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Executive Summary

Vector control has become a complex task, given the number of alternatives available
for the control of the various stages of mosquito populations, the diversity of available
tools, and the range of intended objectives of the various strategies. Although all these
strategies contribute to vector control, it has not been particularly easy to assess their
impact on the burden of the disease. Experience has shown that there is no “magic
bullet” or panacea that will provide a solution that is effective, lasting, economical, easy
to implement, and sustainable over time.

When deciding whether to adopt new tools for the control of Aedes-transmitted infections
(including vaccines), it is essential to have a guide for assessing the capacity of local
programs for their introduction, implementation, scale-up, monitoring, and impact
assessment. This guide reviews the broad range of available interventions, provides the
scientific and technical elements needed to understand the potential, the advantages,
and the limitations of the various technologies, as well as their possible overall effects. It
also explains the relevant operational requirements for introducing any new technologies
in vector control programs in the Region.

Several technological innovations have demonstrated success in controlling agricultural
pests, and there are good (theoretical) prospects for their successful application in the
public health field. They may also offer new opportunities for improving the performance
of control programs. However, they also pose technical and operational challenges that
must be considered before incorporating them in the inventory of control tools.!

Of particular note in the array of new technologies is the use of genetically modified
mosquitoes (GMM) and mosquitoes biologically modified with Wolbachia (BMW) to control
populations of mosquito disease vectors, whether by: (1) suppressing wild populations
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with lethal genes that limit reproduction or reduce the survival of the mosquitoes, or
(2) replacing populations with mosquitoes resistant to viral infections (low vector
competence).

In general, innovations that involve vector modification are based on two strategies
that can be categorized according to the outcome obtained (population elimination or
replacement) or implantation dynamics (self-sustaining or self-limiting). Implicit in each
are numerous conditions for ensuring coverage, dispersal, mosquito volume and release
frequency, monitoring needs, costs, etc. (Table 1).

The objective is to sustainably eliminate mass reproduction of mosquitoes or to reduce
the mosquitoes’ potential to transmit infections of public health importance. The effects
of technological innovations on reproductive capacity, survival of the infected vector, and
interference in vector competence or vectorial capacity have demonstrated that these
tools hold promise in the field of public health. Nevertheless, it would be premature to
suggest that they have the potential to eliminate dengue and other arboviral diseases
transmitted by Aedes aegypti, as there is no practical evidence of the feasibility of their
scale-up and their efficacy at the operating levels at which it is wished to apply them.?

Table 1. Innovations in genetic modification of mosquitoes and biological modification
with Wolbachia

Implantation dynamic

Result of the intervention

Sterilization (SIT) Lethal genes
Population suppression Self-limiting genes (RISL) Wolbachia (cytoplasmic
Female-killing mosquitoes incompatibility)
Population replacement or RNA transgenes (interfereﬂ/gébvcx’/?thﬁnfection)
substitution Transposons Reduction of vector
(interference with infection) (mobile genetic elements)
competence

Because practical use of such innovations is still limited, they would have to be
phased in gradually to allow sufficient time to prepare the personnel responsible and
the target communities, monitor production and introduction processes, assess their
possible repercussions, and identify any problems for implementation and scale-up. The
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evaluation of innovations should include parameters of efficacy and impact that have not
been included or evaluated correctly in the assessments of other types of interventions.
In addition, vector control programs that incorporate these new technologies will need to
make significant adjustments in their structure, organization, focus, and approach to be
able to deploy them effectively.

Considerations for the introduction of technological innovations (biological and genetic) for
Aedes aegypti control

The innovations described here are being applied in the field and, although evidence of
epidemiological impact does not exist for all of them, steps should be taken to present, as
soon as possible, any findings with regard to their impact on the burden of disease.

When these innovations are introduced, they should not be seen as innovations that will
replace existing interventions, but rather as a complement to regional control programs, as
there are strengths and weaknesses that will need to be addressed for adequate large-scale
application.

Tables 2 and 3 list the basic requirements that local control programs need to meet in
order to incorporate these innovations into their control interventions.

The introduction of modified mosquitoes entails a linear process of preparation, release,
dissemination of populations of genetically or biologically modified mosquitoes, and the
replacement of wild populations with infected or modified populations. However, in each
of these stages there are situations that, even when well-controlled, should be rigorously
monitored and evaluated to ensure the continuity of the stages and the ultimate success
of the interventions (Table 4).
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Table 2. Requirements for the adoption of technological innovations

Suppression | Replacement
strategies strategies
(reduce (block
vector) transmission)

Infrastructure and programmatic requirements

History of the use of similar technologies for control of agricultural pests . .
(insect sterilization and others) Desirable Optional
Regulatory and legislative framework for the use of biotechnologies in
the health field: Essential Essential
+ Environmental Essential Essential
- Biosafety Essential Essential
+ Bioethics
Protocols for mass production of modified mosquitoes Essential Essential
Portfolio (dossier) of evidence on safety, quality, and efficacy of the product Essential Essential
PAHO recommendation through the Regional Program for Public Health
Entomology and Vector Control Optional Optional
Vector Control Advisory Group (VCAG)
Collaboration agreements with ministries of health (national or federal, Essential Essential
provincial or state, and municipal), as appropriate to the country (national) (national)
Implementation plan : :
- Guaranteed sources of funding I%ZZ?rr;tt])?é EZ??EE)?;
+ Long-term funding plan X X
« Input logistics (production, distribution, release, monitoring, and evaluation) Essential Essential
Physical infrastructure for production of GMM/BMW Desirable Desirable
« Insectarium Essential Desirable
« Laboratory (entomological) Optional Essential
« Material resources for entomological monitoring Essential Essential
« Trained technical personnel associated with the vector control program Essential Essential
I(Vlalég]odrlsrce]spehaﬁi% scientific support group for vector control personnel Desirable Desirable
Sgttjoinr;%lgcgtlcce;]lasnuggse)lllance system (ability to monitor spatial, temporal, Essential Desirable
Epidemiological surveillance system (ability to monitor spatial, temporal,
and impact changes, including diagnostic capacity: serology, PCR, Desirable Essential
isolation)
Baseline situation assessment (entomological and epidemiological) in the . .
area where the innovations will be implemented Desirable Essential
iSr:quacéltJ;ﬁgsiggésﬁess-ra]S]ng and communication campaign (expected Essential Essential
« Decision-makers EE ki
« Technical personnel Yes Desirable
+ NGOs (environmental, civil society groups) . :

L : Desirable Desirable
- Communications media Ves Ves
+ Communities (formal and informal community groups)
Community participation agreements with communities involved . .
(informed consent), as appropriate to the country Essential Essential
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g Suppression | Replacement
Implementation strategies strategies
Comnjum_ty engagement and participation in the design, Desirable Desirable
organization, and monitoring of the innovations (local groups)
Definition of criteria for selection of the areas of intervention . .
) : : . Essential Essential
(entomological and epidemiological)
Integration with local vector control programs Essential Essential
Cr1ter1§ established for coverage, frequency, and volume of Fssential Essential
mosquitoes released
Entomological surveillance (frequency, coverage, level of detail) Essential Optional
Case surveillance (confirmed, hospitalized) Desirable Essential
Serological/virological surveillance, PCR, and serotypes Desirable Essential
Virological and entomogical surveillance (PCR in females), . .
: . S . Optional Essential
molecular biology (genetic and biological fingerprint)
Traditional entomological surveillance: Fssential Fssential
« larval surveys : i
S Optional Optional
- oviposition . X
.+ pupae Optional Optional
.+ adults found in homes Desirable Desirable
Specialized entomological monitoring (range of flight, fecundity,
fertility, parity, survival, vector competence), in line with local Optional Desirable
capacities
Monitoring of performance and competitiveness (mosquito Fssential Fssential
fitness)
Measurement of entomological impact Essential Desirable
Measurement of epidemiological impact Essential Essential
Monitoring of spread of the innovation (establishment and . .
. Essential Essential
maintenance)
Communication of results to decision-makers, personnel, and . .
o Essential Essential
communities
Measurement of community acceptance and satisfaction Desirable Desirable
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Table 4. GMM and BMW introduction and evaluation processes

Replacement and ]
Release of GMM or BMW maintenance Evaluation

Stages Pre-release

HOICEO Experimental Dissemination Suppression or Impact on

and target and Introduction and replacement of wild | population and
WL IENT preparation establishment populations transmission
wild Population monitoring: typology of breeding | Invasion of species, Resistance to
populations sites, densities, seasonality migration replacement
Mass Maintenance of Reduction
Inqi;e(;tggd/ production/ frZElSS;(E Coverage and | vector competence of vector
opulations product andqvolumye sustainability | (fertility, survival, | competence and
pop monitoring dispersal) vectorial capacity

The use of all these tools involves the mass release of biologically or genetically modified
mosquitoes. Their effect on the vector population may be transitory (disappearing when
the release of transgenic insects ceases) or permanent (if the released mosquitoes replace
the target population). Mass production, which has been one of the most important
constraints, requires specialized facilities to ensure adequate production monitoring and
control in terms of the vector competence of the modified species.

These innovations cannot be regarded as panaceas, and their inclusion in control
programs must be assessed in the light of local capacities and the integrated use of other
control tools. In fact, like all available tools, GMM and BMW techniques should be used
as part of an integrated scheme of tools (synergy), with specific targets (eggs, larvae, and
adults) and stages to enhance their efficiency and maximize the individual and combined
effect of the various control interventions.

These technologies should not be viewed, either, as a means of protecting specific
individuals, houses, or neighborhoods, but rather as tools for protecting large areas such
as cities or high-risk areas. The scale of application and the rate of scale-up required to
cover such extensive areas is an open question, not only because of the magnitude of the
task but also because of the resources required to carry it out.

A central aspect of the incorporation of such technologies is that the countries affected by
dengue and other arboviral diseases do not currently have the necessary infrastructure,
trained personnel, or political (financial) support needed to implement a genetic or
biological control program, especially in the large urban areas that account for the
greatest burden of dengue, Zika, and chikungunya. The countries of the Region need to
invest in strengthening their vector control programs and human resources in order to be
better prepared to implement and evaluate the available technological innovations in the
short, medium, and long terms.



