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Malaria is a deadly infectious disease in many tropical and subtropical countries. Previous efforts to eradicate malaria have
failed, largely due to the emergence of drug-resistant parasites, insecticide-resistant mosquitoes and, in particular, the lack of
drugs or vaccines to block parasite transmission. ATP-binding cassette (ABC) transporters are known to play a role in drug
transport, metabolism, and resistance in many organisms, including malaria parasites. To investigate whether a Plasmodium
falciparum ABC transporter (Pf14_0244 or PFABCG2) modulates parasite susceptibility to chemical compounds or plays a role
in drug resistance, we disrupted the gene encoding PFABCG2, screened the recombinant and the wild-type 3D7 parasites against
alibrary containing 2,816 drugs approved for human or animal use, and identified an antihistamine (ketotifen) that became less
active against the PFABCG2-disrupted parasite in culture. In addition to some activity against asexual stages and gametocytes,
ketotifen was highly potent in blocking oocyst development of P. falciparum and the rodent parasite Plasmodium yoelii in mos-
quitoes. Tests of structurally related tricyclic compounds identified additional compounds with similar activities in inhibiting
transmission. Additionally, ketotifen appeared to have some activity against relapse of Plasmodium cynomolgi infection in rhe-

sus monkeys. Further clinical evaluation of ketotifen and related compounds, including synthetic new derivatives, in blocking
malaria transmission may provide new weapons for the current effort of malaria eradication.

H uman Plasmodium falciparum malaria is a devastating disease
that kills nearly a million individuals each year, mainly due to
the lack of an effective vaccine and to widespread drug resistance
(1, 2). Deployment of artemisinin (ART) and its derivatives
against these parasites has proven effective, and ART combination
therapy (ACT) is currently the recommendation for treating ma-
laria in most regions where malaria is endemic (2, 3). Indeed,
promising results from ACT, long-lasting insecticide-treated bed
nets, and indoor residual spraying—along with unprecedented
financial support from governments and philanthropic founda-
tions— have generated enthusiasm for malaria eradication within
malaria-affected communities (4). Eradication of malaria, how-
ever, requires interruption of parasite transmission, which has
become one of the priorities in malaria research.

A major limitation of current antimalarial drugs is their negli-
gible efficacy against the transmissible mature gametocytes and/or
mosquito stages. Although the disease symptoms are largely
caused by the replicating asexual stages, the mature gametocyte is
the stage responsible for transmission from human to mosquito
and is naturally resistant to most antimalarial drugs (5). The lack
of drugs that can kill gametocytes or mosquito stages hampers
malaria elimination efforts, because residual mature gametocytes
can persistin a patient’s blood for 2 to 4 weeks after cure of malaria
symptoms. Currently, primaquine (PQ) is the only drug that can
be used to kill gametocytes and hepatic stages in humans, and
promising results of mass drug administration using ACT and PQ
have been reported recently (6, 7). In one study, an ACT of arte-
misinin-piperaquine and a low dose of PQ (9 mg for adults, at
10-day intervals for 6 months) have been used to eliminate ma-
laria infections in 17 villages in Cambodia (7). The percentage of
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children infected with P. falciparum was reduced from 37% to
1.4%, reaching 0% in 8 of 17 villages 3 years after a mass treatment.
The results suggested that the combination of ACT with a drug
that can block transmission and/or prevent relapse may be a good
strategy for eliminating malaria in some regions where malaria is
endemic; however, PQ has not been used widely to treat malaria
because of its side effects, particularly regarding glucose-6-phos-
phate dehydrogenase (G6PD) deficiency (8), low cure rate, and
drug resistance (5, 9, 10). Although there are many leads in the
pipeline of antimalarial drug development, few appear to target
the sexual or mosquito stages (11). To identify drugs that can
block transmission of malaria parasites, various strategies can be
considered. A straightforward method is to screen small-molecule
libraries against gametocytes or stages in mosquitoes; however, it
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is generally difficult to produce large numbers of gametocytes in
vitro for high-throughput drug screening, and obtaining mos-
quito stages for drug screening is still not possible at present. Only
a few low- to medium-throughput methods for screening com-
pounds against P. falciparum gametocytes have been developed
thus far (12-14).

In our efforts to screen small-molecule libraries for antimalar-
ial drugs and to study genes that are crucial for gametocyte devel-
opment, we identified a class of compounds that have activities
against asexual stages and gametocytes and, particularly, are
highly potent in blocking oocyst formation. Our approach began
with a hypothesis that many ATP-binding cassettes (ABCs) may
play a role in drug transport and metabolism in malaria parasites,
and disruption of a gene encoding an ABC transporter may affect
the parasite response to antimalarial drugs or chemical com-
pounds. ABC transporters are grouped into several subclasses,
and each subclass contains many members (15). Several P. falcip-
arum ABC transporters, including a homolog of the human P-gly-
coprotein (PfPgh-1, or PEIMDR1) (16-19), PEIMDR2 (PF14_0455)
(20), and a member of the multidrug resistance-associated protein
(PFA0590w, or PfMRP) (21, 22), have been shown to play a role in
response to many drugs or heavy metals. The genome of P. falciparum
carries 11 putative ABC transporters (23), including a putative ABC
transporter belonging to subclass G number 2 (PfABCG2, or
Pf14_0244) that might play a role in the parasite’s response to drugs.
PfABCG2 is a homolog of the breast cancer resistance protein
(BCRP), ATP-binding cassette placenta (ABCP) protein, and mitox-
antrone resistance (MXR) protein (24, 25). Members of this family
are mostly expressed on the plasma membrane and have been shown
to confer drug resistance in cancer cells and can protect the cells from
exogenous and endogenous toxins (25). Here, we disrupted the gene
encoding PFABCG2 and characterized the effects of the gene disrup-
tion on the parasite response to antimalarial drugs, parasite growth,
and gametocytogenesis in culture. We also tested the wild-type (WT)
3D7 and pfabcg2 knockout (KO) lines against 2,816 drugs (26), and
we identified a tricyclic antihistamine (ketotifen) that was less active
against the pfabcg2 KO lines. Because the gene is expressed at a higher
level in gametocytes than in asexual stages (27, 28) and gene disrup-
tion greatly affected gametocytogenesis, we also evaluated the activity
of ketotifen on gametocyte and oocyst formation in mosquitoes. We
showed that, in addition to activities against asexual stages and game-
tocytes, ketotifen and other tricyclic analogs were highly effective in
blocking oocyst development of both Plasmodium yoeliiand P. falcip-
arum. The discovery of these drugs may have a significant impact on
malaria control and eradication.

