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Abstract

Human pathogens that are transmitted by insects are a global problem, particularly those vectored
by mosquitoes; for example, malaria parasites transmitted by Anopheles species, and viruses such
as dengue, Zika and chikungunya that are carried by Aedes mosquitoes. Over the past 15 years, the
prevalence of malaria has been substantially reduced and virus outbreaks have been contained by
controlling mosquito vectors using insecticide-based approaches. However, disease control is now
threat-ened by alarming rates of insecticide resistance in insect populations, prompting the need to
develop a new generation of specific strategies that can reduce vector-mediated transmission.
Here, we review how increased knowledge in insect biology and insect—pathogen interactions is
stimulating new concepts and tools for vector control. We focus on strategies that either interfere
with the development of pathogens within their vectors or directly impact insect survival,
including enhancement of vector-mediated immune control, manipulation of the insect
microbiome, or use of powerful new genetic tools such as CRISPR- Cas systems to edit vector
genomes. Finally, we offer a perspective on the implementation hurdles as well as the knowledge
gaps that must be filled in the coming years to safely realize the potential of these novel strategies
to eliminate the scourge of vector-borne disease.

Pathogens transmitted by arthropod vectors have impacted humanity greatly throughout our
evolutionary history. For example, Plasmodium parasites, the causative agents of the deadly
disease malaria, have left multiple signatures of natural selection visible in our genome
through their interactions with humans and our ancestors over millions of years!:2. Today,
vector-borne pathogens endanger people mostly in tropical and subtropical regions around
the globe, from South America and Africa to South East Asia and the Pacific, such that half
of the world’s population lives at risk of the diseases that the pathogens cause (Table 1).
Nearly 200 million people become infected every year with parasites including Plasmodium
falciparum, Trypanosoma bruceiand Leishmania donovani, viruses such as dengue (DENV),
Zika (ZIKV) and chikungunya (CHIKV), and filarial nematodes such as Brugia malayiand
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Wchereria bancroftP*, and hundreds of thousands, mostly young African children, die
annually because of such pathogens. These pathogens show high specificity for their insect
vectors, and while human malaria P, falciparumand Plasmodium vivax parasites are
exclusively transmitted by species belonging to the Anopheles genus, viruses are generally
transmitted by culicine species, which diverged from anophelines approximately 100 million
years ago (Ma)® (Box 1). Besides mosquitoes, a variety of other insects transmit important
human pathogens, including glossinid tsetse flies that vector African trypanosomes,
parasites that cause sleeping sickness in humans and nagana in cattle, phlebotomine
sandflies that transmit Le/shmania parasites, triatomine reduviid bugs that transmit
American trypanosomes, the causative agents of Chagas disease, and simulid black flies that
vector onchocerciasis (river blindness). Mosquitoes of the Angphelesand Culex genera also
support the transmission of nematodes that cause lymphatic filariasis, commonly known as
elephantiasis (Table 1). Additionally, some pathogens inflict severe lifelong disabilities that
are associated with social stigma when visible (such as in the cases of elephantiasis or
leishmaniasis)®’. The costs of vector-borne diseases on the society, economy and health
systems of the affected regions are immense, yet are difficult to quantify accurately, making
policy decisions about resource allocation extremely challenging’.

Arboviruses (a general name including all arthropod-borne viruses) have become an urgent
public health priority, with a staggering four billion people in the world at risk of infection.
Tropical and subtropical regions are affected the most, but more extreme latitudes are not
exempt from these threats—in part due to a warming global climate predicted to extend the
ecological niches of the mosquito vectors®2. Indeed, transmission of flaviviruses such as
DENV, ZIKV and yellow fever virus (YFV) is facilitated by the near-global presence of the
two major Aedes vectors, Aedes aeqypti and Aedes albopictus. Increasing travel, migration
and global trade are expanding the original boundaries of these vectors and the pathogens
they transmit, spreading disease to naive populations with devastating consequences. Two
prominent examples are the recent ZIKV outbreaks triggered by infected travellers to French
Polynesia and Brazill911 and the expansion of A. albopictus into Europe and the Americas
by the trade in used tyres!213. The Zika epidemic is a potent warning that new viruses may
become significant health threats, as is potentially the case for Mayaro virus, which causes
dengue-like illness. It was first identified in the Amazon rainforest and has now been
reported in Peru, Venezuela and Haitil4 15,

Vector control is one of the most effective methods to stop these diseases. For example, the
use of longlasting insecticide-treated nets (LLINs) and indoor residual spraying (IRS) to
control the Angpheles mosquitoes that transmit malaria parasites has contributed to more
than 75% of the averted malaria deaths since the beginning of this century1. Accordingly,
the World Health Organization estimates that “mosquito control is the only intervention that
can reduce [malaria] transmission from very high levels to close to zero”’. Moreover,
strengthened vector control and surveillance have made significant gains against pathogens
spread by other blood-feeding insects such as tsetse flies'8 and sandflies!® through the use
of insecticide-impregnated traps and aerial insecticide sprays, respectively. However, the
increased application of chemical control programmes has led to the emergence and spread
of insecticide resistance in natural Anopheles’®, Aedes?' and Phlebotomus?? populations,
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and although the public health impact of this phenomenon is yet unknown, it raises strong
concerns for the future of our best vector control methods.

Other factors also influence our ability to control insect vectors. For example, the
adaptability of Aedes mosquitoes to new habitats poses a significant challenge, particularly
in urban environments where high population densities of both humans and mosquitoes
expose many more people to the risk of disease?3. In the case of malaria, LLIN and IRS
strategies only target Anopheles species that feed and rest indoors, and besides a limited use
of larvicidal compounds, at present there are no tools to prevent transmission by outdoor
biting and feeding mosquito populations. Control of residual malaria, that is, malaria
transmission in the presence of universal bed net coverage?4, could represent an
insurmountable hurdle in the effort towards malaria eradication.

