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Eliminating malaria transmission requires
targeting immature and mature
gametocytes through lipoidal uptake of
antimalarials

Mariska Naude1,2, Ashleigh van Heerden1,2, Janette Reader1,2,
Mariëtte van der Watt2, Jandeli Niemand1,2, Dorè Joubert1, Giulia Siciliano3,
Pietro Alano 3, Mathew Njoroge 4, Kelly Chibale 4,5, Esperanza Herreros6,
Didier Leroy 6 & Lyn-Marié Birkholtz 1,2,7

Novel antimalarial compounds targeting both the pathogenic and transmissible
stages of the human malaria parasite, Plasmodium falciparum, would greatly
benefit malaria elimination strategies. However, most compounds affecting
asexual blood stage parasites show severely reduced activity against gameto-
cytes. The impact of this activity loss on a compound’s transmission-blocking
activity is unclear. Here, we report the systematic evaluation of the activity loss
against gametocytes and investigate the confounding factors contributing to
this. A threshold for acceptable activity loss between asexual blood stage
parasites and gametocytes was defined, with near-equipotent compounds
required to prevent continued gametocyte maturation and onward transmis-
sion. Target abundance is not predictive of gametocytocidal activity, but
instead, lipoidal uptake is the main barrier of dual activity and is influenced by
distinct physicochemical properties. This study provides guidelines for the
required profiles of potential dual-active antimalarial agents and facilitates the
development of effective transmission-blocking compounds.

Malaria remains a global health burden, with malaria cases and deaths
concerningly on the rise in the aftermath of the COVID-19 pandemic1.
The continued emergence of parasite resistance to current anti-
malarials drives the need for new compounds that should target novel,
essential biology in Plasmodium falciparum, with the ability to target
multiple stages of the parasites seen as an enticing added advantage.
Transmission-blocking activity is particularly desirable as it will pre-
vent the spread of resistance in the parasite population once it has

developed2. This would require targeting mature gametocytes in the
human host to prevent transmission to the mosquito2. Gametocytes
differentiate from a subset (≤10%3) of the proliferating and pathogenic
asexual blood stage (ABS) parasites andmature in a prolonged ~12-day
process in P. falciparum.

Most antimalarial compounds are only active against ABS para-
siteswithout pronounced activity againstmature gametocytes2,4,5, with
some also not retaining activity against immature gametocytes (e.g.
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pyrimethamine and atovaquone4). The development priority remains
for combinations of ‘dual-active’ compounds with ‘equipotent’ activity
against both ABS parasites and gametocytes. However, when addi-
tional gametocytocidal activity is present in dual-active compounds, it
is usually associated with reduced activity against gametocytes com-
pared to the activity against ABS parasites. Direct comparison of
compounds’ activities against the parasite’s different stages has been
complicateddue to intrinsic assaydifferences thatmeasure the activity
of a compound against ABS parasites (cell proliferation assays),
gametocytes (cell viability assays4,6,7), and gametes (functional cell
differentiation8). Importantly, the threshold at which this loss in
activity would be acceptable to still ensure efficacy in a therapeutic
context has not beendefined. Indeed,wealso lackclarity on the impact
such a loss in activity would have on the transmission-blocking activity
of dual-active antimalarial candidates. This information is crucial to
accurately classify and develop a candidate according to its target
candidate profile.

A systematic evaluation of the underlying reasons for the loss of
activity of compounds between ABS parasites and immature and
mature gametocytes hasnot beenperformed, and this hampers efforts
at optimizing antimalarial candidates for additional transmission-
blocking activity. Target availability, compound uptake, and efflux can
all influence an antimalarial compound’s activity. Indeed, the differ-
ential biology of the parasite’s life cycle stages9,10 can result in differ-
ences in drug target abundance or uptake mechanisms between ABS
parasites and mature gametocytes2,4,11, aspects that must be defined
and considered to ensure transmission-blocking activity.

Here, we simultaneously evaluated the activity of antiplasmodial
compounds and lead clinical development candidates on multiple
stages of P. falciparum parasites to provide a classification model for
therapeutically relevant dual activity on ABS parasites and gameto-
cytes. We investigated the reasons for the differential activities of
compounds, including the influence of different assay platforms, the
differences in target availability between the stages, and the

physicochemical properties mediating differentiating uptake into the
different stages. Our data point to an acceptable threshold for dual
activity where only compounds with <10-fold loss in activity between
ABS parasites and gametocytes would realistically have transmission-
blocking potential. Critically, we show that immature gametocytes
must be cleared to prevent seeding of gametocyte maturation. We
show that the uptake of compounds into ABS parasites and gameto-
cytes is a primarybarrier to equipotency in caseswhere the drug target
is available in both stages. This work provides a comprehensive fra-
mework of the required characteristics for potential dual-active anti-
plasmodial agents.

Results
Classificationof the stage-specific activity of compounds against
P. falciparum parasites
We first aimed to obtain a landscape of the activity profiles of com-
pounds evaluated in vitro against different stages of P. falciparum to
understand the extent of the activity loss between these stages, as
reported previously. We evaluated published IC50 data from 2013
compounds (Supplementary Fig. S1, Supplementary Data S1).
K-means clustering of 118 compounds from this dataset for which
IC50 values were available across all stages (ABS parasites, immature,
late-stage IV/V, and mature stage V gametocytes) allowed quantifi-
cation of the amplitude of activity loss across the different stages. As
expected, compounds such as atovaquone, the antifolates (pyr-
imethamine and P218), and tetracycline antibiotics have a significant
loss in activity in gametocytes (p = 0.0001, Kruskal–Wallis test),
including immature gametocytes (7–19-fold activity loss, clusters 1
and 8, p = 0.0001, Kruskal–Wallis test, Fig. 1). A significant 3–12-fold
loss in activity towards immature gametocytes is retained by the 4-
and 8-aminoquinolines (e.g., amodiaquine) and also by the diamine
pentamidine and antifungal cycloheximide (clusters 3 and 4,
p = 0.02, and p = 0.0001, respectively, Kruskal–Wallis test, Fig. 1).
This translates to a loss in activity towards mature gametocytes

Fig. 1 | Differential activity profiles of antimalarial compoundsagainstmultiple
stages of P. falciparum parasites. A The activities (IC50s) of compounds pre-
viously evaluated against different life cycle stages of P. falciparum (asexual blood
stage parasites (ABS); immature gametocytes (iGc); late-stage gametocytes (LGc)
and mature gametocytes (mGc)) were obtained from a meta-analysis of previous
work as provided in Supplementary Data S1. These activities (IC50s values) were
subsequently K-means clustered and the average IC50s against ABS parasites, iGc,
LGc, andmGc determined in each cluster were shown in the line graphs.B For each
cluster, the fold change (FC) was calculated between the average IC50s as deter-
mined against ABS parasites and that determined against different gametocyte

stages ([avgIC50 Gc]/[avgIC50 ABS]) are indicated. The significant difference
between the average IC50s between the different parasite stages was determined
with a Kruskal–Wallis test followed by Dunn’s multiple comparison test, with each
p-value adjusted to account for multiple comparisons. The p-value for each com-
parison is indicated in a heat scale. The distributionof compounds to each cluster is
indicated as a % of the whole next to the heatmap. ADQ amodiaquine, AQ atova-
quone, ART artemisinin, AST astemizole, CHX cyclohexidine, CQ chloroquine, Dox
doxycycline, Epox epoxomicin, Lum lumefantrine, MMV048 MMV390048, NQ
naphtoquinone, Pip piperaquine, PQ primaquine, Ptd pentamidine, Pyr pyr-
imethamine, Pyrd pyronaridine, Qn quinine, Tet tetracycline, TQ tafenoquine.
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(clusters 3, 4 and 6, p = 0.0003, p = 0.0008 and p = 0.0001, respec-
tively, Kruskal–Wallis test, Fig. 1). Compounds in cluster 7 still pre-
sent with a significant activity loss of 4- and 10-fold loss against
immature (p = 0.005, Kruskal–Wallis test) and mature gametocytes
(p = 0.0001, Kruskal–Wallis test), respectively. These contain most of
the frontrunner and development candidates, including the PfATP4
inhibitor KAF246 (NITD246)12, the elongation factor 2 (PfEF2) inhi-
bitor Cabamiquine (M5717, MMV643121, DDD107498)13, GNF17914,15

targeting protein excretion and phosphatidylinositol 4-kinase
(PfPI4K) inhibitors KDU691 (MMV650381)16 and MMV390048
(MMV048)17,18.