Objectives and Content

Thisguidefortheassessmentof new controltools—suchas genetically modified mosquitoes
(GMM) and mosquitoes modified biologically with Wolbachia (BMW)—describes the state
of the art of these technological innovations, the organizational mechanisms necessary
for introducing them, and the essential indicators for measuring their entomological and
epidemiological effect in the short, medium, and long terms.

In order to introduce new technologies for the control of Aedes aegypti, the basic
infrastructure to implement them in the field must be in place and there must be a plan for
measuring the strengths and weaknesses of local control programs for their introduction,
monitoring, impact assessment, scale-up, and sustainability.

The evaluation must include parameters of efficacy and impact that either have not been
included in the evaluation of other interventions or else have not been satisfactorily
evaluated. Furthermore, vector control programs that incorporate these new technologies
will have to make significant adjustments in their structure, organization, and approach
to be able to implement and evaluate them effectively.

The content of this document is based on four premises that serve as guiding principles
for the introduction of new vector control technologies. They presuppose that local vector
control programs:

+  have evidence for determining that tools are effective;
-+ intend to introduce technological innovations as complementary tools;
possess the capacity to put the tools into practice and evaluate them;

« have the elements required to decide when and where to introduce or scale-up
interventions.
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The document is organized from a comprehensive perspective. In other words, it is not
designed to measure, exclusively and independently, mechanisms for the introduction,
implementation, and assessment of new technologies; rather, it makes use of prior
experiences in the assessment of various available tools in order to:

(1) describe the technical and operational challenges associated with their
implementation;

(2) generatetheevidence neededtoensuretheirefficacy, effectiveness, and sustainability;

(3) propose mechanisms for avoiding mistakes made in the past in the implementation
and evaluation of new tools;

(4) seek ways of strengthening the capacities of vector control programs to enable
adequate follow-up and make any adjustments needed to ensure the effective
application of control tools.

The document highlights the role that technological innovations may play in enhancing
A. aegypti control programs in the Region of the Americas and outlines the training and
strengthening needs of operational programs.



Introduction

The Region of the Americas has a long history of vector-borne disease control. The
evidence reveals the success of various programs in the past. The control of yellow fever
and malaria in Cuba and Panama under the direction of William Gorgas (1901-1910),
the elimination of Anopheles gambiae in Brazil (1940), the elimination of Aedes aegypti
between 1950 and 1960 led by Fred Soper under the auspices of PAHO, the elimination
of transmission of Chagas disease by Triatoma infestans in Brazil and Uruguay, and
the recent elimination of onchocerciasis from 11 of the 13 endemic foci in Colombia,
Ecuador, Mexico, and Guatemala (2013-2016) are recent examples of interventions that
have combined the use of insecticides, sanitary engineering, and effective vaccines or
medicines, supported by community participation and other control methods.

Many of these achievements could be reversed in the near future as a result of lack of
commitment on the part of governments, technical weaknesses of control programs,
shortages of properly trained human resources, low coverage of control activities,
insecticide resistance, and other determinants that are affecting the epidemiology of
vector-borne diseases at present. These challenges point up the need to improve the use
of current tools and to adopt technological innovations.

Infections transmitted by A. aegypti have become growing public health problem in
developing countries and a latent danger for developed countries, whether as a result of
imported cases or the risk of introduction as a result of the existence of potential vectors
in their territory. In recent decades there has been a significant rise in reports of dengue,?
chikungunya“, and Zika® virus infections and an increase in the transmission of yellow
fever and other arboviral diseases in urban areas.®’
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It is estimated that nearly half the world’s current population lives in areas at risk for
dengue. Transmission is occurring in more than 100 countries and between 300 and 500
million people are infected annually, 96 million of whom have clinical manifestations and
500,000 have severe cases, with around 25,000 deaths. The infection is endemic in the
Americas and in the Southeast Asia, Western Pacific, Africa, and Eastern Mediterranean
regions. In the last 50 years the incidence has increased thirtyfold, a trend that shows
no sign of abating. The epidemiological scenario reveals that the number of cases is
increasing, that outbreaks are larger and longer-lasting, and that the affected areas and
populations are continually expanding.®® Achieving the WHO goal of reducing mortality
by 50% and morbidity by 25%' by 2020 will be a challenge, given the lack of good
surveillance systems that can correctly quantify the burden of disease and the deficiencies
of vector control programs in the endemic countries.

The geographic spread of dengue from 1970 to date reveals the limited capacity of
control programs to effectively contain the disease’s spread. The recent introduction of
the chikungunya and Zika viruses and their rapid spread across the continent also shows
the limited response capacity of control programs and the limited effectiveness of the
strategies employed.

Among the problems identified are the following:

(1) lack of linkage between vector control and elimination programs and health services,
especially in the areas of epidemiological surveillance and patient care;

(2) reliance on the exclusive and intensive use of insecticides;

(3) lack of participation by all sectors involved in vector control (community, schools,
municipal authorities, public services, urban infrastructure, etc.);

(4) low coverage of at-risk areas, combined with low intensity or frequency of vector
control measures;

(5) application of the same measures to different risk situations;
(6) brief duration of the impact of interventions (limited effectiveness);

(7) mobility of the personnel hired (turnover and insufficiency of staff) and lack of training
of program technical staff;
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(8) lack of financing to modernize equipment and sustain the program (sustainability)
beyond critical risk situations;

(9) lack of political will on the part of governments that fail to appreciate the true
magnitude of the problem.**1?

A. aegypti control originated as an ambitious hemispheric campaign aimed at eliminating
the vector from the Region. It began as a “vertical” control program based on a specialized
organization that was separate from health services. The program’s technical approach
relied on the exclusive use of larvicides and insecticides. After many decades of applying
this approach, other approaches were gradually adopted that brought this rigid and
vertical structure into closer alignment with the views of affected populations (social
and community participation). These new approaches emphasized behavior change
and the promotion of domestic practices for the control of breeding sites. The focus on
shared social responsibility made it easier to develop a multisectoral, multidisciplinary,
participatory, social, and environmentally responsible program.!* However, the capacity
of local levels to maintain such a strategy continuously is limited, and steps are generally
taken to strengthen it only in epidemic situations.

Traditional control tools, social participation and communication—among others—have
taken time, have been applied partially or insufficiently, and have not been implemented
in a timely, continuous, or sustainable manner, nor have they been well evaluated. The
fact that they have been deemed to be of limited effectiveness therefore has more to do
with the way they have been implemented or evaluated than with their demonstrated
effectiveness in certain contexts. New technologies, in addition to demonstrating
their effectiveness, should be incorporated into an integrated vector management
(IVM) approach** in order to improve strategies and help to solve the operational and
organizational challenges common to all traditional interventions.!
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Control

The available interventions can be classified according to the vector stage they target (egg,
larva, pupa, or adult), the type of control or options (physical-mechanical, environmental,
biological, chemical, behavioral, genetic, etc.), the means of application (air, land, spatial,
focal, or targeted), and the user (responsible party) or level of application (individual,
family, household, neighborhood, community, municipality).

The availability of a broad range of water containers in urban environments has given rise
to an extensive range of tools designed to prevent them from becoming mosquito breeding
sites: from specific measures, such as physical manipulation (covering, turning over, or
washing out containers or eliminating breeding sites), biological interventions (use of fish,
copepods, bacteria, etc.), or application of chemical larvicides, to more comprehensive
measures, such as educational strategies (promotion of good practices, behavioral change)
and environmental modifications (clean-up campaigns, basic sanitary engineering).

Insecticides have been the tool of choice for interventions targeting adult mosquitoes,
although the ability of field professionals to apply them in accordance with technical
requirements has been limited. Nevertheless, there are other tools designed to interfere
with oviposition (traps), prevent the emergence of adults (polystyrene, covers, or nets
over containers), prevent mosquito contact with humans (repellents, nets, and curtains),
and limit mosquito survival (insecticides). All have benefited from and been strengthened
by community participation and social mobilization (Figure 1).

Innovations in biological and genetic modification of mosquito vectors

Genetic modification of insects has been well received in the agricultural sector owing to
its impact on the control of pests that affect crops. In contrast with the intensive use of
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insecticides, the lack of apparent ecological impact, specificity, and absence of resistance
(unconfirmed) make genetically modified insects promising candidates for vector control.
Nevertheless, their use in the field of human health has generated some concerns among
the scientific community and raised doubts in the area of public health and in vector
control programs. A very effective communication strategy will therefore be needed in
order to publicize the evidence, benefits, and inherent risks and prevent rejection in
target communities.

The objective is to sustainably eliminate the mass reproduction of mosquitoes or, at
least, to curb their potential to transmit infections of public health importance, the aim
being to limit the use of control interventions that are operationally complicated to apply
extensively, frequently, and in a timely manner and that require excessive budgets, as
they must be continually repeated (in other words, they are not sustainable). This does
not, however, mean that technological innovations are more economical.

Figure 1. Interventions targeting different Aedes aegypti stages

w ® N [ EXISTINGS METHODS

Inmature control Adults Control

Major categories Major categories
Container cleaning (bleach/wash/dump) ¢ Space spraying
Container maipulation (treated covers/polystyrene beads) e Indoor residual spraying
Container treatment * Personal protection

Social campaigns (education, source reduction)
Environmental Management

e o o o o o

'— Space spraying: Truck ULV, Low-flying aircraft, hand-held portables, perifocal Ireatmem—{

Legislation
'7 Container treatment —| I—Personal protection —|
Insecticides:  DEET Indoor
¢ Temephos * Diflubenzuron, * Picaridin residual
e Novaluron e Bti * Bed nets spraying
* Consumer
'— Bleach —| © BieliisEs }— Methoprene —| products
Biological: ¢ Pyriproxifeno

ﬂ Larvivorous fish —————— }/ Jy ;y /ﬁ\ Jy—Ly
A R AYR

EGGS ———F— 1a 2
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RIDL y fSRIDL Toxlc sugar
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'7 NEW ENTOMOPATHOGENIC FUNGI I } MOLECULAR INSECTICIDES, MEDEA/HEGs, NEW INSECTICIDES —|

METHODS UNDER DEVELOPMENT

LARVAL INSTARS

From Achee NL, Gould F, Perkins TA, Reiner RC Jr, Morrison AC, Ritchie SA, et al. A critical assessment of vector control for
dengue prevention. PLoS Negl Trop Dis 2015; 9 (5): e0003655. Reprinted with permission.
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Biological and genetic vector control techniques have several features in common, which
also distinguish them from traditional measures, including the following:

(1) dependence on vertical (maternal) transmission of heritable elements (resistance
genes and Wolbachia);

(2) species specificity;
(3) environmental friendliness;

(4) active development in the treated population (through active mate-seeking by
females);

(5) noninvasiveness of domestic spaces;
(6) large-scale applicability (essential).