MATERIALS AND METHODS

Parasite culture and gametocyte production. Procedures for in vitro par-
asite culture have been previously described (29). The parasite clone 3D7
in our hands is sensitive to chloroquine (CQ) and is capable of producing
gametocytes. For gametocyte cultures, trophozoites diluted to 0.1 to 0.5%
parasitemia were cultured with daily medium changes until mature ga-
metocytes were obtained (14, 30). Cultures were treated with N-acetyl-
glucosamine at a final concentration of 50 mM to eliminate asexual-stage
parasites.

Generation of PFABCG2 null parasite lines. PABCG2-disrupted
lines from 3D7 were generated using a negative selection system as de-
scribed previously (30, 31). Two DNA fragments from chromosome 14
(bp 1,027,515 to 1,028,251 for the 5’ segment and bp 1,028,909 to
1,029,630 for the 3" segment) were amplified from 3D7 genomic DNA by
using primers Pf14_0244DI Fwd/Rev and Pfl4_0244DII Fwd/Rev, re-

426 aac.asm.org

spectively, and ligated into the multiple-cloning sites (Spel/BglII and Clal/
Ncol) flanking the human dhfr expression cassette of the plasmid pHTK
(31) (see Fig. S1A and Table S1 in the supplemental material). After par-
asites were established in culture approximately 4 weeks after addition of
2 nM WR99210, ganciclovir was added to a 4 .M final concentration for
9 days. After growing in drug-free medium for 14 days, the parasites were
again grown under 2 nM WR99210. Selected parasites were cloned using
limiting dilution in 96-well plates at a density of 0.2 infected red blood
cells (RBCs) per well. Integration of the insert into the chromosome and
disruption of the PFABCG2 gene were confirmed by using an allele-spe-
cific PCR with one primer from the gene encoding human DHFR
(hDHFR) and another from the sequence flanking the PFABCG2 coding
region (see Fig. S1B). Lack of WT parasites was also confirmed by the lack
of PCR amplification of the WT allele (2.3 kb) and the presence of a
recombinant allele (3.9 kb) (see Fig. S1C). We also performed Southern
blotting to further confirm the disruption of pfabcg2 (see Fig. S1D). Ten
micrograms of genomic DNA from 3D7 and the C11 and B2 clones was
digested with Hincll, electrophoresed, transferred onto a nylon mem-
brane, denatured, and hybridized with a digoxygenin-labeled PCR prod-
uct amplified using Pf14_0244 promoter Fwd 2 and Pf14_0244 promoter
Rev primers (see Fig. S1IA and Table S1) following the manufacturer’s
recommendations (Roche).

To verify that changes in the parasite response to drugs was due to
disruption of pfabcg2, we constructed plasmid vectors with pfabcg2 (po-
sition bp 1,027,908 to 1,029,890) from the 3D7 parasite fused to green
fluorescent protein (GFP) by using the Pf14_0244 Fwd and Rev primers
(see Table S1 in the supplemental material). This PCR fragment was in-
serted into the AvrII/BglII cloning site on pDC2-AttP-BSD 1,600-bp crt
promoter-XX-GFP-hsp86 3" UTR plasmid previously described (32). In
addition to the construct driven by the 1,600-bp 5'-untranslated region
(UTR) of the CQ resistance transporter (pfcrt; crt5'), approximately 1,000
bp of the native Pf14_0244 promoter was also amplified (Pf14_0244 pro-
moter Fwd and Rev primers) (see Table S1) and cloned into the Apal/
AvrlIsite of the expression plasmid. As a transfection control plasmid, the
luciferase gene was digested from pHLH1 (33) using Clal and cloned into
the AvrII/BglII site of the pDC2 plasmid after blunting the digestion prod-
uct ends, with expression driven by the ¢rt 5" UTR. Parasite C11 was
transfected independently in duplicate with the crt 5'-UTR construct, the
1,000-bp native promoter construct, and the luciferase plasmid control
construct. Two days after transfection, 4 WM blasticidin S (BSD; Invitro-
gen) was applied to select for parasites carrying the transfected plasmid.
We were unable to establish parasites transfected with the Pf14_0244-GFP
fusion construct driven by the native promoter; however, both the crt
5'-UTR-driven construct and luciferase control transfectants were stable
under BSD pressure, as verified by PCR using a crt 5'-UTR-specific primer
(P5) and either hsp86 3'-UTR (P6) or luciferase antisense primer (P7)
(see Table S1 and Fig. S1E). Expression of the Pf14_0244-GFP fusion was
confirmed by Western blotting with a rabbit anti-GFP primary antibody
(1:2,500; Abcam) and a goat anti-rabbit horseradish peroxidase-conju-
gated secondary antibody (1:10,000; Millipore).

In vitro drug activity assay. Parasite responses to drugs were tested
using a SYBR green growth inhibition assay as described previously (22,
34). All drugs were dissolved in the diluent dimethyl sulfoxide (DMSO)
except for CQ, which was dissolved in water, and stored at —80°C until
use. Briefly, parasites were diluted to 0.5% parasitemia at a 2% hemato-
crit, and diluted parasites (100 wl) were added to wells in duplicate in a
96-well plate containing 100 pl of 2-fold-serially diluted drugs. The par-
asites were incubated with the drugs at 37°C for 72 h. After incubation,
DNA was released and stained with lysis buffer (Tris, 20 mM [pH 7.5];
EDTA, 5 mM; 0.008% [wt/vol] saponin; 0.08% [vol/vol] Triton X-100)
containing SYBR green dye. The plate was kept in darkness for 30 min and
read in a FLUOstar Optima microplate reader (BMG Labtech). Parasite
susceptibility to each drug was tested independently at least three times.

Screening of bioactive compounds. P. falciparum-infected erythro-
cytes were screened against a collection of 2,816 compounds approved for
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human or animal use (26) (see Table S2 in the supplemental material) in
a quantitative high-throughput SYBR green viability assay as described
previously (19, 35, 36).

Gametocyte killing assay. P. falciparum cultures were diluted to 0.2%
parasitemia and induced for gametocyte production as described previ-
ously (30). Drugs were added 8 days after setting up gametocyte cultures at
final concentrations of 0.5, 1, 3, and 5 uM and were washed away after a
24-hour incubation. The cultures were maintained with a daily change of
medium until day 14, when the gametocytes became mature. The num-
bers of gametocytes at day 14 were counted by microscopic examination
of Giemsa-stained thin blood smears.

