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P

lasmodium falciparum malaria is responsible for almost
800,000 deaths and 250 million clinical cases annually (35).
The number of deaths associated with malaria gradually went
down in several countries of sub-Saharan Africa during the previous decade, thanks to increased financial investments, implementation of long-lasting-insecticide-impregnated bed nets, and artemisinin-based combination therapy (35). As expressed by the
MalEra initiative, the global malaria agenda has undergone a reorientation from control of clinical cases to malaria elimination
and eventually eradication (5).
For decades, antimalarial drug development has been almost
entirely focused on asexual blood stages, which are directly responsible for morbidity and mortality, while mostly ignoring the
nonpathogenic life cycle stages responsible for malaria transmission and subsequent spread of parasites in the population. Transmission stages emerging from asexual blood stages follow a number of transformation steps and eventually appear in the blood
circulation as mature stage V male and female gametocytes (6).
Once these mature gametocytes are ingested by blood-feeding
Anopheles mosquitoes, the sporogonic cycle is initiated by rapid
transition of male and female gametocytes into gametes, instantly
followed by fertilization. The formed oocysts finally release sporozoites that migrate to the mosquito salivary glands. Infected mosquitoes inject a small number of sporozoites into the human host
with every blood meal. A drug that substantially reduces or preferably entirely blocks transmission of malaria from human to
mosquito would be an important tool (5).
Here we describe a series of in vitro assays performed to test the
effects of drugs on the early and late development of laboratoryadapted P. falciparum strain NF54 as well as in vivo oocyst development in mosquitoes. Data are shown for the new antimalarial
drug candidate NITD609 as well as a few established antimalarial
drugs (lumefantrine, artemether, primaquine) (24). Lumefantrine and artemether were chosen due to being the two compounds of the combination therapy drug Coartem, which was
reported to have transmission-blocking activity in an earlier study
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(26). Primaquine, which acts as a transmission-blocking agent in
vivo, consistently shows no such effect in vitro and was added to
the experiments presented in this paper for further replication of
earlier results (7, 8, 10, 19, 27).
MATERIALS AND METHODS
In vitro anti-asexual activity assay. P. falciparum drug-sensitive strain
NF54 was cultivated in a variation of a medium previously described (12,
28), consisting of RPMI 1640 supplemented with 0.5% Albumax II, 25
mM HEPES, 25 mM NaHCO3 (pH 7.3), 0.36 mM hypoxanthine, and
neomycin at 100 g/ml. Human erythrocytes served as host cells. Cultures
were maintained in an atmosphere of 3% O2, 4% CO2, and 93% N2 in
humidified modular chambers at 37°C. Compounds were dissolved in
dimethyl sulfoxide (DMSO) (10 mM), diluted in hypoxanthine-free culture medium, and titrated in duplicate experiments over a 64-fold range
in 96-well plates. Infected erythrocytes (1.25% final hematocrit and 0.3%
final parasitemia) were added into the wells. After 48 h of incubation, 0.5
Ci of [3H]hypoxanthine was added per well and plates were incubated
for an additional 24 h. Parasites were harvested onto glass fiber filters, and
radioactivity was counted using a Betaplate liquid scintillation counter
(Wallac, Zurich, Switzerland). The results were recorded and expressed as
a percentage of the untreated control data. Fifty percent inhibitory concentrations (IC50) were estimated by linear interpolation (13).
Early and late gametocyte development assays. Figure 1 shows microscopic images of Giemsa-stained blood films representing the development and maturation of gametocytes emerging from replicating asexual parasites. The distinct morphological stages (I to V) form the basis for
measuring potential effects of compounds on early gametocyte develop-
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The global malaria agenda has undergone a reorientation from control of clinical cases to entirely eradicating malaria. For that
purpose, a key objective is blocking transmission of malaria parasites from humans to mosquito vectors. The new antimalarial
drug candidate NITD609 was evaluated for its transmission-reducing potential and compared to a few established antimalarials
(lumefantrine, artemether, primaquine), using a suite of in vitro assays. By the use of a microscopic readout, NITD609 was
found to inhibit the early and late development of Plasmodium falciparum gametocytes in vitro in a dose-dependent fashion
over a range of 5 to 500 nM. In addition, using the standard membrane feeding assay, NITD609 was also found to be a very effective drug in reducing transmission to the Anopheles stephensi mosquito vector. Collectively, our data suggest a strong transmission-reducing effect of NITD609 acting against different P. falciparum transmission stages.
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ment (gametocyte stages I and II) and late gametocyte development
(stages III to V) (4, 6).