A challenge common to both innovative control methods and traditional measures is to
achieve the coverage needed to ensure that they are effective and sustainable.

In general, vector modification innovations are based on two strategies, which can be
categorized according to the outcome obtained (population elimination or replacement)
or the implantation dynamics (self-sustainable or self-limiting). Implicit in each are many
conditions and risks for ensuring their effectiveness; for example, the requirements for a
self-limiting strategy will be quite different from those for a self-sustaining (permanent)
strategy in terms of coverage, dispersal, volume of mosquitoes and frequency of release,
monitoring needs, costs, etc. (Table 5).

Table 5. Innovations in genetic modification of mosquitoes (GMM) and biological
modification with Wolbachia (BMW)

Implantation dynamic

Result of the intervention

Sterilization (SIT) Lethal genes
Population suppression Self-limiting genes (RISL)* Wolbachia
Female-killing mosquitoes (cytoplasmic incompatibility)
Population replacement or RNA transgenes (interfere|/|r1/(c)<[ebvcxl/§thhlcilnfection)
substitution Transposons Reduction of vector
(interference with infection) (mobile genetic elements) competence

*Previously known as RIDL
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Population suppression: The aim of population suppression strategies is to act on the
demographics of the vector population in order to reduce it to a minimum and thus prevent
the maintenance of transmission or to entirely eliminate the population from the environment
in which the intervention is carried out. Such strategies reduce or eliminate populations by
sterilizing males (using radiation); by inducing anomalies that reduce the viability of eggs,
the survival of larvae and adults, or the reproductive capacity of populations, as a result of
cytoplasmic incompatibility (CI) caused by Wolbachia bacteria; or by introducing dominant
lethal genes that feminize males, reduce fertility, or kill females in early stages.

Population substitution or replacement: This strategy aims to replace vector populations
with modified populations that are resistant to the viral infection. One of the most innovative
mechanisms is Wolbachia transinfection. Other mechanisms involve the introduction
of transgenes that indirectly reduce vector competence by altering vector survival,
physiological functions (flight, feeding), or susceptibility to infection (interference).

Self-limiting strategies: These strategies call for the repeated release of large numbers of
mosquitoes (inundative release) in order to maintain the gene flow in the treated population.
They are reversible when releases cease.

Self-sustaining strategies: These strategies called for repeated release of modified mosquito
populations in sufficient quantities to allow them to establish themselves as the dominant
population (replacement). They are intended to persist in the population, which could give
rise to unforeseen risks.

Control interventions for suppression of vector populations

The new technologies make use of recent progress with regard to the physiology and
molecular biology of the insects in order to modify them genetically (GMM), which involves
the insertion of genes in the mosquito genome or the transfer of Wolbachia infection,
either in order to eliminate vector populations (which do not hatch, die prematurely, kill
only females, or are rendered unsustainable) or in order to induce resistance to pathogen
infection (by inhibiting viral replication and thereby shortening survival) in the Wolbachia-
infected or genetically modified mosquitoes® (Table 6).

Sterile insect technique (SIT)

Sterile insect technique (SIT) encompasses all innovative methods that reduce the
reproductive capacity of vectors.’*'” Although the term suggests that there are no
progeny (sterility by radiation), these insects are in fact capable of mating, but their
offspring are not viable.
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Radiation: ITrradiation of male mosquitoes induces dominant gene mutations that are
lethal for the offspring of the females with which they mate (the eggs die after being
fertilized).® The limitations of radiation sterilization of males include potential negative
effects on their mating performance (weakness), reduced flight capacity (dispersal) in
comparison with wild mosquitoes, the operational need to separate females from males
before releasing them, and the need to release enormous numbers of sterile males in

order to compete with wild species (Table 6).1%%°

Table 6. Innovations in genetic and biological control of vectors, by type, target

population, and outcome

Target population

Expected outcome

Type of modification
Females

Irradiation

Modified males

Sterile males

Wild females

Sterile mosquitoes

()

Non-viable eggs

Self-limiting gene (RISL) (previously known as “RIDL”: release of insects carrying a dominant lethal gene)

Female-specific

Dominant gene

Dominant gene Females unable to fly

RNAi genes

RNAi carrier

promoter (FSRISL) inserted (+) carrier
Early-acting lethality 8 Larvae do not develop
Lethal gene (+)
Stage-specific acti ;
Late actl(nS lethality ) Larvae do not become pupae

Resistant to infection

RNAi carrier (DENV2)

Wolbachia: Interventions not involving genetic modification

Wolbachia carrier ¢ Embryonic-stage death, absence of offspring
_ . Wolbachia (+) of (reduces egg hatch rate) or reduction of
Cytoplasmic Wolbachia (+) and (-) different sgra)in survival (vectorial capacity)
incompatibility (CI)
Wolbachia carrier I (+).Of the Viable offspring
same strain

Reduction of survival

)

Wolbachia carrier

Reduced adult survival, diminished vectorial

(eggs) capacity
Inhibition of Wolbachia carrier Reduced vector
viral replication ) (eggs) competence
(interference) &8 "

Adapted from: Elizabeth A. McGraw, Scott L. O’Neill. Beyond insecticides: new thinking on an ancient problem. Nature Reviews,
Microbiology 2013; 11 (3): 181-193.
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Genetic modification of vectors

DNA recombination

This type of reengineering introduces dominant lethal mutations in the genome of the
mosquitoes that render their offspring non-viable. Other strategies consist in releasing
insects carrying a dominant gene that is lethal for females—i.e., it produces conditional
sterility or selective lethality. The released males transmit this gene to the offspring of wild
females, killing the female offspring and thus reducing the population in a manner similar
to SIT. This effect is sex-specific, as only females die; hence, the insects are referred to as
“female killers.”?* Another technique is based on the insertion of endonuclease genes or
homing endonuclease genes (HEG) which confer resistance to infection, fertility genes, or
sex-determining genes, but these strategies are still under development? (Table 6).

The most advanced transgenetic strategy—now known as RISL (release of insects
carrying a self-limiting gene) and previously known as RIDL (release of insects carrying a
dominant lethal gene)—is the production of mosquitoes with a self-limiting gene in their
genome that interrupts the development of vectors (early or late-stage lethality) and
prevents them from reaching adulthood. These strategies make it possible to choose
the stage of development to be affected.?? The purpose of its application in control
programs would be to destroy wild populations through the release of male mosquitoes
carrying the lethal gene.?**

In cohorts of RISL-transgenic A. aegypti, the products can be lethal only for females.?® The
expression of the gene specifically affects their wing muscles, rendering the offspring of
the females incapable of flying (they do not survive), and therefore reduces the production
of wild mosquitoes. If the release of female-specific RISL (FsRISL) males continues, it can
succeed in eliminating the population within 10 to 20 weeks.?*?3?° However, some field
tests with FSRISL males have found that they exhibit less competitive mating behavior
than wild males, which could lead to low population suppression rates (Table 6).

Studies to test the OX513A RIDL (self-limiting RISL gene) technique in A. aegypti
have demonstrated that the modified males were less competitive than wild males.*
Another experimental trial in Malaysia®! found that the lifespan of modified mosquitoes
was comparable to that of wild species, but their range of dispersal was smaller. The
suppression of A. aegypti populations in the Cayman Islands reached 80% (2010), while
in three locations in Brazil (2010) sustained release over a period of a year resulted in
95% suppression®? (Table 7).
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Population suppression strategies using Wolbachia-infected mosquitoes

The introduction of Wolbachia pipientis was described for the first time in the 1920s, and
its potential to controlinsect pests has been known for 50 years. Bacteria of the Wolbachia
genus have various properties that enable them to serve as a powerful biological dengue
control intervention:

(1) they enhance the reproductive performance of infected females, which facilitates
their spread;

(2) they are compatible with many hosts and can infect genetically distant species;

(3) they produce a wide range of effects (elimination of populations, reduction of survival,
interference with virus transmission) that, if well managed, could improve the control
of transmission and reduce the disease burden.*

Wolbachia bacteria are widely distributed in natural populations of insects and are
capable of infecting between 40% and 76% of species; however, natural infection does
not occur in the principal vector of dengue (A. aegypti), although it does occur in A.
albopictus. It was not until 2005 that A. aegypti was successfully transinfected with
Wolbachia from A. albopictus.

The Wolbachia genus comprises four clades (A, B, C, and D), but only two infect insect
vectors (A and B). Infections with strains of clades A and B (wAlbA and wAlbB) have
been found in A. albopictus, while the wMel strain is found in Drosophila populations
worldwide. The transfer of Wolbachia infection from more distant species (Drosophila) to
A. aegypti made it possible to reduce the vector’s survival, limiting its ability to transmit
dengue virus infection® (Table 7).

Wolbachia infection induces a set of reproductive disruptions in the host that are
strengthened by maternal (vertical) transmission and are expressed in various ways:
inducing early death of embryos or of eggs that fail to hatch; causing the feminization
of males (male genotype with female phenotype);*®> modifying the sperm of the male
to suppress fecundity and egg viability; causing the elimination or death of males
(infected males die and females are infected);*® inducing parthenogenesis in females
(reproduction in females without sperm); and producing cytoplasmic incompatibility
(CI) when infected males mate with uninfected females, resulting in non-viable eggs
that fail to hatch and die.*’
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Wolbachia also has effects on oogenesis (generation of eggs), feeding, and the development
(survival) of infected vectors, in addition to its most important effect, which is interference in
infection by various pathogens.?®3° The diversity of effects is due to the fact that Wolbachia
infection can be established in various tissues, including those of the brain, thorax, salivary
glands, muscles, abdomen, fatty tissue, reproductive system, and Malpighian tubules.
The density of the infection depends on the strain of Wolbachia, and its strategic location
in the tissues of the digestive system (salivary glands and midguts) can affect the vector
competence of the infected species (Table 7).40414243

Cytoplasmic incompatibility

Cytoplasmic incompatibility (CI) causes incompatibility between eggs and sperm of the
same species, which leads to the death of the progeny during the embryonic stage. The
different strains and variants of Wolbachia have different capacities for inducing CI.
There are two types of CI: on the one hand, incompatibility between sperm infected with
Wolbachia and the egg of an uninfected female, which renders her eggs inviable. On the
other hand, when infected sperm fertilizes an infected egg, the offspring are viable and
the infection is transmitted transovarially, which results in greater reproductive success
and faster spread. There is believed to be a bacterial infection threshold, but it may vary
in different bacterium-host combinations: it may be complete (all offspring die), as is
presumed to occur in mosquitoes, or partial, as in Drosophila (Tables 6 and 7).4

An essential condition for the success of Wolbachia infection is that the released male
mosquitoes are competitive enough to prevail over wild males. Studies in A. aegypti have
found that infection with wMel and wMelPop strains of Wolbachia does not reduce the
competitiveness of males bred in an insectarium, but negative effects could appear if
the strain of mosquitoes released is better adapted to the breeding conditions in the
insectarium than to those in the place of release (natural conditions).

