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Reduction in malaria clinical cases is strongly dependent on the ability to prevent Anopheles infectious bites.
Vector control strategies using long-lasting insecticidal nets and indoor residual spraying with insecticides have
contributed to significantly reduce the incidence of malaria in many endemic countries, especially in the Sub-
Saharan region. However, global progress in reducing malaria cases has plateaued since 2015 mostly due to
the increased insecticide resistance and behavioral changes in Anopheles vectors. Additional control strategies are
thus required to further reduce the burden of malaria and contain the spread of resistant and invasive Anopheles
vectors. The use of endectocides such as ivermectin as an additional malaria control tool is now receiving
increased attention, driven by its different mode of action compared to insecticides used so far and its excellent
safety record for humans. In this opinion article, we discuss the advantages and disadvantages of using iver-
mectin for malaria control with a focus on the risk of selecting ivermectin resistance in malaria vectors. We also
highlight the importance of understanding how ivermectin resistance could develop in mosquitoes and what its
underlying mechanisms and associated molecular markers are, and propose a research agenda to manage this
phenomenon.

1. The need for alternative vector control strategies

Preventing Anopheles mosquito bites is essential for controlling ma-
laria infection. In areas where the main malaria vector species are
endophagic (i.e. prefer to bite indoors), endophilic (i.e. prefer to rest
indoors) and anthropophilic (i.e. prefer to feed on humans), the use of
long-lasting insecticidal nets (LLINs) and indoor residual spraying (IRS)
with insecticides have been shown to be particularly effective. These

two interventions take advantage of the behavior of major malaria
vectors, and have become the pillars of malaria control (Killeen, 2014;
Russell et al., 2013). In the context of renewed efforts against malaria, an
estimated 663 million cases were averted between 2000 and 2015, of
which 68% were attributed to the use of LLINs and 10% to IRS (Bhatt
et al., 2015). This remarkable reduction in the burden of malaria was
achieved thanks to a strong multilateral commitment and an increased
international financing effort for malaria control (Pigott et al., 2012).
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This significant public health achievement sparked enthusiasm to
continue the control efforts with the goal of elimination in areas where
LLINs and IRS were highly successful.

However, the 2021 world malaria report (World Health Organiza-
tion, 2021) indicates that global progress in reducing malaria cases has
stalled since 2015, with less than 2% decline in malaria incidence be-
tween 2015 and 2020, and even an increase in several countries
including Eritrea, Namibia, Angola, Botswana, Burundi, the Comoros
and Madagascar. The development of effective insecticide-based vector
control strategies is increasingly challenging because of the widespread
emergence of insecticide resistance in malaria vectors. Until 2017, py-
rethroids were the only class of insecticides recommended by the World
Health Organization (WHO) for impregnating mosquito nets (Gavi,
2022). This large-scale use of pyrethroids in public health in addition to
their use in agriculture has selected among mosquito populations, in-
dividuals bearing resistance mechanisms such as target site mutations,
cuticular resistance, and metabolic resistance (Balabanidou et al., 2016;
Edi et al., 2014; Martinez-Torres et al., 1998; Wood et al., 2010;
Yahouédo et al., 2017). Insecticide resistance has become so widespread
across malaria endemic countries that it became obvious to the scientific
community that LLINs and IRS alone would not be sufficient to reach
elimination even if they were efficiently implemented by malaria con-
trol programs (Loha et al., 2019).

Moreover, while insecticide resistance in mosquitoes is primarily
seen as the capacity to survive the exposure to established lethal con-
centrations, behavioral changes leading to reduced exposure or full
avoidance can also significantly hamper insecticide efficacy. These
behavioral changes include a shift in resting (i.e. exophily) and feeding
preferences (i.e. exophagy and zoophagy) (Avila et al., 2021; Fornadel
et al., 2010; Moiroux et al., 2012; Moreno et al., 2015; Reddy et al.,
2011; Russell et al., 2016; Sougoufara et al., 2014), early (before dusk)
or late (after dawn) biting activities (Avila et al., 2021; Cooke et al.,
2015; Moiroux et al., 2012; Yohannes and Boelee, 2012) and daytime
biting activities (Sangbakembi-Ngounou et al., 2022) as well as early
exit from households after feeding (Killeen et al., 2017). These changes
occurred in presence of strong selective pressure with over two billion
nets delivered in 2020 (USAID, 2020) and involved either ecological
shifts in vector species composition (Bugoro et al., 2011; Gillies and
Smith, 1960; Mwangangi et al., 2013; Sougoufara et al., 2016) or
evolutionary adaptations of vector species aggressive behaviors (Car-
rasco et al., 2019) that are increasingly documented in malaria endemic
countries. These departures from canonical behaviors together with
physiological resistance represent loopholes in the effectiveness of the
current integrated vector control strategy that exclusively relies on
LLINs and IRS. The direct consequence of these changes in the persis-
tence of malaria transmission (Carnevale and Manguin, 2021; Sher-
rard-Smith et al., 2019).

This persistence of malaria transmission despite efficient use of
current vector control strategies is termed residual transmission. This
phenomenon defines the limits of what is achievable with currently
available vector control tools and threatens the achievement of malaria
elimination goals. Additional, complementary strategies to LLINs and/or
IRS are urgently required to further reduce the burden of malaria and
contain the spread of physiologically and/or behaviorally resistant as
well as invasive vectors (Churcher et al., 2016; Feachem et al., 2019;
Riveron et al., 2016).

2. Ivermectin as a complementary tool to control malaria

The use of endectocides to increase the mortality rate of female
mosquitoes before they can transmit the malaria parasite is a promising
approach to reduce malaria transmission (Macdonald, 1952). Endecto-
cides are chemicals that were first widely used in the livestock industry
to control endoparasites (i.e. intestinal nematodes) and ectoparasites (i.
e. blood-feeding arthropods) (Burg et al., 1979). Several endectocide
drugs are effective against a wide range of endo- and ectoparasites in
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animals as well as in humans, including the avermectins (abamectin,
doramectin, eprinomectin, and ivermectin) and the milbemycins (mil-
bemectin, moxidectin, nemadectin) (Floate, 2006). Ivermectin was the
first endectocide used in humans, and it has been licensed since 1987 as
a microfilaricide for the control of human endemic helminthiases
(onchocerciasis and lymphatic filariasis) through mass drug adminis-
tration (MDA) (Amazigo et al., 2002; Boatin, 2008). Interestingly, ma-
laria vectors have been shown to be sensitive to therapeutic doses of
ivermectin when feeding on treated people or animals (Derua et al.,
2015; Lyimo et al., 2017; Makhanthisa et al., 2021; Pooda et al., 2015).
Thus, this molecule could be considered as an “systemic insecticide”
directly distributed by treated vertebrate hosts, including humans
(Fig. 1).

2.1. Some advantages

Unlike pyrethroid insecticides that primarily target the voltage-gated
sodium channels, ivermectin binds to the glutamate-gated chloride
channels (GluCls) which regulate the passage of chloride ions into and
out of the invertebrate neuronal or muscular cells. By hyper- activating
the channels, ivermectin induces muscle paralysis and flaccid death
(Ikeda, 2003). Glucls are not present in vertebrates, and although cross
reaction with GABA-gated chloride channels is possible, the latter are
present in the central nervous system and protected by the blood brain
barrier that actively pumps out xenobiotics, hence ivermectins excellent
safety track record in humans and livestock (Chaccour et al., 2013).
Carried by the host himself, ivermectin administered through MDAs to
humans and/or animals will likely target malaria vectors regardless of
their temporal or spatial feeding behavior (Fig. 1). Ivermectin has the
potential to decrease malaria transmission by reducing the survival as
well as the fecundity of malaria vector mosquitoes (reviewed by (Kha-
ligh et al., 2021; Singh and Singh, 2021)) and the impact could be
greater in highly seasonal (about four months) and seasonal malaria
transmission settings. Indeed, a modeling study based on epidemiolog-
ical data from Senegal, Liberia and Burkina Faso has predicted that
ivermectin MDA in human administered in three monthly rounds, each
with three consecutive daily doses of 300 pg/kg and reaching 70%
coverage could reduce malaria clinical incidence by 71% and prevalence
by 34% in highly seasonal moderate transmission settings (Slater et al.,
2020). The authors also predict that adding ivermectin MDA to seasonal
malaria chemoprevention in these settings would reduce clinical inci-
dence by an additional 77% in children younger than 5 years compared
with seasonal malaria chemoprevention alone (Slater et al., 2020).
Various trials are evaluating ivermectin MDA as a complementary ma-
laria vector control tool (Table 1). All these studies will bring an
in-depth insight of the potential of ivermectin to become a valuable tool
to be added in the malaria control toolbox.

Aside its impact on adult Anopheles survival and fecundity, iver-
mectin present in larval habitats can also reduce the survival of larvae of
An. gambiae s.l. (Derua et al., 2016). Indeed, the dissipation half-life 50
(DT50, which is the time required for the concentration to decline to half
of the initial value) of ivermectin is variable ranging from 16 to 458 days
in soil, depending on soil type, sorption capacity, temperature, and ox-
ygen availability (Krogh et al., 2009), and from <1 to 127 days in
water-sediment systems (Loffler et al., 2005; Prasse et al., 2009). This
suggests that ivermectin that is excreted in the environment after MDA
to humans or animals could persist in the environment (Liebig et al.,
2010) and indirectly affect malaria vector populations, and thereby
malaria transmission. In addition to its toxicity for malaria vectors,
ivermectin, even at sub-lethal concentrations, may inhibit the sporogony
of P. falciparum and P. vivax in malaria vectors (Kobylinski et al., 2017,
2012). Additional benefits may come from the effect of ivermectin on
other endo- and ectoparasites (Dourmishev et al., 2005; Nuesch et al.,
2005); MDA of ivermectin for malaria could reduce the burden of in-
testinal and ectoparasites (Crump, 2017).
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Fig. 1. Schematic representation of the use of
ivermectin to combat malaria in a One Health
approach and its potential ecological impacts.
Residual malaria transmission could be addressed
by administering ivermectin to human (A) and/or
Animal to livestock (B) through MDAs. In addition of
vl targeting malaria mosquitoes and animal ectopar-
- asites, the drug will improve human and animal
health by targeting intestinal parasites. However,
the drug can accumulate in animal meat and milk
[i] making them temporarily unfit for human
consumption. Ivermectin and its metabolites are
mainly excreted through feces. Fecal residues of
ivermectin in cattle dung may affect dung-dwelling
insects such as dung beetles and flies, [ii] leading
to less amended soils. Some portions can also
contaminate waterbodies and affect invertebrate
and aquatic organisms [iii]. The repeated use of
ih ivermectin has resulted in the spread of resistance
mechanisms due to the strong selective pressure on
herd parasites [iv], a process that can likely occurs
in human parasites and mosquito populations

(larva and adults) [v].
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Table 1
Previous and ongoing trials assessing the efficacy of ivermectin as a complementary malaria control tool.
Study name Lead Country Study design Number of Dose Regimen MDA Treated Study
researchers participants frequency host period
REACT I Cedric Burkina Faso cRCT 2609 200 pg/kg Single dose Every 4 weeks Livestock 2016-2018
Pennetier and for 4
Roch Dabiré consecutive
months
RIMDAMAL I (Foy  Brian Foy and Burkina Faso cRCT 2712 150-200 pg/ Single dose Every 3 weeks Human 2014-2016
et al., 2019) Roch Dabiré kg for 4
consecutive
months
RIMDAMAL II Brian Foy and Burkina Faso cRCT 4088 300 pg/kg X3 X 4 consecutive ~ Human 2018-2022
Roch Dabiré consecutive months
days
ANNIVERMATE ( Karine Burkina Faso Experimental 8 1.2 mg/kg Single dose Once Livestock 2018-2020
Pooda et al., Mouline (long-acting
2023) formulation)
MATAMAL Anna Last Guinea-Bissau cRCT 24,000 300 pg/kg + X3 X 3 consecutive ~ Human 2019-2022
DHA-P consecutive months
days
IVERMECTIN Jetsumon Thailand cRCT 6356 400 pg/kg Single dose X 3 consecutive ~ Human 2017-2023
MDA Prachumsri months
BOHEMIA Regina Mozambique cRCT 20,000-22,000 400 ng/kg Single dose X 3 consecutive ~ Human 2019-2024
Rabinovich and Kenya months and/or
and livestock
Carlos
Chaccour
IMPACT Karine Burkina Faso Experimental 36 0.6-1.5mg/kg  Single dose Once Livestock 2020-2023
Mouline (long-acting
formulation)
MASSIV (Dabira Umberto The Gambia cRCT 4939 300-400 ng/ X3 X 3 consecutive ~ Human 2017-2020
et al., 2022) D’alessandro kg + DHA-P consecutive months
days

cRCT= cluster Randomized Controlled Trial; DHA-P = Di-Hydro-Artemisinin-Piperaquine;.

2.2. Some challenges

A broader use of ivermectin to control malaria can pose several
challenges including, potential environmental contamination and ef-
fects on non-target organisms (Floate, 2006), withdrawal times in live-
stock and implications milk or meat production (Chaccour, 2021), risk
of inducing resistance in livestock or human parasites; Eng and Pri-
chard, 2005; Schwab et al., 2007) (Fig. 1).