While the above provides some systematic meta-analysis and
quantification of the differential activities of compounds previously
tested against multiple life cycle stages of P. falciparum, the data were
generated in different laboratories, and variances in assay platforms
and conditions (including parasite strains, compound batches, and
incubation times) and parasite stage distribution could all confound
interpretation of the data. To circumvent this, we evaluated a selected
set of 80 compounds (provided by the Medicines for Malaria Venture,
MMV.org) in parallel, in assays using the same compound preparation
on different stages of the same parasite strain and culture (drug-sen-
sitive PfNF54). We evaluated the inhibition of ABS proliferation with
SYBR Green I fluorescence on synchronized ring-stage parasites
(94.5 ± 0.8%) and gametocytocidal activity using the same luciferase
reporter line for immature (13.0 ± 0.6% stage I, 54.3 ± 3.5% stage II and
25.0 ± 3.6% stage III gametocytes) and mature gametocytes (7.3 ± 1.4%
stage IV and 90.0 ± 1.7% stage V, Supplementary Fig. S2a)6,9.

K-means clustering and principle component analyses (PCA) of
the IC50 data for compounds with IC50 < 5 μM, replicate the activity
loss of compounds that in essence, only target ABS parasites,
including the antifolates (pyrimethamine, P218), the dihydroorotate
dehydrogenase (PfDHODH) inhibitor DSM265 (MMV018912)19 and
the cGMP-dependent protein kinase (PfPKG) inhibitor MMV030084
(MMV084)20 (cluster 6, Fig. 2A, Supplementary Fig. S2b, Supple-
mentary Data S2). We provide data for frontrunner and in-
development compounds for which immature and/or mature
gametocytocidal IC50 data had not been reported, including another
PfPKG inhibitor ML10 (MMV1793799)21 and KAF156 (Ganaplacide,
MMV000130) targeting protein secretion15. While these compounds
are unable to directly kill either immature or mature gametocytes in
vitro as measured here (Fig. 2A, Supplementary Data S2), KAF156 can
reduce the number of mature gametocytes when immature game-
tocytes are exposed to the drug, and this translates to a >90%
reduction in oocyst formation, supporting its transmission-blocking
potential14. Similarly, the transmission-blocking ability of PfPKG
inhibitors is driven by their ability to prevent the initiation of
gametogenesis21.

Compounds that retain some activity against immature game-
tocytes (4-11-fold activity loss, p = 0.1142, Kruskal–Wallis test, n = 3)
but not againstmature gametocytes (up to a 118-fold loss, p = 0.0001,
Kruskal–Wallis test, n = 3), include 4-aminoquinolines (chloroquine
(CQ) and amodiaquine), amino alcohols, and the endoperoxides4,6

but also frontrunner antimalarial candidates MMV688533
(MMV533)22, MMV674253 (MMV253-AZ412/ZY19489) as V-type
ATPase inhibitor23 and MMV1582617 (MMV617, NVP-INE963)24 (clus-
ter 1, Fig. 2A). Compounds that would be defined with dual activity
still show a significant 7- and 18-fold drop in activity from ABS
parasites to immature (p = 0.049, Kruskal–Wallis test, n = 3) and
mature gametocytes (p = 0.0046, Kruskal–Wallis test, n = 3), respec-
tively, with average IC50s of 15, 97 and 262 nM against ABS, immature
and mature gametocytes (cluster 3, Fig. 2A). These include fron-
trunners M5717 (Cabamiquine)13, MMV04818 and KDU69116, the
acetyl-CoA synthetase (PfAcAS) inhibitor MMV693183 (MMV183)25,
and PfATP4 inhibitors KAE609 (Cipargamin, MMV000073)12, a rela-
ted analog MMV1581373 (MMV373), SJ733 (MMV390482)26 and

MMV1542945 (MMV945, ACT-451840)27. M5717 has slightly increased
potency againstmature (but not immature) gametocytes, supporting
the dual-active nature of this frontrunner candidate (Supplementary
Data S2). KAE609 (and its analog MMV373) effectively kills both
immature and mature gametocytes, albeit with a significant drop in
activity from ABS parasites to mature gametocytes (p = 0.0084, one-
way ANOVA, F (2, 6) = 12.30, n = 3) but with a potency at <30 nM for
KAE609 still present.

Although the data presented above eliminated much of the con-
founding factors associated with comparing activities of compounds
assayed on different life cycle stages, it still relies on two different
assays to measure activity against ABS parasites and gametocytes. To
eliminate potential assay interference, we generated a transgenic P.
falciparumNF54 reporter line that expressedCBG99 luciferase28 under
the control of a constitutive promoter associated with the expression
of nuclear assembly protein (nap, PF3D7_091900) in all stages of the
parasite’s development9,29. Genomic integration into the resultant
NF54-cg6-nap-myc-CBG99 line (Fig. 2B) did not affect ABSproliferation
rates or gametocytogenesis (Supplementary Fig. S3a, b). Luciferase
expression from this line was stable in ABS parasites and gametocytes
(Fig. 2C, Supplementary Fig. S3c), with robust viability detected over a
wide parasitemia range (Supplementary Fig. S3d).

Three tightly synchronized parasite preparations were obtained
from this line and were used to evaluate the activity of a select set of
antimalarials (95.17 ± 2.80% ring stage ABS parasites; >93% stage I-III
immature gametocytes with ABS parasites removed with both GlcNAc
and sorbitol treatment, and late-stage gametocytes at >90% stage IV/V
gametocytes; Supplementary Fig. S3e). The IC50s of Methylene blue
(MB), CQ, and dihydroartemisinin (DHA) are in complete agreement
with previous data on all stages evaluated, validating the line and
luciferase expression as an indication of viability (Fig. 2D)5,30. This
translated to a strong positive correlation for the activity of the com-
pounds against ABS parasites (Pearson r =0.77, Fig. 2D), immature and
late-stage gametocytes (Pearson r =0.99 and r = 0.96, respectively,
Fig. 2D), indicating that the activity profiles obtained for these anti-
malarial compounds are not due to assay platform differences.

Together, this data highlights that compounds with apparent
activity against ABS parasites, immature, and mature gametocyte
stages arenot equipotently active,with an average 10- and 18-folddrop
in activity between ABS parasites and immature and mature gameto-
cytes, respectively (Fig. 2). As this is not influenced by assay readout, it
implies that these parasite stages inherently provide barriers to drug
efficacy that are more pronounced than previously perceived.