Replacement interventions to promote resistance to viral infection

Exogenous gene expression and endogenous gene modification

Genetic techniques are designed to induce the expression of exogenous genes or modify
endogenous genes (transgenesis) in order to increase the immune response of the vector
or replace wild populations with mosquitoes carrying a gene that makes them resistant to
pathogen infection (interference).”

The early strategies used mobile genetic elements (transposons) and the transforming
genes were introduced into the genome of the mosquito.***” An important limitation of
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transgenesis strategies using viral genes is that effective control interventions must inhibit
all serotypes. Furthermore, once introduced, the transferred gene must be maintained in the
treated wild population.*® For experimental purposes, infection-refractory mosquitoes have
also been engineered by inserting into them a transgene that modifies the physiology of
the infected tissues (salivary glands, hemolymph, digestive tract, thoracic musculature, or
Malpighian tubules), thereby inhibiting or limiting reproduction of the virus in the vectors.“°

Wolbachia-mediated resistance to viral infection

Wolbachia infection in A. aegypti can block the development of RNA viruses such as the
dengue (DENV),** chikungunya (CHIKV),?®3 Zika (ZIKV), yellow fever (YFV)*?, and West
Nile (WNV)* viruses. There is disagreement regarding the mechanism of action of the
bacterial infection, since the immunity genes induced by Wolbachia in the insect are
not the same as those induced by the viral infection. The physiological mechanisms that
interfere with pathogen infection in the presence of Wolbachia are unclear, although they
have been shown to be related to activation of the immune system of the infected vector,
with greater melanization of the hemolymph, which is responsible for encapsulating
foreign bodies, and with cell competition for the resources necessary to perform various
functions (fatty acids).>

The effect of Wolbachia on mosquito survival and viral interference is variable.” The
wMelPop strain has adetrimental effect on larval development but a good antiviral effect. The
wMel strain, on the other hand, has less effect on mosquito fitness but also shows less viral
interference. Thereis an apparent correlation between the density of the Wolbachia infection
and resistance to viral infection, which means that, in order to block virus transmission, the
Wolbachia infection must reach high densities in the population.®® Experimental infections
with wMel and wMelPop differ in density and distribution in the infected tissues: wMelPoP
shows higher densities and greater inhibition of DENV infection.>” The Wolbachia infection
density required to block viral infection can also have effects on the fitness of the insect,
preventing it from spreading after being introduced into a population.”® These possible
limitations seem not to have occurred in the interventions carried out to date. In studies
with wMel in Australia, it was found that the reduction of experimental infection in the
tissues of mosquitoes collected in the field was similar to that in mosquitoes observed in the
laboratory and that it persisted for nearly two years in the infected populations.*

The induction of resistance to viral diseases as a result of infection with various strains of
Wolbachia transferred from Drosophila to Aedes reduces survival or suppresses RNA virus
infection.®®®* Wolbachia have also been transferred from A. albopictus to A. aegypti, which
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eliminates viral replication by other mechanisms.®? To date, all the strains introduced in
A. aegypti have shown complete or near-complete interference, and transinfection of A.
aegypti has been shown to interfere more with the pathogen than natural infections in A.
albopictus .55

The effects of Wolbachia on the competitiveness of released mosquitoes can reduce the
effectiveness of interventions when the period of development is longer or adult size is
smaller as a result of environmental changes such as temperature fluctuations.®> The high
densities required coupled with long periods of drought can increase costs and raise the
threshold of infection needed to achieve the invasion of wMelPop in a wild population.
The wMelPop strain spreads more readily under conditions of rapid larval development
and at low densities. It is therefore important to assess breeding site characteristics and
mosquito population dynamics®® (Table 7).

Considerations for the introduction of biological and genetic innovations for
Aedes aegypti control

Several technological innovations (GMM and BMW) have been proposed for the control
of populations of mosquitoes that are disease vectors, such as turning them into carriers
of genes that will:

(1) eliminate wild populations with lethal genes;
(2) reduce mosquito survival;
(3) replace populations with mosquitoes resistant to viral diseases.

The approach proposed for introducing these innovations appears to be a simple linear
process of preparation, release, dispersal, and replacement of wild populations with
modified populations. However, it is important to note that in each of these stages there
are processes that, even when they are well managed, must be rigorously monitored and
evaluated in order to ensure the continuity of the stages and the ultimate success of the
intervention. Depending on the strategy (suppression or replacement), the monitoring
and evaluation requirements will need to be tailored to the characteristics of the product
(GMM or BMW) (Table 8).
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Table 8. Stages of introduction and evaluation of GMM and BMW

Processes
and target

population

Wild

Experimental
and preparation

Introduction

Stages Prerelease Release of GMM or BMW

Spread and
establishment

Replacement and
maintenance

Suppression or
replacement of wild
populations

Evaluation

Impacts on
population and
transmission

Population monitoring: typology of breeding sites,

Species invasion,

Resistance to

populations densities, seasonality migration replacement
. Reduction
Mass Maintenance of
Inrlf:dcitf?gd/ production/ aanr?/%llJErmceyof Coverage and | vector competence Coon]:\éiié?]rce
; product sustainability | (fecundity, survival, :
populations monitoring release dispersal) angaxgzcctict);al

Adapted from: Ritchie S. Rear and release: a new paradigm for dengue control. Austral Entomology 2014; 53 (4): 363 367.

Stage 1: Prerelease: experimental and preparation

Ingeneral, thisstage hasbeenwelldocumented and thereis sufficientevidencetointroduce
these innovations in the field and test their effectiveness in mass release interventions.®
Mechanisms for ensuring the generation of strain lines selected as potentially useful
already exist, as do proven mechanisms for transinfection of mosquitoes and evidence on
their invasive potential. It is essential to systematize all the evidence on the performance
(fitness) of modified orinfected vectors, such as periods of development, fecundity, mating,
survival, dispersal, etc., as well as the evidence demonstrating pathogen interference in
the populations of introduced species.?3686°

Efficacy tests: Evidence for decision-making

[tis critical for the research industries and institutions that promote such interventions to
have compiled a dossier or portfolio detailing the methods and procedures for sustaining
the innovations, including the results of laboratory studies of biosafety and efficacy
under controlled conditions, descriptions of the potential effects and risks for both the
environment and health, and a plan for production and application, with strategies for
scale-up and evaluation. This plan should indicate the type of involvement and the level
of collaboration (technical, academic, political) expected from national authorities, the
necessary financing, and the agencies responsible for supporting the introduction of
such innovations. The process should be carried out transparently and with a clear plan
for accountability that seeks above all to provide evidence, identify benefits, point out
limitations, and propose solutions™ (Table 9).
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Table 9. Prerelease stage: activities and indicators

Experimental and

preparation. Processes
and activities

Entomological
surveillance

Process indicators by type of activity

Production of GMM/BMW

Epidemiological
surveillance

Tests of efficacy,
usefulness, and logistics
Situation assessment

Capacity for mass
production, input logistics
Product quality control

Entomological assessment,

monitoring of densities,
seasonality, typology, and
breeding site productivity

Control program Health services

Endemic channel by
location, probable cases,
confirmed cases, reported
cases, circulating serotypes
and viruses

Safety tests: laboratory

Infrastructure and staff
training, plan for risk
analysis, detection, and
management

Viral and entomological
surveillance

Infrastructure and
diagnostic capacity
(NS1, IgM, IgG, PCR,

isolation)

Tests of suitability,
consent, and acceptance

Legislation, regulation,
awareness-raising, and
ethical, cultural, and
social issues; stakeholder
persuasion. Communication

Perception of risk,
acceptance, or resistance
in the community

Perception of the risk of
disease.
Seroprevalence studies

strategy

Presence of the vector, conditions of the population,
morbidity and mortality, coexistence with control
programs, environmental conditions; mathematical
models

Selection of control site and
areas, design and duration
of the study, isolation

Feasibility tests:
receptivity conditions

Logistics tests: Mass production capacity

The process for initiating the release of mosquitoes (infected with Wolbachia or genetically
modified) begins with their large-scale production. To accomplish this, the receiving
countries must be in a position to finance the technique, introduce it, and adapt it for
mass production. In other words, they should have a manual of operating procedures,
with the necessary infrastructure and technology (insectariums, laboratories, and
“mosquito factories”) and the necessary equipment and trained personnel to produce and
release mosquitoes and to monitor and evaluate the impact of such interventions. Such
innovations require a team made up of a variety of specialists, including entomologists,
epidemiologists, social scientists, communications experts, molecular biologists,
mathematical modelers, and technical field personnel. All should be linked to local vector
control, epidemiological surveillance, and health care programs and to the receiving
communities (Table 9).

Input logistics: 1t is crucial to establish the capacity to produce large numbers of
mosquitoes and to have knowledge of the populations of wild species in order to estimate
the ratio of males to be released in relation to the wild males against which they will be
competing. This requires prior entomological work, including a situation assessment of
candidate areas.
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Usefulness tests: Quality control of the product

The dynamic nature of technological innovations means that there must be monitoring
mechanisms for continually assessing the maintenance of biological or genetic traits in the
modified species, as well as changes in populations of wild vectors. This will be increasingly
important as the scale of application increases, when greater production will be required
and release mechanisms will be diversified or intensify in frequency. The main concern
at this point is that the interventions are intended to bring about the modification of a
species at the population level, and it is therefore necessary to incorporate parameters
and indicators that will ensure that demographic changes go in the desired direction (see
“Evaluation: Measurement of Impact”). Nevertheless, it will be necessary to ensure that the
innovation is being monitored throughout the process (Table 9).

