West Nile virus is transmitted earlier and more efficiently by Culex mosquitoes. Am. J. Trop. Med. Hyg. 77, 365–370. doi: 10.4269/ajtmh.2007.77.365

			Nishitsuji, H., Kohara, M., Kannagi, M., and Masuda, T. (2006). Effective suppression of human immunodeficiency virus type 1 through a combination of short- or long-hairpin RNAs targeting essential sequences for retroviral integration. J. Virol. 80, 7658–7666. doi: 10.1128/JVI.00078-06

			Noble, C., Olejarz, J., Esvelt, K. M., Church, G. M., and Nowak, M. A. (2017). Evolutionary dynamics of CRISPR gene drives. Sci. Adv 3, e1601964. doi: 10.1126/sciadv.1601964

			Nougairede, A., De Fabritus, L., Aubry, F., Gould, E. A., Holmes, E. C., and de Lamballerie, X. (2013). Random codon re-encoding induces stable reduction of replicative fitness of Chikungunya virus in primate and mosquito cells. PloS Pathog. 9, e1003172. doi: 10.1371/journal.ppat.1003172

			O’Reilly, K. M., Lowe, R., Edmunds, W. J., Mayaud, P., Kucharski, A., Eggo, R. M., et al. (2018). Projecting the end of the Zika virus epidemic in Latin America: a modelling analysis. BMC Med. 16, 180. doi: 10.1186/s12916-018-1158-8

			Ouji, M., Augereau, J.-M., Paloque, L., and Benoit-Vical, F. (2018). Plasmodium falciparum resistance to artemisinin-based combination therapies: A sword of Damocles in the path toward malaria elimination. Parasite 25, 24. doi: 10.1051/parasite/2018021

			Patterson, E. I., Khanipov, K., Rojas, M. M., Kautz, T. F., Rockx-Brouwer, D., Golovko, G., et al. (2018). Mosquito bottlenecks alter viral mutant swarm in a tissue and time-dependent manner with contraction and expansion of variant positions and diversity. Virus Evol. 4, vey001. doi: 10.1093/ve/vey001

			Pfeiffer, J. K., and Kirkegaard, K. (2003). A single mutation in poliovirus RNA-dependent RNA polymerase confers resistance to mutagenic nucleotide analogs via increased fidelity. Proc. Nat. Acad. Sci. 100, 7289–7294. doi: 10.1073/pnas.1232294100

			Raban, R., and Akbari, O. S. (2017). Gene drives may be the next step towards sustainable control of malaria. Pathog. Glob. Health 111, 399–400. doi: 10.1080/20477724.2017.1453587

			Ryan, S. J., Carlson, C. J., Mordecai, E. A., and Johnson, L. R. (2019). Global expansion and redistribution of Aedes-borne virus transmission risk with climate change. PLoS NTDs 13 (3), 1–20. doi: 10.1101/172221

			Sánchez-Vargas, I., Scott, J. C., Katherine Poole-Smith, B., Franz, A. W. E., Barbosa-Solomieu, V., Wilusz, J., et al. (2009). Dengue Virus Type 2 Infections of Aedes aegypti Are Modulated by the Mosquito’s RNA Interference Pathway. PloS Pathogens 5, e1000299. doi: 10.1371/journal.ppat.1000299

			Scherer, L. J., and Rossi, J. J. (2003). Approaches for the sequence-specific knockdown of mRNA. Nat. Biotechnol. 21, 1457–1465. doi: 10.1038/nbt915

			Shah, N. K., Dhillon, G. P. S., Dash, A. P., Arora, U., Meshnick, S. R., and Valecha, N. (2011). Antimalarial drug resistance of Plasmodium falciparum in India: changes over time and space. Lancet Infect. Dis. 11, 57–64. doi: 10.1016/S1473-3099(10)70214-0

			Stanaway, J. D., Shepard, D. S., Undurraga, E. A., Halasa, Y. A., Coffeng, L. E., Brady, O. J., et al. (2016). The global burden of dengue: an analysis from the Global Burden of Disease Study 2013. Lancet Infect. Dis. 16, 712–723. doi: 10.1016/S1473-3099(16)00026-8

			Steinhauer, D. A., Domingo, E., and Holland, J. J. (1992). Lack of evidence for proofreading mechanisms associated with an RNA virus polymerase. Gene 122, 281–288. doi: 10.1016/0378-1119(92)90216-C