Implications of different inhibition profiles on
gametocyte stages
Next, we evaluated potential points of concern associated with the
activity loss of compounds against immature or mature gametocytes.
Previous reports indicated that some antimalarials (DHA, CQ, meflo-
quine, and sulfadoxine-pyrimethamine31–33) targeting ABS parasites,
increase commitment of gametocytogenesis, which is a concern if
these compounds are not able to kill immature (and mature) game-
tocytes. Using a transgenic reporter line expressing tdTomato red
fluorescence under the Pfef1α promotor34, we quantified commitment
to gametocytogenesis and formation of immature gametocytes when
ABS parasites were treatedwith a select set of frontrunner compounds
for 48 h at their respective IC90 values (Fig. 3A). Under these condi-
tions, commitment to gametocytogenesis was still present with only
treatment of ABS parasites with MMV253 and M5717 resulting in a
significant reduction in the ability of these parasites to convert to
gametocytes (p =0.024 and p =0.0052, respectively, one-way ANOVA,
F (8, 7.48) = 6.976, n = 3 Fig. 3B). However, at >IC99 (corresponding to
the average human dose exposure concentration, Supplementary
Data S3), gametocyte induction was significantly reduced for all
compounds evaluated (UT vs. DSM265 p = 0.0001, vs. CQ p =0.0009,
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MMV253 p = 0.0001, MMV533 p = 0.0008,M5717 p = 0.0009,MMV183
p =0.0009, SJ733 p =0.0005,MMV048 p =0.0007, one-wayANOVA, F
(8, 7.938) = 60.26, n = 3).

Compounds will be developed for human dosing in clinical stu-
dies based on their activity against ABS parasites and, therefore, the
activity of compounds against immature gametocytes had to be eval-
uated at concentrations relevant to ABS efficacy. Treating immature

gametocytes with M5717, MMV048 and SJ733 at IC90 and >10x IC99

(corresponding to clinically relevant human doses) was effective at
killing these gametocytes when these were present at ~10% of the ABS
parasites’ cell numbers, replicating the typical conversion number3

(p = 0.97, p =0.26 and p =0.18, respectively, two-way ANOVA, F (2,
42) = 691.0, n = 3, Fig. 3C). This does not hold for all the other com-
pounds evaluated (MMV183,MMV253, andMM533)where a significant
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reduction in activity against immature gametocytes was present at
these concentrations (p =0.048, p =0.0001 and p = 0.0003, respec-
tively, two-way ANOVA, F (2, 42) = 691.0, n = 3). This was similarly true
for the activity of these compounds against late-stage gametocytes at
these concentrations (Supplementary Fig. S4b). This raises concerns
with compounds with such profiles that will not prevent gametocyte
differentiation, with the resultant immature gametocytes not effec-
tively killed.

In the above scenario, immature gametocytes formed when ABS
parasites are treated with antimalarial candidates could seed the
development of mature gametocytes and sustain transmission.
Therefore, we interrogated the compounds’ ability to prevent the
maturation of gametocytes after immature gametocytes were pulsed
on the drug for 48 h. Gametocytemia decreased for all the com-
pounds tested, significantly so for M5717 and MMV533 (p = 0.0001
and p = 0.0001, respectively, one-way ANOVA, F (6, 14) = 20.40,
Fig. 3A, D). This is similar to the reduction in mature gametocytes
after KAF156 treatment of immature gametocytes14. Themature stage
V gametocytes produced after these drug treatments appeared
morphologically somewhat irregular (Supplementary Fig. S4c), with
a change in sex ratio, particularly for M5717 that showed a significant
decrease in the female-to-male gametocyte ratio (p = 0.0244, one-
way ANOVA, F (6, 7) = 9.609, Supplementary Fig. S4d). Additionally,
gametocytes produced under these conditions showed a similarly
decreased ability to produce gamete formation (Fig. 3E), with a sig-
nificant >80% reduction in gamete formation seen for M5717
(p = 0.0001, one-way ANOVA, F (5, 12) = 36.75 and F (5, 12) = 76.87)
and MMV533 (female gametes, p = 0.0001, one-way ANOVA, F (5,
12) = 36.75, Fig. 3E). Taken together, compounds that are ineffective
at targeting immature gametocytes may also be ineffective at pre-
venting onward parasite transmission to the mosquito.

Target protein abundance does not correlate to a loss in
gametocyte activity profiles
We subsequently investigated potential causes for the differential
activities of compounds between ABS parasites and different stages
of gametocytes. Stage-specific transcript9,35–37 and protein35,38 abun-
dances characterize ABS parasites and various stages of gameto-
cytes. We correlated protein expression profiles of validated and/or
putative targets of the compounds across the parasite’s life cycle
stages with the differential activity profiles of the compounds (Fig. 4,
Supplementary Data S4), with the assumption that the activity
against ABS parasites and gametocytes is due to the inhibition of the
same protein target. A correlation was evident between protein
abundance and the compounds’ activity only for a few compounds
with <10-fold change difference in activity between ABS parasites
and both gametocyte stages (Pearson r = 0.15 and 0.49 for immature

andmature gametocytes, Supplementary Fig. S5a, c, d). This includes
M5717 with <2-fold difference in the abundance of its target PfEF2
between these stages. Similarly, the activity of MMV183 and
MMV019721 (MMV721) can be explained by similar abundances of
their target PfAcAS (<2-fold difference), as is true for PfPRS (proline-
tRNA synthetase) targeted by halofuginone. However, this does not
hold for compounds proposed to target PfPheRS (phenylalanine-
tRNA synthetase), including BRD3444 and BRD7929, which have a 10-
fold loss in activity against immature gametocytes but >1000-fold
loss in activity in mature gametocytes even though PfPheRS is
equally abundant in these gametocyte stages (cluster 5 for ABS/iGc to
cluster 2 for ABS/mGc, Fig. 4). Similarly, SJ733 and KAE609 show a
2–4-fold loss in activity against immature gametocytes and a 12-55-
fold loss in efficacy against mature gametocytes, although the
abundance of their target (PfATP4) did not decrease. This is also true
for PfPKG as the target for ML10 or MMV084. Although quantitative
protein data is not available for PfPI4K as it is a membrane-associated
protein, transcript levels show only a ~2-fold decreased transcript
abundance between ABS parasites and mature gametocytes9,29, while
PfPI4K inhibitors MMV048 (and related analog MMV642943
(UCT943) and MMV642944) and KDU691 lose ~4-20-fold activity
against mature gametocytes. Indeed, there is no overall linear rela-
tionship between protein abundance and activity loss for com-
pounds losing >10-fold of their activity in gametocytes implying
other factors must be at play to cause the activity loss. Metabolic,
biochemical, and essentiality data (Supplementary Data S4) indicate
that the function of some of these targets is not essential for game-
tocyte survival10,39. Alternatively, such compounds may not effec-
tively gain access to their cellular site.

Physicochemical properties contribute to differential profiles of
compounds against ABS parasites and gametocytes
To understand if there is a physicochemical space that defines com-
pounds with dual activity, we used cheminformatics and machine
learning to deconvolute contributions to compound efficacy. Pre-
viously developed machine learning classification models for stage-
specific activities of compounds40 confirmed the specific enrichment
in our data for compounds against the different parasite stages,
including immature gametocytes (probability >0.7, Supplementary
Fig. S6a). We subsequently created various multiclass models (Sup-
plementary Data S5) of which Random Forest (RF) accurately (macro
averageAUC0.80, SupplementaryFig. S6b) classified compoundswith
specific activity profiles based on their physicochemical relatedness41.
Extraction of the chemical features enriched within these activity
profiles identified topological polar surface area (tPSA), molecular
weight (MW) and lipophilicity as the most critical chemical features
that allow the discrimination of compounds with different activity