Safety tests: Plan for risk analysis, detection, and management

Notwithstanding the potential merits of these innovations, it is necessary to design a plan
for analysis and monitoring of risks and management of contingencies. The process of
designing the plan should start in the laboratory and go on to cover field trials, including
adverse environmental and ecological impacts. It should also take account of the position
and perceptions of the participating communities. The plan should include detection and
analysis of risks as perceived by users (control programs) and recipients (communities)
and should provide for their prevention or their management in the event that they do
occur; communication of the solutions adopted should also be included. In order to draw
up a plan, it will be necessary to identify the circumstances that could trigger a negative
effect, the level of exposure, the degree of uncertainty as to the potential effect, the
actions that should be taken in order to remedy the situation, and the mechanisms for
keeping risks within an acceptable level™ (Table 9).

Suitability tests: Legislation and regulatory mechanisms

At the outset, it should be established that any new strategies are included within an
integrated vector management approach and that they will act in synergy with traditional
interventions aimed at reducing breeding sites, larval densities, and adult populations.
However, while the regulatory processes for introduction, application logistics, evaluation
designs, and safety aspects have already been established and standardized for traditional
interventions, they will need to be adapted or redesigned for the innovations to be
introduced.” Although the majority of innovations are already ready to be tested in the field
(phase III), there are important considerations with regard to the regulation necessary” to
obtain approval for the introduction of these and future innovations (Table 9).
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Consent tests: Ethical, social, and cultural considerations

When this type of biotechnological innovation is introduced, there is a risk that it will
be assumed that there are ethical requirements only in the area of research (biological
product) and that social and cultural considerations are not so important, since human
beings are not the direct target of the intervention. However, the investigators involved
have ethical responsibilities with regard to both the process of application and evaluation
and the residents of the areas in which the innovations will be introduced.

Obtaining the informed consent of the people who will take part, directly or indirectly,
in the implementation of the innovations is a minimum requirement, that should be
broadened as needed in order to address the needs of the communities concerned. It is
also important to address certain social and cultural requirements of the populations with
respect to their perceptions, expectations, and needs, not only for information but also
for evidence and assurances that their health and that of their family members will not be
affected by the application, monitoring, and evaluation of the technological innovations.”

Although these aspects are included as central elements of the preparation phase, many of
these activities will have to be conducted throughout the trial, and they may become even
more important as the trial advances and the results begin to be registered (Table 9).

Acceptance testing: Raising awareness among stakeholders

A central element in the introduction of technological innovations for A. aegypti control
is to break with a long history of education and information campaigns and social
participation schemes that have promoted changes (effective or not) in individual and
community practices in order to eliminate, protect, or control the variety of vector
breeding sites found in the domestic and surrounding environment.

Convincing members of the community that it is a good idea to release mosquitoes to
do the “dirty work,” when they have already internalized the opposite view, requires
an extraordinary process of awareness-raising and communication to turn community
members into participants and partners. The information and awareness campaign
should explain the features of the innovations (strengths and weaknesses), the release
procedures (areas, dates, etc.), the potential risks and, especially, the activities in which
the community should intervene or participate (Table 9).

This awareness-raising campaign begins with informing and training the various actors
at the various levels (national or federal, state or provincial, municipal and local) and
the communicators responsible for reformulating the health promotion strategy and
the portfolio of educational messages to include the benefits of the new vector control
approach. This is a fundamental step, especially if the innovations are introduced as
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strategies intended to complement the activities of traditional vector control programs
(fumigation and elimination).

The population should also be given several opportunities to raise concerns and receive
responses, a basic step in avoiding the spread of rumors and incorrect information.

Viability tests: Site selection

In order to move from the controlled conditions of the laboratory to a natural environment,
whereitishopedtoachieve a performance similartothat achieved during the development
phase, it is necessary to identify the most suitable areas for assessing the benefits and
impact of the technological innovations, as well as detecting any potential operational
problems for release, monitoring, and the achievement of success.”

There aretwo general conditions for the introduction and evaluation of these innovations
in the field:

(1) receptivity conditions that make it possible to introduce and evaluate the strategies;

(2) epidemiological conditions that make it possible to measure the effect or impact of
the proposed interventions, be it suppression of vector populations (entomological)
or interference in infection or transmission (epidemiological).

These conditions are not exclusive; both are necessary for successful implementation of
the interventions and proper evaluation of their impact.

Receptivity conditions

+  Presence of the target vector population (A. aegypti) with little or no competition
from another vector species (A. albopictus). In the event that there is a secondary
vector, the evaluation design should take into account its existence and its role in
transmission;

- Existence of an official regulatory structure to support the introduction of new vector
control tools;

+  Political, financial, academic, and social commitment to carry out the field trials;

- Infrastructure: well-trained personnel, diagnostic laboratories, insectarium, inputs
for mass production and distribution, release, and monitoring;

+  Local research team with experience (entomologists, epidemiologists, sociologists,
communications experts, etc.): a critical mass of personnel who are committed to
collaborating in the evaluation;

+ Social and institutional approval to avoid resistance to the field trials;

+ Local safety conditions that will ensure that the research can be carried out.
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Epidemiological and entomological conditions

Presence of the vector: An assessment that is as up-to-date and accurate as possible is
needed to identify vector populations; oviposition sites; breeding site productivity; cryptic
and most productive breeding sites; egg, larval, pupal, and adult densities; seasonal
variations, etc. In short, it is necessary to have a surveillance and information system that
provides entomological information in a continuous and well-organized manner and that
makes it possible to monitor the most important entomological indices and variables.

The degree of detail necessary will depend on the type of intervention (suppression or
replacement). However, in either case it should be ensured, after a certain time, that
the species of interest is being identified and that wild species that have migrated from
surrounding areas are not being included when population suppression is measured, nor
are secondary vectors not affected by the intervention being considered when the impact
of the intervention on transmission is assessed.

Population conditions: It is necessary to study the human populations that are vulnerable
to the infection in terms of spatial distribution (urban or rural), population pyramid (age
structure and sex), and other demographic variables (density, education, marginalization,
mobility), and housing conditions (dwellings, sanitation, ecology, etc.). All these variables
influence the conditions necessary for the spread of the vector, although they will not be
modified by the intervention.

Presence of the disease: The ultimate aim of implementing the proposed technological
innovations is to reduce or eliminate the burden of disease, which means that the
interventions must be carried outinendemicand high-riskareasinordertobeabletoassess
their real impact. To determine impact on transmission (replacement of populations),
prior studies of seroprevalence will need to be conducted or a solid epidemiological
surveillance system will have to be in place so that the occurrence of cases in different
transmission situations (before, during, and after the period of transmission) can be
detected promptly. Assessing impact will be more complicated if Zika and chikungunya
coexist with dengue or may be introduced in the areas studied.

An essential condition for assessing impact on transmission is that the population in the
trial site must be very large (in terms of area occupied or density) in order to measure the
effect of the intervention on the disease. The relationship between population density
and transmission levels will be crucial for determining the type of trial, the sample size,
and the anticipated effect. The areas studied (intervention and control) must have high
transmission levels in order to measure impact. These elements will determine the level
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of coverage that the intervention should have and the number of modified mosquitoes
required to cover the area, compete with wild populations, survive over time, and
ultimately replace or eliminate the wild populations.

Duration of the intervention: Depending on the type of intervention (suppression
or replacement) and the level of implementation (self-limited or self-sustaining), a
timeframe can be established for the study. If the aim of the intervention is population
suppression, the following should be taken into account: the size of the area to be treated,
the time required for the modified species to be released and established, and the length
of time needed to measure the elimination of the wild population from the niche that the
modified species is intended to occupy. An important variable is the seasonality of wild
populations, since the findings of the evaluation can change significantly if eggs are not
taken into account—for example, eggs in diapause. In fact, this aspect is fundamental,
since suppression interventions will have greater impact if they are applied when densities
are low, whether for seasonal reasons or because of the effects of a control intervention.

In the case of anintervention intended to block the infection in the mosquito (replacement
orinterference), measurement of impact on transmission will require a design appropriate
to the type of intervention to be measured. This means, first, having a control site that
is similar (in terms of demographic, epidemiological, and ecological conditions) to the
treated site and, second, prior knowledge of immunity (seroprevalence), intensity of
transmission (seasonality), and the circulating serotypes that may be affected by the
innovation, whether GMM or BMW. It should be anticipated that the evaluation of this type
of introduction will span several transmission periods, not only to ensure sufficient cases,
but also to correctly assess the sustained impact without the findings being confounded
by transmission cycles associated with the natural immunity of the population.

Isolation: This geographical condition is desirable both for treated and control sites to
limit conditions that might confound or contaminate the desired effects. With small-scale
population suppression strategies, the impact of migration of wild species increases,
while in larger-scale studies this effect will be less noticeable. In the case of replacement
(interference) strategies, it is also necessary to take into account the mobility of the
human population, which may be affected (exposed) outside the study site. It may be
possible to protect the treated and control sites with buffer zones, where targeted vector
control is carried out to limit migration.

Coexistence with local control programs: Given the endemic nature of the trial sites, it
is to be expected that, in a situation of epidemiological alert, vector control measures
may mask the effects of both suppression and replacement interventions, since they



0 |

Evaluation of Innovative Strategies for Aedes aegypti Control:
Challenges for their Introduction and Impact Assessment

may alter the survival of the biologically or genetically modified species or affect local
transmission. Communities may already have been sensitized to control strategies,
and control programs cannot remain indifferent in the face of an epidemiological alarm
situation, a fact that should be clearly acknowledged before initiating the intervention
and that will have to be borne in mind in both treated and control areas.

Adverse environmental conditions: To the extent possible, the presence of natural
phenomena (hurricanes, floods, etc.) or migration processes that may alter the results
of the study should be considered when selecting the trial site, as should conditions that
may affect the safety of the research team (violence, kidnappings, etc.).

Mathematical modeling (tests of viability): In view of the paucity of available empirical
information, it will be essential to utilize mathematical models that describe scenarios
and predict the behavior of mosquito populations in response to population suppression
or replacement strategies and their linkage with quantifiable entomological and
epidemiological parameters.”

