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Antimalarial Iron Chelator FBS0701 Blocks Transmission by
Plasmodium falciparum Gametocyte Activation Inhibition

Patricia Ferrer, Joel Vega-Rodriguez, Abhai K. Tripathi, Marcelo Jacobs-Lorena, David J. Sullivan, Jr.

The W. Harry Feinstone Department of Molecular Microbiology and Immunology, Malaria Research Institute, Bloomberg School of Public Health, Johns Hopkins
University, Baltimore, Maryland, USA

Reducing the transmission of the malarial parasite by Anopheles mosquitoes using drugs or vaccines remains a main focus in the
efforts to control malaria. Iron chelators have been studied as potential antimalarial drugs due to their activities against differ-
ent stages of the parasite. The iron chelator FBS0701 affects the development of Plasmodium falciparum early gametocytes and
lowers blood-stage parasitemia. Here, we tested the effect of FBS0701 on stage V gametocyte infectivity for mosquitoes. The in-
cubation of stage V gametocytes for up to 3 days with increasing concentrations of FBS0701 resulted in a significant dose-related
reduction in mosquito infectivity, as measured by the numbers of oocysts per mosquito. The reduction in mosquito infectivity
was due to the inhibition of male and female gametocyte activation. The preincubation of FBS0701 with ferric chloride restored
gametocyte infectivity, showing that the inhibitory effect of FBS0701 was quenched by iron. Deferoxamine, another iron chela-
tor, also reduced gametocyte infectivity but to a lesser extent. Finally, the simultaneous administration of drug and gametocytes

to mosquitoes without previous incubation did not significantly reduce the numbers of oocysts. These results show the impor-
tance of gametocyte iron metabolism as a potential target for new transmission-blocking strategies.

As part of their life cycle, Plasmodium parasites must develop
inside the Anopheles mosquito vector in order to be transmit-
ted to a human host. After being ingested by a female mosquito,
Plasmodium gametocytes, the sexual forms of the parasite, un-
dergo activation into male and female gametes. The fertilization of
the gametes produces zygotes that transform into motile oo-
kinetes. The ookinetes traverse the mosquito midgut epithelium
and form oocysts (1). One of the main barriers to malaria control
is the detection and treatment of gametocyte carriers, as the widely
used chloroquine and other clinical blood-stage quinolines are
inactive against gametocytes. People treated for the asexual stages
of malaria may retain circulating viable gametocytes for up to a
month. In addition, nontreated asymptomatic malaria patients
can have circulating gametocytes for many months (2). Current
efforts to control malaria transmission include the improvement
of methods to detect gametocyte carriers as well as the develop-
ment of transmission-blocking drugs and vaccines that aim to
interrupt parasite development in the vector mosquito.

Some antimalarial drugs have shown to affect gametocyte de-
velopment or fertility; however, these drugs are currently not in
use due to the development of resistance by the parasite or to
toxicity in humans. For example, chloroquine, mefloquine, and
quinine affect early Plasmodium falciparum gametocytes by dis-
rupting hemoglobin degradation (3, 4). Likewise, atovaquone in-
hibits cytochrome b, which is important for the maintenance of
the mitochondrial membrane potential (3). However, none of
these drugs kill stage IV/V gametocytes (5, 6). Artemisinin-based
combination therapy (ACT) reduces the amount of gametocytes
circulating in the blood by targeting early gametocytes, although
transmission can still occur after treatment (7, 8). Primaquine, the
only drug currently used to target stage V gametocytes, and other
8-aminoquinolines can kill stage V P. falciparum gametocytes (8).
However, the active metabolite of primaquine has safety issues in
people with glucose-6-phosphate dehydrogenase deficiency, lead-
ing to hemolytic anemia (9). In addition, a new drug screening
study against Plasmodium showed that 3 new agents in develop-
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ment, NPC1161B, OZ277, and methylene blue, reduce gameto-
cyte viability by =50% (10).