The development of alternative strategies to effectively reduce transmission of pathogens by
insect vectors is therefore a high priority. Substantial efforts are underway to exploit genetic
information provided by genome-sequencing projects®25-27 and design effective genetic
tools towards the development of novel vector control methods28-33, In parallel, studies on
basic insect biology and insect—pathogen interactions are helping unravel the processes that
regulate the insect’s ability to transmit deadly human pathogens, creating new concepts to
stop transmission. Here, we review these efforts, focusing both on strategies that aim to
reduce or even eliminate natural vector populations, and on strategies that target the
pathogen within the insect.

The key components driving vectorial capacity

Vector-borne pathogens have a high specificity for the arthropods that transmit them. As
mentioned above, Plasmodium species that infect humans are transmitted exclusively by
mosquitoes belonging to the Angpheles genus, but these vectors do not support the
development and transmission of most arboviruses, including DENV, ZIKV34, CHIKV3°
and YFV, which are transmitted by Aedes species (Box 1). Although the biological reasons
behind this specificity mostly remain elusive, the parameters that shape the ability of an
insect to act as a vector for human pathogens are understood and form the components of
vectorial capacity, defined as the rate at which insects can transmit a pathogen from a
currently infectious case38 (Box 2). Female insects that feed on vertebrate blood do so
primarily to obtain nutrients to develop eggs for reproduction. Different species differ
dramatically in their population density, and this parameter of the vectorial capacity equation
is a function of both the reproduction rate and complex interactions with the local ecological
environment (predation, nutritional resources and other density-dependent effects) (Box 2).
For example, Anopheles gambiae mosquitoes, the most important vectors of malaria in sub-
Saharan Africa, have a large reproductive output as they develop ~50-150 eggs each time
they take a blood meal. Conversely, Glossina morsitans tsetse flies, which transmit the
African sleeping sickness pathogen 7rypanosoma brucei, may produce only 8 off-spring in
their entire lives3’. Females employ a costly but effective viviparous reproductive strategy
whereby they develop a single egg in their ovary and hatch it in their uterus, nourishing the
developing larva through several larval moults until they give birth to a mature larva38.
Therefore, targeting Glossina densities through using odourbaited traps treated with
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insecticides has a dramatic effect on the transmission of African trypanosomes3®. In
contrast, for vectors with higher reproductive outputs such as A. gambiae, insecticide-based
strategies may have a more limited impact unless coverage is high, and alternative
interventions aimed at interrupting pathogen transmission, as discussed below, are needed.

Pathogens have evolved a variety of transmission strategies that exploit the intrinsic need of
insects to feed on blood. While most are transmitted to a human host directly by an
infectious bite, some others, such as the Chagas disease agent 7rypanosoma cruzi, are
mechanically transferred by bug defecation onto human skin during blood feeding, or
ingestion of food contaminated with bug faeces. The parasite is then introduced into the
body by scratching of the insect bite or through mucosal membranes of the eyes or mouth.
Regardless of the mechanism, transmission depends on the frequency at which the insect
vector bites humans as opposed to animals. Insects that have a higher preference for humans
as a source for blood are more likely to transmit human pathogens*?, so human-biting rates
are a major component of vectorial capacity (Box 2). These rates are mostly determined by
host feeding preferences, but also vary with the length of the insect reproductive cycle*! and
energy reserves available*2—factors that influence the frequency of blood feeding and
therefore the chances of transmission. Because of its relevance for vectorial capacity,
reducing the human-biting rate is a key component of malaria control programmes through
using LLINs and IRS.

Once a pathogen has been ingested, the probability of transmission depends on the vector
competence of the insect, defined as its ability to support pathogen development (Box 2). As
discussed below, multiple novel control strategies aim at reducing this parameter by genetic
and biological means. Whether because of strong immune responses or the lack of key
factors needed for invasion or replication, most insects represent a dead end for pathogens,
but competence is also modified by physiological and environmental factors, including
nutritional status, interactions with the microbiota and coinfections with other pathogens*3.
Resident midgut bacteria may produce compounds that directly affect parasite development,
or they may trigger an indirect stimulation of the mosquito immune response. For example,
an Enterobacter species isolated from natural Angpheles populations in Zambia (Esp_2) can
block both human and rodent Plasmodium development if these bacteria colonize the
mosquito midgut#4. Dietary restrictions during larval development also negatively affect
intensity and prevalence of Plasmodium infections*®, as do coinfections with
entomopathogenic fungi.

Finally, most pathogens have a complex and lengthy developmental cycle within their insect
hosts (Fig. 1). For example, the sporogonic journey of the deadliest malaria parasite 2
falciparum within the Angpheles mosquito takes 12-14 days, from the earliest stages of
development in the midgut to invasion of the salivary glands, from where it can be
transmitted to the next human host. DENV also needs a minimum of 4-5 days at 25°C (refs
47.48) and multiple rounds of replication before the mosquito becomes infectious. Therefore,
insect survival represents a crucial factor for vectorial capacity (Box 2), as many insects will
not live long enough to ensure effective pathogen transmission“®.
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Interventions for vector control

Insecticide-based strategies such as LLINSs, IRS, aerial sprays and insecticide-treated traps
are the mainstay of vector control, and until recently, with the absence of effective vaccines
for most vector-borne pathogens, they represented the only conceivable tools that could
achieve disease elimination. However, studies elucidating both the immune mechanisms of
vector defence against pathogens and the impact of the microbiota for vector competence
have expanded our prospects of disrupting pathogen transmission. Combined with the
whole-genome sequencing of the most important disease vectors®25-27 and the recent
explosion of genetic engineering technologies to modify genomes?8-33, unparalleled
opportunities to prevent transmission by targeting the biological aspects of vectorial capacity
are in view.

Chemical interventions.