Fig. 2 | Parallel evaluation of asexual and gametocytocidal activity of MMV
compounds. The activity (IC50s) of 80 compounds provided by the MMV were
determined in parallel against asexual blood stage (ABS, 95% ring-stages) parasites
with SYBR Green I fluorescence after 96 h, and against immature gametocytes (iGc,
80% stage II/III, 13% stage I), and mature gametocytes (mGc, 90% stage V) with
luciferase reporter lines after 48h drug pressures. The data are from n = 3 inde-
pendent biological repeats, each performed in technical triplicates. A K-means
clustering of the activities (IC50s) obtained. B Dose-response curves of selected
compounds indicate the IC50 shifts between ABS parasites (black), iGc (light blue),
and mGc (dark blue). The activities of compounds (IC50s) were determined from
three independent biological repeats (n = 3), performed in technical triplicates,
mean ± S.E., with significance indicated using an unpaired two-tailed Student’s t
test. Exact p-values provided in Supplementary Data S2. C Construction of a con-
stitutive luciferase reporter line via Bxb1 attB-attP integration of a myc-tagged
CBG99 luciferase fusion gene under the control of the 5’ nucleosome assembly
protein (nap) promoter (prom) and the 3’ regulatory region of the nap gene. The

wild-typeNF54attB and the transgenic lineNF54nap werePCR screened for theattB (B)
sites which would denote wild-type, unintegrated parasites, whilst the presence of
the attL (L) region will indicate successful integration using primers shown (attB: F1
and R1, attL: F1 and R2). The expected DNA band sizes were obtained on the gel
(attB: 1100bp, attL: 701 bp). D The bioluminescent signal (RLU) from CBG99 luci-
ferase activity across ABS parasites and gametocytes (n = 3 independent biological
experiments for rings; n = 6 independent experiments for trophozoites and LGc, all
in technical triplicates,mean± S.E.). Individual data points are indicated in symbols.
Statistical evaluation was performedwith one-way ANOVA (total DF = 14). p =0.018
rings vs. trophozoites and p =0.019 rings vs. LGc. E Correlation of the activities of
antimalarial compoundsbetween the constitutive luciferase reporter line andother
assay platforms, with 95% confidence bands on each point indicated as ribbons on
the regression line. Data from three independent biological repeats (n = 3), per-
formed in technical triplicates. CQ Chloroquine, DHA dihydroartemisinin, Lum
Lumefantrine, MB Methylene blue, MMV183 MMV693183, MMV253 MMV674253,
Pyr Pyrimethamine, TQ Tafenoquine. *p <0.05; **p <0.01, ***p <0.001.
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profiles (Fig. 5A). The contribution of tPSA as a discriminator appeared
significant to all stages, with lipophilicity (LogP/D) as an important
driver to mediate gametocyte activity. This suggests that passive per-
meability through lipoidal uptake is an essential contributor to com-
pound uptake into various stages of malaria parasites. Since these
parameters are typically interrelated, a PCA analysis prioritized the
parameters associated with dual activity, with LogD (and LogP) equal
drivers of variability in the first dimension (50% of total variability) and
tPSA and MW as main contributors in the second dimension (34% of
total variability, Fig. 5B). These critical factors suggest the presence of

uptake barriers that prevent compounds from entering mature
gametocytes.

Compound uptake drives inhibition profiles of compounds
against ABS parasites and gametocytes
We subsequently validated the contribution of different uptake
mechanisms in ABS parasites and gametocytes to explain the dif-
ferential inhibition profiles of compounds. Parasites take up com-
pounds through lipid diffusion, facilitated uptake through parasite
channels or transporter proteins, or new permeability pathways42 as

Fig. 3 | Implications of different inhibition profiles on gametocyte stages.
A Experimental set-up to determine sexual commitment rates (SCR) and gameto-
cyte maturation. Created in BioRender. Birkholtz, L. (2023) BioRender.com/
d75n707”.B SCR after asexual blood stage (ABS) parasite drug pressure as the ratio
of stage II gametocytes on day 4 to ring stages on day 2. Individual data points are
indicated in symbols. Data are from three independent biological repeats, in
technical triplicates (n = 3, mean ± S.E.). Statistical evaluation was performed with
one-way ANOVA (total DF = 26). Exact p-values are provided in main text.
C Inhibition of viability of ABS parasites or immature gametocytes (iGc, >80% stage
II/III) as determined with SYBR Green I fluorescence or luciferase expression,
respectively. Parasites were exposed to compounds at concentrations corre-
sponding to their therapeutic efficacy in vivo for 48h for either the same cell
numbers between ABS and iGc parasites (1 × 105 cells/well) or reduced iGc numbers

(1 × 104 cells/well, 10% iGc). Data are from three independent biological repeats,
technical triplicates (n = 3, mean ± S.E.). Individual data points are indicated in
symbols. Statistical evaluationwas performed with two-way ANOVA (total DF = 62).
Exact p-values provided in Supplementary Data S6. D Evaluation of gametocyte
maturation after iGc was exposed to compounds for the 48 h period in C. Data are
from three independent biological repeats (n = 3), with one-way ANOVA (total
DF = 27) significance evaluation. Exact p-values provided in main text. E The via-
bility of developedmature gametocytes (mGc) was evaluatedwithmale and female
gamete formation for three independent biological repeats (n = 3, mean ± S.E.),
with technical triplicates. Individual data points are indicated. Statistical evaluation
was performed with one-way ANOVA in relation to the untreated control at 100%
viability (total DF = 17). Exact p-values provided in Supplementary Data S6.
*p <0.05; **p <0.01, ***p <0.001.
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anion-selective channels (Plasmodium surface anion channels,
PSAC)43. We took advantage of the availability of structurally related
analogs of the neutral 2-aminopyridine, MMV048; a basic piper-
azinylamide containing compound UCT943 and carboxylic acid
analog (MMV674594, UCT594) as 2-aminopyrazines (Fig. 6A). These
all have PfPI4K as target but display different activity profiles on ABS
parasites, immature and mature gametocytes (Fig. 6B)17,18,44. UCT943

and UCT594 were designed to improve the solubility and perme-
ability of MMV048, with UCT943 mainly showing decreased lipo-
philicity. LC-MS detected significantly less of MMV048 and UCT594
inside immature (p = 0.049, F (2, 6) = 20.15 and p = 0.0003, F (2,
6) = 69.57, respectively, one-way ANOVA) and late-stage gametocytes
(p = 0.0018, F (2, 6) = 20.15 and p = 0.0001, F (2, 6) = 69.57, respec-
tively, one-way ANOVA) compared to ABS parasites (Fig. 6C). This

Fig. 4 | Correlation of abundance of proposed drug targets to compound
activities. The fold change (FC) in a compound’s activity (IC50 difference) was
calculated as the IC50 ratio measured on asexual blood stage (ABS) parasites vs
immature gametocytes (iGc) (ABS/iGc); or ABS parasites vs mature gametocytes
(mGc) (ABS/mGc). Additionally, the FC in the protein abundance levels for the drug
targets for each compound was calculated for the same parasite stages (FC in
protein abundance ABS/iGc or ABS/mGc). The correlation of the amplitude in FC in
activity vs the FC in protein abundance was K-means clustered and indicated in the
heatmap. The darkest blue indicates compounds nearing a 1:1 ratio between the
change in activity of the compound from ABS to i/mGc and the change in that
compound’s protein abundance. White shows compounds with a considerable loss

in activity but not a similar change in protein abundance. The Sankey diagram
between heatmaps illustrates the connection in compounds and their targets
between iGc and mGc, as the profile of these compounds changes from active to
inactive between these parasite stages. Some compounds and their corresponding
targets within each cluster are highlighted. AcAS Acetyl-CoA synthetase, ATP4 non-
SERCA-type Ca2+ P-ATPase, DHFR dihydrofolate reductase-thymidylate synthase,
DHODH dihydroorotate dehydrogenase, EF2 elongation factor 2, IRS isoleucine-
tRNA synthetase, MDR1 multidrug resistance protein 1, PheRS phenylalanine-tRNA
synthetase, PKG cGMP-dependent protein kinase, PRS proline-tRNA synthetase,
V-ATPase V-type ATPase.

Fig. 5 | Physicochemical properties of compounds with different activity pro-
files against ABS parasites and gametocytes. A Shapely values for the physico-
chemical properties of the compounds that contributed to the different stage-
specific activities. B PCA analysis of the physicochemical properties of compounds

with different activity profiles against asexual blood stage (ABS) parasites and
gametocytes. HBA Hydrogen bond acceptor, HBD Hydrogen bond donor, MW
Molecular weight, RB Rotatable bonds, tPSA Topological polar surface area.
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correlates to their activity loss against the gametocyte stages
(Fig. 6B). Late-stage gametocytes still took upUCT943, supporting its
higher activity against more mature gametocyte stages (Fig. 6C).

