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Abstract

Background Ivermectin is a well-tolerated anthelminthic drug with wide clinical and veterinary applications.

It also has lethal and sublethal effects on mosquitoes. Mass drug administration with ivermectin has therefore
been suggested as an innovative vector control tool in efforts to curb emerging insecticide resistance and reduce
residual malaria transition. To support assessments of the feasibility and efficacy of current and future formulations
of ivermectin for vector control, we sought to establish the relationship between ivermectin concentration and its
lethal and sublethal impacts in a primary malaria vector.

Methods The in vitro effects of ivermectin on daily mortality and fecundity, measured by egg production, were
assessed up to 14 days post-blood feed in a laboratory colony of Anopheles coluzzii. Mosquitoes were fed ivermectin
in blood meals delivered by membrane feeding at one of six concentrations: 0 ng/ml (control), 10 ng/ml, 15 ng/ml,
25 ng/ml, 50 ng/ml, 75 ng/ml, and 100 ng/ml.

Results Ivermectin had a significant effect on mosquito survival in a concentration-dependent manner. The LCq

at 7 days was 19.7 ng/ml. The time to median mortality at > 50 ng/ml was <4 days, compared to 9.6 days for control,
and 6.3-7.6 days for ivermectin concentrations between 10 and 25 ng/ml. Fecundity was also affected; no oviposition
was observed in surviving females from the two highest concentration treatment groups. While females exposed

to 10 to 50 ng/ml of ivermectin did oviposit, significantly fewer did so in the 50 ng/ml treatment group compared

to the control, and they also produced significantly fewer eggs.

Conclusions Our results showed ivermectin reduced mosquito survival in a concentration-dependent manner
and at= 50 ng/ml significantly reduced fecundity in An. coluzzii. Results indicate that levels of ivermectin

found in human blood following ingestion of a single 150-200 ug/kg dose would be sufficient to achieve 50%
mortality across 7 days; however, fecundity in survivors is unlikely to be affected. At higher doses, a substantial
impact on both survival and fecundity is likely. Treating human populations with ivermectin could be used

as a supplementary malaria vector control method to kill mosquito populations and supress their reproduction;
however strategies to safely maintain mosquitocidal blood levels of ivermectin against all Anopheles species require
development.
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Background

Ivermectin is an historically well tolerated drug licenced
for human use under the brand Stromectol® as an anti-
parasitic medication and is also available as a generic
drug. It has already had a positive impact on human
health as the essential mainstay of two global disease
elimination programmes against onchocerciasis and
lymphatic filariasis, both endoparasitic infections [1,
2]. However, its broad-spectrum endectocide activity
means ivermectin is capable of killing both endo- and
ectoparasites when administered to the host [1] and
has also been shown to cause mortality in various
mosquito species when ingested through a blood meal,
including across the Anopheles genus of malaria vectors
[2]. Repurposing ivermectin as a vector control tool to
support malaria elimination therefore holds promise for
further extending the profile of the drug in its role in
human health.

Ivermectin is a macrocyclic lactone derived from
avermectins naturally produced by the bacteria
Streptomyces avermitilis [3] and has a novel mode of
action compared to other insecticides currently used in
malaria vector control [4]. The broad-spectrum activity
of ivermectin in a number of biological systems is due to
the primary mode of action as an activator of glutamate-
gated chloride channel receptors (GluCIRs) [5], which
are found in both nematodes and invertebrates such as
mosquitoes. Once bound to these receptors, ivermectin
affects the neuro-muscular junction causing death by
paralysis [6]. The absence of GIuCIRs in mammals may
account for the excellent safety profile and relative lack of
side effects in human hosts [7].

The use of ivermectin in mass drug administrations
(MDA) for the purpose of malaria vector control has
been gaining traction in high burden countries in sub-
Sharan Africa due to the drug’s ability to kill mosquitoes
that have blood-fed from ivermectin treated patients [4].
This is a promising development in efforts to achieve the
ambitious goals for malaria control set for 2030 by the
World Health Organisation [8]. MDA of ivermectin has
the potential to target both indoor and outdoor biting
mosquitoes and help curb residual malaria transmission,
which is the result of insecticide resistance and adaptive
mosquito behaviours that allow vectors to thrive and
sustain transmission despite good uptake of conventional
vector control methods, such as bed nets or insecticide
residual spraying [9]. Several studies have published data
on in vitro dose-response or viability assays of mosquito
colonies exposed to ivermectin-laced blood meals [10—
12]. Some of these studies have also sought to deduce the
effect of ivermectin on mosquito fecundity (reproductive
output) in addition to survivorship, with a view that
ivermectin may still suppress vector population density
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if host blood ivermectin levels fall below the lethal
threshold and/or the killing effect is limited to 14 days
post ingestion of the ivermectin blood meal [13].