Our most effective weapon for controlling disease continues to be the use of neurological
toxins to kill insect vectors. In the case of malaria, where widespread use of insecticides has
successfully eliminated disease in many countries, chemical strategies remain the
cornerstone of control efforts through LLINs and IRS. LLINSs are aimed at those mosquito
species that bite sleeping people during the night, while IRS targets insects that rest on
house walls after blood feeding. These two methods have significantly reduced malaria
cases’6 but have limited use against Aedes or Culex species, which tend to bite outdoors
during the day or early evening when people are unprotected. Insecticides against these
mosquitoes are therefore applied more liberally to the environment using questionably
effective airborne spraying methods®°.

Limited diversity in the modes of action of the insecticides for public health, combined with
widespread use for agricultural purposes, has strongly selected for resistance mutations in
insect populations across the world. Despite heavy investment in vector control, these
chemicals can now no longer control outbreaks of disease effectively®L. This is particularly
alarming in the case of pyrethroid insecticides, as these are the only compounds currently
approved for use on LLINSs due to their low toxicity to mammals. Analogous mutations in
the voltage-gated sodium channel targeted by both pyrethroids and DDT have occurred
independently in Anopheles and Culex mosquitoes as well as in sandflies?2:52-54 or have
been transferred between closely related vectors®. More generalized resistance mechanisms
have also spread rapidly, including the upregulated expression of detoxification enzymes in
A. gambiae®®, A. aeqyptP’8 and A. albopictus59, and the thickening of the insect cuticle in
A. gambiae to prevent insecticide penetration®0. Combined, these mechanisms are predicted
to have a significant impact on our ability to Kill insects and may limit our options for future
insecticide development. However, the true public health impact of insecticide resistance
needs to be better determined as lifetime costs to insect longevity and reproduction61,62
may partially offset the effects of reduced mortality.

Chemical control does not necessarily have to kill vectors on contact to achieve an end to
pathogen transmission. Alternative strategies incorporating active ingredients with the ability
to sterilize, repel or treat vectors could be equally effective in the long term. Research on
mating and reproductive physiology has developed sterilizing compounds for mosquitoes
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based on the insect hormones JH (juvenile hormone) and 20E (20-hydroxyecdysone), which
are needed for reproduction®3-67. The JH analogue PPF (pyriproxifen) induces sterility
andhas life-shortening activity in adult mosquitoes, and is currently being tested on LLINS
for its effectiveness against pyrethroid-resistant mosquito populations®®-72, and similar
effects are produced by the 20E agonist DBH (methoxyfenozide)’3. These compounds,
when added to insecticide formulations, would sterilize females that are not killed, thereby
limiting the spread of resistance’3:74,

Interestingly, DBH compounds also reduce Plasmodium parasite development within the
Anopheles mosquito by an as yet unknown mechanism. Infection prevalence was strongly
reduced when females were exposed to DBH shortly before a 2. falciparum-infected blood
meal, an effect predicted to have a significant impact on malaria transmission’3. This finding
will hopefully spur interest in moving beyond insecticide-only strategies to block
transmission. Anti-pathogen compounds could be incorporated within insecticide
formulations to minimize the effects of insecticide resistance emerging in the insect, or
could be deployed alone whenever the ecological costs of chemical control are significant.

Immune-enhancing strategies.

Even in the absence of control strategies, pathogens suffer large losses at the hands of the
immune system as they pass through vectors. However, in competent insects, although
immune responses do limit the number of pathogens that are effectively transmitted, they do
not achieve complete elimination. Insects are not endowed with an adaptive immune
response but possess an innate immunity system composed of both humoral and cell-
mediated immune pathways. These pathways allow the insect to mount a generalized
defence based on the production of antimicrobial peptides and/or antiviral proteins, which
inhibit pathogen replication or promote pathogen lysis. Cellular immunity is mediated by
midgut epithelial barriers and haemocytes, the circulating immune cells in the haemolymph,
which can phagocytose invading pathogens. During infection in mosquitoes, an initial
immune response is triggered by the binding of receptors to antigens produced by the
invading pathogen. These receptors mostly recognize glycoprotein patterns that label
particular classes of pathogens: the Toll pathway responds to Gram-positive bacteria, fungi
and rodent malaria parasites’>~8, while the immune deficiency (IMD) pathway targets
Gram-negative bacteria and human malaria parasites’8-81—although the two pathways do
interact82. Once activated, these pathways trigger the release of antimicrobial peptides that
lyse invading pathogens’®:83,

In the Angpheles mosquito, anti-plasmodial responses occur both as malaria parasites
attempt to cross the midgut epithelium and later as they encyst. At the ookinete stage (Fig.
1), parasite invasion into midgut cells triggers JNK-signalling-mediated production of
reactive oxygen and nitrogen species (ROS and RNS), which nitrate the surface of the
parasite. Ookinete nitration stimulates haemocytes to undergo apoptosis and release
microvesicles that promote the activation of the mosquito complement system in the
haemolymph84. The complement-like system consists of a complex of the thioester-
containing protein TEP1 and two leucine-rich repeat proteins (LRIM1 and APL1), which
binds to ookinetes and promotes their killing by either lysis or encapsulation by
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melanization. There is also growing evidence of a late-phase haemocyte-mediated immunity
targeting oocysts and reducing their numbers®:86. This effect requires two transcription
factors, LL3 (litaf-like factor 3)87 and STAT (signal transducer and activator of
transcription)8, which mediate the proliferation and differentiation of haemocytes following
Plasmodium infection, but the killing mechanism is unknown.

In the case of arboviruses, the primary defence in many vectors is the short interfering RNA
(siRNA) silencing pathway, which degrades viral double-stranded RNA produced during
replication.

The ~21 nucleotide fragments of the viral genome are incorporated into the RNA-induced
silencing complex (RISC) and direct the cleavage of single-stranded RNA complementary to
the viral fragment, removing additional genome copies to control infection8. The related
PIWI-interacting RNA (piRNA) pathway that controls transposon activity in the germline
may also be used in antiviral defence in the soma, where it produces viral-derived piRNAs
by an unknown biogenesis89-1, Knockdown of the piRNA-binding proteins Ago3 or Piwi5
in A. aegypti cells reduced Sindbis virus piRNAs®2, but the relative contribution of this
pathway to antiviral defence requires further study.