Next, we investigated the mechanisms that could contribute to
the differential uptake profiles. PSAC increases ABS parasites’ perme-
ability and is still active in immature gametocytes but declines as
gametocytesmature11. Blocking PSACactivitywith 30 µMFurosemide45

in ABS trophozoites would decrease the effect of compounds relying
on PSAC for entry into the parasites. This treatment decreased

Blasticidin activity 4.5 fold as it is known to be taken up through the
PSAC (p = 0.0022, unpaired Student’s t test, Fig. 6D, Supplementary
Fig. S7a, b)46. This was also seen forDHAwith a 2-fold change in activity
(p = 0.0144, unpaired Student’s t test). However, blocking the PSACdid
not have a dramatic influence on the uptake of MMV048, UCT594 or
UCT943,with only a 1.3-folddecreaseobserved inuptakeof theneutral
MMV048 into ABS trophozoites and immature gametocytes.

Inhibition of aquaglyceroporin (AQP) as a proposed channel for
uptake of small molecules into the parasite47,48, with the gold(III)

Fig. 6 | Uptake mechanisms influencing different inhibition profiles of com-
pounds with similar biological targets. A Chemical structures and B activities
(IC50) of MMV048 (n = 3 biological repeats, in triplicate), UCT943 (n = 3, in tripli-
cate), and UCT594 (n = 2, published data17), mean ± S.E. in each instance. Individual
data points are indicated in symbols. Statistical evaluationwas performedwith one-
way ANOVA (total DF = 7). Exact p-values provided in Supplementary Data S6.
C Difference in the amount of compound present in the supernatant (S) and pellet
(P) of asexual blood stage (ABS) parasites and gametocytes (immature (iGc) and
late-stage (LGc) gametocytes) as determined with LC-MS (n = 1, performed in
technical triplicates, mean ± SD, one-way ANOVA, total DF = 8). Exact p-values
provided in Supplementary Data S6.D ABS trophozoites, iGc, and LGc, were either
pre-treated with or without Furosemide (PSAC blocker, 30min) followed by
treatment with the positive control (Blasticidin, Blast), MMV048, UCT943, UCT594
and DHA for a further 48h and proliferation and viability measured with luciferase.
Activity is expressed as a fold change (FC) in activity in the presence or absence of
Furosemide. Data are from three independent biological repeats, in technical tri-
plicates (n = 3, mean ± S.E.). Individual data points are indicated in symbols.

Statistical evaluation was performed with unpaired two-tailed Student’s t test
(df = 4). Exact p-values provided in SupplementaryData S6. EABSparasites, iGc and
LGc, were pre-treated with or without Auphen (AQP3 blocker, 30min), followed by
treatment withMMV048, UCT943, andUCT594 for a further 24 h, and proliferation
and viability were measured. FC was determined relative to treatments without
Auphen. Data are from three independent biological repeats, with technical tripli-
cates (n = 3,mean ± S.E.). Individual data points are indicated in symbols. Statistical
evaluationwas performedwith unpaired two-tailed Student’s t test (df = 4). Exact p-
values provided in main text. F ABS parasites and LGc were pre-treated with or
without saponin (0.05%, 10min) followed by treatment with MMV048, UCT943,
and UCT594 for a further 12 h and viability measured with luciferase, with % inhi-
bition indicated. FC inactivity in thepresence and absenceof saponinare indicated.
Data are from three independent biological repeats (n = 3, mean± S.E.) except for
MMV533 in LGc for which data are from n = 2 biological repeats. Individual data
points are indicated in symbols. Statistical evaluationwas performedwith unpaired
two-tailed Student’s t test (df = 4). Exact p-values provided in Supplementary
Data S6. *p <0.05; **p <0.01, ***p <0.001.
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complexed inhibitor Auphen49 (Supplementary Fig. S7c) resulted in a
significant reduction of the activity of MMV048 and UCT594 in ABS
parasites (p =0.0001, unpaired Student’s t test) and immature
(p = 0.0089 and p = 0.0312, respectively, unpaired Student’s t test) but
not mature gametocytes (Fig. 6E, Supplementary Fig. S7d). This indi-
cates some involvement of facilitated uptake via PfAQP of the neutral
and acidic compounds into ABS parasites and immature gametocytes
but not in mature gametocytes where the abundance of PfAQP is
decreased9,38, similar to what is observed in P. berghei gametocytes
compared to ABS parasites50.

To investigate the contribution of passive lipid diffusion, the
impact of differential lipid compositions was assessed. Late-stage
gametocytes treated with saponin, show increased uptake of the
membrane-impermeable viability stain TrypanBlue compared to ABS
parasites (Supplementary Fig. S7e), as expected given that the mature
gametocytes have higher levels of cholesterol51 resulting in more
compact membranes and reduced permeability52,53. In the presence of
saponin, the activity of the neutral MMV048 and acidic UCT594 dra-
matically improves 4-7-fold in gametocytes (p = 0.0009 for MMV048,
unpaired Student’s t test, Fig. 6F) but not in ABS parasites. The larger,
morebasic compoundUCT943 (Fig. 6F) shows similar activities inboth
ABS parasites and gametocytes, irrespective of the presence of sapo-
nin. Therefore, increased membrane permeability resulted in
increased activity of MMV048 and UCT594. The different lipid com-
positions in ABS parasites compared to gametocytes thus result in
reduced diffusion of compounds into gametocytes, which means that
dual-active compounds must be designed with specific properties to
effectively enter gametocytes via lipid-diffusion mediated uptake.

Defining the required design parameters for dual-active anti-
malarial activity
We subsequently defined the physicochemical space required to
ensure dual activity in antimalarial candidates. A Boiled-Egg analysis54

(Fig. 7) of the predicted lipophilicity (as WLogP from the Wildman-
Crippen algorithm related to AlogP98 but with exhaustive chemical
descriptions) vs polarity (tPSA) as an indicator of absorption and
bioavailability indicated that the majority of frontrunner antimalarials
with activity against bothABSparasites and gametocytes fallwithin the
most favorable regions (within the 95% ellipse area). By contrast,

compounds that prefer ABS parasites are also found outside this pre-
ferred absorption model. For compounds to have additional activity
against gametocytes, these require specific physicochemical proper-
ties to support lipiddiffusion-mediateduptakewhichwedefinehere as
an optimal tPSA range of 50-75 and WLogP of 3.5–4 (LogD of ~3 pre-
ferred), due to the reduced presence of transporters and the unique
membrane compositions of gametocytes.

Discussion
Several frontrunner and development candidates within the anti-
malarial portfolio have the additional advantage of targeting the
transmission of the parasite from humans to mosquitoes. However,
the development pathway of these compounds is centered on their
activity against ABS parasites, and the systematic analysis of their
effective activity against gametocytes at the concentration needed to
kill ABS parasites has not been performed. This limits interpretations
as to the consequence of this loss in activity against gametocytes for
effective blocking of transmission. Here, we present distinct activity
profiles of compounds for ABS parasites and gametocytes associated
with specific amplitudes of activity loss and offer causative mechan-
isms for such profiles.

Our systematic analysis highlighted that the extent of loss of
activity of compounds from ABS parasites to mature gametocytes is
more pronounced than previously perceived, with even ‘equipotent’
compounds displaying an average 10- and 18-fold drop in activity
against immature and mature gametocytes, which is almost double
that which was previously proposed as an expected or acceptable
loss4,10. We show that this is irrespective of assay platform, exposure
time, or parasite strain used, indicative of a persistent phenomenon.