Mosquito feeding assays. For testing transmission-blocking activity
in vivo, female CD-1 mice, aged 6 to 8 weeks old, were injected intraperi-
toneally with 5 X 10° Plasmodium yoelii nigeriensis N67. To compensate
for variation in production of gametocytes between animals, three mice
per group were used for mosquito feeding. In a preliminary experiment,
the animals were administered a single dose of test compounds or phar-
maceutical-grade phosphate-buffered saline (PBS; pH 7.4) 3 days postin-
fection. Starting 1 h after the administration of a compound, the animals
were anesthetized and brought into contact with a colony of Anopheles
stephensi mosquitoes. The mosquitoes were allowed to feed on the mice
for 30 min. Unfed or partially engorged mosquitoes were removed from
the cages. The mosquitoes were maintained at 24 = 1°C and 80 to 90%
relative humidity for 7 to 10 days before their midguts were dissected to
determine oocyst counts. In subsequent experiments, the activity of keto-
tifen at different concentrations (0.1, 0.5, 1, 5, 10, 30, or 60 mg/kg of body
weight) in inhibiting oocyst formation was evaluated similarly. PQ, CQ,
and ART were used as reference drugs. Two doses of 0.1 or 0.5 mg/kg
ketotifen each were given at 4-hour intervals, and responses 6 or 24 h after
the final drug administration were also tested. All the experimental pro-
cedures were conducted in accordance with the NIH-approved animal
study protocol LMVR-11E.

For the P. falciparum (NF54) feeding assay, gametocyte cultures were
monitored daily beginning on day 14 after initiation of gametocyte cul-
ture for the presence of stage V parasites by microscopic examination of
Giemsa-stained thin blood smears. Cultures with mature gametocytes
were distributed onto 6-well plates (4 ml of culture per well). Ketotifen
and/or ART was added to individual wells to a final concentration of 0.5
M (equivalent to ~0.1 mg/kg) or higher doses in 0.02% DMSO and
incubated for 24 h. The same amount of DMSO or PBS was added to the
cultures and served as the controls. For the exflagellation assay, 15 wl of
culture with mature gametocytes was placed onto a microscope glass slide
and incubated at 19°C for 20 min. Mobile exflagellation centers were
counted under a light microscope at 400X magnification. Total numbers
of exflagellation centers from 10 microscopic fields with similar RBC
numbers were recorded.

Membrane feeding assays were conducted as follows. Gametocyte cul-
tures were centrifuged for 3 min at 530 X g and resuspended in fresh O™
RBC and O human serum to give a final blood meal with a 38.5% he-
matocrit. A blood meal of 260 .l was then deposited on a parafilm mem-
brane feeder prewarmed to 40°C to feed batches of 50 to 60 A. stephensi
mosquitoes, aged 4 to 6 days old, for 20 min. Mosquitoes that had taken a
blood meal (determined by the presence of eggs) were dissected 7 days
after feeding. Midguts were stained with 0.1% mercuro-bromo fluores-
cein in 1X PBS, and the number of oocysts was counted under a light
microscope.

Inhibition of relapse in a Plasmodium cynomolgi/rhesus monkey
model. A donor rhesus monkey was infected with P. cynomolgi strain B by
intravenous (i.v.) injection of 1 X 10° frozen infected RBCs thawed from
frozen stock. A colony of Anopheles stephensi mosquitoes was allowed to
feed on the monkey when parasitemia reached 0.1 to 2%. When mature
sporozoites reached the salivary glands at day 10 to 12, the mosquitoes
were allowed to feed on 9 malaria-naive monkeys for 30 min, with 35 to 50
mosquitoes per monkey. Approximately 7 to 8 days after feeding, para-
sites were detected in peripheral blood, and the animals were treated with
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quinine (32 mg/kg) twice daily by intramuscular (i.m.) injection for 5
consecutive days to clear parasites in circulation. Nine monkeys were
divided into three groups the next day after the completion of quinine
therapy: one group was treated with a daily oral dose of 15 mg/kg ketotifen
for 4 days (or 8 days in repeated experiments); the second group was
treated with a daily i.v. dose of 8 mg/kg artesunate for 4 days; the third
group received no additional treatment after quinine therapy and served
as a control. Parasitemia was monitored daily for 60 days to observe re-
lapse patterns. A second quinine treatment (i.m., 32 mg/kg twice daily for
7 days) was applied to all groups when the first relapse was observed in the
control group. At the end of the study, all monkeys were treated with a
combination of CQ (oral daily dose of 20 mg/kg for 3 days) and PQ (oral
daily dose of 0.5 mg/kg for 14 days), and a final blood smear was taken at
day 90 to make sure the animals were clear of parasites.

RESULTS

Disruption of the gene encoding PfABCG2. To investigate
whether PFABCG2 plays a role in the parasite response to antima-
larial drugs, we genetically disrupted the gene encoding PFABCG2
in the CQ-sensitive 3D7 line by using a double-crossover con-
struct (see Fig. S1A in the supplemental material). After cloning
the parasites by limiting dilution, we obtained five clones with the
integrated plasmid, two of which—B2 and C11—were randomly
selected for further phenotype characterization. Integration of the
plasmid construct into the expected chromosome locus was veri-
fied using a PCR that detected the integration event (see Fig. S1B
and C in the supplemental material) and Southern blotting (see
Fig. S1D). A PCR product was produced only from parasites with
the gene encoding the human dihydrofolate reductase (hdhfr) in-
tegrated into the specific chromosome locus, because one primer
in each reaction was specific for the hdhfr gene (p2 and p3 in Fig.
S1A and B of the supplemental material). Integration of the plas-
mid construct also introduced a diagnostic HinclI site, which gen-
erated a restriction fragment of reduced size (~3.5 kb) as detected
by Southern blotting (see Fig. S1D).

Phenotypes of pfabcg2 null parasites. Disruption of the
pfabcg2 gene did not affect asexual parasite growth in in vitro cul-
ture (Fig. 1A), but the production of gametocytes in the two KO
clones was greatly reduced (Fig. 1B). Consequently, mobile exflag-
ellation centers of male gametes were undetectable after triggering
the exflagellation process in the gametocyte culture (Fig. 1C). Dis-
ruption of pfabcg2 did not change the parasite response to drugs
targeting asexual stages, such as CQ and DHA (Fig. 1D and E),
suggesting that the gene does not contribute to the response to
these two drugs. The results were consistent with previous reports
of higher RNA transcript levels of pfabcg2 in gametocytes (27, 28)
and suggest that this gene may play a more significant role in
nonerythrocytic stages.