Lethal and sublethal impacts of ivermectin in
mosquitoes have been previously documented both
in vitro and in vivo across several studies, having been
assessed in the field through ivermectin MDA [14] and
under laboratory conditions [10, 11, 15] and together
they estimate the mosquitocidal effects of ivermectin for
a number of mosquito species. In the field, a randomised,
double-blind placebo-controlled study in Kenya in 2018
by Smit et al. (IVERMAL) [14] found that, compared to
control, one ivermectin dose of 300 pg/kg per day for
3 days administered to human participants orally was
sufficient to have a 14-day post-feeding mosquitocidal
effect on Anopheles gambiae sensu stricto that had fed
on blood taken from participants 7 days after treatment.
The study also found that mosquito mortality remained
significantly elevated when mosquitoes were fed blood
taken at 28 days post treatment and that as such treatment
with 300 ug/kg per day for 3 days showed promise as a
potentially suitable dose for vector control. Variance in
the in vitro dose-response effect of ivermectin on malaria
mosquito colonies in the field versus laboratory reared
colonies has been suggested, where wild-type mosquitoes
showed greater susceptibility to ivermectin induced
mortality compared to laboratory-maintained colony
mosquitoes of the same species [12].

Under laboratory conditions ivermectin decreases the
daily probability of survivorship in An. gambiae species
complex up to 14 days post-blood feeding, and uptake
of sublethal concentrations has been shown to affect
mosquito fecundity in Anopheles species, most recently
in Anopheles arabiensis. The concentration of ivermectin
it takes to kill 50% of mosquitoes (LC;) in 7 days seems
to vary in Anopheles by species, from 3 to 55 ng/ml [25].
A study in An. gambiae s.s. found lethal concentrations of
membrane-fed ivermectin to be between 6.1 and 15.9 ng/
ml (LC;,=15.9 ng/ml, LC35;=12.7 ng/ml, LC,;=10.7 ng/
ml, LC;=6.1 ng/ml) [16]. In Anopheles darlingi, lethal
concentrations of similarly administered ivermectin
were found to be slightly higher, being between 14.8
and 43.2 ng/ml (LCy;;=43.2 ng/ml, LC);=27.8 ng/ml,
LC;=14.8 ng/ml) [10]. A study of the effect of ivermectin
concentration on survival over 9 days in An. arabiensis
found ivermectin to have a significant impact on survival
at concentrations between 5 and 80 ng/ml, where
survival was found to decrease by 2.3, 3.5, 6.5, 11.5, and
27.9 times that of the control in adult females membrane-
fed ivermectin at 5 ng/ml, 10 ng/ml, 20 ng/ml, 40 ng/ml,
and 80 ng/ml, respectively [12].

Studies showing the efficacy of ivermectin as a
mosquitocide have been broadly focussed on Amn.
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gambiae s.s., but for ivermectin to be used most
effectively as a vector control tool, understanding the
effects of ivermectin in all Anopheles species is vital
to its success. Anopheles coluzzii is a primary vector of
human malaria in sub-Saharan Africa, but its response to
ivermectin has not been established. Anopheles coluzzii
displays predominantly anthropophilic and endophilic
behaviour [17] and is closely related to An. gambiae s.s.,
having only been established as a separate species in 2013
[18]. Despite their genetic similarities, An. coluzzii shows
greater plasticity in its behaviour and adaptive capacity
than its sister species An. gambiae s.s.; An. coluzzii has
been shown to expand its range of peak biting times
to avoid insecticide-treated bed nets [19] and shows a
greater resistance to DDT and pyrethroid insecticides
used for vector control [20-22]. More recently, it has
adapted to urban environments, where it has spread into
the main cities of Central Africa [17], in part because
of an increased tolerance to organic pollution and
insecticides. The spread of a major vector species like
An. coluzzii to urban settings is a major threat to vector
control programmes [17].

