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ABSTRACT: The continued emergence of resistance to front-line antimalarial treatments is
of great concern. Therefore, new compounds that potentially have a novel target in various
developmental stages of Plasmodium parasites are needed to treat patients and halt the spread
of malaria. Here, several benzimidazole derivatives were screened for activity against the
symptom-causing intraerythrocytic asexual blood stages and the transmissible gametocyte
stages of P. falciparum. Submicromolar activity was obtained for 54 compounds against asexual
blood stage parasites with 6 potent at IC50 < 100 nM while not displaying any marked toxicity
against mammalian cells. Nanomolar potency was also observed against gametocytes with two
compounds active against early stage gametocytes and two compounds active against late-stage
gametocytes. The transmission-blocking potential of the latter was confirmed as they could
prevent male gamete exflagellation and the lead compound reduced transmission by 72% in an
in vivo mosquito feeding model. These compounds therefore have activity against multiple
stages of Plasmodium parasites with potential for differential targets.
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Despite well-established control strategies, over half of the
global population remains at risk of malaria. However,

the spread of resistance of malaria parasites to multiple drugs,
including first-line therapy, threatens to slow down any
progress made thus far toward malaria elimination.1 Novel
compounds that possess alternative modes of action or novel
modes of inhibition of known targets are therefore urgently
needed to continue treatment efficacy to circumvent
antimalarial drug resistance.
Five species of Plasmodium parasites cause human malaria

with Plasmodium falciparum resulting in the most severe cases
and the highest global mortality associated with asexual blood
stage (ABS) parasites. The ABS proliferate rapidly (∼48 h
replication time) during which parasites mature from ring
stages to metabolically active trophozoites (including digestion
of hemoglobin digestion) before schizogony occurs to produce
up to 32 daughter merozoites. Clinical manifestation of the
disease is associated with these proliferative stages. Disease
transmission between the human host and the Anopheles
mosquito vector occurs either through sporozoites or
gametocytes, marking these stages to be targeted to block
the transmission cycle. Gametocytes are formed from only a
small proportion of ABS and differentiate over 10−14 days,
characterized by at least five morphological stages (stages I−V)
for P. falciparum. Immature gametocytes (stages I−IV) are
sequestered particularly in bone marrow, and only mature
stage V gametocytes circulate in the bloodstream and can be

transmitted to a feeding mosquito. The majority of compounds
targeting ABS are inactive against gametocytes and the latter
therefore remain in the human host even after the asexual
stages are cleared. Targeting this reservoir of transmissible
gametocytes is essential to reach elimination goals.2,3 There-
fore, current drug discovery programmes aim to identify hits
able to target multiple stages of malaria parasites, with specific
target candidate profiles (TCPs) defined including ABS-
targeted as TCP-1 and gametocyte-targeted, transmission-
blocking compounds as TCP-5.3

The heterobicyclic benzimidazole scaffold has seen extensive
use in medicinal chemistry due to the ability to interact with
multiple biological systems.4,5 Aside from the many benzimi-
dazole-based drugs in current clinical use, antimalarial
benzimidazole agents have been reported in the literature.6−13

Relatedly, pyrido[1,2-a]benzimidazole (PBI) derivatives have
demonstrated broad-spectrum biological properties14−20 and
thus are equally an important starting point in drug discovery.
Recently, we demonstrated the antimalarial13,21−24 and
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antischistosomal22,24,25 activities of these fused heterocyclic
compounds.

In an effort to explore new chemotypes for both TCP-1 and
TCP-5 antimalarial activity, we evaluated our in-house

Figure 1. Summary of the two main chemical series studied in the current work. (A) The benzimidazole series with two diverse amine moieties (B-
I, B-II) at the C2 position of the benzimidazole core scaffold. (B) The tricyclic pyrido[1,2-a]benzimidazole (PBI) series with key amine
modifications at the C1 position of the PBI core scaffold. Compound SMILES are provided in Supporting Information 2.

