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16 Population Modification Using Gene Drive for Reduction of Malaria Transmission
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16.1 Introduction

The global incidence of malaria has been reduced in the past 15 years and much of this success
results from the application of vector control methods to prevent pathogen transmission (Bhatt et al.,
2015). However, the decline in incidence has slowed recently, and disease incidence and prevalence
remain high (World Health Organization, 2020). Traditional vector control methods, although effective
in many regional and local applications, are limited in others and may be complemented by new
synthetic biological tools. Transgenic and/or genome-edited mosquitoes can carry special traits for
spread into wild populations that are expected to assist in local elimination and contribute ultimately to
disease eradication (Carballar-Lejarazu and James, 2017). These traits can be designed to reduce
the ability of vector mosquitoes to sustain parasite transmission, or to decrease their lifespan or ability
to reproduce, known respectively as population alteration/modification/replacement (henceforth

referred to as ‘population modification’) and population suppression.

The prospect of driving genetic modifications that confer malaria parasite refractory or resistance
qualities into mosquito vectors has been captivating scientists for more than 50 years (Curtis, 1968).
Naturally-occurring ‘selfish’ genetic elements were proposed as a way to achieve genetically-
engineered populations (Curtis, 1992; Burt, 2003). However, the major technological breakthrough in
the field came only recently with the discovery of CRISPR/Cas9-based gene-editing approaches,
which offer simplicity and efficiency when compared to other genome-editing tools (Ran et al., 2013).
Since then, studies of vector-pathogen biology and malaria immunology combined with the
development of molecular tools for manipulating mosquito genomes have been fueling new
developments, including mosquitoes that express exogenous or endogenous anti-parasite effectors,
or lack important host factors that affect Plasmodium transmission (Sreenivasamurthy et al., 2013;

Carballar-Lejarazu and James, 2017; Simbes, Caragata and Dimopoulos, 2018).

We discuss here the application of some of these studies and how vector manipulation tools such as

those derived from CRISPR/Cas9-based gene-drive technologies can be used to modify anopheline



mosquito populations. We examine the core concepts and mechanisms for inducing efficient
modifications that have already been identified or that represent promising targets. In the last section,
we will discuss how effective these transmission-blocking interventions must be to adequately support

malaria elimination efforts.

16.2 Features of Gene-Drive Population Modification systems

Gene-drive systems in mosquitoes utilize CRISPR/Cas9-based technology in which an
endonuclease, Cas9, makes a double-strand break in the chromosomal DNA at a specific ‘target’ site
directed by a guide RNA (gRNA) (Figure 1). Subsequent homology-directed repair and
recombination then can be used to insert specific exogenous DNA into the cleavage site. If this
exogenous DNA contains the Cas9 endonuclease and gRNA, a self-propagating (autonomous)
genetic element will continue to copy itself into any appropriate target site, thus generating gene
drive. Non-autonomous systems also can be developed by unlinking the Cas9-encoding gene from
the gRNA (Gantz and Bier, 2015). Comprehensive information on insect germline transformation and

overall CRISPR/Cas9 knock-in methods are described elsewhere in this book.

Figure 1. Schematic representation of Cas9/gRNA-mediate gene drive. A gene drive element, including the Cas9, a
guide RNA targeting the gene of choice and the antimalarial molecules, is inserted at the homologous chromosomal
Cas9-cleaved locus, through DNA repair by homologous recombination (HDR). The occurrence of this event in the
germline favors the inheritance of the transgenic cassette. The ability to maintain inheritance of transgenically-encoded

traits despite potential fitness defects enables driving of otherwise costly beneficial genetic traits through wild populations.

A number of practical considerations guide the design and construction of population modification
gene-drive systems (Carballar-Lejarazu and James, 2017). For example, it is important that the
components of a synthetic construct be as small in nucleotide length as possible and still allow
appropriate function. The smaller size of components reduces the probability of adventitious
sequence similarity to other components of the system or the target genome. This reduces the
probability of unintended recombination events disrupting the drive system as well the generation of

mutations or rearrangement of the host genome.

The locus of the target site specified by the gRNA in the mosquito genome should be well-
characterized and conserved across populations of the same species. Characterization includes

screening mosquito genomes for naturally-occurring target-site polymorphisms that may halt or
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reduce drive dynamics. However, this is a challenge because highly-conserved target sites likely
may be so because they are under negative selection and the insertion of a large gene-drive element
into them may have a deleterious effect. While this may be a benefit to suppression approaches, a

well-designed population modification system will avoid this.

In addition to naturally-occurring variants in the target site, drive-resistant alleles may be generated
by non-homologous end joining (NHEJ) events during drive. As targets that are highly-conserved in
nature are indicative of strong sequence constraints, a NHEJ resistance allele that still encodes a
functional product may be generated mis-repair and increase in frequency (Hammond and Galizi,
2017).

Insertion of exogenous DNA at a target site is potentially mutagenic for the gene in which the site is
located, and this could impose a genetic load as a result of the interrupted gene (insertion-site effect)
or expression of the inserted DNA (transgene effect). These alterations could make the resulting

mosquitoes less competitive with wild-type counterparts.

An example of informed decision during target selection is presented by Carballar-Lejarazu et al.
(2020) in the development of an efficient gene-drive system in the African malaria vector, Anopheles
gambiae. Through target-site sequence screening of genomes of natural populations and Cas9/gRNA
in vitro cleavage assays of polymorphic alleles with potentially critical modifications in the sequence,
the authors concluded that naturally-prevalent or NHEJ-induced resistant alleles are not likely to
prevent (only delay) delivery of the intended modification (Carballar-Lejarazu et al., 2020).
Furthermore, resistant alleles are not expected to rise in frequency if the targeted sequences cannot
tolerate disruption (Unckless, Clark and Messer, 2017). Therefore, an alternative strategy uses a
gRNA sequence that purposely targets an essential gene and links the antimalarial effector and drive
cassette to a sequence that restores the essential function and is resistant to cutting (Beaghton et al.,
2017; Noble et al., 2017). This was demonstrated successfully on a recoded gene-drive rescue
system for population modification of the Indo-Pakistan malaria vector, An. stephensi; individuals
carrying NHEJ alleles had a low fitness and were purged quickly from the population (Adolfi et al.,
2020).

The rationale for target site selection must be appropriate for the proposed modification strategy. The
intended modification might require disruption of a pre-determined target (e.g., insecticide-resistant
gene or host-factor for parasite development) or an insertion of a novel anti-pathogen effector. As
mentioned, there is a trade-off between the targeting of a conserved sequence with a potential

resulting fitness cost versus the insertion of the transmission-blocking gene on a neutral genomic site.
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The latter usually exhibits poor sequence conservation and facilitates the emergence of drive
resistance because non-functional regions can more easily accommodate cost-free sequence

alterations, especially if the gene drive allele carries a fitness cost.

Another concern for modification systems is that mutations can occur in the effector gene(s)
rendering them non-functional and leaving a drive-only cargo to be spread through a population, with
no effect on disease transmission. This may be challenging to measure considering that the spread of
this non-functional replacement could be much slower than that of the initial drive system and fixation
of the effector-drive construct. Although the technology performance in the field may be different than
that in the laboratory, parameters such as fitness and vector competence of the modified mosquitoes
should be tested through multiple generations with appropriate laboratory cage trials (Pham et al.,
2019). Furthermore, drive experiments on recently-colonized local populations and field trials in
naturally-isolated settings in the wild are relevant to test laboratory predictions and contemplate long-
term population dynamics and persistence of the introduced modification (Carballar-Lejarazu and
James, 2017; Schmidt et al., 2020). Mathematical modelling can be used to explore and assess the
utility of a wide range of scenarios that would be costly, time-consuming or even unfeasible to test
experimentally (Robert et al., 2012). Despite the fact that effector or drive loss-of-function mutations
may arise beyond our testing abilities, disease protection may nonetheless persist sufficiently long
enough to provide a public health benefit (Beaghton et al., 2017).

