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ABSTRACT

Mosquito-borne diseases, including dengue, malaria, and Zika, impose a staggering global burden, with over 700,000 annual deaths and escalating insecticide resistance undermining traditional vector controls. This systematic review evaluated the effectiveness of novel vector control strategies, including biological (e.g., Wolbachia releases), genetic (e.g., sterile insect technique [SIT], gene drives), and technological (e.g., auto-dissemination and mass trapping systems) in suppressing mosquito populations and reducing disease transmission. Following PRISMA 2020 guidelines, we searched PubMed, Embase, Web of Science, CENTRAL, and grey literature from January 2010 to December 2025, screening 1,247 records. After deduplication (n=357) and exclusions, 32 field and semi-field studies met inclusion criteria for qualitative synthesis. Risk of bias was assessed using RoB 2.0 and ROBINS-I, with GRADE for evidence certainty. Biological interventions achieved 50-97% reductions in dengue incidence in urban trials and 49-97% suppression of Aedes populations. Genetic strategies, including SIT and combined IIT-SIT, suppressed target populations by 45-98%, while gene-drive constructs demonstrated 71.6-100% suppression or transmission-blocking in laboratory and modelling studies. Technological traps and auto-dissemination approaches reduced adult mosquito populations by 55-100% in specific contexts. Overall, novel strategies demonstrated significant, resistance-resilient effectiveness. Evidence certainty was moderate for Wolbachia and SIT but low for gene drives due to limited field trials. Where reported, safety profiles were favourable and implementation was feasible. These findings support the integration of novel tools into the WHO’s Global Vector Control Response (GVCR) framework and highlight the need for long-term field trials, particularly in high-burden African settings, to realize their equitable public health potential.

Keywords: Mosquito vector control, Insecticide resistance, Wolbachia, Sterile insect technique, Gene drives, Auto-dissemination, Systematic review.

INTRODUCTION
Mosquito-borne diseases, including malaria, dengue, chikungunya, Zika, and yellow fever, remain among the most significant global public health challenges. These pathogens, transmitted primarily by Anopheles, Aedes, and Culex mosquitoes, collectively account for more than 17% of all infectious diseases and over 700,000 deaths annually (WHO, 2024a). In 2024 alone, global dengue cases were estimated to have surged past 14 million, with chikungunya and Zika overlapping in distribution across tropical and subtropical regions, placing an estimated 5.66 billion people at risk (Lim et al., 2025). Malaria continues to claim over 600,000 lives each year, predominantly affecting children under five in sub-Saharan Africa, while arboviruses such as West Nile are expanding into temperate zones due to climate-driven shifts in vector ecology (WHO, 2025). The burden of these diseases disproportionately falls on low- and middle-income countries, exacerbating health inequities and straining fragile health systems already challenged by rapid urbanization and increasing global mobility.

Vector control remains the cornerstone of disease prevention, as emphasized by the World Health Organization’s (WHO) Global Vector Control Response (GVCR) 2017-2030, which aims to reduce vector-borne disease mortality by 75% and morbidity by 60% by 2030 (WHO, 2017). Historically, interventions such as insecticide-treated nets (ITNs), long-lasting insecticidal nets (LLINs), indoor residual spraying (IRS), and larval source management have averted millions of malaria cases - LLINs alone prevented an estimated 1.5 million deaths between 2000 and 2020 (WHO, 2024b). However, the efficacy of these chemical-based tools is increasingly undermined by widespread and intensifying insecticide resistance (Rajini et al., 2021). Resistance mechanisms, including metabolic detoxification, target-site mutations such as knockdown resistance (kdr), and cross-resistance from agricultural pesticide exposure, have been documented in over 80% of Anopheles and Aedes populations across endemic regions (Debrah et al., 2025; Silva Martins et al., 2025). In Ghana, for example, resistance has shifted from localized to nationwide prevalence, correlating with a resurgence in malaria transmission (Debrah et al., 2025). Similarly, kdr mutations in Aedes aegypti have severely compromised urban dengue control efforts, underscoring the urgent need for innovative, resistance-proof alternatives  (Ridha et al., 2025). 

In response, a new generation of vector control strategies has emerged, leveraging advances in biology, genetics, and technology to bypass insecticide resistance and achieve sustainable suppression. Biological approaches, such as the release of Wolbachia-infected mosquitoes, use cytoplasmic incompatibility to reduce vector fertility and pathogen transmission, achieving up to 97% reductions in dengue incidence in field trials across Asia and the Americas (Indriani et al., 2023; Velez et al., 2023). Genetic tools, including the sterile insect technique (SIT), incompatible insect technique (IIT), and CRISPR-based gene drives, offer self-sustaining and species-specific control (Wang et al., 2021). Recent trials have demonstrated 95% suppression of Aedes aegypti populations using transgenic sterile males (Carvalho et al., 2015) and complete blockade of malaria parasite development using gene-drive-modified Anopheles gambiae in semi-field settings (Habtewold et al., 2025). Complementary technological innovations, such as auto-dissemination of insect growth regulators and novel mass trapping systems, provide scalable, precision-targeted tools that integrate effectively with biological and genetic strategies (Mbare et al., 2019; Tambwe et al., 2020). Together, these approaches align with the GVCR’s emphasis on integrated vector management (IVM) of context-adapted, multi-modal interventions designed to address both insecticide resistance and environmental determinants of transmission  (WHO, 2024c). 

Despite promising results, the evidence base for novel strategies remains fragmented. Many evaluations are limited to small-scale pilots, single-region studies, or semi-field experiments that do not reflect real-world implementation challenges, scalability, or long-term sustainability (Abbasi, 2025; Low et al., 2025). A 2025 meta-review of dengue control noted inconsistent reporting on safety, and community acceptance, especially in low-resource settings where over 90% of cases occur (Low et al., 2025). For gene drives, ethical concerns, regulatory hurdles, and ecological uncertainties continue to delay progression to field trials (Habtewold et al., 2025). Moreover, narrative syntheses dominate the literature, with few comprehensive reviews providing quantitative, comparative assessments of effectiveness across different vectors, strategies, and socio-ecological contexts (Silva Martins et al., 2025). This lack of synthesized evidence impedes policy formulation and scale-up, reflected in stalled GVCR progress reports indicating only 40% achievement of 2025 interim targets (WHO, 2024c).  

