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Abstract

Background Ivermectin (IVM) mass drug administration is a candidate complementary malaria vector control tool.
Ingestion of blood from IVM treated hosts results in reduced survival in mosquitoes. Estimating bio-efficacy of IVM
on wild-caught mosquitoes requires they ingest the drug in a blood meal either through a membrane or direct feed-
ing on a treated host. The latter, has ethical implications, and the former results in low feeding rates. Therefore, there
is a need to develop a safe and effective method for VM bio-efficacy monitoring in wild mosquitoes.

Methods Insectary-reared Anopheles gambiae s.s. were exposed to four VM doses: 85, 64, 43, 21 ng/ml, and control

group (0 ng/ml) in three different solutions: (i) blood, (i) 10% glucose, (iii) four ratios (1:1, 1:2, 1:4, 1:8) of blood in 10%
glucose, and fed through filter paper. Wild-caught An. gambiae s.I. were exposed to 85,43 and 21 ng/ml IVM in blood
and 1:4 ratio of blood-10% glucose mixture. Survival was monitored for 28 days and a pool of mosquitoes from each
cohort sacrificed immediately after feeding and weighed to determine mean weight of each meal type.

Results When administered in glucose solution, mosquitocidal effect of IVM was not comparable to the observed
effects when similar concentrations were administered in blood. Equal concentrations of IVM administered in blood
resulted in pronounced reductions in mosquito survival compared to glucose solution only. However, by adding
small amounts of blood to glucose solution, mosquito mortality rates increased resulting in similar effects to what
was observed during blood feeding.

Conclusion Bio-efficacy of ivermectin is strongly dependent on mode of drug delivery to the mosquito and likely
influenced by digestive processes. The assay developed in this study is a good candidate for field-based bio-efficacy
monitoring: wild mosquitoes readily feed on the solution, the assay can be standardized using pre-selected concen-
trations and by not involving treated blood hosts (human or animal) variation in individual pharmacokinetic profiles
as well as ethical issues are bypassed. Meal volumes did not explain the difference in the lethality of VM across the dif-
ferent meal types necessitating further research on the underlying mechanisms.
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Background

Endectocides have recently emerged as a new malaria
vector control paradigm and ivermectin mass drug
administration (MDA) is currently being evaluated as
a new malaria control tool which has the potential to
address shortcomings of current strategies as its mode
of action is independent of mosquito phenotypic behav-
iour and insecticide resistance [1, 2]. Trials are underway
to evaluate the safety and efficacy of ivermectin MDA
for reduction of malaria transmission [3-5]. Ivermectin
works by reducing the survival and lifespan of mosqui-
toes below the extrinsic incubation periods of the Plas-
modium parasite. Additionally, it negatively impacts
feeding (delayed re-feeding) and reproduction rates both
of which contribute significantly to vectorial capacity [6,
7]. Thus, malaria transmission is expected to be disrupted
through reduction in mosquito survival and fitness post
feeding on ivermectin-treated hosts [8]. The IVM doses
currently used for onchocerciasis and lymphatic filariasis
campaigns (150-200 pg/kg) have been shown to effec-
tively kill mosquitoes when they bite their hosts to obtain
blood meals, though the effect is short-lived [9]. Mod-
elling and empirical studies have confirmed that higher
doses of IVM can effectively prevent malaria transmis-
sion, especially when used during the rainy season when
transmission rates are higher [3, 10].

Assessing how wild mosquito populations respond to
IVM is crucial for estimating the effect the intervention
may have, or not have, on the local mosquito popula-
tion. Trials currently evaluating ivermectin MDA are
challenged to measure the mosquitocidal effect (bio-
efficacy) of IVM in their wild mosquito populations.
Unlike interventions like LLINs and IRS (long- last-
ing insecticide-treated nets and indoor residual spray-
ing), endectocides cannot be evaluated through tarsal
contact and must be ingested by the mosquito. Blood-
feeding on treated humans offers the most realistic rep-
resentation of bio-efficacy assessments of IVM because
that is how the intervention is designed. Yet, wild-
caught mosquitoes cannot be directly fed on a treated
host because this could expose individuals to mos-
quito borne diseases [11]. Likewise, it can be difficult to
feed the blood of a treated host to wild mosquitoes by
direct membrane feeding assay (DMFA) as they often
reject feeding on a membrane and even if successful it
would be difficult to standardize the concentration of
IVM being administered because treated individuals
may have different pharmacokinetic profiles and there-
fore the actual amount of circulating drug cannot be
ascertained. Alternatively, field-caught blood fed mos-
quitoes can be observed for survival after IVM MDA
campaigns [2, 12, 13], but there is no certainty that
the blood-fed mosquito indeed fed on an IVM-treated
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host, furthermore the approach is difficult to standard-
ize, requires costly collections to achieve adequate rep-
lication and statistical power and most importantly it is
impossible to conduct outside an MDA campaign.

The present study aimed at developing an assay for
monitoring IVM bio-efficacy that could be used on wild
anopheline populations across space and time allowing
comparison between different time-points and sites.