Stage 2: Release: Introduction, dispersal, and establishment

Introduction: Implementation and monitoring

The introduction of these innovations in the field will be a process defined by the site
selected (in terms of geographical and population size), the design of the evaluation, and
degree of isolation. The logical strategy for introduction is to employ a phased approach
of increasing scale (areas to be covered) to calculate (monitor) operational efforts and
input requirements, in addition to evaluating effects and requirements for greater scale-
up (Table 10).

Vector control prior to the intervention: The effect of any technological innovation will
be enhanced if it is introduced when mosquito population densities are lower, whether
because of seasonal effects or as a result of intensive and extensive spraying. This
operational advantage will also make it possible to release fewer modified or infected
males. It is recommended that releases be scheduled before any seasonal effect has
occurred or after a targeted control intervention.*>®
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Table 10. Introduction, dispersal, and establishment: Activities and indicators

Introduction

Production of GMM or
BMW

Entomological
surveillance

Process indicators by type of activity

Epidemiological
surveillance

Control intervention

Implementation

Monitoring

Spraying and control prior to the intervention

Coverage (where)

Size and scale-up

Seasonality (when)

Timeliness

Frequency (how many)

Mass release of
mosquitoes

Monitoring

Establishment and
continuity of GMM or
BMW

Entomological surveys,
tests of dispersal, mean
oviposition rate, hatch
rate, size, survival rate.
Viral infection in adults

Probable, confirmed,
reported cases,
outbreaks, circulating
serotypes

Ethical, cultural, and
social issues

Dispersal and

establishment

Range of dispersal

Participation indicators

Dispersal and longevity
(survival) / densities

Mosquito
competitiveness

Mating, fecundity,
interference

Reintroduction or
invasion of wild species

Spread or continuous

release. Establishment

and continuity of the
GMM or BMW

Perception of risk or
protection with new
species

Impact measurement

Entomological surveys,
tests of dispersal, mean
oviposition rate, hatch
rate, size, survival rate.
Viral infection in adults

Perception of risk of
disease

Probable, confirmed,
reported cases, serotypes

Number of clusters,
number of cases per
cluster, serotypes, and
circulating viruses

Seroconversion in
cohorts, studies of
mobility

Ethical, cultural, and
social issues

Participation indicators

Perception of risk or
protection with new
species

Perception of risk of
disease

Release process (how, where, when, and how many times)

Each of the strategies described will require a different number and frequency of release,
depending on the potential they offer for penetration of wild populations and on whether
they are self-limiting or self-sustaining. For example, strategies intended to change the
proportion of females to males, produce sterility, or affect survival will require fewer
releases than those that are designed to become established through reproduction of the
population, such as Wolbachia infection and strategies that promote immunity, produce
late lethality or affect some function (flight) or the metabolism of the insect.!
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To determine the number of mosquitoes that need to be released, it is essential to
estimate the size of the wild populations, a figure that cannot be derived from traditional
entomological indicators. The ratio of modified male mosquitoes to wild males can be
calculated on the basis of population density, area, dwellings, or number of wild males
and will also depend on the mode of release (fixed or random points of release).>*””
Nevertheless, the release of mosquitoes is a measure that may lead to resistance and lack
of acceptance in the community, since the presence of mosquito pests (even if they do not
bite) will be more noticeable.

Another important parameter is that the density of the Wolbachia infection or the gene
driver in the mosquito population must be very high or be well established after repeated
releases. To be effective the genetic modification or Wolbachia infection should ensure
rapid reproduction to eliminate or replace wild populations. In addition, the proportion
of females accidentally released should be low (under 2%) in order not to increase viral
transmission.

A balance can be struck between the density of the released mosquito population, the
time required for its establishment (fixation), and the timeframe for deeming the wild
population to have been suppressed or replaced. All these conditioning factors call for
knowledge of the population of wild species and biological parameters that are not
available to control programs.

Stage 3: Replacement and maintenance

Continuous monitoring of vector populations will make it possible to assess whether the
individuals introduced have become established and displaced the wild populations. In
suppression strategies, the expected time should initially be envisaged in months and
then prolonged to confirm that the wild populations have been displaced, that they have
not been reintroduced through migration or invasion from surrounding areas, and that
the dominant vector no longer exists. In replacement strategies, the situation is more
complicated because the mosquito populations do not disappear, but rather are replaced
by others that are not efficient vectors. The parameter for evaluation is not the presence
or absence of the vector but the capacity of the existing mosquitoes to transmit dengue,
chikungunya, and Zika.

This evaluation requires appropriate designs for measuring impact on transmission
that also include entomological parameters such as vector dispersal, individual
competitiveness in terms of mating, rates of Wolbachia infection or of genetic markers for
resistance to infection, invasion of wild strains, and recovery of populations (Table 11).
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The effects of interventions using GMM or BMW are not immediate, since displacement
and, especially, replacement by populations of modified mosquitoes can be achieved
only after several generations of wild mosquitoes (weeks or months). Maintaining the
population requires the ongoing release of adequate numbers of modified mosquitoes.
This calls for long-term financial commitments for the construction and maintenance of
production facilities and inputs and for administrative and operational personnel.

The administrative, operational, and financial planning stage should therefore take
account of the expected contribution of the intervention in relation to the resources
needed to maintain the other interventions included in the integrated vector management

program.

Table 11. Suppression or replacement stage: Activities and indicators

Replacement or
eli

Maintenance

Process indicators by type of activity

Production of GMM or
BMW

Evolution of the
effectiveness

Reintroduction

Migration or densities,
establishment, continuity
of GMM or BMW

Entomological
surveillance

Epidemiological
surveillance

Impact measurement

Entomological surveys,
tests of dispersal, mean
oviposition rate, hatch
rate, size, survival rate.
Viral infection in adults

Probable, confirmed,
reported cases, number
of clusters and cases
per cluster, serotypes,
seroconversion in
cohorts, studies of
mobility

Ethical, cultural, and
social issues

Self-sustaining or self-
limiting

Indicators of acceptance,
messages transmitted,
etc.

Analysis of effectiveness,
genetic variation of
densities

Perception of risk,
protection with new
species

Vector competence,
infection or genetic
marker in eggs and adults

Perception of risk of
disease

Probable, confirmed,
reported cases, number
of localities affected,
serotypes

Ethical, cultural, and
social issues

Involvement indicators

Perception of risk,
satisfaction

Perception of risk of
disease
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Decision-making for scale-up

A central element throughout the process of release and evaluation is continuous feedback
from stakeholders and decision-makers at the local level. The results of the process of
introduction, monitoring, and evaluation should be shared (communicated and endorsed)
by program and community leaders. The possibility of scaling up the interventions to
higher levels of application will hinge on the success of this communication strategy.



Evaluation: Impact Measurement

Interventions that are in phase III of development need to demonstrate that they have value
for public health if they are to be recommended by WHO. It is therefore imperative to assess
epidemiological effects.™

The innovations described here are being applied in the field and, although evidence of
epidemiological impact does not exist for all of them, steps should be taken to present, as
soon as possible, any findings regarding their impact on the burden of disease.

Even though there have been various systematic reviews on the effect or impact of a
broad range of A. aegypti control interventions, the conclusions on their effectiveness are
contradictory, mixed, or insufficient. This is due, among other factors, to the target of the
intervention, the variety of study designs used, the type of intervention, its duration and
coverage, the methodology used to evaluate it, and the indicators used and their limited
ability to measure impact on the reduction of transmission or incidence of disease.

In many cases, the interventions evaluated combined different types of intervention with
varying effects on vector densities; however, evidence of impact is seldom well supported
or its quality is questionable.”*8%882 Common problems include insufficient coverage
(in space and time), imprecision of measurement processes, and the type of impact
assessment, which points up the urgent need to improve processes for evaluating the
introduction of new interventions.”

The most well-recognized epidemiological parameters are incidence of disease or
infection, specific mortality, and prevalence of the infection in the population. In diseases
such as dengue, which produces a significant proportion of asymptomatic cases and
nonspecific febrile cases, seroconversion is considered a good proxy for past infection or
disease.® It is essential to have standardized clinical case definitions and well-established
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serovirological diagnostic procedures that make it possible to draw comparisons between
studies and regions.®

Traditional entomological indicators do not predict risk or epidemiological impact well,®>
although they are useful for monitoring vector densities and are essential for evaluating
population suppression strategies (SIT, irradiated mosquitoes, CI due to Wolbachia, lethal
genes), and it should therefore be ensured that traditional entomological surveillance is
well established in the trial sites. Since larval surveys do not predict adult populations
well (not sensitive enough),®® it will be necessary to expand the range of tools to include
pupal surveys® and surveys of adult densities in housing, in order to fill the gaps in the
information obtained through traditional methods.888°

A substantive issue is that the effects of population-based (not individual) interventions
should be evaluated at the population level. Unlike traditional interventions that act on
different populations (individuals, families, dwellings, neighborhoods), innovations have
another level of application and therefore another level of impact is expected.

Simply stated, the effect of the intervention should be measured at the level at which it
is applied (direct effects on those exposed and not exposed to the intervention), whether
the level is individuals, household, or neighborhood. Population-based interventions
should measure the direct effects at the same level of application (dwellings protected
and not protected, areas sprayed and not sprayed, etc.), although some may have indirect
protective effects if the population coverage is very extensive (Table 12).

The studies proposed to evaluate effect on transmission are described below.