16.3 Design features of parasite-resistant mosquitoes for population modification

Improved understanding of mosquito-pathogen interactions and developments of immune-related or
synthetic-derived antimalarial factors have rapidly advanced prospects for generating refractory
mosquito populations (Caragata et al., 2020). Similarly, progress in mosquito genomics has enabled
the design and production of engineered genes expressed under the control of specific promoter-
regulatory DNA, achieving great parasite blocking performances in laboratory settings, mostly through
transposon-based transgenesis (Chen, Mathur and James, 2008; Hacker and Schetelig, 2018).
Reviewing the landmarks that built the current knowledge and achievements can enlighten

prospective and innovative ideas for future implementation of this technology.

Population-wide genetic modifications benefit if the transformed insects exhibit as low fithess cost as

possible. Therefore, the expression of effector genes should be restricted ideally to infection-relevant

development phases and tissues in the mosquito. To complete their transmission cycle, Plasmodium

parasites must traverse three key mosquito compartments, the midgut, the hemocoel, and the
4



salivary glands, during the course of several days after initial acquisition by the mosquito through an
infectious blood meal (Figure 2). Different cis-acting control DNA sequences that regulate
appropriate patterns of expression have been identified in malaria vectors. Mosquito midgut invasion
is a crucial step to parasite infection, as this is the first host tissue encountered by the parasites.
Therefore, control DNA sequences, particularly those that are blood meal-inducible and regulate
midgut-specific expression, confer abundant activation of the effector genes that is synchronized with
parasite ingestion. Examples of such control sequences come from genes that encode a zinc
carboxypeptidase A1 (CP), a late trypsin (Antryp1), and the G172 regulatory elements (Ito et al., 2002;
Nolan et al., 2011). The adult peritrophic matrix (Aper?) gene promoter has been used to direct
constitutive midgut expression, and is relevant to target initial stages of parasite development
(Abraham et al., 2005). Approximately one day after blood ingestion, Plasmodium parasites cross the
midgut as ookinetes, lodge under the basal lamina and develop into oocysts that face the hemocoel.
Several thousand sporozoites develop in each oocyte and these are released into the hemolymph in
the open body cavity of the insect. The vitellogenin (Vg) gene cis-acting sequences can be used in
anophelines to induce late-digestion and sex-specific expression of desired gene products in the fat
body for secretion into the hemolymph to target the sporozoites (Nirmala et al., 2006; Chen et al.,
2007). Additionally, effectors under the control of appropriate salivary gland-specific promoter regions
can be used, including those from apyrase (Apy) and D7-related (D7r) genes (Lombardo et al., 2005),
and more strikingly, the anopheline antiplatelet gene (aapp) gene (Yoshida and Watanabe, 2006;
Sumitani et al., 2013). Other control DNAs from the genes encoding a prophenoloxidase (PPO6,
hemocyte-specific), actin5C (act5C, expressed-constitutively in the midgut) and lipophorin (Lp,
expressed-constitutively in the fat body) may be convenient for alternative transgene expression
strategies (Volohonsky et al., 2015). However, one hypothetical set of genes as of yet to be identified
are those that are tissue-specific and that respond uniquely to a parasite infection. In principle, if
discovered, these would minimize even further potential fitness costs associated with transgene

expression.

Currently, genome modifications for engineering refractory Anopheles mosquitoes include an induced
expression of exogenous or endogenous genes with known antipathogen effects, and/or gene editing
of mosquito host factors required for parasite development. Many infection-blocking effectors are
classified as exogenous lytic peptides, such as the scorpion venom protein, scorpine (Conde et al.,
2000), bee venom phospholipase (PLA2) (Moreira et al., 2002), the antimicrobial peptide mellitin
(Carter et al., 2013), sea cucumber hemolytic C-type lectin (CEL-IIl) (Yoshida et al., 2007), and the
synthetic peptides Shiva1 (Yoshida et al., 2001), Vida3 (Arrighi et al., 2002) and TP10 (Arrighi et al.,
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2008). All have been expressed by transgenes in mosquitoes and successfully suppress Plasmodium
development (Meredith et al., 2011; Dong, Simdes and Dimopoulos, 2020). Another class of
exogenous effector molecules is designed to bind the parasites or mosquito tissues, preventing
invasion and development following infection. One of first molecules of this type for a malaria parasite
blocking strategy, the salivary gland midgut peptide 1 (SM1), was selected from a bacteriophage
library (Ghosh, Ribolla and Jacobs-Lorena, 2001; Ito et al., 2002) and binds both the midgut receptor
EBP (enolase-binding protein) on the luminal side of the midgut, and the Saglin receptors on the
distal lobes of the salivary glands, blocking parasite interaction with these tissues (Ghosh et al., 2009,
2011; Vega-Rodriguez et al., 2014). Furthermore, work leveraged from transmission-blocking
vaccines led to the identification and synthesis of potent modified monoclonal antibodies, single-chain
fragments (scFv), that are directed specifically against Plasmodium parasite antigens (Yoshida et al.,
1999). The inaugural work showing the feasibility of using expression systems to limit mosquito vector
competence achieved virus-mediated transient expression of an anti-sporozoite scFv, with a resulting
reduced salivary gland infection of as much as 99.9% when compared to controls (Capurro et al.,
2000). Transgenes expressing 1C3, 4B7, or 2A10 scFvs, the first two of which inhibit ookinete
invasion of the midgut and the third sporozoite invasion of salivary glands, resulted in fewer P.
falciparum oocysts in transgenic An. stephensi lines and decreased significantly sporozoite mean
intensities of infection in salivary glands (Isaacs et al., 2011). Alternatively, using antibodies against
mosquito-specific epitopes (Barreau et al., 1995; Brennan et al., 2000), as well as the transgenic
expression of the mouse gene Bax, which causes salivary cell death in mosquitoes (Yamamoto et al.,
2016), can also inhibit Plasmodium progression through mosquitoes. When considering the fitness of
these transposon-based effector-expressing transgenic lines, different combinations of molecules and
expression systems were shown to have contrasting impacts on mosquito survival and consequent
transgene integration into populations. For example, midgut expression of the bee venom PLAz or
expression of the peptide SM1 driven by the Vg promoter were shown to impose a significant fithess
load to transgenic mosquitoes (Moreira et al., 2004; Li et al., 2008). However, PLA2-expressing
mosquitoes seem to have an advantage when fed P. falciparum-infected blood (Smith et al., 2013)
and CP-driven expression of SM1 does not impact fitness of transgenic females (Moreira et al.,
2004). Besides, presumably due to parasite-target specificity, expression of a dual scFv transgene
can completely inhibit P. falciparum development without significantly affecting fitness cost of the
mosquitoes (Isaacs et al., 2012). Single synthetic peptide (Vida3) expression in the female midgut did
not affect fitness parameters of the transgenic population (McArthur, Meredith and Eggleston, 2014),

whereas expression of multiple toxins and synthetic molecules with broader activity can exert
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undesired impacts on crucial physiological processes or on the gut microbiota (Dong, Simbes and
Dimopoulos, 2020).