To address these gaps, we conducted a systematic review to evaluate the effectiveness of novel biological, genetic, and technological vector control strategies in reducing mosquito densities, biting rates, and disease transmission. Where reported by included studies, data on safety and implementation feasibility were also summarized. By synthesizing and critically appraising the available evidence from field and semi-field studies published between 2010 and 2025, this review aims to inform evidence-based updates to IVM frameworks, support global and national policy decisions, and accelerate progress toward the GVCR’s 2030 goals in the face of climate change and evolving public health threats.

METHODS
Study Design
This systematic review was conducted following the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) 2020 guidelines (Page et al., 2021). 
Search Strategy
A comprehensive literature search was performed across multiple electronic databases, including PubMed (through MEDLINE), Embase, Web of Science Core Collection, and the Cochrane Central Register of Controlled Trials (CENTRAL), as well as grey literature (including WHO library and the Innovative Vector Control Consortium (IVCC) repository) from January 1, 2010, to December 31, 2025. The search strategy combined Medical Subject Headings (MeSH) terms and free-text keywords related to mosquito vectors, novel control interventions, and effectiveness outcomes. For example, the PubMed search string was: (“Mosquitoes”[Mesh] OR “Culicidae”[Mesh] OR mosquito* OR Aedes OR Anopheles OR Culex) AND (“Vector Control”[Mesh] OR “Insect Vectors/prevention and control”[Mesh] OR “novel” OR “innovative” OR “emerging” OR Wolbachia OR “gene drive*” OR “sterile insect technique” OR “attract and kill” OR “auto-dissemination” OR “CRISPR” OR “pyriproxyfen”) AND (“effectiveness” OR “efficacy” OR “impact” OR “reduction” OR “suppression” OR “incidence” OR “density”). Equivalent terms were adapted for other databases. No language restrictions were applied, but only English-language abstracts were initially screened for feasibility.

Selection Criteria
Studies were eligible for inclusion if they met the following criteria: (1) study design: randomized controlled trials (RCTs), quasi-experimental studies (e.g., controlled before-after designs), or observational field trials evaluating novel vector control strategies; (2) population: mosquito vectors of human pathogens (Aedes, Anopheles, or Culex species); (3) intervention: non-traditional strategies defined as biological (e.g., Wolbachia releases), genetic (e.g., sterile insect technique, gene drives), or technological (e.g., auto-dissemination of insect growth regulators, mass trapping) approaches implemented post-2010; (4) comparator: standard vector control, placebo, or no intervention; and (5) outcomes: studies that reported at least one quantitative measure of effectiveness, including reductions in mosquito density (e.g., adult or larval counts), biting rates, or disease incidence/transmission. 
Exclusion criteria encompassed (1) narrative reviews, (2) studies on only traditional insecticide-based interventions (e.g., routine pyrethroid spraying without a novel component), and (3) studies lacking quantitative data on the effectiveness of the novel intervention. Duplicate articles were identified and removed using Rayyan software, a web-based collaboration tool for systematic reviews. Two reviewers independently screened titles and abstracts for eligibility, followed by full-text assessment of potentially relevant records. Disagreements were resolved through discussion or consultation with a third reviewer. Inter-rater reliability was assessed using Cohen’s kappa (κ = 0.87 for title/abstract screening; κ = 0.92 for full-text review). The selection process is summarized in the PRISMA flowchart (Figure 1), which illustrates the flow of records from identification (n = 1,247) through screening (n = 890 after deduplication), eligibility (n = 88 full texts assessed), and inclusion (n = 32 studies).

Data Charting and Extraction
Data from included studies were extracted independently by two reviewers using a standardized, piloted form developed in Microsoft Excel, adapted from the Synthesis Without Meta-analysis (SWiM) reporting guideline (Campbell et al., 2020). The extraction captured the following key domains: study identification and design (e.g., RCT, quasi-experimental, field trial, semi-field trial); duration, and sample size (e.g., number of clusters, households, or release area); population and vector (Aedes aegypti, Ae. albopictus, Anopheles spp., Culex spp.) and study setting (urban, peri-urban, rural, semi-field); type of novel strategy (biological/Wolbachia, genetic/SIT/IIT-SIT/gene drive, technological/mass trapping/auto-dissemination), release scale/method; comparator/description of the control condition (e.g., standard insecticide-based control, no intervention, untreated control site); primary effectiveness outcomes including mean/percentage reduction in mosquito density (adult or larval) with corresponding measures of variance, mean/percentage reduction in biting rate, percentage reduction in disease cases (dengue, malaria).
Narrative Synthesis: Where reported within the results or discussion of included studies, descriptive data on safety (e.g., non-target effects, ecological observations) and implementation factors were extracted for thematic summary. Extracted data were cross verified for accuracy, and any discrepancies between reviewers were resolved through consensus discussion. A third reviewer was consulted if agreement could not be reached.
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Figure 1.	PRISMA flow chart for the systematic review of the effectiveness of novel vector control strategies against mosquitoes
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Methodological Quality Appraisal
The methodological quality and risk of bias of included studies were independently appraised by two reviewers using validated tools appropriate to study design. For RCTs and quasi-experimental studies, the revised Cochrane Risk-of-Bias tool for randomized trials (RoB 2.0) was applied, evaluating domains such as randomization process, deviations from intended interventions, missing outcome data, measurement of outcomes, and selection of reported results (Sterne et al., 2019). For non-randomized observational studies, the Risk Of Bias In Non-randomized Studies - of Interventions (ROBINS-I) tool was used, assessing bias due to confounding, selection of participants, classification of interventions, deviations from interventions, missing data, outcome measurements, and selection of reported results (Sterne et al., 2016). Each domain was rated as low risk, some concerns, high risk, or no information, with overall risk summarized per study. Disagreements were arbitrated by a third reviewer. Evidence certainty was graded using the Grading of Recommendations Assessment, Development and Evaluation (GRADE) (Guyatt et al., 2008). The GRADE approach and risk-of-bias tools were applied specifically to the primary outcomes of intervention effectiveness (mosquito density, biting rate, disease incidence). Data on secondary themes such as safety and implementation feasibility, when extracted, were summarized narratively from the results of the included studies but were not formally graded for evidence certainty.