Cultures of P. falciparum strain NF54 were routinely grown for gametocyte production as described previously (20). Briefly, isolates of NF54
were suspended in 5% group O red blood cells (RBCs) in culture medium
(RPMI 1640 with HEPES [5.94 g/liter], hypoxanthine [0.05 g/liter]), 10%
human serum, 5% bicarbonate [42 ml/liter]), with a parasite density of
0.5%. Blood was obtained from selected healthy Dutch blood bank donors
without any history of malaria.
For early gametocyte development, parasite cultures were started in an
automated tipper system in RBCs (22). After 4 days, parasites were cultured in 24-well plates (Nunc flat bottom) up to day 8. Growth medium
that included different concentrations of test compounds (volume, 1 ml)
was replaced manually once a day. The numbers of healthy stage II gametocytes were counted on day 8 (number of parasites/5,000 RBCs) by the
same person, using Giemsa-stained films prepared from culture samples,
and morphology was documented. Healthy stage II gametocytes have a
half-moon shape within RBCs, with pigment residing on the straight edge
of the half-moon and in the middle of the RBC. The early development
assay was repeated three times.
For late gametocyte development, gametocyte cultures were grown in
a tipper system at 5% hematocrit as described previously (21, 22). Culture
medium was replaced automatically twice a day (15). Test compounds
were added to cultures from day 8 up to day 12. On day 13, healthy stage
V male and female gametocytes were counted by the same person using
Giemsa-stained films prepared from culture samples. Gametocyte maturation and quality were assessed according to morphology, pigmentation,
and overall appearance; healthy stage V gametocytes are banana-shaped
with rounded ends. Stage V females have a slightly blue color, with the
pigment clustered in the middle, whereas males have a slight pink color
and pigment evenly spread throughout the parasite.
SMFA. The standard membrane feeding assay (SMFA) was used to test
potential effects of compounds or drugs on sporogonic development in
the mosquito as described before (30). Briefly, 14-day-old cultures of
strain NF54, showing 0.3% to 0.5% mature gametocytes, were first
checked in a prefeed for their quality and potential to form oocysts. When
ookinetes were seen 22 h after the feed, parasite culture material was used
to test the potential effects of compounds on sporogony; 300 l of culture
material was added to 180 l of washed packed cells and centrifuged for 20
s. After removal of the supernatant, 150 l of human control serum with
or without test compound was added to the pellet. Each suspension was
immediately injected into an individual membrane-covered minifeeder,
and 20 3-to-5-day-old Anopheles stephensi mosquitoes were allowed to
feed for 10 to 15 min (30). Six days after feeding, 20 mosquitoes per feeder
were dissected. Absolute numbers of oocysts were counted using a light
microscope after staining the mosquito stomach with 2% merbromin
(Mercurochrome) (15, 30).
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Selected test compounds. Parasite cultures were treated with a dose
range of NITD609, lumefantrine, artemether, or primaquine (5 mM
stock) dissolved in DMSO. Stock dilutions were subsequently made in
complete media that contained human control serum, RPMI 1640, and
sodium bicarbonate (NaBic). Control cultures contained a final concentration of 0.1% DMSO. Compound concentrations were selected on the
basis of their respective 50% effective concentrations (EC50s) on asexual
stages, covering a range of 5 to 500 nM. NITD609 was synthesized as
described in reference 24. Lumefantrine and artemether were provided by
Novartis Pharma. Primaquine (bisphosphate) was obtained from SigmaAldrich (catalog no. 160393) and used without further purification.
Data analyses. The results were gathered on datasheets using Microsoft Excel and SPSS Inc. PASW Statistics 18.0. Calculations of percentages of control results were done using formulas within the datasheets of
Microsoft Excel. Figures were made using GraphPad Prism 5. Statistical
analyses were performed using SPSS version 18.0. Differences in compound-dose responses compared to control results were analyzed with a
multiple-comparison model using Dunnett’s post hoc t test, as appropriate. The effect of drugs on oocyst counts was determined in two experiments that were analyzed by negative binomial regression models where
incidence rate ratios (IRR) were presented with P values and estimates
were adjusted for correlations between observations from the same experiment. To avoid multiple comparisons between drugs at different concentrations and control feeds, experiments were analyzed in two steps. First,
oocyst counts in control feeds were compared to counts in feeds with the
different drugs at any concentration (e.g., comparison of NITD609 at any
concentration with control feed). Second, a dose-dependent effect of
drugs was determined in a model where drug concentrations were added
as categorical variables (e.g., for NITD609, 5 nM ⫽ 1, 50 nM ⫽ 2, 500
nM ⫽ 3) and compared with the lowest drug combination as a reference
value. P values ⬍ 0.05 were considered statistically significant in all analyses.

