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Preface 
 
Mosquito-borne diseases remain a major cause of morbidity and mortality across the tropics. 
Despite much progress in control, malaria remains the major such killer, but arboviruses – most 
notably dengue – are responsible for a rising burden of disease, even in middle-income countries 
which have all but eliminated malaria. I discuss how new interventions offer the promise of future 
dramatic reductions in disease burden, but emphasise that intervention programmes need to be 
underpinned by rigorous trials and quantitative epidemiological analysis. Such analysis suggests that 
the long-term goal of elimination is more feasible for dengue than malaria, even if malaria 
elimination would offer greater overall public health benefit. 
 

 
 
 
Deaths from malaria have almost halved since 20001-3, despite rapidly growing populations in many 
endemic regions. Improvements in vector control and (to a lesser extent) treatment are the principal 
drivers behind this decline4,5, but development – leading to improved housing and increased 
urbanisation across the tropics – has also been a significant contributory factor6. The declines have 
been particularly marked outside sub-Saharan Africa, with only 10% of malaria deaths now occurring 
outside this region7. Over the same period, the burden of disease from dengue has risen 
dramatically, often in the countries seeing the largest reductions in malaria disease8,9 (Figure 1). Part 
of the increase in burden reflects population growth and urbanisation in the tropics, but greater 
connectivity of human populations10 (leading to all four dengue serotypes now regularly being 
detected in all endemic countries11), entomology (Aedes aegypti, the principal dengue vector, being 
more highly adapted to urban environments12) and climate change (increasing the geographic limits 
of endemic transmission13) have also played a role. 
 
Global malaria deaths remain over 30-fold larger than those from dengue (Figure 1), with this ratio 
being somewhat less extreme if one solely considers disease burden outside Africa. Furthermore, 
given the availability of highly effective artemisinin-based malaria treatment, a large proportion of 
remaining malaria mortality reflects gaps in access to treatment or suboptimal diagnosis4,5. 
Conversely, dengue affects urban populations with better (though often not perfect) access to 
healthcare. No effective dengue antiviral drugs or monoclonals are yet available for dengue 
treatment, though improvements in case management have led to substantial reductions in case 
fatality ratios in situations where the current best standard of care is available14. The unpredictability 
and explosive nature of dengue epidemics also imposes substantial stresses on healthcare systems, 
and can cause much public anxiety, particularly in contexts where the burden of disease from most 
other infections has been dramatically reduced in recent decades through vaccination and access to 
treatment.  
 
Emerging arboviral infections have also caused significant public concern in recent years15. 
Chikungunya emerged in Latin America and the Caribbean in 201316,17, followed by Zika in 201518. 
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Both caused large-scale epidemics over an approximately 2-year period, before the accumulation of 
herd-immunity in populations across the region led to dramatic falls in incidence19-21. Despite 
availability of a highly effective vaccine, Yellow Fever has also caused unpredicted relatively large 
epidemics in Angola and Brazil in the last two years, necessitating rapid large-scale immunisation 
campaigns22. However, the true burden of disease caused by both Chikungunya and Zika is highly 
uncertain, in large part due to a lack of systematic surveillance across much of the world and, for 
Zika, the very mildly symptomatic nature of most infections. The health consequences of infection 
with both viruses remains poorly characterised and it is unclear the extent to which either virus can 
be considered truly endemic in the human population globally, or, like Yellow Fever, dependent on a 
sylvatic cycle of transmission.  These knowledge gaps18 make assessing the public health need for 
effective interventions highly challenging. 
 
The perceived increasing threat (and disease burden) posed by arboviral infections and the recent 
global emphasis on reducing malarial disease burden has led to increasing investment in the 
development of new interventions and the intensification of current vector control in many endemic 
low and middle-income countries (LMICs). The first vaccines for both malaria and dengue offer some 
promise for disease reduction but their imperfect and complex efficacy profiles mean neither 
represents a panacea and their uptake has therefore been slow23-27. However, the accelerated roll-
out of long lived insecticide treated nets (LLINs) across sub-Saharan Africa over the last decade has 
led to major declines in malaria incidence, with improved treatment further reducing disease 
burden4. This is not to imply these gains can be taken for granted – insecticide resistance28 and/or 
failure to sustain intervention coverage pose risks of rapid bounce-back.  However, in contrast, the 
evidence that current vector control measures for dengue are having significant impact is limited at 
best29-32. While differences in the ecology of the principal vectors (e.g. in landing periodicity33) for 
the two classes of infections clearly affect the effectiveness of different interventions, here I will 
argue that the failure of dengue control to date is principally a consequence of intrinsic differences 
in the epidemiology of arboviral and malaria infections. These differences necessitate fundamentally 
different goals for control policy planning for these two classes of infections. I will then review how 
new vector control technologies currently under development offer the potential to deliver dramatic 
reductions in disease burden and even elimination in the coming 10-20 years. 
 