Data Synthesis and Analysis
A narrative synthesis was employed to summarize findings, with the primary focus on intervention effectiveness, thematically grouped by intervention type, vector species, and outcome domain (e.g., density reduction, disease incidence). Information on safety and implementation factors reported in the included studies was synthesized narratively but was not subject to meta-analysis.


RESULTS
Study Selection
The systematic literature search identified 1,247 records across electronic databases and grey literature sources. After removal of 357 duplicates, 890 unique records underwent title and abstract screening, of which 802 were excluded as irrelevant. The full texts of the remaining 88 records were retrieved and assessed for eligibility. Of these, 56 records were excluded for the following reasons: lack of quantitative effectiveness data (n=32), evaluation of traditional interventions only (n=14), and laboratory-only study designs without field or semi-field components (n=10). Consequently, 32 studies met all inclusion criteria and were included in the qualitative synthesis of this review. The study selection process is detailed in the PRISMA flowchart (Figure 1).

Study Characteristics
The included studies spanned diverse geographic regions, with 37.5% (n=12) conducted in Asia (Indonesia, Singapore, China, Bangladesh, Sri Lanka, and Thailand), 34.4% (n=11) in the Americas (Brazil, Colombia, Cuba, Puerto Rico, Ecuador, the U.S.A., and Mexico), 15.6% (n=5) in Africa (e.g., Tanzania and West African countries), and 12.5% (n=4) in Oceania (e.g., Australia and Fiji). Study designs comprised 8 RCTs, 13 quasi-experimental trials, and 11 observational field studies (including semi-field and multi-site pilots), with durations ranging from 2 months to 12 years (median: 3 years). Interventions primarily targeted vectors including Aedes aegypti (n=22, 68.8%), Anopheles species (n=7, 21.9%) and Aedes albopictus (n=4). A small number of studies targeted Aedes stephensi (n=1) and Culex quinquefasciatus (n=1). Most interventions were deployed in urban or peri-urban settings (n=24, 75%). 

Novel strategies were categorized into three broad types as biological, genetic and technological interventions. Biological interventions (n=10, 31.3%) were primarily Wolbachia-based, including replacement (n=7) and the Incompatible Insect Technique (IIT) (n=3). Genetic interventions (n=15, 46.9%) encompassed the Sterile Insect Technique (SIT) (n=5), combined IIT-SIT approaches (n=5), and CRISPR-based gene drives (n=5). Technological interventions (n=7, 21.9%) focused on auto-dissemination of pyriproxyfen (n=3) and novel mass trapping systems (n=4). 

The comparator groups varied, including areas with standard insecticide-based vector control (e.g., fogging, ULV spraying), no intervention, or non-release control sites. Primary outcomes consistently measured were reductions in adult mosquito density, egg hatch rate/fertility, and disease incidence (dengue or malaria). Secondary outcomes, reported in a subset of studies, included entomological indices (biting rates, larval prevalence), safety/ecological impact, and implementation factors.  

A summary of the included studies is presented in Table 1, detailing reference with location, title, population and period of study, intervention, species, study type, and outcomes (primary and secondary where available). 
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Table 1.	Summary Information of Included Articles on Novel Vector Control (Biological, Genetic, Technological innovations) 
	No.
	Reference & Location 
	Title 
	Population & period of study 
	Intervention
	Species
	Study type 
	Outcome 

	A. BIOLOGICAL: Wolbachia Method – Replacement 
	
	
	

	1
	de Morais Batista et al. (2025) 
Brazil 
	The impact of large-scale release of Wolbachia mosquitoes on dengue incidence in Campo Grande, Brazil: an ecological study. 
	2020-2023; Urban population of Campo Grande, Central-West region of Brazil. 
	Large-scale (n >100 million) releases of the wMel strain of Wolbachia-infected Ae. aegypti mosquitoes.
	Aedes aegypti 
	Ecological study (interrupted time series)
	Primary: 63.2% (95% CI: 51.9-71.9) reduction in dengue incidence. 

Secondary: Sustained reduction over 3-year period. 

	2
	Pinto et al. (2021)
Brazil 
	Effectiveness of Wolbachia-infected mosquito deployments in reducing the incidence of dengue and other Aedes-borne diseases in Niterói, Brazil: A quasi-experimental study. 
	2017-2019; Population of Niterói, Brazil.
	Introduction of wMel Wolbachia into Aedes aegypti mosquitoes across an area of 83 km2. 
	Aedes aegypti 
	Quasi experimental study
	69% (95% CI: 54-79) reduction in dengue incidence.
56% (95% CI: 16-77) reduction in chikungunya incidence.  
37% (95% CI: 1-60) reduction in Zika incidence.  

	3
	Bocanegra-Villegas et al. (2025) 
The Americas 
	Impact of Wolbachia-containing mosquito release on dengue control: a systems dynamics approach for health policy development. 
	2022-2024; Urban populations of Brazil (Niterói), Indonesia (Yogyakarta), and Australia (Cairns). 
	Three field trials with release of Wolbachia-infected Ae. aegypti (approximately 10 million mosquitoes per site). 
	Aedes aegypti 
	Multi-site Field trials  


	Brazil: 69% reduction in dengue case incidence.

Indonesia: 73% reduction in dengue incidence.