Figure 2. Activity of benzimidazole scaffolds against (ABS) parasites. (A) Inhibition (%) of ABS proliferation by 1 μM benzimidazoles after 96 h
drug pressure, as measured with SYBR Green I fluorescence. Data are arranged by series in increasing order of inhibition at 1 μM treatment with
red bars indicating compounds with an additional >50% HepG2 cell cytotoxicity. Data are from a single biological replicate in technical triplicates.
The dashed horizontal red line indicates the hit selection criteria of >85% inhibition @ 1 μM. (B) Grouping of IC50 values of selected compounds
with >85% inhibition at 1 μM against ABS. Individual values provided in Supporting Information.
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compound library of benzimidazole derivatives (Figure 1)
further for multistage activity by investigating, in parallel, their
ABS and transmission-blocking potentials. Briefly, the B-I
analogues constitute analogues with changes at the C2 position
designed to improve the antiplasmodial activity of the

antihistaminic drug astemizole.10 The B-II subseries incorpo-
rated an intramolecular hydrogen-bonding motif in the basic
side chain of an ethyl ethylenediamino linker to the
benzimidazole nucleus.6 The PBI analogues vary predom-
inantly in the amine side chain at the C1 position. Six different

Table 1. In Vitro Activity of Selected Benzimidazole Compounds from the B-II and PBI Scaffolds Active against Different
Stages of P. falciparum Parasitesa

aOnly compounds passing the specific activity thresholds were included in this table.
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amine side chains on the PBI scaffold were investigated for
their contributions to multistage antiplasmodial activity
(Figure 1B). The detailed structural modifications within this
chemical space have been previously described.13,22,23,25

Meanwhile, the chemical and spectroscopic information on
three previously unreported PBI analogues are presented in
Supporting Information 1.
Compounds were screened for activity against ABS, early

stage and late-stage gametocytes, male gametes, and oocysts in
mosquitoes with several compounds displaying activity across
multiple stages of P. falciparum parasites in vitro (Figure S1).
Furthermore, one PBI analogue was able to kill ABS and has
72% transmission-reducing activity, marking this compound
for further development as a potential multistage active
antimalarial candidate.

■ RESULTS AND DISCUSSION
Benzimidazole Scaffolds Inhibit Parasite Proliferation

of Asexual Blood Stage P. falciparum Parasites. The 12
B-I, 11 B-II, and 143 PBIs were evaluated for their ABS activity
and a total of 70 hits were identified at >85% inhibition of
proliferation at 1 μM against asexual, drug sensitive PfNF54
blood stage parasites (Figure S1, Supporting Information). Hit
rates of 43%, 82%, and 39% were obtained for the B-I, B-II,
and PBI series, respectively (Figure 2A). From the 70 hits, 67
did not affect human hepatocellular carcinoma cells (HepG2)
with at least >50% viability remaining at 2 μM and 33 of the
compounds not affecting human cells at all at this

concentration (>95% viability remaining, Supporting Informa-
tion). The potency of the compounds was confirmed in dose−
response studies (Figure 2B). The B-II series had the highest
hit rate and five of these compounds were active with IC50s of
<500 nM (Supporting Information) with only 2 B-Is active at
this cutoff. Of the PBIs, 23 compounds were active with IC50 <
500 nM against ABS (Table 1) with 6 compounds even active
at <100 nM, and the two most potent of which were PBI.109
and PBI.120 at 54 and 74 nM, respectively (Table 1).

Several Benzimidazole Analogues Are Active against
Gametocytes with Some Transmission-Blocking Poten-
tial. The gametocytocidal activity of the benzimidazoles were
evaluated in parallel to the ABS activity against both early-
(>90% stage II/III) and late-stage (>95% stage IV/V)
gametocytes. As expected, overall fewer compounds were
active against the gametocytes compared to the ABS, similar to
earlier reports.26 Using our defined gametocyte hit criteria
(>50% inhibition at 1 μM and >70% inhibition at 5 μM,
Supporting Information), 13 hits each were identified against
the early stage and late-stage gametocytes albeit not the same
compounds involved in each instance (Figure 3, Supporting
Information). Early stage hits are stratified by series as 33% B-
I, 9% B-II, and 6% PBIs, whereas all the late-stage hits were
PBIs (9% hit rate).
Interestingly, the hit rate profile between the ABS and early

stage gametocytes differ with ABS hits ranked as B-II > B-I >
PBI whereas the early stage gametocytes actives ranked as B-I
> B-II > PBI. Submicromolar potency against early stage

