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Abstract

The development and implementation of the release of genetically modified
mosquitoes (GMM) for interrupting pathogen transmission represent a major
challenge, despite the fact that several achievements have been made about Anopheles
and Aedes mosquitoes. There are major biotechnology challenges remaining about the
improvement of the stability of a gene construct and its expression for a robust and
complete interruption of pathogen transmission and the devise of safe means of
spreading foreign antipathogen genes through mosquito populations in the wild.
The implementation obstacles to overcome include proper risk assessment and
management, conduct of studies to ensure safety for humans and the environment,
devise of appropriate control strategies based on sound gene-driving systems, address
properly ethical, legal and social implications of the release of GMM and public
concerns. Although the development of GMM as disease-control tool is technically
feasible, for proper implementation no field release must be undertaken until clear
scientific proof of safety for humans and the environment and efficacy is provided and
ELSI concerns and public acceptance are properly addressed.
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Introduction

Effective disease-vector control has been very difficult to achieve, particularly in
developing countries, due to various factors, such as development of insecticide
resistance by the vectors, poor knowledge of the biology of the vectors, inappropriate
implementation strategies (technical and operational) and also limited human
capacity.
To overcome these difficulties, it becomes necessary to apply selective, targeted and
site- specific control strategies based on increased knowledge of the biology of
vector-pathogen-human interactions, on the improvement of existing control tools and
on the development of new and innovative vector-control tools and strategies.

The limited understanding of vector biology, emergence of insecticide resistance
and failure of other malaria-control measures, served as an impetus for a historic
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meeting convened by TDR� and the MacArthur Foundation in Tucson, Arizona in
1991. On that occasion a small group of scientists, stimulated by the advances of
molecular biology, proposed an unorthodox approach: the use of the modern tools of
genetics to overcome the role of Anopheles gambiae in malaria transmission, making
it unable to host and/or transmit Plasmodium (Report of the meeting 'Prospects for
malaria control by genetic manipulation of its vectors' 1991). This revolutionary idea
was accepted by the Joint Coordinating Board of TDR, and a new area of work –
Molecular Entomology – was launched with a long 20-year work plan, focusing on
three major milestones: (1) by 2000, develop the basic tools for the stable
transformation of anopheline mosquitoes; (2) by 2005, engineer a mosquito unable to
carry the malaria parasite(s); (3) by 2010, carry out controlled experiments for
understanding how to drive this genotype into wild populations. Milestone 1 was
reached exactly on target (Kokoza et al. 2000; Catteruccia et al. 2000); milestone 2
was achieved three years ahead of schedule (Ito et al. 2002). Next to Plasmodium-
incompetent mosquitoes, it was also considered that Aedes aegypti (L.) should be
transformed to become refractory to the dengue viruses.

In this paper, the challenges for the development and implementation of new and
innovative control measures such as the release of genetically modified mosquitoes
(GMM) are analysed in light of the necessity of addressing safety assessment and
management, ethical, legal and social implications (ELSI) and public acceptance and
decision making.

Challenges for development and implementation of the control
strategy

Several achievements have been made towards the genetic transformation of
vectors unable to transmit disease pathogens.

� Anopheles stephensi Patton transformation was achieved using Minos
transposable element and the marker gene of the Enhanced Green Fluorescent
Protein (EGFP) (Catteruccia et al. 2000).
� An. stephensi expressing a 12-amino-acid peptide (termed SM1) that binds
specifically to mosquito midgut and salivary-gland tissues (Ghosh, Ribolla and
Jacobs-Lorena 2001), was also engineered using piggyBac transposable element,
the EGFP marker gene and the synthetic gene corresponding to SM1, and made
unable to sustain Plasmodium berghei development and transmission (80%
reduction in transmission) (Ito et al. 2002).� An. gambiae, the major vector of
malaria in Africa was transformed using piggyBac marked with EGFP (Grossman
et al. 2001) and SM1 was proved to be able to bind to its midgut and salivary-gland
tissues.
� A white-eyed strain of Ae. aegypti was transformed (coloured eyes) in 1998, with
50% transformation achieved with Hermes-Cinnabar (Jasinskiene et al. 1998), and
4% with  Mariner-Cinnabar (Coates et al. 1998).
� A transgenic Ae. aegypti refractory to dengue virus (and other pathogens) was
engineered (Olson et al. 1996) with a viral transducing system using a double
subgenomic Sindbis virus (dsSIN) containing a sequence from DEN-2 virus, to
induce resistance in Ae. aegypti to DEN-2 virus replication and transmission.
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� A stable transgenic Ae. aegypti mosquito (Hermes-Vg-DefA) produced (a blood-
meal induced) defensin with antibacterial activity in the fat body (Kokoza et al.
2000).