Ivermectin is poorly metabolized in both humans and animals.
Almost 80 to 98% of the administered dose of ivermectin and/or its
metabolites are excreted in the feces (Herd et al., 1996). The total

amount of ivermectin present in the environment will thus depend on
the number of treated human or livestock in an area, manure manage-
ment and other agricultural practices. Repeated MDA of ivermectin to
humans and animals can pose a risk of contamination of freshwater
systems from agriculture or latrines through runoff, groundwater
seepage or direct deposition (Halley et al., 1989; Nessel et al., 1989).
Mosquito breeding sites could also be contaminated by ivermectin,
exposing Anopheles larvae to the drug (Fig. 1). While some studies have
shown that Anopheles larvae are susceptible to ivermectin, repeated
exposure of aquatic life stages to ivermectin could make malaria vectors
at adult stage less susceptible to ivermectin as it is the case for current
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insecticides used both for agriculture and vector control (Nkya et al.,
2014; Urio et al., 2022). However, selection pressure of ivermectin at
larval stages may differ from the one caused by blood intake from
ivermectin-treated hosts. This may select for different resistance phe-
notypes, albeit this has not been thoroughly investigated so far.

3. Resistance to ivermectin in mosquitoes and other arthropods
3.1. Theoretical framework of ivermectin resistance selection

Random genetic mutations that occur during reproduction cause the
offspring to vary in some way from their parents (Lederberg and
Lederberg, 1952). These changes that may be damaging can sometimes
give an advantage to an individual. A favorable mutation may increase
an individual’s chances of surviving a harmful factor (i.e. drug, insec-
ticide) long enough to reproduce and pass this new trait on to its
offspring. If the drug or insecticide is applied intensively and repeatedly,
successive populations will become less and less susceptible to the drug
or insecticide. Individuals that are not removed any more by the drug or
insecticide used according to the label recommendation for that in-
dividuals are referred to as “resistant or mutant”.

Ivermectin is efficacious against most drug-naive endoparasites at
doses as low as 20 ug/kg body weight (Shoop, 1993), but doses of
150-200 pg/kg are needed to target the less susceptible parasites in its
spectrum/label, (the dose-defining species). This allows for an inter-
esting phenomenon to occur called the window of scalation in which
the most susceptible species in the spectrum of the drug could become
resistant, requiring higher and higher concentration for its management,
and yet this would not be perceived until resistance has grown 10-fold
(from 20 to 200 pg/kg) given that the dose used was initially defined
by the less susceptible species.

Resistance in livestock parasites (i.e. sheep, horses and cattle
roundworms) has emerged shortly after large scale, intensive use of
ivermectin for veterinarian purposes (Campbell et al., 1983; Shoop,
1993). Surprisingly, reports of resistance of ivermectin in arthropods
remain scarce with only two ivermectin-resistant arthropods (scabies
mites and head lice) reported from human infestations in field situation
(Currie et al., 2004; Diatta et al., 2016). In addition, despite over 30
years of ivermectin MDAs to control neglected tropical diseases (NTDs)
(Lawrence et al., 2015), no obvious evidence of resistance to ivermectin
has been seen in mosquitoes to date. Several factors could contribute to
this: MDAs for NTDs are carried out only once per year, only females are
exposed to the drug in adult stage and ivermectin has a well charac-
terized impact in mosquito fertility (see window of selection below).
This could have avoided the development and spread of ivermectin
resistance in mosquito populations, although limited testing and the lack
of a relevant surveillance system hinders the ability to draw conclusions
from this lack of evidence.

In mosquitoes, a favorable genetic mutation could appear on either a
single individual or a geographical area (i.e. a majority of mosquitoes in
a village). The high concentration of ivermectin in the treated hosts’
(humans or animals) bloodstream last for a few days after treatment
killing both wild type and mutant mosquitoes. However, the effective
concentration of ivermectin declines after 7 days post-treatment (Lyimo
et al., 2017; Makhanthisa et al., 2021). Mutant mosquitoes exposed to
lower concentrations could survive the exposure of ivermectin while the
most susceptible ones are killed. The period of time after treatment
within which mutant individuals can thrive while the susceptible ones
are suppressed is termed the window of selection (Stepniewska and
White, 2008). The window of selection of ivermectin opens when the
concentration of the drug is low enough to allow mutant individuals to
reproduce but high enough to suppress the development of susceptible
ones, and closes once both mutant and susceptible individuals have
equal survival probabilities (Fig. 2). Unlike insecticides used for IRS and
on LLINs whose windows of selection continue to open for many months
or years (South et al., 2019), that of ivermectin is probably narrower,
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Fig. 2. Window of selection of ivermectin resistance in mosquitoes Three
doses of ivermectin are given 24 h apart each. The efficacious concentration 50
(or (Lethal Concentration 50, LC50) is 5 ng/ml which kills 50% of An. gambiae
in 5 days. Ivermectin also precludes mosquito reproduction at lower concen-
trations. If a resistant type appears, there will be a temporal gap between the
concentration inhibiting the fecundity of the resistant and the wild type. Stars
indicate wild type (yellow) and mutant (red) 5 day-LC50, while crosses indicate
wild type (yellow) and mutant (red) concentrations allowing successful fecun-
dity (concentration unknown), (A). During the time the average ivermectin
concentration is between these two concentrations in the population, the
resistant type can thrive while the susceptible type is suppressed, (B). The
window of selection is relatively narrow for ivermectin and mosquitoes,
particularly when one considers the potential concurrent presence of other
vector control tools such as LLINs and IRS, (C).

persisting only for a few days or weeks, depending on the dose and/or
formulation. Repetitive MDAs of ivermectin to control malaria would
theoretically increase the risk of selection by opening sequential win-
dows of selection, allowing resistant phenotype to amplify and be suc-
cessfully passed onward. However, ivermectin has the advantage of



A.B. Sagna et al.

reducing not only the survival and fecundity of exposed Anopheles, but
also their locomotor activity (Sampaio et al., 2017). This may decrease
the efficiency of blood-feeding, reducing the ability of mutant in-
dividuals to quickly amplify. Yet, it does not bring the risk of emergence
and spread of ivermectin resistance to zero since larvae, pupae and adult
emergence have been reported (at low rates) in wild and laboratory
Anopheles mosquitoes at a low concentration of ivermectin (Eba et al.,
2023).

3.2. Physiological resistance

Numerous mechanisms has been associated with ivermectin resis-
tance in arthropods including reduced cuticular penetration in larvae
(Chen et al., 2016) mutation of the targeted GluCl (Amanzougaghene
et al., 2018; Diatta et al., 2016; Kwon et al., 2010; Wang et al., 2017,
2016) and metabolic through the overexpression of xenobiotic pumps
(Luo et al., 2013; Mangia et al., 2016; Pohl et al., 2011; Yoon et al.,
2011) and cytochrome P450 isoenzymes (Gao et al., 2016; Le Gall et al.,
2018; Nicolas et al., 2021).

The GluCl channel is the primary target of ivermectin in arthropods
(Cully et al., 1994). In the malaria vector An. gambiae, the alternative
splicing process during gene expression that allows a single gene to code
for multiple proteins can lead to the production of ivermectin-sensitive
or -insensitive homomultimers (Meyers et al., 2015). This suggests that
resistance to ivermectin could arise through altered regulation of the
GluCl splicing in An. gambiae and probably in other Anopheles species as
well. Furthermore, metabolic resistance mechanisms (increased degra-
dation and/or sequestration of the insecticide by “detoxification” en-
zymes) drive an important proportion of pyrethroid and DDT resistance
in Africa (Martinez-Torres et al., 1998; Ranson et al., 2000). Dual inhi-
bition of xenobiotic pumps and P450 cytochromes was also found to
greatly increase An. gambiae susceptibility to ivermectin, suggesting a
clear pathway for development of ivermectin resistance by detoxifica-
tion mechanisms  (Nicolas et al, 2021).  Alarmingly,
permethrin-resistant cockroaches, houseflies, and Aedes aegypti have
been shown to be less susceptible to abamectin or ivermectin when
compared with permethrin-sensitive counterparts (Deus et al., 2012).
Given the different target of both compounds (the GluCl channels for
ivermectin and the voltage-gated sodium channels for permethrin), this
suggests that permethrin-ivermectin cross-resistance could occur in
mosquitoes through metabolic pathways involving P450 cytochromes
and/or xenobiotic pumps.

There are also some important facts to consider when studying

- -
-8 ; y

a 7

Y % (
Fepellent &
-3

Acta Tropica 245 (2023) 106973

resistance to ivermectin in mosquitoes. The susceptibility to ivermectin
varies widely through different Anopheles species, (Ivermectin Road-
mappers, 2020) and with the development stage of mosquitoes (Chen
et al., 2022) (Derua et al., 2015) (Derua et al., 2016). Also, mosquito
larvae are susceptible to ivermectin concentrations as low as 1 ng/ml
and under (Derua et al., 2016). The potential exposure to residual
ivermectin in breeding sites and how it could affect resistance must be
explored by conducting targeted evolutionary experiments.

3.3. Behavioral resistance

Beside target-site mutations and enhanced metabolic clearance,
behavioral changes (i.e. trophic avoidance) vis-a-vis to ivermectin-
treated subjects could be an additional mechanism of resistance. In
fact, mosquitoes have the ability to identify the vertebrate host to be
bitten through a complex mixture of volatile molecules detected by their
antenna (Lefevre et al., 2010; Lehane, 2005; Marquardt, 2004). Drug
metabolism has also been shown to affect the body odor of treated in-
dividuals (Zahnert et al., 2018). While a change of body odor is not
reported among ivermectin’s side effects, one cannot rule out the pos-
sibility of ivermectin or its metabolites to modify the odor plume of
treated subjects, making them attractive or repellent to Anopheles
mosquitoes (Fig. 3). A recent study has shown mosquitoes are capable of
associating the olfactory stimulus of pesticides with their detrimental
effects and subsequently avoid pesticide contact (Sougoufara et al.,
2022). This mechanism could enable mosquitoes to maximize survival in
environments becoming increasingly challenging owing to the intensi-
fication of chemical control interventions.

An avoidance of ivermectin-treated subjects will cause mosquitoes to
systematically feed on untreated subjects such as pregnant women,
children under 15 kg, those taking contraindicated drugs for co-
administration (such as Ritonavir) and pregnant or milking cows in
the case of cattle. In addition, if ivermectin and LLINs are both widely
implemented, it is probable that mosquitoes may not be able to avoid
contact with both current insecticides and ivermectin. Insecticide
resistance is shown to be associated with a high fitness cost on Anopheles
populations (delayed development of larvae, reduced survivorship of
larvae and adults, reduced fecundity) (Nkahe et al., 2020; Osoro et al.,
2021). Ivermectin is also known to affect mosquito survival and fecun-
dity, and thus the ability of exposed individuals to reproduce. To survive
and perpetuate the species, mosquitoes could adapt and limit their
fitness loss following non-lethal exposure to insecticides and/or iver-
mectin as found in other insect species through an increased

Neutral (no effect): Ivermectin can be distributed to both
humans and peri domestic animals

Attractive: The drug should only be distributed to peri
domestic animals otherwise it will expose humans to more
mosquito bites, thus to an increased risk of malaria

Repellent: Untreated subjects (children under five years,
women of childbearing age, pregnant women) will be exposed
to more mosquito bites, thus to an increased risk of malaria.
More protection should be offered to untreated subjects for
this strategy to be ethically acceptable/appropriate.

Fig. 3. Schematic representation of the attractiveness or avoidance of ivermectin-treated hosts. The attractiveness of ivermectin-treated hosts to Anopheles mosquitoes
could be studied using an olfactometer followed by a characterization of odorants using methods such as gas-chromatography coupled with mass spectrometry. These studies will
determine if ivermectin-treated hosts are attractive (green arrow), repellent (orange arrow) or neural. The strategy to adopt for each scenario is described in the box.
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reproductive effort (i.e. adjustment of egg production) (Cutler, 2013),
thermoregulation (i.e. rest at some specific temperatures) (Abram et al.,
2017; Maliszewska and Tegowska, 2017) or self-medication (i.e. feeding
on specific therapeutic diets like nectars) (de Roode et al., 2013; de
Roode and Hunter, 2019). While these behavioral changes are yet to be
observed in mosquitoes, their occurrence would greatly contribute to
the spread of ivermectin resistance.

4. Research and development agenda for ivermectin resistance
management

4.1. Characterization of cross-resistance to ivermectin

Several reports and models have demonstrated the importance of
ivermectin MDAs in disrupting the transmission of human malaria
parasites (Alout et al., 2014; Slater et al., 2020, 2014). These encour-
aging data in favor of a wider use of ivermectin MDAs to combat malaria
need however to be analyzed more in detail by taking into consideration
factors that could limit or improve its use. Among factors that could limit
the use of ivermectin is the occurrence of cross-resistance between
current insecticides (i.e. pyrethroids) and ivermectin through metabolic
resistance. Several of the randomized-controlled field trials taking place
are in the context of high levels of pyrethroid resistance (See Table 1).
Since some pyrethroid-resistant arthropods have been shown to be less
susceptible to ivermectin (Deus et al., 2012), conclusions that will be
drawn from these trials should take into account potential limited effect
of ivermectin on mosquito populations with some degree of metabolic
resistance. The impact of pyrethroid resistance on ivermectin suscepti-
bility in malaria vectors needs to be further explored by assessing the
effects of ivermectin on adult survival and fecundity using fully sus-
ceptible and laboratory-selected permethrin resistant Anopheles strains
for instance. As overproduction of detoxifying enzymes are one of the
main mechanisms by which insects survive to insecticides, it will be
critical to also characterize enzyme activity and mRNA expression levels
of cytochrome P450 and glutathione S-transferase (GST) genes between
ivermectin-sensitive and -insensitive pyrethroid-resistant Anopheles
strains using both biochemical and high-throughput genome sequencing
assays as performed in crop insects (Ali et al., 2019; Xu et al., 2014;
Zhou et al., 2018).