There are several scenarios of concern because of such activity
profiles. Compounds without activity against immature gametocytes
can cause increased gametocytogenesis due to an escape strategy
when ABS parasites are under drug pressure55. Although we did not
observe this as a systematic issue for the frontrunner compounds we
evaluated, we show that gametocytes can still effectively be induced
from treated ABS parasites under the conditions tested that mimic
therapeutically relevant concentrations. The decreased gametocyto-
cidal capacity of compounds with e.g. an 18-fold drop in activity to
mature gametocytes remains a concern. In this scenario, only

Fig. 7 | Physicochemicalpropertiesofdual-active compounds.Boiled-eggmodel
(blue ellipses) for frontrunner antimalarials with asexual blood stage (ABS)-specific
activity (black) and activity against both ABS parasites and gametocytes (blue). 95%

and99% confidenceellipses (gray) are shownas indications of goodabsorption. Pyr
Pyrimethamine.
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compounds (e.g.M5717) with near equipotency between ABSparasites
and gametocytes will prevent continuous seeding of the gametocyte
population and gametocyte maturation when used at therapeutically
relevant concentrations. Only under these circumstances would the
gametocyte densities effectively be brought down to less than 1000
gametocytes/mL, the threshold required to prevent sustained trans-
mission of gametocytes55. However, increased gametocyte densities
have been reported in asymptomatic patients and in pre-elimination,
low transmission settings56,57, where these parasites switch from
replicative to reproductive profiles in response to adaptation to
changing environments57,58, as has been reported for West African
parasite populations59. It would be important to model the effective
concentration required for gametocytocidal and/or transmission-
blocking ability under such conditions. Human dose prediction
where the in vitro ABS IC50 is considered (e.g., MMVSola, https://
mmvsola.org/) could be extended as a model to predict in vivo
transmission-blocking efficacy at the chosen therapeutic dosages. This
would additionally need to take specific pharmacokinetic/pharmaco-
dynamic requirements into account in combinations to allow one
partner component to cover the extended 8–12 days for gametocyte
maturation60.

A critical question that arises is what underlying mechanisms
cause these activity profiles. Understanding these factorswill provide a
framework to guide the design and discovery of the next-generation
compounds to ensure successful dual activity. Distinct biological
processes are activated to support replication vs. reproduction of the
parasites, with mature gametocytes metabolically differentiated into a
more oxidative state with slowermetabolic flux10,61,62. We show that the
abundance of most drug targets is not predictive of the activity in
gametocytes. These targets, not surprisingly, are involved in biological
processes of importance to ABS parasites and mature gametocytes,
including signaling, translation, and ion homeostasis that all support
the mature gametocyte to be in a poised state for onward
transmission10. However, targeting the same protein between ABS
parasites and gametocytes does pose a potential risk. Once resistance
develops against these compounds in the ABS parasites, it would
spread in the parasite population as gametocytes would not be
effectively targeted and, therefore, could continue parasite
transmission2,63. Characterizing this transmission would contribute to
our understandingof the resistance riskof compounds associatedwith
specific drug targets64.

A loss in gametocyte activity for some compounds can be attrib-
uted to decreased metabolic activities in gametocytes, e.g., CQ and
artemisinin derivatives that are dependent on the rate of hemoglobin
metabolism in these stages4. However, for drugs with specific protein
targets indicated, the loss in gametocyte activity did not correlate to
reduced target abundance in gametocytes. A lack of data on essenti-
ality, accessibility, subcellular localization, binding affinity, and selec-
tivity of proteins in gametocytes confounds this65. Identification and
validation of targetable processes crucial to gametocyte survival is
therefore required, and genetic manipulation66,67 or proteomic
tools68,69 have now become available to investigate such processes.
Strategies for screening chemicalmatter de novo against transmission
stages69,70 have successfully targeted critical biology in these stages.
Our understanding of compounds’ transmission-blocking potential
would benefit from a systematic model to predict transmission-
blocking drug targets and their prioritization.

An important finding of this work is that the loss in activity of
compounds against gametocytes correlates to specific requirements
in the physicochemical properties to allow for effective diffusion
acrossmembranes. Themetabolically active trophozoite ABS parasites
are enclosed in the intraerythrocytic environment within three asso-
ciated membrane systems (the erythrocyte membrane, para-
sitophorous vacuolar membrane, and parasite plasma membrane),
with these parasites efficiently inducing additional uptake

mechanisms to overcome this constrain in the form of PSAC43 and
several transport proteins71. Gametocytes are also enclosed within
three membrane systems together with an additional inner membrane
complex (IMC, which is also present in merozoite ABS parasites)72 that
develops under the gametocyte parasite plasma membrane. Uptake
mechanisms in gametocytes are limited as the PSAC is absent in
mature gametocytes and only a few transport proteins are expressed
in these stages9. The membrane composition also varies between ABS
parasites and gametocytes, with ABS parasites rich in phospholipids
required for membrane biogenesis during replication51,73,74. By con-
trast, the membranes of mature gametocytes show increased choles-
terol levels (free and esterified)51, and sphingolipids73,74 consistent with
increased membrane stability, deformability, and flexibility of mature
gametocytes in preparation for transmission51,75. We show that these
changes pose a significant barrier to drug uptake into the gameto-
cytes, with passive diffusion as the main route of accessibility for
compounds. While diffusion and permeability are already critical fac-
tors in designing and optimizing lead antimalarial candidates to
ensure oral bioavailability76,77, this is crucial to ensure added
transmission-blocking capabilities with a preference for smaller, neu-
tral, and lipophilic moieties. These are critically important considera-
tions for other infectious organisms, including the Mycobacterium
bacillus. However, while these characteristics can be used as guiding
points in the design of compounds for activity against mature game-
tocytes, there should be a careful balance towards these additional life
cycle profiles compared to an increased propensity towards toxicity
and/or metabolic instabilities78.

In conclusion, this work provides a framework of activity profiles
of antimalarial candidates active against ABS parasites and different
stages of gametocytes. We confirm the importance of targeting mul-
tiple stages and suggest that activity against immature gametocytes
can be a valuable profile to ensure the reduction of the gametocyte
load. However, transmission-blocking potential depends on a thresh-
old to provide adequate clearance or, at best, the reduction of mature
gametocyte numbers to levels below those that sustain transmission.
Next-generation antimalarials could be designed with improved
potential for gametocytocidal activity if their targets are similarly
expressed between ABS parasites and gametocytes to ensure uptake
via diffusion and optimize a compound for transmission-blocking
strategies.

Methods
Extended, comprehensive methods for each section are provided as
supplementary material.

Ethics statement
Parasitology work and volunteer human blood donation (fromhealthy
adult consenting volunteers) at the University of Pretoria is covered
under ethical approval from the Research Ethics Committee from
Health Sciences (506/2018) and Natural and Agricultural Sciences
(180000094).

In vitro cultivation of P. falciparum ABS parasites and
gametocytes
P. falciparum NF54 (drug-sensitive) ABS parasites were maintained
in vitro under sterile conditions at 5% hematocrit (A+/O+ human ery-
throcytes), ~2% parasitemia in complete malaria culture medium
(RPMI-1640 supplemented with 23.81mM NaHCO3, 25mM HEPES,
0.2% (w/v) D-glucose, 0.2mM hypoxanthine, 0.024mg/mL gentami-
cin and 5 g/L Albumax II) under hypoxic conditions (5% O2, 5% CO2

and 90% N2) at 37 °C as previously described7. In cases where
homogeneous ring stages were required, parasites were synchro-
nized with 5% (w/v) D-sorbitol9.

