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Background: The widespread development of pyrethroid-resistant Anopheles
populations, has reduced the efficacy of pyrethroid insecticide-treated nets
(ITNs), hindering malaria control efforts. This study tested PRONet Duo, a new
ITN with two active ingredients-bifenthrin and chlorfenapyr. Bifenthrin is a
fluorinated pyrethroid that is highly stable and more slowly detoxified by
pyrethroid-resistant mosquitoes. Chlorfenapyr disrupts cellular energy
production. The efficacy of PRONet Duo was compared to Interceptor® G2, an
alpha-cypermethrin and chlorfenapyr ITN with proven efficacy in
malaria reduction.

Methods: The study was conducted in two identical 9x9 Latin square
experimental hut trials against wild free-flying Anopheles gambiae sensu lato in
M'Bé, Cote d'lvoire, and Lupiro, Tanzania using 18 experimental huts over 108
nights. The primary endpoint was the proportion of 72-hour mosquito mortality
(M72) and the secondary endpoint was the proportion of mosquito blood-
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feeding. The study was done following World Health Organization guidelines.
Data were analyzed using mixed-effect linear regression with a 7% margin of
non-inferiority. Data were classified as non-inferior using delta and superior
using the line of no difference.

Results: PRONet Duo demonstrated a non-inferior and superior mosquito
mortality compared to Interceptor® G2 in both study sites. In Cote d'lvoire, the
M72 of PRONet Duo was 84% [81,88], higher than that of Interceptor® G2 (72%
[68,76], OR: 1.54 [1.27,1.88]) and it was superior to MAGNet® (30% [27,34], OR:
13.74 [11.35,16.63], p<0.0001). In Tanzania, M72 of PRONet Duo was 68% [62,73],
higher than that induced by |nterceptor® G2 (44% [40,49], Odds Ratio (OR): 2.77
[2.31, 3.33]), and MAGNet® (36% [32,41], OR:4.82 [4.06,5.72] p<0.0001). PRONet
Duo also induced non-inferior and superior prevention of blood-feeding
compared to |nterceptor® G2, with less than 11% feeding success observed in
either trial site.

Conclusion: PRONet Duo ITNs are non-inferior and superior to the first-in-class
Interceptor® G2 in terms of mosquito mortality and prevention of blood-feeding
demonstrating the added benefit of bifenthrin for insecticide resistance
management. Both chlorfenapyr nets offered superior mortality compared to
the pyrethroid-only ITN. PRONet Duo offers an additional highly effective ITN for

control of pyrethroid-resistant mosquitoes in malaria endemic regions.

KEYWORDS

Anopheles gambiae, Anopheles coluzzii, Anopheles arabiensis, non-inferiority,
chlorfenapyr, bifenthrin, PRONet Duo, Interceptor® G2

Background

The widespread distribution and use of insecticide-treated nets
(ITNs) averted around 1.4 billion malaria cases between 2000 and
2022 (WHO, 2023a). The majority of these ITNs are treated with
pyrethroids that are highly efficacious against pyrethroid susceptible
mosquitoes. However, the prolonged use of pyrethroid ITNs as a
monotherapy, and in concert with widespread agricultural pesticide
use (Tepa et al, 2022) has exerted intense selection pressure on
mosquito populations. Only mosquitoes that have adaptations
allowing them to survive exposure to insecticides (and go on to
reproduce) remain in the population, leading to widespread
pyrethroid resistance among malaria vector populations (Liu,
2015; Riveron et al,, 2018). Alongside insufficient (50%) coverage
of ITNs, primarily driven by a median 2-year functional survival of
ITNs (Bertozzi-Villa et al., 2021), insecticide resistance has also
likely contributed to halting the decline in malaria cases that has
been occurring since 2015 (WHO, 2023a). These challenges
necessitate the need to develop new ITNs with additional
chemistries to control pyrethroid-resistant malaria vectors.

Abbreviations: ITNs, Insecticide-Treated Nets; WHO, World Health
Organization; IQR, Interquartile Range;PBO, Piperonyl Butoxide; PYR,
Pyrethroid; CFP, Chlorfenapyr.
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The World Health Organization (WHO) Global Plan for
Insecticide Resistance Management (GPIRM) which provides
guidance for slowing the development of, and managing existing
insecticide resistance, and The WHO Global Technical Strategy
(GTS) which provides a roadmap for global malaria control through
to elimination, have called for the manufacture of ITNs that utilize
additional active ingredients (AI) with new modes of action aimed
at controlling resistant malaria vectors (WHO, 2012; WHO, 2015).
The first such nets were Olyset® Plus, which contains pyrethroid
and a synergist piperonyl butoxide (PBO). PBO works by inhibiting
the mixed function oxidases (such as cytochrome P450) responsible
for metabolic pyrethroid resistance in Anopheles mosquitoes
restoring their pyrethroid susceptibility (Pennetier et al., 2013)