The current strategy to combat metabolic-resistant malaria vectors is
based on the use of LLINs combining a pyrethroid with a synergist e.g.
piperonyl butoxide (PBO). Synergists or chemosensitizers have been
found to restore the toxicity or efficacy both in vivo and in vitro when
administered together with a toxicant or drug (Snoeck et al., 2017).
Pyrethroid-PBO LLINs have been shown to reduce malaria prevalence in
areas where they were deployed compared to pyrethroid-only LLINs
(Protopopoff et al., 2018; Staedke et al., 2020). This has prompted the
WHO to promote mass procurement and distribution of these LLINs to
sustain vector control impact in the face of increasing metabolic resis-
tance (PMI, 2020). Consequently, pyrethroid-PBO LLINs are rapidly
replacing pyrethroid-only LLINs in many malaria endemic areas. Their
proportion in Sub-Saharan Africa is on the rise going from 3% in 2018 to
51% in 2022 (AMP, 2022). This means that a deployment of ivermectin
MDAs will inevitably occur in communities where pyrethroid-PBO LLINs
are already or will be present. Since the PBO presents on these new
generations of pyrethroid LLINs is intended to inhibit detoxification
enzymes of resistant malaria vectors, mainly cytochrome P450 mono-
oxygenases (Bingham et al., 2011), this might be beneficial for iver-
mectin MDAs. Indeed, the inhibition of cytochrome P450 enzymes has
been shown to increase the mortality of mosquitoes when the synergist is
co-administered with the blood meal (Nicolas et al., 2021). Even though
mosquitoes will not be taking a blood meal containing PBO, one could
expect the pre or post exposure to PBO (through pyrethroid-PBO LLINs)
to synergize with ivermectin and increase mosquito mortality. Further
studies will be needed to investigate the potential role of a pre or post
exposure to pyrethroid-PBO LLINs in boosting ivermectin effects on
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mosquitoes since mosquito resistance to PBO-synergized pyrethroid has
already been reported (Zhou et al., 2022).

4.2. Development of standardized methods to track ivermectin resistance

4.2.1. Molecular markers

Insecticide resistance in malaria vectors is clearly threatening cur-
rent and future of vector control programs. While waiting for large-scale
implementation of new vector control products, it appears essential to
have a deep understanding of the mechanisms of insecticide resistance
for better detection in natural mosquito populations and management.
Until today, our response to this major problem has been reactive rather
than proactive and understanding the molecular mechanisms involved
in resistance has often been limited by available techniques. Today,
advances in molecular biology offer new tools with significant potential
for understanding and tracking mosquito resistance to insecticides
(Faucon et al., 2017; Lol et al., 2019; Weedall et al., 2020). These ad-
vances have also opened up the potential for a more proactive approach
when implementing new vector control tools such as ivermectin MDA to
control malaria. Before a large-scale use of ivermectin whatever the
dose, formulation and route of administration considered, it will be
important to first establish ivermectin resistant phenotypes selected
under several generations at the laboratory with increasing sub-lethal
doses of ivermectin until resistance is observed. This could be done by
either exposing larvae or adult Anopheles to ivermectin. Establishment of
ivermectin-resistant Anopheles colonies is challenging because sub-lethal
ivermectin concentrations can still inhibit mosquito fecundity. Finding
the optimal concentration (allowing survivors to lay eggs) will be crit-
ical. If successful, the underlying mechanism(s) of the resistance can be
investigated using modern high-throughput genome sequencing (RNA-
and/or DNA sequencing) and big data analytics (Fig. 4). These
state-off-art techniques will give the ability to predetermine alleles that
are under selection and help identify potential markers of resistance
(Zoh et al., 2021). Markers of ivermectin resistance could then be vali-
dated by genetic manipulation of candidate gene expression in An.
gambiae s.l. For example, RNAi-mediated gene silencing (Mehlhorn
et al.,, 2021) can be used to transiently suppress candidate gene
expression in resistant mosquitoes prior to exposure to treated blood
meals with ivermectin. The GAL4/UAS expression system in An. gambiae
s.L. (Adolfi et al., 2019; Lynd and Lycett, 2012) can also be used to
overexpress candidate genes in a susceptible mosquito population and
examine resistance phenotypes through exposure to treated blood meals
with ivermectin. Another promising tool for studies of gene function is
the CRISPR-Cas9 system (Kistler et al., 2015). This system allows
alteration of the expression of a candidate gene and examination of its
impact on mosquito life traits such as development, survival, fecundi-
ty/fertility, and ivermectin resistance can be tested. Once the candidate
gene or marker is validated, simplified molecular assays should be
developed to track ivermectin resistance in the malaria vectors as it is
currently the case for mutations associated with insecticide resistance on
the voltage-gated sodium channel (VGSC) and acetylcholinesterase-1
(Ace-1) genes in malaria vectors (Lol et al., 2019; Martinez-Torres
et al.,, 1998; Mavridis et al., 2019; Riveron et al., 2014). Such an
approach before broader use of ivermectin will aid in the design of
effective resistance-management strategies and establish the impact of
ivermectin resistance on malaria control interventions.

4.2.2. Phenotypic assays

In addition to molecular markers to track ivermectin resistance, the
development of an effective and easy-to-use phenotypic assay for
resistance monitoring will provide a critical early warning in areas
where ivermectin MDA is under evaluation and after large scale
implementation of this strategy. Estimating the susceptibility of wild-
caught adult mosquitoes to ivermectin requires they ingest ivermectin
in a blood meal or in sugar water either through a membrane or direct-
feeding on a treated host. Direct-feeding of mosquitoes on treated hosts
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Fig. 4. Ivermectin resistance marker discovery and validation pipeline. The discovery of resistance markers starts with evidence of decreased sensitivity against ivermectin
in laboratory-selected Anopheles populations. Genomic tools could then be used to identify resistance markers by comparison of parental and selected mosquito strains albeit with
the known limitations in external validity of resistant colonies generated in the insectary. Validation of a resistance candidate is often performed using multiple in vitro and in
vivo strategies (RNA interference, Gal4-UAS or CRISPR-Cas9), however the choice of organism may depend upon cost, timescale, and the availability of insect culturing fa-
cilities. After the validation of the resistance candidate by ivermectin bioassays, a molecular assay will be developed and validated to monitor ivermectin resistance in the field.

has ethical implications and membrane feeding often results in very low
feeding rates. An alternative method using filter papers to deliver iver-
mectin in blood is currently under development with promising results
(Ominde et al., unplublished data). Its use across different sites will
require well-characterized standard blood or sugar-blood mixture and
the development of standard operating procedures (SOPs) that will be
applied to local F1 or F2 generation mosquitoes.

4.2.3. Ivermectin resistance mitigation plan

There are several endectocides available in the veterinary market.
This offers the possibility to rotate or deliver a mosaic of different
endectocides in herds as part of the livestock targeted intervention.
Mosaics could be done within herds or by using a different endectocide
in an area where humans receive ivermectin. The concept can be eval-
uated using ivermectin while developing novel/improved endectocides’
active pharmaceutical ingredients or formulations specifically for ma-
laria. Rotations will need at least two available endectocides for use in
humans. As for now, ivermectin remains the sole endectocide (with anti-
mosquito properties) approved for human use. One strategy could be the
repurposing of alternative ectoparasiticidal molecules such are Iso-
xazolines. Isoxazolines are ligand-gated ion channel inhibitor parasiti-
cides. They bind to gamma-aminobutyric acid (GABA)-gated chloride
channels (GABACIs) in nerve and muscle cells, which blocks the trans-
mission of neuronal signals leading to death. However, their actions are
putatively much more selective for GABA receptors in arthropods (fleas
or ticks), than for those in mammals, including humans (Gassel et al.,
2014; Shoop et al., 2014). The current registered Isoxazolines (Flur-
alaner and Afoxolaner) may be promising candidates for such a repur-
pose, given the already demonstrated mosquitocidal activity against
Anopheles at a relatively low concentration, a much longer half-life in

vivo (i.e. long time of residence) compared to ivermectin, and the com-
mercial availability of the drugs (Miglianico et al., 2018). However,
seizures and other neurotoxic effects, including death have been
mentioned in some recently marketed isoxazoline package inserts (Pal-
mieri et al., 2020). It would therefore require an extensive work package
to get an approval human use. Further studies will be needed to calculate
the optimal design of rotational treatment in livestock or human that
prevents the development and spread of ivermectin resistance in malaria
vectors.

Another approach could be the use of ivermectin in human or live-
stock in combination with a synergist. This strategy is currently used to
combat pyrethroid-resistant malaria vectors by combining pyrethroids
and PBO on LLINs (Accrombessi et al., 2021; Protopopoff et al., 2018).
Cyclosporin A and Verapamil (ABC-transporter inhibitors) have shown
to cause an increase in the toxicity against ivermectin in cattle tick,
Rhipicephalus microplus (Pohl et al., 2014; P.C. 2012, 2011) and in Culex
pipiens mosquitoes (Buss et al., 2002). Similarly, Voriconazole (Dual
CYP/P-gp inhibitor) has a synergistic effect on ivermectin-induced An.
gambiae mortality (Nicolas et al., 2021). In the case of ivermectin, some
synergist may simultaneously work as pharmaco-enhancers, boosting
both the systemic exposure and the mosquito susceptibility (Chaccour
et al., 2017). The use of synergists to increase the toxicity of ivermectin
in mosquito populations could avoid further selection of resistant ma-
laria vectors and thereby delays the spread of ivermectin resistance.
Although all these drugs used as synergists have already been approved
for human use, their combination with ivermectin in livestock and
humans will require extensive studies on their pharmacokinetics and
safety given their potential effect on the blood-brain barrier.

Additionally, attention must be paid to other potential uses that can
increase the exposure and hasten the appearance of resistance such as
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ivermectin-based sugar baits (Tenywa et al., 2017) or wall linings
(Malima et al., 2017).

5. Concluding remarks

Although there are numerous laboratory and field studies demon-
strating the efficacy of ivermectin for controlling malaria vectors, data
from randomized-controlled field trials demonstrating a direct impact of
this strategy on malaria transmission are still awaited. So far, only two
published studies have examined the efficacy of repeated MDAs of
ivermectin on the incidence of malaria in a two-arm, cluster-randomized
controlled trial (Dabira et al., 2022; Foy et al., 2019). However, these
studies did not demonstrate a clear effect of ivermectin on malaria
prevalence or transmission. Preliminary data of the RIMDAMAL II
project also showed no effect of ivermectin when added to current
malaria strategies (Foy et al., unpublished data). Several other trials are
still ongoing and will show us in years to come whether MDAs of iver-
mectin are effective or not for controlling malaria.

In the meantime, it is critical to anticipate the research on ivermectin
resistance in mosquitoes (see pending questions) and identify effective
resistance-management strategies in case this strategy is evidenced as
efficacious in controlling malaria. Molecular markers of ivermectin
resistance need to be identified and developed into validated assays as
well as susceptibility tests (phenotypic assays). However, the suscepti-
bility of mosquitoes to ivermectin is species-dependent, varying from
15.9 ng/ml (7-day LCsp) in An. gambiae (Smit et al., 2018) to much
higher, 55.6 ng/ml (7-day LCs) for An. dirus (Kobylinski et al., 2017).
Efforts to characterize major malaria vectors in different geographic
areas should be done prior to using ivermectin for vector control. In
addition, susceptibility tests should be validated from both colony and
wild-type mosquitoes to determine the dose-defining species, the dose
that is needed to kill the less susceptible malaria vector. This will not be
achieved without first standardizing outcome metrics such as lethal
concentration 50, since a variety of time intervals are often presented
varying from 24 h to over 10 days.

6. Pending questions

e Ivermectin is delivered to the gut via the blood meal, how does this
affect potential resistance mechanisms? i.e. cuticular efflux pumps
and pre-systemic metabolism

e How does the glutamate-gated chlorine channel expression vary

across different mosquito development stages and species?

What is the window of selection of ivermectin and how does it vary

across Anopheles species?

e What is the most likely ivermectin resistance mechanism in
mosquitoes?

e How will ivermectin resistance occur (and how fast) during or after

the numerous ivermectin trials in malaria vectors?

What is the best way to monitoring ivermectin for resistance (SNPs,

gene mutations, phenotype assays) during trials?

What is the ideal strategy combination to assess/prevent ivermectin

resistance in mosquitoes?

Glossary

Anthropophilic: Describes mosquitoes that prefer to take blood
meals from humans

Dose-defining species: For antiparasitic drugs with a broad spec-
trum of activity like ivermectin, the dose-defining species refers to the
dose defined to target the parasite (herein an Anopheles species) that
requires the highest drug exposure to be suppressed.

Endectocide: A drug with a wide spectrum of activity capable of
killing both endoparasites (intestinal nematodes) and ectoparasites
(blood-sucking insects)

Endophagic: An endophagic mosquito is a mosquito that feeds
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indoors, inside human habitats

Endophilic: An endophilic mosquito is a mosquito that tends to
inhabit/rest indoors

Exophagic: An exophagic mosquito is a mosquito that feeds
outdoors.