Australia: 96% reduction in dengue transmission. 

	4
	Indriani et al. (2023), Indonesia 
	Impact of randomised wMel Wolbachia deployments on notified dengue cases and insecticide fogging for dengue control in Yogyakarta City.  
	2018-2020; Urban Yogyakarta city cluster with 313,000 inhabitants. 
	Cluster-randomized releases of wMel-infected Ae. aegypti (12 intervention, 12 control clusters) in the Applying Wolbachia to Eliminate Dengue programme.  
	Aedes aegypti 
	Cluster randomized controlled trial   
	Primary: 77% reduction in dengue incidence.

Secondary: 86% reduction in dengue hospitalizations; Reduced insecticide fogging. 

	5
	Lin et al. (2024)
Fiji 
	Field deployment of Wolbachia-infected Aedes aegypti using uncrewed aerial vehicle. 
	2018-2019; over 100 km² in Nakasi and Nausori, Fiji. 
	Field deployment of Wolbachia-infected Ae. aegypti mosquitoes using fully automated aerial and ground vehicles in the World Mosquito Programme (WMP).   
	Aedes aegypti 
	Cluster randomized trial   
	Primary: 77% reduction in dengue incidence. 

Secondary: UAV deployment was a viable alternative to ground releases. 

	6
	Velez et al. (2023)
Colombia 
	Reduced dengue incidence following city-wide wMel Wolbachia mosquito releases throughout three Colombian cities: Interrupted time series analysis and a prospective case-control study. 
	2016-2022; Three cities of Bello, Medellín and Itagüí of 3.3 million people in Columbia. 
	Large-scale releases of wMel Wolbachia-infected Ae. aegypti mosquitoes across entire cities.
	Aedes aegypti 
	Quasi experimental study (with interrupted time series & case-control)
	Bello: 95% reduction in dengue incidence. 

Medellín: 95% reduction in dengue incidence. 

Itagüí: 97% reduction in dengue incidence. 
.

	7
	dos Santos et al. (2022)
Brazil 
	Estimating the effect of the wMel release programme on the incidence of dengue and chikungunya in Rio de Janeiro, Brazil: a spatiotemporal modelling study. 
	2017-2019; in urban Rio de Janeiro, Brazil. 
	Release of 67 million wMel-infected mosquitoes across 86.8 km2 (28,489 locations) in Rio de Janeiro. 
	Aedes aegypti 
	Field trial (modelling-based evaluation) 
	Primary: 38% (95% CI: 32-44) reduction in the incidence of dengue. 

Secondary: 10% (4-16) reduction in the incidence of chikungunya. 

	B. BIOLOGICAL: Wolbachia Method – Incompatible Insect Technique (IIT)
	
	
	

	8
	Sánchez-González et al. (2025) 
Puerto Rico 
	Incompatible Aedes aegypti male releases as an intervention to reduce mosquito population - A field trial in Puerto Rico. 
	September-December 2020; 19 treatment clusters in Ponce, Puerto Rico. 
	Release of Wolbachia-male Aedes aegypti (shipped from California, USA). 
	Aedes aegypti 
	Field trial (cluster intervention)  
	49% (CI 29-63%) reduction in the Ae. aegypti mosquito population (adult indices). 

	9
	Zeng et al. (2022)
China 
	A standalone incompatible insect technique enables mosquito suppression in the urban subtropics. 
	June-November 2020; Urban Furong district of Changsha, Guangzhou in China. 
	Release of Guangzhou-produced artificially triple-Wolbachia-infected (wPip, wAlbA, and wAlbB) male Ae. albopictus mosquitoes. 
	Aedes albopictus 
	Field trial  
	Primary: 97% reduction in hatched eggs, and 85% reduction in female adults. 
Secondary: 94% decrease in mosquito biting at the release site compared to the control site. 

	10
	Beebe et al. (2021)
Australia 
	Releasing incompatible males drives strong suppression across populations of wild and Wolbachia-carrying Aedes aegypti in Australia. 
	January-May 2018; Three isolated landscapes (>200 houses each) in Northern Australia. 
	Release of 3 million incompatible insect technique (IIT) Ae. aegypti males. 
	Aedes aegypti  
	Field trial 
	>80% declines of Ae. aegypti population across all treatment landscapes, compared to controls. 

	C. GENETIC: Sterile Insect Technique (SIT) 
	
	
	

	11
	Morreale et al. (2025)
USA 
	Suppression of Aedes aegypti by the sterile insect technique on Captiva Island, Florida, USA, from 2020 to 2022. 
	2020-2022; Captiva Island, Florida (>142 hectares). 
	Release of >24.1 million sterile male Ae. aegypti mosquitoes across three phases.  
	Aedes aegypti 
	Field trial (longitudinal)  
	Primary: 79% reduction in wild Ae. aegypti adults. 

Secondary: 59% decline in egg densities; Sustained suppression over 3 years. 

	12
	Gato et al. (2021)
Cuba 
	Sterile Insect Technique: Successful Suppression of an Aedes aegypti Field Population in Cuba. 
	2020-2021: Two areas (Arroyo Arenas and El Cano) in Havana city, Cuba. 
	Release of 1,270,000 irradiated Ae. aegypti males over 21 weeks in a 50-hectare area.
	Aedes aegypti 
	Field trial  
	Reduction in mosquito eggs per trap by 1.5 (95% CI: -1.76-1.39) per week increase. 

	13
	Carvalho et al. (2015)
Brazil 
	Suppression of a Field Population of Aedes aegypti in Brazil by Sustained Release of Transgenic Male Mosquitoes. 
	2011-2012; city of Juazeiro, Bahia in the Northeast of Brazil. 
	Sustained series of field releases of transgenic (OX513A) Ae. aegypti males. 
	Aedes aegypti 
	Field trial  
	Primary: 95% (95% CI: 92.2-97.5) reduction in adult population.
 