Goals of vector control 
 
For all infections, the goals of control are the reduction of disease incidence and, preferably, 
transmission. Elimination requires reducing transmission to levels which are less than self-sustaining: 
in the parlance of mathematical epidemiology, reducing the basic reproduction number (the number 
of secondary infections caused by a typical index infection in a naïve population), R0, to below 1. 
Given the lack of high efficacy vaccines for all mosquito-borne infections other than yellow fever and 
Japanese encephalitis, the main goal of public health interventions for these infections has been 
reducing human exposure via vector control. The rationale for malaria is clear: in high transmission 
settings, a child might be infected multiple times in a year, with each new infection posing a risk of 
disease. Reducing exposure by a certain proportion then leads to an immediate and comparable 
reduction in the incidence of disease – a reduction that can be further cemented by improving 
access to effective antimalarial therapy. Clinical immunity somewhat nuances this picture but 
doesn’t fundamentally change the broad conclusion – while later lifetime exposures have a lower 
risk of disease (severe disease particularly), this risk declines gradually, with both age and exposure 
playing a role34.  
 
The same rationale does not hold true for arboviral infections. Unlike malaria (though controversy 
remains about the extent to which that pathogen can be viewed as a collection of semi-independent 
antigenically diverse strains 35), all arboviruses are thought to generate neutralising homotypic 



immunity following infection, meaning individuals can experience only one infection with each virus 
in their lives. Dengue is composed of four distinct (but immunologically cross-reactive) viral 
serotypes, meaning four infections are possible. However, secondary dengue infections are 
responsible for the great majority of severe disease36-38, with tertiary and quaternary infections 
thought to be largely inapparent39. The immunising nature of arboviral infections has profound 
consequences for vector control. Completely preventing an individual being exposed in one year has 
no impact on lifetime disease risk if high level exposure resumes the following year – the only effect 
of such transient interventions is to postpone infection. The same reasoning applies to partially 
effective controls. Consider a high transmission setting where individuals have a 20% risk of dengue 
infection each year. On average, children will be 5 years old when they experience their first 
infection, and about 12 years old when they experience their second. Imagine a vector control 
intervention which reduces exposure by 50% - thus reducing the infection risk to 10% per year. The 
net long-term effect of this intervention is solely to increase the age at which individuals experience 
their first and second infections – to 10 and 23 years, respectively, for this example. This may 
paradoxically increase overall disease burden, if dengue disease severity increases with age40. 
 
This argument can be formalised; Figure 2A shows the relationship between disease risk and the 
effectiveness of vector controls at reducing exposure predicted by previously validated 
mathematical models of dengue and malaria transmission. The malaria model used has been used 
extensively to inform control planning, and was validated against historical prevalence and incidence 
data both in the absence and presence of control measures41-43. The dengue model was previously 
fitted to the Sanofi dengue vaccine trial data and used to explore the potential impact of largescale 
use of the Sanofi vaccine and Wolbachia 23,44. For malaria, reductions in disease near linearly 
increase with coverage. For dengue, the response curve is highly non-linear, with marginal 
reductions in lifetime disease risk until the level of exposure reduction is sufficient to reduce R0 close 
to 1 (~70% effectiveness, for this example). I conclude that for vector controls against dengue (or 
other arboviruses) to have a major long-term impact, they must come close to stopping sustained 
transmission – i.e. achieving elimination. Figure 2A also highlights that elimination, in theory, should 
require considerably less effort for dengue than for malaria – in high transmission settings, R0 for 
dengue is around 4, while for malaria it is over 100 (with a large degree of local geographic 
heterogeneity for both infections 4,45,46). Hence vector control for dengue needs to reduce exposure 
by 80% to achieve elimination, but for malaria the reduction required is >99%.  
 