The effectiveness of the endogenous mosquito response against parasites can be boosted by the
transcriptional induction of immune effectors or the repression of negative regulators of immunity, as
proved over the years through the use of transient reverse genetics (Frolet et al., 2006; Garver, Dong
and Dimopoulos, 2009; Clayton et al., 2013; Garver, de Almeida Oliveira and Barillas-Mury, 2013).
The yellow fever mosquito, Aedes aegypti, was the first engineered genetically-stable transgenic
mosquito with an element of systemic immunity (Defensin A) activated through a blood meal-triggered
cascade (Kokoza et al., 2000). Since then, successful demonstrations that endogenous immune
effectors can be expressed in transgenic Anopheles mosquitoes include the overexpression of the
NF-kB transcription factor Rel2 (Dong et al., 2011), the antimicrobial peptide cecropin A (CecA) (Kim
et al., 2004), as well as the co-expression of these in multi-effector strategies (Isaacs et al., 2012;
Dong, Simdes and Dimopoulos, 2020), all of which strongly reduce parasite numbers in salivary
glands. However, overexpression of the anti-parasitic protein TEP1 in An. gambiae does not result in
increased resistance to Plasmodium (Volohonsky et al., 2017), demonstrating that simply augmenting

the level of a given immune factor may not be sufficient to achieve greater resistance levels.

Another class of immune regulators that have significance in pathogen infection in mosquitoes are
microRNAs (miRNAs). miRNAs have been shown in An. gambiae to function as both immune
agonists and antagonists, regulating Plasmodium infection (Biryukova, Ye and Levashina, 2014;
Dennison, BenMarzouk-Hidalgo and Dimopoulos, 2015). Transgenic depletion of specific miRNAs
transcriptionally-induced several immunity genes and increased mosquito refractoriness to
Plasmodium, with minimal effect on fitness parameters (Dong et al., 2020). In addition, some
metabolic interventions, for example, genetic manipulation of the insulin pathway regulator, Akt, elicits
mitochondrial dysfunction that enhances parasite killing in the midgut, but also shortens mosquito
lifespan (Corby-Harris et al., 2010). In contrast, overexpression of an inhibitor of the same pathway
(PTEN) extends mosquito lifespan and increases resistance to P. falciparum development, by
improving the integrity of the midgut barrier (Hauck et al., 2013). These data demonstrate that while
there is promise in immune-modulating intervention strategies, exploring different aspects of vector
biology as well as a greater understanding of mosquito-parasite interactions, can be useful to develop

efficient and targeted genetic control strategies (Shaw and Catteruccia, 2019; Talyuli et al., 2021).

The association between Plasmodium and Anopheles species has resulted in some mosquito genes

being required for successful parasite infection and development in the vector host (Simdes,



Caragata and Dimopoulos, 2018). Key examples include the previously-mentioned Saglin, that
promotes salivary gland invasion (Ghosh et al., 2009), as well as Lp and Vg, which reduce parasite-
killing efficiency of TEP1 (Rono et al., 2010). The geographic compatibility of P. falciparum strains
and Anopheles species based on parasite-mosquito receptor ligand-like interactions provides an
opportunity for increased specificity in the development of infection blocking strategies (Molina-Cruz
et al., 2015, 2020). Although parasite-host interactions can be limited by genetic targeting of host
factors, complete disruption of these can be challenging. Inactivation of the fibrinogen-related protein
1 (FREP1) gene via CRISPR/Cas9 gene editing, while suppressing infection with malaria parasites,
also results in a wide array of fithess costs for the mosquito (Dong et al., 2018). Yang et al. (2020)
using a similar CRISPR-related approach, showed a failure to obtain a homozygous knockout
mosquito following the complete deletion of the mosGILT gene. However, genetic mosaics with
reduced mosGILT protein levels showed abnormal ovaries, but importantly, also refractoriness to
parasite infection (Yang et al., 2020). Therefore, the exploration of mosquito Plasmodium agonists for
the development of malaria control strategies based on parasite suppression has lagged behind other
approaches, likely because of difficulties of generating benign, fitness-neutral targeting methods. This
can be altered by future investigation of gene variants or the development of an efficient conditional
knockout of host factors via blood-meal inducible expression of either the Cas9 protein or gRNAs in
infection relevant tissues (Xue et al., 2014). Given that P. falciparum is a highly polymorphic pathogen
(Zhang et al., 2019), whose sequence diversity has been shown to limit effectiveness of single-target
blocking strategies (Neafsey et al., 2015), it is important to consider exploring combinations of
different effector molecules and also potentially targeting host factors required for propagation

(Figure 2).

Figure 2. Genetic targets for modification during malaria parasite development in the mosquito host. Plasmodium
parasites enter the mosquito midgut lumen through a blood meal. The sporogonic cycle starts with the gametocytes’
maturation into female and male gametes (early midgut infection). Upon fertilization, the zygote is formed and develops
into an ookinete. Ookinetes cross the peritrophic matrix and traverse the midgut epithelium (midgut invasion) before
settling in its basal side, where they develop into oocysts. Oocyst maturation results in the production of thousands of
sporozoites that are released into the hemocoel (hemolymph passage), from where they infect the salivary glands
(salivary gland invasion). Several gene expression systems, effectors and host factors can interfere with the different
mosquito—parasite interactions throughout this cycle. aapp — anopheline antiplatelet gene; act5C — actin 5C; Antryp1 —
late trypsin; Aper1 — adult peritrophic matrix gene; Apy — apyrase; CecA — cecropin A; CEL-IIl — hemolytic C-type lectin;
CP - zinc carboxypeptidase A1; CSPBP — CSP-binding protein; D7r — D7-related gene; ESP — epithelial serine protease;
FREP1 — fibrinogen-related protein 1; Lp — lipophorin; PLA2 — bee venom phospholipase A2; SGS1 — salivary gland
surface protein 1; SM1 — salivary gland midgut peptide 1; Vg — vitellogenin.
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16.4 Performance objectives of population modification

The ultimate goal of all genetic control strategies is to reduce the number of infectious mosquitoes
below a threshold level so that the probability of transmission falls to a point where the parasite
population is too small to maintain the infection cycle. This has been defined as reducing the basic
reproductive rate (Ro) of the disease below one (1>Ro) (Sinden, 2015). However, assessment of the
necessary frequency and efficiency of a genetic modification capable of limiting a mosquito’s
infectious potential in the field is complicated. Typically, established concepts and metrics for
measuring malaria transmission do not explicitly distinguish between light and heavy infections or the
likelihood that a deemed infectious mosquito bite actually will result in a blood-stage infection in
humans (Smith et al., 2012). This understudied area of malaria biology is of key importance to better
appreciate the dynamics of infection in natural settings and predict the impact of genetic interventions
(Graumans et al., 2020).

Early clinical and experimental evidence supported the idea that even a mosquito with a strongly
lowered parasite burden can be infectious, since the small inoculum of only ten sporozoites is
sufficient for infecting humans (Ungureanu et al., 1976) and low-sporozoite numbers were implicated
in an avian model of parasite transmission (Jasinskiene et al., 2007). Therefore, the fundamental
thinking was that if only one ookinete successfully transposes the midgut barriers, develops into an
oocyst and produces thousands of sporozoites, this should be enough to sustain infectiveness
(Rosenberg et al., 1990). This notion encouraged transgenic mosquito researchers to take for many
years the most stringent endpoint and set a goal for ‘zero prevalence’ of sporozoites in the salivary
glands (Jasinskiene et al., 2007; lIsaacs et al., 2012). However, classic reports in malaria
epidemiology support the conclusion that the majority of infected mosquito bites may not result in a
detectable infection (Davey and Gordon, 1933; Davidson and Draper, 1953; Pull and Grab, 1974).
More recently, it was shown with the rodent malaria model that mosquitoes with fewer P. berghei
sporozoites (< ~400/salivary gland) are less infectious (lto et al., 2002; Churcher et al., 2017). In a
novel study, Aleshnick et al. (2020) proved experimentally that the relationship between mosquito
salivary gland infection load and transmission probability is not linear and indeed must meet a
threshold. The chance of infection increases particularly at a range between 10,000-20,000
sporozoites per salivary gland (Aleshnick et al., 2020). However, it is difficult to extrapolate model