Figure 3. Antiplasmodial activity of benzimidazoles against early- (EG) and late-stage (LG) gametocytes. (A) Inhibition (%) of EG and (B) LG
viability arranged by increasing order of inhibition at 1 μM treatment for 48 h. Horizontal red lines indicate hit selection criteria of >70% inhibition
at 5 μM and >50% inhibition at 1 μM. Data are from a single biological repeat performed in technical triplicates.
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gametocytes was observed for only two compounds, B-II.4 and
PBI.109 (Table 1). In both instances, these compounds had
ABS activity as well but lost activity against late-stage
gametocytes.
Two of the PBIs (PBI.105 and PBI.120) showed

submicromolar activity against late-stage gametocytes (Table
1). An interesting life cycle profile was observed for these two
compounds as well as two other similar compounds (PBI.19
and PBI.103), albeit the latter with slightly less activity against
late-stage gametocytes at ∼1.8 μM. These compounds did not
retain activity against early stage gametocytes (>3-fold loss in
activity at >5 μM) yet were active against the late-stage
gametocytes (at <1 μM), albeit with a significant loss in
activity compared to ABS (PBI.105, 6-fold; PBI.120, 13-fold;
P < 0.01 and P < 0.001 respectively, n = 3, unpaired Student’s
t-test, Figure 4A).
This observed activity against late-stage gametocytes trans-

lates to activity against male gametes for both PBI.105 and
PBI.120, showing 99.78% and 93.81% inhibition of male
exflagellation at 2 μM, respectively (Figure 4B), compared to
PBI.19 and PBI.103 that displayed <50% inhibition (Table 1).
The IC50s of PBI.105 and PBI.120 against male gametes were

comparable to their activities on late-stage gametocytes:
PBI.105 at 697.1 nM versus 568.8 nM and PBI.120 at
997.8 nM versus 953.0 nM for male gametes versus late-stage
gametocytes, respectively (Table 1). The most potent
compound on late-stage gametocytes and gametes, PBI.105,
was also able to reduce transmission by 72% (Figure 4C) with
a significant 5-fold reduction (P < 0.05, n = 3, unpaired
Mann−Whitney t-test) in oocyst intensity/mosquito.
The life cycle profile for PBI.105 and PBI.120 is quite

distinct and does not conform to the norm where ABS active
compounds typically retain activity on early stage gametocytes
but lose efficacy against late-stage gametocytes. Although they
retain activity against late-stage gametocytes and male gametes,
and this translates to transmission-blocking in mosquito stages
thereby marking these compounds with transmission-blocking
potential, their inactivity on early stage gametocytes could
complicate their use, as any early stage gametocytes that escape
drug pressure on ABS will not be targeted and will feed the
pool of late-stage gametocytes, resulting in insufficient or
ineffective potency.26 This lack of activity against early stage
gametocytes is not easily explained due to different biological
targets since the mode(s) of action (MoA) of the PBIs in any

Figure 4. Transmission-blocking ability selected compounds from the PBI class. (A) IC50 of PBI compounds against ABS, EG, and LG. IC50 data
are from three independent biological repeats (n = 3), each performed in technical triplicates, mean ± S.E, individual data points indicated. (B)
Transmission-blocking confirmation on male gamete exflagellation at 2 μM. Methylene blue (MB) was used as the drug control and data are from
three independent biological repeats, mean ± S.E., individual data points indicated. An unpaired Student’s t-test was used to determine significant
differences for data in panels A and B with *P < 0.05, **P < 0.01, and ***P < 0.001. (C) Effect of selected compound PBI.105 on oocyst intensity
for three independent biological replicates each performed in technical triplicates. The Mann−Whitney Test was used to compare the statistical
significance between the drug treatment and untreated control (UT) with *P < 0.05, **P < 0.01, and ***P < 0.001.
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Plasmodium life cycle stage remains uncertain. For example,
intracellular colocalization studies performed on PBI.1, which
has ABS activity (Supporting Information) showed cytoplas-
mic accumulation without any hemozoin inhibition, in contrast
to the closely related congener PBI.2.27 However, the
possibility of a shared target between ABS and late-stage
gametocytes cannot be excluded, but these results suggest that
within the PBI chemical series different mechanistic actions are
at play; thus, to a large extent analogues must be considered on
their own merit. Additionally, it is unlikely that uptake
differences can explain this phenomena since these two
compounds do not show marked physical differences
compared to other close analogues (e.g., PBI.103).
Structure−Activity Landscape and Mechanistic Im-

plications. A global evaluation of the structure−activity
landscape based on the analogues under investigation herein
revealed a fingerprint for the activity of the benzimidazole
chemotype, particularly for the PBIs, against multiple life cycle
stages of P. falciparum (Figure 5). The N1-1-phenylethanamine