Despite these achievements, biotechnology challenges remain about the
improvement of the stability of a gene construct and its expression for a robust and
complete interruption of pathogen transmission, the devise of safe means of spreading
foreign antipathogen genes through mosquito populations in the wild and the devise
of an appropriate genetic-control strategy based on this tool.

The solution to these technical challenges will be greatly speeded up (Morel et al.
2002) by the newly released Anopheles gambiae genome (Holt et al. 2002) and the
forecoming Ae. aegypti genome sequence.

The An. gambiae genome provides new opportunities for generating new genetic
markers for characterizing the vector populations, for studying their biology, ecology
(including gene flow, dispersal, behaviour) and for identifying targets to inhibit
parasite growth and interruption of transmission.

The main challenges would be implementation-related issues of the control strategy
to answer the questions:
- How can we successfully and safely implement genetically modified mosquitoes to
interrupt malaria and dengue pathogen transmission in the field?
- How can we successfully convince the public that this goal is desirable, feasible and
can be accomplished safely?

Requirements to be considered before GMM can be deployed

The obstacles to overcome include proper risk assessment and management,
conduct of environmental studies to ensure safety for humans and the environment,
devise control strategies based on sound gene-driving systems, address properly
ethical, legal and social implications of the release of GMM and public concerns.

Safety assessment needs a strong scientific base such as the identification of
scientific principles and practices for conducting safe laboratory experiments and field
trials with GMM following Good Developmental Practices (GDP).

A step-wise approach needs to be used during the research and development
process to minimize the potential risks of the use of the GMM to humans and the
environment. This can be achieved by the provision of guidance on the design and
performance of minimum-risk field research, the development of criteria and test
methods for environmental monitoring, providing the basis for collection of data
addressing safety in the field, the development of guidelines for dispersal,
contingency measures and site rehabilitation.

Proper safety assessment and management is an important basis for policy
decision. It needs to set up a procedure to minimize the potential adverse human and
environmental consequences by anticipating detrimental effects that might follow the
release of GMM during experimentation, by designing monitoring systems for the
early detection and evaluation of adverse outcomes and by planning intervention
strategies, so that new information can be gathered and interpreted to avert and if
necessary, remedy adverse health or environmental effects (Wheelis et al. 1998).

Biosafety assessment for humans and the environment needs to provide public
information about the biosafety issues and ensure that the information reaches the
communities and decision-making bodies. A proof of efficacy and safety to be
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approved by authorized biosafety and regulatory bodies before any experimental
release should be properly established (Hoy 2000).

There should also be prior environmental and health studies for site selection, and
based on this data the most appropriate sites should be chosen.

Ecological studies are needed to improve understanding of gene flow in mosquito
populations (mating patterns, behaviour, male biology, population size and structure,
mechanisms of population regulation, fitness and phenotypic effects of colonization
and mass production) (see also Knols et al. elsewhere in this volume). They will help
identifying suitable isolated field sites and characterize populations in terms of genetic
and ecological make-up; epidemiological characterization (transmission, disease),
develop appropriate contained semi-field systems to improve understanding of the
biology of (transgenic) mosquitoes (Scott et al. 2002).

Moreover, models can be used to enhance understanding of biological processes,
spatial and temporal variations, selection of ‘suitable’ areas, prediction of effects of
transgene introduction and public-health outcome.

Ethical, legal and social implications (ELSI) of the potential use of GMM will also
need to be properly addressed, by integrating with the scientific studies those ELSI
factors that are relevant to the use of GMM, and by ensuring that all parties with
legitimate concerns have mechanisms for including their input into the proposed
control programs. There is also the necessity of translating risk-assessment procedures
into language(s) that are easily understood by the communities concerned, and of
involving the end-users in the choice of sites and plans for deployment, in clear and
legally appropriate concepts of informed consent, and in promoting an understanding
of the real measures of success for the programs (Macer 2002).

Information should be openly provided as broadly as possible in a two-way
process, and consent should be obtained from the communities involved. The
mechanisms to obtain individual and group consent need to be specifically developed
for public-health interventions. The data should be made open to all so that they can
benefit from global expertise and develop an international consensus. There is a need
for an ongoing and active process of ethical analysis, through a variety of fora. There
is also the need for the elaboration of ethical and scientific standards for research in
this area (Macer 2002).

The building of public awareness and confidence is essential to develop
implementation strategies that involve the end-user communities and decision-making
bodies such as to raise their awareness and build confidence about the benefits and
risks, to provide means to the public to be sufficiently knowledgeable to make
informed decisions about the merits of deploying these programmes in their
communities, to provide adequate means for information dissemination and
communication, to promote South-North research and development and build capacity
in Disease-endemic countries (DECs) for the understanding and the potential use of
the tool.