Iron, an important element in the metabolism of living organ-
isms, has been considered for use as a target in malaria treatment
for the past few decades. Importantly, Plasmodium development is
inhibited either by iron chelation or dietary iron deficiency in
mice and humans (11, 12). Plasmodium growth in culture is also
inhibited by iron chelators, with a greater effect occurring in the
trophozoite stage (13, 14). In addition, iron chelators inhibit liver-
stage malaria, and iron supplementation increases the number of
merozoites released from the liver (12). Deferoxamine (DFO) re-
quires intravenous administration, and other oral iron chelators
show minimal clinical efficacy against Plasmodium organisms.
Iron requirements may increase during Plasmodium gametocyto-
genesis. The tricarboxylic acid cycle becomes more active, which
produces succinyl coenzyme A (CoA) for heme biosynthesis in-
stead of the full oxidation of glucose (15-17). P. falciparum cyto-
chrome b, which binds two heme molecules, has an increased
expression of several-fold in the sexual stages compared to that in
the asexual stages (18). In addition, the mRNAs of three (3-ami-
nolevulinate synthetase, porphobilinogen deaminase, and uro-
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porphyrinogen decarboxylase) of the six genes involved in heme
biosynthesis are upregulated during gametocytogenesis (19).

FBS0701 is a new iron chelator, for which a phase 2 clinical trial
was recently completed to treat transfusional iron overload (20).
FBS0701 can be administered as a single daily dose because of its
favorable absorption and pharmacokinetic properties compared
to those of the iron chelators DFO and deferiprone (21). FBS0701
was recently shown to inhibit early gametocyte stages; however, it
has not been tested against late-stage gametocytes (22). Although
iron chelation is a strategy for targeting malaria with some scien-
tific basis, there is a need for the development of a more effica-
cious, biologically available, and safer chelator. The metabolism of
Plasmodium gametocytes, and especially their iron requirements,
have not been explored in detail. In this study, we tested the activ-
ity of FBS0701 as a potential P. falciparum transmission-blocking
drug.

MATERIALS AND METHODS

Ethics statement. Anonymous human blood samples used for parasite
cultures and mosquito feeding were obtained under institutional review
board (IRB) protocol NA 00019050 approved by the Johns Hopkins
School of Medicine.

Biological materials. P. falciparum strain NF54W (from the Walter
Reed National Military Medical Center) infectious gametocyte cultures
were provided by the Johns Hopkins Malaria Research Institute Parasite
Core Facility and were diluted to 0.1% gametocytemia before feeding to
the mosquitoes using an artificial membrane feeder. Anopheles gambiae
(Keele) (23) female mosquitoes were reared in the Johns Hopkins Malaria
Research Institute insectary.

Gametocyte drug treatment. The drug assays were performed in
6-well plates by adding dilutions of FBS0701 (from 100 wM to 3 uM) and
deferoxamine (DFO) (Sigma, St. Louis, MO) at 12.5 uM and 25 pM to P.
falciparum NF54W gametocytes from cultures that had been initiated at
the asexual stage 15 days earlier. The cultures were maintained in com-
plete RPMI 1640 (Corning Cellgro, Manassas, VA) with glutamine (along
with HEPES, 10% human serum, and 50 mg/ml hypoxanthine) without
antibiotics at 2.5% parasitemia and 4% hematocrit in a gassed jar (5% O,,
5% CO,, and 90% N, ) and kept in an incubator at 37°C for 24,48, or 72 h.
The control gametocytes were incubated with complete RPMI medium
without antibiotics. The medium was replaced daily with new FBS0701
diluted in RPMI, without the addition of erythrocytes.

The same methodology was applied to incubate cultures with ferric
chloride at 2.5 pM, 12.5 pM, and 50 wM alone or in combination with
FBS0701 at 25 wM for 24 h.