This study focuses on finding the concentration of
ivermectin that kills 50% of adult female An. coluzzii
mosquitoes (LCy,) that have imbibed ivermectin in a
blood meal and the time to which median mortality
is achieved at given ivermectin concentrations by
measuring daily survival. It also aims to identify
the concentration threshold where ivermectin will
significantly impact fecundity and egg laying over 14 days
in An. coluzzii exposed to concentrations of ivermectin
in blood meals that represent a range of plausible venous
blood concentrations in treated humans. Understanding
the lethal and sublethal dose-response effect of
ivermectin in this major malaria vector will provide
further clarity on whether there is a significant difference
in efficacy of the drug across different concentrations on
both mortality and fecundity. Additionally, low doses
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of ivermectin administered orally in MDA may not
provide significant mortality over time, whereas sublethal
impacts on fecundity at low doses may be sufficient to
both lower the vector population and limit spread of
ivermectin resistance, with important implications for
implementation of this approach in disease control.

Methods

Mosquito colony

An An. coluzzii laboratory strain was used and
maintained at 27+5 °C and 80+ 10% relative humidity
with a 12-h light:dark photoperiod. Adult mosquitoes
were held in 30x30x30-cm cages and fed ad libitum
via cotton soaked in 10% sucrose solution. Larvae were
fed TetraMin™ fish flakes. All mosquitoes were blood
fed with defibrinated horse blood heated to~37 °C via
a feeding system using a swine intestine membrane
(Hemotek, UK), at 4-5 days post-emergence and during
the 12 h light photoperiod.

Drugs and reagents

An ivermectin formulation using commercially available
powdered ivermectin (>95%, MP Biomedicals"", Fisher
Scientific) was prepared in dimethyl sulphoxide (DMSO)
and phosphate-buffered saline (PBS). Ivermectin was
first dissolved in DMSO at a concentration of 10 mg/
ml and stored at 4 °C. The 10 mg/ml stock was then
diluted in PBS to create working stock concentrations of
1 mg/ml and 0.001 mg/ml. Ivermectin concentration of
the 0.001 mg/ml DMSO/PBS formulation was verified
by high-performance liquid chromatography (HPLC)
compared to a standard ivermectin reference solution.
To achieve the desired concentration of ivermectin in
a 5 ml blood-meal volume, the 0.001 mg/ml working
stock solution was diluted in horse blood to the desired
concentration for each ivermectin blood-meal treatment
(Table 1). The control of 0 ng/ml stock solution contained
PBS with DMSO at a concentration equivalent to

Table 1 Preparation of ivermectin concentrations in blood meals using ivermectin DMSO/PBS formulation diluted in horse blood and

experimental sample sizes

lvermectin concentration in blood Ivermectin dilution

No. of mosquitoes fed per replicate

meal (ng/ml) in horse blood
1st replicate 2nd replicate 3rd replicate

0 500 pl from 0.01% (v/v) DMSO/PBS stock 26 25 25
10 50 pl from 0.001T mg/ml stock in 5 ml 22 25 25
15 75 pl from 0.001 mg/ml stock in 5 ml 22 25 25
25 125 pl from 0.001 mg/ml stock in 5 ml 25 25 25
50 250 pl from 0.001 mg/ml stock in 5 ml 24 25 25
75 375 pl from 0.001 mg/ml stock in 5 ml 25 25 25
100 500 pl from 0.001 mg/ml stock in 5 ml 23 25 25
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the concentration of DMSO and PBS in the highest
concentration DMSO/PBS ivermectin preparation
(100 ng/ml), which was equivalent to 0.01% (v/v) DMSO
in 1 xXPBS.

Blood feeding and ivermectin administration

Defibrinated horse blood (Sigma) was used for all blood-
meal preparations. Prior to blood feeding, mosquitoes
were sugar starved for 4 h. Female mosquitoes were
isolated 5-6 days post-emergence in rearing cages.
For each ivermectin concentration and the control,
approximately 25 mosquitoes were exposed to a blood
meal for 30 min. Three replicates of this were repeated for
each treatment and control. Blood contained ivermectin
at the following concentrations: 0 ng/ml (control), 10 ng/
ml, 15 ng/ml, 25 ng/ml, 50 ng/ml, 75 ng/ml, and 100 ng/
ml.