system transmission data directly to human malaria settings. One of the reasons is because the



protocol used for the assessment of sporozoite infectivity in humans (in controlled malaria infections
to evaluate vaccine efficacy) is carried out purposely using heavily-infected mosquitoes, which is not
reflective of parasite densities found in nature (Walk et al., 2018). In fact, most laboratory studies that
describe efforts for malaria parasite suppression in mosquitoes also overestimate infection levels,
likely underestimating the success rate of the resistance achieved. This is despite the fact that the
data on the infection intensity in naturally-occurring infected mosquitoes indicate that the majority of
them harbor a limited number of parasites (< five oocysts/gut and < 10,000 sporozoites/gland)
(Pringle and Avery-Jones, 1966; Beier et al., 1987; Billingsley et al., 1994; Gouagna et al., 2014). In
addition, the effectiveness of transmission-blocking vaccine candidates in vertebrates is considered to
be regulated tightly by mosquito parasite density, with the antibodies being more efficient at lower
forces of infection in the mosquito (Bompard et al., 2017; Churcher et al., 2017). Measurements
compatible to a natural infection system, with control parasite levels within the range of those found in
wild-caught insects, are needed for genetically-engineered mosquitoes to evaluate accurately and
correctly the potential of a given transmission-blocking strategy. It is not yet sufficiently defined
whether a ‘no sporozoite’ phenotype is indeed necessary to significantly impact malaria transmission,
therefore interventions that decrease the mean intensity of infection might be as important as those

that reduce parasite prevalence in the mosquito (Graumans et al., 2020).

It appears intuitive that the expression of multiple anti-Plasmodium transgenes in different mosquito
tissues would result in a synergistic effect and potentiate the level of refractoriness to parasite
infection. It was observed in mice immunizations that the combination of two partially-effective anti-
malarial antibodies do achieve synergy in efficacy upon lower mosquito parasite loads (Sherrard-
Smith et al., 2018). This indicates both that a similar improved effect might be expected when
combining effectors for mosquito refractoriness, and that interventions aimed to reduce infection
intensity can be useful to aid in disease elimination strategies that combine vector modification and
host vaccination efforts. Nevertheless, it is important to consider that in genetically-engineered
insects, a single transgene that produces polycistronic mMRNAs can result in reduced levels of each of
the effectors than what could be achieved through single-effector constructs (Daniels et al., 2014).
Dong et al. (2020) reported that combinations of endogenous and exogenous effectors were able to
induce highly potent suppression of parasite load and infection prevalence. However, this is not valid
for all the effector combinations, and reproductive fitness and mosquito survival can be impaired
significantly in some multi-effector transgenic lines (Dong, Simdées and Dimopoulos, 2020).
Spatiotemporal expression of multiple antiparasitic effectors targeting different Plasmodium stages

should still be a goal because it limits the probability of emergence of parasite resistance.
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Furthermore, strategic planning for malaria control should include multiple parameters and be
adjusted to the level of transmission-blocking efficacy required, given that even short-effect
interventions could eliminate Plasmodium from vector and host populations in low transmission

settings (Blagborough et al., 2013).

Perhaps the most attractive feature of population modification gene-drive systems is the possibility of
creating a high-impact, low-cost and sustainable tool for controlling disease transmission (Carballar-
Lejarazu and James, 2017). Whether gene drives are predicted to succeed in wild populations
depends on two key parameters: the homing efficiency and fitness, meaning the relative fecundity or
death rate the drive and its cargo confer on the modified organisms compared to the wild-type
counterparts. Therefore, drives are favored by selection if the inheritance bias of the drive exceeds its
fitness penalty (Noble et al., 2018). In fact, the first population modification by CRISPR-based gene
drive in Anopheles achieved a proof-of-concept drive efficacy despite a substantial fitness cost of
female mosquitoes homozygous for the drive (Gantz et al., 2015). A carefully considered genome
target may prevent an unintended disruption of important or essential genes and associated fitness
loads. For this, the primary insertion site can be tested for its impact on fithess, as discussed
previously. Furthermore, the effectors produced may exert physiological imbalance, or transgene
expression might usurp resources needed for normal survival or reproductive functions (Terenius et
al., 2008). A number of life-table parameters must be determined under conditions that better mimic
the natural environment of the mosquitoes and the release strategy proposed (Facchinelli et al., 2019;
Pham et al., 2019). Given that the higher rate of inheritance associated with effective gene-drive
systems render them capable of increasing in frequency up to fixation in the population, the concept
of a necessary complete fitness neutrality in modified mosquitoes can be reasonably challenged on

an approach for implementation (James et al., 2018).

Finally, it is important to discuss issues that are not yet fully understood or cannot be experimentally
predicted in modification efforts. One puzzling example is the ‘suppression escape phenotype’ on
modified lines that exhibit an overall strong refractoriness, represented by the few individual
mosquitoes that present high levels of parasite infection (Isaacs et al., 2012; Dong, Simdes and
Dimopoulos, 2020). Phenotypic variability and incomplete penetrance are frequently observed in
transgenic animals (DelLoia and Solter, 1990; Pereira et al., 1994; Kearns et al., 2000; Seda et al.,
2019). In the case of effector-expressing mosquito populations, environmental and epigenetic factors
could contribute to exceptional lowered effector expression or immune-suppressed phenotypes in
some individuals. It is also possible that parasite variations (e.g., polymorphisms, developmental

deviations) would make them spatiotemporally circumvent the expression of transgenic effectors.
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However, it is unclear whether this heterogeneity could lead to a modified dominant pattern of
inheritance in the mosquito population or accelerate the emergence of parasite resistance. Certainly,
parasite selection or evolution of resistance to transgenic blocking mechanisms are important
subjects to address because no efficient animal models exist yet for studying transmission of human
malaria parasites. As mentioned above, population genetics mathematical models are needed to
demonstrate the future dynamics and nature of the proposed systems and whether they exhibit
robustness to imperfect homing, incomplete penetrance and transgene fithess costs, each of which
are of practical significance given that real-world components inevitably have such imperfections.
Furthermore, it is of paramount importance to address questions not only from the scientific
community, but also concerns expressed by the public and the media about the potential ecological,
ethical, and social impact of gene-drive modification systems, in order to consider regulatory approval

prior to any field trials (Singh, 2019).

16.5 Conclusions

CRISPR/Cas9 systems have revolutionized the ability to produce genetics-based tools to add to the
current incomplete toolkit for disease elimination and malaria eradication goals. Among the
applications, coupling anti-pathogenic transgenes to gene-drive systems have a strong potential to
combat vector-borne diseases, due to their combined ability to spread into natural populations and
block pathogen transmission. Population modification strategies should not be seen as a single
solution, but as a component of a set of robust new methods, that integrated with current tools,
should improve outcomes towards the elimination of malaria. The greatest opportunity for impact on
eradication is a better understanding of vector-parasite interactions and transmission features, as well
as genetic systems in mosquitoes, that may be used for the development and validation of novel

disease control tools.

Malaria control presents variable challenges across its transmission spectrum and strategic planning
for elimination should consider a number of factors, with particular emphasis on the transmission-
blocking effectiveness required, and the transmission intensity in the targeted area. Regarding the
development framework, a target product profile helps researchers identify their specific goals and
realistic go/no-go criteria for efficacy of an investigational product before moving further along the
testing pathway (James et al., 2018). Evidence of laboratory efficacy, as well as fitness, safety,
release strategies, and minimally acceptable performance parameters provide the basis for

evaluating novel technologies for field use (Carballar-Lejarazu et al., 2020; Long et al., 2021). The
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design and field implementation of a population modification product is likely to be both complex and
multifaceted, although current data suggest that we may be closer than we previously thought to the
utilization of an effective and safe antimalarial technology that might reverse the current global
disease trend.