RESULTS

Effect of compounds on asexual stages. To select a dose range of
the individual compounds for their capacity to interrupt transmission stages, we first determined the in vitro activity on asexual
stages of the chloroquine-sensitive NF54 and -resistant K1 strains
(Table 1). NITD609 was the most potent compound and displayed subnanomolar potency, while both lumefantrine and artemether were slightly less potent, with single-digit nanomolar IC50
values in accordance with the literature (3, 24, 36, 37). It was
decided to run the gametocytocidal activity assays at concentrations of 5, 50, and 500 nM for NITD609 and artemether (ranging
from roughly 5 to 500 times and 2 to 200 times their respective
IC50 values). It is worth noting that upon treatment with lumefan-
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FIG 1 Timeline and check points for drug testing during P. falciparum gametocyte and sporogonic development. The timeline data are presented in days,
showing the gametocyte culture grown from asexual parasites seen at day 0 (D0) to the beginning of the early development assay on D4, the end of the early
development assay as well as the beginning of the late development assay on D8, and the end of the late gametocyte development assay on D12. Gametocytes were
checked for exflagellation on D13. A standard membrane feeding assay (SMFA) was carried out on D14. The double-pointed horizontal arrows below the
timeline represent the time periods during which test compounds were added in the culture (treatment). Every assay was started anew from a culture matured
to the given day defined as the starting point of the assay. Light microscope images of gametocyte stages I to V are shown at ⫻100 magnification.
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TABLE 1 In vitro antimalarial activity against asexual blood stages
IC50 (nM [mean ⫾ SD])a
Compound

NF54

K1

NITD609
Lumefantrine
Primaquine
Artemether

0.5 ⫾ 0.1
2.8 ⫾ 0.7
1,191 ⫾ 276
3.5 ⫾ 1.0

0.6 ⫾ 0.2
1.1 ⫾ 0.2
557 ⫾ 183
2.2 ⫾ 0.3

a
IC50 values of NITD609, lumefantrine, primaquine, and artemether against
Plasmodium falciparum strains NF54 and K1 are expressed as means ⫾ standard
deviations of the results of at least three independent assays.

FIG 2 Effect of drugs on early gametocyte development. Bars represent means
(with standard errors of the means [SEM]) of gametocyte stage II counts per
5,000 erythrocytes. Each compound/dose combination was quantified as a
single measurement; assays were replicated three times. Statistical parametric
tests were done with absolute numbers of gametocytes. Bars marked with an
asterisk represent a statistically significant difference between compound/dose
and control test results (P ⬍ 0.01).
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fantrine, with significant dose-dependent suppression at the two
highest concentrations of 500 and 5,000 nM (P ⫽ 0.001). Artemether was effective only at the highest concentration of 500 nM
(P ⫽ 0.001), while primaquine showed no significant effect on
early gametocyte development under the conditions tested.
Effect of compounds on late gametocyte development. Next,
potential effects of these compounds on late gametocyte development were studied. The same four compounds were added into
cultures in the automated tipper system during the period of P.
falciparum gametocytogenesis from stage II up to fully mature
stage V gametocytes. Results are presented in Fig. 4. In both experiments, NITD609 showed a dose-dependent inhibiting effect
on late gametocyte development. Lumefantrine showed inhibitory effects only at the two highest test concentrations of 500 and
5,000 nM. Artemether showed an effect on late gametocyte development only at the highest concentration (500 nM), whereas the
results for the cultures treated with lower concentrations were

