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From the Lab to the Last Mile:
Deploying Transgenic Approaches
Against Mosquitoes
Raymond J. St. Leger*

Department of Entomology, University of Maryland, College Park, MD, United States

Ingenious exploitation of transgenic approaches to produce malaria resistant or sterile
mosquitoes, or hypervirulent mosquito pathogens, has produced many potential
solutions to vector borne diseases. However, in spite of technological feasibility, it has
not been determined how well these new methods will work, and how they should be
tested and regulated. Some self-limiting transgenic fungal pathogens and mosquitoes are
almost field ready, and may be easier to regulate than self-sustaining strategies. However,
they require repeat sales and so must show business viability; low-cost mass production
is just one of a number of technical constraints that are sometimes treated as an
afterthought in technology deployment. No transgenic self-sustaining approach to
anopheline control has ever been deployed because of unresolved ethical, social and
regulatory issues. These overlapping issues include: 1) the transparency challenge, which
requires public discourse, particularly in Africa where releases are proposed, to determine
what society is willing to risk given the potential benefits; 2) the transboundary challenge,
self-sustaining mosquitoes or pathogens are potentially capable of crossing national
boundaries and irreversibly altering ecosystems, and 3) the risk assessment challenge.
The polarized debate as to whether these technologies will ever be used to save lives is
ongoing; they will founder without a political answer as to how do we interpret the
precautionary principle, as exemplified in the Cartagena protocol, in the global context of
technological changes.

Keywords: mosquito control, malaria, disease vector, gene drive technology, cartagena protocol, risk assessment,
field trials, targeted product profile
INTRODUCTION

“One strong and enduring lesson of the past four decades of biotechnology is how often great ideas
fail even after good initial results”. Henry T. Greely (Director of the center for law and the
biosciences at Stanford University) (1).

The five species of Plasmodium capable of causing human malaria are transmitted by
approximately 100 species of anopheline mosquitoes (2). In 2019, an estimated 400,000 people,
mostly young African children, died of malaria (3). Another 200 million people survived but many
will have debilitating long term symptoms with reduced capacity to contribute to economic growth.
Environmental change, pathogen and vector resistance to drugs and insecticides, increasing human
ersin.org December 2021 | Volume 2 | Article 8040661
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population, slow progress in vaccine development, progressive
urbanization and population movement are among the factors
that have contributed to the high prevalence of vector-borne
diseases (4, 5). The development of innovative approaches to
reduce this burden are badly needed.

Currently, much attention is being focused on using genetic
engineering (GE) to reduce, or possibly eliminate, populations of
the three species of mosquito most responsible for malaria
transmission — An. gambiae, An. coluzzii, and An. arabiensis —
for example, by modifying males so all their offspring are infertile,
or by engineering hypervirulent pathogens that selectively kill
mosquitoes (6, 7). Another tactic introduces genetic cargos (e.g.,
Plasmodium-killing molecules) into mosquitoes or mosquito
targeting pathogens so that the Plasmodium is targeted rather
than the insect (6, 8). Many technical challenges have been
overcome. For example, for sixty years, researchers have
pondered how naturally occurring gene drives (genetic elements
that bias inheritance in their favor) could be repurposed to combat
mosquito-vectored diseases (9). The advent of new molecular
techniques has made it much easier to engineer gene drives able to
speed the spread of linked genetic modification (e.g., knockout of
sex determination or pathogen-killing molecules) through a
mosquito population (10). Currently, most attention is focused
on CRISPR Cas9 technology, but many other naturally occurring
site specific nucleases can also be used.

Genetics-based control strategies can be either self-sustaining
or self-limiting (6, 7, 11) (Table 1). In self-limiting strategies,
introduced transgenes are eliminated from the population over
time. The first generation of hypervirulent transgenic pathogens
are engineered to act like chemical insecticides achieving a quick
knock down; they are not designed to recycle in mosquito
populations (8). Self-limiting genetically modified (GM) insect
strategies are seen as a technological advance of the sterile insect
technique that has been used successfully since the 1950s (12).
Wild females that mate with these males produce no viable
offspring, thus temporarily suppressing the mosquito population.
Long term control requires repeated releases to maintain a
population in the environment, thus causing continuing
operational costs (7). However, the biosafety implications for
this approach maybe relatively manageable given the expectation
that transgenes will only persist for one or a few generations after
Frontiers in Tropical Diseases | www.frontiersin.org 2
release. This has contributed to self-limiting strategies being
much more advanced in terms of practical application than
self-sustaining (propagating) strategies. In the literature, self-
sustaining strategies are often associated with gene drive systems
which can spread a fitness load or disease-refractory gene
through a mosquito population. However, although they get
much less attention, transgenes that provide a pathogen or a
mosquito with a net benefit also have the potential to be highly
invasive, and thus permanently alter wild populations (13). For
example, genetically modified An. gambiae with enhanced
immunity have a mating advantage over their wild type peers,
potentially allowing the creation of Plasmodium-refractory GM
mosquitoes that can outcompete wild-type mosquitoes (14). As
with biocontrol agents, self-sustaining strategies promise low-
cost interventions (7, 15) but could have far-reaching and hard to
predict consequences to the natural environment (6). At a very
basic level, it is not yet clear whether or how well gene drive
methods or other self-sustaining strategies will work in nature.
However, if successful, then a small number of GM mosquitoes
with these constructs might be able to propagate transgenes over
the entire range of a species.
WILL TRANSGENIC APPROACHES
WORK?