Membrane feeding assays. The cultures were centrifuged at 108 X g
for 4 min. The pellets were resuspended with human serum to 50% he-
matocrit and with erythrocytes to 0.1% gametocytemia. The gametocytes
were fed to 6-day-old sucrose-starved female A. gambiae mosquitoes
through a membrane glass feeder. The fed mosquitoes were sorted and
maintained at 27°C for 7 days until midgut dissection. The midguts were
stained with 0.1% mercurochrome, and the number of oocysts in each
mosquito was determined in order to evaluate the effect of the drug on the
parasites.

Viability assays. Two assays were used in the study. For the first assay,
gametocytes from cultures that had been initiated at the asexual stage 15
days earlier were incubated with 25 uM FBS0701 for 48 h, as described
above. The cultures were incubated with propidium iodide (PI) to a final
concentration of 10 pg/ml (Sigma, St. Louis, MO) for 10 min at 37°C. The
stained samples were pelleted by a quick spin at maximum speed, and the
pellets were resuspended with 37°C 1 X phosphate-buffered saline (PBS)
and placed immediately on a slide to be observed on a fluorescence mi-
croscope. Viable gametocytes do not stain with the membrane-imperme-
able PI, while dead gametocytes become permeable and stain with PI. A
total of 100 gametocytes were analyzed for each sample.

March 2015 Volume 59 Number 3

Antimicrobial Agents and Chemotherapy

Iron Chelation Blocks Plasmodium Gametocyte Activation

The second assay was performed as described previously (24). Briefly,
approximately 1 million N-acetylglucosamine-treated Percoll-enriched
gametocytes from cultures that had been initiated at the asexual stage 15
days earlier were incubated on a 96-well plate in triplicate with 5 pl of
FBS0701 or pyrvinium pamoate (positive control) at final concentrations
of 25 puM and 10 uM, respectively. Incubation with 5 pl of RPMI was used
as the negative control. The treated gametocytes were cultured for 48 h at
37°C in a gassed jar without changing the medium, as described previ-
ously. Eleven microliters of 10X exflagellation medium (RPMI 1640, 200
mM HEPES, 40 mM sodium bicarbonate, 100 mM glucose [pH 8]) was
added, and the gametocytes were incubated at room temperature for 30
min. Next, 11 pl of 10X CyQUANT (background suppressor permeable
to dead cells; Life Technologies, Grand Island, NY, USA) and SYBR green
I (dye for the detection of live cells; Life Technologies, Eugene, OR, USA)
diluted in 1X PBS were added, and the gametocytes were incubated at
room temperature for 1 h. Fluorescence was determined at 535 nm fol-
lowing an excitation at 485 nm in a plate reader (HTS7000; PerkinElmer).
Because of female predominance in gametocyte cultures, the inhibition of
male exflagellation contributes up to 20% of the signal decrease with drug
inhibition.

Female gametocyte activation assay. P. falciparum gametocytes were
incubated with 25 WM FBS0701 for 48 h, as described above. The game-
tocytes were activated in gametocyte activation medium (RPMI 1640 me-
dium containing 25 mM HEPES, 2 mM glutamine, 50 mg of hypoxan-
thine, 2 g of sodium bicarbonate, 100 M xanthurenic acid, and 20%
human serum) for 4 h. Activated female gametocytes were identified with
anti-Pfs25 monoclonal antibody (MAb) 4B7 from mouse ascites ata 1:500
dilution (25). Pfs25 is a gamete surface protein expressed in activated
female gametes only (26). The binding of anti-PFS25 antibody was de-
tected with an Alexa Fluor 488 goat anti-mouse IgG antibody (Invitro-
gen). Red blood cells (RBCs) were stained with a rabbit anti-band 3 anti-
body (Abcam), and the binding of the anti-band 3 antibody was detected
by incubation with an Alexa Fluor 594 goat anti-rabbit IgG antibody
(Invitrogen). The activation of female gametocytes was determined as a
percentage of Pfs25-positive cells (female gametes) of the total RBCs. The
results were normalized to the blank control.