The innate immune pathways (IMD, Toll and JAK-STAT) also contribute to antiviral
immunity; it has been found that knock-down of pathway components affects DENV titres
in A. aegyptP3-%. Variation in transcriptional responses in different vector—virus
combinations suggests that insects have evolved to tailor innate immune responses to be
virus specific?’.

Increased knowledge of the mechanisms that limit pathogen development can favour the
generation of novel strategies to reduce vector competence (Fig. 2). The effectiveness of the
immune system can be boosted by genetically engineering the overexpression of immune
effectors’6:81.98-101 gr the repression of negative regulators of immunity?7:78.94,102,103 jp
key transmission tissues such as the midgut, fat body and salivary glands. The final goal is to
spread these immunity-enhancing factors in the wild using genetic elements known as gene
drives (see below). Genetically engineered mosquito strains that successfully reduce vector
competence for Plasmodium parasites®1:101.104.105 3nq DENV/100.106 have been generated in
the laboratory, although none yet completely abort pathogen development. For example,
transgenes expressing the transcriptional activator of the IMD pathway, Relish2, in the mid-
gut and fat body effectively inhibited P falciparum development in Anopheles stephensi
mosquitoes by upregulation of genes in the complement-like system, 7£P1 and APLI (ref.
81), A similar strategy to activate the antiviral JAK-STAT pathway in A. aeqypti mosquitoes
by overexpressing the pathway’s receptor Dome or signal transducer Hop was effective
against DENV2 and DENV4, but interestingly not against the closely related flavivirus
ZIKV, nor CHIKV100, This difference again suggests that immune pathways may specialize
to the level of particular viruses or, alternatively, effective immunity requires multiple
pathways to be triggered together. Since immunity is stimulated only in specific tissues and/
or after a blood meal, the costs of additional immune function on mosquito fitness are
contained, an important requirement if these strains are to compete in a natural environment.
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Besides curbing pathogen development, however, these immune strategies may also affect
the natural insect microbiota81:194 and, as a result, modify mosquito behaviour unexpectedly.
As an example, transgenes expressing Relish2 and AgDsPf (a variable pattern recognition
receptor of A. gambiae) appeared to cause non-random mating between transgenic and wild-
type individuals. Although this particular effect (possibly mediated by the gut microbiome)
favoured the spread of each transgene in population cages of A. stephensit%’, the
introduction of assortative mating into field populations may lead to reproductive isolation
and in turn speciation, thereby complicating control strategies and perturbing the natural
ecosystem. Transgenes that block pathogen transmission without significantly affecting
insect behaviour are therefore desirable.

While they do not modulate immune pathways per se, other strategies interfere with key
parasite transitions in the mosquito such as invasion of the ookinete into the midgut
epithelium or the sporozoite into the salivary glands. The first study demonstrating the
feasibility of such approaches identified the SM1 peptide for its ability to block Plasmodium
development at both these invasion steps when expressed in transgenic A. stephensi
mosquitoest®8. SM1 interferes with the binding of enolase on the ookinete’s surface to the
midgut receptor EBP (enolase-binding protein) by mimicking the enolase epitopel99.110, and
it blocks saglin receptors on the salivary glands to prevent an interaction with the sporozoite
TRAP (thrombospondin-related anonymous protein) invasion ligand!11,

It is likely, however, that immune-based strategies will impose selective pressures on
pathogens to adapt and ensure their transmission. Understanding mechanisms of immune
evasion could nevertheless provide novel opportunities for disease control, as illustrated by
studies showing how Plasmodium avoids immune recognition by the mosquito midgut.
During invasion82.112 ookinetes express the protein Pfs47 on their surface, which in some
way makes them ‘invisible’ to the immune system, preventing nitration and activation of the
complement-like cascades described earlier!13:114 The global diversity of Pfs47 in
Plasmodium isolates suggests that this mechanism has been selected for on a local scale in
different Anopheles— Plasmodium combinations, with potential consequences for the global
spread of malariall®. Evasion could potentially be reversed using chemical sprays or
transmission-blocking vaccines that prevent the function of Pfs47 or other pathogen factors
required for successful midgut invasion such as those described above.

These data demonstrate that while there is great promise in immune-modulating intervention
strategies, understanding local ecological, genetic and vector—pathogen interactions is
paramount to their successful deployment in the diverse regions that mosquitoes inhabit.

Manipulating the microbiome.

Most insects possess rich and diverse microbiomes that regulate key physiological aspects of
metabolism, reproduction, longevity and immunity, and play essential roles in the provision
of nutrients that are limited or not provided by diet}16-118_|n blood-feeding insects,
ingestion of a blood meal induces a significant expansion of the midgut microbiota, and
when the blood is infected with pathogens, microorganism—pathogen interactions can affect
the establishment of infection. Metagenomics sequencing projects have demonstrated the
diversity of insect microbial communities19-125 and have led to the identification of several
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microorganisms that impair pathogen development and could be exploited as a means for
blocking transmission122:123.125 (Fig. 3). For example, isolated Serratia marcescens strains
have been shown to interfere with 7. cruzi, Leishmania braziliensis and Plasmodium berghei
in their respective vectors26-128 ' making these species possible transferable candidates for
disease control. This search strategy follows the logic that resident microorganisms will not
inflict severe fitness costs in their natural hosts and will readily colonize their tissues29.
Interactions are likely to be pathogen and microorganism specific, and, in some cases, can
lead to enhancing effects on pathogen development. While Serratia odorifera bacteria can
increase DENV2 and CHIKYV infections in A. aegypt-30, the midgut microbiota is required
for maximal infection by 0’nyong-nyong virus (ONNV) in A. gambiae'3!. Alternatively,
biocontrol can directly target the insect vector through entomopathogenic fungi such as
Beauvaria bassiana and Metarhizium anisopliae, which Kill insects slowly, allowing

completion of early reproductive cycles and thus lessening selection for fungal resistance
traits?6:75.132