The WHO has expressed support for investigating genetically
modified mosquitoes as a tool to fight mosquito-borne diseases.
“More than 80 per cent of the global population lives in areas at
risk of at least one major vector-borne disease. Taken together,
these diseases exact an immense toll on economies and can
impede both rural and urban development,” the agency said in
an October 2020 statement (16). It, however, cautioned that the
use of the technology “raises concerns and questions around
ethics, safety, governance, affordability and cost–effectiveness
that must be addressed”. Research into the technology “should
be conducted through a step-wise approach and supported by
clear governance mechanisms to evaluate any health,
environmental and ecological implications”, it said (16).
Preparing a Target Product Profile (TPP) is part of the process
TABLE 1 | Self-sustaining and self-limiting strategies determine the potential of a transgene to persist or spread in the environment, either through some form of gene
drive or through selective advantage, contributing to a risk profile for each product.

Strategy Mosquito examples Mosquito pathogen examples Advantages/Risks

Self-sustaining
strategies (likely to
spread/persist in
the environment)

Some gene drives Low cost interventions with a limited need for participation by the
local human population
Comparatively high risk of perturbing environment. Some persistent
transgenes risk horizontal transfer to other species, if for example
homing drive target sites are conserved in other species, or
parasexuality occurs between pathogens.

Transgenes that provide
a net benefit e.g.,
increase resistance to
disease or insecticides

Transgenes that provide a net benefit e.g.,
they increase resistance to environmental
constraints such as UV

Self-limiting
strategies (persist
or spread in the
short term only)

Some gene drives Biosafety implications are assumed to be less with self-limiting
strategies, and consequently technology is more advanced in terms
of practical application.

Transgenes that are
neutral or confer a
disadvantage e.g., Green
fluorescent protein

Transgenes that are neutral or confer a
disadvantage e.g., Green fluorescent protein,
toxins that kill insects rapidly but in
consequence reduce fungal growth
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of gaining WHO approval. A TPP outlines the desired ‘profile’ or
characteristics of a product that is aimed at a particular disease. It
provides information for funders and developers on the
performance and operational characteristics expected of
products if they are to meet WHO’s needs. Figure 1 shows the
elements considered in a TPP the author helped prepare for
transgenic fungi. Although the details will vary, the same basic
elements will be required for most GM microbe and mosquito
products. All these elements are interrelated and need to be
considered throughout research and development. Preparing a
TPP is therefore a very useful exercise to ascertain the facts or
characteristics that have to be true for a product to be successful.
The premise being that the more accurately you can identify and
test assumptions about key performance parameters, the more
Frontiers in Tropical Diseases | www.frontiersin.org 3
likely the new technology has a chance at success. A flaw in any
one element could prove to be a fatal weakness.

The first element that needs to be established is does the new
technology work, and this is closely linked with the unmet needs
it is meant to fulfill. The need in this case includes controlling
insecticide resistant mosquitoes, and thus saving lives by
reducing mosquito bites by an epidemiologically relevant
extent. The new technology has to be able to do this at least as
well, and preferably much better than older technologies, and
preferably should also be compatible with them to allow
integration. No gene drive has yet been released in the wild so
it is not clear how they would work in nature. However, the
technological feasibility of gene drives has developed very
rapidly. For example, a gene drive to target a gene (doublesex)
that regulates sexual development produces infertile female
mosquitoes, but the males remain able to spread the
debilitating gene to an ever-shrinking number of progeny.
Large indoor cages of mosquitoes sustaining this gene drive
were driven to extinction within one year (18). Importantly, this
is the first gene drive study to use cages sufficiently large that they
allowed some of the complex mosquito feeding and reproductive
behaviors normally observed in the field. However, large cages
cannot reproduce the complexities of nature, such as the genetic
complexity of wild mosquitoes, nor physical features such as
mountains and rivers that can split wild mosquitoes into
reproductively isolated populations. Thus, while in theory a
gene drive produced through self-sustaining strategies and its
ecological consequences could be irreversible once released (6),
many malaria researchers are more concerned that gene drives
will not actually be powerful enough to affect mosquito numbers
to an epidemiologically relevant degree. The Target Malaria
research consortium (a non-profit seeking to use gene-drive
mosquitoes in Africa) has produced a model of prospective
release locations that considers mosquito populations at more
than 40,000 settlements in Burkina Faso and surrounding
countries. The model also considered the impact of physical
objects (mountains, rivers etc.) to show that repeated
introduction, rather than a single release, of modified
mosquitoes over several years and numerous villages will be
needed to reduce their abundance (19). Target Malaria do not
expect gene drives to eliminate malaria, but only to deplete
mosquitoes from an area so that the parasite-insect-human cycle
collapses. Other gene drive initiatives that have a different
approach, such as population modifications which render
mosquitoes incapable of transmitting malaria, will likely have
different ecological prospects (eradicating the disease instead of
the vector species) and risks (potentially unlimited self-
propagation), as well as economic consequences (if fewer
releases necessary).

A different sort of risk is that early benefits will shrink because
of the development of resistance. Anophelene mosquitoes have a
track record of mutability and adaptability that has enabled them
to out evolve many previous control attempts e.g., chemical
insecticides. In the wild even a small genetic change can incur a
fitness cost, and gene drives that can spread through the entire
species could exert a strong selection for resistance. Prominent
examples where gene drives do not spread unchecked have
FIGURE 1 | The principal requirements of a WHO Target product Profile (TPP)
for vector control, based on a TPP prepared for a transgenic Metarhizium
product (expressing the insect-specific neurotoxin Hybrid) trialed in Burkina
Faso (17). A WHO TPP aims to provide information on the performance and
operational characteristics expected of products if they are to meet WHO’s
needs. It starts with a “product need” context and finding the right technology
to solve the unmet need. In this case mosquito pathogens delivering an insect
selective toxin to insecticide resistant mosquitoes. To produce a successful
product requires identifying a pipeline of strategies and formalizing
performance criteria. For example, the product needs to be shown to be safe,
being at least comparable to approved (by EPA and other regulators) wild-type
fungal products providing a highly favorable risk benefit profile. Hybrid
(marketed by Vestaron) has also been approved by the EPA (for use on food
commodities). Ideally the technology is patentable by the inventor, and rights
are available at reasonable cost to the manufacturer. Metarhizium products
have a proven track record of being efficiently manufactured and integrated
with other technologies. Work in progress includes optimizing formulation,
product stability and shelf life to increase acceptability and cost effectiveness.
For marketing, the final product must of course be acceptable to the local
population, easy to use, easy to maintain, etc. At a minimum it must not look
or smell unattractive, create dust etc, and be tolerated by households such
that they remain in-place for the full duration of use.
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already been identified in proof-of-principal laboratory
experiments (20, 21). However, there is likely to be an
important difference in fitness cost and selection pressure
between population suppression and population modification
approaches if the latter only make the mosquitoes refractory to
malaria and otherwise leave them unaltered. Such modification
approaches could be quite resilient to drive resistance alleles (22,
23). Where resistance develops it will probably involve a change
in the target sequence so that the nuclease can no longer cleave it,
and this can be factored into the development of the gene drive.
For example, designing the gene drive to target a region of its
doublesex target gene that is highly conserved (18).