Exflagellation assays. For the exflagellation assays, 10 pl of the game-
tocyte culture from each treatment was pelleted and resuspended in 10 .l
of gametocyte activation medium (RPMI 1640 medium containing 25
mM HEPES, 2 mM glutamine, 50 mg of hypoxanthine, 2 g of sodium
bicarbonate, 100 wM xanthurenic acid, and 20% human serum). The
exflagellation reaction mixtures were incubated for 15 min at room tem-
perature and then loaded into an improved Neubauer chamber (Reichert,
Buffalo, NY) for an estimation of the numbers of exflagellations and RBCs
per wl of culture. The results were reported as the number of exflagella-
tions per 10° RBCs.

Statistics. The following equations/measures were used for calculations:
percent inhibition = [(median no. of oocysts in control mosquitoes —
median no. of oocysts in experimental mosquitoes)/median no. of oocysts
in control mosquitoes] X 100; prevalence = percent infected mosquitoes;
and percent reduction in prevalence = ([prevalence of control mosqui-
toes — prevalence of experimental mosquitoes]/prevalence of control
mosquitoes) X 100. For the SYBR green I/CyQUANT assay, percent in-
hibition was calculated as 100 — ([mean fluorescence of FBS0701 — mean
fluorescence of the positive control]/[mean fluorescence of the negative
control — mean fluorescence of the positive control]) X 100.

The significance of the differences between the mean number of
oocysts and fluorescence units after FBS0701 treatments compared to
those of the blank control were determined by one-way analysis of vari-
ance (ANOVA) with Bonferroni’s multiple comparison test.

RESULTS

Effect of FBS0701 on P. falciparum gametocyte infectivity. To
analyze the effect of FBS0701 on P. falciparum gametocyte infec-
tivity in mosquitoes, stage V gametocytes were incubated with
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FIG 1 Incubation of P. falciparum gametocytes with FBS0701 inhibits development in the mosquito. To analyze the effect of FBS0701 on malarial gametocytes,
P. falciparum stage V gametocyte cultures were incubated with different concentrations of FBS0701 for 12, 48, and 72 h. Gametocytes were fed to A. gambiae
mosquitoes, and the numbers of oocysts were determined in mosquito midguts at 7 days postinfection. (A) Representative experiment. Horizontal bars represent
median oocyst numbers. FBS, FBS0701; N, number of mosquitoes; Prev, prevalence. (B) Percent inhibition of oocyst formation. The bars represent the pooled
percent inhibition of oocyst formation from independent experiments tabulated in Table S1 in the supplemental material. (C) Percent reduction in prevalence.
The bars represent the pooled percent reduction in prevalence (percent infected mosquitoes) compared to that of the blank control from the independent
experiments shown in Table S1. The error bars represent the standard error of the mean.

different concentrations of FBS0701 for 24, 48, and 72 h and then
fed to A. gambiae mosquitoes. To measure gametocyte transmis-
sion viability, the numbers of oocysts were determined on mos-
quito midguts dissected at 7 days postinfection (p.i.). Thin blood
smears of the cultures were made before membrane feeding to
mosquitoes to confirm the presence of gametocytes (see Fig. S1 in
the supplemental material) The numbers of gametocytes were
similar after the different doses and durations of FBS0701. How-
ever, gametocyte incubation with FBS0701 induced a dose-depen-
dent reduction in the number of oocysts (Fig. 1A and B; see also
Table S1 in the supplemental material). Incubation with 12.5 pM
for 24 h resulted in no significant reduction in oocyst formation;
however, incubation for 48 and 72 h resulted in a significant re-
duction of oocyst numbers, up to 41% and 100%, respectively
(Fig. 1A and B; see also Table S1). Gametocyte incubation with 25
and 50 pM resulted in a significant reduction in oocyst formation
(up to 100%) at all incubation times (Fig. 1A and B; see also Table
S1). A drastic reduction in infection prevalence (% infected mos-
quitoes) was observed for 50 wM FBS0701 at 24 h of incubation
(71.4%) (Fig. 1A and C; see also Table S1). In addition, prevalence
reductions of 86% to 96% were achieved for 25 uM and 50 uM
FBS0701 at 48 and 72 h of incubation, respectively (Fig. 1A and C;
see also Table S1).