and aniline moieties confer strong ABS activity, while benzyl
amine and Mannich bases are the least active. Among the
anilines, only PBI.58 had any appreciable gametocyte activity
and could be associated with the meta position of the
trifluoromethoxy substituent on the aniline, which, if moved
to the ortho (PBI.59) or para (PBI.77) positions completely
abolishes gametocyte activity while only retaining ABS activity.
It is important to note, however, that the aniline moiety has
previously been associated with genotoxicity, and subsequent
studies must include such experiments.28,29 Nonetheless, such
compounds are great potential for TCP-1 activity.
A strong correlation is observed for the most gametocyte

active PBI compounds that were highly active against both
ABS and late-stage gametocyte P. falciparum stages. All four
compounds, PBI.103, PBI.105, PBI.120, and PBI.125, with
such dual activity have the N1-1-phenylethanamine group at
C1 and difluoro substituents on the benzene group (Table 1,
Figure 5) with the most closely related compounds, PBI.103,
PBI.105, and PBI.125, as also the most active against male

Figure 5. Structure−activity landscape index (SALI) similarity map of the PBI compounds. Pairwise structural feature (SkelSphere) and
gametocyte data for both early- and late-stage gametocytes was superimposed with PfNF54 cliff analysis (Osiris DataWarrior) at a compound
structural similarity threshold of 86%. For any pair of compounds, the SALI value is an indication in gain or loss of activity based on small changes
in compound structure. Clusters indicate structurally related compounds with compounds indicated as nodes and structural connectivity indicated
through the edges. Node size reflects IC50 values against ABS, node color indicates activity against late-stage (LG) gametocytes, and node shadow
(clouds) shows activity against early stage gametocytes (EG).
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gametes (inhibition >65%). The activity of these compounds
compared to PBI.111, which bears an N1-1-4-methylphenyle-
thanamine group, relative to the 4-fluorophenylethanamine (as
in PBI.103 and PBI.120) and 4-chlorophenylethanamine (as
in PBI.105) suggests that the electron-withdrawing halogens
rather than the electron-releasing methyl group potentiates
activity against late-stage gametocytes and gametes, although
there is no apparent discrimination against ABS activity (IC50
< 100 nM, Table 1). Like PBI.111, the lack of activity of
PBI.104 (Supporting Informatio), which bears the 4-
mesylphenylethanamine group, suggests that electron-with-
drawing hydrophilic substituents are also detrimental to
activity. The better ABS activity of PBI.105 relative to
PBI.125 suggests that para substitution on the phenylethan-
amine group is preferred over the ortho position since
racemization (i.e., based on ABS activity of PBI.103 and
PBI.120, Table 1) has little effect on activity. Furthermore,
PBI.109 showed ABS and early stage gametocyte activity, that
is, the only compound in this cluster with this profile. Although
it belongs to the same N1-1-phenylethanamine PBI chemical
subclass, in PBI.109 the 1-aminoethyl group is functionalized
to a 1-aminocyclopropyl group. This modification could
account for the loss in gamete activity although this is
compensated by early stage gametocytocidal activity contrary
to the congeners (PBI.103, PBI.105, and PBI.120) described
above (Table 1). Perhaps, a combination of the structural
characteristics of PBI.109 (ABS and early stage gametocyte
activity) as well as those of PBI.103, PBI.105, and PBI.120,
which have ABS, late-stage gametocyte, and gamete activities,
may be key to obtaining PBI compounds with activity against
all stages of P. falciparum parasites. Interestingly, PBI.19 with
gametocyte activity is closely related to other alkylamine
containing PBI compounds that only possess good ABS
activity and all of which have a C1 amino phenolic Mannich
base side chain substituent and a 4-trifluorophenyl side group
at C3.24