Recent advances have also been made in genetically
engineering new types of highly effective mosquito-killing
fungi that bring together genes from different organisms (8).
Following WHO protocols established for genetically modified
mosquitoes, though not yet implemented, Burkinabe and
American scientists (including the author of this article) built a
“MosquitoSphere” (a compartmentalized facility of mosquito
netting) near the village of Soummossa. The trial showed that
the mosquito pathogenic fungus, Metarhizium, genetically-
engineered to produce a toxin (called Hybrid) found in spider
venom, was as effective against insecticide resistant mosquitoes
in a malaria endemic environment as anticipated from
laboratory investigations (17). In laboratory studies,
Metarhizium expressing multiple insect-specific toxins under
control of a hemolymph-specific promoter increased fungal
lethality to insecticide resistant mosquitoes at spore dosages as
low as one conidium per mosquito (24). This suggests that
transgenic pathogens can provide a breakthrough in the
worldwide fight against malaria, subject to being able to scale
up and deploy this new technology.

Genetic engineering has opened up a wide range of fungal targets
for manipulation, all of which have produced substantial
improvements in the desired traits. They have been used to
express insect molecules that play critical roles in development,
physiology, immune functioning and behavior, as well as human
antibodies that target sporozoites as they travel through the
hemolymph to the salivary glands (8, 25, 26). Fungi have also
been engineered for improved resistance to all of the important
environmental abiotic stresses (temperature, humidity, and
exposure to UV-irradiation) that have historically reduced field
efficacy of these fungi (26). These transgenes are likely to increase
pathogen lifespan, host finding, sporulation, dispersal, and allow the
exploitation of new ecological niches, potentially increasing
pathogen spread in nature. Combining resistance to abiotic stress
with increased targeted virulence should produce particularly
effective strains, and along with an ability to engineer host range
(27), facilitate production of designer self-sustaining pathogens able
to recycle in wild mosquito populations, suppressing them in the
long term. However, even fungi engineered to resist abiotic stresses
are unlikely to be optimal in all environments, and longer-term
factors like climate change will impact all aspects of host pathogen
interactions in complicated but modellable ways (28).

As with gene drives, a potential downside to more effective
transgenic Metarhizium is increased pressure on the mosquitoes
Frontiers in Tropical Diseases | www.frontiersin.org 4
to evolve resistance. Individual fruit flies vary a lot in their ability
to suppress infectious fungi and bacteria, and resistance
correlates with several unexpected phenotypes including sleep
(29). Extensive genetic variation in resistance within the same
population provides the raw material for selection to act upon
with implications for the sustainability of wild type or transgenic
fungi. However, infection with Metarhizium expressing hybrid
quickly reduces insecticide resistance in wild caught malaria-
vector mosquitoes, so that insecticides and biologicals could be
applied together to maximize impact and to manage resistance
issues to both chemicals and biologicals (30). Part of the unmet
need fulfilled by transgenicMetarhizium strains would be to give
old insecticides like pyrethroids a second chance, as well as
managing the evolution of resistance to new insecticides. Here in
particular, with their ability to reverse insecticide resistance,
these fungi complement a capability gap, which is an
important component of a TPP (Figure 1).

The same Burkinabe scientists involved in the semi-field trial
of Metarhizium (led by Dr. Abdoulaye Diabaté) have also
conducted a small-scale release of genetically modified sterile
male mosquitoes in Bana, another village in Burkina Faso.
However, scientists developing genetically manipulated
anophelines agree that it will be at least 5 years before a
product is ready for field testing, and only if allowed by
regulatory bodies. Metarhizium is experimentally much more
tractable than mosquitoes which has accelerated progress.
Furthermore, Metarhizium provides an approach that is not
necessarily specific to a reproductively isolated population of
anophelines, leaving others to transmit disease. Consequentially,
fungal products are placed to begin a series of open field trials to
truly assess the efficacy, survivability, and environmental risk
posed by GE pathogens. The final phase of scaling will be the
deployment and monitoring. However, as with GM mosquitoes,
this route to deployment is subject at each stage to decisions on
efficacy and safety endpoints, regulatory approvals, and social
acceptance. Progress therefore requires continuing positive
overlap between these scientific, regulatory and social domains.
REGULATORY CONSIDERATIONS

Use of gene drives and other transgenic approaches for pest and
disease control may offer great benefits to society. However, as
with any technology that can reduce populations, it may also
pose risks to ecosystems. Eradication of malaria in Europe and
America provides a historic example of this. Malaria was
widespread in these continents and its control was achieved
using chemical and sanitary measures to kill mosquitoes (31).
However, the nature of these interventions, including drainage of
wetlands and broad-spectrum pesticides like DTT, likely caused
enormous unintended, and largely unexplored, environmental
damage. There are several current definitions of risk, but the
National Academies report ‘Preparing for Future Products of
Biotechnology’, addresses the concept succinctly, stating risks ‘are
comprised of undesirable outcomes (what), the possibility of
occurrence (how likely), and state of reality (ways the risk
December 2021 | Volume 2 | Article 804066
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occurs in pathways)’ (32). Students of risk assessment policies
believe a well-designed policy should help manage the tension
between a desire for caution regarding the risk of intervention
and worry about the risks of non-intervention (33). Risks can be
presented as the risk of not doing something. If the mosquito
control technologies work then the price of non-intervention is
between 1,200 and 2,000 people a day who die of malaria
in Africa.