Besides unintended consequences for non-target organisms, one important caveat with the
use of microorganisms to stop transmission is that the precise mechanism(s) of pathogen
blocking are often unknown, and the potential for pathogen resistance has not been
addressed. Resistance can be delayed or even avoided by engineering multiple blocking
factors into one microbial species, in a strategy called paratransgenesist33:134, For example,
antimicrobial peptides (such as apidaecin, cecropin A, magainin 11 and melittin) expressed in
the Rhodnius prolixus symbiont Rhodococcus rhod-nii are not toxic to the paratransgenic
bacteria but effectively kill 7. cruzi parasites, and are synergistically effectivel33. Similar
effectors have strong effects against £ falciparum when recombinantly expressed from the
Serratiastrain AS1 (ref. 134). Paratransgenic approaches are particularly appealing for insect
species with outdoor biting and resting behaviour that cannot be effectively targeted by
strategies such as LLINs and IRS. However, a major obstacle to their use is their delivery
method, as currently there are no effective methods to disseminate desired microorganisms
in natural populations. Without innovation in this area, paratransgenesis is unlikely to
become a valuable asset in disease control.

The dissemination issue is partially alleviated when microorganisms are naturally spread
from mother to offspring—a process known as vertical transmission, which can occur
through multiple mechanisms. Some intracellular microorganisms such as Wolbachia are
transovarially transmitted as they populate the female germline35:136 while the tsetse fly
symbionts Sodalis and Wigglesworthia are provisioned in utero to the larval3’. Asajaand
Serratia bacteria can adhere to the surface of the egg and therefore can colonize oviposition
sites (Fig. 3)134138_ Undoubtedly, Wolbachia, an a.-proteobacterium that infects 66% of the
insect species in the world!39, is the leading candidate for the biological control of vector-
borne pathogens. Some strains of this endosymbiont are ideally poised for transmission
control because they combine pathogen-blocking effects with rapid spread through
populations of their insect hosts. Besides generally high rates of mother—offspring
inheritance, spread of Wolbachiais ensured by a number of manipulations of the host
reproductive biology that impart a reproductive advantage to Wolbachia-infected females,
namely biasing the sex ratio towards egg-producing females (male killing or feminization,
parthenogenesis) and cytoplasmic incompatibility (C1)140. In CI, when uninfected females
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mate to Wolbachia-infected males, chromosomal segregation defects occur during the first
cellular division in the offspring, leading to sterility. These effects are rescued when females
are infected with the same or compatible Wolbachia strains. The discovery of two phage-
derived proteins expressed in Cl-causing Wolbachia strains141-143 may allow the
development of synthetic CI mechanisms in other paratransgenic bacteria. Furthermore, in
specific host—pathogen—Wolbachia combinations, these endosymbionts can block
development of pathogens such as DENV and ZIK\/136:144-151 'nrohably through priming of
the insect immune system or competition for host nutrients that the pathogen needs for
replication14:146.149.152.153 ' Control strategies based on Wolbachia capitalize on one or both
of these qualities. Where population suppression or elimination is desirable, large numbers
of Wolbachia-infected males could be used to sterilize local uninfected females through CI
(incompatible insect technique, 11T), causing a population crash14155_ Alternatively,
spreading a pathogen-blocking Wolbachia strain would gradually replace the local
permissive natural vectors with refractory insects. This latter strategy is now being evaluated
in field trials aimed at reducing DENV transmission by A. aegypti mosquitoes in South
America, South East Asia and Australial®6. Released populations in Australia appear to
maintain the Wolbachiainfections over several years, although the infection is localized to
the release area due to limited migration of adult mosquitoes!®7:158, |nterestingly, stable
Wolbachia infections were recently detected in natural Anopheles populations from West
Africa, breaking the dogma that anopheline mosquitoes are resistant to colonization by these
bacterial®®.160, Moreover, Wolbachia infections appear to be negatively correlated to
Plasmodium prevalence, opening up the possibility of harnessing these endosymbionts for
the control of malaria transmission160.161,

As Wolbachia is poised to become an increasingly important component for the control of
vector-borne diseases, a deeper under-standing of the molecular mechanisms mediating the
Wolbachia—pathogen interactions is needed for effective and, above all, safe use of these
bacteria. Moreover, as coinfection with Wolbachia can enhance development of some
pathogens, as in the cases of West Nile virus in Culex tarsalis mosquitoesi62 and the murine
malaria model 2 bergheiin A. gambiae*®3, adequate testing of release strains against a
multitude of known potential pathogens in the laboratory is strongly advisable.

Genetic manipulation of insect vectors.

The recent explosion in tools for the genetic modification of vectors has revolutionized our
ability to create designer strains for genetic control strategies. To limit transmission, two
principal strategies are envisaged that are either based on reducing the vector competence for
pathogens (a strategy referred to as population replacement), or aim to suppress insect
populations by spreading sterility (population suppression)164. In population replacement,
effector molecules that can increase the efficacy of the immune system or provide other
mechanisms for pathogen blocking can be engineered into the genome to reduce vector
competence (Box 2). This strategy does not remove the existing vector species but rather
replaces it with genetically modified insects that no longer transmit pathogens. Similarly,
sterility can be engineered for population suppression in what could be considered an
upgrade to the sterile insect technique (SIT). Traditionally, the SIT relies on releases of large
numbers of insects (generally males) previously sterilized by exposure to high doses of
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radiation or chemicals. With sustained releases, this method can eliminate and prevent
reinvasion of species from island nations or other geographically isolated areas, as
successfully shown for agriculture pests such as the new world screwworm16%, Multiple SIT
trials against vectors of human disease have been carried out with rather limited
success!®6-168__one problem being reduced male mating competitiveness caused by
colonization, sterilization and mass-rearing conditions169. These issues are especially
relevant in species where mating demands energy-intensive and behaviourally complex male
swarming, as in many anopheline mosquitoes. As an alternative to radiation or chemical
exposure, mosquitoes have been engineered to pass on a tetracycline-repressible dominant
lethal transgene to their offspring, causing them to die during larval development. This
strategy, called RIDL (release of insects carrying dominant lethal transgenes), is currently
used in the field against A. aegypti mosquitoesl’0-172,