Exophilic: An exophilic mosquito tends to inhabit/rest outdoors.

Residual malaria transmission: Residual malaria transmission is
the fraction of total transmission that persists after achievement of full
operational coverage with effective long-lasting insecticidal nets and/or
indoor residual spray interventions.

Rotation: If molecules with the same mode of action are used
repeatedly, this will result in increased selection pressure on an
arthropod pest population, which enhances the rate (speed) of resistance
development. Endectocide rotation is the temporal (time) alternation of
endectocides with different modes of action to slow down the develop-
ment of resistance.

Self-medication: the ability of insects to consume or otherwise
contact biologically active organic compounds specifically for the pur-
pose of helping to reduce the deterrent effects of insecticides.

Synergist: A chemical that enhances the effectiveness of an active
agent

Thermoregulation: also known as temperature regulation, de-
scribes the ability of insects and other animals to maintain a stable
temperature (either above or below ambient temperature), at least in a
portion of their bodies by physiological or behavioral means.

Window of escalation: when the dose gap between the dose-
defining species and the more susceptible ones is large (e.g for iver-
mectin 20 vs 200 mcg/kg), resistance arising in the most susceptible
organisms cannot be clinically detected until the intensity has risen to
the level of the highest dose (10-fold for ivermectin).

Window of selection: refers to time period during which the drug
exposure is low enough to allow mutant organisms to reproduce but
high enough to suppress the development of wild-type ones. This allows
for amplification of the mutant phenotype.

Zoophagic: Describes mosquitoes that prefer to take blood meals
from animals

Funding

This work is supported by funding from Unitaid under the IMPACT
grant. Carlos J. Chaccour and Joanna Furnival-Adams are supported by
Unitaid under the BOHEMIA grant. ISGlobal acknowledges support from
the Spanish Ministry of Science and Innovation through the “Centro de
Excelencia Severo Ochoa 2019-2023" Program (CEX2018-000,806-S),
and support from the Generalitat de Catalunya through the CERCA
program.

CRediT authorship contribution statement

André B. Sagna: Conceptualization, Data curation, Methodology,
Resources, Writing — original draft. Lamidi Zéla: Data curation. Cheick
Oumar W. Ouedraogo: Data curation. Sié H. Pooda: Data curation.
Angélique Porciani: Writing — review & editing. Joanna Furnival-
Adams: Writing — review & editing. Paula Lado: Writing — review &
editing. Anyirékun F. Somé: Writing — review & editing. Cédric Pen-
netier: Writing — review & editing. Carlos J. Chaccour: Conceptuali-
zation, Methodology, Resources, Writing — review & editing. Roch K.
Dabiré: Writing — review & editing. Karine Mouline: Conceptualiza-
tion, Data curation, Methodology, Resources, Writing — original draft.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.



A.B. Sagna et al.

Data availability

No data was used for the research described in the article.

References

Abram, P.K., Boivin, G., Moiroux, J., Brodeur, J., 2017. Behavioural effects of
temperature on ectothermic animals: unifying thermal physiology and behavioural
plasticity. Biol. Rev. 92, 1859-1876. https://doi.org/10.1111/brv.12312.

Accrombessi, M., Cook, J., Ngufor, C., Sovi, A., Dangbenon, E., Yovogan, B., Akpovi, H.,
Hounto, A., Thickstun, C., Padonou, G.G., Tokponnon, F., Messenger, L.A.,
Kleinschmidt, I., Rowland, M., Akogbeto, M.C., Protopopoff, N., 2021. Assessing the
efficacy of two dual-active ingredients long-lasting insecticidal nets for the control of
malaria transmitted by pyrethroid-resistant vectors in Benin: study protocol for a
three-arm, single-blinded, parallel, cluster-randomized controlled trial. BMC Infect.
Dis. 21, 194. https://doi.org/10.1186/s12879-021-05879-1.

Adolfi, A., Poulton, B., Anthousi, A., Macilwee, S., Ranson, H., Lycett, G.J., 2019.
Functional genetic validation of key genes conferring insecticide resistance in the
major African malaria vector, Anopheles gambiae. Proc. Natl. Acad. Sci. USA 116,
25764-25772. https://doi.org/10.1073/pnas.1914633116.

Ali, E., Mao, K., Liao, X., Jin, R., Li, J., 2019. Cross-resistance and biochemical
characterization of buprofezin resistance in the white-backed planthopper, Sogatella
furcifera (Horvath). Pestic. Biochem. Physiol. 158, 47-53. https://doi.org/10.1016/
j.pestbp.2019.04.008.

Alout, H., Krajacich, B.J., Meyers, J.1., Grubaugh, N.D., Brackney, D.E., Kobylinski, K.C.,
Diclaro, J.W., Bolay, F.K., Fakoli, L.S., Diabaté, A., Dabiré, R.K., Bougma, R.W.,
Foy, B.D., 2014. Evaluation of ivermectin mass drug administration for malaria
transmission control across different West African environments. Malar. J. 13, 417.
https://doi.org/10.1186,/1475-2875-13-417.

Amanzougaghene, N., Fenollar, F., Diatta, G., Sokhna, C., Raoult, D., Mediannikov, O.,
2018. Mutations in GluCl associated with field ivermectin-resistant head lice from
Senegal. Int. J. Antimicrob. Agents 52, 593-598. https://doi.org/10.1016/j.
ijantimicag.2018.07.005.

Amazigo, U.V., Obono, M., Dadzie, K.Y., Remme, J., Jiya, J., Ndyomugyenyi, R.,
Roungou, J.B., Noma, M., Sékétéli, A., 2002. Monitoring community-directed
treatment programmes for sustainability: lessons from the African Programme for
Onchocerciasis Control (APOC). Ann. Trop. Med. Parasitol. 96 (Suppl 1), S75-S92.
https://doi.org/10.1179/000349802125000664.

AMP, 2022. 2022 Net Mapping Project Report. The Alliance for Malaria Prevention,
Geneva, Switzerland.

Avila, M., Vajda, E.A., Gutiérrez, E.J., Gibson, D.A., Renteria, M.M., Presley, N.,
O’Reilly, D., Burton, T.A., Tatarsky, A., Lobo, N.F., 2021. Anopheles drivers of
persisting malaria transmission in Guna Yala, Panamd: an operational investigation.
Malar. J. 20, 443. https://doi.org/10.1186/512936-021-03972-z.

Balabanidou, V., Kampouraki, A., MacLean, M., Blomquist, G.J., Tittiger, C., Judrez, M.
P., Mijailovsky, S.J., Chalepakis, G., Anthousi, A., Lynd, A., Antoine, S.,
Hemingway, J., Ranson, H., Lycett, G.J., Vontas, J., 2016. Cytochrome P450
associated with insecticide resistance catalyzes cuticular hydrocarbon production in
Anopheles gambiae. Proc. Natl Acad. Sci. 113, 9268-9273. https://doi.org/10.1073/
pnas.1608295113.

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.,
Gething, P.W., 2015. The effect of malaria control on Plasmodium falciparum in
Africa between 2000 and 2015. Nature 526, 207-211. https://doi.org/10.1038/
naturel5535.

Bingham, G., Strode, C., Tran, L., Khoa, P.T., Jamet, H.P., 2011. Can piperonyl butoxide
enhance the efficacy of pyrethroids against pyrethroid-resistant Aedes aegypti?
Tropical Med. Int. Health 16, 492-500. https://doi.org/10.1111/j.1365-
3156.2010.02717 .x.

Boatin, B., 2008. The onchocerciasis control programme in West Africa (OCP). Ann.
Trop. Med. Parasitol. 102 (Suppl 1), 13-17. https://doi.org/10.1179/
136485908X337427.

Bugoro, H., Iro’ofa, C., Mackenzie, D.O., Apairamo, A., Hevalao, W., Corcoran, S.,
Bobogare, A., Beebe, N.W., Russell, T.L., Chen, C.C., Cooper, R.D., 2011. Changes in
vector species composition and current vector biology and behaviour will favour
malaria elimination in Santa Isabel Province, Solomon Islands. Malar. J. 10, 287.
https://doi.org/10.1186/1475-2875-10-287.

Burg, R.W., Miller, B.M., Baker, E.E., Birnbaum, J., Currie, S.A., Hartman, R., Kong, Y.L.,
Monaghan, R.L., Olson, G., Putter, 1., Tunac, J.B., Wallick, H., Stapley, E.O.,

Oiwa, R., Omura, S., 1979. Avermectins, new family of potent anthelmintic agents:
producing organism and fermentation. Antimicrob. Agents Chemother. 15, 361-367.
https://doi.org/10.1128/AAC.15.3.361.

Buss, D.S., McCaffery, A.R., Callaghan, A., 2002. Evidence for p-glycoprotein
modification of insecticide toxicity in mosquitoes of the Culex pipiens complex. Med.
Vet. Entomol. 16, 218-222. https://doi.org/10.1046/j.1365-2915.2002.00365.x.

Campbell, W.C., Fisher, M.H., Stapley, E.O., Albers-Schonberg, G., Jacob, T.A., 1983.
Ivermectin: a potent new antiparasitic agent. Science 221, 823-828. https://doi.org/
10.1126/science.6308762.

Carnevale, P., Manguin, S., 2021. Review of issues on residual malaria transmission.

J. Infect. Dis. 223, S61-S80. https://doi.org/10.1093/infdis/jiab084.

Acta Tropica 245 (2023) 106973

Carrasco, D., Lefevre, T., Moiroux, N., Pennetier, C., Chandre, F., Cohuet, A., 2019.
Behavioural adaptations of mosquito vectors to insecticide control. Curr. Opin.
Insect Sci. 34, 48-54. https://doi.org/10.1016/j.c0is.2019.03.005.

Chaccour, C., 2021. Veterinary endectocides for malaria control and elimination:
prospects and challenges. Philos. Trans. R. Soc. Lond. B Biol. Sci. 376, 20190810
https://doi.org/10.1098/rstb.2019.0810.

Chaccour, C.J., Hammann, F., Alustiza, M., Castejon, S., Tarimo, B.B., Abizanda, G.,
Irigoyen Barrio, A., Marti Soler, H., Moncada, R., Bilbao, J.I., Aldaz, A., Maia, M., Del
Pozo, J.L., 2017. Cytochrome P450/ABC transporter inhibition simultaneously
enhances ivermectin pharmacokinetics in the mammal host and pharmacodynamics
in Anopheles gambiae. Sci. Rep. 7, 8535. https://doi.org/10.1038/541598-017-
08906-x.

Chaccour, C.J., Kobylinski, K.C., Bassat, Q., Bousema, T., Drakeley, C., Alonso, P., Foy, B.
D., 2013. Ivermectin to reduce malaria transmission: a research agenda for a
promising new tool for elimination. Malar. J. 12, 153. https://doi.org/10.1186/
1475-2875-12-153.

Chen, L.P., Wang, P., Sun, Y.J., Wy, Y.J., 2016. Direct interaction of avermectin with
epidermal growth factor receptor mediates the penetration resistance in Drosophila
larvae. Open Biol. 6, 150231 https://doi.org/10.1098/rs0ob.150231.

Chen, L.P., Xing, X.J., Kang, K.L., Yang, W.Y., Luo, L., Wu, Y.J., 2022. Why are
Drosophila larvae more sensitive to avermectin than adults? Comp. Biochem.
Physiol. C Toxicol. Pharmacol. 251, 109197 https://doi.org/10.1016/j.
cbpc.2021.109197.

Churcher, T.S., Lissenden, N., Griffin, J.T., Worrall, E., Ranson, H., 2016. The impact of
pyrethroid resistance on the efficacy and effectiveness of bednets for malaria control
in Africa. Elife 5, €16090. https://doi.org/10.7554/¢Life.16090.

Cooke, M.K., Kahindi, S.C., Oriango, R.M., Owaga, C., Ayoma, E., Mabuka, D.,
Nyangau, D., Abel, L., Atieno, E., Awuor, S., Drakeley, C., Cox, J., Stevenson, J.,
2015. A bite before bed”: exposure to malaria vectors outside the times of net use in
the highlands of western Kenya. Malar. J. 14, 259. https://doi.org/10.1186/512936-
015-0766-4.

Crump, A., 2017. Ivermectin: enigmatic multifaceted ‘wonder’ drug continues to surprise
and exceed expectations. J. Antibiot. 70, 495-505. https://doi.org/10.1038/
ja.2017.11.

Cully, D.F., Vassilatis, D.K., Liu, K.K., Paress, P.S., Van der Ploeg, L.H.T., Schaeffer, J.M.,
Arena, J.P., 1994. Cloning of an avermectin-sensitive glutamate-gated chloride
channel from Caenorhabditis elegans. Nature 371, 707-711. https://doi.org/
10.1038/371707a0.

Currie, B.J., Harumal, P., McKinnon, M., Walton, S.F., 2004. First documentation of in
vivo and in vitro ivermectin resistance in Sarcoptes scabiei. Clin. Infect. Dis. 39,
e8-el2. https://doi.org/10.1086/421776.

Cutler, G.C., 2013. Insects, insecticides and hormesis: evidence and considerations for
study. Dose Response 11, 154-177. https://doi.org/10.2203/dose-response.12-008.
Cutler.