			Travanty, E. A., Adelman, Z. N., Franz, A. W. E., Keene, K. M., Beaty, B. J., Blair, C. D., et al. (2004). Using RNA interference to develop dengue virus resistance in genetically modified Aedes aegypti. Insect Biochem. Mol. Biol. 34, 607–613. doi: 10.1016/j.ibmb.2004.03.013

			Tsetsarkin, K. A., Vanlandingham, D. L., McGee, C. E., and Higgs, S. (2007). A single mutation in chikungunya virus affects vector specificity and epidemic potential. PloS Pathog. 3, e201. doi: 10.1371/journal.ppat.0030201

			Tsetsarkin, K. A., and Weaver, S. C. (2011). Sequential adaptive mutations enhance efficient vector switching by Chikungunya virus and its epidemic emergence. PloS Pathog. 7, e1002412. doi: 10.1371/journal.ppat.1002412

			Unckless, R. L., Clark, A. G., and Messer, P. W. (2017). Evolution of Resistance Against CRISPR/Cas9 Gene Drive. Genetics 205, 827–841. doi: 10.1534/genetics.116.197285

			Vasilakis, N., Deardorff, E. R., Kenney, J. L., Rossi, S. L., Hanley, K. A., and Weaver, S. C. (2009). Mosquitoes put the brake on arbovirus evolution: experimental evolution reveals slower mutation accumulation in mosquito than vertebrate cells. PloS Pathog. 5, e1000467. doi: 10.1371/journal.ppat.1000467

			Vignuzzi, M., Stone, J. K., and Andino, R. (2005). Ribavirin and lethal mutagenesis of poliovirus: molecular mechanisms, resistance and biological implications. Virus Res. 107, 173–181. doi: 10.1016/j.virusres.2004.11.007

			Villordo, S. M., Filomatori, C. V., Sánchez-Vargas, I., Blair, C. D., and Gamarnik, A. V. (2015). Dengue virus RNA structure specialization facilitates host adaptation. PloS Pathog. 11, e1004604. doi: 10.1371/journal.ppat.1004604

			Wale, N., Sim, D. G., Jones, M. J., Salathe, R., Day, T., and Read, A. F. (2017). Resource limitation prevents the emergence of drug resistance by intensifying within-host competition. Proc. Natl. Acad. Sci. U. S. A. 114, 13774–13779. doi: 10.1073/pnas.1715874115

			Walker, P. G. T., Griffin, J. T., Ferguson, N. M., and Ghani, A. C. (2016). Estimating the most efficient allocation of interventions to achieve reductions in Plasmodium falciparum malaria burden and transmission in Africa: a modelling study. Lancet Global Health 4, e474–e484. doi: 10.1016/S2214-109X(16)30073-0

			Weaver, S. C., Rico-Hesse, R., and Scott, T. W. (1992). Genetic Diversity and Slow Rates of Evolution in New World Alphaviruses. Curr. Top. Microbiol. Immunol., 176, 99–117. doi: 10.1007/978-3-642-77011-1_7

			Westerhout, E. M., Ooms, M., Vink, M., Das, A. T., and Berkhout, B. (2005). HIV-1 can escape from RNA interference by evolving an alternative structure in its RNA genome. Nucleic Acids Res. 33, 796–804. doi: 10.1093/nar/gki220

			White, N. J., and Olliaro, P. L. (1996). Strategies for the prevention of antimalarial drug resistance: Rationale for combination chemotherapy for malaria. Parasitol. Today 12, 399–401. doi: 10.1016/0169-4758(96)10055-7

			Wilson, J. A., and Richardson, C. D. (2005). Hepatitis C virus replicons escape RNA interference induced by a short interfering RNA directed against the NS5b coding region. J. Virol. 79, 7050–7058. doi: 10.1128/JVI.79.11.7050-7058.2005

			Wu, Z., Xue, Y., Wang, B., Du, J., and Jin, Q. (2011). Broad-spectrum antiviral activity of RNA interference against four genotypes of Japanese encephalitis virus based on single microRNA polycistrons. PloS One 6, e26304. doi: 10.1371/journal.pone.0026304

			Xia, H., Luo, H., Shan, C., Muruato, A. E., Nunes, B. T. D., Medeiros, D. B. A., et al. (2018). An evolutionary NS1 mutation enhances Zika virus evasion of host interferon induction. Nat. Commun. 9. doi: 10.1038/s41467-017-02816-2