Screening of WT and pfabcg2 KO parasites against a library
of approved drugs. To investigate whether disruption of the gene
affects the parasite response to other compounds, we screened
2,816 drugs approved for human and animal use (26) against the
3D7 parasites and the two pfabcg2 null parasites in a viability assay
as described previously (19). Except for some antifolate com-
pounds, only two drugs—ambenomium and ketotifen—had 50%
inhibitory concentrations (ICs,s) with at least 5-fold differences
between the WT (ambenomium ICs, 3.2 pM; ketotifen IC5, 6.3
puM) and the two pfabcg2 null parasites (amebnomium ICs, 0.50
M for B2 and 0.63 uM for C11; ketotifen ICy,, >30 uM for both
B2 and C11) in the initial screening (see Table S2 in the supple-
mental material). In confirmation assays using 96-well plates, only
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FIG 1 Comparison of growth and drug response phenotypes between Plasmodium falciparum 3D7 and the two pfabcg2 null lines (B2 and C11 were obtained
from a single transformation experiment and may be derived from a common progenitor). (A) Parasitemia of asexual stages. (B) Gametocytemia of all
gametocyte stages from day 1 (setup day) to day 17. (C) Exflagellation center counts from days 15 to 17. (D) Inhibition curves in response to CQ. (E) Inhibition
curves in response to DHA. (F) Inhibition curves in response to ketotifen (KET). The results are consistent with those from the initial high-throughput screening;
the ketotifen IC,, for 3D7 was 6.3 pM (log ICs,, 5.2), and it was >30 wM for both B2 and C11 (or log IC,, =4.5). For the experiments shown in panels A to C,
two independent repeats, designated 1 and 2, in duplicates were plotted separately due to a large variation in 3D7 gametocytemia; for panels D to F, the results
of four independent experiments were averaged and plotted. Standard errors of means were estimated from the repeats/duplicates accordingly.

ketotifen, an H1 antihistamine (37), consistently showed a large
differential potency (Fig. 1F), with pfabcg2-disrupted parasites be-
coming more resistant to ketotifen (unpaired ¢ test on IC5s, P =
0.001 for 3D7 versus C11 or B2). Discrepancy between the ICs,s of
ambenomium for the two assays might have been due to technical
variations of the assays and relatively small differences in ICs,s of
the drugs between the 3D7 and the KO parasites. Parasite re-
sponses to several antifolate compounds were also different (see
Table S2), but these differences likely arose from the hdhfr gene in
the introduced plasmid, which mediates antifolate resistance as a
selection marker.

Partial restoration of the drug response phenotype after ep-
isomal expression of PFABCG2. The change in IC;.s in the KO
parasites suggested that PPABCG2 might play a role in the re-
sponse to ketotifen. To further verify that the changes in parasite
response to ketotifen were caused by disruption of PPABCG2 and
not by other unexpected changes in the parasite genome during
the transfection process, we introduced a construct containing the
pfabeg2 gene fused with the gene encoding GFP or a control plas-
mid containing the luciferase gene (see Fig. S1E in the supplemen-
tal material). Gene expression was controlled by the promoter
region of pfcrt, which is expressed in asexual stages (a construct
was also made using the native pfabcg2 promoter, but viable trans-
genic parasites were not recovered after several attempts). The
presence of the plasmid (Fig. 2A) and expression of the GFP fusion
protein (Fig. 2B) in the transfected parasites—but not in non-
transfected 3D7 or Cl1 paraites—were detected using PCR and
Western blotting with antibodies against GFP. Complementation
of the disrupted pfabcg2 gene partially restored the sensitivity of
the parasite to ketotifen in two independently transfected C11
parasites but not in the parasites transfected with the control lu-
ciferase plasmid, confirming that the altered ketotifen susceptibil-
ity observed in the pfabcg2 null parasites was at least partially me-
diated by PfABCG2 (Fig. 2C). The results provide additional
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evidence that PPABCG2 may play a role in the parasite response to
ketotifen, although further characterization is necessary to reveal
the molecular mechanism of the parasite response to ketotifen.

Effects of ketotifen on P. falciparum gametocytes in vitro
and oocysts in vivo. Because PFABCG2 is expressed at a higher
level in sexual stages than in asexual stages and disruption of
PfABCG2 greatly affected gametocyte development, we investi-
gated the in vitro gametocytocidal activities of ketotifen and cy-
proheptadine, a closely related analog. Addition of 0.5 to 5 WM PQ
(a known gametocytocidal drug used as a positive control), keto-
tifen, or cyproheptadine to day 8 gametocyte cultures (mostly
stage IIT gametocytes) for 24 h inhibited P. falciparum gametocyte
development in vitro, with a significant reduction in gameto-
cytemia at 5 wM, although ketotifen and cyproheptadine were not
as effective as PQ in killing P. falciparum gametocytes in vitro
(Table 1).

To further investigate how ketotifen affected fertilization and
oocyst development of P. falciparum parasites, we produced ma-
ture gametocytes in vitro and treated the gametocyte cultures with
ketotifen, ART, or a combination of ketotifen and ART for 24 h
before feeding the cultures to Anopheles mosquitoes. Control
groups of mosquitoes fed with PBS or DMSO harbored an average
of 44.9 and 43.0 oocysts per mosquito, respectively, whereas mos-
quitoes treated with ketotifen (5 wM) had an average of 22.2
oocysts per mosquito (~50% reduction). The group treated with
ART (5 pM) had an average of 0.6 oocysts per mosquito, and
those treated with ART plus ketotifen combination (5 uM each)
had no oocysts (Table 2). We repeated the experiments, except
that the culture media were replaced with fresh media containing
the same dosages of drugs 4 h after the initial treatment. Mosqui-
toes fed either with the PBS or DMSO harbored an average of 8.2
and 9.2 oocysts per mosquito, respectively, whereas no oocysts
were found in the ketotifen, ART, or ART plus ketotifen groups. In
the third experiment, we treated gametocyte cultures with higher
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FIG 2 Complementation of the pfabcg2 KO C11 parasite with a pfabcg2 trans-
gene partially restored parasite sensitivity to ketotifen. (A) PCR products with
expected sizes amplified from DNA samples extracted from parasites with or
without the plasmids to introduce the genes encoding PFABCG2 or luciferase.
Resc-1 and Resc-2 were derived from Cl11 lines transfected with the pfabcg2
expression plasmid shown in Fig. SIE (top) in the supplemental material.
Luc-1 and Luc-2 were derived from Cl11 lines transfected with the control
luciferase expression plasmid (see Fig. S1E, bottom). (B) Immunoblot show-
ing expression of the PFABCG2-GFP fusion protein in the transfected para-
sites, as detected by antibodies against GFP. (C) Changes in parasite response
to ketotifen in the presence or absence of the pfabcg2 transgene. The parasites
were the same as those shown in panel A. Standard errors of means were
estimated from 3 to 4 repeat experiments. The IC;,s of Resc-1 and Resc-2 were
not significantly different from that of 3D7 (unpaired ¢ tests of IC5,s; P = 0.62
for 3D7 versus Resc-1 and P = 0.64 for 3D7 versus Resc-2), the IC5ys of
controls (Luc-1 and Luc-2) remained significantly different from that of 3D7
or close to significance (unpaired ¢ tests of ICss; P = 0.03 for 3D7 versus Luc-1
and P = 0.08 for 3D7 versus Luc-2), and the differences between the IC,s of
the complemented lines and the parental knockout clone C11 were also signif-
icant (unpaired ¢ test, P = 0.04 for C11 versus Resc-land P = 0.03 for C11
versus Resc-2).

doses of ketotifen (25 wM and 50 wM) and obtained almost com-
plete inhibition of oocyst development (Table 2). Interestingly,
male gamete exflagellation center counts were also greatly reduced
in the drug-treated groups. These results clearly show that keto-
tifen is quite effective in inhibiting P. falciparum oocyst formation
at a relatively low dose.