Secondary: 81% (95% CI: 74.9-85.2) reduction in ovitrap indices.  

	14
	Hapugoda et al. (2025)
Sri Lanka 
	Suppression of Aedes albopictus in Sri Lanka using the Sterile Insect Technique (SIT) with a sustained effect. 
	2020-2022; semi-urban Kidagammulla Grama Niladhari division (30 hectares), Gampaha District, West Sri Lanka. 
	Release of 3.3 million sterile (50 Gy irradiated) male Ae. albopictus over 33 weeks. 
	Aedes albopictus  
	Field trial  
	Primary: 98% suppression of adult mosquitoes. 

Secondary: Sustained suppression for 13 weeks post-release cessation. 

	15
	Sasmita et al. (2025)
Indonesia 
	Integrated vector management with the sterile insect technique component for the suppression of Aedes aegypti in an urban setting in Indonesia. 
	May-November 2021; Two highly urbanized areas in Bandung City, Indonesia. 
	Release of 768,723 irradiated sterile male Ae. aegypti mosquitoes over 24 weeks. 
	Aedes aegypti 
	Field trials 
	86.1% and 86.3% decline in egg hatching at the two intervention sites vs. control. 

	D. COMBINED BIOLOGICAL (IIT) & GENETIC (SIT) METHOD 
	
	
	

	16
	Lim et al. (2025)
Singapore 
	Adjacent spillover efficacy of Wolbachia for control of dengue: emulation of a cluster randomised target trial. 
	2020-2022; Four intervention townships in Singapore. 
	Release of male Wolbachia-infected Ae. aegypti combining IIT with SIT. 
	Aedes aegypti  
	Cluster randomized trial (emulated) 
	45% (OR: 0.55, 95% CI: 0.42-0.74) reduction in risk of contracting dengue. 

	17
	Bansal et al. (2024)
Singapore. 
	Effectiveness of Wolbachia-mediated sterility coupled with sterile insect technique to suppress adult Aedes aegypti populations in Singapore: a synthetic control study. 
	2019-2022; Four towns (Bukit Batok, Choa Chu Kang, Tampines, Yishun) in Singapore. 
	Large-scale field trial of IIT-SIT against Ae. aegypti using a synthetic control design.  
	Aedes aegypti  
	Field trial (synthetic control study) 
	62% intervention effectiveness at 3 months.

91% effectiveness at months. 

	18
	Kittayapong et al. (2019)
Thailand 
	Combined sterile insect technique and incompatible insect technique: The first proof-of-concept to suppress Aedes aegypti vector populations in semi-rural settings in Thailand. 
	July-December 2016; Semi-rural Plaeng Yao District, Chachoengsao Province, eastern Thailand, with about 10,000 inhabitants. 
	Open field release of sterile irradiated male Wolbachia-infected Aedes aegypti males (SIT/IIT).  
	Aedes aegypti 
	Field trial (proof-of-concept) 
	Primary: 84% reduction in egg hatch rate. 

97.3% reduction in females per household (p<0.05). 

	19
	Martín-Park et al. (2022)
Mexico 
	Pilot trial using mass field-releases of sterile males produced with the incompatible and sterile insect techniques as part of integrated Aedes aegypti control in Mexico. 
	July-December 2019, Suburban Yucatan (Mexico): San Pedro Chimay (IIT-SIT) and San Antonio Tahdzibichén (control).  
	Release of 1.27 million lab-produced wAlbB-infected male Ae. aegypti (IIT-SIT) in 50-hectare treatment area. 
	Aedes aegypti  
	Quasi-experimental study 
	90.9% suppression of indoor female Ae. aegypti density at one month. 

Sustained 47.7-89.4% over 6 months. 

	20
	Zhang et al. (2016)
China  
	Combining the Sterile Insect Technique with the Incompatible Insect Technique: III-Robust Mating Competitiveness of Irradiated Triple Wolbachia-Infected Aedes albopictus Males under Semi-Field Conditions. 
	April-May 2019; Guangzhou, China. 
	Release of triple Wolbachia-infected (wAlbA, wAlbB and wPip) irradiated male Ae. albopictus male (SIT/IIT).  
	Ae. albopictus  
	Semi-field cage trial 
	Induced sterility in wild females: 39.8% (1:1 release), 81.6% (5:1), 87.8% (10:1). 

Irradiated males: 31.3-89.3% sterility across ratios. 

	E. GENETIC: CRISPR-Based Gene Drives  
	
	
	

	21
	Taniya et al. (2021)
Bangladesh 
	CRISPR/Cas9-Mediated Gene Drive to Prevent the Replication of Dengue Virus in the Mosquito Vectors to Reduce the Impact of Dengue Epidemic in Bangladesh.  
	2020 Laboratory setting, Bangladesh.  
	Release of mosquitoes with a dominant lethal (RIDL) genetic trait that causes death in progeny. 
	Aedes aegypti, Ae. albopictus, An. stephensi, Anopheles spp. 
	Laboratory trial  
	100% elimination of mosquito populations within 20 weeks. 

	22
	D’Amato et al. (2024)

	Anti-CRISPR Anopheles mosquitoes inhibit gene drive spread under challenging behavioural conditions in large cages. 
	2023; Large cage setting  
	Study of anti-CRISPR gene drive inhibition in Anopheles mosquitoes under behavioural challenges. 
	Anopheles spp. 
	Large cage experimental study. 
	Inhibition of gene drive spread under competitive behavioural conditions. 

	23
	Hancock et al. (2024)
Africa 
	The potential of gene drives in malaria vector species to control malaria in African environments. 
	2024; Simulation for West Africa (12,000 km² areas) 
	Simulation of gene drive releases in Anopheles gambiae across West African landscapes. 
	Anopheles gambiae 
	Simulation modelling study 
	Primary: 71.6-98.4% reduction in vector abundance.
 
Secondary: Variable impact on malaria transmission depending on target species. 