			Yassine, H., Kamareddine, L., and Osta, M. A. (2012). The mosquito melanization response is implicated in defense against the entomopathogenic fungus Beauveria bassiana. PloS Pathog. 8, e1003029. doi: 10.1371/journal.ppat.1003029

			Yen, P.-S., James, A., Li, J.-C., Chen, C.-H., and Failloux, A.-B. (2018). Synthetic miRNAs induce dual arboviral-resistance phenotypes in the vector mosquito Aedes aegypti. Commun. Biol. 1, 11. doi: 10.1038/s42003-017-0011-5

			Zheng, Y., Liu, Q., Wu, Y., Ma, L., Zhang, Z., Liu, T., et al. (2018). Zika virus elicits inflammation to evade antiviral response by cleaving cGAS via NS1-caspase-1 axis. EMBO J. 37, e99347. doi: 10.15252/embj.201899347

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

			Copyright © 2019 Marshall, Raban, Kandul, Edula, León and Akbari. 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.



OEBPS/Images/fgene.2019.01072_cover.jpg
’ frontiers
in Genetics

Winning the Tug-of-War Between
Effector Gene Design and Pathogen
Evolution in Vector Population
Replacement Strategies





OEBPS/Images/Figure_2.jpg
mosquitoes:
i. population reduction
ii. lifespan reduction

iii. transmission blocking

humans:
i. mosquito contact reduction
ii. vaccines and prophylatic drugs
iiil theraputic combination drugs






OEBPS/Text/toc.xhtml


  

    Contents



    

		Cover



      		

        Winning the Tug-of-War Between Effector Gene Design and Pathogen Evolution in Vector Population Replacement Strategies

      

        		

          Introduction

        

          		

            Lessons From the Evolution of Resistance to Antimalarial Drugs

          



          		

            Malaria-Refractory Genes and Resistance Concerns

          



          		

            Lessons Learned From Antiviral Drug Development and Vector-Virus Interaction Studies

          



          		

            Arbovirus-Refractory Genes and Resistance Concerns

          



          		

            Delaying and Managing Resistance to Disease-Refractory Genes

          



          		

            Target Product Profile Considerations for Duration of Efficacy

          



        



        



        		

          Conclusion

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/logo.jpg
, frontiers
in Genetics





OEBPS/Images/tbl1.jpg
Monotherapy
application
dates

~1930-1950

1953

1960

Drug and its mechanism

Chloroquine nterferes
with the detoxfication of
heme by accumuiting in
the digesiive vacuole of
Plasmodium (Haldar et o,
2018)

Pyimethamine and
sulfadoxine inhbi folate
pathway Gregson and
Plowe, 2005; Hyde, 2005)
by blocking dhydropteroate
synthase (PIDps) and
dhydrofolate reductase
(PIONf).

Piperaquine interferes.

with the detoxifcation of
heme by accumulating in
the digesiive vacuole of
Plasmodium (Eastman and
Fidock, 2009).

Avtemisinin suggested

o nterere with the
detoxifiation of heme
(Eastman and Fidock

2000)

Resistance and its
‘mechanism

~1950. Mutations in
ransporter genes enabing
eftux of ctloroquine:
chioroquine resistancs
ransporter (PICAT) (art et
al. 2009) el et l., 201
chioroquine transporte (0G2)
(Haldar ot al 2018); ABC
ransporter (PMOR) (ldar
etal, 201,

2009 Goseso et l.

2009). Mutations in anclor
ampification of PIODs and
PN genes (Snah et al,
2011; Gosta et al. 2017).

2010 Dur et al, 2016)
Ampification of parasite
protease genes, such as
plasmepsin 2 and 3 (Haldar o
al.2018).

2008 (Dondorp et l, 2009
Mutatons in transporter
gones, such as PIKI3,
enabling effu of Choroquine:
ora change in target
recognized by the parasite
(Ouii et al.. 2018).






OEBPS/Images/Figure_3.jpg
Salivary glands—|_¢

Salivary glands

1 - infection

2 -transmission
intervention points
~ pathogen variants






OEBPS/Images/Figure_1.jpg
in mosquito

spomzones

Ookinete

X o
@)

@TO?

S= 7

Salivary
glands

Gametocytes

.

~ 0

in human

Erythrocyte

T
Mefiff@

S
*/CV Gametocytes