However, focussing solely on the long-term effects of interventions neglects transient temporal 
effects the large-scale introduction of an intervention may have on transmission (simulated in Figure 
2B using the models used to generate Figure 2A). Short- and long-term impacts differ less for malaria 
than dengue due to the more limited impact of host immunity in modulating transmission. The loss 
of clinical immunity largely explains the rebound in malaria in Figure 2B. But herd-immunity is 
fundamental to dengue transmission dynamics; in endemic areas, at any point in time much of the 
population is immune to any one serotype, so when a new epidemic occurs, it only affects the 
minority of the population (typically children) who have not yet acquired immunity. Over time, a 
dynamical equilibrium is reached between viral transmission rates and the level of population 
immunity, leading to the effective reproduction number (the average number of secondary 
infections caused by a typical index case in the presence of population immunity), R, to hover 
around one. An exception to this is marginally endemic areas which have not yet been affected by all 
serotypes, where the initial epidemic following invasion with a novel serotype can be much larger 
than typical 47; however, following such an initial epidemic, the resulting immunity also causes R for 
the invading serotype to fall below one. 
 
In this context, suddenly introducing a new intervention population-wide disrupts this equilibrium, 
even if the reduction in transmission achieved is insufficient to cause long-term elimination. An 



intervention which achieved a sustained 20% reduction in exposure would initially reduce R from 1 
to 0.8 – leading to a temporary cessation of transmission. New births into the population would then 
gradually reduce population immunity, increasing R, and sustained transmission would resume once 
R once again reached 1. With an annual birth cohort size of, say, 2% of the total population, it would 
take up to 10 years for R to increase from 0.8 back to 1. Stopping dengue epidemics such a time 
clearly sounds like an impressive outcome, but it is important to note that it would not necessarily 
lead to a reduction in lifetime disease risk for individuals in the affected population unless more 
effective interventions could be introduced before the 10-year ‘honeymoon’ period finished.  
 
Transient impacts on transmission also need to be taken account of when interpreting data from 
cluster randomized trials of vector control interventions. The effect size observed in trials of 
transmission-reduction interventions (such as community-mobilisation48) over timescales of 1-2 
years will implicitly include the large transient effect on incidence described above, and thus short-
term measured effectiveness (e.g. reduction in infection rates over 1 year) would be expected to be 
considerably greater than the underlying long-term effectiveness of the intervention (as quantified 
by the fractional reduction in R0 achieved).  
 
Most of the above argument around the goals and likely impact of interventions against dengue also 
hold for Chikungunya and Zika, albeit the period between epidemics is much longer and more 
unpredictable than for dengue18. There is one exception; protecting vulnerable populations for a 
short period. Congenital Zika syndrome is principally associated with maternal exposure to Zika in 
the first trimester of pregnancy49,50. Hence an individually-targeted intervention (e.g. spatial 
repellents) which reduces exposure for a three-month period might achieve a substantial reduction 
in the burden of disease caused by a Zika epidemic, even if that intervention has a minimal effect on 
community levels of transmission. However, just as with vector controls targeting community 
transmission, interventions aiming to reduce personal exposure require rigorous assessment in 
randomised trials. 
 
The high level of geographic, environmentally driven heterogeneity in the R0 of mosquito borne 
infections nuances but does not invalidate these arguments. However, such heterogeneity – and the 
existence of high transmission ‘hotspots’ increases the challenges involved in achieving elimination, 
albeit with the upside that control in lower-transmission areas may be easier than expected from 
geographically coarse estimates of transmission intensity. 
 
 

Vector control measures: assessing effectiveness 
 
Why then has there been so little recent success in controlling dengue (especially in LMICs), yet 
major reductions in disease for malaria? Singapore (not a LMIC) is perhaps the only formerly hyper-
endemic country in recent decades to have achieved high levels of dengue control (though Cuba 
achieved similar success in the 1970s) 51. However, even Singapore has experienced increases in 
dengue incidence in recent years associated with declining levels of population immunity52. Yet 
substantial reductions in malaria transmission have been achieved in some of the poorest countries 
of the world in the last decade4,5. 
 
Part of the answer lies in differences in vector ecology. Anopheles gambiae, the primary vector of 
Plasmodium falciparum in sub-Saharan Africa, principally bites at night (and therefore inside 
houses), meaning LLINs53,54 (and indoor residual spraying55,56) are highly effective at reducing human 
exposure. Aedes aegypti bites during the day (with peaks of activity in the morning and afternoon), 
both inside and outside houses33. Furthermore, Aedes aegypti mating patterns and breeding site 



preferences are better adapted to urban landscapes57 than most anopheline species (though there is 
evidence of urban adaptation of the latter58).  
 