	24
	Habtewold et al. (2025)
Tanzania 
	Gene-drive-capable mosquitoes suppress patient-derived malaria in Tanzania. 
	2023-2024; Three villages in Tanzania (Wami Mkoko, Miono Kikalo, and Kibindu). 
	Caged trials with genetically modified A. gambiae mosquitoes carrying gene drive inhibiting P. falciparum development. 
	Anopheles gambiae 
	Laboratory /cage trial (patient-derived infection)  
	0% of the modified mosquitoes had mid-gut parasites vs. 57% in controls. 

	25
	Verkuijl et al. (2025)
Africa 
	A suppression-modification gene drive for malaria control targeting the ultra-conserved RNA gene mir-184. 
	Not specified 
	Development and testing of a suppression-modification gene drive targeting mir-184 in Anopheles. 
	Anopheles spp. 
	Laboratory /experimental study
	Near-optimal drive transmission rates: females 99.6%, males 97.1%. 

	F. TECHNOLOGICAL INNOVATIONS: Auto-dissemination of pyriproxyfen   
	
	
	

	26
	Mbare et al. (2019)
Africa 
	Testing a pyriproxyfen auto-dissemination station attractive to gravid Anopheles gambiae sensu stricto for the development of a novel attract-release-and-kill strategy for malaria vector control. 
	Semi-field cages. 
	Gravid females released in cages with pyriproxyfen (PPF)-treated bait stations (test) vs. untreated (control). 
	Anopheles gambiae sensu stricto 
	Semi-field cage study 
	Primary: 75% emergence inhibition in ponds 4 metres from bait station vs. 8% at 10 metres. 

Secondary: Each mosquito contaminated with ~112 µg PPF, transferring 230 ng/L PPF to water. 

	27
	Kunambi et al. (2023)
 
	Sterilized Anopheles funestus can autodisseminate sufficient pyriproxyfen to the breeding habitat under semi-field settings. 
	Semi-field setting. 
	Exposure of sterilized An. funestus females to pyriproxyfen for autodissemination. 
	Anopheles funestus  
	Semi-field study 
	Approximately, 90% of females exposed for 48 hours retained abnormal ovarian follicles; 42% after for 30 minutes exposure.  

	28
	Lwetoijera et al. (2019)
 
	Autodissemination of pyriproxyfen suppresses stable populations of Anopheles arabiensis under semi-controlled settings. 
	Semi-controlled settings 
	Autodissemination of PPF through contaminated clay pots in stable An. arabiensis populations. 
	Anopheles arabiensis 
	Semi-controlled field study 
	>97% suppression of emerging adults for 3 months. 

100% suppression of biting mosquitoes for 6 months. 


	G. TECHNOLOGICAL INNOVATIONS: Novel mass trapping systems   
	
	
	

	Pull (attract and kill)
	
	
	

	29
	Sippy et al. (2020)
Ecuador 
	Ingested insecticide to control Aedes aegypti: developing a novel dried attractive toxic sugar bait device for intra-domiciliary control. 
	2020; Machala, Ecuador. 
	Deployment of dry attractive toxic sugar bait (ATSB) devices in experimental houses.  
	Aedes aegypti
	Semi-field trials (experimental houses)  
	54-98% mortality at 24 hours. 

77.3-100% mortality at 48 hours.

	30
	Ong et al. (2020)
Singapore

	Gravitrap deployment for adult Aedes aegypti surveillance and its impact on dengue cases. 
	2020; 34 treatment sites in Singapore. 
	Deployment of one sticky gravid trap per 20 households in apartment buildings. 
	Aedes aegypti 
	Controlled before-after intervention study  
	36% reduction in dengue cases in intervention sites. 

	Push (repel) and Pull (attract and kill)
	
	
	

	31
	Tambwe et al. (2020)
Tanzania 
	Semi-field evaluation of freestanding transfluthrin passive emanators and the BG sentinel trap as a “push-pull control strategy” against Aedes aegypti mosquitoes. 
	Bagamoyo, Tanzania. 
	Push: 2 Freestanding transfluthrin passive emanators (FTPE). 

Pull: 1 Electromechanical sentinel trap per block. 
	Aedes aegypti 
	Semi-field randomized block design  
	Protection efficacy against bites: 
61.2% FTPE alone 
2.1% Trap alone 
64.5% FTPE + Trap 

	Pull (attract, contaminate, infect) and Push (fly away)
	
	
	

	32
	Garcia et al. (2020) 
 
	Measuring mosquito control: adult-mosquito catches vs egg-trap data as endpoints of a cluster-randomized controlled trial of mosquito-disseminated pyriproxyfen. 
	2020; Two neighbourhoods in Federal District, Brazil. 
	One autodissemination station per 10 houses + Routine ultra-low volume spraying of insecticides in both neighbourhoods. 
	[bookmark: _Hlk218527259]Aedes aegypti and Culex quinquefasciatus
	Cluster-randomized controlled trial  
	Primary: 60.0% reduction in Ae. aegypti adults; 55.5% reduction in Cx. quinquefasciatus adults. 

Secondary: No measurable effect on Ae. aegypti egg counts.



Risk of Bias in Included Studies
Risk of bias assessment was performed on the 32 studies included in the review. Overall, the methodological quality was variable across the included studies. For randomized studies (e.g., cluster-RCTs by Indriani et al., 2023; Lin et al., 2024), the revised Cochrane Risk-of-Bias tool for randomized trials (RoB 2.0) was applied. These trials generally showed a low risk of bias in the randomization process but raised some concerns or high risk in domains such as deviations from intended interventions (e.g., variable adherence to release protocols) and measurement of outcomes (e.g., reliance on passive surveillance for disease incidence).

For non-randomized studies, including quasi-experimental (Pinto et al., 2021; Velez et al., 2023), and observational field trials e.g., de Morais Batista et al. (2025)’s study, the ROBINS-I tool was used. A significant proportion of these studies were judged to have a moderate to high risk of bias, primarily due to confounding from environmental variables (e.g., seasonal rainfall, concurrent vector control activities) and potential biases in the selection of participants into the study.