Ideally, the desired genetic changes—whether sterility-inducing genes or competence-
reducing factors—should be spread through insect populations without having to rely on the
unsustainable mass release of insects. This is the concept behind the development of gene
drives, genetic elements that bias their own inheritance in a non-Mendelian fashion by
copying themselves from one chromosome to its homologue within germline cells so that
they can be carried through natural populations (Fig. 4)164. Multiple gene drive designs have
been proposed1”3-175 byt none so far is potentially as powerful as the one afforded by
CRISPR editing31:32.176_|n this system, the transgene encodes an endonuclease, generally
Cas9, which is directed by a CRISPR guide RNA to cut the homologous chromosome at the
insertion site. When the break is repaired by homology-directed repair using the original
‘transgenic’ chromosome as a template, all the offspring will inherit the gene drive.

The adaptation of CRISPR-Cas9 genome-editing technology to vector species, especially
mosquitoes that carry malaria parasites, is occurring apacel’’, although technological
problems in transgene architectures mean that no functional gene drives currently exist.
Promising results have been obtained in two anophelines. In A. stephensPl, efficient gene
conversion of a construct expressing short-chain anti-plasmodial antibodies was observed
into a target locus in the kynurenine hydroxylase gene, required for eye pig-mentation.
However, efficient gene conversion was observed only when the transgene was inherited
from fathers, due to detrimental maternal effects of the Cas9 endonuclease in the early
embryo. In A. gambiae, after four generations with an average observed homing efficiency
of 85-98%, transgenes inserted into three different genes conferring a recessive female
sterility phenotype32 began to decline in frequency as resistant mutations into which the
gene drive could not insert itself were strongly selected’8. The natural existence of drive-
resistant alleles (or their drive-induced generation, for instance via chromosome repair by
non-homologous end joining) represents a major hurdle to these strategies'’®. Given the
extremely polymorphic nature of the Anopheles genomel80, for instance, most genomic
targets have naturally occurring mutations that will not be efficiently cleaved by CRISPR-
Cas9, reducing the number of possible target genes to a handful. Theoretical designs such as
those based on targeting multiple sites of the same target gene to slow down the emergence
of drive resistant alleles exist!76:181 byt have yet to be tested.
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Transgenic technologies, whether based on SIT or gene drives, would be extremely helpful
for tackling the problem of residual malaria and in general for controlling insect populations
that feed and rest outdoors or are not amenable to chemical approaches. A wealth of
experience accumulated in a series of unsuccessful SIT attempts, however, suggests that
without drastically improved knowledge of insect ecology and mating behaviour, and
specifically of the determinants of male mating success®2-186 the prospects of control
approaches based on the release of genetically modified males are bleak.

Regardless of technical hurdles and objective constraints imposed by insect behaviour, the
possibility of generating genetic systems that can spread effectively through natural
populations poses unprecedented ethical, ecological and safety questions87. Effective gene
drives would continue spreading until fixation in target populations, so that any unintended
consequences would become permanently fixed. Moreover, insects carrying gene drives
would not respect regional, national or international borders, complicating regulations and
approvals. Importantly, the role of mosquitoes in maintaining their ecosystem is
understudied, and the environmental impact of eliminating species that are deeply rooted in
their habitats cannot be accurately predicted’88, Efforts aimed at addressing these issues
have started, and only when they are fully addressed will gene drives provide a credible
weapon in our fight against vector-borne infectious diseases.

So far, our attempts to curb diseases caused by insect-borne pathogens rely intensely on the
use of insecticides, applied in a variety of ways including on LLINS, IRS, traps or aerial
sprays. However, in light of the spread of resistance towards these compounds, it is clear that
insecticides alone cannot provide long-term solutions. We argue for the development of
alternative and complementary approaches based on truly different concepts that are less
likely to provoke resistance mechanisms. We identify three major areas that should be
prioritized: (1) strategies to increase the effectiveness and sustainability of insecticide usage;
(2) safe approaches for population suppression; and (3) effective methods to block pathogen
development in the insect vector.

To extend the life span of current and future chemical formulations, the most promising
strategy is to incorporate additional compounds that, such as PPF and DBH, act as
chemosterilants. Given the dearth of new modes of action, which limits the combinatorial
use of insecticides, preventing the inheritance of possible insecticide resistance traits
becomes paramount. Although compounds that induce sterility would inevitably meet
resistance in insects, the emergence of mechanisms to counteract both insecticides and
chemosterilants would be considerably slower. Based on the unexpected reduction of 2
falciparum numbers following exposure to DBH, other chemosterilants may also have
additional beneficial effects in disrupting pathogen development.

Among strategies aimed at reducing insect populations, those using the sterilizing properties
of Wolbachia are most developed and are already being implemented in the field against
Aedes mosquitoes. Given these promising results, extending their use to insects such as the
Anopheles mosquito that are less amenable to these endosymbiont infections should be
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considered a research priority worthy of substantially larger efforts. We maintain that the use
of chemosterilants in LLINS and IRS to control Anopheles species is a safer option than the
release of current designs for population suppression gene drives. Besides any ethical and
ecological considerations, the latter will be extremely sensitive to the emergence of drive-
resistant alleles that will halt the spread of the transgene. To tackle outdoor biting insect
populations, the identification of powerful long-range attractants and repellents could favour
the development of odour-baited insecticide traps to kill lured insects, or spatial repellents to
drive them away from areas where people gather, respectively89.