As described, immature and mature gametocytes were produced
from P. falciparum NF54-pfs16-GFP-Luc30 through simultaneous
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nutrient starvation and decreased hematocrit6,7. ABS cultures (>97%
ring-stage parasites, 0.5% parasitemia, 6% hematocrit) were trans-
ferred to glucose-deprived complete malaria culture media for 72 h,
after which the hematocrit was dropped to 4%. Gametocytogenesis
was followed with daily media changes (including glucose) and
removal of asexual parasites with 50mM N-acetylglucosamine from
day 1–4 for immature gametocytes (stage II/III) and days 3–7 for late-
stage gametocytes (stage IV/V). Gametocytogenesis was monitored
daily by microscopy.

Drug activity assays
SYBR Green I fluorescence was used to determine the activity of
compounds (e.g., half-maximal inhibitory concentrations of com-
pounds, IC50) against ABS parasites. Ring-stage NF54 P. falciparum
cultures (1% hematocrit, 1 % parasitemia) were treated with com-
pounds (2-fold diluted concentration range from 10 µM) for 96 h at
37 °C with chloroquine disulphate (0.5μM) as positive drug control.
Fluorescence was measured with 485 nm excitation and 538 nm
emission79.

The gametocytocidal activity was determined on immature
gametocytes (>80% stage II/III), late-stage gametocytes (>90% stage IV/
V) ormature gametocytes (>90% stage V) as described using luciferase
expression as viability indicator6 from P. falciparum NF54-pfs16-GFP-
Luc parasites30. Activity was determined at 2% gametocytemia, 1.5%
hematocrit for 48 h under hypoxic conditions at 37 °C.Methylene blue
(5μM) was used as positive control for inhibition. Luciferase activity
was measured in 30μL parasite lysates by adding 30μL luciferin sub-
strate (Promega Luciferase Assay System) at room temperature and
detecting resultant bioluminescence at an integration constant of 10 s.
Assay performance was monitored with Z’-factors at >0.8.

Generationof constitutively expressed luciferase transgenic line
The site-specific Bxb1 attB-attP integration system was used to inte-
grate promoter and reporter gene fragments efficiently into the Plas-
modium genome in the dispensable cg6 gene of the transgenic NF54-
cg6-attB parasite line (NF54attB)30. The promoter of nuclear assembly
protein (nap, PF3D7_0919000) was identified to regulate constitutive
expression acrossABSparasites, gametocyte andmosquito stages of P.
falciparum parasites by examining microarray9 and RNA sequencing
(RNAseq) expression profiles29. A myc-tagged CBG99 luciferase fusion
gene (click Pyrophorus plagiophthalamus)28 cassette was inserted into
XhoI and NotI sites of pCR2.1-attP-FRT-hDHFR/GFP80 to generate a
pCR2.1-attP-FRT-hDHFR/GFP-5’nap-myc-CBG99-3’nap vector where
luciferase expressionwould be under the control of the nap promotor
once integrated into the genome, confirmed by restriction enzyme
mapping and Sanger sequencing. The NF54attB line (5–6% ring-stage
parasites, 5% hematocrit) was co-transfected with 60μg each of pINT
(containing the integrase) and pCR2.1-attP−5’nap-myc-CBG by elec-
troporation (BioRadGene Pulser Xcell™ Electroporation System). After
24 h, transgenic parasites were selected with 250μg/mL G418 (neo-
mycin) and 2.5 nM WR99210 for 6 days followed by drug treatment
with 2.5 nM WR99210 for an additional 3 days after which parasites
recovered in drug-free medium. Genomic integration was confirmed
byPCRand sequencing. Forwild-typeNF54attB, theattB (B) sitewas PCR
screened with primers F1 (5’-CATCCTGTGAAGTTACCCAGGATCCA-3’)
and R1 (5’-CATGCAATTCTTGCAACTTGTCTATG-3’). For integrated
parasites, representing the transgenic line NF54nap, the attL (L) region
was PCR screened with primers F1 (5’-CATCCTGTGAAGTTACCCAG-
GATCCA-3’) and R2 (5’-GATTACTTTGATTAACAAAGGCACGC-3’).

Activity of compounds (IC50) against NF54
nap ABS parasites was

determined on ring-stage cultures (1% hematocrit, 1% parasitemia) and
these parasites were treated with compounds (2-fold diluted con-
centration range from 10 µM) for 96 h at 37 °C with chloroquine dis-
ulphate (0.5μM) as positive drug control. The gametocytocidal
activity was determined on NF54nap immature gametocytes (>80%

stage II/III) or late-stage gametocytes (>80% stage V) at 2% gametocy-
temia, 1.5% hematocrit for 48h under hypoxic conditions at 37 °C.
Methylene blue (5μM) was used as positive control for inhibition.
Luciferase activity in these ABS parasites, immature and late-stage
gametocytes produced with this NF54nap line (in the presence or
absence of compounds) was determined by adding 1mMnon-lysingD-
luciferin substrate (0.1M citric acid and 0.1M trisodium citrate 2-
hydrate, pH 5.5) at a 1:1 ratio at room temperature28 and detection of
resultant bioluminescence at an integration constant of 10 s.

Gametocyte commitment rate
For quantification of sexual conversion rates, Pf-ef1α-tdTomato para-
sites were used34 that express red fluorescence during gametocyte
stages. Synchronous ABS parasites (20–26 hpi, 1% parasitemia) were
incubated with compounds (1 × IC90 as determined against ABS para-
sites) for 48 h at 37 °C. After this, the medium was replaced with drug-
free medium daily for an additional 10 days and gametocytogenesis
monitored with Giemsa-stained microscopy and fluorescence micro-
scopy, with DAPI (5 µg/mL) nuclear co-staining under 1000× magnifi-
cation (Carl Zeiss Axio Lab A1 Fluorescence microscope). Immature
gametocyte stages were detected as double-positive fluorescent
parasites (parasites positive for both tdTom signal and DAPI-stained
nucleic acids) and ABS parasites as DAPI-positive (morphologically
confirmed with Giemsa). The sexual conversion rate (SCR) was calcu-
lated as the ratio of stage II gametocytes on day four to ring-stage
parasites on day two, expressed as a percentage representing game-
tocyte commitment7. Gametocytemia (%) was determined and corre-
lated between Giemsa-staining and fluorescence microscopy.

Treating immature gametocytes at therapeutically relevant
concentrations
Inhibition activities against ABS parasites were determined using SYBR
Green I fluorescence assay. Here, ring-stage NF54 P. falciparum para-
sites (1 × 105 parasites/well, 1% hematocrit) were treated with com-
pounds at concentrations mimicking the compounds’ therapeutic
concentrations, generated either in volunteer infection studies or
Phase Ib or IIb clinical trials. ABS parasites were treated at these con-
centrations for 48 h at 37 °C79 beforemeasuring fluorescence as above.
Additionally, immature gametocytes (>80% stage II/III) were seeded at
different cell numbers (1 × 105 gametocytes/well or 1 × 104 gameto-
cytes/well). These gametocytes were treated with the compounds at
the same concentrations as above for 48 h at 37 °C before luciferase
activity was measured as above.

Drug treatments on immature gametocytes and
functional assays
P. falciparum immature gametocytes (>80% stage II/III) were seeded in
6-well plates (3.5% gametocytemia) and treated as above for 48 h at
37 °C. Drug was washed out with drug-free media and gametocytemia
monitored daily until mature gametocytes were observed (>95% stage
V). Male and female gamete formation was evaluated from these
mature gametocytes as before8,81. Male exflagellating centers were
semiautomatically identified for 15 randomly located fields with each
video recorded for 8–10 at 30 s intervals and the total exflagellating
centers quantified using ICY (open source imaging software GPLv3),
normalized to an untreated control70. A minimum of 16 centers were
counted for the untreated control and methylene blue (10 µM) was
used aspositive control. Femalegameteswere detectedwith anti-Pfs25
(FITC labeled) immunofluorescence, countedmanually (aminimumof
30 fields counted) at a 100× objective using a FITC fluorescence filter,
with pyronaridine (10 µM) and methylene blue (10 µM) as controls8.