Dabira, E.D., Soumare, H.M., Conteh, B., Ceesay, F., Ndiath, M.O., Bradley, J.,
Mohammed, N., Kandeh, B., Smit, M.R., Slater, H., Grietens, K.P., Broekhuizen, H.,
Bousema, T., Drakeley, C., Lindsay, S.W., Achan, J., D’Alessandro, U., 2022. Mass
drug administration of ivermectin and dihydroartemisinin-piperaquine against
malaria in settings with high coverage of standard control interventions: a cluster-
randomised controlled trial in The Gambia. Lancet Infect. Dis. 22, 519-528. https://
doi.org/10.1016/51473-3099(21)00557-0.

de Roode, J.C., Hunter, M.D., 2019. Self-medication in insects: when altered behaviors of
infected insects are a defense instead of a parasite manipulation. Curr. Opin. Insect
Sci. Pests Resistance e Behav. Ecol. 33, 1-6. https://doi.org/10.1016/j.
€0is.2018.12.001.

de Roode, J.C., Lefevre, T., Hunter, M.D., 2013. Self-Medication in animals. Science 340,
150-151. https://doi.org/10.1126/science.1235824.

Derua, Y.A., Kisinza, W.N., Simonsen, P.E., 2015. Differential effect of human ivermectin
treatment on blood feeding Anopheles gambiae and Culex quinquefasciatus. Parasit
Vectors 8, 130. https://doi.org/10.1186/513071-015-0735-3.

Derua, Y.A., Malongo, B.B., Simonsen, P.E., 2016. Effect of ivermectin on the larvae of
Anopheles gambiae and Culex quinquefasciatus. Parasit Vectors 9, 131. https://doi.
org/10.1186/513071-016-1417-5.

Deus, K.M., Saavedra-Rodriguez, K., Butters, M.P., Black, W.C., Foy, B.D., 2012. The
effect of ivermectin in seven strains of Aedes aegypti (Diptera: culicidae) including a
genetically diverse laboratory strain and three permethrin resistant strains. J. Med.
Entomol. 49, 356-363. https://doi.org/10.1603/mel1164.

Diatta, G., Abat, C., Sokhna, C., Tissot-Dupont, H., Rolain, J.M., Raoult, D., 2016. Head
lice probably resistant to ivermectin recovered from two rural girls in Dielmo, a
village in Sine-Saloum, Senegal. Int. J. Antimicrob. Agents 47, 501-502. https://doi.
org/10.1016/j.ijantimicag.2016.03.013.

Dourmishev, A.L., Dourmishev, L.A., Schwartz, R.A., 2005. Ivermectin: pharmacology
and application in dermatology. Int. J. Dermatol. 44, 981-988. https://doi.org/
10.1111/j.1365-4632.2004.02253.x.

Eba, K., Habtewold, T., Asefa, L., Degefa, T., Yewhalaw, D., Duchateau, L., 2023. Effect of
Ivermectin® on survivorship and fertility of Anopheles arabiensis in Ethiopia: an in
vitro study. Malar. J. 22, 12. https://doi.org/10.1186/512936-023-04440-6.

Edi, C.V., Djogbénou, L., Jenkins, A.M., Regna, K., Muskavitch, M.A.T., Poupardin, R.,
Jones, C.M., Essandoh, J., Kétoh, G.K., Paine, M.J.I., Koudou, B.G., Donnelly, M.J.,
Ranson, H., Weetman, D., 2014. CYP6 P450 enzymes and ACE-1 duplication produce
extreme and multiple insecticide resistance in the malaria mosquito Anopheles
gambiae. PLos Genet. 10, €1004236 https://doi.org/10.1371/journal.
pgen.1004236.

Eng, J.K.L, Prichard, R.K., 2005. A comparison of genetic polymorphism in populations
of Onchocerca volvulus from untreated- and ivermectin-treated patients. Mol.


https://doi.org/10.1111/brv.12312
https://doi.org/10.1186/s12879-021-05879-1
https://doi.org/10.1073/pnas.1914633116
https://doi.org/10.1016/j.pestbp.2019.04.008
https://doi.org/10.1016/j.pestbp.2019.04.008
https://doi.org/10.1186/1475-2875-13-417
https://doi.org/10.1016/j.ijantimicag.2018.07.005
https://doi.org/10.1016/j.ijantimicag.2018.07.005
https://doi.org/10.1179/000349802125000664
http://refhub.elsevier.com/S0001-706X(23)00160-2/sbref0008
http://refhub.elsevier.com/S0001-706X(23)00160-2/sbref0008
https://doi.org/10.1186/s12936-021-03972-z
https://doi.org/10.1073/pnas.1608295113
https://doi.org/10.1073/pnas.1608295113
https://doi.org/10.1038/nature15535
https://doi.org/10.1038/nature15535
https://doi.org/10.1111/j.1365-3156.2010.02717.x
https://doi.org/10.1111/j.1365-3156.2010.02717.x
https://doi.org/10.1179/136485908X337427
https://doi.org/10.1179/136485908X337427
https://doi.org/10.1186/1475-2875-10-287
https://doi.org/10.1128/AAC.15.3.361
https://doi.org/10.1046/j.1365-2915.2002.00365.x
https://doi.org/10.1126/science.6308762
https://doi.org/10.1126/science.6308762
https://doi.org/10.1093/infdis/jiab084
https://doi.org/10.1016/j.cois.2019.03.005
https://doi.org/10.1098/rstb.2019.0810
https://doi.org/10.1038/s41598-017-08906-x
https://doi.org/10.1038/s41598-017-08906-x
https://doi.org/10.1186/1475-2875-12-153
https://doi.org/10.1186/1475-2875-12-153
https://doi.org/10.1098/rsob.150231
https://doi.org/10.1016/j.cbpc.2021.109197
https://doi.org/10.1016/j.cbpc.2021.109197
https://doi.org/10.7554/eLife.16090
https://doi.org/10.1186/s12936-015-0766-4
https://doi.org/10.1186/s12936-015-0766-4
https://doi.org/10.1038/ja.2017.11
https://doi.org/10.1038/ja.2017.11
https://doi.org/10.1038/371707a0
https://doi.org/10.1038/371707a0
https://doi.org/10.1086/421776
https://doi.org/10.2203/dose-response.12-008.Cutler
https://doi.org/10.2203/dose-response.12-008.Cutler
https://doi.org/10.1016/S1473-3099(21)00557-0
https://doi.org/10.1016/S1473-3099(21)00557-0
https://doi.org/10.1016/j.cois.2018.12.001
https://doi.org/10.1016/j.cois.2018.12.001
https://doi.org/10.1126/science.1235824
https://doi.org/10.1186/s13071-015-0735-3
https://doi.org/10.1186/s13071-016-1417-5
https://doi.org/10.1186/s13071-016-1417-5
https://doi.org/10.1603/me11164
https://doi.org/10.1016/j.ijantimicag.2016.03.013
https://doi.org/10.1016/j.ijantimicag.2016.03.013
https://doi.org/10.1111/j.1365-4632.2004.02253.x
https://doi.org/10.1111/j.1365-4632.2004.02253.x
https://doi.org/10.1186/s12936-023-04440-6
https://doi.org/10.1371/journal.pgen.1004236
https://doi.org/10.1371/journal.pgen.1004236

A.B. Sagna et al.

Biochem. Parasitol. 142, 193-202. https://doi.org/10.1016/j.
molbiopara.2005.01.021.

Faucon, F., Gaude, T., Dusfour, 1., Navratil, V., Corbel, V., Juntarajumnong, W.,

Girod, R., Poupardin, R., Boyer, F., Reynaud, S., David, J.P., 2017. In the hunt for
genomic markers of metabolic resistance to pyrethroids in the mosquito Aedes
aegypti: an integrated next-generation sequencing approach. PLoS Negl. Trop. Dis.
11, e0005526 https://doi.org/10.1371/journal.pntd.0005526.

Feachem, R.G.A., Chen, 1., Akbari, O., Bertozzi-Villa, A., Bhatt, S., Binka, F., Boni, M.F.,
Buckee, C., Dieleman, J., Dondorp, A., Eapen, A., Sekhri Feachem, N., Filler, S.,
Gething, P., Gosling, R., Haakenstad, A., Harvard, K., Hatefi, A., Jamison, D.,
Jones, K.E., Karema, C., Kamwi, R.N., Lal, A., Larson, E., Lees, M., Lobo, N.F.,
Micah, A.E., Moonen, B., Newby, G., Ning, X., Pate, M., Quinones, M., Roh, M.,
Rolfe, B., Shanks, D., Singh, B., Staley, K., Tulloch, J., Wegbreit, J., Woo, H.J.,
Mpanju-Shumbusho, W., 2019. Malaria eradication within a generation: ambitious,
achievable, and necessary. Lancet 394, 1056-1112. https://doi.org/10.1016/50140-
6736(19)31139-0.

Floate, K.D., 2006. Endectocide use in cattle and fecal residues: environmental effects in
Canada. Can. J. Vet. Res. 70, 1-10.

Fornadel, C.M., Norris, L.C., Glass, G.E., Norris, D.E., 2010. Analysis of Anopheles
arabiensis blood feeding behavior in southern Zambia during the two years after
introduction of insecticide-treated bed nets. Am. J. Trop. Med. Hyg. 83, 848-853.
https://doi.org/10.4269/ajtmh.2010.10-0242.

Foy, B.D., Alout, H., Seaman, J.A., Rao, S., Magalhaes, T., Wade, M., Parikh, S., Soma, D.
D., Sagna, A.B., Fournet, F., Slater, H.C., Bougma, R., Drabo, F., Diabaté, A.,
Coulidiaty, A.G.V., Rouamba, N., Dabiré, R.K., 2019. Efficacy and risk of harms of
repeat ivermectin mass drug administrations for control of malaria (RIMDAMAL): a
cluster-randomised trial. Lancet 393, 1517-1526. https://doi.org/10.1016/50140-
6736(18)32321-3.

Gao, X., Yang, J., Xu, B., Xie, W., Wang, S., Zhang, Y., Yang, F., Wu, Q., 2016.
Identification and Characterization of the Gene CYP340W1 from Plutella xylostella
and Its Possible Involvement in Resistance to Abamectin. Int. J. Mol. Sci. 17, 274.
https://doi.org/10.3390/ijms17030274.

Gassel, M., Wolf, C., Noack, S., Williams, H., Ilg, T., 2014. The novel isoxazoline
ectoparasiticide fluralaner: selective inhibition of arthropod y-aminobutyric acid-
and L-glutamate-gated chloride channels and insecticidal/acaricidal activity. Insect
Biochem. Mol. Biol. 45, 111-124. https://doi.org/10.1016/j.ibmb.2013.11.009.

Gavi, 2022. New Bednets Have Potential to Save “millions of lives.”. Global Alliance for
Vaccines and Immunization, Geneva, Switzerland.

Gillies, M.T., Smith, A., 1960. The effect of a residual house-spraying campaign in East
Africa on species balance in the Anopheles funestus group. The replacement of A.
funestus Giles by A. rivulorum Leeson. Bull. Entomol. Res. 51, 243-252. https://doi.
org/10.1017/50007485300057953.

Halley, B.A., Nessel, R.J., Lu, A.Y.H., Roncalli, R.A., 1989. The environmental safety of
ivermectin: an overview. Chemosphere 18, 1565-1572. https://doi.org/10.1016/
0045-6535(89)90046-5.

Herd, R.P., Sams, R.A., Ashcraft, S.M., 1996. Persistence of ivermectin in plasma and
faeces following treatment of cows with ivermectin sustained-release, pour-on or
injectable formulations. Int. J. Parasitol. 26, 1087-1093. https://doi.org/10.1016/
$0020-7519(96)80007-5.

Ikeda, T., 2003. Pharmacological effects of ivermectin, an antiparasitic agent for
intestinal strongyloidiasis: its mode of action and clinical efficacy. Nihon Yakurigaku
Zasshi 122, 527-538. https://doi.org/10.1254/fpj.122.527.

Khaligh, F.G., Jafari, A., Silivanova, E., Levchenko, M., Rahimi, B., Gholizadeh, S., 2021.
Endectocides as a complementary intervention in the malaria control program: a
systematic review. Syst. Rev. 10, 30. https://doi.org/10.1186/513643-021-01578-9.

Killeen, G.F., 2014. Characterizing, controlling and eliminating residual malaria
transmission. Malar. J. 13, 330. https://doi.org/10.1186/1475-2875-13-330.

Killeen, G.F., Masalu, J.P., Chinula, D., Fotakis, E.A., Kavishe, D.R., Malone, D.,
Okumu, F., 2017. Control of malaria vector mosquitoes by insecticide-treated
combinations of window screens and eave baffles. Emerging Infect. Dis. 23, 782.
https://doi.org/10.3201/eid2305.160662.

Kistler, K.E., Vosshall, L.B., Matthews, B.J., 2015. Genome engineering with CRISPR-
Cas9 in the mosquito Aedes aegypti. Cell Rep. 11, 51-60. https://doi.org/10.1016/j.
celrep.2015.03.009.

Kobylinski, K.C., Foy, B.D., Richardson, J.H., 2012. Ivermectin inhibits the sporogony of
Plasmodium falciparum in Anopheles gambiae. Malar. J. 11, 381. https://doi.org/
10.1186/1475-2875-11-381.

Kobylinski, K.C., Ubalee, R., Ponlawat, A., Nitatsukprasert, C., Phasomkulsolsil, S.,
Wattanakul, T., Tarning, J., Na-Bangchang, K., McCardle, P.W., Davidson, S.A.,
Richardson, J.H., 2017. Ivermectin susceptibility and sporontocidal effect in Greater
Mekong Subregion Anopheles. Malar. J. 16, 280. https://doi.org/10.1186/512936-
017-1923-8.