From a mechanistic point of view, the compounds
investigated in this study have shown in vitro inhibitory
activity against β-hematin, which is the synthetic surrogate of
hemozoin crystals. Heme detoxification is an essential process
for parasite survival particularly during ABS, and its disruption
leads to parasite death.30 In fact, the first-generation B-I
series10 and some PBIs13,27 are true inhibitors of hemozoin
formation as demonstrated in a cell-based assay. Although not
critical to early stage gametocytes, heme degradation is present
in the earlier stages of development but not in late-stage
gametocytes.31 Notwithstanding, the lack of widespread
inhibition of hemozoin formation among the PBIs despite
their propensity through their flat tricyclic backbone to
facilitate π−π interactions with heme molecules, congruent
to the aminoquinoline antimalarials and benzimidazoles,11

clearly implies hemozoin inhibition is only a contributory
MoA, but more importantly that other structural features
significantly contribute to how these compounds affect their
antiplasmodial activities.
It is noteworthy that not much is reported on other

mechanisms by which antiplasmodial benzimidazoles act.
However, anthelminthic benzimidazole-based drugs bind to
the colchicine site of β-tubulin, thereby disrupting microtubule
polymerization.32−34 In fact, microtubule inhibitors have
demonstrated varying ABS activity.33 Microtubule formation
is present in all specific stages of asexual parasites, that is, in
early stage gametocyte development (II−III) and elongation

(stage IV), but disassembled during gametocyte maturation
(stage V),31,35 and some key stages in the mosquito including
sporozoites motility. Inhibition of microtubule formation has
thus been described as a viable target and cannot be ruled out
as a potential MoA contributing to the observed ABS,
gametocytocidal, and male gamete activities of the compounds,
especially the PBIs reported herein, given their close structural
conformation to colchicine.36 It is apparent, therefore, that
even within the antimalarial drug discovery space, subject to
structural modifications on the privileged benzimidazole
scaffold, different stages of the parasite life cycle could be
targeted, and yet within a specific life cycle stage diverse
mechanisms of action could be triggered.

■ CONCLUSION

A strong asexual blood stage activity was observed for
compounds across all the chemical series (B-I, B-II, PBI)
without excessive toxicity toward the HepG2 mammalian cells,
further substantiating the TCP1 potential of these compounds
for treatment of malaria. Selected hit compounds are currently
further characterized to establish their TCP1, including
indications of rapid kill action through determining the
parasite reduction ratio, to translate to fast parasite clearance
in vivo. Overall, far less compounds were active on either the
early stage and late-stage gametocyte stages with none of the
compounds described here showing activity against both early
stage and late-stage gametocytes. Furthermore, only the PBIs
were active against either gametocyte stage, thus showing
potential for TCP5 activity, particularly for compounds
PBI.105 and PBI.120. Although structure−activity analyses
are able to describe some of the observed profiled, it is
essentially important to determine the targets of these
compounds as they may be different in the gametocyte stages
or even present the same/multiple targets in the asexual blood
stages, possibly independent of the inhibition of hemozoin
formation. Overall, novel benzimidazole compounds were
described here with TCP1 activity and potential for TCP5 dual
activity, one of which (PBI.105) was active against asexual
blood stages, late-stage gametocytes, male gametes, and oocyst
stages of P. falciparum stages.

■ METHODS

Chemistry. The chemical and spectroscopic information on
new compounds is presented in Supporting Information. All
other compounds have been described before.6,10,22,23,25

Ethical Clearance. The in vitro work described holds ethics
approval from the University of Pretoria (Health Sciences
(506/2018) and Natural Sciences (180000094) Ethics
Committee and the University of the Witwatersrand Human
Research Ethics Committee (M130569) and Animal Ethics
Committee (20190701−7O).

Cultivation of Asexual Blood Stage Parasites and
Antiproliferative Activity of Benzimidazole Scaffolds.
Asexual PfNF54 (drug susceptible) parasite strains obtained
from the Malaria Research and Reference Reagent Resource
Center (MR4 BEI resources, Manassas, U.S.A.) were cultivated
under previously described conditions.37 Parasites were
maintained at 5% hematocrit (A+/O+ human erythrocytes) in
complete culture media [RPMI 1640 (Sigma-Aldrich)
supplemented with 25 mM HEPES, 20 mM D-glucose, 200
μM hypoxanthine, 0.2% (w/v) sodium bicarbonate, 24 μg/mL
gentamicin, and 0.5% (w/v) AlbuMAX II)] and kept under
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hypoxic conditions (90% N2, 5% O2, and 5% CO2) at 37 °C
with agitation. D-sorbitol [5% (w/v)] was used to synchronize
parasite cultures, resulting in predominantly (>95%) ring
stages, when required. Parasite progression and morphology of
asexual blood stages were monitored microscopically using
Giemsa-stained thin smears.
The SYBR Green I assay enabled analysis of synchronized in