Cluster-randomized trial: Clusters trials are the best methodological option, but the
populations studied have to be large, the geographical area has to be extensive, and the
duration has to be significant in order to measure effect on transmission (two cycles of
transmission). These studies are very expensive and require the participation of specialized
teams. A stepped wedge design, involving the phased roll-out of the intervention in the
control areas, can be used,’® or observational studies can be conducted that complement
one another and make it possible to obtain a more integrated evaluation of the effect of
the proposed interventions.”
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Table 12. Level of application of Aedes aegypti control interventions

Level of application and impact

Individual | Household | Neighborhood
or district

Type of intervention

Locality

Clean-up of breeding sites x
Basic sanitation x x x
Physical Health promotion x x
Physical barriers: mosquito .
nets, curtains
Chemical larvicides x
Repellents . .
Chemical (individual or spatial)
Household spraying x
Fogging x x
Combined/ Nets and curtains x
insecticides Clothing x
Copepods x x
B. thuringiensis var. israelensis x x
Biological
Fish x x
Wolbachia x
Modified Genetically modified x
mosquitoes Irradiated mosquitoes X

Guide for carrying out studies of the efficacy of control interventions

WHO has prepared a detailed guide for assessing the efficacy of control measures.”®
The principal steps for evaluating proposed technological innovations are set out (in
an adapted form) below. Although this is not an exhaustive guide, it does include the
steps that should be followed to evaluate innovations for suppression and replacement or
interference with infection (Table 13).
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Table 13. Evaluation of the efficacy of Aedes aegypti control innovations

Steps

Register the protocol
and obtain ethical and
administrative review

Select the control
strategy

Units of analysis

Study design

Sample size

Control of external
variables

Implementation

How to measure
results

Information system

Infrastructure

Personnel

Suppression

Essential

Replacement or interference with
infection

Essential

Type of intervention, population
(treatment and control) with the
entomological outcome measures

Type of intervention, population
(operated and control) with the
epidemiological and entomological
measures

Level of application (neighborhood,

community)

Locality, geographical area

Pre-post, time series, cross-sectional,

ecological

Randomized controlled trials (clusters),
phased incorporation, cohort, time series

According to the locality selected

Extensive areas of high transmission in
order to measure impact on the disease
or infection

Invasion from surrounding areas,

migration of species

Human mobility and migration of species

Production, release, and maintenance

of the modified species

Introduction, replacement, maintenance,
and evaluation of effect on transmission

Entomological indicators, frequency,
and number of mosquitoes released,

monitoring

Entomological and epidemiological
indicators, monitoring of effect over two
cycles of transmission

Entomological surveillance system

Entomological and epidemiological
surveillance system

Insectariums, entomology and
diagnostic laboratory (PCR in
mosquitoes, molecular biology)

Diagnostic laboratory (serology, virus
isolation, PCR and molecular biology)

Well-trained entomologists and

technical field staff

Well-trained epidemiologists,
entomologists, and medical, paramedical,
and technical field staff

Adapted from: Wilson A, Lindsay S, et al. How to design vector control efficacy trials: Guidance on phase I1I vector control field trial
design provided by the Vector Control Advisory Group. Geneva: World Health Organization; 2017.

Entomological indicators

In the case of population suppression strategies, entomological parameters will be
the main indicators used to measure the pace of elimination and its maintenance over
time. The evaluation will need to be conducted at the population level (egg, larval, and
adult density over time), but will also need to be stage-specific, depending on the type
of biological or genetic modification: sterility, early or late lethality, dispersal (flight),

feeding, etc.
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If only the reduction of vector populations is achieved, the study should measure the
vector density threshold below which transmission of DENV infection cannot occur or
estimate the rates of reduction of the infection in the treated populations in comparison
with those in control areas (Table 14).%

Table 14. Evaluation of strategies for suppression and replacement of Aedes aegypti
populations (entomological indicators)

Biological-functional Strategy

phase or stage Indicators Suppression / Replacement /
Vector competence elimination interference with infection
Traditional entomology

Egg Oviposition Desirable Optional

CI, HI, BI, 3rd and 4th

. Essential Essential
stage indices

Larva

Pupal surveys by

individual, house, area Desirable Optional

Pupa

Adult index per house
Adult (A. aegypti) Optional Desirable
Females per house

Proactive entomology

Ratio nulliparous /

Parity rate multiparae Desirable Optional
Fecund!ty Mean number of eggs Desirable Optional
(production) per female
Fecundity Percentage of eggs that . .
(hatch) hatch per unit of time Desirable Optional
Survival Mean age (days) - Desirable
Dispersal Competitiveness Desirable Optional

(range of flight)

Vector competence

Viral infection rate Percentage of female

Intrathoracic route or fed mosquitoes infected Essential
with infected blood g
Wolbachia infection Percentage of infected . )
. Desirable Essential
density eggs or adults

Percentage of eggs or
Genetic marker adults with genetic Desirable Essential
marker
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Assessment of interference with infection

To evaluate replacement strategies, both entomological and epidemiological indicators will
be necessary. With regard to the former, it will not be sufficient to record the presence or
absence of eggs or egg, larval, pupal, or adult density; it will also be necessary to investigate
the progeny and the strains from which such populations come (wild or modified) and
their spread in the population, as well as their performance in terms of oviposition, hatch
rate, size of larvae and pupae, mating with wild species, fecundity, range of dispersal, age
(survival), bite rate, vector competence (infection of adult females or eggs), etc.

If the aim is population replacement or interference with infection, entomological
parameters will be needed to measure vector competence, which will also require a good
laboratory that can carry out molecular biology tests that demonstrate the infection in
adult females (Tables 14 and 15).

Table 15. Control interventions and epidemiological impact indicators by type of
epidemiological surveillance

Secondary cases | Clusters of Sero-
in families of positive | conversion
positive cases cases (cohorts)

Virus in
mosquitoes

Probable Positive
cases cases

Type of intervention

Clean-up of breeding . .
sites
. Basic sanitation x x
Physical :
Health promotion x x
Physical barriers: . . .
mosquito nets, curtains
Temephos x x x
Repellents x ik X.d l x l
Chemical individual) (spatial)
Household spraying x x x x x
Fogging x x x x x
Combined/ Nets and curtains x x x x
insecticides Clothing x X
Copepods x x x
B. thuringiensis var. . . .
Biological israelensis
F]Sh X X X
Wolbachia x x x x x x
Modified Genetically modified x x x x x x
WIECTICEN 113 diated mosquitoes x x x X x x




Estimating the Costs of

Control Innovations

Estimating the costs of Aedes aegypti control interventions is a complex task, given the
diversity of control options (physical, biological, chemical, educational), the technical and
human resources involved, the geographical coverage, the need for repeated application,
and variations in effectiveness due to the transitory effects of each intervention.

Moreover, the cost of control programs has increased owing to the increase in numbers of
local health workers, program technical staff, inputs for vector control, and requirements
for sustaining the entomological and epidemiological surveillance systems needed to
monitor the desired impact.

In recent decades numerous studies on the costs associated with the dengue burden
have been published at different levels (local, national, regional,’* or global®). They use
different metrics of harm (outpatient® or hospitalized dengue cases) and cost (direct and
indirect). The estimates are variable owing to differences in calculation methods and the
weight given to existing cases (infected or reported),”” estimated underreporting, and the
severity of the disease and the associated disability.”®*°

In Latin America, cost estimate exercises have been carried out in Brazil,'®® Cuba,®
Nicaragua,'®® Panama,'®® Puerto Rico,'®* and Mexico.!®> These studies focused on the
estimation of direct and indirect costs of the disease, but few included the costs associated
with prevention, surveillance, and, especially, control measures.

The estimates are limited to estimating the cost of epidemics in a locality or country,
which may range from US$ 0.3 million (in Santiago de Cuba) to US$ 103 million (for
the country as a whole) and from US$ 299 to US$ 594 per case.’®® In Nicaragua, the
cost of an epidemic was estimated at US$ 2.7 million and the cost per case at US$ 44.
In Puerto Rico, the cost of an epidemic was US$ 1.2 million and the cost per case was
between US$ 23 and US$ 36. In Panama, the direct and indirect costs of an epidemic—
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including surveillance, prevention, and control services—amounted to US$ 16.9 million,
while the approximate cost per case was US$ 332 for outpatient cases and US$ 1,065 for
hospitalized cases.

Experience has shown that these studies generally do not estimate the cost of operating
vector control programs—a cost that is substantial. The evidence indicates that including
surveillance, prevention, and vector control in the estimate can boost the costs by 39% in
Thailand, 43% in Panama, and up to 49% in Puerto Rico.!*

For technological innovations based on genetic modification or Wolbachia infection,
new variables must be incorporated in the cost estimate: the construction of facilities to
mass produce the modified insects, materials and resources for their repeated release,
continuous monitoring of their penetration and replacement of the native population,
and epidemiological impact assessment.

The estimated average cost of producing irradiated mosquitoes or mosquitoes with
lethal genes, for example, is US$ 813 per million insects released, while the cost per case
prevented is between US$ 20 and US$ 30 if the ratio of mosquitoes released per person
is 10:1. These estimates assume that the lethality and competitiveness of the released
mosquitoes are very high and are sustained throughout the period of intervention, and
that any reductions in these parameters would necessitate more releases, which would
obviously increase the costs. These estimates do not include the cost of the entomological
surveillance needed to monitor impact. In contrast, a study by Suaya et al. (2009) found
that the average cost of providing care for a case of dengue ranges from US$ 86 to US$
190, and in the most severe cases the cost may rise to between US$ 357 and US$ 793.%

These data suggest that technological innovations may substantially reduce the costs of
intervention. However, models need to be adjusted to the context of countries that lack the
basic infrastructure to achieve the required levels of mass mosquito production and also
lack a corps of specialized professionals who can monitor and evaluate such interventions.

Countries that decide to incorporate these technological innovations into their control
programs will have to assume these additional costs (which will not be low) and continue
to cover them alongside the costs of traditional vector control programs. Since these
interventions are considered a complement to, not a substitute for, the control program,
it will be very important to generate the epidemiological, entomological, and economic
information needed to identify the scenarios in which they can be appropriately
implemented, scaled up, monitored, and evaluated.

Meeting these information needs will also entail additional costs for countries, but they
have not yet been included in any model for the application of these innovations.



Final Considerations

The innovations described here are associated with various benefits:

They are environmentally friendly, since, unlike insecticides, they do not leave any toxic
residue.

Their specificity makes them more effective, since they affect a dominant vector in the
transmission of an infection.

They are relatively easy to produce on a large-scale.

Their sustainability over time and the absence of resistance gives them an advantage
over traditional control tools.

They do not require access to housing (they are not invasive), unlike other interventions,
which makes them even more attractive as a control tool.

An additional benefit of the release of genetically modified or infected adult males is that
they do not bite or bother people, nor do they transmit infection.

The introduction of other technological innovations that promise greater coverage,
impact, and sustainability is proposed to improve the effectiveness and lasting impact of
interventions. These innovations also entail difficulties with regard to organizational and
operating capacity which should be addressed before, during, and after their introduction
as control measures.