Effect of deferoxamine on P. falciparum gametocyte infectiv-
ity. The effect of DFO, another iron chelator known to have anti-
malarial activity against P. falciparum (27, 28), on parasite devel-
opment in the mosquito was analyzed in a similar experiment as
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that for FBS0701. The gametocytes were incubated with 12.5 and
25 uM DFO for 12, 24, and 72 h. Whereas DFO affected gameto-
cyte development in the mosquito, inhibition was less effective
than that for FBS0701 (Fig. 2A and B; see also Table S2 in the
supplemental material). The mean percentages of inhibition of
oocyst formation reached averages of 70% and 100% with a DFO
concentration of 25 uM at 48 and 72 h, respectively (Fig. 2B; see
also Table S2). The reduction in prevalence after DFO treatment
was minimal, reaching 40% with a dose of 25 uM after 72 h of
incubation (Fig. 2A and C; see also Table S2).

Iron quenches FBS0701 inhibitory activity on gametocyte
development into oocysts. The loss of fertility of P. falciparum
gametocytes incubated with FBS0701 measured by oocyst counts
is presumably induced by iron chelation. To test the specificity for
iron chelation, FBS0701 (25 wM) was preincubated with FeCl,
(12.5, 25, or 50 wM) and then added to the gametocyte cultures.
The gametocytes were cultured with the FBS0701-FeCl; mixture
for 24 h and fed to mosquitoes, and the numbers of oocysts were
determined at 7 days p.i. The controls, incubation of FBS0701 (25
M) alone, and incubation with FeCl; (12.5 puM, 25 uM, or 50
M) alone were included. As shown in Fig. 3A and B and in Table
S3 in the supplemental material, the preincubation of FBS0701
with FeCl; restored gametocyte infectivity, resulting in oocyst lev-
els comparable to those of the untreated control. Similar to our
previous results (Fig. 1A and B; see also Table S1 in the supple-
mental material), FBS0701 at 25 wM induced a 91% reduction in
oocyst formation (Fig. 3A and B; see also Table S3 in the supple-
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FIG 2 Incubation of P. falciparum gametocytes with DFO inhibits development in the mosquito to a limited extent only. The effect of DFO on malarial
gametocytes was analyzed by incubating P. falciparum stage V gametocytes with different concentrations of DFO for 12, 48, and 72 h. After treatment,
gametocytes were fed to A. gambiae mosquitoes, and the numbers of oocysts were determined in mosquito midguts at 7 days postinfection. (A) Representative
experiment. Horizontal bars represent median oocyst numbers. DFO, deferoxamine; N, number of mosquitoes; Prev, prevalence. (B) Percent inhibition of oocyst
formation. The bars represent the pooled percent inhibition of oocyst formation from the independent experiments shown in Table S2 in the supplemental
material. (C) Percent reduction in prevalence. The bars represent the pooled percent reduction in prevalence (percent infected mosquitoes) compared to that of

the blank control from the independent experiments shown in Table S2. The error bars represent the standard error of the mean.

mental material). Individual iron supplementations resulted in no
significant change in the numbers of oocysts compared with those
of the untreated samples (Fig. 3A and B; see also Table S3). The
reduction in prevalence was around 50% for the cultures treated
with FBS0701, whereas those treated with FBS0701-FeCl, or FeCl,
alone reached a prevalence reduction of =10% (Fig. 3C; see also
Table S3).