Mosquito survival

After blood feeding, fully engorged females were
removed from the cage and placed individually into
empty observation vials (Sterilin 30-ml universal
container, Thermo Scientific) and provided with cotton
wool soaked in 10% sugar solution. Mortality was
recorded every 24 h for 14 days post-blood feeding. This
period was chosen to reflect the extrinsic incubation
period of Plasmodium falciparum, which is typically
7-10 days [23], and because Anopheles mosquitoes can
typically be expected to live up to 14 days in the wild [24].
Mosquitoes were regarded as dead if they were laying on
the bottom of the vial, unable to move. Mosquitoes that
were able to fly, stand but not fly, or had moving limbs
were recorded as alive. Three replicates of approximately
25 mosquitoes per replicate were performed for each
ivermectin treatment and the control.

Egg production

Five days post-blood feed, any surviving mosquitoes were
carefully removed from observation vials and transferred
into individual oviposition vials (Sterilin 30-ml universal
container, Thermo Scientific) using a mouth aspirator.
Mosquitoes were provided with cotton wool soaked in
10% sugar solution and water-dampened cotton wool
covered with a 2-cm diameter filter paper circle as an
egg-laying substrate. Vials were checked daily for the
presence of eggs. When eggs were identified, the filter
paper was removed, and any eggs were counted using a
stereoscopic dissection microscope at 2X magnification.
Filter paper was then replaced to allow for repeat egg
laying and the vial marked to identify the female as
having oviposited. Both the number of ovipositing
females and corresponding number of eggs laid were
recorded for each mosquito, for each day, up to day 14.
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Statistical analysis

The LC;, of ivermectin was calculated using log-probit
regression analysis [11] of daily mortality in SPSS version
28.0.1 (IBM SPSS). To assess the effect of ivermectin
concentration on survival of adult females, Kaplan-Meier
survival analysis and log-rank (Mantel-Cox) regression
analysis were performed using survival analysis in
GraphPad Prism version 8. Dose-response curves
were generated using logit analysis in RStudio version
2023.03.386. To determine whether mean survival at each
concentration was significantly different, generalised
linear models (GLM) followed by pairwise comparisons
using post hoc Tukey tests (95% confidence interval) in
RStudio version 2023.03.386 and Minitab (version 18)
were performed.

Egg production data were not normally distributed
according to Shapiro-Wilk test; therefore, nonparametric
Kruskal-Wallis analysis of variance (ANOVA) was used to
examine variation in number of eggs laid and number of
ovipositing females between ivermectin concentrations.
A post hoc Dunnett’s multiple comparisons test was used
to assess whether there was any significant difference
in the number of eggs produced per surviving female
between ivermectin treatments groups and the 0 ng/ml
control group and the effect of ivermectin on the number
of ovipositing females between ivermectin treatments
groups and the 0 ng/ml control group. Egg production
data were analysed in GraphPad Prism version 8.

Results

Mosquito mortality

In total, 450 An. coluzzii adult females took blood meals
and were used to assess the oral toxicity of membrane-
fed ivermectin by measuring mortality. Kaplan-Meier
survival curves were produced for each ivermectin
treatment (0—100 ng/ml) (Fig. 1). Table 2 shows the LCy,
of An. coluzzii at day 3, 7, and 14 using logit regression
analysis.

Ivermectin  ingestion significantly reduced the
survivorship of mosquitoes over 14 days at all
concentrations tested (Mantel-Cox log-rank test, df=6,
p<0.0001). Survival was high in the 0 ng/ml ivermectin
control group until day 11, when the impact of age-related
mortality could start to be seen. Survival was similar
at all concentrations relative to the control until day
2-3 post-blood feed, where survival decreased notably
in ivermectin-treated groups. At day 3, almost 50% of
females in the 75 ng/ml and 100 ng/ml treatment groups
had died. By day 5, substantial mortality occurred in a
concentration-dependent manner, such that mortality
responses could be defined by grouping into “low”
(10 ng/ml, 15 ng/ml, 25 ng/ml) and “high” (50 ng/ml,
75 ng/ml, 100 ng/ml) ivermectin concentration treatment
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Fig. 1 Fourteen-day Kaplan-Meier survival curves showing the daily survival of Anopheles coluzzii females after ingestion of ivermectin at various

concentrations

Table 2 Lethal concentrations (LC) with 95% confidence intervals (df=4) of ivermectin for Anopheles coluzzii at 3, 7, and 14days post-

blood feeding, calculated using log-probit analysis

Ivermectin concentration (ng/ml) (95% Cl)