FIG 4 Late development of gametocytes. Two independent experiments were
done under similar conditions, each with a medium control. Total gametocyte
numbers per 5,000 erythrocytes per experiment were counted and are expressed as percentages of control results, with the mean of the control results
set to 100%. Dark bars represent percentages of control results from experiment 1, and light bars represent percentages of control results from experiment 2, each shown for the different compound/dose concentrations tested.
Controls for experiment 1 were done in duplicate (mean, 93 stage V gametocytes/5,000 RBCs; standard deviation [SD], 67.9), controls for experiment 2
were done in triplicate (mean, 254; SD, 95.7).
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trine-artemether, the maximum plasma concentration of artemether in malaria patients reaches about 100 to 200 nM (11).
Since the lumefantrine component of lumefantrine-artemether
can achieve plasma concentrations of 5 to 10 M, we tested
slightly higher concentrations of lumefantrine, i.e., 50, 500, and
5,000 nM (roughly 20 to 2,000 times its IC50 value). At the recommended treatment regimen (0.25 to 0.5 mg/kg/day for 14 days),
primaquine maximum plasma concentrations are in the micromolar range (14, 34). Primaquine showed poor activity against P.
falciparum asexual stages that was in line with previous studies;
thus, we tested concentrations of 500, 2,500, and 5,000 nM (about
0.5, 2.5, and 5 times the IC50 value) (3).
Effect of compounds on early gametocyte development. The
effect of NITD609, lumefantrine, artemether, and primaquine on
early P. falciparum gametocyte development was tested in a 24well plate assay. Figure 2 shows that NITD609 was the most effective inhibitor of early gametocyte development. The activity was
dose dependent, with significant inhibition seen for NITD609 at
50 and 500 nM (P ⫽ 0.001). In addition, as shown in Fig. 3, there
was a clear damaging effect on gametocyte morphology, with the
remaining stage II gametocytes showing swollen rounded forms.
Similar but somewhat weaker inhibition was observed with lume-

FIG 3 Photos of morphological effect of NITD609 on stage II gametocytes.
(A) Normal stage II gametocyte in control culture. (B) Aberrant NITD609affected stage II gametocyte with swollen rounded form.
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bers of oocysts from 20 dissected mosquitoes. Standard deviation (SD) lines
show the variations in the results of two separate experiments. The results for
both experiments are combined in the figure; thus, 40 mosquitoes were dissected for each tested compound dilution. Eighty mosquitoes were used in the
negative-control experiment.

inconsistent. The cultures grown in the presence of primaquine
were not affected.
Effect of compounds on oocyst development. Finally, these
compounds were added to the blood meal of blood-feeding mosquitoes in the SMFA to test potential effects on sporogonic development (Fig. 5). Compared to control feeds, adding NITD609
(IRR, 0.21; P ⬍ 0.001) and lumefantrine (IRR, 0.51; P ⬍ 0.001) at
any concentration resulted in a reduced oocyst count. There was
no statistically significant effect on oocyst counts of adding artemether (IRR, 0.86; P ⫽ 0.23) or primaquine (IRR, 1.20; P ⫽ 0.12)
at any concentration. There was evidence for a dose-dependent
effect of NITD609 on oocyst counts in mosquitoes; oocyst counts
decreased with increasing NITD609 concentration (IRR, 0.20;
P ⬍ 0.001). Similarly, a dose-dependent inhibition of oocyst formation was observed for lumefantrine where the number of
oocysts decreased with increasing lumefantrine concentration
(IRR, 0.57; P ⬍ 0.001). Increasing doses of artemether resulted in
higher oocyst counts (IRR, 1.34; P ⫽ 0.001); there was no dosedependent effect on oocyst counts seen with primaquine (IRR,
0.88; P ⫽ 0.14).
DISCUSSION