Bearing in mind these necessities, TDR and partners (NIH, MacArthur Foundation)
initiated several meetings in order to bring together the different parties (molecular
biologists, population geneticists, ecologists, field biologists involved in these
activities (Scott et al. 2002; Alphey et al. 2002). Further plans include more
involvement of DECs in terms of North-South research and training activities,
building capabilities for the use of genome data as well as developing public
awareness.
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Conclusion

The development of genetically modified mosquitoes as disease-control tool is
technically feasible and the recently released An. gambiae genome provides
opportunities to address the remaining scientific challenges. For the implementation-
related challenges, biological, ecological and genetic information needs to be gathered
on the tool and the environment in which it may be used such as to give guidance
about how to devise control strategies. Public concerns and ELSI considerations need
to be properly addressed and a proof of efficacy and safety as basis for policy decision
needs also to be demonstrated.
For proper implementation, no field release must be undertaken until clear scientific
proof of efficacy is provided and safety issues for humans and the environment, ELSI
considerations and public concerns are properly addressed.
Regardless of the quality of the science, the public confidence and acceptance will be
the key factors to drive the tool in use.

References

Alphey, L., Beard, C.B., Billingsley, P., et al., 2002. Malaria control with genetically
manipulated insect vectors. Science, 298 (5591), 119-121.

Catteruccia, F., Nolan, T., Loukeris, T.G., et al., 2000. Stable germline transformation
of the malaria mosquito Anopheles stephensi. Nature, 405 (6789), 959-962.

Coates, C.J., Jasinskiene, N., Miyashiro, L., et al., 1998. Mariner transposition and
transformation of the yellow fever mosquito, Aedes aegypti. Proceedings of
the National Academy of Sciences of the United States of America, 95 (7),
3748-3751.

Ghosh, A.K., Ribolla, P.E.M. and Jacobs-Lorena, M., 2001. Targeting Plasmodium
ligands on mosquito salivary glands and midgut with a phage display peptide
library. Proceedings of the National Academy of Sciences of the United States
of America, 98 (23), 13278-13281.

Grossman, G.L., Rafferty, C.S., Clayton, J.R., et al., 2001. Germline transformation of
the malaria vector, Anopheles gambiae, with the piggyBac transposable
element. Insect Molecular Biology, 10 (6), 597-604.

Holt, R.A., Subramanian, G.M., Halpern, A., et al., 2002. The genome sequence of the
malaria mosquito Anopheles gambiae. Science, 298 (5591), 129-130,141-149.

Hoy, M.A., 2000. Deploying transgenic arthropods in pest management programs:
risk and realities. In: Handler, A. M. and James, A. A. eds. Insect transgenesis
: methods and applications. CRC Press, Boca Raton, 335-367.

Ito, J., Ghosh, A., Moreira, L.A., et al., 2002. Transgenic anopheline mosquitoes
impaired in transmission of a malaria parasite. Nature, 417 (6887), 452-455.

Jasinskiene, N., Coates, C.J., Benedict, M.Q., et al., 1998. Stable transformation of the
yellow fever mosquito, Aedes aegypti, with the Hermes element from the
housefly. Proceedings of the National Academy of Sciences of the United
States of America, 95 (7), 3743-3747.

Kokoza, V., Ahmed, A., Cho, W.L., et al., 2000. Engineering blood meal-activated
systemic immunity in the yellow fever mosquito, Aedes aegypti. Proceedings
of the National Academy of Sciences of the United States of America, 97 (16),
9144-9149.

Macer, D., 2002. Ethical, legal and social implications (ELSI) for the use of
genetically modified disease vectors. Presentation at 6th World Congress of



Chapter 16

222

Bioethics, Brasilia, Brazil, 30 Oct– 3 Nov 2002. UNDP/WORLD
BANK/WHO Special Programme for Research and Training in Tropical
Diseases (TDR), Geneva, Switzerland, TDR/STR/SEB/ST/021.

Morel, C.M., Touré, Y.T., Dobrokhotov, B., et al., 2002. The mosquito genome - a
breakthrough for public health. Science, 298 (5591), 79.

Olson, K.E., Higgs, S., Gaines, P.J., et al., 1996. Genetically engineered resistance to
dengue-2 virus transmission in mosquitoes. Science, 272 (5263), 884-886.

Report of the meeting 'Prospects for malaria control by genetic manipulation of its
vectors', 1991. UNDP/WORLD BANK/WHO Special Programme for
Research and Training in Tropical Diseases (TDR), Geneva, Switzerland,
TDR/BCV/MAL-ENT/91.3.

Scott, T.W., Takken, W., Knols, B.G.J., et al., 2002. The ecology of genetically
modified mosquitoes. Science, 298 (5591), 117-119.

Wheelis, M., Spielman, A., Regal, P., et al., 1998. Manual for assessing ecological
and human health effects of genetically engineered organisms. The Edmonds
Institute, Washington, USA. [http://www.edmonds-institute.org/manual.html]

                                                
� UNDP/World Bank/WHO Special Programme for Research and Training in Tropical Diseases (TDR)
(http://www.who.int/tdr)