Yet while the ecology of Aedes aegypti limits the effectiveness of ‘simple’ interventions such as 
bednets30, vector control for arboviruses has also suffered from a profound lack of rigorous evidence 
to support the effectiveness of the individual measures currently used29-32,51. In contrast to malaria – 
where large cluster-randomised trials with human infection endpoints generated the evidence base 
supporting scale-up of LLIN and IRS use – randomised trials of vector control approaches for dengue 
are largely absent, or have typically been underpowered and only measured entomological rather 
than epidemiological (i.e. human disease) endpoints32. ‘Integrated Vector Management’ is the 
recommended approach to vector control for both malaria and dengue, defined as “a rational 
decision-making process for the optimal use of resources for vector control”59. Ironically, the 
evidence doesn’t currently exist to make rational decisions for dengue vector control, due to the lack 
of trial data supporting the effectiveness of current control measures at reducing dengue disease.  
 
Much of current vector control activities against dengue across the tropics is therefore more driven 
by the understandable hope that reducing mosquito numbers can only give public health benefit 
than a quantitative evidence base which allows investments in vector control to be directed towards 
intervention policies which will result in a substantial public health impact. Furthermore, any impact 
that such interventions might have is often lessened by a tendency for vector control to be 
undertaken largely in response to ongoing dengue epidemics, rather than sustained consistently all 
year round. For the reasons outlined in the previous section, reactive short-lived interventions at 
best protect individuals transiently, but leave them susceptible to infection in the next epidemic. 
Again, Singapore is perhaps the exception – both in terms of the intensity of vector control activities 
(and resources put into them) and the largely consistent, sustained nature of their implementation52.  
 
In recent years, these shortcomings have been increasingly recognised, culminating in the World 
Health Organization’s (WHO) Vector Control Advisory Group (VCAG) issuing new guidance indicating 
data from randomised trials with epidemiological endpoints will be required for WHO to recommend 
new interventions in future60. Furthermore, a number of studies have provided improved guidance 
on appropriate trial design for dengue vector control trials32,61, highlighting the need for trials to be 
of sufficient size to be powered to allow for the high degree of spatiotemporal heterogeneity in 
vector-borne disease incidence, to utilise clusters of sufficient size and spacing to minimise 
contamination or boundary effects, to have a sufficiently long period of follow-up and to measure 
epidemiological outcomes. Meeting these requirements is undoubtedly challenging, necessitating 
trials to be considerably larger (and consequently more expensive) than comparable trials for 
malaria – where higher and more stable infection rates mean trials can be smaller-scale.  
 
Indeed, only one dengue vector control intervention study – of the ‘Camino Verde’ approach to 
community mobilisation48 – has approached best practice in trial design. However, even in that case, 
extrapolation of the study results to predict likely long-term, large-scale effectiveness of the 
intervention is challenging.  The small scale of individual clusters (140 households) means that the 
measured effectiveness may have been affected by individuals living in intervention areas being 
exposed to infection outside those areas. This ‘contamination’ issue would imply the 25-30% 
reduction in incidence seen in the trial may underestimate the true effect size that would be seen 
were the intervention implemented at larger scale. Conversely, for the reasons outlined in the 
previous section, the effect size measured in that trial (and all other short-term trials) over the 
approximately 1-year period of follow-up would be expected to incorporate a short-term 
perturbative effect of the intervention on dengue transmission, and thus over-estimate long-term 
effectiveness.   
 



Assessing the likely long-term impact of interventions from relatively short-term trial data is 
therefore challenging – both to adjust for contamination and the typically short-term period of 
follow-up, but also because the transmission intensity (R0) of all mosquito borne infections show 
high levels of spatiotemporal variation4,45,62. Hence the effect size seen in one context may over-
estimate the effectiveness of the same intervention applied in a higher transmission intensity 
context, or under-estimate impact in a lower transmission intensity setting. Repeating studies in a 
range of contexts can mitigate this issue, but is costly. Mathematical modelling of each trial 
incorporating details of the transmission context, period of follow-up and cluster size is therefore 
required to derive estimates of effectiveness that can be used to predict the likely long-term impact 
of large-scale use of novel interventions across a variety of transmission contexts.  Such analyses are 
not straightforward (and are not a substitute for long-term follow-up data on effectiveness), but 
have been undertaken for LLINs and IRS for malaria41,43, and for both the CYD-TDV (tradename: 
Dengvaxia) dengue23,24 and RTS,S (tradename: Mosquirix)26,63,64 malaria vaccines, and have been 
planned for the analysis of trials of Wolbachia as a dengue control measure44,61.  
 