vitro PfNF54 parasites (1% parasitemia, 1% hematocrit)
exposed to drug pressure for 96 h at 90% N2, 5% O2, and
5% CO2 with chloroquine the positive control for inhibition of
parasite proliferation. Parasite proliferation was determined
once the 96 h incubation had elapsed by adding equal volumes
(100 μL) of parasite suspension and SYBR Green I lysis buffer
(0.2% μL/ml of 10 000x SYBR Green I, 20 mM Tris-HCl, pH
7.5, 5 mM EDTA, 0.008% saponin (w/v) and 0.08% Triton x-
100) and incubated for 1 h at room temperature in the dark.
Fluorescence was quantified with the GloMaxR-Multi+
Detection System at 485/538 nm and used as a direct measure
of proliferation.38 Data for preliminary hit identification was
performed for one biological replicate in technical triplicates
whereas three independent biological replicates of technical
triplicates were performed for dose−response evaluation.
Cultivation of Gametocytes and Antiplasmodial

Activity of Benzimidazole Scaffolds. Gametocytogenesis
was induced on highly synchronized (>95%) asexual ring stage
parasites from the PfNF54-pfS16-GFP-Luc line (gift from D.
Fidock, Columbia University, U.S.A.) at 0.5% parasitemia and
6% hematocrit and thereafter maintained in glucose-deprived
media as previously described.39 After 3 days, the hematocrit
was decreased to 4%. Parasites were maintained in complete
culture media supplemented with 50 mM N-acetyl-glucos-
amine 5−10 days post induction to inhibit proliferation of
residual asexual blood stages. Gametocyte progression and
morphology was also monitored microscopically using Giemsa-
stained thin smears.
Gametocyte viability of homogenized early stage (>85%

stage II/III) and late-stage (>85% stage IV/V) gametocytes
(2% gametocytemia, 1.5% hematocrit) was assessed using the
luciferase-reporter assay for a 48 h (90% N2, 5% O2, and 5%
CO2) drug pressure at 1 and 5 μM with methylene blue used
as the reference control39 for a single biological experiment.
The dose−response was then evaluated for selected hits each
for three independent biological replicates performed in
technical triplicates. Equal volumes (30 μL) of parasite lysate
and luciferin substrate (Promega luciferase assay system) were
added to white 96-well plates with bioluminescence detected at
a 10 s integration constant (GloMaxR-Multi+ Detection
System).39 Data for preliminary hit identification was
performed for one biological replicate in technical triplicates
whereas three independent biological replicates with technical
triplicates were used for dose−response evaluation.
Cultivation of Hepatocellular Carcinoma Cells and In

Vitro Cytotoxicity Assays. Human Caucasian hepatocellular
carcinoma cells of the HepG2 line (gifted by Duncan
Cromarty, University of Pretoria, SA) were cultivated in vitro
in complete DMEM media (Hyclone, U.S.A.) supplemented
with 10% (v/v) heat inactivated fetal bovine serum and 1% (v/
v) penicillin/streptomycin.38 Cells were detached with 0.25%
Trypsin-EDTA once ∼80% confluency was observed,40 stained
with trypan blue to determine cell viability and counted using a
hemocytometer. Cells were then added to 96-well plates (2 ×
104 cells/well) and incubated overnight at 37 °C under 5%
CO2 and 95% humidity. Following incubation, cells were

exposed to 2 μM of compounds [Final DMSO concentration
<0.1% (v/v)] for 48 h at 37 °C under 5% CO2 humid (95%)
conditions. Cytotoxicity was then determined using the lactate
dehydrogenase release assay (Cytoselect Inc.) as per
manufacturer’s instruction whereby 10 μL of Cytoselect
reagent was added to 90 μL of supernatant and, thereafter,
incubated for 30 min under 5% CO2 humid (95%) conditions.
Absorbance at 450 nm was used to quantify cytotoxicity with
cytotoxic agent, emetine, as the reference control. Data were
obtained for a single biological repeat in technical triplicates.