Acknowledgments

Funding was provided by the University of California Irvine Malaria Initiative. AAJ is a Donald Bren

Professor at the University of California, Irvine.

13



References

Abraham, E. G. et al. (2005) ‘Driving midgut-specific expression and secretion of a foreign protein in transgenic mosquitoes with
AgAper1 regulatory elements’, Insect Molecular Biology, 14(3), pp. 271-279. doi: 10.1111/j.1365-2583.2004.00557 .x.

Adolfi, A. et al. (2020) ‘Efficient population modification gene-drive rescue system in the malaria mosquito Anopheles stephensi’, Nature
Communications, 11(1), p. 5553. doi: 10.1038/s41467-020-19426-0.

Aleshnick, M. et al. (2020) ‘Experimental determination of the force of malaria infection reveals a non-linear relationship to mosquito
sporozoite loads’, PLoS Pathogens, 16(5), pp. 1-23. doi: 10.1371/journal.ppat.1008181.

Arrighi, R. B. G. et al. (2002) ‘Design and activity of antimicrobial peptides against sporogonic-stage parasites causing murine malarias’,
Antimicrobial Agents and Chemotherapy, 46(7), pp. 2104-2110. doi: 10.1128/AAC.46.7.2104-2110.2002.

Arrighi, R. B. G. et al. (2008) ‘Cell-penetrating peptide TP10 shows broad-spectrum activity against both Plasmodium falciparum and
Trypanosoma brucei brucei’, Antimicrobial Agents and Chemotherapy, 52(9), pp. 3414—3417. doi: 10.1128/AAC.01450-07.

Barreau, C. et al. (1995) ‘Plasmodium gallinaceum: Sporozoite Invasion of Aedes aegypti Salivary Glands Is Inhibited by Anti-gland
Antibodies and by Lectins’, Experimental Parasitology, 81(3), pp. 332—343. doi: 10.1006/expr.1995.1124.

Beaghton, A. et al. (2017) ‘Requirements for driving antipathogen effector genes into populations of disease vectors by homing’,
Genetics, 205(4), pp. 1587-1596. doi: 10.1534/genetics.116.197632.

Beier, J. C. et al. (1987) ‘Field Evaluation of an Enzyme-Linked Immunosorbent Assay (Elisa) for Plasmodium falciparum Sporozoite
Detection in Anopheline Mosquitoes from Kenya’, The American Journal of Tropical Medicine and Hygiene, 36(3), pp. 459-468. doi:
10.4269/ajtmh.1987.36.459.

Bhatt, S., Weiss, D.J., Cameron, E., Bisanzio, D., Mappin, B., Dalrymple, U., Battle, K., Moyes, C.L., Henry, A,. Eckhoff, P.A., Wenger,
E.A., Briét, O., Penny, M.A., Smith, T.A., Bennett, A., Yukich, J., Eisele, T.P., Griffin, J.T., Fergus, C.A., Lynch, M., Lindgren, F., Cohen,
J.M., Murray, C.L.J., Smith, D.L., Hay, S.I., Cibulskis, R.E., and Gething P.W. (2015) The effect of malaria control on Plasmodium
falciparum in Africa between 2000 and 2015. Nature. 526(7572), pp 207-211. doi: 10.1038/nature15535.

Billingsley, P. F. et al. (1994) ‘Relationship Between Prevalence and Intensity of Plasmodium Falciparum Infection in Natural
Populations of Anopheles Mosquitoes’, The American Journal of Tropical Medicine and Hygiene, 51(3), pp. 260-270. doi:
10.4269/ajtmh.1994.51.260.

Biryukova, I, Ye, T. and Levashina, E. (2014) ‘Transcriptome-wide analysis of microRNA expression in the malaria mosquito
Anopheles gambiae.’, BMC genomics, 15(1), p. 557. doi: 10.1186/1471-2164-15-557.

Blagborough, A. M. et al. (2013) ‘Transmission-blocking interventions eliminate malaria from laboratory populations’, Nature
Communications. Nature Publishing Group, 4(1), p. 1812. doi: 10.1038/ncomms2840.

Bompard, A. et al. (2017) ‘Evaluation of two lead malaria transmission blocking vaccine candidate antibodies in natural parasite-vector
combinations’, Scientific Reports, 7(1), pp. 1-9. doi: 10.1038/s41598-017-06130-1.

Brennan, J. D. G. et al. (2000) ‘Anopheles gambiae salivary gland proteins as putative targets for blocking transmission of malaria
parasites’, Proceedings of the National Academy of Sciences, 97(25), pp. 13859—-13864. doi: 10.1073/pnas.250472597.

Burt, A. (2003) ‘Site-specific selfish genes as tools for the control and genetic engineering of natural populations.’, Proceedings.
Biological sciences, 270(1518), pp. 921-8. doi: 10.1098/rspb.2002.2319.

Capurro, M. L. et al. (2000) ‘Virus-expressed, recombinant single-chain antibody blocks sporozoite infection of salivary glands in
Plasmodium gallinaceum-infected Aedes aegypti.’, The American journal of tropical medicine and hygiene, 62(4), pp. 427-33. doi:
10.4269/ajtmh.2000.62.427.

Caragata, E. P. et al. (2020) ‘Prospects and Pitfalls: Next-Generation Tools to Control Mosquito-Transmitted Disease’, Annual Review
of Microbiology, 74, pp. 455-475. doi: 10.1146/annurev-micro-011320-025557.

Carballar-Lejarazu, R. et al. (2020) ‘Next-generation gene drive for population modification of the malaria vector mosquito, Anopheles
gambiae’, Proceedings of the National Academy of Sciences, 117(37), pp. 22805-22814. doi: 10.1073/pnas.2010214117.

Carballar-Lejarazu, R. and James, A. A. (2017) ‘Population modification of Anopheline species to control malaria transmission’,
Pathogens and Global Health. Taylor & Francis, 111(8), pp. 424—435. doi: 10.1080/20477724.2018.1427192.

Carter, V. et al. (2013) ‘Killer Bee Molecules: Antimicrobial Peptides as Effector Molecules to Target Sporogonic Stages of
Plasmodium’, PLoS Pathogens, 9(11), pp. 1-13. doi: 10.1371/journal.ppat.1003790.

Chen, X.-G., Mathur, G. and James, A. A. (2008) ‘Gene Expression Studies in Mosquitoes’, in Advances in genetics. Elsevier Masson
SAS, pp. 19-50. doi: 10.1016/S0065-2660(08)00802-X.

14



Chen, X. G. et al. (2007) ‘The Anopheles gambiae vitellogenin gene (VGT2) promoter directs persistent accumulation of a reporter
gene product in transgenic Anopheles stephensi following multiple bloodmeals’, American Journal of Tropical Medicine and Hygiene,
76(6), pp. 1118-1124. doi: 10.4269/ajtmh.2007.76.1118.

Churcher, T. S. et al. (2017) ‘Probability of Transmission of Malaria from Mosquito to Human Is Regulated by Mosquito Parasite Density
in Naive and Vaccinated Hosts’, PLoS Pathogens, 13(1), pp. 1-18. doi: 10.1371/journal.ppat.1006108.

Clayton, A. M. et al. (2013) ‘Caudal is a negative regulator of the Anopheles IMD Pathway that controls resistance to Plasmodium
falciparum infection’, Developmental and Comparative Immunology, 39(4), pp. 323-332. doi: 10.1016/j.dci.2012.10.009.