However, PBO does not work against all resistance mechanisms
in Anopheles mosquitoes (Zahouli et al., 2023) and can be rapidly
lost from ITNs (Martin et al., 2023). Another new dual-Al net,
Interceptor® G2, made of chlorfenapyr and alpha-cypermethrin,
was developed and after demonstrating entomological (WHO,
2017) and epidemiological evidence (Accrombessi et al., 2023;
Mosha et al,, 2024) through laboratory, field evaluations and
cluster randomized trials, received strong recommendations for
use in areas of pyrethroid resistance by the WHO (2023b).

While pyrethroids target the mosquito nervous system (sodium-
gated channels), the metabolites of the pyrole insecticide chlorfenapyr
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works effectively against pyrethroid-resistant mosquitoes by targeting
the oxidative pathways in the insect’s mitochondria, thus disrupting
the production of Adenosine Triphosphate (ATP) making the insect
energy deficient, resulting in death (Black Bc et al., 1994; David, 2021;
Kibondo et al., 2022). Metabolic resistance is one of the main
mechanisms of resistance observed in malaria vectors (Vontas
et al., 2020) where one or several detoxification gene families:
cytochrome P450s (P450s), esterases, and glutathione S-transferases
(GSTs) are overproduced to detoxify insecticides (Liu, 2015). While
this metabolism is a detoxification process that successfully detoxifies
pyrethroids, it increases the potency of chlorfenapyr by metabolizing
it to tralopyril, which is highly insecticidal and may therefore be
exploited as a means to control metabolically resistant insect
populations (David, 2021). Chlorfenapyr has no known cross-
resistance to the existing insecticide classes used in public health
making it an ideal insecticide against resistant malaria mosquitoes
(Ngufor et al., 2016; Accrombessi, 2024). Therefore, it is exploiting
the resistance mechanisms that the mosquitoes have developed
against pyrethroids, ie., upregulation of mixed function oxidases
and as it is not a neurotoxicant, it is unlikely to have cross-resistance
(Ngufor et al., 2016).

Although it is a pyrethroid, bifenthrin may also be useful against
pyrethroid resistant mosquitoes. Bifenthrin has a different
structural motif than other pyrethroids, and is heavily fluorinated
making it less vulnerable to metabolic attacks by key cytochrome
P450s (Lissenden et al., 2021; Moyes et al., 2021). Bifenthrin is a
contact insecticide that affects mosquitoes by keeping the para-
homologous sodium channels open, thus causing neuro-excitation
(Ashbrook, 2015). It is also a less irritant insecticide allowing the
vector to spend more time on a treated net, increasing the
probability that it will obtain a lethal dose (Hougard, 2002).

PRONet Duo is an ITN incorporated with chlorfenapyr and
bifenthrin, designed to control pyrethroid resistant mosquitoes. It
was tested in laboratory and experimental hut trials to demonstrate
its comparative entomological efficacy to standard pyrethroid-only
nets, and to the first-in-class chlorfenapyr ITN Interceptor® G2 by
measuring how well the nets killed mosquitoes or prevented them
from feeding on human blood. This experiment was conducted in Cote
d’Ivoire and Tanzania to generate efficacy data required by the WHO
prequalification (WHO, 2023f) using a non-inferiority experimental
design required by Global Malaria Program (GMP) WHO (2024a) to
give reassurance of public health benefits using entomological
surrogates of clinical efficacy which includes mosquito mortality and
blood feeding prevention (Sherrard-Smith et al., 2022). Both of these
endpoints impact vectorial capacity (Brady et al., 2016) and data from
these parameters from experimental hut trials can be used to predict
the clinical impact of insecticide treated interventions (Churcher
et al,, 2024).

Methods
Study design

The study in both sites was a partially randomized, double blind
experimental hut study of the investigational product, PRONet

Frontiers in Malaria

10.3389/fmala.2025.1540884

Duo, with positive controls 1) chlorfenapyr (CFP) ITN,
Intercept0r® G2 (IG2), which is a PQ listed ITN of the same
product class as PRONet Duo and 2) standard pyrethroid only net,
MAGNet®, which has the same pyrethroid as the other two nets but
no CFP, and was used to demonstrate the additional benefit of CFP
in this setting. A negative control (untreated net) was used to check
the quality of the study. The study was conducted following the
WHO 2023 Guidelines for conducting experimental hut tests, cone
and tunnel tests and guidelines for the prequalification assessment
of insecticide-treated nets and guidelines for laboratory and field
testing of long-lasting insecticidal nets (WHO, 2023¢; WHO, 2023d;
WHO, 2023e; WHO, 2023f).