Methods

Experimental design

The study team first evaluated if a methodology could
be developed using a sugar feeding assay given that
wild-caught mosquitoes easily feed on sugar. Experi-
ment 1 consisted of feeding two cohorts of laboratory-
reared Anopheles gambiae sensu stricto (s.s.) with
specific concentrations of IVM corresponding to the
Cmax, C75, C50 and C25 plasma concentrations of a
host treated with 400 mcg/Kg of ivermectin. The same
concentrations of ivermectin were spiked in 10% glu-
cose solution (w/v) and blood. The latter was done using
membrane feeding system. Findings from Experiment
1 led to the design of experiment 2 which evaluated if
glucose solution laced with blood in different propor-
tions could result in similar effects as observed with
blood. The candidate bioassay was tested in experiment
3 in the field using wild-caught mosquitoes. Blood sam-
ple used (institutional ethical approval permit from
KEMRI-SERU 3903 for BOHEMIA PK study) in experi-
ment 1 and 2 was collected in heparin tubes and kept
in+4 °C which was later retrieved during the day from
the +4 °C fridge following 6 h starvation of mosquitoes
for testing. The heparinized blood attained room tem-
perature before mixing with ivermectin for administra-
tion to mosquitoes through membrane grass feeders. In
experiment 3, the blood samples were kept in +4 °C and
later retrieved during the day from the +4 °C fridge fol-
lowing 6 h starvation of mosquitoes for testing. After
blood attained room temperature, it was mixed with
glucose solution in the ratios of blood to glucose of 1:1,
1:2, 1:4 and 1:8 for ivermectin administration.

Staff handling human blood in the experiments were
trained on safety standard procedures and ordained
competent with training records filed at KWTRP Lab
Staffs personnel folders. Blood was first screened for
any active malaria infection before feeding it to mos-
quitoes during the experiments. The insectary is con-
sidered a biosafety level 2 [14, 15]. Blood-related waste
materials were disposed in dedicated biohazard red-
liners in red-biohazard bins [16], which were later
transferred to the institute’s incinerator section for
incineration twice every week.
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Insectary-reared mosquitoes

A colony of An. gambiae s.s. (Kilifi strain) maintained
at KEMRI-Wellcome Trust Research Programme insec-
tary was used in this study [17]. The colony undergoes
biannual insecticide resistance monitoring using the
World Health Organization (WHO) tube tests. Mosqui-
toes were reared to adult stages under standard condi-
tions: temperature of 28 °C to 31 °C, relative humidity
at 80% (+10%), and a 12 h: 12 h light: dark cycle. Eggs
were hatched in larval trays containing de-chlorinated
water and larvae raised on baby fish food (Tetramin®) at
29 °C. Thereafter, pupae were harvested and placed into
30%30%30 cm cages (bug dorm) allowed to emerge in
the adult holding room maintained at 28 °C and 80% RH.
Emerging adults are usually maintained on 10% glucose
solution ad libitum. Two days before commencement of
each bio-efficacy experiment, 50 blood-naive female Axn.
gambiae s.s. (3-5 day old) were aspirated from holding
cages into 1-L plastic test cups (Popcorn-Shady packs,
Egypt) to habituate. The mosquitoes were maintained on
10% glucose soaked on cotton pads. Six hours to the start
of each experiment, glucose was withdrawn.

Ivermectin dilutions

A mixture of 1000 ng/ml of injectable Ivermet® (1% Iver-
mectin -veterinary injectable formulation) was prepared
by adding 5 uL of Ivermet® in 50 ml of deionized water.
To prepare the four test concentrations of IVM in 10%
glucose solution, 5 g of glucose (Excel Chemicals Ltd-
Food Division, Kenya.) was weighed into five individu-
als 50 ml sterile falcon tubes (CellStar®, Austria). Each of
tubes was then filled with 30 ml of deionized water, and
vortexed thoroughly to mix well. Thereafter, four vol-
umes: 4.25 ml, 3.20 ml, 2.15 ml, and 1.05 ml of IVM stock
solution were dispensed into the respective tubes and
the volumes topped up to 50 ml using deionized water
to attain a concentration of 85, 64, 43, and 21 ng/ml of
IVM, respectively. The same procedure was followed
in the preparation of IVM test concentrations in blood,
and blood plus glucose solution mixtures. However,
IVM in blood was diluted in a final volume of 1 ml, and
in blood + glucose solution mixture the final volume was
5 ml. Therefore, only 85, 64, 43, and 21 pl of IVM stock
solution (the 1000 ng/ml) was used for IVM in blood and
425, 320, 215, and 105 pl for the blood + glucose solution
mixtures respectively. After dilutions, IVM was adminis-
tered as shown in Fig. 1(A-D).

Experiment 1 bioassays: IVM bio-efficacy in glucose
solution vs. in blood only

Four 20 x 20 x 20 cm cages (bug dorm) each consist-
ing of 50 mosquitoes were labelled according to the
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concentration of IVM to be administered (85 ng/ml,
64 ng/ml, 43 ng/ml, and 21 ng/ml) and one additional
cage included as the control (0 ng/ml). Fifty millilitres of
each IVM test concentration diluted in 10% glucose solu-
tion were prepared as described above. Individual filter
paper were soaked in the IVM spiked glucose solutions
and placed on the respective test. For the control cage,
a filter paper soaked in pure 10% glucose solution con-
tained in 7ml bijou bottle was used. Mosquitoes were
allowed to feed from the filter paper containing iver-
mectin (or control) for 12 h (Fig. 1A). Thereafter, the
bijou bottle with soaked filter paper were replaced with
fresh ones soaked in pure 10% glucose solution. Mos-
quitoes were maintained on the ivermectin free glucose
diet contained in cotton pads and their survival moni-
tored for the 28 days. Each day, dead mosquitoes were
aspirated, counted, recorded, cotton pads replaced, and
cups rotated to avoid positional bias. The experiment was
repeated 3 times resulting in a total of 3 biological repli-
cates of 753 female mosquitoes.