LC (%) Day 3 Day 7 Day 14

20 1.27 (0.20-3.16) 0.969 (0.34-1.87) 0.144 (0.00-0.93)
50 122.06 (82.57-248.88) 19.769 (15.61-23.94) 1.316 (0.029-3.91)
90 2108.27 (726.78-18,487.69) 129.795 (93.91-211.44) 38.396 (24.79-97.82)

groups (Fig. 1). Specifically, mean mortality across all
concentrations at day 5 was significantly different from
the control (GLM, Tukey, p<0.05, Fig. 2a); however, no
significant difference was found between incremental
doses when comparing mean mortality within the low
ivermectin concentration range or between incremental
doses when comparing mean mortality within the high
ivermectin concentration range (GLM, Tukey, p <0.05,
Fig. 2a). This indicates that at 5 days post-ivermectin
blood meal, there is a clear distinction in mean survival
between the higher and lower ivermectin concentrations
tested in this study compared to control but that low
ivermectin concentrations (10 ng/ml, 15 ng/ml, and
25 ng/ml) share a similar potency in reduction on
survival, and likewise high concentrations (50 ng/ml,
75 ng/ml, and 100 ng/ml) cause a similar reduction in
survival of An. coluzzii adult females (Fig. 2a) that is not
significantly different between doses.

From the pairwise comparison of mean mortality across
14 days, all concentrations were significantly different
from 0 ng/ml control (GLM, Tukey, p <0.05). The final

% mortality at the end of the study was relatively similar
for all treatments compared to control, except for 10 ng/
ml (Fig. 1). The difference in overall mortality between
doses 15 ng/ml-100 ng/ml is not huge. After 14 days, a
15 ng/ml dose was shown to kill around 85% of females
compared to 0 ng/ml treatment, where 60% of females
did not survive to day 14. Increasing the dose to 100 ng/
ml increases this mortality to 95% at day 14, which for the
difference in dose does not show a proportional increase.
No significant difference was found between mean
mortality of incremental doses except between 10 ng/ml
and the higher ivermectin concentration doses, 50 ng/ml,
75 ng/ml, and 100 ng/ml (GLM, Tukey, p <0.05, Table 3,).
The lethal concentrations of ivermectin in An. coluzzii
was found to be dependent on time after ingestion, with
a 79% lower LC;, at day 7 post-ingestion than at day 3.
Time to median mortality (days) was calculated for
each ivermectin concentration. In this study, the time to
median morality for the control group was 9.6 days. Time
to median mortality for 50 ng/ml, 75 ng/ml, and 100 ng/
ml ivermectin concentrations was similar at 4, 3.6, and
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Fig. 2 Post-ivermectin ingestion mortality. a Day 5 mean mortality; GLM with post hoc Tukey pairwise comparison and 95% confidence of mean

mortality between ivermectin concentrations on day 5 post-blood meal. Bars with the same letter are not significantly different from one another
(p<0.05). b Logit dose-response curves for each ivermectin concentration by day, correcting for control mortality. ¢ Time to median mortality

in days at each given ivermectin concentration, from 0 ng/ml to 100 ng/ml, with error bars showing standard deviation across the three replicates

performed

3.6 days respectively (Fig. 2c). For 10 ng/ml, 15 ng/ml,
and 25 ng/ml, the time to median mortality was closer
to that of the control group but still distinctly less, at 6.8,
7.6, and 6.3 days respectively (Fig. 2c) and again similar
between the lower concentration ivermectin doses.
For all ivermectin concentrations, the time to median

mortality was less than for the control group in all three
replicates performed.

Sublethal impacts of ivermectin
Oviposition was low overall in all treatment groups,
with the highest rates of oviposition recorded in the
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Table3 GLM with post hoc Tukey pairwise comparison
(95% confidence) of mean mortality between ivermectin
concentrations over 14 days

Ivermectin concentration Mean mortality Grouping
0 ng/ml 19.6667 A

10 ng/ml 14.7333 B

15 ng/ml 13.4000 B C
25ng/ml 13.2444 B, C

50 ng/ml 9.7556 C, D
75ng/ml 82667 D

100 ng/ml 7.8889 D

Means with the same letter are not significantly different at p > 0.05

control group and 10 ng/ml, where 31.9% and 32.0%
of surviving females, respectively, went on to oviposit
(Table 4). Ivermectin ingestion was found to significantly
decrease both the total number of ovipositing females
(Kruskal-Wallis ANOVA, p <0.0001) and number of eggs
laid per individual (Kruskal-Wallis ANOVA, p<0.0001).
Fecundity, measured by number of ovipositing females
and number of eggs laid per female, in the lower
concentration groups (10-25 ng/ml) was found to be
similar to that of the 0 ng/ml control group. However, at
higher concentrations between 50 ng/ml and 100 ng/ml,
both the number of ovipositing females and number of
eggs laid per female were significantly reduced.