Male Gamete Exflagellation Inhibition Assays. Mature
PfNF54 gametocytes (>95% stage V) were treated with 2 μM
of benzimidazole compounds in complete culture media and
incubated for 48 h at 37 °C under hypoxic gas conditions (90%
N2, 5% O2, and 5% CO2). Gametogenesis was induced by
exposing the mature gametocytes (>95% stage V) to ookinete
media [RPMI-1640 media (Sigma-Aldrich) supplemented with
25 mM HEPES, 0.2% sodium bicarbonate, pH 8.0, 20% (v/v)
human serum, and 100 μM xanthurenic acid] at room
temperature for 15 min. The inhibition of exflagellation was
measured through drug pressure carry over as previously
described41 with methylene blue used as the reference control
for inhibition of male exflagellation. Cultures were settled in a
Neubauer chamber at room temperature and exflagellating
centers captured with video microscopy (Carl Zeiss NT 6 V/
10W Stab480 microscope with a MicroCapture camera, 10×
magnification). Exflagellating centers were semiautomatically
identified for 15 randomly located fields with each video
recorded for 8−10 at 30 s intervals. The total exflagellating
centers per treatment were quantified using ICY (open source
imaging software GPLv3) and normalized to an untreated
control.42 A minimum of 16 centers were counted for the
untreated and methylene blue control experiments.

Standard Membrane Feeding Assay. The standard
membrane feeding assay was conducted as previously
described,42 to confirm the transmission-blocking ability of
selected benzimidazole compounds. Shortly, Anopheles gambiae
mosquitoes s.s. (Colonised in 2009 from the Republic of the
Congo, acronym COGS)43 were reared at 80% humidity, 25
°C, 12 h day/night cycle with 45 min dusk/dawn transitions.44

Mosquitoes were fed a solution of 10% sucrose supplemented
with 0.05% (v/v) 4-aminobenzoic acid. Mature PfNF54
gametocytes (>95% stage V, 1.5−2.5% gametocytaemia, 50%
hematocrit) were exposed to 2 μM of selected compounds for
48 h with DMSO as a vehicle control. The SMFA was
validated with epoxomicin as positive control, as reported
before.42 The gametocytes were tested for male gamete
exflagellation and a male-to-female ratio of 1:3 was confirmed
for use in the SMFA. At conclusion of the 48 h incubation, the
treated gametocytes were fed to 25 unfed (2−3 h starvation)
female An. gambiae mosquitoes (5−7 days old) for 40 min in
the dark at room temperature using glass feeders covered with
bovine intestine. Mosquitoes were individually processed
whereby unfed/partially fed mosquitoes were then removed,
housed for 8−10 days and then dissected to remove the
midguts. The midguts were rinsed with PBS, incubated in 0.1%
(v/v) mercurochrome for 8−10 min after which the oocysts
were counted using brightfield microscope (20−40× magni-
fication). The transmission-reduction activity (TRA) which
measure the reduction in oocyst intensity, and the trans-
mission-blocking activity (TBA) which measure the reduction
in oocyst prevalence were determined (eqs 1 and 2 below).
Data was collected for biological triplicates, each in duplicate.
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Data were managed in Microsoft Excel and statistical analysis
were done using GraphPad Prism version 9.0.0. All data were
evaluated for normality using the Shapiro-Wilk test.45 Data
were not normally distributed, and the Mann−Whitney test
was performed to determine statistical significance between
treatment and control cohorts. Mann−Whitley test was used as
the prevalence and intensity data are not normally distributed.
Unpaired t test was used to determine if there was a statistically
significant difference between the means in two unrelated
groups, TBA from An. arabiensis versus TBA from An. gambiae.
It was also used to evaluate the differences between the TRA of
An. arabiensis and An. gambiae.
A p-value <0.05 was considered statistically significant.

= − ×Ci Ti
Ci

%TRA 100
(1)

=
−

×
Cp Tp

Cp
%TBA 100

(2)

Reduction in prevalence (transmission-blocking activity
where p is oocyst prevalence, C is control, and T is treated)
and reduction in number of oocysts intensity (transmission-
reducing activity where i is oocyst number (intensity), C is
control, and T is treated).
Structure Function Activity Analysis. Structure−activity

landscape index (SALI) was performed using Osiris Data-
warrior V 5.2.1 software (www.openmolecules.org). The
compound similarity/activity cliff analyses was performed
with similarity based on the SMILES structure taking
stereochemistry into account and separated based on the
compound neighbor with a Tanimoto similarity threshold at
86%.
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gametocytes; MoA: mode of action; PBI: pyrido[1,2-a]-
benzimidazole; SALI: structure−activity landscape index;
SMFA: standard membrane feeding assay; TBA: trans-
mission-blocking activity; TRA: transmission-reducing activity
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