Krogh, K.A., Jensen, G.G., Schneider, M.K., Fenner, K., Halling-Sorensen, B., 2009.
Analysis of the dissipation kinetics of ivermectin at different temperatures and in
four different soils. Chemosphere 75, 1097-1104. https://doi.org/10.1016/j.
chemosphere.2009.01.015.

Kwon, D.H., Yoon, K.S., Clark, J.M., Lee, S.H., 2010. A point mutation in a glutamate-
gated chloride channel confers abamectin resistance in the two-spotted spider mite,
Tetranychus urticae Koch. Insect Mol. Biol. 19, 583-591. https://doi.org/10.1111/
j.1365-2583.2010.01017.x.

Lawrence, J., Sodahlon, Y.K., Ogoussan, K.T., Hopkins, A.D., 2015. Growth, challenges,
and solutions over 25 years of mectizan and the impact on onchocerciasis control.
PLoS Negl. Trop. Dis. 9, €0003507 https://doi.org/10.1371/journal.pntd.0003507.

Le Gall, V.L., Klafke, G.M., Torres, T.T., 2018. Detoxification mechanisms involved in
ivermectin resistance in the cattle tick, Rhipicephalus (Boophilus) microplus. Sci.
Rep. 8, 12401. https://doi.org/10.1038/541598-018-30907-7.

10

Acta Tropica 245 (2023) 106973

Lederberg, J., Lederberg, E.M., 1952. Replica plating and indirect selection of bacterial
mutants. J. Bacteriol. 63, 399-406. https://doi.org/10.1128/jb.63.3.399-406.1952.

Lefevre, T., Gouagna, L.C., Dabiré, K.R., Elguero, E., Fontenille, D., Renaud, F.,
Costantini, C., Thomas, F., 2010. Beer consumption increases human attractiveness
to malaria mosquitoes. PLoS One 5, €9546. https://doi.org/10.1371/journal.
pone.0009546.

Lehane, M.J., 2005. The Biology of Blood-Sucking in Insects, 2nd ed. Cambridge
University Press, Cambridge. https://doi.org/10.1017/CB0O9780511610493.

Liebig, M., Fernandez, A.A., Bliibaum-Gronau, E., Boxall, A., Brinke, M., Carbonell, G.,
Egeler, P., Fenner, K., Fernandez, C., Fink, G., Garric, J., Halling-Sorensen, B.,
Knacker, T., Krogh, K.A., Kiister, A., Loffler, D., Cots, M.A.P., Pope, L., Prasse, C.,
Rombke, J., Ronnefahrt, 1., Schneider, M.K., Schweitzer, N., Tarazona, J.V.,
Ternes, T.A., Traunspurger, W., Wehrhan, A., Duis, K., 2010. Environmental risk
assessment of ivermectin: a case study. Integr. Environ. Assess. Manag. 6, 567-587.
https://doi.org/10.1002/ieam.96.

Loffler, D., Rombke, J., Meller, M., Ternes, T.A., 2005. Environmental fate of
pharmaceuticals in water/sediment systems. Environ. Sci. Technol. 39, 5209-5218.
https://doi.org/10.1021/es0484146.

Loha, E., Deressa, W., Gari, T., Balkew, M., Kenea, O., Solomon, T., Hailu, A.,
Robberstad, B., Assegid, M., Overgaard, H.J., Lindtjgrn, B., 2019. Long-lasting
insecticidal nets and indoor residual spraying may not be sufficient to eliminate
malaria in a low malaria incidence area: results from a cluster randomized controlled
trial in Ethiopia. Malar. J. 18, 141. https://doi.org/10.1186/512936-019-2775-1.

Lol, J.C., Castaneda, D., Mackenzie-Impoinvil, L., Romero, C.G., Lenhart, A., Padilla, N.
R., 2019. Development of molecular assays to detect target-site mechanisms
associated with insecticide resistance in malaria vectors from Latin America. Malar.
J. 18, 202. https://doi.org/10.1186/s12936-019-2834-7.

Luo, L., Sun, Y.J., Wu, Y.J., 2013. Abamectin resistance in Drosophila is related to
increased expression of P-glycoprotein via the dEGFR and dAkt pathways. Insect
Biochem. Mol. Biol. 43, 627-634. https://doi.org/10.1016/j.ibmb.2013.04.006.

Lyimo, LN., Kessy, S.T., Mbina, K.F., Daraja, A.A., Mnyone, L.L., 2017. Ivermectin-
treated cattle reduces blood digestion, egg production and survival of a free-living
population of Anopheles arabiensis under semi-field condition in south-eastern
Tanzania. Malar. J. 16, 239. https://doi.org/10.1186/512936-017-1885-x.

Lynd, A., Lycett, G.J., 2012. Development of the bi-partite Gal4-UAS system in the
African malaria mosquito, Anopheles gambiae. PLoS One 7, e31552. https://doi.
org/10.1371/journal.pone.0031552.

Macdonald, G., 1952. The analysis of equilibrium in malaria. Trop. Dis. Bull. 49,
813-829.

Makhanthisa, T.I., Braack, L., Lutermann, H., 2021. The effect of cattle-administered
ivermectin and fipronil on the mortality and fecundity of Anopheles arabiensis
Patton. Parasit. Vectors 14, 349. https://doi.org/10.1186/513071-021-04846-8.

Malima, R., Emidi, B., Messenger, L.A., Oxborough, R.M., Batengana, B., Sudi, W.,
Weston, S., Mtove, G., Mugasa, J.P., Mosha, F.W., Rowland, M.W., Kisinza, W., 2017.
Experimental hut evaluation of a novel long-lasting non-pyrethroid durable wall
lining for control of pyrethroid-resistant Anopheles gambiae and Anopheles funestus
in Tanzania. Malar. J. 16, 82. https://doi.org/10.1186/512936-017-1710-6.

Maliszewska, J., Tegowska, E., 2017. A comparison of the effectiveness of insecticides in
constant and variable thermal conditions. Int. J. Pest. Manag. 63, 331-340. https://
doi.org/10.1080/09670874.2016.1267818.

Mangia, C., Vismarra, A., Kramer, L., Bell-Sakyi, L., Porretta, D., Otranto, D., Epis, S.,
Grandi, G., 2016. Evaluation of the in vitro expression of ATP binding-cassette (ABC)
proteins in an Ixodes ricinus cell line exposed to ivermectin. Parasit. Vectors 9, 215.
https://doi.org/10.1186/513071-016-1497-2.

Marquardt, W.H., 2004. Biology of Disease Vectors, 2nd edition. Academic Press,
Burlington, MA.

Martinez-Torres, D., Chandre, F., Williamson, M.S., Darriet, F., Bergé, J.B.,

Devonshire, A.L., Guillet, P., Pasteur, N., Pauron, D., 1998. Molecular
characterization of pyrethroid knockdown resistance (kdr) in the major malaria
vector Anopheles gambiae s.s. Insect Mol. Biol. 7, 179-184. https://doi.org/
10.1046/j.1365-2583.1998.72062.x.

Mavridis, K., Wipf, N., Medves, S., Erquiaga, I., Miiller, P., Vontas, J., 2019. Rapid
multiplex gene expression assays for monitoring metabolic resistance in the major
malaria vector Anopheles gambiae. Parasit. Vectors 12, 9. https://doi.org/10.1186/
513071-018-3253-2.

Mehlhorn, S., Hunnekuhl, V.S., Geibel, S., Nauen, R., Bucher, G., 2021. Establishing
RNAI for basic research and pest control and identification of the most efficient
target genes for pest control: a brief guide. Front. Zool. 18, 60. https://doi.org/
10.1186/512983-021-00444-7.

Meyers, J.I., Gray, M., Kuklinski, W., Johnson, L.B., Snow, C.D., Black, W.C., Partin, K.
M., Foy, B.D., 2015. Characterization of the target of ivermectin, the glutamate-
gated chloride channel, from Anopheles gambiae. J. Exp. Biol. 218, 1478-1486.
https://doi.org/10.1242/jeb.118570.

Miglianico, M., Eldering, M., Slater, H., Ferguson, N., Ambrose, P., Lees, R.S., Koolen, K.
M.J., Pruzinova, K., Jancarova, M., Volf, P., Koenraadt, C.J.M., Duerr, H.P.,
Trevitt, G., Yang, B., Chatterjee, A.K., Wisler, J., Sturm, A., Bousema, T.,
Sauerwein, R.W., Schultz, P.G., Tremblay, M.S., Dechering, K.J., 2018. Repurposing
isoxazoline veterinary drugs for control of vector-borne human diseases. Proc. Natl.
Acad. Sci. USA 115, E6920-E6926. https://doi.org/10.1073/pnas.1801338115.

Moiroux, N., Gomez, M.B., Pennetier, C., Elanga, E., Djenontin, A., Chandre, F.,
Djegbé, 1., Guis, H., Corbel, V., 2012. Changes in Anopheles funestus biting behavior
following universal coverage of long-lasting insecticidal nets in Benin. J. Infect. Dis.
206, 1622-1629. https://doi.org/10.1093/infdis/jis565.

Moreno, M., Saavedra, M.P., Bickersmith, S.A., Lainhart, W., Tong, C., Alava, F.,
Vinetz, J.M., Conn, J.E., 2015. Implications for changes in Anopheles darlingi biting


https://doi.org/10.1016/j.molbiopara.2005.01.021
https://doi.org/10.1016/j.molbiopara.2005.01.021
https://doi.org/10.1371/journal.pntd.0005526
https://doi.org/10.1016/S0140-6736(19)31139-0
https://doi.org/10.1016/S0140-6736(19)31139-0
http://refhub.elsevier.com/S0001-706X(23)00160-2/sbref0044
http://refhub.elsevier.com/S0001-706X(23)00160-2/sbref0044
https://doi.org/10.4269/ajtmh.2010.10-0242
https://doi.org/10.1016/S0140-6736(18)32321-3
https://doi.org/10.1016/S0140-6736(18)32321-3
https://doi.org/10.3390/ijms17030274
https://doi.org/10.1016/j.ibmb.2013.11.009
http://refhub.elsevier.com/S0001-706X(23)00160-2/sbref0049
http://refhub.elsevier.com/S0001-706X(23)00160-2/sbref0049
https://doi.org/10.1017/S0007485300057953
https://doi.org/10.1017/S0007485300057953
https://doi.org/10.1016/0045-6535(89)90046-5
https://doi.org/10.1016/0045-6535(89)90046-5
https://doi.org/10.1016/S0020-7519(96)80007-5
https://doi.org/10.1016/S0020-7519(96)80007-5
https://doi.org/10.1254/fpj.122.527
https://doi.org/10.1186/s13643-021-01578-9
https://doi.org/10.1186/1475-2875-13-330
https://doi.org/10.3201/eid2305.160662
https://doi.org/10.1016/j.celrep.2015.03.009
https://doi.org/10.1016/j.celrep.2015.03.009
https://doi.org/10.1186/1475-2875-11-381
https://doi.org/10.1186/1475-2875-11-381
https://doi.org/10.1186/s12936-017-1923-8
https://doi.org/10.1186/s12936-017-1923-8
https://doi.org/10.1016/j.chemosphere.2009.01.015
https://doi.org/10.1016/j.chemosphere.2009.01.015
https://doi.org/10.1111/j.1365-2583.2010.01017.x
https://doi.org/10.1111/j.1365-2583.2010.01017.x
https://doi.org/10.1371/journal.pntd.0003507
https://doi.org/10.1038/s41598-018-30907-7
https://doi.org/10.1128/jb.63.3.399-406.1952
https://doi.org/10.1371/journal.pone.0009546
https://doi.org/10.1371/journal.pone.0009546
https://doi.org/10.1017/CBO9780511610493
https://doi.org/10.1002/ieam.96
https://doi.org/10.1021/es0484146
https://doi.org/10.1186/s12936-019-2775-1
https://doi.org/10.1186/s12936-019-2834-7
https://doi.org/10.1016/j.ibmb.2013.04.006
https://doi.org/10.1186/s12936-017-1885-x
https://doi.org/10.1371/journal.pone.0031552
https://doi.org/10.1371/journal.pone.0031552
http://refhub.elsevier.com/S0001-706X(23)00160-2/sbref0075
http://refhub.elsevier.com/S0001-706X(23)00160-2/sbref0075
https://doi.org/10.1186/s13071-021-04846-8
https://doi.org/10.1186/s12936-017-1710-6
https://doi.org/10.1080/09670874.2016.1267818
https://doi.org/10.1080/09670874.2016.1267818
https://doi.org/10.1186/s13071-016-1497-2
http://refhub.elsevier.com/S0001-706X(23)00160-2/sbref0080
http://refhub.elsevier.com/S0001-706X(23)00160-2/sbref0080
https://doi.org/10.1046/j.1365-2583.1998.72062.x
https://doi.org/10.1046/j.1365-2583.1998.72062.x
https://doi.org/10.1186/s13071-018-3253-2
https://doi.org/10.1186/s13071-018-3253-2
https://doi.org/10.1186/s12983-021-00444-7
https://doi.org/10.1186/s12983-021-00444-7
https://doi.org/10.1242/jeb.118570
https://doi.org/10.1073/pnas.1801338115
https://doi.org/10.1093/infdis/jis565

A.B. Sagna et al.

behaviour in three communities in the peri-Iquitos region of Amazonian Peru. Malar.
J. 14, 290. https://doi.org/10.1186/s12936-015-0804-2.