The in vitro assay platform presented here evaluates the effects of
the drugs on different steps of the entire process of gametocytogenesis from early and late gametocyte development in in vitro
culture to oocyst development in Anopheles mosquitoes. In these
assays, the spiroindolone drug candidate NITD609 shows potent
dose-dependent inhibition against all steps in gametocyte and
sporogonic development of P. falciparum in vitro. Significant inhibitory activity was also found for lumefantrine, while such
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FIG 5 Effect of drugs on oocyst count. Dots represent arithmetic mean num-

activity was present only at the highest tested concentration of
500 nM for artemether. Under our assay conditions, primaquine did not show any significant activity at concentrations as
high as 5 M.
The spiroindolones represent a novel class of antimalarial drug
candidates with robust activity against Plasmodium symptomatic
asexual stages (37). Consistent with its subnanomolar potency for
asexual stages, NITD609 was found to be the most potent compound in our early and late gametocyte development assays, with
very significant gametocytemia reduction at the lowest tested concentration of 5 nM, which is still 10 times the IC50 for asexual
parasites. Remarkably, NITD609 also shows potent dose-dependent activity in the SMFA, which is unprecedented for (candidate)
antimalarial drugs; NITD609 completely blocks transmission of
the parasite at 500 nM, suggesting a further inhibiting effect on the
(remaining) stage V mature gametocytes going into fertilization in
the mosquito midgut and/or on the production of ookinetes or
oocysts. The data underline the potency of NITD609 as a potential
transmission-blocking drug with inhibiting activity in several critical steps of this part of the life cycle.
Artemisinin derivatives are known for the fastest parasite clearance time in vivo of all known antimalarial drugs (2, 9, 17, 33).
Some in vivo studies conducted with artemisinin derivatives have
also shown reducing effects on gametocyte prevalence (18, 32).
This has been speculated to be the consequence of fast killing of
asexual stages, although in vitro data suggest that dihydro-artemisinin may target early rather than late gametocyte development
(7). Our results are consistent with this hypothesis but contrast
with results reported for artesunate (9). We saw an inconsistent
but, in both experiments, insignificant effect on late gametocyte
development at the lower doses of artemether, likely due to variations between culture flasks. Furthermore, there was no inhibitory effect on mature gametocytes with artemether in the SMFA,
even at the highest tested concentration of 500 nM, while
Chotivanich et al. reported potent activity for artesunate in a similar assay (9). The explanation for this discrepancy may lie in
methodological differences; in the study by Chotivanich et al.,
mosquito vectors were fed with mature gametocytes that had been
cultured in a drug solution for 24 h prior to analysis using the
SMFA, whereas the protocol used in our study entails adding
drugs into a mature gametocyte culture immediately before the
SMFA.
Although with reduced in vitro potency compared to
NITD609, lumefantrine also inhibits both early and late gametocyte development and significantly reduces transmission at a high
tested concentration (5 M). As previously reported (26), the
transmission-reducing activity of lumefantrine-artemether is
speculated to be borne largely by artemether. However, our in
vitro data, as well as data recently published by Adjalley et al. (1),
suggest that lumefantrine may contribute significantly to this activity.
The only antimalarial drug reported to have a gametocytocidal
effect on P. falciparum in vivo is the 8-aminoquinolone primaquine. While accelerating gametocyte clearance, primaquine did
not affect gametocyte development (23). A dosing regimen of primaquine is currently being further tested as a potential transmission-reducing therapy (25). Although it has been previously
shown that it effectively clears gametocytes in human patients
(16), primaquine did not show significant activity in any of our
assays. We observed only a small, statistically insignificant reduc-
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tion of the formation of stages I and II gametocytes and only at a
relatively high concentration (5,000 nM). The observation that
primaquine did not affect P. falciparum gametocytes in vitro is in
agreement with previous reports (7, 8, 10, 19, 27) and can be
explained by the fact that primaquine needs to be bioactivated or
metabolized to exploit its gametocytocidal properties (29).
In conclusion, our data support the notion that, if the drug is
shown to be safe and efficacious at doses providing plasma levels
in the range of 50 to 500 nM in humans, NITD609 could be used
to exert transmission-blocking activity through direct and cidal
activity against mature gametocytes. This is particularly important, because this suggests that spiroindolones could also be an
important tool to treat asymptomatic carriers, which constitute a
constant reservoir of mature gametocytes in areas of high transmission. Collectively, our data support the notion that if NITD609
is successful in the clinics as an treatment against acute malaria,
this compound could also provide transmission-blocking activity
to a novel combination therapy.