The study was carried out in two sites; one in Cote d’Ivoire and
the other in Tanzania using the same design. Each trial was
independently powered and used two simultaneous 9x9 Latin
square design (LSD) using a total of 18 huts with nine unwashed
nets in nine huts and nine 20x-washed nets in the remaining nine
huts (Supplementary Figure S1). A total of 12 rounds i.e., N= 108
replicates per arm were conducted in both sites to ensure that the
trial was well powered. Only the results of five arms are reported in
this publication as several innovator nets were tested, but only
PRONet Duo is going for further development. In each LSD one net
was used as a negative control while five arms were the
investigational (innovator) items and three arms were the active
comparators (Supplementary Figure S1; Table 1). Both trials were
conducted with the same 18 arms.

Study endpoints

The primary endpoint was mortality measured after 72 hours
(M72) as this is the convention for chlorfenapyr WHO (2024a).
Secondary endpoints included mortality at 24-, 48-, 96- and 120-
hours post exposure as well as blood feeding success (BF).

Study locations

Cote d’Ivoire: The study was conducted at the M’Bé field site
(5.209963 W and 7.970241 N), which is a large rice-irrigated valley
producing year-round An. gambiae s.l., representing >99.8% of
Anopheles. This species is highly resistant to pyrethroids but
susceptible to chlorfenapyr (Camara et al., 2018a; Camara et al,
2018b) (Supplementary Table S1).

Tanzania: The study was conducted in Lupiro Village (8.385°S
and 36.670°E) in Ulanga district, south-eastern Tanzania. The
village lies 270m above sea level on the Kilombero River valley,
26 kilometers (km) south of Ifakara town, where Ifakara Health
Institute (IHI) is located. The experimental huts are located between
perennial river-fed rice agriculture and the village. The annual
rainfall is 1200-1800 millimeters (mm) with a long rainy season
between February and June and short rains between October and
December, while temperatures range between 20 and 34 degrees
centigrade (°C). The primary malaria vector is Anopheles arabiensis,
that was PCR-confirmed at the time of the study to comprise 99.9%
of An. gambiae complex species (Scott et al., 1993) and is abundant
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all year round. The WHO insecticide susceptibility tests (WHO,
2022a) conducted at the time of the study showed that this wild
Anopheles arabiensis is resistant to all classes of pyrethroids, with a
metabolic resistance mechanism and efficacy of pyrethroids was
restored with pre-exposure to PBO. The mosquitoes were
susceptible to chlorfenapyr (Supplementary Table S2).

Study nets

Each ITN product was tested as two arms: unwashed and
twenty times washed. The wash interval, wash resistance and net
preparation was conducted before the experimental hut trial
following WHO Guidelines (WHO, 2013). Washing is used to
simulate ITN performance after loss of insecticide from three
years of use.

The wash interval of the PRONet Duo nets was 1 day determined
experimentally from the regeneration curve using metabolically
resistant mosquitoes at the Vector Control Product Testing Unit
(VCPTU) of the THI following WHO Guidelines (WHO, 2013) in use
at the time of testing (Supplementary Figure S2). The published 1 day
wash interval for both MAGNet® (WHOPES, 2011) and
Intercept0r® G2 (WHOPES, 2017) was used. The wash resistance
of PRONet Duo was confirmed as 20 standard washes in the
laboratory following current WHO guidance (WHO, 2023f)
(Supplementary Figure S3). Nets were prepared for field testing
following current WHO guidance (WHO, 2023f) (Supplementary
Data Sheet 1). Confirmatory bioassays (cone bioassays for PYR,
tunnel tests for CFP) were conducted before and after the
experimental hut trial. Cone bioassays were conducted on
MAGNet® ITN as it only contains pyrethroid. 50 mosquitoes (10
cones) per strain were exposed to each net piece for the baseline
quality check, regeneration time bioassays and wash resistance test.
25 per piece were used for pre and post hut quality checks
(Supplementary Data Sheet 2). Tunnel tests were conducted on
PRONet Duo and Interceptor® G2 as the cone test is not a suitable
assay for chlorfenapyr nets. 50 mosquitoes per strain were exposed to
each net piece for the baseline quality check, regeneration time
bioassays and wash resistance test as well as pre and post hut
quality checks. Therefore 100 mosquitoes were exposed per tunnel
per replicate. (Supplementary Data Sheet 3). MAGNet® was assessed

TABLE 1 Description of net products used in the experiment.