Any oviposition that was observed happened following
day 5 post-blood feed. Control females oviposited
between day 6 and day 14 post-blood feed. Females
exposed to 25 ng/ml, 15 ng/ml, and 10 ng/ml ivermectin
blood meal oviposited between day 5 and day 14; no
oviposition was observed in surviving females from either
the 100 ng/ml or 75 ng/ml ivermectin treatment groups.
Of the three replicates performed, two females in the first
replicate laid eggs from the 50 ng/ml treatment group on
day 8 post-blood feed; no further egg laying was observed
in the 50 ng/ml treatment group. When comparing the
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number of eggs laid per individual between ivermectin
treatment groups to control, no significant difference
was found for the number of eggs laid by females
exposed to 25 ng/ml, 15 ng/ml, and 10 ng/ml ivermectin
blood meals (Dunn’s multiple comparisons p=0.3158,
p>0.9999, p=0.8707 respectively). However a significant
difference was found for females exposed to 50 ng/ml,
75 ng/ml, and 100 ng/ml ivermectin (Dunn’s multiple
comparisons, **p=0.0021, ***p=0.0002, ***p=0.002
respectively, Fig. 3). Similarly, no significant difference
was found for the number of ovipositing females exposed
to 25 ng/ml, 15 ng/ml, and 10 ng/ml ivermectin blood
meals compared to control, but a significant difference
(Dunn’s multiple comparisons *p=0.0448, **p=0.0100,
**p=0.0100 respectively, Fig. 3) was found for the
number of ovipositing females exposed to 50 ng/ml,
75 ng/ml, and 100 ng/ml ivermectin compared to control.

Discussion

Results from this study demonstrate that ivermectin
concentrations as low as 10 ng/ml have a significant
effect on mortality of An. coluzzii and reduce survival
over 14 days post-blood feeding. They also show clear
evidence of ivermectin’s sub-lethal effects on An.
coluzzii, which could influence vector population
dynamics. The lethal dose (LC,;) of ivermectin was
19.7 ng/ml, higher than previously reported in an
in vitro study of An. gambiae, which calculated the
7-day LCs, to be 15.9 ng/ml [16] from membrane-fed
ivermectin in blood. In comparison, the 7-day LCs,
reported across other Anopheles species ranges from
3.35 ng/ml to 55.6 ng/ml [12, 16, 25-27]. The time to
median mortality for ivermectin concentrations >
50 ng/ml was <4 days compared to 9.6 days for 0 n/ml
control and 6.3-7.6 days for ivermectin concentrations
of < 25 ng/ml (Fig. 2c); higher ivermectin
concentrations in the range 50 ng/ml-100 ng/ml
therefore were found to induce a time to median

Table 4 Fecundity of Anopheles coluzzii following ingestion of ivermectin at various concentrations showing egg production and

oviposition across the three-replicate experiment

Ivermectin (ng/  No. of mosquitoes % of surviving Mean no. of ovipositing % oviposited of % oviposited of Mean no.
ml) fed females on day 5 females + SEM total fed surviving females of eggs