Correspondingly, a similar setup was performed to
test effect of IVM in blood. Four test cups consisting
of 50 mosquitoes each were labelled according to the
concentration of IVM to be administered (85, 64, 43,
and 21 ng/ml) and one additional cup included as the
control (0 ng/ml). The IVM test concentrations were
prepared in 1 ml of fresh human blood (volumes used
are shown in Table 2) and dispensed using standard
1 ml glass membrane feeders (Grant, Accrington, UK.)
adapted from Maia et al. [18]. Briefly, six autoclaved
glass feeders were mounted onto upper surface of the
test cups containing mosquitoes. Each feeder was cov-
ered with Parafilm (Bemis Parafilm M® USA.) which
mimics normal human skin [19]. The Parafilm was
stretched from its base to upper outer parts to allow
easy feeding. Using sterile 18G needles (BD Terumo,
Belgium.), IVM spiked blood was dispensed into indi-
vidual feeders on the respective test cups, and the
feeder on the control cup filled with pure untreated
blood (Fig. 1B). The bottom of the glass feeders was
covered with Parafilm and heated using a water-jacket
system at 37 +1 ‘C. Mosquitoes were allowed to feed
for approximately 1 h. The percentage of feeding suc-
cess through membrane glass feeders was aided by
providing temperature of~36 °C representative of
human body temperature to the glass feeders through
a warm water piped channel water bath. Parafilm used
at the bottom of the glass feeders which contained
blood mimicked human skin (Fig. 1B). The room was
also kept dark during the conduct of experiment 1.
Human-odour (human breath) was also introduced to
boost feeding success. Thereafter, all unfed females
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Fig. 1 Administration of VM in: A IVM in sugar (10% glucose solution) through a filter paper; B IVM in blood alone (direct membrane feeding), C
and D IVM in blood + sugar (10% glucose solution) mixtures through a filter paper

were aspirated from the cups, and the remaining ones
provided with cotton pads soaked in 10% glucose
solution to feed ad libitum. Twenty-four hours later,
the cups were inspected, dead mosquitoes aspirated,
counted, recorded, cotton pads replaced, and position
of the cups rotated. The mosquitoes were maintained
on the 10% glucose diet and their survival monitored
daily for 28 days. The experiment was repeated three
times resulting in 3 biological replicates with a total of
682 female mosquitoes.

Experiment 2 bioassays: ivermectin in blood-glucose
mixtures

A total of 50 mosquitoes were aspirated into each cage
(20 cm x20 cm X 20 cm) and cage was labelled accord-
ing to the concentration of IVM to be tested. Differ-
ent concentrations of IVM stock solution were added
to mixtures of blood and 10% glucose in four different
ratios (1:1, 1:2, 1:4 and 1:8) in sterile 50 ml sterile Fal-
con tubes (CellStar® Greiner Bio-One, Austria.) and
vortexed thoroughly. The IVM spiked mixtures were
then transferred into sterile 7 ml bijou bottles labelled
with the respective IVM test concentration as well as
a control (no IVM). The contents were vortexed, and
a spirally coiled filter paper of ~13 c¢m in height/grade

1 (Whatman"—GE Life Sciences, UK.) were placed in
each bottle for use as feeding wick. The bottles were
transferred into the holding cages and mosquitoes
allowed to feed overnight for 12 h alike what was done
in glucose solution alone. The following morning, bot-
tles containing IVM spiked mixtures were removed,
and mosquitoes were provided with cotton pads soaked
in 10% glucose solution to feed ad libitum. Water was
withheld during the 12-h IVM exposure. However, cot-
ton pads with sugar ad-libitum was provided during the
preceding 12-h post IVM exposure.

Thereafter, the cages were checked, dead mosqui-
toes aspirated, counted, recorded, and discarded. The
survival of the remaining live mosquitoes was moni-
tored daily for the next 28 days. A total of 3 replicates
for each mixture type and IVM concentration was per-
formed with each group having 724, 687, 763 and 742
as total number of female mosquitoes tested for 1:1,
1:2, 1:4 and 1:8, respectively.

Meal size estimation (experiment 1 and 2)

A total of 50 blood- naive female An. gambiae s.s.
(3-5 day old) were fed on either: (1) blood; (2) glucose
solution; (3) 1:1 blood to glucose mixture; (4) 1:2 blood
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to glucose mixture; (5) 1:4 blood to glucose mixture; or
(6) 1:8 blood to glucose mixture. Mosquitoes were fed
on each meal type following similar methods and feed-
ing durations (12 h) as outlined above in experiment 1
and 2. Immediately after feeding time was concluded,
mosquitoes were sacrificed by placing in — 20 C freezer
for 20 min. Immediately post freezing, each indi-
vidual mosquito belonging to specific solvent types
were weighed in Sartorius weighing scale and weights
obtained in milligrams.