Net Type Fibre

PRONet Duo High density polyethylene (HDPE)

incorporated 120 denier

Interceptor® G2 Multifilament polyester

Coated 100 denier

Active Ingredient

Bifenthrin 7g/kg
Chlorfenapyr 8g/kg

Alpha cypermethrin 2.4 g/kg (100 mg/mz)
Chlorfenapyr 4.8 g/kg (200 mg/m?)

10.3389/fmala.2025.1540884

at 24 hours using cone test (Supplementary Data Sheet 2). Both
PRONet Duo and Interceptor -~ G2 were assessed in tunnel tests at 72
hours post exposure (Supplementary Figure S3; Supplementary Data
Sheet 3).

Experimental hut procedure

The Cote d’Ivoire trial used 18 West African huts. The Tanzania
study used four types of hut designs: four East African huts, four
West African huts, four Rapley huts and six Ifakara huts making a
total of 18 huts. The description of these hut types is as provided
elsewhere (WHO, 2023c).

Hut verification

In both sites, before the start of the study, a baseline study was
conducted for two nights with untreated nets and with sleepers
sleeping underneath untreated nets to asses mosquito retention.
These were done by releasing 20 marked mosquitoes in each hut at
19:00 h and recapturing them in the morning at 6:00 h to determine
the mosquito retention capacity of each hut. Furthermore,
approximately 10 dead mosquitoes were placed into each
experimental hut overnight to assess if ants scavenged them.

Study arms, sleepers and
mosquito collection

A total of 18 human volunteers and a total of 18 net arms were
used in the 18 huts. The net arms and human volunteers were
rotated between them an equal number of times to average possible
biases introduced by differences in hut design or human
attractiveness on outcomes measured across the trial (Nash,
2021). Volunteers were rotated sequentially among huts each
night of the study using a pre-prepared roster. Each net type
remained in a particular hut for nine nights before moving to a
different hut in the following experiment round (nine nights makes
a round). At the end of each nine-night round of the experiment
and before the nets moved to a different hut, the experimental huts

Role Manufacturer

Investigational item VKA Polymers India

Active comparator BASF SE, Germany

MAGNet® HDPE incorporated

150 denier

Negative control Polyester net

Alpha cypermethrin 5.8g/kg

Untreated Tanzania

Standard comparator VKA Polymers, India

Negative control A to Z, Tanzania

Negative control Polyethylene net

Untreated Cote d’Ivoire

Negative control VKA Polymers, India
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were cleaned and aired for one day to prevent carry-over of
insecticide residuals.

Volunteers entered the huts in Cote d’Ivoire at 20:00 hours and
remained inside until 05:00 hours while in Tanzania they were in
huts between 19:00 hours and 06:00 hours. Each morning of the
study, mosquitoes were collected from inside of the net, followed by
dead mosquitoes on the floor, resting mosquitoes on walls and
ceilings and those from the exit traps or veranda were collected
using aspiration. Mosquitoes were sorted and scored by location as
dead fed, dead unfed, alive fed, and alive unfed. The alive
mosquitoes were held for up to 120 hours in a temperature-
controlled room and provided with access to a 10% sugar
solution to assess delayed mortality.

WHO susceptibility tests

Testing of susceptibility to alpha-cypermethrin before and after
exposure to PBO using WHO tube tests and chlorfenapyr in bottle
bioassay with acetone solvent was conducted shortly after the
experimental trial. For WHO tube tests, 25 Mosquitoes per tube
were used for each treatment group (PBO-Only, PBO+Pyrethroid,
pyrethroid-only and control) following WHO standard operating
procedures (WHO, 2022a). Mortality was recorded after 24 hours
holding period. For the bottle bioassay, 25 mosquitoes were placed
in each of four treatment bottles and two control bottles, following
WHO standard operating procedures (WHO, 2022b), and mortality
was measured at 120 hours holding period to ensure complete
conversion of the pro-insecticide (Black Bc et al., 1994;
WHO, 2024b).

Perceived adverse effects

A short questionnaire was administered to the volunteering
participants who slept in the experimental huts to record any side
effects from sleeping under nets. In Tanzania, this questionnaire
was offered three times during the first round of the experiment
while in Cote d’Ivoire it was administered once at the end of
the trial.