Conde, R. et al. (2000) ‘Scorpine, an anti-malaria and anti-bacterial agent purified from scorpion venom’, FEBS Letters, 471(2-3), pp.
165-168. doi: 10.1016/S0014-5793(00)01384-3.

Corby-Harris, V. et al. (2010) ‘Activation of akt signaling reduces the prevalence and intensity of malaria parasite infection and lifespan
in anopheles stephensi mosquitoes’, PLoS Pathogens, 6(7), pp. 1-10. doi: 10.1371/journal.ppat.1001003.

Curtis, C. F. (1968) ‘Possible use of translocations to fix desirable genes in insect pest populations.’, Nature, 218(5139), pp. 368-9. doi:
10.1038/218368a0.

Curtis, C. F. (1992) ‘Selfish genes in mosquitoes.’, Nature, 357(6378), p. 450. doi: 10.1038/357450b0.

Daniels, R. W. et al. (2014) ‘Expression of Multiple Transgenes from a Single Construct Using Viral 2A Peptides in Drosophila’, PLoS
ONE. Edited by B. D. McCabe, 9(6), p. €100637. doi: 10.1371/journal.pone.0100637.

Davey, T. H. and Gordon, R. M. (1933) ‘The Estimation of the Density of Infective Anophelines as a Method of Calculating the Relative
Risk of Inoculation with Malaria from Different Species or in Different Localities’, Annals of Tropical Medicine & Parasitology, 27(1), pp.
27-52. doi: 10.1080/00034983.1933.11684737.

Davidson, G. and Draper, C. C. (1953) ‘Field studies of some of the basic factors concerned in the transmission of malaria’,
Transactions of the Royal Society of Tropical Medicine and Hygiene, 47(6), pp. 522-535. doi: 10.1016/S0035-9203(53)80005-2.

Deloia, J. A. and Solter, D. (1990) ‘A transgene insertional mutation at an imprinted locus in the mouse genome.’, Development
(Cambridge, England). Supplement. England, England, pp. 73-79.

Dennison, N. J., BenMarzouk-Hidalgo, O. J. and Dimopoulos, G. (2015) ‘MicroRNA-regulation of Anopheles gambiae immunity to
Plasmodium falciparum infection and midgut microbiota’, Developmental and Comparative Immunology. Elsevier Ltd, 49(1), pp. 170—
178. doi: 10.1016/j.dci.2014.10.016.

Dong, S. et al. (2020) ‘Broad spectrum immunomodulatory effects of Anopheles gambiae microRNAs and their use for transgenic
suppression of Plasmodium’, PLOS Pathogens. Edited by A. S. Raikhel, 16(4), p. €1008453. doi: 10.1371/journal.ppat.1008453.

Dong, Y. et al. (2011) ‘Engineered anopheles immunity to plasmodium infection’, PLoS Pathogens, 7(12). doi:
10.1371/journal.ppat.1002458.

Dong, Y. et al. (2018) ‘CRISPR/Cas9 -mediated gene knockout of Anopheles gambiae FREP1 suppresses malaria parasite infection’,
PLoS Pathogens, 14(3), pp. 1-16. doi: 10.1371/journal.ppat.1006898.

Dong, Y., Simbes, M. L. and Dimopoulos, G. (2020) ‘Versatile transgenic multistage effector-gene combinations for Plasmodium
falciparum suppression in Anopheles’, Science Advances, 6(20), p. eaay5898. doi: 10.1126/sciadv.aay5898.

Facchinelli, L. et al. (2019) ‘Large-cage assessment of a transgenic sex-ratio distortion strain on populations of an African malaria
vector’, Parasites and Vectors. Parasites & Vectors, 12(1), pp. 1-14. doi: 10.1186/s13071-019-3289-y.

Frolet, C. et al. (2006) ‘Boosting NF-kB-Dependent Basal Immunity of Anopheles gambiae Aborts Development of Plasmodium
berghei’, Immunity, 25(4), pp. 677—685. doi: 10.1016/j.immuni.2006.08.019.

Gantz, V. M. et al. (2015) ‘Highly efficient Cas9-mediated gene drive for population modification of the malaria vector mosquito
Anopheles stephensi’, Proceedings of the National Academy of Sciences, p. 201521077. doi: 10.1073/pnas.1521077112.

Gantz, V. M. and Bier, E. (2015) ‘The mutagenic chain reaction: A method for converting heterozygous to homozygous mutations’,
Science, 348(6233), pp. 442—444. doi: 10.1126/science.aaa5945.

Garver, L. S., de Almeida Oliveira, G. and Barillas-Mury, C. (2013) ‘The JNK Pathway Is a Key Mediator of Anopheles gambiae
Antiplasmodial Immunity’, PLoS Pathogens, 9(9). doi: 10.1371/journal.ppat.1003622.

Garver, L. S., Dong, Y. and Dimopoulos, G. (2009) ‘Caspar controls resistance to plasmodium falciparum in diverse anopheline
species’, PLoS Pathogens, 5(3). doi: 10.1371/journal.ppat.1000335.

Ghosh, A. K. et al. (2009) ‘Malaria parasite invasion of the mosquito salivary gland requires interaction between the Plasmodium TRAP
and the Anopheles saglin proteins’, PLoS Pathogens, 5(1). doi: 10.1371/journal.ppat.1000265.

Ghosh, A. K. et al. (2011) ‘Plasmodium ookinetes coopt mammalian plasminogen to invade the mosquito midgut’, Proceedings of the
15



National Academy of Sciences of the United States of America, 108(41), pp. 17153—-17158. doi: 10.1073/pnas.1103657108.

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), pp.
13278-13281. doi: 10.1073/pnas.241491198.

Gouagna, L. C. et al. (2014) ‘Comparison of field-based xenodiagnosis and direct membrane feeding assays for evaluating host
infectiousness to malaria vector Anopheles gambiae’, Acta Tropica. Elsevier B.V., 130(1), pp. 131-139. doi:
10.1016/j.actatropica.2013.10.022.

Graumans, W. et al. (2020) ‘When Is a Plasmodium-Infected Mosquito an Infectious Mosquito?’, Trends in Parasitology. The Authors,
36(8), pp. 705-716. doi: 10.1016/j.pt.2020.05.011.

Hacker, I. and Schetelig, M. F. (2018) ‘Molecular tools to create new strains for mosquito sexing and vector control’, Parasites &
Vectors, 11(S2), p. 645. doi: 10.1186/s13071-018-3209-6.

Hammond, A. M. and Galizi, R. (2017) ‘Gene drives to fight malaria: current state and future directions’, Pathogens and Global Health.
Taylor & Francis, 111(8), pp. 412—-423. doi: 10.1080/20477724.2018.1438880.

Hauck, E. S. et al. (2013) ‘Overexpression of phosphatase and tensin homolog improves fitness and decreases Plasmodium falciparum
development in Anopheles stephensi’, Microbes and Infection. Elsevier Masson SAS, 15(12), pp. 775-787. doi:
10.1016/j.micinf.2013.05.006.

Isaacs, A. T. et al. (2011) ‘Engineered resistance to Plasmodium falciparum development in transgenic anopheles stephensi’, PLoS
Pathogens, 7(4). doi: 10.1371/journal.ppat.1002017.

Isaacs, A. T. et al. (2012) ‘Transgenic Anopheles stephensi coexpressing single-chain antibodies resist Plasmodium falciparum
development’, Proceedings of the National Academy of Sciences of the United States of America, 109(28). doi:
10.1073/pnas.1207738109.

Ito, J. et al. (2002) ‘Transgenic anopheline mosquitoes impaired in transmission of a malaria parasite’, Nature, 417(6887), pp. 452-455.
doi: 10.1038/417452a.