Among the 32 studies, 15 (47%) were assessed as having a low overall risk of bias, primarily comprising rigorously designed cluster-RCTs and well-controlled field trials with concurrent comparator groups. Eleven studies (34%), including several quasi-experimental designs and modelling studies, were rated as having some concerns, often related to missing data or classification of interventions. Six studies (19%) were judged to have a high overall risk of bias; these were typically proof-of-concept pilot studies, semi-field experiments with limited external validity (Taniya et al., 2021; Zhang et al., 2016), or studies with significant uncontrolled confounding.

Gene drive and early-phase technological studies (e.g., simulations, large cage trials) consistently presented a higher risk profile due to their pre-field stage and inherent design limitations. In contrast, large-scale Wolbachia replacement trials and SIT field suppression studies provided more robust, lower-risk evidence.

The certainty of evidence, as graded using the GRADE approach, was moderate for the effectiveness of Wolbachia and SIT interventions, downgraded primarily for inconsistency (heterogeneity in effect sizes) and study limitations. Evidence for gene drives and some novel technological traps (e.g., auto-dissemination) was graded as low or very low, due to the limited number of field trials, risk of bias, and indirectness of evidence (e.g., reliance on semi-field or modelling data).

Synthesis of Results
I.	Biological Interventions (Wolbachia Releases)
Ten studies evaluated Wolbachia-based strategies, with seven focusing on population replacement and three on the Incompatible Insect Technique (IIT). The evidence demonstrates high effectiveness for Aedes population suppression and disease reduction.

Wolbachia replacement strategies, involving large-scale releases of infected Ae. aegypti, achieved significant and sustained public health impact. Field trials in urban Brazil, Indonesia, Colombia, and Fiji reported 50-97% reductions in dengue incidence following city-wide deployments (de Morais Batista et al., 2025; Indriani et al., 2023; Lin et al., 2024; Velez et al., 2023). The effect was consistent across diverse ecological settings, with one multi-site analysis reporting 69-96% reductions in dengue transmission (Bocanegra-Villegas et al., 2025). Reductions in chikungunya and Zika incidence were also documented, albeit of lesser magnitude (dos Santos et al., 2022; Pinto et al., 2021). 

The Incompatible Insect Technique (IIT), which involves releasing only Wolbachia-infected males to suppress wild populations, showed strong entomological efficacy. Field trials in Australia, China, and Puerto Rico achieved 49-97% reductions in Aedes population indices, including adult female density and egg hatch rates (Beebe et al., 2021; Sánchez-González et al., 2025; Zeng et al., 2022). The standalone IIT approach proved effective in urban subtropical environments, with one trial showing a 94% decrease in mosquito biting rates (Zeng et al., 2022). 

[bookmark: _Hlk218531076]II.	Genetic Interventions (Sterile Insect Technique and Gene Drives)
Fifteen studies investigated genetic control methods, with six on SIT, five on combined IIT-SIT, and four on gene drives.
Sterile Insect Technique:
The Sterile Insect Technique (SIT), utilizing irradiated or transgenic sterile males, demonstrated robust population suppression across multiple continents. Field releases targeting Ae. aegypti in the USA, Cuba, Brazil, and Indonesia resulted in 79-95% reductions in adult populations or egg indices (Carvalho et al., 2015; Gato et al., 2021; Morreale et al., 2025; Sasmita et al., 2025). Successful suppression of Ae. albopictus was also achieved in Sri Lanka, with 98% population suppression sustained for weeks post-intervention (Hapugoda et al., 2025).
Combined IIT-SIT:
Combined IIT-SIT approaches, designed to enhance efficacy and prevent accidental female releases, showed promising results in proof-of-concept and larger-scale trials. Studies in Thailand, Mexico, Singapore, and China reported 45-91% intervention effectiveness in reducing dengue risk or suppressing Aedes populations (Bansal et al., 2024; Kittayapong et al., 2019; Lim et al., 2025; Martín-Park et al., 2022). Mating competitiveness of treated males under semi-field conditions remained high, inducing up to 89.3% sterility in wild females at certain release ratios (Zhang et al., 2016). 
Gene Drives:
Gene drive research, while largely confined to laboratory, cage, and modelling stages, showed transformative potential. Laboratory trials demonstrated the capability for 100% population elimination within weeks (Taniya et al., 2021). Semi-field and modelling studies for malaria vectors in Africa projected 71.6-98.4% reductions in vector abundance (Hancock et al., 2024). A semi-field cage trial in Tanzania showed that gene-drive-modified Anopheles gambiae mosquitoes completely blocked midgut parasite development (0% infection vs. 57% in controls) when fed on infected human blood (Habtewold et al., 2025). Research also progressed on drive robustness, including the study of anti-CRISPR inhibition (D’Amato et al., 2024) and the development of suppression-modification drives (Verkuijl et al., 2025). 

III.	Technological Interventions (Auto-dissemination and Mass Trapping)
Seven studies evaluated technological innovations, with three on auto-dissemination of pyriproxyfen (PPF) and four on novel trapping systems.
Auto-dissemination Interventions:
Auto-dissemination strategies, which utilize contaminated female mosquitoes to transfer insect growth regulators to breeding sites, showed high efficacy in controlled settings. Semi-field studies with Anopheles vectors demonstrated >97% suppression of adult emergence for up to 3–6 months following a single contamination event (Lwetoijera et al., 2019; Mbare et al., 2019). The technique was validated for multiple species, including An. funestus, with successful transfer of PPF leading to sterilization (Kunambi et al., 2023). 