Ethical clearance and informed consent

The study participants(sleepers) recruited provided written
informed consent to volunteer in the experiment. Studies in both
sites was approved by the respective institutional and national
review boards; Tanzania National Institute for Medical Research
certificate NIMR/HQ/R.8a/Vo0l.IX/4558 and Cote d’Ivoire
certificate N/Ref: 081-22/MSHPCMU/CNESVS-km. The
experiment was medically supervised (Gimnig et al, 2013). All
sleepers were males aged 18 and over, and in Tanzania, all were
offered malaria prophylaxis according to local guidance and
screened weekly for malaria parasites. Due to the complications
of malaria in pregnancy and cultural norms around women
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working alone at night, women were not recruited for the study.
No one was found positive for Plasmodium for the duration of the
trial. Sleepers in Cote d’Ivoire were rather advised to seek for
prompt testing and treatment, free of charge if they observed
signs/symptoms of malaria or other vector-borne diseases.

Data processing and analysis

Data were recorded using paper forms and digital data entry. In
Tanzania after the primary entry in paper forms, experimental hut
data was also recorded digitally using the open data kit (ODK)
employing tablets equipped with the ODK Collect app which
contains a comprehensive electronic data form. Once tablets are
connected to the internet, the collected data was transmitted to the
Ifakara Health Institute (IHI) ODK Central Server.

Data was cleaned and analyzed using STATA 17 statistical
software (Stata-Corp, College Station TX, USA). Outliers, and
balancing of observations as per study design, were checked by
graphing and tabulating variables. Two inferential analyses were
carried out: 1) The non-inferiority of PRONet Duo nets to
Intercept0r® G2, and 2) The superiority of chlorfenapyr nets to
MAGNet®. Binary outcomes (proportion dead or proportion blood
fed) were analyzed using generalized linear regression with a
binomial distribution and log link with fixed effects for net type,
washing status (washed or unwashed), hut, volunteer and night.
The non-inferiority margin was set at a fixed effect difference of 7%
as an odds ratio (OR) based on the mortality estimate of the
Interceptor® G2 WHO (2024a). Data were presented with the
point estimates as a percentage with 95% confidence intervals
(CI) in square brackets. Non-inferiority and superiority was
interpreted and presented following the CONSORT standards for
reporting non-inferiority trials (Piaggio et al.,, 2012). As four hut
types were used in Tanzania, in order to check the effects of huts on
the assessment of non-inferiority in the Tanzanian site, an
additional sub-analysis was conducted using only Ifakara Huts.
The results agreed with the main analysis and conclusions
were unchanged.

Sample size and study power

The sample size was estimated in both sites using simulation-
based power analysis in R statistical software before the trial began.
Post-hoc calculations of actual study power were also performed using
simulation-based power analysis in R version 4.3.2 http://www.r-
project.org using Ime4 package (Johnson et al.,, 2015). In both sites
1000 simulations for generalized linear mixed models were run
using a Latin square design for 81 nights of data collection with one
hut per treatment arm. For Cote d’Ivoire, an estimated mean
number of 5 An. gambiae mosquitoes per night, mosquito
variability of 0.42 was used for hut night and an estimated 72-
hour mortality of 84% for PRONet Duo and 72% for Interceptor®
G2 based on data from the trial. For Tanzania, an estimated mean
number of 7 An. arabiensis mosquitoes per night, variability of 0.75
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was used for hut night and an estimated 72-hour mortality of 44%
for Interceptor® G2 based on previous data (Kibondo et al., 2022).
Study power is presented in a supplementary table (Supplementary
Table S5).

Study quality

All test items were stored and tested under optimal conditions
following WHO 2023 Guidance. Control mortality was acceptable
in all tests at both sites. Temperature in the experimental huts and
field laboratory were in acceptable range for the duration of the
experiment (Supplementary Table S8). ITNs were highly effective in
laboratory bioassays at all critical test phases: on receipt, after
washing and after experimental hut trials (Supplementary Tables
$3, S4, S9).

Study sample size and power

The study in both trial sites was powered with alpha of 0.05 and
beta of >80% to detect the superiority of PRONet Duo. After nine
rounds (81 nights) post-hoc power calculations showed the study to
have over 95% % power in both sites (Supplementary Table S5).

Results
Experimental hut trial mosquito density

The experiment in both sites was conducted for a total of 108
nights. A total of 6,338 (median 6 [interquartile range IQR: 3, 10])
female mosquitoes were collected in Cote d’Ivoire and all were
Anopheles gambiae s.I. by PCR test. In Tanzania, a total of 9,383
(median 5 [IQR:1, 16]) female Anopheles gambiae s.I, were collected.
PCR confirmed that 100% of all collected Anopheles gambiae s.1
were Anopheles arabiensis.