Lastly, multiple alternative strategies based on anti-pathogenic gene drives or
microorganisms are conceivable to block pathogen development within the insect. Issues in
achieving widespread dissemination of pathogen-blocking microorganisms remain, requiring
innovation in this area. The use of gene drives loaded with anti-pathogenic constructs also
presents substantial technical and biological limitations. In theory, drive-resistant alleles
should be less crucial for replacement drives than for suppression drives because selection
against constructs targeting the pathogen specifically (and not the vector) is less likely.
However, in reality, constructs tested so far either do not achieve complete parasite blockage
or affect mosquito fitness and behaviour. Until these issues are resolved, these approaches
are unlikely to be successful. As in the case of sterility-inducing strategies, Wolbachia-based
methods show the most promise so far, although they are limited to Aedes species and are
not thoroughly tested in disease-endemic countries.

Certainly, the wider rollout of any of the strategies described in this Review Article will
require considerable testing in multiple field settings to gather reliable epidemiological data
and assess their relative effectiveness. Computational modelling using parameters estimated
from these trials is needed to pinpoint which strategies represent the stronger candidates, and
we have summarized potential impacts on vectorial capacity parameters in Table 2. Field
deployment should ultimately happen in consultation with and with the consent of affected
communities, particularly for those strategies that may impose lasting changes to the
ecological habitat190.191,

Avre there additional alternatives? As suggested by epidemiological models, the use of
compounds that can directly kill pathogens during their journey through the insect vector
would also have a powerful impact on disease prevalence’3, while affording little
opportunity for resistance to arise. When identified, chemicals acting specifically against the
pathogen would have a minimal impact on insect fitness, and preclude the evolution of insect
resistance. These compounds could be incorporated directly in LLINs and IRS programmes,
or in odour-baited traps. A deeper understanding of the biological processes regulating
pathogen development within the insect vector should pave the way for the generation of
new tools for safe and effective pathogen killing.

The diversity of approaches presented here is cause for cautious optimism that more targeted
and effective control of vector-borne disease will be achievable in the near future. As some
strategies have the potential to permanently change the environment, they pose unique risks
to the ecological habitats of disease vectors. We believe an increased knowledge of the
biological processes regulating the interactions between these genetic or biological elements
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and the insects that harbour them is essential, not least for successful implementation of
these strategies, but also to anticipate and prevent possible negative consequences of their
use. This involves careful evaluations of any released strains, even those meant for eventual
population extinction, for their ability to support or suppress a range of disease pathogens, or
even combinations of pathogens. Modifications designed and introduced to block the
carriage of one pathogen may, for instance, inadvertently enhance the transmission of
another. Moreover, as mentioned above, strategies relying on the release of modified vectors
will require a solid understanding of mating biology and the determinants of mating success.
This will ensure that manipulated organisms are able to compete in natural vector
populations and avoid generating mechanisms of assortative mating that may lead to the
unintended introduction of new species.

Itis likely that within the next decade we will see the field implementation of some of the
tools that are presently being tested in the laboratory, as well as the generation of additional
powerful ideas and methods for controlling the transmission of vector-borne diseases. We
argue that future vector control strategies will need to be rooted in basic biology research in
insect ecology, behaviour and vector—pathogen—microbiome interactions. In this way, we
will ensure an effective and responsible use of tools to mitigate the tremendous burden
imposed on societies by vector-borne pathogens, without inflicting negative and irreversible
long-term consequences on our environment.
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Box 1 |
Key vectors
Anopheles mosquito.

This is a brown mosquito characterized by the black speckled pattern on their wings and
the length of their maxillary palps (sensory organs on the head are as long as the
proboscis). There are ~430 species worldwide (except Antarctica), each adapted to
different regions and habitats, but only 30-40 transmit human malaria parasites. In most
of these transmitting species, females blood feed in the evening and during the night,
making bed nets an effective strategy to prevent biting of humans. Other species within
the genus are also able to transmit mammalian malaria parasites, filarial worms and some
viruses.

Aedes mosquito.

This is a dark brown or black mosquito characterized by dark legs with distinctive white
stripes. The most important human disease vector species are A. aegypti (the yellow fever
mosquito) and Aedes albopictus (the Asian tiger mosquito). Aedes species belong to the
Culicinae subfamily and are able to transmit many viruses (dengue, chikungunya, yellow
fever and Zika, among others) but only transmit malaria parasites of birds, not mammals.
Aedes have an excellent adaptability to their environment, and the same species can be
found in both rural and urban settings. Their black eggs can desiccate and survive for
several months, facilitating their global spread. Females can bite anytime during the day,
making bed nets relatively ineffectual.

Culex mosquito.

This is a brown/grey mosquito with white patches on the abdomen, unpatterned wings
and short maxillary palps. Culex mosquitoes also belong to the Culicinae subfamily and
are responsible for several zoonotic infections in humans (West Nile virus and Japanese
encephalitis) and can also transmit filarial worms and avian malaria parasites. Females
bite during the evening and lay eggs in raft containing many eggs stuck together on the
surface of the water.

Tsetse fly.

This is a large dipteran fly (0.5-1.5 cm in length) found only in tropical Africa with a
unique reproductive biology, in that a female fly nurses a developing egg internally and
gives birth to a live larva. Both males and females blood feed on humans and transmit
trypanosomes, which cause human African trypanosomiasis (also known as sleeping
sickness). Attracted to the colour blue, insecticide-treated blue-black traps have
effectively controlled this vector across Africa. There are ~34 species, many of which
also transmit trypanosomes in animals, causing a disease called nagana.

Sand fly.

This is a very small hairy brown fly (3 mm in length) that is found globally from tropical
to temperate regions. There are two major genera that transmit Leishmania parasites:
Lutzomyiain the Americas and Phlebotomus in Europe, Asia and Africa, together

Nat Microbiol. Author manuscript; available in PMC 2019 July 01.




1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shaw and Catteruccia

Page 26

comprising many hundreds of species. Female sandflies tend to bite at night and use their
mouthparts to break capillaries in the skin, drinking blood from the resulting wound (pool
feeding).

Black fly.