Experiment 3: testing the bioassay in the field

Larvae stage mosquitoes were collected from breeding
sites found in Jego village, Kwale county, Coastal Kenya
in May 2022. Anopheles gambiae sensu lato (s.l.) spe-
cies composition in Kwale has been changing over time
as the previously commonly reported dominant malaria
vector, in Coastal Kenya, has been An. gambiae s.s. [20].
Vector surveillance studies conducted thereon revealed
Anopheles arabiensis as the abundant malaria vector of
the An. gambiae complex population reported in the area
[21], for instance recent work done in 2021 on insecti-
cide resistance status in An. gambiae s.l. in coastal Kenya
reported An. arabiensis accounting for 95.2% of total
sample collection with An. gambiae s.s. accounting for
only 4.8% [22]. The status of insecticide resistance pro-
files of malaria vectors in Kwale assessed by Kiuru and
colleagues highlighted An. arabiensis to be more resistant
to deltamethrin and permethrin compared to An. gam-
biae s.s. yet with no kdr mutations detected as an indica-
tion that other mechanisms could be contributing to the
resistance phenotype observed [23].

Dippers were used to obtain 1st and 2nd instar lar-
vae. After dipping, larvae were placed inside 1 L capacity
cylindrical containers with lid loosely closed. The aquatic
stage mosquitoes were then transported to Pwani Uni-
versity Bioscience Research Centre Insectary for rear-
ing to adult stage. A total of 598 adult An. gambiae s.1 F1
adults were obtained.

Mosquitoes were maintained in insectary conditions
for 3-5 days after which they were transferred into
20%x20x20 cm cages. IVM spiked in 1:4 mixture—1
part blood to 4 parts glucose solution (10% w/v) was
prepared in sterile 7 ml bijou bottles previously labelled
with the respective IVM test concentration to be admin-
istered (85, 43 and 21 ng/ml) including the control
(0 ng/ml). The contents were vortexed, and a spirally
coiled filter paper of~13 cm in height/grade 1 (What-
man' —GE Life Sciences, UK.) were placed in each bot-
tle for use as feeding wick as described in Experiment
2. The bottles were transferred into the holding cages
and mosquitoes allowed to feed overnight for 12 h. The
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following morning, bottles with IVM spiked blood-glu-
cose mixtures were removed, and mosquitoes provided
with cotton pads soaked in 10% glucose solution to feed
ad libitum. The cages were checked, any dead mosquito
was aspirated, counted, recorded, and discarded. Survival
was monitored daily for the remaining live mosquitoes
for the next 28 days.

Mosquitoes were considered dead if they were found
lying on their back or sideways at the bottom of the test
cups/cages, and unable to move. Any mosquito that
showed signs of movement yet was unable to fly, was
considered alive but knocked down. At day 28, all live
mosquitoes were killed by placing them in — 20 °C freezer
for 20 min, and thereafter counted. The mosquitoes were
morphotyped through microscopic identification of
Anopheles species complex using pictorial keys by Gil-
lies and Coetzee for morphological identification of adult
female mosquitoes [24]. These were subjected to the gold
standard conventional cocktail PCR to identify sibling
species of An. gambiae s.l. complex using the method by
Scott and colleagues [25].

Data analysis

In each experiment, survival data for each IVM con-
centration was standardized by pooling all replicates.
Kaplan—Meier survival analysis was performed on the
pooled dataset to estimate the median survival times (in
days) of mosquitoes fed on IVM treated, and untreated
blood, glucose, and different blood and glucose solution
mixtures. The survival data was also subjected to Log-
rank and likelihood ratio tests [26] to determine whether
there were significant differences between the differ-
ent IVM concentrations and Cox proportional-hazard
regression models to determine the hazard ratios for indi-
vidual treatments with the control as the reference. Data
analysis was performed using R software version 4.1.0 at
95% significance level [27]. Linear regression analysis was
also performed to estimate the mean weights of different
meal types, this was done using Stata version 15.0 (Stata
Corp., College Station, TX).

Results

Experiment 1 and 2: comparison of ivermectin bio-efficacy
in 10% glucose solution and blood

The mosquitocidal effect of ivermectin when adminis-
tered in 10% glucose solution was not comparable to the
observed effects when same concentrations were admin-
istered in blood. Results from the survival analysis done
on mosquitoes fed on glucose solution containing dif-
ferent concentrations of IVM showed significant differ-
ences in the survival probability of mosquitoes across
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the different treatments during the 28 days’ follow-up
(p<0.0001) (Table 1A, Fig. 2). Compared to the control,
only 85 and 64 ng/ml test concentrations reduced mos-
quito survival significantly (p<0.001) whereas 43, and
21 ng/ml had no significant effects (43 ng/ml: p=0.054;
21 ng/ml: p=0.140). Fifty percent (50%) reduction in
mosquito survival was observed by day 17 for the highest

concentration (85 ng/ml). In all other concentrations, the
50% mortality was only observed after day 25.