Reduction in mosquito infectivity results from FBS0701 in-
hibition of gametocyte activation. The reduction in the numbers
of oocysts detected after gametocyte treatment with FBS0701
might result from dead gametocytes, the failure of gametocytes to
be activated into gametes, or a failure to develop into the subse-
quent mosquito midgut stages (zygotes, ookinetes, and oocysts).
To determine viability after FBS0701 treatment, gametocytes in-
cubated in the presence (25 wM) or absence of FBS0701 for 48 h
were stained with propidium iodide. Propidium iodide stains nu-
cleic acids, and it only enters cells that have a permeable plasma
membrane, which is a sign of cell death (Fig. 4A). No difference in
propidium iodide staining was observed between the control and
the FBS0701-treated gametocytes, as for both treatments, ~99%
of the gametocytes were negative for propidium iodide staining
(Fig. 4B).

A second viability assay was performed using a combination of
the SYBR green I DNA probe along with a background suppressor,
CyQUANT, which has recently been used to screen drugs with
transmission-blocking activity (24). This study included the in-
duction of gametocyte exflagellation and the use of a background
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suppressor that quenches DNA fluorescence from dead cells to
obtain a high signal-to-noise ratio. This assay does not differenti-
ate between male and female gametocyte killings. The assay mea-
sures both killing and the inhibition of exflagellation, with the
inhibition of male exflagellation accounting for about 20% of the
signal decrease. This is reflective of a female-to-male predomi-
nance of about 4:1. Drugs inhibiting exflagellation but that do not
kill gametocytes would report a low or intermediate inhibition of
up to 20%, but an inhibition of >20% indicates killing (24). The
SYBR green I fluorescence signal obtained after incubation with
FBS0701 decreased significantly (1.18-fold and 2.8-fold) using
pyrvinium pamoate as a positive control (Fig. 4C). An inhibition
rate of 23.4% with FBS0701 was calculated based on the average
of two biological replicates. In addition, the morphologies of
the gametocytes incubated with FBS0701 are similar to those of
the control gametocytes, based on light microscopy of Giemsa-
stained smears (Fig. 4D). These results suggest that gameto-
cytes treated with FBS0701 are alive, even while activation was
inhibited.

The activation of gametocytes into gametes is the first step of
parasite development in the mosquito midgut lumen. During this
process, the gametocytes round up and egress from the RBC, and
the male gametocytes undergo exflagellation. To determine if
FBS0701 inhibits female gamete activation, gametocytes were in-
cubated for 4 h in gametocyte activation medium and then labeled
with anti-Pfs25 antibodies. Pfs25 is expressed only on the surface
of female gametes and not in nonactivated gametocytes. The in-
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the independent experiments shown in Table S3. The error bars represent the standard error of the mean.

cubation of gametocytes with 25 uM FBS0701 for 48 h reduced
female gamete activation by 50% (Fig. 4F). To determine the effect
of FBS0701 on male gametocyte activation, exflagellation was
measured in gametocyte cultures incubated in the presence (25
wM) or absence of FBS0701 for 48 h. Incubation with FBS0701
resulted in a 92% inhibition of male gamete exflagellation (Fig.
4G). Together, these results show that treatment with FBS0701
does not kill gametocytes but highly impairs their activation into
gametes.

FBS0701 does not affect mosquito midgut stages of P. falcip-
arum. To test if FBS0701 affects the development of Plasmodium
stages (zygotes and ookinetes) in the mosquito midgut, increasing
concentrations of FBS0701 were added to gametocyte cultures
(without preincubation) and immediately fed to A. gambiae mos-
quitoes. The numbers of oocysts were assessed in the mosquito
midguts at 7 days p.i. to determine the effect of the drug on para-
site development. Treatment with FBS0701 did not affect the de-
velopment of the parasite in the mosquito midgut (Fig. 5; see also
Table S4 in the supplemental material). None of the FBS0701
treatments induced a significant reduction in oocyst formation,
and they did not reduce mosquito infection prevalence.