Cheminformatic analyses
Biological pathways/protein targets were identified based on text
and structure searches for each compound (PubChem [https://
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pubchem.ncbi.nlm.nih.gov/], DrugBank [https://www.drugbank.ca]
and the IUPHAR/MMV Guide to Malaria Pharmacology, [www.
guidetomalariapharmacology.org/malaria/]82). Protein expression of
selected targets were obtained from published datasets35,38 for ABS
parasites and gametocytes and compared to the compound activities
against these stages. Protein abundance values (quantified using the
exponentially modified protein abundance index method, emPAI)
were compared to the compound activities against these stages. A
ratio was calculated between the fold-change in protein abundance
and the fold-change in compound activity (as per IC50 values)
between ABS parasites and immature gametocytes, and ABS para-
sites and mature gametocytes. These ratios were K-means clustered
following a within-sum of squares test to determine an optimum
number of clusters.

Compound SMILES were extracted for all compounds and their
physicochemical properties were predicted using StarDrop (Opti-
brium, version 7.4) and molecular fingerprints generated (Morgan
fingerprints) using RDKit83. Activities of compounds against only ABS
parasites or against both ABS parasites and gametocytes were pre-
dicted from these Morgan fingerprints (500-bit length) using a pre-
viously generatedmodel available in ErsiliaModel Hub (https://github.
com/ersilia-os/eos80ch, identifier eos80ch)40. These models can only
classify compounds as active or inactive against ABS parasites or
gametocytes, but cannot differentiate between nuanced activity
across multiple stages including immature gametocytes. To overcome
this, we built various multiclassification models including random
forest (RF) and Gradient Boosting Machines (GBM) using the scikit-
learn python package (version 1.2.2)84. Due to the imbalanced, multi-
class nature of the dataset, oversampling and undersampling techni-
ques (via Imblearn package v 0.10.1) were evaluated but did not
improve model performance compared to training on imbalanced
data as shown before40 (Supplementary Data S5). These models were
trained on the physicochemical properties of the compounds (pre-
dicted with Stardrop v 7.4) as training features within different classes
of compounds (classification of compounds based on their original
IC50 values): 1) ABS parasite-specific activity; 2) ABS parasite and
immature gametocyte activity; 3) ABS parasite and late/mature
gametocyte activity; 4) late/mature gametocyte specific activity. The
optimal model is available on Github, https://github.com/M2PL/Stage-
specific-models-for-Pf. A total of 2013 compounds were randomly split
at an 80:20 ratio, whereby 80% of the compounds were used as a
training set to train models in classifying compounds to their respec-
tive activity profiles based on the compound’s predicted physico-
chemical properties. The resultant 20% was used as a test set to
evaluate model performance regarding sensitivity and specificity in
classifying specific activity profiles (Supplementary Fig. S6b and Sup-
plementary File S5), from which the top model was identified and
further evaluated (RF). A one-vs-all ROCcurvewas generated after a 10-
fold cross-validation for each activity profile to determine the RF
model’s accuracy in predicting individual activity profiles and to assess
overall model performance and variance (Supplementary Fig. S6c and
Supplementary File S5). To identify critical physicochemical features
predictive of a specific activity profile, SHAP values of features were
calculated from the model on the training set via Shapely (version
0.44.0)85.

For evaluating in silico ADME (absorption, distribution, meta-
bolism, and excretion) properties of frontrunner antimalarials with
ABS-specific activity and activity against both ABS parasites and
gametocytes, SwissADME (http://www.swissadme.ch/) and StarDrop
were used. Different parameters, including MW, molar refractivity,
solubility, gastrointestinal absorption, and bioavailability, were
investigated using a radar plot and the BIOLED-Egg model to inves-
tigate the permeability of frontrunner antimalarials. The BOILED-Egg
delineation was predicted, illustrating the capability of gastro-
intestinal absorption and blood–brain permeation. The BOILED-Egg

model of the antimalarials was created based on their lipophilicity
(WLogP) and tPSA. The white elliptical region of the egg depicts
high probability of gastrointestinal absorption, while yellow (yolk)
round region of the egg depicts blood–brain permeation of
compounds54. Furthermore, a multivariate approach that defined
ranges of LogP and tPSA for well-absorbed and poorly-absorbed
compounds86 was applied on frontrunner antimalarials with differ-
ential activity profiles for predicting lipid diffusion mediated uptake
of these compounds.

Validating uptake mechanisms
Uptake of MMV048, UCT943 and UCT594 were performed on P. fal-
ciparum NF54 trophozoites (>90% trophozoites), immature (>80%
stage II/III) and late-stage gametocytes (>90% stage IV/V), at 2%
hematocrit and 1 × 108 parasites in each suspension. Parasites were
treated at 1 × IC50 for 1 h at 37 °Cbefore the parasites were collected by
centrifugation and both the parasite pellets and supernatant samples
snap-frozen and stored at −80 °C for LC-MS analysis. Samples were
subsequently thawed and extracted with 200μL ice-cold acetonitrile
containing Carbamazepine as internal standard. Calibration standards
and quality control samples were prepared by spiking the compounds
in the same blank pellet or supernatant matrix to give final con-
centrations between 3.125 nM and 200 nM. These were also extracted
as described and analyzed with the samples to provide a standard
curve fromwhich individual concentrationswere determined. Analysis
wasperformedon anABSciex 4500Qtrap®mass spectrometerwith an
electrospray ionization source in positive ionization mode. A Multiple
Reaction Monitoring (MRM) method monitored the transitions of the
protonated molecular ions to their corresponding daughter ions. The
mass spectrometer was coupled to an Agilent 1290 Rapid Resolution
HPLC system. Chromatography was achieved using a Poroshell C18
column (30 × 4.6mm, 2.6μ) with 0.1% formic acid as the aqueous
mobile phase and 0.1% formic acid in acetonitrile as the organic phase.
A gradient method at 0.9mL/min was run, with a 1:1 split between the
MS and waste.

Trophozoites (>90% trophozoites), immature (>80% stage II/III)
or late-stage gametocytes (>90% stage IV/V) from P. falciparumNF54nap

line were preincubated with or without either Furosemide (30 µM for
30min, PSAC/NPP blocker)45 or Auphen (800nM forABS parasites and
5 µM for immature gametocytes and late-stage gametocytes, 30min,
AQP blocker)49,87, followed by the addition of 10 × IC50 of compounds
for 6 h at 37 °C. Media was replaced with drug-free medium and
incubated for 24h (Auphen) or 48 h (Furosemide) at 37 °C before
luciferase activity was determined as described above. ABS parasites
(>90% trophozoites) and late-stage gametocytes (>90% stage IV/V)
were also preincubated with or without saponin (0.05% (v/v)) for
10min at 37 °C, followed by the addition of 10 × IC50 of compounds for
12 h at 37 °C and viability determined through detecting luciferase
activity.

Data analysis
Unless otherwise specified, all data are presented as the means from
at least three independent experiments, each with technical tripli-
cates, with the standard error (S.E.) indicated. All data were tested for
normality using the Shapiro–Wilk normality test. Data that were
normally distributed were analyzed for statistical significance by
unpaired Student’s t test, one-way ANOVA, or two-way ANOVA, as
appropriate. Data that were not normally distributed were analyzed
by Kruskal–Wallis non-parametric tests followed by Dunn’s multiple
comparison test. All statistical tests were evaluated using GraphPad
Prism (version 9).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.
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Data availability
All data generated or analyzed during this study are included in this
published article (and its supplementary information files). Source
data are provided with this paper.

Code availability
All computer codes used to analyze the data are available on GitHub
(https://github.com/M2PL/Stage-specific-models-for-Pf) and Ersilia
(https://github.com/ersilia-os/eos80ch; identifier eos80ch).
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