Superiority of chlorfenapyr nets to
MAGNet® pyrethroid ITN on primary 72-
hour mortality endpoint

In Cote d’Ivoire and Tanzania, both chlorfenapyr ITNs
demonstrated superior efficacy compared to standard comparator
pyrethroid only MAGNet® ITN. The magnitude of difference was
greater in Cote d’Ivoire than Tanzania, both numerically and by
Odds Ratio (OR). Superiority of chlorfenapyr ITNs was observed
relative to the pyrethroid only arm at all holding times in both sites
is provided in the supplementary file (Supplementary Table S6).
Additionally, in both study sites, all treated nets were superior to the
untreated negative control net at all holding times.

Cote d’Ivoire: PRONet Duo killed more than twice the
proportion of mosquitoes on the combined arms compared to the
pyrethroid only net. MAGNet® killed 30% [27, 34] An. gambiac s.1.
PRONet Duo mortality was 84% [81, 88], OR =13.74 [11.35, 16.63]
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p<0.0001. Intercept0r® G2 mortality was 72% [68, 76], OR= 8.91
7.52, 10.54] p<0.0001.

Tanzania: PRONet Duo killed nearly twice the proportion of
mosquitoes on the combined arms compared to the pyrethroid only
net. MAGNet® killed 36% [32, 41] An. arabiensis. PRONet Duo
mortality was 68% [62, 73], OR: 4.82 [4.06, 5.72], p<0.0001.
Interceptor® G2 mortality was 44% [40, 49], OR:1.74 [1.54,
1.96], p<0.0001.

In both sites, both PRONet Duo and Intercept0r® G2 ITNs
demonstrated superior efficacy compared to standard comparator
pyrethroid-only net MAGNet® net for the mortality endpoint when
the unwashed and washed arms were considered separately
(Supplementary Tables S6).

Superiority of Chlorfenapyr nets to
MAGNet® pyrethroid ITN on secondary
Blood feeding endpoint

In comparison with MAGNet®, feeding success in the PRONet
Duo and Intercept0r® G2 arms was lower in Cote d’Ivoire and
similar in Tanzania (Figures 1C, D). Blood feeding was lower in all
ITN arms compared to the negative control in the two trial sites
(Figures 1C, D).

Cote d’Ivoire: Feeding success in the MAGNet® arm was 19%
[16, 22] PRONet Duo arm was10% [7,13] OR 0.40 [0.38, 0.60]
p<0.0001 and Interceptor® G2 was 20% OR 1.14 [0.95, 1.36]
p=0.173. (Figure 1C; Supplementary Table S6)

Tanzania: Feeding success in the MAGNet® arm was 5% [3,7]
PRONet Duo arm was 3% [2,5] OR 0.81 [0.54, 1.22] p=0.322,
Intercept0r® G2 was 6% [4,8] OR 1.97 [1.48, 2.61] p<0.0001.
(Figure 1D; Supplementary Tables S6).

Non-inferiority and superiority of PRONet
Duo to Interceptor® G2 on 72-hour
mortality endpoint

PRONet Duo was non-inferior and superior to Interceptor®
G2, in the combined unwashed and washed analysis as well as when
the unwashed ITNs were compared or the washed ITNs were
compared (Figure 2A). PRONet Duo was non-inferior to
Interceptor® G2 because the lower confidence interval was above
delta, and in addition, the lower confidence interval was above the
line of no difference indicating superior mortality (Piaggio et al.,
2012). In both study sites, PRONet Duo induced a higher
proportion of mosquito mortality at 72 hours compared to the
active comparator Interceptor® G2 that was greater than the 7%
delta and also greater than the line of no difference, indicating
superiority. Non-inferiority and superiority were seen at each
holding time in both locations (Supplementary Table S7).

In Cote d’Ivoire, PRONet Duo induced higher mortality
compared to Interceptor® G2 for the combined arms. M72 in the
PRONet Duo nets was 84% (95% CI:81, 88) while that of
Interceptor® G2 was 72% (95% CI:68, 76). In Tanzania, M72 was
68% [62, 73] for PRONet Duo for the combined arms while that of
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Intercept0r®G2 was 44% [40, 49]. Mosquitoes were more likely to
die in the PRONet Duo nets compared to Intercept0r® G2 (OR2.77
(231, 3.33)

Non-inferiority and superiority of PRONet
Duo to Interceptor® G2 on blood-
feeding endpoint

In both study sites, PRONet Duo induced greater reduction in
blood feeding compared to Intercept0r® G2 for the combined arms,
unwashed arms as well as the washed arms (Figure 2B). In Cote
d’Ivoire, PRONet Duo reduced more blood feeding compared to
Interceptor® G2 for the combined arms. Feeding success in the
PRONet Duo nets was 10% [95% CI: 7,14) while that of Interceptor®
G2 was 20% [16, 23] (Supplementary Table S7). In Tanzania, the
proportion of mosquitoes that blood fed was 3% [CL: 2, 5] for
PRONet Duo for the combined arms while that of Interceptor® G2
was 6% [4, 8]. Mosquitoes were less likely to blood-feed in the
PRONet Duo nets compared to Interceptor® G2 OR 041 [0.28,0.61].