Regulation of transgenic microbes for pest control has
precedents. Several transgenic microbial pest control agents
have already been marketed without much fanfare (34).
Hybrid, also known as Versitude, was recently approved by the
U.S. Environmental Protection Agency (EPA) for control of
pests. The EPA has already sanctioned small scale outdoor
field trials of genetically engineered Metarhizium (35, 36).
There are well established risk assessment models for wild type
fungi, and Metarhizium has been approved for household use
against cockroaches. Field release may be easier to regulate and
implement with a self-limiting pathogen such as the Hybrid
toxin expressing Metarhizium, which is not designed to recycle,
and can integrate readily into existing control strategies. Even for
such self-limiting strategies the timeline for release will likely be
determined more by regulatory challenges than by the science,
and it is generally assumed that the regulatory hurdles for any
self-sustaining agents (e.g., a transgenic fungus or gene drive
technology with the potential for continental impacts), will be
higher. It is important to note that this assumption is in the
absence of test cases. Risk assessments for all technologies will be
on a case by case basis, so it is in fact difficult to predict how
different transgenic approaches will be viewed by the public and
regulators. Gene drives in particular may raise new challenges for
regulation (37), but if the term “gene drives” develops
forbiddingly negative connotations, it may still be possible to
implement simpler strategies for replacing natural mosquito
populations involving genes that can spread because they
impart a selective advantage (13).

Currently, proponents of mosquito gene drive technologies
predict that the first field trials could occur in 5–10 years in
Uganda, Mali or Burkina Faso (38, 39). As gene drive mosquitoes
dominate the gene-drive field, these trials could be the first test
case for public acceptance of gene drive technology anywhere in
the world. As such they need to start off well, with successful
projects that gain substantial local support, or else the technology
will likely become unusable for decades. This has focused
attention on public opinion, scientific developments and risk
governance in sub-Saharan Africa. Regulatory capacity in Africa
has been greatly boosted by NEPAD (the New Partnership for
Africa’s Development), establishing the African Biosafety
Network of Expertise (ABNE) and the African Medicines
Regulatory Harmonization (AMRH). These have assisted
African union states to implement functional regulatory
frameworks for both agriculture and health applications (40).
Public concerns about genetically modified organisms (GMOs)
and their own health will also influence this debate, and public
discourse is needed about what society is willing to risk given the
potential benefits. However, to date there have been very few
Frontiers in Tropical Diseases | www.frontiersin.org 5
efforts to actively engage African publics (41). This obviously
needs to be rectified. Exceptions include consultations in Ghana,
Kenya, Botswana, and Gabon (2016–2018) that were organized
by the New Partnership for Africa’s Development. African
stakeholders identified similar goals and risks to American
stakeholders but also raised additional concerns about fresh
water protection and mosquito behavior (42).

Only one transgenic mosquito approach, pursued by a
company called Oxitec, has had regulatory approval and been
subject to field tests (in Brazil, Panama, the Cayman Islands and
Florida). Scudellari (39) attributes the success of GM insect
technology to be largely due to the entrepreneurial engagement
of Oxitec, with “its outstanding position in the field and pooled
moral and exclusive technical authority to promote, produce and
distribute GM insects. Oxitec puts GM insect technology into
practice and demonstrates its workability”. The particular case of
Oxitec mosquitos does not involve a gene drive, and should be
self-limiting, but they share some common features and risks
with gene drives. Oxitec genetically engineered Aedes aegypti (a
carrier of yellow fever, dengue, and zika) to carry a ‘self-limiting’
gene that makes females dependent on an antibiotic —as they
don’t get the antibiotic in nature, they die. But males survive and
carry the gene into the next generation of females, which is
expected to reduce the local female mosquito population. Oxitec
is a for-profit company, and has not focused on independent
peer reviewed publications. Their results though seem
promising, showing a reduction of up to 95 per cent in
mosquito populations and a drop of over 90 per cent in
dengue cases. Despite this, many voices have been raised
against the Oxitec trials. The company has been criticized for
allegedly not being transparent about their and the US EPA’s
review process, which Oxitec has rebutted. However, this
criticism echoes those leveled against the agricultural company
Monsanto and points to a crucial need to be seen to be
transparent in order to build public confidence and reduce
mistrust (43). There have also been concerns that releases may
not turn out as expected, as happened in a trial at Brazil, which
saw some hybridization and introgression of genetic elements
from Oxitec mosquitoes into the wild population (44). Some of
these concerns were also successfully challenged by Oxitec and
the original manuscript (44) is now marked with an Editorial
Expression of Concern (45). Of particular note, the introgressed
genetic elements were reported to be from the transgenic
mosquito genetic background rather than the transgenes for
antibiotic dependence themselves. Therefore, if a particular effect
from hybridization was observed it could not be attributed to
genetic engineering.