Effects of ketotifen on P. yoelii oocyst formation after in vivo
treatments. We also infected CD-1 mice with P. yoelii nigeriensis
N67 and treated the mice with different amounts of ketotifen be-
fore exposing them to mosquitoes to investigate the effects of ke-
totifen on sexual development in vivo. Remarkably, ketotifen dra-
matically reduced the number of oocysts from an average of 460 to
34 oocysts (93% reduction) per mosquito after 1-hour treatment
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of the mice with a single drug dose of 1 mg/kg and almost com-
pletely blocked oocyst development with a 5-mg/kg dose (Fig.
3A). Oocyst counts from the 5-mg/kg ketotifen treatment group
(averaging 0.13 oocysts per mosquito; 2 of 44 mosquitoes had
oocysts) were also lower than those of the 5-mg/kg PQ treatment
group (averaging 6 oocysts per mosquito; 7 of 21 mosquitoes had
oocysts). A significant reduction in oocyst counts was also ob-
tained after injecting a single dose of 0.5 or 0.1 mg/kg of ketotifen
into mice for 6 or 24 h prior to mosquito feeding (averaging 12 and
82 oocysts per mosquito or 97% and 82% reduction, respectively)
(Fig. 3B). Two doses of 0.5 mg/kg or 0.1 mg/kg ketotifen admin-
istered 4 h apart were similarly tested (Fig. 3C). Whereas the
oocyst counts in the two-dose treatment of 0.1 mg/kg with 6- or
24-hour treatment intervals were similar to those of the single-
dose treatment, two-dose treatment with 0.5 mg/kg for 6 or 24 h
almost completely eliminated oocysts in mosquitoes (averaging 2
oocysts per mosquito; 4 of 23 mosquitoes had oocysts in the 24-
hour treatment group). The results showed that ketotifen is highly
active in blocking oocyst formation in vivo and, therefore, parasite
transmission. ART (5 mg/kg) also had some effect on blocking
oocyst formation in vivo, but no inhibition was observed with a
CQ dose of 10 mg/kg (Fig. 3A).

Inhibition of oocyst formation by additional TCA drugs. To
determine whether other compounds with structures similar to
ketotifen (a tricyclic antihistamine and antidepressant [TCA])
also have activity against mosquito stages, we tested additional
TCAs and analogs for activity in blocking oocyst formation in
mosquitoes (Table 3). Groups of five mice infected with P. yoelii
nigeriensis N67 were injected with the compounds 1 h before they
were exposed to mosquitoes, and oocysts in the mosquito midgut
were dissected and counted 9 days postfeeding. The results
showed that although pizotifen (10 mg/kg), doxipin (30 mg/kg),
and MLS000556883-02 (10 mg/kg) had little or no effect on oocyst
counts, MLS000708402-02 (10 mg/kg), protryptyline (10 mg/kg),
and cyproheptadine (10 mg/kg) reduced oocyst numbers by 91 to
99%. Imipramine (100 mg/kg), chlorpromazine (30 mg/kg), tri-
mipramine (10 mg/kg), and MLS000556884-02 (10 mg/kg) also
showed some activity in reducing oocyst counts (35 to 69% reduc-
tion). These results suggest that there are common targets or
transport mechanisms in the parasite for the tricyclic compounds,
possibly including PFABCG2. Testing of additional existing or
newly synthesized TCA derivatives may lead to discovery of addi-
tional drugs that are potent in blocking parasite transmission.

Oral administration of ketotifen and cyproheptadine. Oral

TABLE 1 In vitro inhibition of Plasmodium falciparum gametocytes by
primaquine, cyproheptadine, or ketotifen?

Gametocytemia (mean * SD) at drug concn

Drug

(exptno.) Nodrug 05pM 1uM 3 uM 5uM

PQ (1) 21+03 1.3*04 0.6=*0.05* 0.1 £0.1** 0.01 =0.01**
PQ (2) 32%05 1.6 £0.6 0.7=*=0.20"* 0.2 *0.1** 0.0 = 0.0**
CYP(1) 24%+06 26=*0.2 1.4%0.20 0.6 = 0.1* 0.2 *0.1*
CYP(2) 28%*03 23*04 1.6=*0.10f 0.9 0.1 0.3 *0.1**
KET (1) 24 %02 2.7*0.1 2.6=*040 1.7 £ 0.1 1.0 = 0.3**
KET (2) 32%*02 27=*0.1 23%*0.10 2.2 +0.5% 1.2 £0.3%

@ Drugs were added to day-8 gametocytes for 24 h before washing off, and gametocytes
were counted at day 14. Each experiment was performed in triplicate (no-drug
controls) or duplicate. *, P < 0.05; **, P < 0.01, based on paired ¢ test (compared with
the no-drug group). CYP, cyproheptadine. SD, standard deviation.

aac.asm.org 429


http://aac.asm.org

Eastman et al.

TABLE 2 Inhibition of Plasmodium falciparum oocyst development by KET or a combination of KET and ART

% adjusted Exflagellation center No. of oocysts/midgut No. of mosquitoes % of mosquitoes