This is a small black/grey fly in the genus Simulium and found globally as over 1,000
species. Black flies transmit the nematode Onchocerca volvulus, which causes
onchocerciasis or ‘river blindness’. The female black fly lays her eggs in the clean
flowing water of streams and rivers, rather than static pools, and this association to rivers
gives the disease its common name.

Kissing bug.

These are true bugs from the subfamily Triatominae, and unusual in the reduviid genus
because they feed on vertebrate blood. There are more than 130 species and are most
widespread in the Americas. Nocturnally active, they live around people in low-quality
housing (cracks in the floor and walls) and bite them when they are sleeping. They are
known as kissing bugs because they often bite people on the lips. They vector
Trypanosoma cruzi, the causative agent of Chagas disease, and the main protection
against bites is improving the quality of housing to prevent vector access.
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Box 2 |
Vectorial capacity

To estimate the ability of different vector species to transmit disease-causing pathogens,
multiple biological factors can be combined into a simplified equation, which is helpful
to understand which species may represent the most urgent targets for vector control, or
which methods may be most immediately effective to reduce transmission36.

Vector density (m).

Logically, the more vectors per human, the more likely they can transmit pathogens.
Vector density is regulated by the reproductive biology of each species (as well as other
ecological and environmental factors) and different species can differ dramatically in
their reproductive output.

Human-biting rate (a).

Vectors use olfactory and other sensory cues (such as CO2 and heat) to identify hosts for
a blood meal, and can be either highly specific or plastic in their preferences2%6. To
transmit a pathogen, a vector must bite humans twice—once to pick up the infection from
an infected person and again after a few days to transmit the infection to another person.
Since this occurs twice, the rate of human-biting is squared in the equation, making this
parameter highly influential on vectorial capacity38. Therefore, many vector control
strategies aim to reduce the human-biting rates, such as LLINs and repellents.

Competence (c).

Ingested pathogens must survive and develop within their insect hosts to be transmitted.

The variation in competence to support pathogen development between vectors is due to
many biological factors, including the internal physiology, nutritional status and immune
responses, and possible interactions with other pathogens*2.

Survival (p).

Pathogens ingested by competent vectors complete their development and migrate to
specific tissues (such as the midgut and salivary glands) to be transmitted to the next host.
This lag between being taken up and becoming infectious is known as the extrinsic
incubation period (EIP) and can take a substantial fraction of the insect’s lifespan,
making survival the most influential parameter in vectorial capacity3®. In the equation,
the infectious lifespan of the vector is represented by pr/—In(0), where EIP is represented
by n, the number of days the pathogen needs to develop in the vector before it can be
transmitted, and the daily survival rate of mosquitoes represented by p. Strategies that
shorten lifespan below the length of EIP yet allow vector reproduction would prevent
transmission without causing intense selective pressures on the vector to evolve
resistance.
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Fig. 1 |. The malaria and dengue transmission cycles.
The developmental stages of £ falciparum (left) and DENV (right) are shown in A. gambiae

and A. aegypti, respectively. Anopheles mosquitoes take up Plasmodium parasites as female
and male gametocytes, which rapidly convert to gametes. The male gamete exflagellates to
produce eight microgametes, which can fertilize the single female macrogamete. The formed
zygote becomes a motile ookinete, traverses the midgut epithelium, and develops into an
oocyst on the basal lamina of the outer midgut. Over several days, sporozoites develop in the
oocyst, burst out and spread to the mosquito salivary glands by the haemolymph.
Sporozoites are injected into the next host when the mosquito bites again. Similarly, in
Aedes mosquitoes, DENV is taken up into midgut cells and, over several days, replicates its
genome and expresses viral proteins. New virions are assembled and released into the
mosquito haemolymph and invade the salivary glands for transmission to the next host.
PBM, post blood meal.
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Fig. 2 |. Immune control strategies.
Illustrated are examples of how insect immunity can by modified at multiple life stages to

combat parasite development. Increasing expression of anti-parasitic factors or antimicrobial
peptides (AMPs) (1) when insects take a blood meal can induce lysis of ingested parasites.
Ookinetes can be blocked from invasion by occluding ookinete ligands or midgut receptors
required for successful invasion (2). Stronger, more effective immune responses to invading
ookinetes (3), oocysts (4) and sporozoites (5) can be engineered by overexpressing immune
effectors or reducing expression of negative regulators of mosquito immunity from the
mosquito fat body and haemocytes circulating in the haemolymph. Invasion of sporozoites
into the salivary glands can also be blocked by disrupting specific ligand—receptor
interactions.
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Fungi and bacteria '

Several avenues for vector control through manipulations to the vector microbiome are
possible, some of which are highlighted here for malaria mosquitoes. On parasite uptake,

1duosnuely Joyiny

naturally occurring or modified paratransgenic bacteria in the mosquito could block
infection by the secretion of antiparasitic factors (1). Similarly, infecting species with
Wolbachia bacteria (which populate the germline, and occasionally other tissues) can block
infection against a variety of parasites although the precise mechanisms of how this is
achieved are unknown (2). Such strategies rely on spread of these blocking or
entomopathogenic agents (fungi or bacteria) through the vector population, for instance by
adding them to baited sugar traps or larval breeding sites for vectors to pick up from the
environment (3). Additionally, biological agents could be spread from parents to offspring
through vertical transmission to the egg or larva (4).
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In normal Mendelian inheritance (left), a non-driving transgene (purple) that is on one

chromosome (highlighted yellow) will be inherited by 50% of
natural wild-type populations will halve the frequency of the t

the offspring. Outcrossing to
ransgene in the population

with every generation. A gene drive transgene (right) biases transmission to over 50% of its
offspring. Through a self-driven copying mechanism within the germline of heterozygotes, a
gene drive transgene (purple) on one chromosome (highlighted yellow) will be copied to the
other by cutting the other chromosome at the location of the insertion, and the cell uses the

original chromosome containing the gene drive transgene as a

template for repair by

homology-directed repair. All the offspring inherit a copy of the gene drive transgene.
Outcrossing to natural wild-type populations will cause spread of the gene drive transgene

throughout the population.
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