Intervention trials for Zika and Chikungunya – whether of vector controls, vaccines or treatment – 
are even more challenging than for dengue65, due to the longer inter-epidemic period and the highly 
unpredictable nature of epidemic timing. The traditional trial design of recruiting cohorts of 
participants, randomising to intervention or control and monitoring outcomes is therefore likely to 
be prohibitively expensive – due to the very large numbers of participants and sites needing to be 
included. While model-based analysis of available surveillance data can improve the efficiency of site 
selection66, reactive designs may be more efficient long-term67. Such a trial might involve gaining 
ethical and regulatory approval to proceed in advance from a large number of potential trial sites, 
but only triggering recruitment of participants and intervention implementation at a site once 
transmission was detected there. That said, given their shared vectors and similar transmissibility, 
vector control interventions which show high efficacy against dengue are likely to also show 
comparable efficacy against Zika and Chikungunya. 
 

The promise of new interventions 
 
While the large-scale roll-out of LLINs (together with targeted use of IRS) across sub-Saharan Africa 
in the last decade has had a major effect on both malaria transmission and disease, even very high 
coverage levels of these interventions and effective treatment are predicted to be insufficient to 
eliminate malaria from the highest transmission settings41,43. Insecticide resistance also poses a 
growing threat 28. Mass drug administration (MDA) can have a very large short-term impact on 
malaria prevalence68 (by reducing the human parasite reservoir), but unless administration at high 
coverage levels is repeated indefinitely, such impacts are transient, since transmission quickly 
restarts once infection is reimported from untreated areas69. Similarly, seasonal malaria 
chemoprevention (SMC) can be highly effective at reducing disease incidence70 but is only 
appropriate for moderate to high transmission settings with highly seasonal transmission. 
Furthermore, both MDA and SMC pose the risk of accelerating the development of widescale 
artemisinin drug resistance in the parasite population.  
 
For dengue, the situation is worse. As described above, there are currently no interventions in large 
scale use in LMICs which are likely to be having any significant impact on dengue transmission or 
disease burden 51. The intensive vector control interventions adopted largely successfully by 
Singapore (and high-income settings such as Florida and Queensland) are not easily translated to 
most LMICs and are likely to be unaffordable by those countries. 
 
In addition to further evaluation and scale-up of current interventions, new intervention 
technologies are therefore needed to make elimination a feasible policy goal for either infection. 



Over the last two decades, major investment and effort has been committed to the development of 
both vaccines and novel vector controls, with varying degrees of success. 
 
Vaccines 
 
The Sanofi-Pasteur CYD-TDV dengue and GSK RTS,S malaria vaccines, the first to be licensed for 
either infection, are both the result of over twenty years of development effort. Past development 
efforts have been hindered by the antigenic/immunological complexity of the pathogens and the 
lack of an obvious commercial market sufficient to justify development costs.  
 
In the phase III trial, over 2 years of follow-up RTS,S showed 28% (95% C.I.: 22%-33%) efficacy 
against clinical malaria in children who received 3 doses over a 3 month period, and 36% (95% C.I.: 
31%-41%) efficacy in children who additionally received a month 18 booster dose27. Efficacy was 
somewhat lower in infants and against severe malaria. Data from phase II and III studies and 
associated mathematical modelling of these data demonstrated waning of efficacy over time25,27, 
which was correlated with decline of anti-circumsporozoite (anti-CSP) antibody titres64. This 
modelling also showed that anti-CSP antibody titres were a correlate of vaccine-induced 
protection63,64. The model of vaccine action proposed by these analyses also explained the observed 
negative correlation between vaccine efficacy and the transmission intensity seen at trial sites, and 
the faster decay of efficacy seen in higher transmission settings.  
 
For CYD-TDV, two large phase III studies (in Asia and Latin America) both showed approximately 60% 
efficacy against virologically confirmed clinical dengue disease in the one year following completion 
of a 3-dose vaccine schedule71,72. Efficacy varied by serotype, increased with age and was higher for 
severe dengue. In the immunological subset of trial participants where dengue serological status was 
measured prior to the first dose, vaccine efficacy was approximately 75% in dengue seropositive 
individuals, but much lower (and non-significant) in dengue seronegatives. However, in the first year 
of LTFU, a statistically significant excess risk of hospitalised dengue disease was observed in vaccine 
recipients in the youngest age group (2-5 years). Since no evidence of excess risk was seen in 
children over 9 in either trial, Sanofi-Pasteur proceeded with submitting the vaccine for regulatory 
approval with an age indication of use only in children over 9. The most parsimonious and plausible 
hypothesis explaining these results is that the vaccine acts akin to a silent natural dengue infection23. 
Seronegative recipients of the vaccine are immunologically primed (akin to natural primary 
infection), so that their first breakthrough natural infection had the higher severity associated with 
natural secondary infection in unvaccinated individuals. Conversely, seropositive vaccine recipients 
see antibody titres against all four serotypes boosted to the high levels seen after secondary 
infection in unvaccinated individuals – leading to the first breakthrough infection having the low 
severity associated with natural tertiary infection. 
 