When administered in blood, IVM had a significant
effect on mosquito survival across all tested concentra-
tions (p<0.001) (Table 1B, Fig. 2). Fifty percent (50%)
mortality occurred within three days post exposure to 85,
64, and 43 ng/ml (Fig. 2). The lower concentration, 21 ng/
ml, resulted in 50% mortality by day 9.

Table 1 Comparison of An. gambiae s.s. survival post feeding on different IVM concentrations spiked in glucose solution (A) or blood

G)

A. Ivermectin bio-efficacy in 10% glucose solution

Treatment N n HR 95% ClI p-value
VM 85 ng/ml 3 155 246 1.86-3.31 <0.001
VM 64 ng/ml 3 150 1.68 1.24-2.26 <0.001
VM 43 ng/ml 3 151 135 1.00-1.82 0.054
VM 21 ng/mll 3 150 1.26 0.93-1.70 0.140
No [VM—Control 3 147 1 - -

B. lvermectin bio-efficacy in blood

Treatment N n HR 95% ClI p-value
VM 85 ng/ml 3 134 28.02 17.19-45.65 <0.001
VM 64 ng/ml 3 132 24.27 14.89-39.56 <0.001
IVM 43 ng/ml 3 133 2298 14.09-37.48 <0.001
VM 21 ng/ml 3 139 7.77 4.73-12.75 <0.001
No IVM—Control 3 144 1 - -

N number of replicates, n total number of mosquitoes, HR hazard ratios, C/ confidence intervals

Log rank test comparing survival of An. gambiae s.s. mosquitoes after feeding on different IVM concentrations spiked in glucose solution (A) or blood (B)
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Table 2 An. gambiae s.s. survival post feeding on different IVM concentrations spiked in glucose solution mixed with blood in different

proportions 1:1 (A), 1:2 (B), 1:4 (C), and 1:8 (D)

A. Ivermectin bio-efficacy in 1:1 (Blood: Glucose solution)

Treatment N n HR 95% ClI p-value
IVM 85 ng/mll 3 139 12.99 8.64-19.53 <0.001
VM 64 ng/ml 3 149 10.49 6.99-15.75 <0.001
VM 43 ng/ml 3 143 7.44 4.94-11.20 <0.001
VM 21 ng/ml 3 143 4.79 3.16-7.26 <0.001
No IVM—Control 3 150 1 - -

B. lvermectin bio-efficacy in 1: 2 (Blood: Glucose solution)

Treatment N n HR 95% Cl p-value
VM 85 ng/ml 3 133 937 6.43-13.65 <0.001
VM 64 ng/ml 3 145 535 3.67-7.79 <0.001
VM 43 ng/ml 3 137 5.16 3.53-7.53 <0.001
VM 21 ng/ml 3 145 3.76 2.57-5.51 <0.001
No IVM—Control 3 127 1 - -

C. lvermectin bio-efficacy in 1: 4 (Blood: Glucose solution)

Treatment N n HR 95% ClI p-value
VM 85 ng/ml 3 150 642 4.57-9.01 <0.001
VM 64 ng/ml 3 157 6.83 4.88-9.55 <0.001
VM 43 ng/ml 3 156 641 4.58-8.98 <0.001
VM 21 ng/ml 3 150 432 3.07-6.08 <0.001
No IVM—Control 3 150 1 - -

D. lvermectin bio-efficacy in 1: 8 (Blood: Glucose solution)

Treatment N n HR 95% ClI p-value
IVM 85 ng/ml 3 147 6.48 3.93-10.70 <0.001
IVM 64 ng/mll 3 148 6.06 3.67-10.02 <0.001
VM 43 ng/ml 3 148 3.60 2.14-6.06 <0.001
VM 21 ng/ml 3 150 3.04 1.80-5.14 <0.001
No IVM—Control 3 149 1 - -

N number of replicates, n total number of mosquitoes, HR hazard ratios, C/ confidence intervals

Log rank test comparing survival of An. gambiae s.s. mosquitoes after feeding on different IVM concentrations spiked in glucose solution mixed with blood in different

proportions 1:1 (A), 1:2 (B), 1:4 (C), and 1:8 (D)

Experiment 2: ivermectin in blood-glucose mixtures (1:1,
1:2, 1:4, and 1:8)

Blood was mixed into the sugar solution in an attempt to
trigger a “switching mechanism’, described in the mos-
quito by Day in 1954 [28], by stimulating buccal sensory
organs that transmit information through the stoma-
togastric nervous system causing the contraction of the
sphincter muscles of the diverticula and therewith con-
trolling the flow of nutrients into the diverticula or the
midgut compartment. When IVM was administered in a
blood-laced sugar meal, composed of 10% glucose solu-
tion mixed with small different proportions of blood,
it resulted overall in higher mortality rates than those
observed when administered in glucose solution alone.

Generally, increasing the proportion of blood to sugar
increased the lethality of equal IVM concentrations
(Table 2A-D).