GMOs are regulated in most countries, and are also covered
by international agreements such as the WHO Guidance
Framework for Testing of Genetically Modified Mosquitoes
(46), and the Cartagena Protocol under the United Nations
Convention on Biological Diversity (CBD) (47). This was
amended (48) to emphasis specific issues that may arise from
the environmental release of GM mosquitoes. Strict application
of the Cartagena Protocol precludes use of systems where
movements across national borders are hard to prevent, which
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will likely be the case for pathogens or mosquitoes which can
spread their modified trait across a continent (49). Changed
mosquitoes in countries that approve their release could end up
being distributed world-wide and in places that rejected them.
Mosquitoes spread through international trade and human travel
— the Asian tiger mosquito, Aedes albopictus, may have been
accidently imported from China to the USA and Europe on
recycled tires and “lucky bamboo” plants (50). Regulation of
GMOs requires an Environmental Risk Assessment (ERA) to be
conducted before a GMO can be released into the environment.
An ERA typically starts with developing hypotheses (or risk
scenarios) of the potential harm the GMO could cause to the
environment or people. Based on the Oxitec experience an ERA
for gene drives would need to consider the potential for spillovers
of gene-drive alleles to non-target populations. Due to the risks
and complications of deploying gene drives, studies to date on
spillover potential have relied on mathematical modeling. The
models suggest that the extent of spillovers will be influenced by
the configuration of the gene drive and migration rates (51), but
uncertainty about malaria vector biology limits what modeling
can do. Beyond the approximately 100 species of Anopheles
mosquito, another 3,500-mosquito species do not carry
malaria. The extent to which gene drives can pass between
mosquito species is uncertain, as is whether a gene drive will
work the same way in all malaria vectors, or if the populations of
only some malaria vectors collapse, whether others will take their
place? In addition to the direct risks of gene drives, there may
also be broader consequences to altering or depleting a species.
Anopheles mosquitoes are not known to be a classic keystone
species that others depend on, but eliminating species of
mosquitoes that contribute to pollination and provide food for
some animals could have ecological consequences. These
unknown potential consequences of successful gene drive
applications will need to be evaluated by regulators. It is
sometimes remarked that guidance on use of gene drives can
derive from experience using natural (i.e., not engineered) enemy
species as biological control, as this approach is widely accepted
to be environmentally safe. This is broadly true, but engineered
gene drives spilling over into non-target populations may present
a higher scale of risk to stakeholders (51). There is considerable
information on transgenic plants, some of which may be
applicable, as gene drives represent only a subset of potentially
invasive transgenes. Using the core principle of regulatory risk
assessment “exposure” x “hazard” = “risk”, gene flow is the
“exposure” component of the equation. Many cases of gene flow
have been observed from transgenic plants but actual
environmental “hazards” are very rare (52).

The type of experimental data and modeling etc. that needs to
be collected prior to the release of a GMO will be determined by
the risk scenarios generated during preparation of an ERA, and
there may be challenging tradeoffs between reducing uncertainty
and avoiding risk. As Redford et al. (37) pointed out, “seeking to
reduce epistemic uncertainty by performing a risk assessment on
emerging technologies may require research activities that
themselves pose some risk.” Self-sustaining technologies
exemplify this risk as there is currently little certainty about
Frontiers in Tropical Diseases | www.frontiersin.org 6
how they would behave in the environment. While modeling
suggests that geographical features will isolate mosquito
populations to limit the spread of gene drives (19), resolving
uncertainty will still require reliable data on altered phenotype
and population data, gene flow between target and non-target
populations, modeling of impacts on food web structure, etc.
(53). Conformity with WHO protocols require that an
intentional field release not be conducted prior to evaluation in
cage and semi-field trials. This step-by-step approach seems
designed for GM systems such as crops that typically don’t
spread much on their own, whereas gene drives are designed
to spread. To date gene drives have been studied in a laboratory
setting only. Field trials may not be possible with a potentially
highly invasive self-sustaining technology as by their nature a
positive result would lead to unauthorized international spread.
At least in theory this could also occur after the accidental release
of just a few individuals during testing.

This raises the seemingly impossible paradox of how to
mitigate risks and conduct field trials in a system that could
permanently alter a species? Conducting field trials on isolated
islands first and/or molecular confinement measures such as self-
eliminating transgenes (‘biodegradable transgenes”) have been
suggested as means to generate data before the introduction into
borderless/expansive environments (54–56). The US Defense
Advanced Research Projects Agency (DARPA) Safe Genes
program is spending US$65 million across several US research
teams developing gene drives with built-in controls and/or
external overrides so that gene-drive technologies can be
reversed or contained. The involvement of DARPA, part of the
United States military, has raised concerns in the media and
among anti-GM activists about the militarization of gene drives.
However, DARPA themselves have claimed their purpose is to
develop tools to circumvent gene drives if something goes wrong,
whether nefariously or by accident (57). With DARPA funding
the Target Malaria team recently reported that a single release of
male mosquitoes expressing an anti-CRISPR protein (AcrIIA4),
could stop the doublesex drive spreading in a caged population
(58), though how they will test this countermeasure is unclear as
DARPA Safe Genes contracts expressly forbid conducting a field
trail. Nevertheless, this approach provides a possible intervention
in the case of unintended releases, particularly for self-sustaining
strategies with high potential of spread. DARPA funding also
contributed to the development of “daisy-chain drives”. These
are a potentially self-exhausting form of CRISPR-based gene
drive that consists of a series of genetic elements that are
sequentially lost with each generation until the drive is no
longer functional (59). Constraining generational and
geographic spread will reduce the impact of daisy-chain drives
on the diseases vectored by widely dispersed mosquito species,
but conversely, they could facilitate safe field testing, and allow
local communities to decide on deployment with minimal risk of
spread across political borders (59).