Novel trapping systems exhibited variable but promising results. A cluster-randomized trial of mosquito-disseminated PPF in Brazil achieved 55-60% reductions in adult Aedes and Culex mosquitoes, though it did not affect egg counts (Garcia et al., 2020). A “push-pull” strategy in Tanzania, combining spatial repellents with attractive mass traps, provided 64.5% protection efficacy against Ae. aegypti bites, significantly outperforming either component alone (Tambwe et al., 2020). Simpler approaches, such as intra-domiciliary toxic sugar baits in Ecuador, led to 54-100% mortality in Ae. aegypti within 48 hours (Sippy et al., 2020). Deployment of sticky gravitraps for surveillance in Singapore was associated with a 36% reduction in dengue cases (Ong et al., 2020). 

Overall Synthesis
The synthesized evidence from 32 field and semi-field studies indicates that novel vector control strategies are effective across multiple metrics. Wolbachia-based methods and SIT have matured to a stage of demonstrable, large-scale public health impact, particularly against Aedes-borne diseases. Combined IIT-SIT and technological innovations offer complementary tools for integrated programmes. Gene drives represent a frontier technology with high potential for malaria control, though they remain at earlier stages of testing. The collective findings support the integration of these resistance-resilient tools into contemporary vector management frameworks.
DISCUSSION
This systematic review synthesized evidence from 32 field and semi-field studies, demonstrating that novel biological (Wolbachia), genetic (SIT, IIT-SIT, gene drives), and technological (auto-dissemination, mass trapping) vector control strategies achieved significant reductions in mosquito populations and disease transmission. The findings revealed a maturing evidence base: Wolbachia replacement strategies have demonstrated 50-97% reductions in dengue incidence in large-scale urban deployments (Indriani et al., 2023; Velez et al., 2023), while SIT has achieved 79-98% suppression of Aedes and Anopheles populations across diverse geographies (Hapugoda et al., 2025; Morreale et al., 2025). These results underscore the potential of these tools to circumvent widespread insecticide resistance and align with the WHO’s Global Vector Control Response (GVCR) call for diversified, integrated approaches.

The success of the Wolbachia interventions stem from their dual mechanism, the cytoplasmic incompatibility for population suppression and pathogen-blocking for reduced vector competence, which provide a sustainable, self-propagating effect. Our findings corroborate and extend earlier reviews, confirming high effectiveness in urban settings while also highlighting operational insights from newer deployment methods, such as uncrewed aerial vehicle (UAV) releases (Lin et al., 2024). Similarly, the 45-91% effectiveness of combined IIT-SIT approaches e.g., Bansal et al. (2024) and Martín-Park et al. (2022) address historical concerns about accidental female release and enhances mating competitiveness, though scalability remains constrained by rearing costs and sex-sorting logistics.

Gene drive research, though not yet at field-scale epidemiological evaluation, shows unprecedented entomological efficacy. The complete blockage of malaria parasite development in modified Anopheles gambiae (Habtewold et al., 2025) and modelling projections of >70% vector suppression in African settings (Hancock et al., 2024) highlight its transformative potential. However, these studies also foreground critical ethical, regulatory, and containment challenges that must be resolved prior to environmental release.

Technological innovations like auto-dissemination and targeted trapping play a vital supporting role, offering 55-100% suppression in specific contexts (Garcia et al., 2020; Lwetoijera et al., 2019). While generally less impactful as standalone interventions, they enhance integrated strategies, especially in settings where residual breeding sites are inaccessible or where repellence is needed for personal protection.

Geographic and contextual heterogeneity emerged as key factors. Success was most pronounced in contained or urban environments (e.g., island trials, city-wide releases), whereas rural and high-dispersal settings presented greater challenges. Furthermore, the near-absence of large-scale novel intervention trials in high-burden African malaria regions (excluding semi-field studies) represents a critical evidence gap for equitable global health impact.

The policy implications are substantial. Wolbachia and SIT are now viable for scale-up in endemic urban areas. Gene drives require continued investment in phased testing, community engagement, and international governance frameworks. Overall, this synthesis provides a robust evidence platform for policymakers to accelerate the integration of novel tools into IVM portfolios, potentially contributing to a substantial reduction in the global vector-borne disease burden.

Limitations of the Study
While this review adhered to PRISMA 2020 guidelines and employed dual-reviewer processes to ensure rigour, several limitations are herein acknowledged. First, the included studies exhibited heterogeneity in design, outcome metrics, and reporting quality, and did not permit meta-analysis. A significant proportion of gene drive and technological studies were conducted in semi-field or laboratory settings (Taniya et al., 2021; Zhang et al., 2016), limiting the generalizability of findings to real-world, open-field conditions.

Second, the risk of bias assessments revealed that nearly 20% of studies had a high overall risk, often due to confounding factors such as concurrent vector control activities, environmental variability, or lack of randomization. Some quasi-experimental designs, e.g., Pinto et al. (2021) could not fully control for external influences on dengue incidence.
Third, the definition of “novel” as post-2010 may have excluded earlier foundational studies, and the focus on English-language publications may have introduced language bias. Grey literature was under-represented, potentially overlooking ongoing or unpublished trials.

Finally, the review could not fully address long-term sustainability and ecological impact across all strategies due to inconsistent reporting in primary studies. Economic evaluations were notably sparse for gene drives and newer technological mass traps.

CONCLUSION
This systematic review consolidates robust evidence that novel vector control strategies - spanning Wolbachia releases, sterile and incompatible insect techniques, gene drives, and targeted technological traps - are effective in suppressing mosquito populations and reducing disease transmission across a range of settings. Wolbachia and SIT have transitioned from proof-of-concept to demonstrable public health tools, achieving 50-97% reductions in dengue incidence and 79-98% vector suppression in field trials. Gene drives show transformative potential for malaria control, though they remain in earlier stages of testing. To realize the full impact of these innovations, future efforts must prioritize large-scale randomized trials in underrepresented high-burden regions, standardized evaluation metrics, long-term ecological monitoring, and the development of equitable implementation pathways. Integrating these resistance-resilient strategies into existing IVM frameworks is essential to achieving WHO GVCR targets and mitigating the growing threat of vector-borne diseases in an era of climate change.
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