When IVM was administered in sugar mixed with
blood (1:1, 1:2, and 1:4 mixtures), 50% reduction in mos-
quito survival occurred 3 to 5 days’ post treatment with
the first three concentrations (85, 64, 43 ng/ml) which is
comparable to what was observed in blood alone (Fig. 3).
Curiously, using the most diluted blood (1:8 mixture), it
is only 85 and 64 ng/ml IVM concentrations which had
achieved 50% reduction in mosquito survival after day
20 post treatment (Fig. 3). Comparing the lower IVM
concentrations (21, and 11 ng/ml), 50% mortality was
reached much faster with the 1:4 mixtures than 1:2, and
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Fig. 3 Kaplan Meier plots showing survival probability of An. gambiae s.s. fed on blood spiked with four different concentrations (85, 64, 43,
and 21 ng/ml) of IVM, administered in varying blood-sugar (10% glucose solution) mixtures of varying ratios (1:1, 1:2, 1:4, and 1:8) and blood-sugar

mixture with no IVM (control)

not achieved at all with the 1:8 mixtures. Regardless of
the mixture, the risk of death with all IVM concentrations
remained significantly higher than the control (Table 1).

Selection of candidate bioassay

To determine the most suitable IVM concentrations and
solvents to be used in the field for bio-efficacy monitoring,
the mosquitocidal effects of IVM administered in blood
alone and IVM administered in blood-to-glucose mixtures
were compared. All blood-to-glucose mixtures except for

1:8 performed comparable to blood when using a concen-
tration that was above 43 ng/ml (Table 3). Overall, median
survival time of mosquitoes treated with IVM administered
in blood alone were comparable to those when adminis-
tered in 1:4 mixtures for the top three ivermectin concen-
trations (85, 64, and 43 ng/ml) (Fig. 3). Considering that
the use of blood should be kept to a minimum the authors
determined that 1:4 blood-glucose mixture was the most
appropriate for the candidate bioassay (Fig. 4).
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Table 3 Comparison of mosquitocidal effects of high, middle, and low IVM concentrations administered in blood alone and blood-

glucose mixtures of varying ratios

Treatment N Outcome OR95% ClI p-Value
n' n? n3
85 ng/ml
Experiments
Blood 3 134 122 12 Ref
Glucose 3 155 76 79 0.09(0.05,0.19) <0.001
BS 111 3 139 112 27 0.41(0.20,0.84) 0.016
BS1:2 3 133 115 18 0.63(0.29, 1.36) 0.239
BS 14 3 150 118 32 0.36(0.18,0.74) 0.005
BS 18 3 147 61 86 0.07 (0.04,0.14) <0.001
43 ng/ml
Blood 3 133 118 15 Ref
Glucose 3 151 36 115 0.04 (0.02,0.08) <0.001
BS 111 3 143 78 65 5(0.08,0.29) <0.001
BS1:2 3 137 80 57 (O 09, 0.34) <0.001
BS 114 3 156 129 27 0.61(0.31,1.20) 0.15
BS1:8 3 148 31 117 0.03 (0.02,0.07) <0.001
21 ng/ml
Blood 3 139 75 64 Ref
Glucose 3 150 20 130 0.13(0.07,0.28) <0.001
BS 111 3 143 48 95 043 (0.27,0. 70) <0.001
BS 12 3 145 69 76 0.77 (049, 1.24) 0.283
BS 14 3 150 104 46 1.93(1.19,3.12) 0.007
BS1:8 3 150 22 128 0.15(0.08,0.26) <0.001

n'-Total exposed, n?Total dead, n3-Total alive. Outcome-Survival of mosquitoes within the first 14 days of survival time in each experiment

Ref Reference category (Blood), OR odds ratio, Cl confidence interval

Experiment 3: testing the candidate bioassay in the field
(IVM in 1:4 blood-glucose mixture) on wild An. gambiae s.|.
In wild caught An. gambiae s.1., there was a significant
effect on mosquito survival in all the three IVM concen-
trations administered (85 ng/ml: P<0.0001; 43 ng/ml:
P<0.0001; 21 ng/ml: P<0.0001) compared to the con-
trol (0 ng/ml) (Fig. 5). Mortality rates above 50% were
observed by day 6 in the highest concentration (85 ng/
ml) post treatment (Fig. 5). In 43 ng/ml (the intermedi-
ate concentration), 50% mortality was observed at day
11 post treatment. The lowest concentration which was
21 ng/ml had >50% of the mosquitoes surviving past
day 14, which was the last day of survival monitoring.
Relative to the control, risk of death was highest with
85, 43, and 21 ng/ml in that order (85 ng/ml: HR=8.57
(95% CI 4.87-15.07); 43 ng/ml: HR=7.68 (95% CI
4.35-13.53); 21 ng/ml: HR=4.74 (95% CI 2.66-8.44)
(Table 4). All the wild female mosquitoes subjected to
sibling species identification by cocktail PCR consisted
of An. arabiensis (67%, n=354), Anopheles quadrian-
nulatus (23%, n=121), Anopheles merus (1%, n=6),
and unamplified (9%, n=50).

Meal size estimation experiment

A total of 658 mosquitoes were weighed post ingestion
of the five meal types with unfed group serving as con-
trol. Meal size using weight estimates of the five solvents
for each experimental group was compared using linear
regression analysis (Table 5). The weight of blood fed
mosquitoes was used as the reference group and each
meal type was compared to it. Mosquitoes that fed on
blood alone were the heaviest with the mean weight of
2.18 mg. Mosquitoes fed on sugar (0.93 mg) were only
slightly heavier than unfed (0.82 mg). Those fed on differ-
ent blood mixtures were only slightly heavier than sugar-
fed and significantly lighter than blood fed (60-77%
lighter than blood-fed counterparts, p<0.001) (Table 5).