DISCUSSION

Previous studies have shown that iron chelation affects Plastmo-
dium parasite development and could be developed as an antima-
larial therapy (28). The new iron chelator FBS0701 was found to

1422 aac.asm.org

Antimicrobial Agents and Chemotherapy

have antimalarial properties against Plasmodium blood-stage in-
fections in vitro and in vivo (22). In a previous publication,
FBS0701 was shown to affect P. falciparum gametocytogenesis,
having a stronger inhibitory effect on early stage gametocytes
(~90% inhibition) than on stage IV/V gametocytes (~50% inhi-
bition) with the same dose of 100 uM (22). However, that study
did not test the effect of FBS0701 on stage IV/V gametocyte trans-
mission to mosquitoes. Here, we demonstrate that as previously
shown, the incubation of stage V gametocytes with FBS0701 does
not reduce gametocyte stage numbers but induces a significant
decrease in gametocyte fertility, as measured by the number of
oocysts that developed in the mosquito. The reduction in mos-
quito infectivity was a result of a drastic reduction in gametocyte
activation, especially male gametocyte activation. Importantly,
some treatments induced a dramatic reduction (up to 100%) in
mosquito infection. In addition, we showed that the reduction by
FBS0701 on mosquito infectivity was a result of iron chelation, as
preincubation of the drug with iron reduced the inhibitory effect
and restored gametocyte infectivity.

Similar to FBS0701, DFO is an antimalarial iron chelator. In
the present study, we report that the inhibition of stage V game-
tocyte fertility by DFO was lower than that by FBS0701. This is not
surprising, since the 50% inhibitory concentration (ICs,) of DFO
against P. falciparum blood-stage organisms ranges from 4 to 35
.M (28), while that of FBS0701 is lower, at 6 to 17 uM (22). In
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(*, P <0.0001).

addition, FBS0701 is more efficient at chelating iron in mice and
monkeys than is DFO (29, 30). Moreover, Ferrer et al. (22) showed
that FBS0701 can chelate and remove intracellular erythrocytic
iron. Because DFO is a lipophobic iron chelator, it might not
access and chelate intracellular iron with the same efficiency as
does FBS0701. This might explain the higher inhibitory effect of
FBS0701 against blood-stage Plasmodium organisms and gameto-
cytes.

One of the mechanisms by which FBS0701 iron chelation
might affect gametocyte fertility is by reducing heme availability
for function in the mitochondrial electron transport system. Re-
cent studies suggest that gametocytes switch to a nonglycolytic
energy metabolism with a more active tricarboxylic acid (TCA)
cycle and oxidative phosphorylation (31-34). The TCA cycle
would be more active during the sexual stages in the production of
succinyl CoA for heme biosynthesis (33). Heme is an essential
cofactor for some of the enzymes on the electron transport chain,
such as cytochrome b and cytochrome c. Indeed, there is an in-
creased expression of cytochrome b in the sexual stages (15, 35). It
is conceivable that FBS0701 reduces the heme required for proper
mitochondrial function by chelating the iron contained in the
heme molecule. In addition, the electron transport chain depends
on iron-sulfur proteins, and these might be affected by FBS0701.
Besides energy production, the electron transport system can also
be used for pyrimidine biosynthesis. It has been suggested that the
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mitochondrial activity seen in the sexual stages is meant to fulfill
this goal (34). Male gametocytes undergo fast DNA replication
during activation, in which each male gamete increases its DNA
content from 1 N to 8 N in a short period of time. It is conceivable
that FBS0701 interferes with DNA replication during male game-
tocyte activation by chelating the iron needed for pyrimidine bio-
synthesis.