Expt no. and treatment” % GV GV count/field (SD) dissected with oocysts
Expt 1

PBS 1.9 0.3 2.7 44.9 (21.3) 23 100

DMSO 2.1 0.3 2.0 43.0 (24.4) 28 96.4

ART 2.3 0.3 0.2 0.6 (1.2)*** 29 27.6

KET 2.0 0.3 0.7 22.2 (15.5)*** 25 96

KET + ART 2.0 0.3 0 0*** 26 0
Expt 2

PBS 0.7 0.2 3.7 8.2 (4.2) 20 90.0

DMSO 0.8 0.2 3.5 9.3 (6.1) 22 95.5

ART 0.5 0.2 0.7 0 19 0

KET 0.8 0.2 0.8 0% 20 0

KET + ART 0.6 0.2 0 0% 18 0
Expt 3

DMSO 0.8 0.2 3.5 7.4 (4.5) 25 92.0

5 uM KET 0.8 0.2 2.0 3.5 (4.0)** 25 64.0

25 WM KET 0.8 0.2 0.8 0.6 (0.9)*** 25 36.0

50 uM KET 0.9 0.2 0.5 0.1 (0.3)*** 25 8.0

@ In vitro-cultured gametocytes were fed to mosquitoes by using a membrane feeder, and mosquitoes were dissected 7 days after feeding. GV (reported as a percentage), stage V
gametocytemia. The adjusted GV is the percentage of stage V gametocytemia, adjusted prior to feeding experiments. Exflagellation center counts per field were made after
adjustment for gametocytemia. A concentration of 5 uM KET, ART, or the combination of KET and ART each was used in the treatments, except for the KET concentrations
indicated for experiment 3. Oocyst counts often varied between feedings, depending on the quality of gametocyte cultures and unknown factors. We considered an average of 4.0
oocysts per mosquito or higher in the DMSO control group as a successful feeding in our assays. Experiment 3 was conducted to test the effects of different amounts of ketotifen on
oocyst development. **, P < 0.01; ***, P < 0.001 (compared with the DMSO group; unpaired ¢ test).

administration of antimalarial drugs is often the preferred method
of dosing patients. To determine whether oral administration of
the drugs was also effective in blocking oocyst formation, we fed
mosquitoes on P. yoelii nigeriensis N67-infected mice 6 h after oral

administration of ketotifen, cyproheptadine, PQ, or combina-
tions of ketotifen and ART (Table 4). A single dose of 10 mg/kg
cyproheptadine or two doses of a combination of 5 mg/kg ART
and 0.5 mg/kg ketotifen completely blocked oocyst formation,
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FIG 3 Inhibition of oocyst development by ketotifen (KET), PQ, ART, and CQ. Mice (three per group) infected with Plasmodium yoelii nigeriensis N67 were
treated with KET at different concentrations for various time periods and were exposed to mosquitoes. Oocysts were counted from dissected midguts 9 days after
feeding. (A) Numbers of oocysts from mosquitoes fed on mice treated with different concentrations of KET for 1 h before feeding were compared with those
treated with PQ (5 and 10 mg/kg), ART (5 mg/kg), or CQ (10 mg/kg). (B) Numbers of oocysts from mosquitoes fed on mice treated with a single dose of 0.1 mg/kg
(filled dots) or 0.5 mg/kg (open circles) of KET for 1, 6, or 24 h before feeding to mosquitoes. (C) Number of oocysts from mosquitoes fed on mice treated with
two doses (4-hour interval) of 0.1 mg/kg (filled dots) or 0.5 mg/kg KET for 6 or 24 h. Con, no-drug control. The short horizontal bars are mean oocyst counts.
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TABLE 3 Tricyclic compounds that inhibit Plasmodium yoelii nigeriensis N67 oocyst formation in the mosquito midgut

No. of mosquitoes

Mean (SD) no. of % mosquitoes with

Compound” Action Dose (mg/kg) dissected oocysts % reduction oocysts
No-drug control 1 14 457.5 (55.6) 100
No-drug control 2t 22 101.2 (65.3) 90.9
Primaquine® Antimalarial 10 30 0F** 100 0
Ketotifen Tricyclic antihistamine 10 18 O+ 100 0
MLS000708402-02" Tricyclic compound 10 24 1.1 (2.6)*** 98.9 33.3
MLS000708402-02" Tricyclic compound 10 17 2.2 (4.2)0%* 99.5 23.5
Cyproheptadine” Psychiatric 10 27 9.6 (33.7)*** 90.5 55.6
Protryptyline Antidepressant 10 16 20.9 (25.5)*** 95.4 93.8
Desloratadine” Tricyclic antihistamine 10 18 18.8 (33.7)%** 81.4 70.6
Chlorpromazine Antipsychotic 30 14 143.0 (48.7)*** 68.7 100
Imipramine Antidepressant 100 15 201.2 (86.5)*** 56 100
MLS000556884-02" Tricyclic compound 10 22 48.2 (41.6)** 52.4 100
Trimipramine” Tricyclic antidepressant 10 29 65.5 (46.0)* 353 89.7
Doxipin Antidepressant 30 13 420.6 (73.5) 8.1 100
Pizotifen® Serotonin antagonist 10 21 109.0 (65.8) -1 95.2
MLS000556883-02" Tricyclic compound 10 26 116.8 (78.4) —1.15 96.2

“ Mice infected with the parasites were injected with the compounds 1 h before allowing mosquitoes to feed, and the mosquitoes were dissected 8 days after feeding. *, P < 0.5; **,

P < 0.01; %, P < 0.001 (unpaired ¢ test).

b Data from second feeding; note that the oocyst count of the control was different from that for the first feeding.

while control mosquitoes (no drug) had an average of ~200
oocysts per mosquito. Two doses of 0.5 mg/kg ketotifen given 4 h
apart also greatly reduced the oocyst count (99.9% reduction).
Inhibition of the first relapse of Plasmodium cynomolgi by
ketotifen. To evaluate whether ketotifen has any activity against
liver stages or can prevent malaria relapse, we infected nine rhesus
monkeys with P. cynomolgi through mosquito bites and cleared
the initial asexual parasites from the circulation with twice-daily
quinine doses (32 mg/kg each) for 5 days. Three monkeys were
then treated with an additional oral dose of 15 mg/kg ketotifen per
day for 4 days after quinine treatment. Two control groups of
three monkeys were treated with either quinine alone or with arte-
sunate (8 mg/kg) for 4 days after quinine treatment. Two of the
control monkeys (quinine alone) had a first relapse with para-
sitemia peak at day 26 or 28 and a second peak at day 44 (Fig. 4A).
In the group treated with artesunate, in addition to the peak at day
45, one monkey also had a first relapse peak on day 29 (Fig. 4B).
Two of the three monkeys treated with ketotifen relapsed only at
day 45 (the third did not have a relapse) (Fig. 4C). To confirm
these observations, we repeated the experiments in four more
monkeys and using similar treatment regimens (two received ke-
totifen treatment and two had no additional treatment), except we
extended the ketotifen treatment to 8 days, considering that a
14-day PQ treatment is generally used for treating relapse. Again,

arelapse parasitemia peak at day 29/30 was observed in the control
monkeys (Fig. 4D) but not in the two monkeys treated with keto-
tifen (Fig. 4E). The results suggest that ketotifen had some effect
on preventing the first relapse, perhaps by killing “preactive” or
“active” forms (trophozoites or schizonts) in the liver.