WHO susceptibility test results

In Cote d'Ivoire, the wild Anopheles gambiae s were resistant to
pyrethroids but susceptible to chlorfenapyr (Supplementary Table S1).
In Tanzania, wild caught Anopheles arabiensis was susceptible
to alpha-cypermethrin after pre-exposure to PBO. Bottle bioassay
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(with acetone as solvent) showed that the wild Anopheles arabiensis
was 100% susceptible to chlorfenapyr at M120 (Supplementary
Table S2).

Laboratory phase results

The regeneration time study done in Tanzania showed that
PRONet Duo had a regeneration time of 1 day with the metabolic
resistant Anopheles arabiensis in a tunnel test using 72-hour
mortality and 1 day with pyrethroid susceptible Anopheles
gambiae sensu stricto using 24-hour mortality (Supplementary
Figure S2). Tunnel tests using metabolically resistant Anopheles
gambiae s.l in both trial sites showed that PRONet Duo was
resistant to 20 washes and feeding inhibition was 100%
(Supplementary Figure S3).

Discussion

This study was a comparative efficacy trial of the candidate
chlorfenapyr-bifenthrin incorporated net (PRONet Duo) compared
to the active comparator Intercept0r® G2 and the pyrethroid-only
net MAGNet® (standard comparator). The study assessed the non-
inferiority of PRONet Duo to Interceptor® G2 for the primary
endpoints of 72-hour mortality and blood-feeding inhibition. The
evaluations were conducted using pyrethroid-resistant Anopheles
gambiae sl in Cote d’Ivoire and Tanzania, and included both
unwashed and 20-times washed nets. According to WHO
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guidelines, candidate ITNs must retain their efficacy after 20 washes
and demonstrate non-inferiority to the first-in-class product as well
as superiority to the standard comparator WHO (2024a). The study
used a single protocol so the same study was conducted in both East
and West Africa, and the data was presented in a pooled analysis
(Figures 1, 2). This improves the generalizability of the results as
WHO requires data from at least two ecologically distinct areas for
decision-making (WHO, 2023f; WHO, 2024a)

PRONet Duo was superior

The results of our study show that PRONet Duo is non-inferior
and superior to the active comparator Interceptor® G2 (treated with
alpha-cypermethrin and chlorfenapyr) as well as superior to the
standard comparator MAGNet® net (pyrethroid-only net) in terms
of inducing mortality on Anopheles mosquitoes at the standard 72
hour holding period and extended holding times beyond 72 hours.
This was observed in the unwashed, and 20x washed arms and
when the washed and unwashed nets data was combined
during analysis.

The superiority of pyrethroid-chlorfenapyr ITNs to pyrethroid-
only ITNs has been demonstrated in previous experimental hut
studies (Bayili et al., 2017; Zahouli et al., 2023) and in this study,
both Intercept0r® G2 and PRONet Duo demonstrated superior
efficacy compared to pyrethroid-only MAGNet® net on the
mortality endpoint. The dual active ingredients in PRONet Duo
and Interceptor® G2 explains the observed superiority to
MAGNet® ITN. In both study settings mosquitoes were resistant
to pyrethroids but susceptible to chlorfenapyr. Unlike pyrethroids,
Chlorfenapyr is a non-neurological insecticide that prevents the
production of Adenosine Triphosphate (ATP) in cell’s
mitochondria leading to cellular death (Black Bc et al., 1994). The
superiority of Intercept0r® G2 to pyrethroid only ITNs for malaria
control in areas of pyrethroid resistance has been demonstrated in
randomized control trials in Tanzania (Mosha et al., 2022) and
Benin (Accrombessi et al., 2023), leading to a recommendation of
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this product class for malaria control in areas of mosquito resistance
to pyrethroids (WHO, 2023b).

PRONet Duo did not give a superior reduction in blood feeding
compared to the pyrethroid only MAGNet®, which contains a high
concentration of alphacypermethrin (5.8 g/kg). It is likely that the
use of the less irritant pyrethroid bifenthrin explains the superior
mosquito kill but not reduced blood feeding (Hougard, 2002).
However, PRONet Duo was superior to Interceptor® G2 in
reducing blood-feeding. This can be attributed to the lower
content of alphacypermethrin (2.4g/kg) in Intercept0r® G2
(Roberts et al., 2000).