The cofeeding of P. falciparum gametocytes with FBS0701 to A.
gambiae mosquitoes did not reduce the numbers of oocysts. These
results suggest that iron chelation by FBS0701 has no effect on the
development of parasite stages in the mosquito midgut lumen,
which includes zygotes and ookinetes. These stages would be ex-
posed to the drug present in the ingested blood meal for a period
of ~16 to 24 h when the ookinete invades and traverses the midgut
epithelium to form an oocyst on the basal side of the midgut.
These results are surprising, since it is suggested that the transition
of malaria to the mosquito host is accompanied by an increase in
mitochondrial activity, including in the TCA cycle and the elec-
tron transport chain, which requires iron for proper function
(16, 31, 32, 36-39). As proposed for stage V gametocytes,
FBS0701 is expected to chelate the iron required for mitochon-
drial function during parasite development in the mosquito
midgut lumen. However, mosquitoes start the process of blood
meal digestion immediately after feeding is completed. During
this process, large amounts of hemoglobin from the RBCs are
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FIG 5 FBS0701 does not affect Plasmodium sexual development in the mosquito midgut lumen. To analyze the effect of FBS0701 on the sexual developmental
stages of Plasmodium in the mosquito midgut (gametes, zygotes, and ookinetes), P. falciparum gametocyte cultures were fed to A. gambiae mosquitoes after
adding different concentrations of FBS0701 immediately before mosquito feeding. The numbers of oocysts were determined in mosquito midguts at 7 days p.i.
(A) Representative experiment. Horizontal bars represent median oocyst numbers. FBS, FBS0701; N, number of mosquitoes; prev, prevalence. (B) Percent
inhibition of oocyst formation. The bars represent the pooled percent inhibition of oocyst formation from the independent experiments shown in Table S4 in the
supplemental material. (C) Percent reduction in prevalence. The bars represent the pooled percent reduction in prevalence (percent infected mosquitoes)

compared to that of the blank control from the independent experiments shown in Table S4. The error bars represent the standard error of the mean.

released and degraded, which results in an increase in free heme
iron in the midgut (40). It is possible that the large amounts of
free iron released during RBC hemoglobin digestion bind to
FBS0701 and compromise its inhibitory effect against the mos-
quito midgut stages of the parasite. Further studies will be
needed to test this hypothesis.

There are some theoretical concerns about the use of iron
chelators to treat malaria, since populations at risk of infection
suffer from iron-deficient anemia. Normal body iron stores range
from around 2 to 6 g. Based on the pharmacodynamics of the
drug, 32 mg/kg of body weight of FBS0701 would remove <20 mg
of iron from the host over 24 h (21). This amount should not
significantly affect the total iron levels in a 3- to 5-day treatment
regimen for malaria. In the present study, a dose of 25 uM
FBS0701 for 48 h was sufficient to block parasite development in
the mosquito. A maximum concentration of drugin serum (C,),,,)
of 154.7 uM FBS0701 is achieved with a human oral dose of 32
mg/kg (21). These levels would be sufficient to inhibit the devel-
opment of gametocytes. While the classic cutoff for malaria drugs
is <1 puM, there are examples with the antibacterials, like clinda-
mycin or tetracycline, in which a drug with a micromolar IC;, can
still be clinically relevant against Plasmodium (41, 42). For Staph-
ylococcus aureus and many antifungal drugs for bloodstream in-
fections, the clinical breakpoints are in the low micromolar range
(41-44). A phase 2 efficacy study confirmed that doses of 16 mg/kg
and 32 mg/kg were well tolerated in humans for 7 days (20).
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Therefore, we propose that a short course of iron chelation will
inactivate gametocytes while removing inconsequential amounts
of iron from humans. The drug should not be used with the arte-
misinins. Newer drugs that may be useful in combination with
FBS0701 as well as a postartemisinin dose are reaching the clin-
ical pipeline. At present, we do not suggest that FBS0701 be
used by itself as a prophylactic or transmission blocker. A pos-
sible validation in either a human challenge model or in un-
complicated malaria would be to treat asexual stages with a
quinoline followed by randomization to an iron chelator or
placebo to look at mosquito infectivity.

In summary, we have shown that the iron chelator FBS0701 has a
negative effect on the fertility of Plasmodium gametocytes to its mos-
quito vector. We hypothesize that FBS0701 interferes with energy
production and the proper function of the electron transport system
of gametocytes and/or gametocyte activation. These results encour-
age further studies on the role of iron metabolism in Plasmodium
gametocyte infectivity to the mosquito vector. Moreover, this study
encourages the further development of FBS0701 and iron chelation
as a potential malaria transmission-blocking alternative.
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