Mathematical modelling was key to extrapolating from the trial results to assess the likely public 
health impact of large scale use of both vaccines, and these analyses played a key role in informing 
World Health Organization (WHO) recommendations. For RTS,S, modelling predicted that the 
vaccine could prevent 1 malaria death per 200 vaccine recipients in moderate to high endemicity 
settings, making it highly cost-effective compared with many other vaccines26, albeit less cost-
effective than LLINs73. WHO recognised the significant potential public health benefit offered by the 
vaccine, but in light of the potential difficulty of delivering a 4-dose vaccine schedule and in light of 
the meningitis safety signal, recommended large-scale pilot implementation programmes be 
conducted74, which are now due to start this year in Ghana, Kenya and Malawi. 
 
For CYD-TDV, modelling indicated that large-scale vaccination might reduce the incidence of 
symptomatic and hospitalised dengue disease by up to 25% in high transmission intensity settings. 



However, vaccination was predicted to potentially increase the incidence of hospitalised dengue in 
low-transmission intensity (and hence low seroprevalence) settings23,24. WHO recommendations 
reflected this risk, suggesting that population seroprevalence surveys be undertaken to assess 
transmission intensity prior to vaccination roll-out, and that the vaccine only be used in settings 
where over 70% of vaccine recipients were likely to be seropositive75. These recommendations have 
now changed to recommend vaccination only in individuals who test seropositive in light of recent 
data collected by Sanofi-Pasteur which has conclusively demonstrated that seronegative recipients 
of all ages experienced a higher risk of hospitalised dengue disease throughout the LTFU of the 
trials76. 
  
A number of next-generation dengue and malaria vaccines are currently in development. Two other 
tetravalent live-attenuated dengue vaccines are currently in phase III trials, with initial results due in 
the next 12 months. It is unclear whether either will also pose risks of use in seronegative recipients 
similar to CYD-TDV, but similarities in the immunogenicity profiles of all three vaccines makes this a 
possibility77. A variety of next-generation pre-erythrocytic, blood-stage and transmission-blocking 
malaria vaccines are in clinical development78, but none have yet entered phase III studies. For both 
infections, it is therefore arguably unlikely that vaccines will become available in the next decade 
which can on their own offer the promise of disease elimination. However, that is not to say that 
vaccines will not have an impact in that time frame: both current vaccines and next generation late-
stage candidates may make a significant contribution to reducing disease burden, combinations of 
vaccines targeting different parasite life stages may offer synergistic levels of protection for malaria, 
and some potential exists for the development of ‘universal’ dengue vaccines 79.  
 
 Novel vector control technologies 
 
New insecticides and delivery systems continue to be developed, with perhaps the most interesting 
and potentially transformative being those which target obligate life-cycle stages such as sugar or 
blood feeding. While not a new idea, attractive toxic sugar bait technology80 – which targets sugar-
feeding and therefore potentially increases mortality in both male and female mosquitoes – has 
been advancing rapidly in recent years, with very promising results (at least in anopheline species)  
seen in recent small-scale trials81.  Similarly, ivermectin (and newer longer-lived mosquitocidal drug 
candidates) could cause substantial suppression of mosquito populations and thus malaria 
transmission if used as part of a mass treatment intervention82. However, the approaches to vector 
control which offer the potential of transformative impacts are those that may give long-term (or 
even permanent) reductions in disease transmission after only a single implementation period, 
either by reducing mosquito density or reducing vector competence. Two such technologies are 
under active development: Wolbachia and gene-drive approaches to genetic modification of 
mosquito species (Figure 3). 
 
Wolbachia is a genus of bacteria which naturally infects many insects83, strains of which have been 
deliberately transfected into Aedes aegypti mosquitoes. Wolbachia typically transmits vertically by 
achieving high densities in insect eggs. It confers a frequency-dependent fitness advantage relative 
to uninfected insects via the mechanism of cytoplasmic incompatibility, which results in crosses 
between Wolbachia-infected male insects and wild-type females (which would otherwise result in 
uninfected progeny) being unviable (Figure 3A). As a biological vector control measure, this offers 
the advantage that following initial releases of Wolbachia infected mosquitoes into a wild-type 
population, the frequency of Wolbachia infection will rise to very high levels as the released 
mosquitoes interbreed with wild-type insects (Figure 3C). Initially, Wolbachia was envisaged as a 
means to reduce mosquito density, by using a strain – wMelPop – which imposed life-shortening 
fitness costs on mosquito hosts. However, Wolbachia-transfected Aedes aegypti were also found to 
have substantially lower vector competence for a broad range of arboviruses84, including dengue85. It 