Discussion

This study was conducted with the aim of developing
a bioassay that can be used in the field to evaluate the
bio-efficacy of ivermectin when used as an endecto-
cide. Administration of IVM in sugar proved to render
much lower mortality rates in mosquitoes compared to
blood. Existing literature on IVM usage in ATSBs reports



Ominde et al. Malaria Journal (2023) 22:291

85ng/ml in Blood

10

08

06

—— Survival

Survival Probability
04

02

00

"""" Cum. Mortality

Survival time (days)

21ng/ml in Blood

10

—— Survival
------- Cum. Mortality

08

06

04

Survival Probability

02

00

T T T T T T
0 5 10 15 20 25

Survival time (days)

43ng/mlin BS 1:4

10

— Survival
----- Cum. Mortality

08

Survival Probability

0.2
l

00
L

Survival time (days)

Page 10 of 14
- 43ng/ml in Blood
< —
© -
o
=
E w0
8 o 7
6_0_ —— Survival
= -1 0 Cum. Mortality
> = -
z 3
=]
@
o~
o
o _| .
o
T T T T T T
0 5 10 15 20 25
Survival time (days)
85ng/mlin BS 1:4
o
-~ 7 —— Survival
------- Cum. Mortality
@ —
o
£
5
g 3
<3
a
S =
s © 7
=3
@
o~ + '
o
= -
o
T T T T T T
0 5 10 15 20 25
Survival time (days)
21ng/mlin BS 1:4
o
~ 7] —— Survival
------- Cum. Mortality
@© —
o
=
§ S
<3
o
S =
z 3
3
a ———t P +
o~
o
e —
o

0 5 10 15 20 25

Survival time (days)

Fig. 4 Median survival times of An. gambiae s.s treated with high (85 ng/ml), intermediate (43 ng/ml) and low concentration (21 ng/ml) of IVM

administered in blood and in 1:4 blood-glucose mixture

optimal efficacy of >90% death within 48h using IVM of
0.01% (100,000 ng/ml), which is much higher concentra-
tions than those found in blood (85 to 21 ng/ml) [29, 30].
When administered in blood, the three highest IVM
concentrations resulted in a 50% mortality 3 days post
treatment. The decline continued steadily before leveling

off at day 9 by which time, only 10% of the test mosqui-
toes were remaining. The 3-to-9-day median survival
time agreed with previous studies. Chaccour and col-
leagues reported 89% cumulative mortality in An. gam-
biae 4 days post feeding on human volunteers treated
with a single oral dose of 200 pg/kg IVM [31]. In another
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Fig. 5 Kaplan Meier plots showing survival probability of An.
gambiae s.. fed on the 3 doses of IVM (high, intermediate, and low
IVM concentrations) through filter paper in Blood to Sugar ratio 1:4
bioassay and Blood to Sugar ratio 1:4 alone with no IVM (control)

Table 4 Survival of wild An. gambiae s.I. post feeding on different
VM concentrations spiked in 1:4 blood-glucose mixture

A. lvermectin bio-efficacy in 1:4 blood-glucose mixture on wild An.
gambiaes.|

Treatment N n HR 95% Cl p-value
VM 85 ng/ml 3 155 246 1.86-3.31 <0.001
VM 43 ng/mll 3 151 1.35 1.00-1.82 0.054
VM 21 ng/ml 3 150 1.26 0.93-1.70 0.140
No IVM—Control 3 147 1 - -

N number of replicates, n total number of mosquitoes, HR hazard ratios, C/
confidence intervals

Log rank test comparing survival of wild An. gambiae s.I. mosquitoes after
feeding on different IVM concentrations spiked in 1:4 blood-glucose mixture

study, 80—100% mortality was reported in Anopheles far-
auti mosquitoes 5 to 16 days post feeding on individu-
als treated with 250 pg/kg IVM [32]. Similarly, 70—100%
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mortality occurred in a field population of Anopheles
punctulatus within 9 days of feeding on IVM treated
individuals [33].

Mosquitoes do not process sugar in the same diges-
tive compartment as blood. Sugar is initially directed to
the crop (diverticula), stored temporarily, before being
pumped into the mid gut for digestion. Conversely, blood
is sent straight to the midgut, digested, and absorbed
into the haemolymph. It is hypothesized that, in mosqui-
toes, the bio-efficacy of IVM may depend largely on the
digestion location and, therefore, the delivery method.
Upon probing a meal, a mosquito chooses on whether to
send the meal to the midgut or the diverticula based on
information collected by stomotogastric sensory organs
located in its mouthparts that control the sphincter mus-
cles of the diverticula and therewith send the meal to
the diverticula or the midgut. Day in 1954 described this
process in Aedes aegypti. He also described a “switch-
ing mechanism” whereby mosquitoes could be “tricked”
to sending a sugar meal to the midgut by adding small
amounts of blood [28]. In this study, by adding small
amounts of blood to the sugar solution we suspect to
have diverted some of the sugar meal to the midgut. It
was observed that by adding blood to a sugar solution,
the ivermectin bio-efficacy increased and mortality rates
neared those observed in blood alone. In fact, mosquito
mortality was directly proportional to the amount of
blood present in the blood and glucose mixtures. Poor
mortality rates were observed in the mixture with lowest
amount of blood (1:8). It is also notable that mosquitoes
took in much larger blood meals than sugar or mixed
meals. In part this explains the difference in bio-efficacy
as more IVM is ingested in the blood meal, however,
does not explain why a blood mixture performed bet-
ter than a sugar meal because sugar meals were similar
in size to the mixture meals. Bio-efficacy of ivermectin
is likely strongly dependent on how the drug is ingested
by the mosquito and is likely influenced by the associated