Mwangangi, J.M., Mbogo, C.M., Orindi, B.O., Muturi, E.J., Midega, J.T., Nzovu, J.,
Gatakaa, H., Githure, J., Borgemeister, C., Keating, J., Beier, J.C., 2013. Shifts in
malaria vector species composition and transmission dynamics along the Kenyan
coast over the past 20 years. Malar. J. 12, 13. https://doi.org/10.1186,/1475-2875-
12-13.

Nessel, R.J., Wallace, D.H., Wehner, T.A., Tait, W.E., Gomez, L., 1989. Environmental
fate of invermectin in a cattle feedlot. Chemosphere 18, 1531-1541. https://doi.org/
10.1016/0045-6535(89)90044-1.

Nicolas, P., Kiuru, C., Wagah, M.G., Muturi, M., Duthaler, U., Hammann, F., Maia, M.,
Chaccour, C., 2021. Potential metabolic resistance mechanisms to ivermectin in
Anopheles gambiae: a synergist bioassay study. Parasit. Vectors 14, 172. https://doi.
org/10.1186/s13071-021-04675-9.

Nkahe, D.L., Kopya, E., Djiappi-Tchamen, B., Toussile, W., Sonhafouo-Chiana, N.,
Kekeunou, S., Mimpfoundi, R., Awono-Ambene, P., Wondji, C.S., Antonio-
Nkondjio, C., 2020. Fitness cost of insecticide resistance on the life-traits of a
Anopheles coluzzii population from the city of Yaoundé, Cameroon. Wellcome Open
Res. 5, 171. https://doi.org/10.12688/wellcomeopenres.16039.2.

Nkya, T.E., Poupardin, R., Laporte, F., Akhouayri, I., Mosha, F., Magesa, S., Kisinza, W.,
David, J.P., 2014. Impact of agriculture on the selection of insecticide resistance in
the malaria vector Anopheles gambiae: a multigenerational study in controlled
conditions. Parasit Vectors 7, 480. https://doi.org/10.1186/513071-014-0480-z.

Nuesch, R., Zimmerli, L., Stockli, R., Gyr, N., Christoph Hatz, F.R., 2005. Imported
strongyloidosis: a longitudinal analysis of 31 cases. J. Travel Med. 12, 80-84.
https://doi.org/10.2310/7060.2005.12204.

Osoro, J.K., Machani, M.G., Ochomo, E., Wanjala, C., Omukunda, E., Munga, S.,
Githeko, A.K., Yan, G., Afrane, Y.A., 2021. Insecticide resistance exerts significant
fitness costs in immature stages of Anopheles gambiae in western Kenya. Malar. J.
20, 259. https://doi.org/10.1186/s12936-021-03798-9.

Palmieri, V., Dodds, W.J., Morgan, J., Carney, E., Fritsche, H.A., Jeffrey, J., Bullock, R.,
Kimball, J.P., 2020. Survey of canine use and safety of isoxazoline parasiticides. Vet.
Med. Sci. 6, 933-945. https://doi.org/10.1002/vms3.285.

Pigott, D.M., Atun, R., Moyes, C.L., Hay, S.I., Gething, P.W., 2012. Funding for malaria
control 2006-2010: a comprehensive global assessment. Malar. J. 11, 246. https://
doi.org/10.1186,/1475-2875-11-246.

PMI, 2020. In: The US President’s Malaria Initiative Fourteenth Annual Report to
Congress (No. 14). The US President’s Malaria Initiative.

Pohl, P.C., Carvalho, D.D., Daffre, S., Vaz, I.da S., Masuda, A., 2014. In vitro
establishment of ivermectin-resistant Rhipicephalus microplus cell line and the
contribution of ABC transporters on the resistance mechanism. Vet. Parasitol. 204,
316-322. https://doi.org/10.1016/j.vetpar.2014.05.042.

Pohl, P.C., Klafke, G.M., Carvalho, D.D., Martins, J.R., Daffre, S., da Silva Vaz, 1.,
Masuda, A., 2011. ABC transporter efflux pumps: a defense mechanism against
ivermectin in Rhipicephalus (Boophilus) microplus. Int. J. Parasitol. 41, 1323-1333.
https://doi.org/10.1016/j.ijpara.2011.08.004.

Pohl, P.C., Klafke, G.M., Janior, J.R., Martins, J.R., da Silva Vaz, 1., Masuda, A., 2012.
ABC transporters as a multidrug detoxification mechanism in Rhipicephalus
(Boophilus) microplus. Parasitol. Res. 111, 2345-2351. https://doi.org/10.1007/
s00436-012-3089-1.

Pooda, H.S., Rayaisse, J.B., Hien, D.F., de, S., Lefevre, T., Yerbanga, S.R., Bengaly, Z.,
Dabiré, R.K., Belem, A.M.G., Sidibé, I., Solano, P., Mouline, K., 2015. Administration
of ivermectin to peridomestic cattle: a promising approach to target the residual
transmission of human malaria. Malar. J. 14, 496. https://doi.org/10.1186/512936-
015-1001-z.

Pooda, S.H., Moiroux, N., Porciani, A., Courjaud, A.L., Roberge, C., Gaudriault, G.,
Sidibé, 1., Belem, A.M.G., Rayaissé, J.B., Dabiré, R.K., Mouline, K., 2023. Proof-of-
concept study for a long-acting formulation of ivermectin injected in cattle as a
complementary malaria vector control tool. Parasit. Vectors 16, 66. https://doi.org/
10.1186/513071-022-05621-z.

Prasse, C., Loffler, D., Ternes, T.A., 2009. Environmental fate of the anthelmintic
ivermectin in an aerobic sediment/water system. Chemosphere 77, 1321-1325.
https://doi.org/10.1016/j.chemosphere.2009.09.045.

Protopopoff, N., Mosha, J.F., Lukole, E., Charlwood, J.D., Wright, A., Mwalimu, C.D.,
Manjurano, A., Mosha, F.W., Kisinza, W., Kleinschmidt, I., Rowland, M., 2018.
Effectiveness of a long-lasting piperonyl butoxide-treated insecticidal net and indoor
residual spray interventions, separately and together, against malaria transmitted by
pyrethroid-resistant mosquitoes: a cluster, randomised controlled, two-by-two
factorial design trial. Lancet 391, 1577-1588. https://doi.org/10.1016/50140-6736
(18)30427-6.

Ranson, H., Jensen, B., Vulule, J.M., Wang, X., Hemingway, J., Collins, F.H., 2000.
Identification of a point mutation in the voltage-gated sodium channel gene of
Kenyan Anopheles gambiae associated with resistance to DDT and pyrethroids.
Insect Mol. Biol. 9, 491-497. https://doi.org/10.1046/j.1365-2583.2000.00209.x.

Reddy, M.R., Overgaard, H.J., Abaga, S., Reddy, V.P., Caccone, A., Kiszewski, A.E.,
Slotman, M.A., 2011. Outdoor host seeking behaviour of Anopheles gambiae
mosquitoes following initiation of malaria vector control on Bioko Island, Equatorial
Guinea. Malar. J. 10, 184. https://doi.org/10.1186/1475-2875-10-184.

Riveron, J.M., Osae, M., Egyir-Yawson, A., Irving, H., Ibrahim, S.S., Wondji, C.S., 2016.
Multiple insecticide resistance in the major malaria vector Anopheles funestus in
southern Ghana: implications for malaria control. Parasit Vectors 9, 504. https://doi.
org/10.1186/513071-016-1787-8.

Riveron, J.M., Yunta, C., Ibrahim, S.S., Djouaka, R., Irving, H., Menze, B.D., Ismail, H.M.,
Hemingway, J., Ranson, H., Albert, A., Wondji, C.S., 2014. A single mutation in the
GSTe2 gene allows tracking of metabolically based insecticide resistance in a major
malaria vector. Genome Biol. 15, R27. https://doi.org/10.1186/gb-2014-15-2-r27.

11

Acta Tropica 245 (2023) 106973

Roadmappers, Ivermectin, 2020. A roadmap for the development of ivermectin as a
complementary malaria vector control tool. Am. J. Trop. Med. Hyg. 102, 3-24.
https://doi.org/10.4269/ajtmh.19-0620.

Russell, T.L., Beebe, N.W., Bugoro, H., Apairamo, A., Collins, F.H., Cooper, R.D., Lobo, N.
F., Burkot, T.R., 2016. Anopheles farauti is a homogeneous population that blood
feeds early and outdoors in the Solomon Islands. Malar. J. 15, 151. https://doi.org/
10.1186/512936-016-1194-9.

Russell, T.L., Beebe, N.W., Cooper, R.D., Lobo, N.F., Burkot, T.R., 2013. Successful
malaria elimination strategies require interventions that target changing vector
behaviours. Malar. J. 12, 56. https://doi.org/10.1186/1475-2875-12-56.

Sampaio, V., de, S., Rivas, G.B., da, S., Kobylinski, K., Pinilla, Y.T., Pimenta, P.F.P.,
Lima, J.B.P., Bruno, R.V., Lacerda, M.V.G., Monteiro, W.M., 2017. What does not kill
it makes it weaker: effects of sub-lethal concentrations of ivermectin on the
locomotor activity of Anopheles aquasalis. Parasit. Vectors 10, 623. https://doi.org/
10.1186/513071-017-2563-0.

Sangbakembi-Ngounou, C., Costantini, C., Longo-Pendy, N.M., Ngoagouni, C., Akone-
Ella, O., Rahola, N., Cornelie, S., Kengne, P., Nakouné, E.R., Komas, N.P., Ayala, D.,
2022. Diurnal biting of malaria mosquitoes in the Central African Republic indicates
residual transmission may be “out of control”. Proc. Natl Acad. Sci. 119,
€2104282119 https://doi.org/10.1073/pnas.2104282119.

Schwab, A.E., Churcher, T.S., Schwab, A.J., Basanez, M.G., Prichard, R.K., 2007. An
analysis of the population genetics of potential multi-drug resistance in Wuchereria
bancrofti due to combination chemotherapy. Parasitology 134, 1025-1040. https://
doi.org/10.1017/50031182007002363.

Sherrard-Smith, E., Skarp, J.E., Beale, A.D., Fornadel, C., Norris, L.C., Moore, S.J.,
Mihreteab, S., Charlwood, J.D., Bhatt, S., Winskill, P., Griffin, J.T., Churcher, T.S.,
2019. Mosquito feeding behavior and how it influences residual malaria
transmission across Africa. Proc. Natl. Acad. Sci. USA 116, 15086-15095. https://
doi.org/10.1073/pnas.1820646116.

Shoop, W.L., 1993. Ivermectin resistance. Parasitol. Today 9, 154-159. https://doi.org/
10.1016/0169-4758(93)90136-4.

Shoop, W.L., Hartline, E.J., Gould, B.R., Waddell, M.E., McDowell, R.G., Kinney, J.B.,
Lahm, G.P., Long, J.K., Xu, M., Wagerle, T., Jones, G.S., Dietrich, R.F., Cordova, D.,
Schroeder, M.E., Rhoades, D.F., Benner, E.A., Confalone, P.N., 2014. Discovery and
mode of action of afoxolaner, a new isoxazoline parasiticide for dogs. Vet. Parasitol.
201, 179-189. https://doi.org/10.1016/j.vetpar.2014.02.020.

Singh, L., Singh, K., 2021. Ivermectin: a promising therapeutic for fighting malaria.
Current status and perspective. J. Med. Chem. 64, 9711-9731. https://doi.org/
10.1021/acs.jmedchem.1c00498.

Slater, H.C., Foy, B.D., Kobylinski, K., Chaccour, C., Watson, O.J., Hellewell, J.,
Aljayyoussi, G., Bousema, T., Burrows, J., D’Alessandro, U., Alout, H., Ter Kuile, F.
0., Walker, P.G.T., Ghani, A.C., Smit, M.R., 2020. Ivermectin as a novel
complementary malaria control tool to reduce incidence and prevalence: a modelling
study. Lancet Infect. Dis. 20, 498-508. https://doi.org/10.1016/51473-3099(19)
30633-4.

Slater, H.C., Walker, P.G.T., Bousema, T., Okell, L.C., Ghani, A.C., 2014. The potential
impact of adding ivermectin to a mass treatment intervention to reduce malaria
transmission: a modelling study. J. Infect. Dis. 210, 1972-1980. https://doi.org/
10.1093/infdis/jiu351.

Smit, M.R., Ochomo, E.O., Aljayyoussi, G., Kwambai, T.K., Abong’o, B.O., Chen, T.,
Bousema, T., Slater, H.C., Waterhouse, D., Bayoh, N.M., Gimnig, J.E., Samuels, A.M.,
Desai, M.R., Phillips-Howard, P.A., Kariuki, S.K., Wang, D., Ward, S.A., Ter Kuile, F.
0., 2018. Safety and mosquitocidal efficacy of high-dose ivermectin when co-
administered with dihydroartemisinin-piperaquine in Kenyan adults with
uncomplicated malaria IVERMAL): a randomised, double-blind, placebo-controlled
trial. Lancet Infect. Dis. 18, 615-626. https://doi.org/10.1016/51473-3099(18)
30163-4.

Snoeck, S., Greenhalgh, R., Tirry, L., Clark, R.M., Van Leeuwen, T., Dermauw, W., 2017.
The effect of insecticide synergist treatment on genome-wide gene expression in a
polyphagous pest. Sci. Rep. 7, 13440. https://doi.org/10.1038/541598-017-13397-
X.