is this phenotype which is being exploited – via the less pathogenic wMel strain –  by the World 
Mosquito Program86, the leading development project for Wolbachia technology in Aedes aegypti. 
Mathematical modelling of data from experimental dengue infection studies in wMel-infected and 
wild-type Aedes aegypti suggests that successful large-scale release and establishment of wMel-
infected mosquitoes could reduce dengue transmission intensity (R0) by 75%87 - sufficient to achieve 
elimination of dengue transmission for decades in even high transmission settings, and permanent 
elimination in low to moderate transmission settings44. Following an extensive programme of small-
scale releases, a cluster randomised trial with epidemiological endpoints is now underway in 
Yogyakarta, Indonesia, with larger non-randomised pilot release studies ongoing in Medellin, 
Colombia and Rio de Janeiro, Brazil86. While at a much earlier stage, Wolbachia may also have some 
potential as a malaria control measure 88. 
 
Gene-drive systems for genetically modified mosquitoes89,90 offer similar advantages to Wolbachia in 
potentially allowing finite releases of modified mosquitoes to invade wild-type populations and rise 
to high frequencies. A variety of gene drive systems have been explored experimentally and 
theoretically91,92, but the two most developed technologies are homing endonuclease genes and 
CRISPR/Cas9. Both rely on homology-dependent repair to be copied from one chromosome to its 
homologous chromosome during mitosis of germline cells or meiosis89,90. In the vector control 
context, most attention to date has been given to engineering constructs which supress mosquito 
populations. Biasing the sex ratio toward males is one approach to achieving this. So-called X-
shredder constructs achieve this by expressing endonucleases that are only expressed during 
spermatogenesis and which cleave (and render non-functional) the X-chromosome93. Inserting such 
constructs into the Y-chromosome would generate a highly invasive genetically modified mosquito 
which in theory could be introduced into a wild-type population once and would eventually drive 
that population to extinction (Figure 3B,C)94,95. In Aedes aegpti, targeting male-determining factors 
using germline Cas9 expression could give similar results91,96, though research is at an earlier stage 
compared with Anopheline systems. Development of constructs which reduce vector competence is 
another area of active research89, with a variety of potential targets having been identified for both 
malaria97,98 and arboviruses99. 
 
Both Wolbachia and gene-drive technologies face several challenges. Gaining public acceptance and 
regulatory approval requires a rigorous risk assessment/management process and intensive 
stakeholder engagement. Such barriers are clearly higher for genetically modified organisms than 
purely biological control measures such as Wolbachia. Second, use of these interventions will 
impose intense selection pressures which are likely to drive the evolution of resistance in either the 
target pathogen (in the case of Wolbachia or vector competence gene drive constructs) or the vector 
(for population suppression genetic constructs, and perhaps for Wolbachia), and the long-term 
phenotypic stability of Wolbachia in Aedes aegypti is yet to be determined. While much modelling 
has been undertaken, knowledge gaps in vector ecology (e.g. regarding the intensity of density-
dependent regulation of larval populations, the extent and nature of over-wintering mechanisms) 
make prediction of the impact of these interventions uncertain, especially for gene-drive systems.  
 

Towards elimination 
 
While current interventions have proved insufficient thus far, the novel vector control technologies 
described above may make elimination of dengue or malaria and feasible goal, even in the highest 
transmission settings. However, despite the greater progress in controlling malaria than dengue in 
recent decades, the scale of the challenge eliminate malaria from the highest transmission 
hyperendemic settings is larger. The R0 of dengue likely rarely exceeds 6, meaning reducing 
transmission by approximately 85% should be sufficient for permanent elimination in nearly all 
settings. Plus, for the reasons outlined above, even interventions achieving a (sustained) 30% 



reduction in R0 should cause dramatic reductions in dengue incidence for decades if applied at 
sufficient scale – buying time for more effective interventions to be developed. Conversely, R0 for 
Plasmodium falciparum is in the hundreds in the highest transmission settings, requiring a >99% 
reduction in transmission intensity to achieve elimination. In addition, there are multiple 
Plasmodium species capable of causing human disease, and multiple competent vector species even 
outside the Anopheles gambiae complex. Nevertheless, even if malaria elimination (and eventual 
eradication) remains a more distant goal, the vector tools currently under development offer the 
promise of delivering order-of-magnitude reductions in transmission and disease. 
 