DISCUSSION

This study identified and evaluated the malaria transmission-
blocking activities of several tricyclic compounds after screening a
drug library against parasites with a disrupted gene encoding a
putative ABC transporter. Although our initial goal was to inves-
tigate whether PFABCG2 played a role in drug transport and resis-
tance in gametocytes of P. falciparum parasites, identification of
this group of transmission-blocking drugs may have a significant
impact on malaria control and eradication if results from clinical
field trials confirm our laboratory observations. The sexual stages
inhibited by ketotifen do not contribute to the increase of parasite
numbers in the human host; with combinations including drugs
against asexual stages, the risk of selecting parasites resistant to
ketotifen can be minimized. Although we have good evidence
showing that PFABCG2 plays a role in the parasite response to
ketotifen, identification of the drug target(s) and the mechanism
of action in blocking oocyst development in mosquitoes require
additional investigation.

TABLE 4 Plasmodium yoelii nigeriensis N67 oocyst counts from mosquitoes fed on mice treated with one or two oral doses of cyproheptadine,

primaquine, ketotifen, or artemisinin plus ketotifen

No. of mosquitoes

Mean (SD) no. of % mosquitoes with

Compound Dose (mg/kg) dissected oocysts % reduction oocysts
DMSO 0.0 26 201.0 (121.3) 96.2
CYP 10 35 0 (0)*** 100 0

PQ 10 36 0.2 (0.5)%** 99.9 16.7
KET 0.5 27 40.7 (39.7)*** 79.8 96.3
KET 0.5X2 30 0.2 (0.6)*** 99.9 13.3
ART + KET 5+ 0.5 31 13.4 (16.4)*** 93.3 90
ART + KET (54+0.5) x2 32 0.0 (0.0)*** 100.0 0

“ CYP, cyproheptadine. ***, P < 0.001 (unpaired ¢ test).
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FIG 4 Relapse patterns in Plasmodium cynomolgi-infected rhesus monkeys after 5 days of quinine treatment to clear the initial parasitemia. (A) Control monkeys,
treated with quinine only (32 mg/kg twice daily for 5 consecutive days); (B) monkeys treated with 8 mg/kg artesunate for 4 days after quinine treatment; (C)
monkeys treated with 15 mg/kg ketotifen for 4 days after quinine treatment; (D) no-drug controls, treated as for panel A (repeat); (E) monkeys treated as for panel
C, except ketotifen treatment was for 8 days. EZD, DB36, DB9H, C67, DA4AB, CE49, DB1X, DB4W, DB31, DBXW, BLX, DC77, and G31 are designations for

individual monkeys.

In addition to ketotifen, our study also identified several other
promising tricyclic compounds, including cyproheptadine, prot-
ryptyline, and MLS000708402-02, which were highly active in
blocking P. yoelii nigeriensis N67 oocyst formation in the mos-
quito midgut. MLS000708402-02 has not been tested in humans
but may represent a new lead for a potential therapeutic agent.
Ketotifen, cyproheptadine, and protryptyline, on the other hand,
all have been approved for use in humans. Ketotifen and cypro-
heptadine are antihistamines that act as a 5-HT2 receptor antag-
onist in humans (38, 39), and protryptyline is an antidepressant.
Ketotifen is used to relieve irritation associated with seasonal al-
lergies and to prevent asthma attacks (38). It can be administered
orally or topically with generally mild side effects. Clinical results
have shown no serious signs or symptoms after ingestion of up to
20 mg of ketotifen fumarate (38). Cyproheptadine is also used to
relieve mild allergy symptoms as well as to treat posttraumatic
stress disorder (39) and shows few side effects, although the dos-
age is limited to 12 mg per day for children and 32 mg per day for
adults. The efficacy of these related tricyclic compounds may pro-
vide structural activity data for designing additional and better
transmission-blocking drugs.

Because ketotifen has been approved for human use, its phar-
macokinetics (PK) and pharmacodynamics (PD) have been ex-
tensively studied. Ketotifen has been extensively tested in animals
for safety and toxicity (38, 40). Large doses have been tested in rats
and rabbits with minimum side effects, including during preg-
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nancy. Ketotifen is well absorbed after oral administration, with
peak plasma drug concentrations within 2 to 4 h. Peak plasma
drug concentrations after multiple oral doses of 1 mg twice daily
were 1.92 mg/liter in adults and 3.25 mg/liter in children (41). The
drug is 75% protein bound and is metabolized in the liver to the
inactive form, ketotifen-N-glucoronide, and active norketotifen.
The terminal elimination half-life is 2 to 27 h, with a mean half-life
of 12 h. Approximately 60 to 70% of a dose of ketotifen is elimi-
nated in the urine within 48 h, with the remainder excreted in the
feces; ~50% is recovered as ketotifen-N-glucuronide and ~10%
as norketotifen (38). In a recent study evaluating antimalarial ac-
tivity, both ketotifen and its metabolite norketotifen were shown
to be active against schizonts and liver-stage Plasmodium berghei
parasites, and the plasma drug concentration was maintained
above the IC;, for approximately 8 h for ketotifen and over 24 h
for norketotifen (38, 40). The form of ketotifen metabolite(s) that
is active against the sexual stages of the malaria parasite is still
unknown.

Ketotifen, cyproheptadine, and other antihistamines have
been shown to be effective in reversing CQ resistance in P. falcip-
arum (42—47) and in P. yoelii nigeriensis (48). These compounds
have also been tested for reducing gametocytemia, although no
obvious effect on patient gametocytemia was observed (49, 50). It
was not clear, however, whether the gametocytes in some of the
previous studies were still capable of infecting mosquitoes or if the
oral dose used (0.0125 to 0.25 mg/kg) was sufficient to eliminate
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gametocytes from the blood circulation. Our observations of sig-
nificant reductions in gametocyte counts against in vitro-cultured
P. falciparum gametocytes and more than 50% reductions in
oocyst counts in mosquitoes after treatment with 5 M ketotifen
suggested that doses as low as 0.1 mg/kg body weight should have
some effect on gametocyte and/or oocyst formation in vivo. In-
deed, treatment of P. yoelii parasites with a single dose of 0.1
mg/kg reduced oocyst count from 27% (1 h) to 81% (24 h) (Fig.
3). Ketotifen showed slightly higher potency in blocking oocyst
formation than PQ at 5 mg/kg and 10 mg/kg in mice (Fig. 3),
which suggests that ketotifen may act more effectively on mos-
quito stages or the process of fertilization. In addition, ketotifen
appeared to affect gamete production; treatment of P. falciparum
gametocytes with ketotifen greatly reduced the numbers of exflag-
ellation centers (Table 2). Because the 3D7 line is sensitive to CQ,
it is difficult to test whether disruption of pfabcg2 will affect the
ability of ketotifen and other antihistamines in reversing CQ re-
sistance. Future studies using a CQ-resistant parasite with dis-
rupted pfabcg2 may provide insights on how these compounds
reverse CQ resistance.