The role of bifenthrin

The non-inferiority and superiority of PRONet Duo to
Interceptor® G2 is likely due to the added benefit of bifenthrin.
Bifenthrin has a higher proportion of fluorine atoms and a bulky
structure compared to other pyrethroids (Lissenden et al., 2021).
Fluorine atoms can enhance the uptake of insecticides by increasing
cell membrane permeability and lipophilicity (Jeschke, 2004). They
can also make insecticides less susceptible to enzymatic breakdown
by mosquito detoxification enzymes (Zhu et al., 2023) by enhancing
the compound’s stability (carbon-fluorine bonds are the strongest
single bond in organic chemistry) (Mori et al, 2007). The unique
structural motif of bifenthrin (rigid bi-phenyl alcohol moiety) means
it is depleted more slowly by cytochrome P450 monooxygenase
enzymes which are common resistance mechanisms in Anopheles
mosquitoes (Yunta et al., 2019), and kills more resistant mosquitoes
compared to other pyrethroids (Hougard, 2002; Moyes et al., 2021).
The efficacy of bifenthrin was demonstrated 20 years ago (Hougard
etal, 2003), and there is one bifenthrin IRS product PQ listed (WHO,
2018). Still, bifenthrin has not been used on an ITN to date,
presumably due to the high cost of bifenthrin due to its fluorinated
moiety (Champagne et al., 2015). There are several advantages to
bifenthrin beyond its increased efficacy against resistant mosquitoes
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including low vapor pressure (1.81 10-7 mmHg) which will reduce
evaporative loss of the AL low water solubility (<1pg/liter) which will
resist loss of AI through washing, and low photolysis which will resist
loss of AI when ITNs are dried outdoors. Bifenthrin is a contact
insecticide and is known to be less irritant pyrethroid compared to
other pyrethroids (Hougard, 2002) increasing the likelihood of
prolonged contact with the treated net and consequent increased
toxicity (Hodjati et al., 2003).

Comparison between experimental hut and
laboratory bioassays

The laboratory assays support the results of the two experimental
hut trials well. PRONet Duo induced excellent 72-hour mortality 92%
[89.5, 94.5] even after 20 washes. PRONet Duo is, to our knowledge,
the first ITN incorporated with chlorfenapyr. It therefore offers an
important development in ITN technology by providing a rugged and
wash resistant product. Polyethylene nets can be made to be
extremely strong and resistant to damage by using a high denier,
high density polyethylene and strong knitting patterns (Skovmand
and Bosselmann, 2011). This may offer an alternative for use in areas
where rugged nets are required as a high resistance to damage is
correlated with longer ITN survival (Kilian et al., 2021).

Limitations of the study

Even though a single protocol was used for the study there were
differences in study conduct. In Cote d’Ivoire, only West African
huts were used to conduct the study, but in Tanzania, four different
hut types were used to evaluate ITN efficacy. All of the hut types are
approved for use in ITN evaluations by WHO (WHO, 2023f), but
using four hut types did increase heterogeneity in the data. This was
overcome by running the trial for an additional three rounds so that
108 nights of data were collected. Sub-analysis was conducted to
ensure the results were valid, however, we will in the future conduct
these studies using only one standard hut type across sites.

Conclusion

The experimental hut studies in this trial demonstrated that the
candidate ITN PRONet Duo is non-inferior and superior to the
first-in-class product Intercept0r® G2 on the primary endpoint of
mortality at 72-hours against pyrethroid resistant Anopheles
gambiae sl in both Cote d’Ivoire and Tanzania, indicating that
PRONet Duo is likely to have public health benefit based on
entomological surrogates of clinical efficacy. Both chlorfenapyr
ITNs (PRONet Duo and Intercept0r® G2) were superior and to
the pyrethroid-only MAGNet® net, adding additional data to
support the use of chlorfenapyr nets in areas of pyrethroid
resistance mediated by mixed-function oxidases. Non-inferiority
and superiority were shown for the unwashed nets, washed nets as
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well as when unwashed and washed data were combined in
the analysis.

The results underscore the added benefit of bifenthrin in
controlling pyrethroid-resistant malaria vectors in endemic
countries. Furthermore, the excellent performance of PRONet
Duo after 20 washes (as a proxy for 3 years of use) suggests its
potential for long-term field use, particularly in areas where the
durability of ITNs is paramount. Given all these findings, a
community trial of PRONet Duo nets with durability outcome
indicators is required to establish its long-term efficacy and relative
cost-effectiveness for operational use against malaria.
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