Table 5 Comparison of meal sizes of mosquitoes fed on five different solvents with blood fed group as the reference

Meal type n Mean Sd Estimate 95% Cl p-value
Bloodfed 9% 2.18 mg 0.64 Ref

Unfed 98 0.82 mg 0.27 0.26 mg 0.22,0.30 mg <0.001
Sugar fed 95 0.93 mg 0.32 0.29 mg 0.25,0.33 mg <0.001
BS 1:1 92 0.95mg 043 0.29 mg 0.25,0.34 mg <0.001
BS 1:2 92 0.96 mg 0.38 0.29 mg 0.25,0.34 mg <0.001
BS 1:4 93 1.12mg 0.39 0.34 mg 0.29,0.40 mg <0.001
BS 1:8 92 1.27 mg 0.57 039 mg 0.34,0.48 mg <0.001

n total number of mosquitoes per group, BS blood to glucose ratio, Sd standard deviation

Linear regression to compare relationship between meal sizes using weight estimates of mosquitoes fed from the five solvents for each experimental group with

blood fed group as the reference group



Ominde et al. Malaria Journal (2023) 22:291

digestive processes. This finding is consistent with the
results of experiments comparing the mortality of iver-
mectin administered via blood meal with that adminis-
tered via direct intrathoracic injection [34], whereby they
also found that digestion played a key role in the oral tox-
icity of ivermectin to An. stephensi.

The assay developed is an excellent candidate for field-
based bio-efficacy monitoring. The assay was easily per-
formed in the field, wild mosquitoes readily fed on the
solution with nearly 100% feeding success. Advantages
of this approach include not needing to involve a treated
host, which entails not only ethical but also analytical
challenges. The dose in this assay can be controlled on
the other hand in a treated host it is impossible to ascer-
tain the amount of circulation of IVM without pharma-
cokinetic analysis which his unfeasible. This allows the
assay to be standardized and consistently performed to
allow comparability over space and time. This approach is
particularly useful to determine the susceptibility of new
species, strains from different locations and if [IVM MDA
is indeed implemented programmatically it can be a use-
ful tool for monitoring susceptibility and development
of phenotypic resistance. More importantly, when moni-
toring bio-efficacy of IVM, being able to track resistance
against IVM in mosquitoes exposed on IVM doses is very
critical as a bio-efficacy monitoring test. However, at this
point in time, we could not test or screen mosquitoes for
this biological trait phenotypically due to lack of a com-
parator or a colony of mosquitoes characterized to confer
resistance against ivermectin. Henceforth, with avail-
ability of funding, more work is needed which we could
build on to further identity resistance markers for genes
coding for resistance including proteomic work to detect
upregulated proteins when IVM is imbibed which could
arrest the mode of action of the drug in the GluCl recep-
tor channels.

Study limitations

The study was only performed on one anopheline spe-
cies and wild mosquitoes from one location in south-
ern Coastal Kenya. A further limitation of the study
was NOT to be able to prove that the switching mech-
anism is indeed at play. Research is underway to deter-
mine the distribution of the meal in the mosquito using
fluorescent dyes. The present work only aimed at devel-
oping a field appropriate bioassay. It is necessary to
understand whether the digestion in the midgut is more
likely to accelerate the effect of the IVM. It is possible
that through the midgut IVM is directly absorbed into
the haemolymph and transported to the cephalothorax
where suspected GluCl targets are located [20].
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Conclusion

A field-friendly bioassay for ivermectin bio-efficacy
determination has been developed. The assay can be
standardized and easily deployed in the field by admin-
istering ivermectin in glucose solution containing
blood in 1:4 ratio. Bio-efficacy of ivermectin is strongly
dependent on how the drug is ingested by the mosquito
and is likely influenced by the associated digestive pro-
cesses. The bioassay presented avoids variation due to
individual pharmacokinetic profiles as well as ethical
issues, the latter being mosquitoes’ blood-feeding on
treated humans offers the most realistic representation
of bio-efficacy assessments of IVM for it to be used as
an intervention against malaria. However, wild-caught
mosquitoes cannot be directly fed on a treated host
because this could expose people to mosquito borne
diseases, thereby raising ethical concerns. Standardi-
zation of the concentrations of IVM administered to
humans is challenging as the actual amount of circu-
lating drug in the human body cannot be ascertained,
this is because treated individuals may have different
pharmacokinetic profiles and, therefore, the bioassay
presented avoids variation due to individual pharma-
cokinetics profile. Further research is needed to bet-
ter understand the mode of action of ivermectin in the
mosquito and its relation to digestive processes.
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