While elimination may be the long-term goal of control programmes, disease reduction must remain 
the priority in the short- to medium-term. In this context, a wider range of current and near-to-
market interventions are relevant – both vector control measures and vaccines. One of the greatest 
challenges will be making optimal use of limited resources (especially in low-income settings) to 
deliver the greatest public health impact. Rigorous epidemiological analysis and mathematical 
modelling will be key to ensuring such optimal deployment – in extrapolating from clinical trial data 
to predict population impact of each intervention in a wider range of settings and in combination 
with other control measures. Rigorous monitoring and evaluation is also essential to evaluate the 
real-world effectiveness of interventions. The epidemiology, vector ecology and transmission 
intensity of both arboviruses and malaria is highly geographically variable, requiring intervention 
policies to be tailored to the local environment. Modelling has been pivotal in facilitating the 
characterisation of this heterogeneity4,45.  
 
There is unlikely to be a single ‘silver bullet’ intervention sufficient to control either class of 
infections, so policy formulation will require setting-specific selection of interventions from the 
overall portfolio of available tools which have good evidence supporting their effectiveness. Such 
optimisation should account for the potential synergistic benefits of combining interventions with 
different mechanisms of action (e.g. vector control and vaccines). Intervention effectiveness is only 
one of the criteria relevant to making that selection – cost, ease of delivery and public acceptability 
(and thus achievable coverage) are equally important. Such optimisation is now possible via 
integrated disease transmission and health economic models43,73, though reliable surveillance and 
intervention effectiveness data is essential to calibrate such models. Last, data analytics (spanning 
dynamical modelling, statistical analysis and machine learning) will become increasingly critical to 
cope with the ever-growing volumes of surveillance, genomic, remote sensing and other (e.g. mobile 
phone100) data becoming available – to synthesise multiple data streams and derive actionable 
insights to inform public health policy-making. 
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Figure Legends 
 
Figure 1. Mortality trends 2000-2016 for malaria and dengue. WHO estimates shown for malaria, 
combining estimates from the 2015 and 2017 World Malaria Reports3,7; other estimates1,8 are 
substantially higher but show the same overall trends. In the absence of WHO estimates, dengue 
mortality estimates from the 2016 Global Burden of Disease study are shown8. Note that malaria 
deaths in Africa are shown on the left axis, dengue deaths and malaria deaths outside Africa on the 
right.  
 
 
Figure 2. Comparative effect of vector controls on incidence of clinical malaria and hospitalised 
dengue in high transmission intensity settings. A. Published mathematical transmission dynamic 
models of each disease23,41 are used to show the long-term effect of varying (i) coverage levels of 
LLINs for malaria in a sub-Saharan African hyperendemic setting with an (assumed constant) 
entomological inoculation rate (EIR) in the absence of controls of 500 (R0 of approximately 700); (ii) 
the proportion of dengue exposure blocked by a hypothetical dengue vector control measure (100% 
coverage assumed) in a setting where seroprevalence in 9-year olds is 80% on average prior to the 
introduction of controls (R0 of approximately 4). B. The temporal impact of controls on annual 
disease incidence. Controls are introduced in year 20 (50% LLIN coverage assumed for malaria, 50% 
effective controls for dengue). Inter-annual climate variation is not included in either model, so 
malaria incidence is constant over time prior to interventions. Dengue incidence varies markedly 
year-to-year due to semi-chaotic serotype cycling. 
 
 
Figure 3. Action of Wolbachia and Y-linked ‘X-shredder’ homing-endonuclease gene (HEG) based 
gene drive control measures. A. Wolbachia-infected mosquitoes are refractory to arboviruses and 
are able to invade wild-type populations due to cytoplasmic incompatibility, which leads to crosses 
between wild-type females and Wolbachia infected males being non-viable. B. Y-linked X-shredder 
HEG carrying male-mosquitoes bias the sex ratio, since a high proportion (here shown as all) of 
progeny in their crosses with wild-type females are male and inherit the HEG. C. Illustrative invasion 
dynamics (releases occurring at day 50). Wolbachia exhibits frequency dependent invasion 
dynamics, with a threshold frequency determined by fitness costs of infection (here assumed to be 
30%). Hence invasion can occur when the release size equals 50% of the resident wild-type 
population, but not at 20%. Y-linked X-shredder HEG carrying mosquitoes can invade at any 
frequency (here assumed to be 5% of resident population size) and cause the adult mosquito 
population to crash.  
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