An additional problem is the combination of strategies (not their integration) and
differential evaluation of their impact, since an intervention can modify the physical
availability of breeding sites (clean-up), but may not reduce vector densities or necessarily
control the most stable and productive breeding sites.
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Moreover, it has not been demonstrated that the reduction in egg or larval densities
achieved with the available interventions is correlated with a decline in transmission.
Nevertheless, the combined use of old strategies and the incorporation of new vector
control tools creates several challenges:

(1) the use of indicators that specifically measure mosquito density at all stages of
development (egg, larva, pupa, adult) in order to specifically evaluate available
interventions;

(2) the definition of risk thresholds;

(3) the technical capacity of programs (human resources, equipment, financing) to carry
out the intervention with the frequency and coverage required to undertake a proper
assessment,108109

The evidence suggests that technological innovations should be viewed as tools to
complement vector control programs and that they should be introduced in a phased
manner and in carefully selected locations until evidence of sustained impact has been
collected and the potential risks associated with evolution of the modified species and
the genetic or biological marker introduced have been addressed.

The role of each available strategy and technological innovation should be analyzed and
defined, as should their level of use and the mechanisms for their introduction, monitoring,
and evaluation. Bearing in mind the proposed guiding principles of this technical guide,
it can be concluded that:

There is sufficient evidence to indicate that they are effective tools; the evidence is
not conclusive, but it is suggestive of their potential.

+ Technologicalinnovations should be complementary tools; the problemis determining
how they are to be integrated into traditional control programs.

Control programs should have the capacity to implement and evaluate them; there
are significant training, organizational, and operational needs to be addressed in
order to apply these innovations in specific situations.

When and where they should be introduced and scaled-up: many conditions must be
met to ensure the satisfactory application of technological innovations, from political
commitment to community acceptance. Many technical and operational issues must
also be addressed before contemplating their introduction.
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Menu of vector control interventions

Environmental management

The aim of environmental management is to modify the environment where the
Aedes aegypti mosquito develops and lives.*** There are three types of environmental
management intervention:*

Environmental modification: Permanent structural changes to reduce Aedes larvae
habitats. For example: installation and distribution of piped drinking water in communities
and dwellings.

Environmental manipulation: Temporary physical barriers in Aedes habitats. For example:
elimination (clean-up) or proper management (by covering, turning over, or washing out)
of breeding sites, in addition to the recycling of specific objects that can serve as breeding
sites, such as tires. Environmental manipulation is intended to reduce the density and
positivity of breeding sites (through clean-up campaigns) and is usually accompanied by
community participation strategies and education campaigns that promote the behavioral
changes needed to modify household control practices.>®"8°

Changes in housing: Lasting physical barriers for reducing Aedes-human contact. For
example: installation of mosquito nets or use of insecticide-impregnated materials such
as curtains and nets in doorways and windows to achieve more effective protection
of housing and people.’® The use of insecticide-impregnated materials can produce a
marked and prolonged reduction in vector populations as measured by Breteau indices
and indices of positive houses and pupae per person. However, it is not clear how the use
of such materials may influence the abundance of adult mosquito populations or vector-
human contact.
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Social mobilization and community participation

Theineffectiveness of control programs has shown the need for effective social mobilization
and mass communication to bring about changes at the community level, rather than only
at the individual level, and the need to promote the sustainability of control strategies.™
Hence, behavioral change and social mobilization have been proposed as engines of
change.”

The social and communication sciences have shown that for interventions to be
sustainable and successful, the community must be involved from the outset in their
design and implementation. It is also now recognized that mobilizing social networks
rather than individuals, involving diverse members and segments of the community, and
promoting change among operational personnel, in the organization of programs, and in
legislation are important elements for success.!**>16

Community participationand social mobilization strategies are vector control alternatives,
although the intensity and duration of their use varies, as does the coverage of the target
or recipient population. In general, mass mobilization experiences tend to be short-term
undertakings (campaigns to clean up and eliminate breeding sites, dengue awareness
days, etc.). They may also be of longer duration but selective with regard to the groups
involved (schools,'” health committees, social groups, environmental groups, municipal
groups, etc.) or the aspect of vector control targeted (most productive breeding sites,
management of tires, etc.). In contrast, traditional programs tend to emphasize the
continuity of actions over their sustainability, and they favor repetition over strengthening
or feedback.®

The lack of appropriate indicators for assessing behavioral change among the members
of endemic communities limits the capacity of programs to monitor and evaluate the
effectiveness of the strategies employed. Studies differ in terms of type of intervention,
behavioral patterns to be modified, target population, and outcome indicators, which
makes it difficult to identify the factors acted upon.

In general, conclusions on the impact of community participation measures, whether
as a standalone intervention or in combination with other actions, have not been very
favorable, especially because it is not clear how human behaviors and their relationship
with entomological or epidemiological impact indicators can be measured.*2°
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Educational interventions

Interventions of this type are intended to modify household and urban environmental
practices (waste management) in order to achieve a positive impact on the control of
larval densities. However, there is a big difference between what is learned through the
educational intervention and what is done with that knowledge, how long the knowledge
is retained, and how often it needs to be reinforced. A systematic review suggests that the
impact may last up to 24 months when education occurs as part of a community-based
intervention, although impact by type of educational material used was not assessed.

Personal protection

Aedes-human contact can be prevented with chemical repellents that are applied
individually® or spatially, actively (e.g., coils, tablets) or passively (on paper strips).?3*
The use of passive spatial repellents in combination with lethal ovitraps or insecticide-
impregnated materials can be an effective strategy against Aedes—-human contact, which
can be complemented with rational use of insecticides.

Biological control

Biological control consists in introducing pathogens, parasites, or predators into breeding
habitats during the early stages of mosquito development in order to reduce populations.
Biological control agents include the mosquitocidal bacterium Bacillus thuringiensis
israelensis, larvivorous fish of the genera Gambusia and Poecilia,? tilapia, and certain
species of predatory copepods (Mesocyclops longisetus).?>2"%

B. thuringiensis israelensis reduces larval densities for up to four weeks, and it is therefore
not recommended as an isolated or long-term measure.? As for larvivorous fish, their
impact on larval densities can be significant (lasting up to two years), but it varies with
the type of fish, their longevity in the container (tank, pool), and acceptance of members of
the community. Although they have been found to be more effective than B. thuringiensis
and household spraying, the evidence is not conclusive.*®

There are also substances that have a selective effect on Aedes; normally they
resemble an essential metabolite or a toxin and pose a low risk for humans, wildlife,
and the environment. Examples include chemical analogs that function as insect
growth regulators.
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Chemical larval control

The use of larvicides to prevent larval development in water reservoirs is an essential
component of the vast majority of national programs in the Region of the Americas.

The traditional approach consists in eliminating (destroying) breeding sites from the
environment or neutralizing them with a larvicide, whose application requires a search
of broad urban areas for water containers or vessels so that the larvicide can be applied
with variable frequency regardless of container size, capacity, or productive potential;
seasonal stability; or community acceptance (resistance).

Interventions using temephos reduce larval densities, but they are not sustainable over
time. Their effectiveness at the community level is determined by quality of delivery,
type of water in the container and its intended use (consumption, cleaning, storage), and
environmental factors (temperature, food supply, light exposure). The effectiveness of
suchinterventionsis limited by the need for repeated application, community resistance to
temephos use in drinking water, and operational problems such as coverage, opportunity,
time required, and the costs of extensive application of the insecticide to all potential
containers. Furthermore, there is no evidence of effect on transmission.?!3

An innovative approach is to target efforts towards the most productive breeding sites,
not only of larvae but of the more advanced stages (pupae), as breeding sites vary in
terms of size, capacity, permanence, productivity, and control alternatives.?3*

As an undesirable effect, the continuous application of chemical substances by vector
control personnel strengthens communities’ perception that the governmentis responsible
for all aspects of vector control and that residents have little or no responsibility.®

Control of adult mosquitos and protection from vector-human contact

Most national dengue prevention and control programs rely on insecticides to control
larvae and adult mosquitoes. Chemical control of A. aegypti adults involves the use of
insecticides with a view to immediately reducing population density and survival and
thus halting the transmission of viruses by decreasing vector-human contact.
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Normally, most funding under control program budgets is allocated to staff salaries,
procurement of chemical products, and the purchase of application equipment. Chemical
products have animportant roleinanintegrated prevention and control program, although
before any product is applied there should be a critical assessment of the susceptibility of
local mosquitoes to the product selected and of how, when, and where each product is to
be used. Routine monitoring of mosquito susceptibility to insecticides should be part of
any chemical control program.®

Adulticides are applied in the following ways:

Spatial spraying. Spatial sprays are applied in a non-residual ultra-low volume (ULV)
formulation by means of cold or thermal fogging in open areas and spaces, either on the
ground from heavy equipment mounted on vehicles or from the air from light aircraft or
helicopters. They can also be applied using motorized backpack sprayers for rapid low-
volume spraying inside houses, rooms, buildings, and other enclosed spaces, thereby
reaching natural Aedes shelters. Spatial spraying alone is not recommended as an effective
means of control; in combination with other control measures, it offers variable results.33%3°

Residual treatments. Residual treatment involves the spraying of residual insecticides: (a)
with manual compression pumps for traditional spraying, or (b) with backpack sprayers
for spraying surfaces (walls and ceilings) in homes and their outbuildings.

It has recently been proposed that residual insecticides should be applied in ovitraps
treated with an attractant (as a “lure-and-kill” strategy)*®“*#? and in insecticide-
impregnated materials such as curtains in doors and windows,*® breeding site covers,
and mosquito nets. Theoretically, in both scenarios, adult survival would be affected as
a result of contact with insecticide-treated surfaces. The use of permethrin-impregnated
nets has also proved effective in reducing A. aegypti for several months and has had an
impact on dengue transmission.*

Most adult control interventions involve the application of insecticide in open spaces,
using vehicle-mounted heavy equipment. Manual ULV spraying from a land vehicle or
aircraft have shown a high degree of effectiveness (close to 100%) in bioassays. 546474849
However, the effectiveness of this method declines considerably if it is evaluated with
entomological indicators based on field collections, for example the presence and the
number of eggs collected with ovitraps or the number of resting females inside houses.>
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Environmental spraying is relatively ineffective as a routine control strategy! and should
therefore be used only as an emergency response to outbreaks. The effectiveness of this
practice is variable, possibly because the spray does not penetrate in interior spaces
where adult mosquitoes rest; moreover, the application procedure is costly.> However,
reducing populations in the peridomestic space indirectly reduces the proportion of
adults entering houses to rest.> Factors to be borne in mind are that the lethal effect is
transitory and that mosquito populations normally recover within one or two weeks
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