Sougoufara, S., Diédhiou, S.M., Doucouré, S., Diagne, N., Sembene, P.M., Harry, M.,
Trape, J.F., Sokhna, C., Ndiath, M.O., 2014. Biting by Anopheles funestus in broad
daylight after use of long-lasting insecticidal nets: a new challenge to malaria
elimination. Malar. J. 13, 125. https://doi.org/10.1186/1475-2875-13-125.

Sougoufara, S., Harry, M., Doucouré, S., Sembene, P.M., Sokhna, C., 2016. Shift in
species composition in the Anopheles gambiae complex after implementation of
long-lasting insecticidal nets in Dielmo. Senegal. Med. Vet. Entomol. 30, 365-368.
https://doi.org/10.1111/mve.12171.

Sougoufara, S., Yorkston-Dives, H., Aklee, N.M., Rus, A.C., Zairi, J., Tripet, F., 2022.
Standardised bioassays reveal that mosquitoes learn to avoid compounds used in
chemical vector control after a single sub-lethal exposure. Sci. Rep. 12, 2206.
https://doi.org/10.1038/541598-022-05754-2.

South, A., Lees, R., Garrod, G., Carson, J., Malone, D., Hastings, I., 2019. The role of
windows of selection and windows of dominance in the evolution of insecticide
resistance in human disease vectors. Evol. Appl. 13, 738-751. https://doi.org/
10.1111/eva.12897.

Staedke, S.G., Gonahasa, S., Dorsey, G., Kamya, M.R., Maiteki-Sebuguzi, C., Lynd, A.,
Katureebe, A., Kyohere, M., Mutungi, P., Kigozi, S.P., Opigo, J., Hemingway, J.,
Donnelly, M.J., 2020. Effect of long-lasting insecticidal nets with and without
piperonyl butoxide on malaria indicators in Uganda (LLINEUP): a pragmatic, cluster-
randomised trial embedded in a national LLIN distribution campaign. Lancet North
Am. Ed. 395, 1292-1303. https://doi.org/10.1016/50140-6736(20)30214-2.

Stepniewska, K., White, N.J., 2008. Pharmacokinetic determinants of the window of
selection for antimalarial drug resistance. Antimicrob. Agents Chemother. 52,
1589-1596. https://doi.org/10.1128/AAC.00903-07.


https://doi.org/10.1186/s12936-015-0804-2
https://doi.org/10.1186/1475-2875-12-13
https://doi.org/10.1186/1475-2875-12-13
https://doi.org/10.1016/0045-6535(89)90044-1
https://doi.org/10.1016/0045-6535(89)90044-1
https://doi.org/10.1186/s13071-021-04675-9
https://doi.org/10.1186/s13071-021-04675-9
https://doi.org/10.12688/wellcomeopenres.16039.2
https://doi.org/10.1186/s13071-014-0480-z
https://doi.org/10.2310/7060.2005.12204
https://doi.org/10.1186/s12936-021-03798-9
https://doi.org/10.1002/vms3.285
https://doi.org/10.1186/1475-2875-11-246
https://doi.org/10.1186/1475-2875-11-246
http://refhub.elsevier.com/S0001-706X(23)00160-2/sbref0097
http://refhub.elsevier.com/S0001-706X(23)00160-2/sbref0097
https://doi.org/10.1016/j.vetpar.2014.05.042
https://doi.org/10.1016/j.ijpara.2011.08.004
https://doi.org/10.1007/s00436-012-3089-1
https://doi.org/10.1007/s00436-012-3089-1
https://doi.org/10.1186/s12936-015-1001-z
https://doi.org/10.1186/s12936-015-1001-z
https://doi.org/10.1186/s13071-022-05621-z
https://doi.org/10.1186/s13071-022-05621-z
https://doi.org/10.1016/j.chemosphere.2009.09.045
https://doi.org/10.1016/S0140-6736(18)30427-6
https://doi.org/10.1016/S0140-6736(18)30427-6
https://doi.org/10.1046/j.1365-2583.2000.00209.x
https://doi.org/10.1186/1475-2875-10-184
https://doi.org/10.1186/s13071-016-1787-8
https://doi.org/10.1186/s13071-016-1787-8
https://doi.org/10.1186/gb-2014-15-2-r27
https://doi.org/10.4269/ajtmh.19-0620
https://doi.org/10.1186/s12936-016-1194-9
https://doi.org/10.1186/s12936-016-1194-9
https://doi.org/10.1186/1475-2875-12-56
https://doi.org/10.1186/s13071-017-2563-0
https://doi.org/10.1186/s13071-017-2563-0
https://doi.org/10.1073/pnas.2104282119
https://doi.org/10.1017/S0031182007002363
https://doi.org/10.1017/S0031182007002363
https://doi.org/10.1073/pnas.1820646116
https://doi.org/10.1073/pnas.1820646116
https://doi.org/10.1016/0169-4758(93)90136-4
https://doi.org/10.1016/0169-4758(93)90136-4
https://doi.org/10.1016/j.vetpar.2014.02.020
https://doi.org/10.1021/acs.jmedchem.1c00498
https://doi.org/10.1021/acs.jmedchem.1c00498
https://doi.org/10.1016/S1473-3099(19)30633-4
https://doi.org/10.1016/S1473-3099(19)30633-4
https://doi.org/10.1093/infdis/jiu351
https://doi.org/10.1093/infdis/jiu351
https://doi.org/10.1016/S1473-3099(18)30163-4
https://doi.org/10.1016/S1473-3099(18)30163-4
https://doi.org/10.1038/s41598-017-13397-x
https://doi.org/10.1038/s41598-017-13397-x
https://doi.org/10.1186/1475-2875-13-125
https://doi.org/10.1111/mve.12171
https://doi.org/10.1038/s41598-022-05754-2
https://doi.org/10.1111/eva.12897
https://doi.org/10.1111/eva.12897
https://doi.org/10.1016/S0140-6736(20)30214-2
https://doi.org/10.1128/AAC.00903-07

A.B. Sagna et al.

Tenywa, F.C., Kambagha, A., Saddler, A., Maia, M.F., 2017. The development of an
ivermectin-based attractive toxic sugar bait (ATSB) to target Anopheles arabiensis.
Malar. J. 16, 338. https://doi.org/10.1186/512936-017-1994-6.

Urio, N.H., Pinda, P.G., Ngonzi, A.J., Muyaga, L.L., Msugupakulya, B.J., Finda, M.,
Matanila, G.S., Mponzi, W., Ngowo, H.S., Kahamba, N.F., Nkya, T.E., Okumu, F.O.,
2022. Effects of agricultural pesticides on the susceptibility and fitness of malaria
vectors in rural south-eastern Tanzania. Parasit Vectors 15, 213. https://doi.org/
10.1186/513071-022-05318-3.

USAID, 2020. Two Billion Mosquito Nets. USAID, Washington, D.C., USA.

Wang, X., Puinean, A.M., O Reilly, A.O., Williamson, M.S., Smelt, C.L.C., Millar, N.S.,
Wu, Y., 2017. Mutations on M3 helix of Plutella xylostella glutamate-gated chloride
channel confer unequal resistance to abamectin by two different mechanisms. Insect
Biochem. Mol. Biol. 86, 50-57. https://doi.org/10.1016/j.ibmb.2017.05.006.

Wang, X., Wang, R., Yang, Y., Wy, S., O’Reilly, A.O., Wy, Y., 2016. A point mutation in
the glutamate-gated chloride channel of Plutella xylostella is associated with
resistance to abamectin. Insect Mol. Biol. 25, 116-125. https://doi.org/10.1111/
imb.12204.

Weedall, G.D., Riveron, J.M., Hearn, J., Irving, H., Kamdem, C., Fouet, C., White, B.J.,
Wondji, C.S., 2020. An Africa-wide genomic evolution of insecticide resistance in the
malaria vector Anopheles funestus involves selective sweeps, copy number
variations, gene conversion and transposons. PLos Genet. 16, e1008822 https://doi.
org/10.1371/journal.pgen.1008822.

Wood, O.R., Hanrahan, S., Coetzee, M., Koekemoer, L.L., Brooke, B.D., 2010. Cuticle
thickening associated with pyrethroid resistance in the major malaria vector
Anopheles funestus. Parasites Vectors 3, 1-7. https://doi.org/10.1186/1756-3305-3-
67.

World Health Organization, 2021. World Malaria Report 2021: Tracking progress
Against Malaria (Global Report). World Health Organization, Geneva, Switzerland.

Xu, L., Wu, M., Han, Z., 2014. Biochemical and molecular characterisation and cross-
resistance in field and laboratory chlorpyrifos-resistant strains of Laodelphax

12

Acta Tropica 245 (2023) 106973

striatellus (Hemiptera: delphacidae) from eastern China. Pest Manag. Sci. 70,
1118-1129. https://doi.org/10.1002/ps.3657.

Yahouédo, G.A., Chandre, F., Rossignol, M., Ginibre, C., Balabanidou, V., Mendez, N.G.
A., Pigeon, O., Vontas, J., Cornelie, S., 2017. Contributions of cuticle permeability
and enzyme detoxification to pyrethroid resistance in the major malaria vector
Anopheles gambiae. Sci. Rep. 7, 11091. https://doi.org/10.1038/541598-017-
11357-z.

Yohannes, M., Boelee, E., 2012. Early biting rhythm in the Afro-tropical vector of
malaria, Anopheles arabiensis, and challenges for its control in Ethiopia. Med. Vet.
Entomol. 26, 103-105. https://doi.org/10.1111/j.1365-2915.2011.00955.x.

Yoon, K.S., Strycharz, J.P., Baek, J.H., Sun, W., Kim, J.H., Kang, J.S., Pittendrigh, B.R.,
Lee, S.H., Clark, J.M., 2011. Brief exposures of human body lice to sub-lethal
amounts of ivermectin over transcribes detoxification genes involved in tolerance.
Insect Mol. Biol. 20, 687-699. https://doi.org/10.1111/§.1365-2583.2011.01097 .x.

Zahnert, F., Menzler, K., Knake, S., 2018. Sulphuric body odor under therapy with
Brivaracetam. Seizure - Eur. J. Epilepsy 63, 91-92. https://doi.org/10.1016/j.
seizure.2018.10.006.

Zhou, C., Yang, H., Wang, Z., Long, G.Y., Jin, D.C., 2018. Comparative transcriptome
analysis of Sogatella furcifera (Horvéth) exposed to different insecticides. Sci. Rep. 8,
8773. https://doi.org/10.1038/541598-018-27062-4.

Zhou, G., Li, Y., Jeang, B., Wang, X., Cummings, R.F., Zhong, D., Yan, G., 2022. Emerging
mosquito resistance to piperonyl butoxide-synergized pyrethroid insecticide and its
mechanism. J. Med. Entomol. 59, 638-647. https://doi.org/10.1093/jme/tjab231.

Zoh, M.G., Bonneville, J.M., Tutagata, J., Laporte, F., Fodjo, B.K., Mouhamadou, C.S.,
Sadia, C.G., McBeath, J., Schmitt, F., Horstmann, S., Reynaud, S., David, J.P., 2021.
Experimental evolution supports the potential of neonicotinoid-pyrethroid
combination for managing insecticide resistance in malaria vectors. Sci. Rep. 11,
19501. https://doi.org/10.1038/541598-021-99061-x.


https://doi.org/10.1186/s12936-017-1994-6
https://doi.org/10.1186/s13071-022-05318-3
https://doi.org/10.1186/s13071-022-05318-3
http://refhub.elsevier.com/S0001-706X(23)00160-2/sbref0133
https://doi.org/10.1016/j.ibmb.2017.05.006
https://doi.org/10.1111/imb.12204
https://doi.org/10.1111/imb.12204
https://doi.org/10.1371/journal.pgen.1008822
https://doi.org/10.1371/journal.pgen.1008822
https://doi.org/10.1186/1756-3305-3-67
https://doi.org/10.1186/1756-3305-3-67
http://refhub.elsevier.com/S0001-706X(23)00160-2/sbref0138
http://refhub.elsevier.com/S0001-706X(23)00160-2/sbref0138
https://doi.org/10.1002/ps.3657
https://doi.org/10.1038/s41598-017-11357-z
https://doi.org/10.1038/s41598-017-11357-z
https://doi.org/10.1111/j.1365-2915.2011.00955.x
https://doi.org/10.1111/j.1365-2583.2011.01097.x
https://doi.org/10.1016/j.seizure.2018.10.006
https://doi.org/10.1016/j.seizure.2018.10.006
https://doi.org/10.1038/s41598-018-27062-4
https://doi.org/10.1093/jme/tjab231
https://doi.org/10.1038/s41598-021-99061-x

	Ivermectin as a novel malaria control tool: Getting ahead of the resistance curse
	1 The need for alternative vector control strategies
	2 Ivermectin as a complementary tool to control malaria
	2.1 Some advantages
	2.2 Some challenges

	3 Resistance to ivermectin in mosquitoes and other arthropods
	3.1 Theoretical framework of ivermectin resistance selection
	3.2 Physiological resistance
	3.3 Behavioral resistance

	4 Research and development agenda for ivermectin resistance management
	4.1 Characterization of cross-resistance to ivermectin
	4.2 Development of standardized methods to track ivermectin resistance
	4.2.1 Molecular markers
	4.2.2 Phenotypic assays
	4.2.3 Ivermectin resistance mitigation plan


	5 Concluding remarks
	6 Pending questions
	Glossary
	Funding
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	References