laid + SEM
0 76 72(94.7) 76129 30.2 319 489.7 £208.7
10 72 50 (69.4) 53+£14 222 320 381.0+£1974
15 72 53(73.0) 53+24 222 30.1 32071795
25 75 51 (68.0) 40+1.0 16.0 235 247.7+93.51
50 74 31(41.0) 06+06 27 6.4 80+80
75 75 24(32.0) 0+0 0 0 0+0
100 73 18 (24.7) 0+0 0 0 0+0
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Fig. 3 a, b Fecundity of Anopheles coluzzii following ivermectin
ingestion from a blood meal. a Number of surviving females
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mortality that was 61% faster than that of control.
Conversely, lower ivermectin concentrations between
10 ng/ml and 25 ng/ml were less efficacious than higher
concentrations; however, they did also reduce time to
median mortality by 28% when compared against time
to naturally occurring death in untreated mosquitoes.
Mass drug administration campaigns using
ivermectin for onchocerciasis and lymphatic filariasis
typically administer a single oral dose at approximately
150-200 ug/kg. Ivermectin at these oral doses has
been shown to have an insecticidal effect on Anopheles
populations feeding on treated patients in vivo [28];
however, the toxicity is short lived, at 7 days or less. The
efficacy of ivermectin is related to pharmacokinetics
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associated with certain dosing regimens and has been
linked to the C_, recorded following these doses.
C ax is @ pharmacokinetic measurement that describes
the highest plasma concentration of a drug measured
following administration of a single dose. The highest
Cax recorded for ivermectin in venous blood is
reported as 105.2 ng/ml and was achieved using a high
oral dose of 300 pg/kg and 600 pg/kg a day given over
3 days [14]. From a single 12-mg dose representing
a mean 165 ug/kg weight-adjusted dose, given in
3-mg tablets, the mean peak plasma concentration of
ivermectin recorded in fasting healthy male volunteers
was 46.5 ng/ml [29]. Typical oral dosing for ivermectin
ranges between 150 pg/kg and 200 pg/kg. The 7-day
LCs, found in this study, 19.7 ng/ml, is therefore well
within the highest reported venous C._,, recorded
after high oral dose, and the lowest plasma C_,,
achieved from a relatively standard mean 165 pg/kg
oral dose, indicating the feasibility of ivermectin as
a mosquitocidal in An. coluzzii when dosed clinically.
Given the range of LC;, reported across the Anopheles
species (3.35 ng/ml to 55.6 ng/ml), and the LC,,
estimated from this study, which falls in the lower
half of this range, to achieve universal lethal impact
across all Anopheles species that have been tested,
the concentration at which ivermectin should be
maintained in a blood meal would need to be > 55.6 ng/
ml. Time to C_,, (T,,,,) for ivermectin is approximately
4 h, and the plasma half-life of ivermectin administered
orally is approximately 18 h [30]. Considering the
oral plasma half-life of ivermectin, and the C_, of
a 165 ug/kg oral dose, maintaining an ivermectin
concentration of 55.6 ng/ml for sufficient time to be
effective in reducing vector populations, and therefore
impact malaria transmission, is unlikely with current
formulations available.

The mode of transfer of ivermectin to mosquitoes
is, however, important to consider when drawing
comparisons of in vivo and in vitro ivermectin dosing
because of differences in the concentration of ivermectin
in a blood meal via membrane feeding versus skin
feeding. The mortality effect of ivermectin in Anopheles
species has been reported for doses ranging between
150 and 300 ug/kg, which have been measured by
venous blood concentration, resulting in lower predicted
LC,, values compared to in vitro membrane-feeding
experiments using ivermectin concentrations prepared
in blood meals. The reason for this difference is likely
due to the pharmacokinetics of ivermectin and its
physicochemical properties. As a lipophilic compound,
ivermectin accumulates in dermal and adipose fatty
tissues and will therefore reach higher concentrations in
skin capillaries than in venous plasma [31] from which
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Cax is calculated. As mosquitoes imbibe blood from
subdermal capillaries, they are likely to ingest higher
concentrations of ivermectin when skin feeding than
those that would be found if quantified from venous
plasma [30]. This means that the effects of ivermectin
on mosquito survival based on concentrations derived
from venous blood in in vivo studies may not be directly
comparable to the impacts on survival achieved with
membrane-fed ivermectin concentrations in vitro,
although a recent study found similar mosquitocidal
effects of ivermectin when comparing membrane feeding
to direct skin feeding [25]. In addition, the lethal effects
of ivermectin metabolites have more recently been
tested in Anopheles stephensi and found to be potentially
responsible for the “post-ivermectin’ effect seen in
mosquitoes that have been skin-fed from ivermectin-
treated patients [32].

Alongside its lethal effects, ivermectin has the
additional capacity to cause sublethal effects in
mosquitoes. These include effects on fecundity, which
in the context of vector control could provide additional
benefits in reducing the size of mosquito populations
through inhibition of egg laying in surviving females.
In this study, higher concentrations (50-100 ng/ml)
impacted fecundity by reducing the number of females
that oviposited and decreasing the number of eggs laid
by those that did. In fact, none of the surviving females
exposed to 75 ng/ml or 100 ng/ml went on to lay any
eggs at all, despite taking a full blood meal; lower doses
(10-25 ng/ml) did not significantly reduce either of
these measures of fecundity. Although ivermectin has
a different mode of action to insecticides currently
used in public health, meaning it is likely to be effective
against insecticide-resistant populations, a potential
metabolic mechanism for resistance to ivermectin has
been identified in An. gambiae s.s. [33]. Resistance
to ivermectin is a potential consequence of exposing
mosquito vectors through MDA to levels of ivermectin
that are not maintained at mosquitocidal levels. It is
therefore important to deduce concentrations that
are sufficient to decrease fecundity as both a measure
of residual ivermectin effect and limit the potential
for ivermectin resistance in subsequent mosquito
generations. The C_, of 46.5 ng/ml achieved from a
standard 12 mg/165 pg/kg dose is unlikely to significantly
reduce fecundity in An. coluzzii and could potentially
drive emergence of ivermectin resistance in progeny of
surviving females.