Another potentially key aspect of an ERA is the nature of the
genetic insertions (“the cargo’ as it is sometimes called) that will
be dispersed through the population. Regulators may consider
that a gene drive which prevents the mosquito transmitting
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disease would be less likely to cause harm than one designed to
spread sterility. This also applies to the different strategies
proposed with entomopathogenic fungi. For example, GM
Metarhizium expressing insecticidal toxins to quickly reduce
An. gambiae populations, and GM Metarhizium expressing
antibodies targeting sporozoites to produce mosquitoes with a
lower level of malaria infection (8, 60). The population
suppression strategy should have more rapid impact, but the
disease reduction strategy should bypass some concerns
regarding the emergence of resistance, and employing a
transgenic fungus that differs from wild type only in
expression of a specific anti-plasmodium gene seems
inherently less likely to raise concern. Most Metarhizium
strains persist as clonal populations, with no sign of horizontal
gene transfers on a human historical scale (61, 62). There are also
a variety of mitigating strategies if required by regulators,
including engineering poor or blocked conidiation, low
persistence, and/or autolytic programs (63), or using site-
specific recombination systems that eliminate the transgenes
from the fungus after it has killed the insect so that it returns
to wild-type virulence (8, 64).

The core precautionary prospective of the Cartagena protocol
is shared by many research councils, scientific societies and
regulatory agencies, and considered in a wide range of
environmental laws, treaties, and protocols. In November 2018,
the Conference of the Parties to the Convention on Biological
Diversity considered imposing a moratorium on gene drives, but
ultimately approved a cautious approach to moving forward.
Researchers would have to show that GE insects posed no threat,
and any field test would have to be preceded by the free, prior
and informed consent of people who live in affected areas (1, 60).
How to demarcate “affected” in this context is not clear, but
could be interpreted as the area that the gene drive could
disperse. The very laudable aim of the precautionary principle
is to prevent risky and untested products. However, no human
endeavor is risk free. According to the WHO, a strict
interpretation of the precautionary principle could mean that
before granting regulatory approvals all possible safety issues
would need to be resolved, regardless of societal needs and
potential benefits (46). As Matt Ridley, author of “The Rational
Optimist”, states; ‘At its worst the principle does huge harm
because it says banish potential hazards without considering the
benefits of an innovation while ignoring the hazards or an existing
technology. Don’t do anything new.” (65).

Ridley and others argue that new policies should be examined
for the impact they could have on innovation, and if harmful to
innovation they be reconsidered. The WHO believe their
guidelines already have embedded mechanisms that balance
risk and benefit evaluation, and avoid creating barriers, high
costs and extended indecision on regulatory approvals (46). They
propose conducting economic evaluations to compare
alternative courses of action as a basis for making sound
decisions. However, the major risk assessment challenge is the
need for a political answer as to how to interpret the
precautionary principle in the global context of rapid
technological changes capable of altering entire ecosystems (43,
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66). There is a body of opinion that a new neutral globally
harmonized regulatory system is required which would need to
be trusted, transparent and enforceable, with punitive liabilities.
The United Nations and other organizations have working
groups to study the issues. Disagreements derive from defining
what a “neutral” system looks like. Anti-GMO groups take that
as meaning not biased towards professional expertise, which
presumes a steep learning curve by lay people worldwide. This
curve must allow decision makers to address what constitutes
“informed consent” in the context of biological and ecological
uncertainties, and it is unclear how this regulatory system could
be empowered to override the concerns of the most risk adverse
countries. Many countries will be unwilling to give up
sovereignty in this way-the USA for example has not ratified
the Cartagena protocol-and their rights have to be respected, yet,
requiring worldwide consensus before proceeding in any one
place seems a recipe for stalemate.
SOCIAL ACCEPTABILITY ISSUES

Historically, social acceptability issues relating to GE have focused
on food products and have usually been driven by perceptions of
benefit and risk, whether there were non-GE alternatives, whether
the products were sold by large multinational corporations, and the
nature and timeliness of the benefit to the public (66, 67). Although
some of these points may also apply to mosquito control, actual
public responses to deploying transgenic products for health
purposes are difficult to anticipate. In contrast to GE food
products, mosquito control work is mostly funded by public
health organizations or philanthropies, and often conducted at
universities or non-profit organizations. This could raise different
public concerns if a large funder such as the Gates foundation in a
resource-poor environment was considered to have undue influence
and control of the narrative. In any event, it is totally clear that
science based regulatory decisions will not be enough for any
emerging biotechnology proposed for field release. Social
acceptability and values-based concerns will have to be addressed
for all the transgenic vector control technologies under
consideration. An element of the current anti-GMO activist attack
is that there is a lack of transparency, no matter how much
information is provided. However, historical lack of transparency
and public consultation, sometimes simply due to naivety, has
helped conspiracy theorists with this line of attack, dominating
the political narrative and spreading disinformation on risks
for decades.

Of crucial importance today is public participation and
capacity building in countries like Burkina Faso, where releases
of self-sustaining pathogens or gene drives may be made. If these
stakeholders reject these technologies they will not progress. As
Fredros Okumu (Director of Science of the Ifakara Health
Institute in Tanzania) told The Washington Post (68) many
people in Africa view gene drives as “foreign technology”. “The
key to winning approval of local communities to this kind of
malaria eradication program is to fund research institutions in
Africa and train African scientists who can then explain the
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benefits of gene drives to their fellow citizens”, he said. Burkina
Faso is progressing in this direction with one of Africa’s highest-
profile malaria research laboratories [the Institut de Recherche
en Sciences de la Santé (IRSS)], which has funding from many
external sources, including the World Bank, and is part of the
Target Malaria consortium. IRRS has an ethics committee and
Burkina Faso a well-established National Biosafety Agency with
experience at creating staged approval processes.

Kuzma (69) argues that before progressing with gene drive
projects, “external experts, stakeholders, and citizens with
specialized and local knowledge” should be consulted in a
transparent way. The Target Malaria project in Burkina Faso
provides potential examples of how this might be done. In 2019
they conducted a small-scale release of sterile male mosquitoes in
the village of Bana. These did not have a gene drive mechanism
but where intended to prepare for potential future releases of
gene drive mosquitoes. For several years preceding the trial the
consortium focused on characterizing local mosquitoes and their
behavior and ecology. Of crucial importance, they also engaged
the local community to explain the project and to agree a set of
principles – transparency, inclusiveness, openness to different
perspectives –to help garner community participation in project
activities. The community itself designed its own acceptance
model, choosing to establish a representative panel of citizens
that was a conduit between the institute and the community.
This was a very small-scale trial, with a self-limiting mosquito
strategy, and a larger trial over a wide geographical area,
particularly if it involved self-sustaining transgenics, would
require a broader notion of “community”. A recent Target
Malaria sponsored workshop that focused on what it means to
get community agreement for gene drive research identified this
as an area requiring further discussion (70).