James, S. et al. (2018) ‘Pathway to Deployment of Gene Drive Mosquitoes as a Potential Biocontrol Tool for Elimination of Malaria in
Sub-Saharan Africa: Recommendations of a Scientific Working Group 1’, The American Journal of Tropical Medicine and Hygiene,
98(6_Suppl), pp. 1-49. doi: 10.4269/ajtmh.18-0083.

Jasinskiene, N. et al. (2007) ‘Genetic control of malaria parasite transmission: Threshold levels for infection in an avian model system’,
American Journal of Tropical Medicine and Hygiene, 76(6), pp. 1072—1078. doi: 10.4269/ajtmh.2007.76.1072.

Kearns, M. et al. (2000) ‘Complex patterns of inheritance of an imprinted murine transgene suggest incomplete germline erasure.’,
Nucleic acids research, 28(17), pp. 3301-3309. doi: 10.1093/nar/28.17.3301.

Kim, W. et al. (2004) ‘Ectopic Expression of a Cecropin Transgene in the Human Malaria Vector Mosquito Anopheles gambiae (Diptera:
Culicidae): Effects on Susceptibility to Plasmodium’, Journal of Medical Entomology, 41(3), pp. 447-455. doi: 10.1603/0022-2585-
41.3.447.

Kokoza, V. et al. (2000) ‘Engineering blood meal-activated systemic immunity in the yellow fever mosquito, Aedes aegypti’,
Proceedings of the National Academy of Sciences, 97(16), pp. 9144-9149. doi: 10.1073/pnas.160258197.

Li, C. et al. (2008) ‘Fitness of transgenic Anopheles stephensi mosquitoes expressing the SM1 peptide under the control of a
vitellogenin promoter’, Journal of Heredity, 99(3), pp. 275-282. doi: 10.1093/jhered/esn004.

Lombardo, F. et al. (2005) ‘An Anopheles gambiae salivary gland promoter analysis in Drosophila melanogaster and Anopheles
stephensi’, Insect Molecular Biology, 14(2), pp. 207—216. doi: 10.1111/j.1365-2583.2004.00549.x.

Long, K. C. et al. (2021) ‘Core commitments for field trials of gene drive organisms’, Science, 370(6523), pp. 1417-1419. doi:
10.1126/science.abd1908.

McArthur, C. C., Meredith, J. M. and Eggleston, P. (2014) ‘Transgenic Anopheles gambiae Expressing an Antimalarial Peptide Suffer
No Significant Fitness Cost’, PLoS ONE. Edited by L. A. Moreira, 9(2), p. €88625. doi: 10.1371/journal.pone.0088625.

Meredith, J. M. et al. (2011) ‘Site-specific integration and expression of an anti-malarial gene in transgenic Anopheles gambiae
significantly reduces Plasmodium infections’, PLoS ONE, 6(1), pp. 1-9. doi: 10.1371/journal.pone.0014587.

Molina-Cruz, A. et al. (2015) ‘Plasmodium evasion of mosquito immunity and global malaria transmission: The lock-and-key theory’,
Proceedings of the National Academy of Sciences, 112(49), pp. 15178-15183. doi: 10.1073/pnas.1520426112.

Molina-Cruz, A. et al. (2020) ‘Plasmodium falciparum evades immunity of anopheline mosquitoes by interacting with a Pfs47 midgut
receptor’, Proceedings of the National Academy of Sciences of the United States of America, 117(5), pp. 2597-2605. doi:
10.1073/pnas.1917042117.

16



Moreira, L. A. et al. (2002) ‘Bee venom phospholipase inhibits malaria parasite development in transgenic mosquitoes’, Journal of
Biological Chemistry. A© 2002 ASBMB. Currently published by Elsevier Inc; originally published by American Society for Biochemistry
and Molecular Biology., 277(43), pp. 40839-40843. doi: 10.1074/jbc.M206647200.

Moreira, L. A. et al. (2004) ‘Fitness of Anopheline Mosquitoes Expressing Transgenes That Inhibit Plasmodium Development’,
Genetics, 166(3), pp. 1337-1341. doi: 10.1534/genetics.166.3.1337.

Neafsey, D. E. et al. (2015) ‘Genetic Diversity and Protective Efficacy of the RTS,S/AS01 Malaria Vaccine’, New England Journal of
Medicine, 373(21), pp. 2025-2037. doi: 10.1056/NEJMoa1505819.

Nirmala, X. et al. (2006) ‘Functional characterization of the promoter of the vitellogenin gene, AsVg1, of the malaria vector, Anopheles
stephensi’, Insect Biochemistry and Molecular Biology, 36(9), pp. 694—700. doi: 10.1016/j.ibmb.2006.05.011.

Noble, C. et al. (2017) ‘Evolutionary dynamics of CRISPR gene drives’, Science Advances, 3(4), pp. 3—10. doi:
10.1126/sciadv.1601964.

Noble, C. et al. (2018) ‘Current CRISPR gene drive systems are likely to be highly invasive in wild populations’, eLife, 7, pp. 1-30. doi:
10.7554/eLife.33423.

Nolan, T. et al. (2011) ‘Analysis of two novel midgut-specific promoters driving transgene expression in Anopheles stephensi
mosquitoes’, PLoS ONE, 6(2). doi: 10.1371/journal.pone.0016471.

Pereira, R. et al. (1994) ‘Phenotypic variability and incomplete penetrance of spontaneous fractures in an inbred strain of transgenic
mice expressing a mutated collagen gene (COL1A1).", The Journal of clinical investigation, 93(4), pp. 1765-1769. doi:
10.1172/JCI117161.

Pham, T. B. et al. (2019) ‘Experimental population modification of the malaria vector mosquito, Anopheles stephensi’, PLOS Genetics.
Edited by C. Desplan, 15(12), p. €1008440. doi: 10.1371/journal.pgen.1008440.

Pringle, G. and Avery-Jones, S. (1966) ‘An assessment of the sporozoite inoculation rate as a measure of malaria transmission in the
Ubembe area of North-east Tanzania.’, The Journal of tropical medicine and hygiene, 69(6), pp. 132-9. Available at:
https://pubmed.ncbi.nim.nih.gov/5940666/ (Accessed: 20 April 2021).

Pull, J. H. and Grab, B. (1974) ‘A simple epidemiological model for evaluating the malaria inoculation rate and the risk of infection in
infants.’, Bulletin of the World Health Organization, 51(5), pp. 507—-16. Available at: http://www.ncbi.nIm.nih.gov/pubmed/4549501.

Ran, F. A. F. A. et al. (2013) ‘Genome engineering using the CRISPR-Cas9 system.’, Nature protocols, 8(11), pp. 2281-2308. doi:
10.1038/nprot.2013.143.

Robert, M. A. et al. (2012) ‘Mathematical Models as Aids for Design and Development of Experiments: The Case of Transgenic
Mosquitoes’, Journal of Medical Entomology, 49(6), pp. 1177-1188. doi: 10.1603/ME11205.

Rono, M. K. et al. (2010) ‘The major yolk protein vitellogenin interferes with the anti-plasmodium response in the malaria mosquito
anopheles gambiae’, PLoS Biology, 8(7). doi: 10.1371/journal.pbio.1000434.

Rosenberg, R. et al. (1990) ‘An estimation of the number of malaria sporozoites ejected by a feeding mosquito’, Transactions of the
Royal Society of Tropical Medicine and Hygiene, 84(2), pp. 209-212. doi: 10.1016/0035-9203(90)90258-G.

Schmidt, H. et al. (2020) ‘Abundance of conserved CRISPR-Cas9 target sites within the highly polymorphic genomes of Anopheles and
Aedes mosquitoes’, Nature Communications. Springer US, 11(1), pp. 1-6. doi: 10.1038/s41467-020-15204-0.