Overall, it was shown that in the range of 10 ng/
ml to 100 ng/ml, ivermectin has potential as a tool for
curbing residual malaria transmission by significantly
reducing survival of the malaria vector An. coluzzii
within the extrinsic incubation period of P falciparum.
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Concentrations of > 50 ng/ml, which are within the
C.ax achieved by higher oral doses of > 600 ug/kg,
caused significant sublethal impacts on mosquito
reproduction. However, these were not observed at lower
concentrations equivalent to what may be expected in
patients treated with a standard 150-200 pg/kg oral
dose, and so the prospect of resistance in target vectors
should be considered. Current or recent field trials,
such as BOHEMIA [9], however, report using higher or
repeated doses of ivermectin for MDA, which may help
mitigate this. Given the poor bioavailability of ivermectin
via the oral route, changing the mode of administration
and/or drug reformulation could see sustained release
of ivermectin at concentrations where both lethal and
sublethal impacts could be achieved across the Anopheles
genus. Understanding the important difference in
lethal and sublethal impacts between ivermectin
concentrations will help to set goals for ivermectin
release from formulation via alternative routes of
administration that achieve both lethal and sublethal
impacts with standard dosing. Other sublethal impacts in
the form of behavioural changes, such as reduced host-
seeking, and generational changes in fecundity, namely
reduced egg-hatch rate from egg-laying survivors, may be
additional mechanisms by which vector populations can
be reduced and should be studied further in An. coluzzii
and other malaria vector species.

Conclusions

The present study demonstrated that ivermectin in the
range of 10 ng/ml to 100 ng/ml significantly reduces
survival in An. coluzzii over 14 days compared to
control. The ability to reduce survival in An. coluzzii
using membrane-fed ivermectin was found to be both
concentration and time dependent, where the effect
on survival can be broadly split into ‘higher’ and
‘lower’ ivermectin concentration groups, producing
higher and lower percentage mortality over time in
a concentration-dependent manner. This difference
was seen clearly at 5 days post ivermectin ingestion
at any given dose. At > 50 ng/ml, sublethal impacts
inhibit fecundity by preventing egg production in
surviving females. The time to median mortality for
ivermectin concentrations > 50 ng/ml was<4 days
compared to 9.6 days for O n/ml control and 6.3—
7.6 days for ivermectin concentrations tested of <
25 ng/ml. Adult An. coluzzii were found to oviposit
from day 5 post-blood feed. For vector control
purposes, concentrations should be maintained above
50 ng/ml to achieve sublethal impacts in An. coluzzii
populations and at no less than 19.7 ng/ml to reduce a
mosquito population by 50% in 7 days, above normal
naturally occurring mortality and within the extrinsic
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incubation period of P. falciparum. However, the range
of ivermectin concentrations showing lethal impacts
across the Anopheles genus is wide. This indicates
that the concentration of ivermectin is an important
factor in achieving effective lethal and sublethal
impacts in all species of malaria vectors and should
be considered when developing ivermectin as a vector
control tool. Anopheles coluzzii is one of the primary
malaria vectors in sub-Saharan Africa and has more
recently spread into main cities of Central Africa,
which threatens current vector control programmes
[17]. Current dosing regimens using ivermectin in
oral doses designed for treating parasitic infections
may not be appropriate for vector control in the long
term as the duration of mosquitocidal concentrations
in patient blood from these doses is short lived. The
longer ivermectin remains in the blood at mosquito-
killing concentrations, the more mosquitoes will be
killed or disabled, effectively contributing to reducing
malaria transmission [30]. Repurposing ivermectin as
a mosquitocidal intervention may therefore require
reformulation of the drug to improve bioavailability
and achieve sustained mosquitocidal concentrations
for all Anopheles malaria vectors while avoiding 3-day
high-oral dose ivermectin regimens.
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