Many advocates of transgenic vector control technologies, as
well as other emerging fields with great potential, fear they will be
susceptible to subversion by anti-technology activists inducing
unfounded fears in a fearful public; this fear of fear has been
called ‘synbiophobia-phobia’ (71). Western Anti-GMO advocates
have recently stepped up attempts to influence African public
opinion. However, the experience of many groups helping to
introduce new technologies is that African communities tend to
form their own opinions on their benefits after experiencing them.
Thus, mobile banking (Orange money, Nana-Express, Telecel-
Flash) conducted using cell phones has been adopted by people
irrespective of their level of literacy. This was also the case with
Burkinabe cotton-farmers, who quickly accepted GM Bt-cotton
which produced the expected beneficial results (72). However,
owing to technical issues with the fiber length produced by GMO
Bt cotton the seeds were withdrawn in 2015, after they had been in
use for eight years. This displeased farmers who report suffering
significant crop loss, despite using more pesticides (73). According
to Dr. Umar Traore of the National Biosafety Agency in Burkina
Faso referring to Bt cotton in the context of GMO approaches to
mosquito control, “what we learned is that we should avoid mistakes
when it comes to biosafety matters. Because if it was a biosafety issue,
the whole technology would have collapsed here. We are happy that
it’s not a biosafety issue.” (74).
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Public debate in the west surrounding GMOs has relied
heavily on emotional discourse and conspiracy theories.
Generic anti-GMO attitudes have been fanned by pressure
groups that believe public opinion is more readily influenced
by appeals to emotion than by objective facts (75). A particularly
effective example of framing was the use of “Frankenfoods” to
indicate things inappropriately brought together that escape
constraints. There have already been attempts to frame
discussions of gene drive organisms as ‘genetic extinction
technologies’ (76), which exaggerates their power, while
implying that all gene drives are intended to be global
mosquito killers, whereas many are intended to be local and/or
target the Plasmodium rather than the mosquito. This raises the
question as to whether people can be reasoned out of positions
that are based on emotion? Jonathan Swift (1667-1745) thought
not “It is useless to attempt to reason a man out of a thing he was
never reasoned into”. Furthermore, attributing public concerns to
scientific ignorance ignores evidence that people can become
more polarized when they are given more information for
confirmation bias to work with (77). Notwithstanding this, as
the covid pandemic made clear, scientists need to be able to
communicate their complicated and highly technical areas of
research, and make their intentions known, as early as possible.
There is a particular need for scientists who can interact with
decision makers in government and elsewhere. Advice for
science policy training programs usually includes paring down
extensive explanations into jargon-free digestible bites, and the
need to adopt a clear and confident tone; studies suggest that the
tentative tones adopted by many scientists are an obstacle to
communication (78).
WHAT IS THE ROUTE TO MARKET-CAN
WE MAKE A PROFIT?

One way to ensure costs that would be appropriate to developing
World use would be use gene drive mosquitoes or a mosquito
pathogen that could be released in small numbers, and that will
reproduce and proliferate. Ideally, this would cause a population
collapse or modification of a large part of the mosquito
population so that they are refractory to malaria. Such a
product would not require repeat sales and thus could be
developed by government and philanthropic agencies without
thought for profits. For profit use of biotechnology is often used
by anti-GMO pressure groups to spark public fears of misuse by
corporations. The historical context of these fears was the early
dominance of Monsanto in producing genetically engineered
foods. Monsanto’s seed patenting model was conflated with the
science, tainting all GMO research. Gene drives may be more
favorably viewed by the public if people don’t fear that profits
have priority over public health. Likewise, it should be possible to
engineer free-living self-sustaining microbes that will reproduce
under field conditions at a level that would provide effective
control. However, as with gene drive mosquitoes, such agents
would have no respect for national borders and hence could fall
foul of the Cartagena protocol.
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The cost effectiveness of a control strategy based on a self-
limiting pathogen or GMmosquito will always be compared with
any available alternatives, including chemical insecticides. The
most cost-effective control strategies and agents will be used in
the short or long term, unless more expensive control programs
are subsidized by governments or international agencies (79). An
example of the latter is the use ofMetarhizium acridum for locust
control in Africa (79). Oxitec’s current business model suggests
that without continuing government or philanthropic subsidies,
customers will eventually make ongoing payments for repeated
releases of GM mosquitoes to avoid resurgences in mosquito
populations. In the meantime, the company has received
significant venture capital investment, public subsidy, and
grants from the Gates Foundation and the Welcome
foundation. In 2015, the biotechnology company Intrexon
Corporation (USA), purchased Oxitec (80), ensuring Oxitec
has the financial assets to move GM insect technology forward
(81). Self-limiting gene drives would seem to be a requirement
for a private commercial gene drive industry to develop.
However, the Target Malaria model suggests that repeated
releases of engineered self-propagating mosquitoes over several
years and numerous villages will be needed to reduce the
abundance of wild type mosquitoes (19). Other gene drive
initiatives, such as daisy chain drives, are designed to produce
limited spread and persistence, and will therefore require to show
business viability, or like M. acridum they will need to be
subsidized. There is potential for commercial use of gene
drives, at least for agricultural pests, and if successful could
build public confidence in the technology (82). For example, the
California Cherry Board has funded research on a gene drive that
could potentially eradicate the spotted-wing Drosophila, an
invasive fruit fly that ruins soft fruits (83). Commercial usage
will require low-cost mass production, and overcoming a
number of other technical constraints that are sometimes
treated as an afterthought in technology deployment and
commercialization. In particular, any gene drive technology is
going to be highly regulated, providing an obstacle to
commercialization that explains why most gene-drive funding
has come from either philanthropies, such as the Gates
Foundation, or the military. Likewise, regulatory costs are a
major factor explaining why commercialization of transgenic
crops has been largely left to large corporations (82).