Seda, M. et al. (2019) ‘Analysis of transgenic zebrafish expressing the Lenz-Majewski syndrome gene PTDSS1 in skeletal cell
lineages.’, F1000Research, 8, p. 273. doi: 10.12688/f1000research.17314.1.

Shaw, W. R. and Catteruccia, F. (2019) ‘Vector biology meets disease control: using basic research to fight vector-borne diseases’,
Nature Microbiology. Springer US, 4(1), pp. 20—34. doi: 10.1038/s41564-018-0214-7.

Sherrard-Smith, E. et al. (2018) ‘Synergy in anti-malarial pre-erythrocytic and transmission-blocking antibodies is achieved by reducing
parasite density’, eLife, 7, pp. 1-15. doi: 10.7554/eL.ife.35213.

Simdes, M. L., Caragata, E. P. and Dimopoulos, G. (2018) ‘Diverse Host and Restriction Factors Regulate Mosquito—Pathogen
Interactions’, Trends in Parasitology. Elsevier Ltd, 34(7), pp. 603-616. doi: 10.1016/j.pt.2018.04.011.

Sinden, R. E. (2015) ‘The cell biology of malaria infection of mosquito: advances and opportunities’, Cellular Microbiology, 17(4), pp-
451-466. doi: 10.1111/cmi.12413.

Singh, J. A. (2019) ‘Informed consent and community engagement in open field research: lessons for gene drive science’, BMC Medical
Ethics. BMC Medical Ethics, 20(1), p. 54. doi: 10.1186/s12910-019-0389-3.

Smith, D. L. et al. (2012) ‘Ross, Macdonald, and a Theory for the Dynamics and Control of Mosquito-Transmitted Pathogens’, PLoS
Pathogens. Edited by C. E. Chitnis, 8(4), p. €1002588. doi: 10.1371/journal.ppat.1002588.

17



Smith, R. C. et al. (2013) ‘Transgenic Mosquitoes Expressing a Phospholipase A2 Gene Have a Fitness Advantage When Fed
Plasmodium falciparum-Infected Blood’, PLoS ONE, 8(10), pp. 1-11. doi: 10.1371/journal.pone.0076097.

Sreenivasamurthy, S. K. et al. (2013) ‘A compendium of molecules involved in vector-pathogen interactions pertaining to malaria’,
Malaria Journal, 12(1), pp. 1-7. doi: 10.1186/1475-2875-12-216.

Sumitani, M. et al. (2013) ‘Reduction of malaria transmission by transgenic mosquitoes expressing an antisporozoite antibody in their
salivary glands’, Insect Molecular Biology, 22(1), pp. 41-51. doi: 10.1111/j.1365-2583.2012.01168.x.

Talyuli, O. A. C. et al. (2021) ‘Non-immune Traits Triggered by Blood Intake Impact Vectorial Competence’, Frontiers in Physiology,
12(March), pp. 1-21. doi: 10.3389/fphys.2021.638033.

Terenius, O. et al. (2008) ‘Molecular Genetic Manipulation of Vector Mosquitoes’, Cell Host and Microbe. Elsevier Inc., 4(5), pp. 417—
423. doi: 10.1016/j.chom.2008.09.002.

Unckless, R. L., Clark, A. G. and Messer, P. W. (2017) ‘Evolution of Resistance Against CRISPR/Cas9 Gene Drive’, Genetics, 205(2),
pp. 827-841. doi: 10.1534/genetics.116.197285.

Ungureanu, E. et al. (1976) ‘Prepatent periods of a tropical strain of Plasmodium vivax after inoculations of tenfold dilutions of
sporozoites’, Transactions of The Royal Society of Tropical Medicine and Hygiene, 70(5-6), pp. 482—483. doi: 10.1016/0035-
9203(76)90133-4.

Vega-Rodriguez, J. et al. (2014) ‘Multiple pathways for Plasmodium ookinete invasion of the mosquito midgut’, Proceedings of the
National Academy of Sciences, 111(4), pp. E492—-E500. doi: 10.1073/pnas.1315517111.

Volohonsky, G. et al. (2015) ‘Tools for anopheles gambiae transgenesis’, G3: Genes, Genomes, Genetics, 5(6), pp. 1151-1163. doi:
10.1534/93.115.016808.

Volohonsky, G. et al. (2017) ‘Transgenic Expression of the Anti-parasitic Factor TEP1 in the Malaria Mosquito Anopheles gambiae’,
PLoS Pathogens, 13(1), pp. 1-26. doi: 10.1371/journal.ppat.1006113.

Walk, J. et al. (2018) ‘Mosquito infectivity and parasitemia after controlled human Malaria infection’, American Journal of Tropical
Medicine and Hygiene, 98(6), pp. 1705-1708. doi: 10.4269/ajtmh.17-0952.

World Health Organization (2020) ‘World malaria report 2020: 20 years of global progress and challenges.’, Global Malaria Programme.
Available at: https://www.who.int/teams/global-malaria-programme/reports/world-malaria-report-2020.

Xue, Z. et al. (2014) ‘CRISPR/Cas9 mediates efficient conditional mutagenesis in Drosophila.’, G3 (Bethesda, Md.), 4(11), pp. 2167—
2173. doi: 10.1534/g3.114.014159.

Yamamoto, D. S. et al. (2016) ‘Inhibition of Malaria Infection in Transgenic Anopheline Mosquitoes Lacking Salivary Gland Cells’, PLoS
Pathogens, 12(9), pp. 1-21. doi: 10.1371/journal.ppat.1005872.

Yang, J. et al. (2020) ‘Disruption of mosGILT in Anopheles gambiae impairs ovarian development and Plasmodium infection’, The
Journal of experimental medicine, 217(1), pp. 1-13. doi: 10.1084/jem.20190682.

Yoshida, S. et al. (2001) ‘Bacteria expressing single-chain immunotoxin inhibit malaria parasite development in mosquitoes’, Molecular
and Biochemical Parasitology, 113(1), pp. 89-96. doi: 10.1016/S0166-6851(00)00387-X.

Yoshida, S. et al. (2007) ‘Hemolytic C-type lectin CEL-IIl from sea cucumber expressed in transgenic mosquitoes impairs malaria
parasite development’, PLoS Pathogens, 3(12), pp. 1962-1970. doi: 10.1371/journal.ppat.0030192.

Yoshida, S. and Watanabe, H. (2006) ‘Robust salivary gland-specific transgene expression in Anopheles stephensi mosquito’, Insect
Molecular Biology, 15(4), pp. 403—410. doi: 10.1111/j.1365-2583.2006.00645.x.

Zhang, X. et al. (2019) ‘Rapid antigen diversification through mitotic recombination in the human malaria parasite Plasmodium
falciparum’, PLOS Biology. Edited by M. Duffy, 17(5), p. €3000271. doi: 10.1371/journal.pbio.3000271.

18



Figure 1

4/

?

m
effectors

!

@ wild-type DNA

DAPADAADADALRA
PADCADAADALA




Figure 2

Promoters Effectors

Apert, Scorpine, Shivat,
actbC TP10, CEL-I

Promoters Effectors Host factors

CP, Antryp1, | 1C3, 4B7, PLA,, Vida3, | FREP1, Vg,
G12 SM1, CecA, Rel2 Lp, ESP

Ao lololo[olololololo}s]
-
Early midgut infectio:] .

f:-—_;/fi " o
> R Q

- < Midgut invasion
M\ . ?
1 “ %500R00R0LLBH
A Salivary gland invasion Sy \Q Nqy 3 b_ oo
b T Hemolymph passage >

Promoters Effectors Host factors Promoters Effectors

Saglin, CSPBP,