Interestingly, ART was more active than ketotifen in inhibiting
oocyst formation after in vitro treatment of P. falciparum gameto-
cytes, whereas ketotifen appeared to be more potent against P.
yoelii in vivo (Fig. 3; Table 2). The discrepancies could have been
due to species differences in responses to the drugs or, more likely,
to a higher rate of ART removal from the body (half-life, ~1 h)
and the loss of activity against gametocytes shortly after adminis-
tration to the animal. Thus, the ART exposure time was likely
longer in vitro, enhancing the effectiveness of ART. In one study,
artesunate was found to reduce gametocyte infectivity of patient
blood dramatically, but it could not abolish the infectivity com-
pletely (51). More recently, ART and derivatives were shown to
have some activities against exflagellation and to reduce the num-
ber of oocysts (52). These observations suggest that even if ART
has some activity against gametocytes, addition of another drug
that can kill gametocytes and/or mosquito stages to ACT may be
necessary to completely block malaria transmission. Our prelim-
inary results showed that a combination of low-dose ketotifen and
ART was more effective in blocking oocyst formation in mosqui-
toes than either drug alone (Tables 2 and 3).

Ketotifen appeared to have some effect on relapse of P. cyno-
molgiin thesus monkeys, although the results were not conclusive.
The first relapse peak seen in the control monkeys did not appear
in the monkeys treated with ketotifen, but the second peak at day
45 appeared in all the groups, which was duplicated in a second
independent experiment. There are several potential explanations
for the disappearance of the first relapse peak in the ketotifen-
treated group. First, the first relapse peak in the control group
could have come from residual parasites that were not totally
cleared by quinine treatment, which was unlikely, and additional
treatment with ketotifen killed those residual parasites in the
blood because ketotifen also has some activity against asexual
stages. Second, assuming all the blood forms were killed by qui-
nine treatment, ketotifen might be active against more mature or
“active” stages (late trophozoites and schizonts) but not the stage
still dormant in the liver (53), which might prevent the appear-
ance of the first relapse peak but not the second peak. It would be
interesting to investigate whether a second ketotifen treatment at
day 35 or a longer ketotifen treatment period prevented the sec-
ond relapse peak at day 45. The standard regimen of PQ for treat-
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ing Plasmodium vivax relapse in humans is a daily dose of 15
mg/day for 2 weeks. In a study of mass treatment to eliminate
malaria in Cambodian villages, a dose of 9 mg per adult was given
at 10-day intervals for up to 6 months (7). Ketotifen may prevent
further relapses if a similar treatment regimen is given. Indeed,
ketotifen and its metabolite, norketotifen, have recently been
shown to be active against the liver stage of P. berghei; no evidence
of live parasites was detected after treatment with both drugs at
160 mg/kg/day for 3 days (40).

The mechanism of how ketotifen, cyproheptadine, and other
TCA drugs block P. falciparum oocyst formation in mosquitoes
requires further investigation. Many ABC transporters, including
ABCG2, have been shown to play arole in drug transport as well as
other transport functions (54, 55). Genetic modification of genes
encoding a drug target or a drug transporter has widely been em-
ployed to demonstrate the involvement of a gene in modulating
drug susceptibility of malaria parasites (18, 56—58). In addition to
showing that disruption of pfabcg2 changed the parasite response
to ketotifen in asexual stages, we also showed that reintroduction
of pfabcg2 could partially reverse this differential effect. The partial
restoration of sensitivity could be due to differences in gene ex-
pression level and/or protein localization of the endogenous gene
and reintroduced episomal copies. Indeed, the green fluorescent
protein signal was present throughout the transfected parasites
(data not shown), instead of the expected membrane localization.
In addition, the rescue construct also encoded a C-terminal GFP
tag fused to the protein, which may have perturbed its transporter
function. The same reasons could also be used to explain our
failure to restore gametocyte production in the pfabcg2-disrupted
parasite C11 (four attempts [data not shown]), although we could
not rule out the possibility that the loss of gametocyte production
was due to a changes in another gene(s) in the genome during
parasite transformation and selection. Interaction of ketotifen
with an ABC transporter has been reported; ketotifen was found
to restore the sensitivity of P-glycoprotein-overexpressing multi-
drug-resistant MCF-7/adr cells to doxorubicin, mitoxantrone,
VP-16, and vinblastine (59). In theory, resistance to this drug may
develop due to mutations in pfabcg2; however, since the gene ap-
pears to play almost no role in asexual stages, the pressure for
selecting resistant mutations will be minimal. Gametocytes, ga-
metes, and ookinetes do not replicate (except that the male game-
tocyte that produces eight gametes), and the chance of selecting
drug-resistant parasites from sexual stages, the intended target of
the drug, should be greatly reduced. We cannot rule out the pos-
sibility of a related cellular process that is rendered essential by the
drug treatment, as seen in screening yeast either (60). Although
the normal asexual stage of growth of the parasites with a dis-
rupted pfabcg2 gene suggests that the gene is not essential during
blood-stage development, the change in the ICs, to ketotifen does
not prove that PPABCG2 transports the drug, and more studies are
necessary to answer this question. Overexpression of an ABC
transporter generally makes a cell more resistant to a drug; how-
ever, the opposite has also been reported (61). ABCG2 has also
been shown to contribute to cell survival in an oxygen-poor envi-
ronment by reducing the accumulation of toxic heme metabolites
(55). A large amount of heme is produced during gametocyte
maturation, and a potential biologic function of PPABCG2 could
be in extruding heme that accumulates during gametocyte devel-
opment. Although more studies are necessary to elucidate the
functional roles of PFABCG2 in parasite development and drug
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responses, the identification and testing of this group of urgently
needed drugs represent significant contributions in malaria re-
search and disease control.

Various high-throughput methods have been developed for
screening antimalarial drugs against asexual stages (19, 36, 62—66)
and liver stages (67, 68). More recently, assays for screening ga-
metocytocidal drugs have been reported in response to the urgent
need for drugs to block malaria transmission; however, the
throughput of these assays was still relatively low (12—14). High-
throughput drug screening requires a method to obtain large
numbers of parasites, which is still the limiting step for assays
using gametocytes or mosquito stages as screening targets. Meth-
ods to increase the yield of gametocyte production are necessary to
improve the throughput level of drug assays for testing a large
number of compounds against this important sexual stage. Our
approach of screening parasites with a disrupted gene that was
expressed at higher levels in gametocytes or mosquito stages than
in asexual stages may represent a novel, productive approach to
search for drugs that can preferentially inhibit nonerythrocytic
stages of malaria parasites.
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