There are many commercial microbial pest control products,
and even a few that are GE (34). The GE products are deployed in
the USA but most biological control products are used in
developing countries and with crops where the slow speed of
kill of most wild type pathogens is not uneconomical. Cost
effectiveness can vary with government regulations affecting
registration and use, and as well as these, the costs of
development, production and use of biocontrol agents is
typically much lower in developing countries. One of the
world’s most successful biological control programs involves
treating two million hectares of Brazilian sugar cane with
Metarhizium anisopliae to control spittlebugs (84). The fungus
is produced on a large scale by sugar mills. Chinese factories also
produce thousands of tons of Metarhizium spp yearly,
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principally to combat locusts. For smaller-scale production
serving local needs, fermentation in plastic bags containing
low-cost agricultural materials such as rice may be practical
(85). Africa already has this technology (86). Fortunately, high
quality research over several decades have already provided
entomopathogenic fungi with an outstanding record of safety
to human users (87), so manufacture, storage, distribution,
delivery, and application should pose no risk to the workforce.

Manufacturing processes for GM insects or microbes will also
need to meet any requirements of local, regional or other
appropriate regulatory authority. Parameters indicative of
consistent manufacturing will need to be defined and specified,
and this might be easier at a large factory scale. However,
deploying Metarhizium as a community-based “cottage
industry” provides a small-scale decentralized solution that will
likely be less expensive than industrial production and more
likely to be embraced by the communities. Locally produced
fungus could bypass regulations governing transport of
transgenic products across international borders, although
trans-border movement by humans would be virtually certain,
irrespective of regulations, at least if the product seems to work.
Keeping costs low will also be contingent on ultimate
formulation (spores provided as granules, suspended in oil or
as an impregnated rolled sheet in a vacuum bag) and application
(as sprays, in bait stations, applied to surfaces), and hence
duration of efficacy, as well as the ability to distribute the
product through existing delivery channels. This exemplifies
how all of the elements of a TPP are interconnected and
contingent on each other (Figure 1).
CONCLUSIONS

This review covers the significant progress in the field of
transgenic based mosquito control during the last few years.
There is every reason to believe that, if given the opportunity,
various methodologies founded on diverse strategies for effective
and safe anopheline control, have the potential to be
transformative for public health. However, to date only a self-
limiting transgenic fungus is close to field ready (having been
tested in a “semi-field’ MosquitoSphere). Testing a very broad
array of engineering strategies is consistent with the highly
exploratory approach required for optimizing mosquito control
potential, and also with a need to be flexible in light of regulatory
constraints that may permanently stymie some approaches. It is
also unlikely that there will be a single strategy that is optimal in
all conditions, and the collective goal of scientists working in the
field of mosquito control is to provide a wide range of options
and resources that different communities can exploit according
to their circumstances.

The biggest challenge raised in this review, and many other
forums, is how do we give mosquito control strategies the
appropriate regulation required for safe use, and deploy them in
ways that will be acceptable to the world? The possibility that self-
sustaining technologies could soon be tested outside the laboratory
has increased political sensitivity, and the fate of the technology is
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in balance. A movement for a full ban on gene drives gained
momentum at the run up to the 2018 Conference of the Parties to
the Convention on Biological Diversity. Representatives of a
number of African nations, concerned about their citizens
health, joined with scientists to say that a moratorium would be
wrong. Opposition may grow again if a gene-drive experiment, or
perhaps any other transgenic technology, is perceived to have gone
wrong. However, while gene drive mosquitoes will be the likely test
case for public acceptance of gene drive technology, mosquito
research does not operate in a vacuum. The whole field of
synthetic biology, with its aspiration to revolutionize the way we
work with biology, is addressing the same social and political
issues (88). The issues being the same, so are the proposed
solutions: scientists to engage with the public, listen to
alternative viewpoints, adapt their ideas and be as transparent as
possible about their work and intentions (88). The view is that
everyone on Earth is a stakeholder, and so all views are valid and
should be considered. This is a populist credo but the devil is in the
details for how to make it work in practice e.g., will extra credence
in decision making be given to professional expertise? Also, of
course, some scientists are not well adapted to public engagement,
and decades of social science has shown that knowledge level
accounts for a very small amount of variance in public attitude
toward new technology. It is however probable that public opinion
in most of Africa is not yet set on the issue of GE organisms, and
their acceptance, if it occurs, will depend at least in part on the
“trustworthiness” of the information source. Local scientists,
activist groups and governments may be trusted for different
reasons. The WHO (2014) stated that “decision-making bodies
approving biosafety testing should have the capacity to formulate
the risk problem, define appropriate end points for risk, interpret the
character of risk components and understand the efficacy and
Frontiers in Tropical Diseases | www.frontiersin.org 10
uncertainty related to proposed measures” (16). For science to be
embedded in society requires that these decision-making bodies
provide a ‘pluralistic accountability system for world politics’ (89).
As seen during the covid pandemic it is not easy to take
complicated scientific issues into governmental institutions,
democratic or otherwise, and get the best solutions to the
world’s problems. Lay people from all parts of the world serving
on a decision-making body for new technologies would need to
become experts to interpret information intelligently, to question
power holders, and to accommodate disagreement and
uncertainty. Helping to inspire such a global accountability
system would be a remarkable acknowledgement of the impact
of mosquitoes and their associated transgenic technologies, but we
are clearly not there yet.
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