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Here, we show that spiroindolone, an effective treatment for plasmodia, is also active against Toxoplasma gondii tachyzoites. In
vitro, spiroindolone NITD609 is cidal for tachyzoites (50% inhibitory concentration [IC50], 1�M) and not toxic to human cells at
>10�M. Two daily oral doses of 100 mg/kg of body weight reduced the parasite burden in mice by 90% (P � 0.002), measured 3
days after the last dose. This inhibition of T. gondii tachyzoites in vitro and in vivo indicates that spiroindolone is a promising
lead candidate for further medicine development.

Novel, improved medicines are needed to treat toxoplasmosis
(1, 2, 3). One attractive approach to treat toxoplasmosis is to

repurpose compounds effective against other, related apicompl-
exan parasites (4). Spirotetrahydro-�-carbolines (spiroindolo-
nes) inhibit Plasmodium falciparum and Plasmodium vivax blood
stage parasites, with the most effective member of this family be-
ing NITD609 (5) (Fig. 1A). NITD609 is highly active, without
cytotoxicity for brain, kidney, liver, or monocytes. A single dose of
100 mg/kg of body weight completely clears murine Plasmodium
berghei infection, with pharmacokinetic properties amendable to
once-daily oral treatment. It has a safety profile acceptable for
medicine development and no adverse histopathologic findings in
rodents (5). Spiroindolone blocks protein synthesis in P. falcipa-
rum in 1 h, with the cation-transporting P-type ATPase PFATP4
the proposed molecular target (5). Here, we report that spiroin-
dolone is active against Toxoplasma gondii and that T. gondii likely
shares an ATP4 target.

Spiroindolone NITD609 (Fig. 1A) was synthesized as de-
scribed previously (5) by Reagents 4 Research. In vitro and in vivo
assays were conducted as recently reported (1, 6, 7), with every
experiment repeated at least twice (see the supplemental mate-
rial). The significance of differences was determined using Stu-
dent’s t test, with a P value of �0.05 considered significant.

Spiroindolone NITD609 inhibited T. gondii (Fig. 1B-1) with a
MIC90 for tachyzoites of 5 �M and a MIC50 of1�M (Fig. 1B-2),
without toxicity to human foreskin fibroblasts (HFFs) at the high-
est concentration tested (10�M) (Fig. 1C). T. gondii tachyzoites
were also treated with spiroindolone under four additional con-
ditions: drug pressure (10 �M) was applied for a short time (72 h,
as in a standard challenge assay) and replaced with fresh medium
without drug, a longer time (6 days, as some medicines require a
longer course of treatment to eliminate all parasites), or the entire
duration of the experiment (21 days) (Fig. 1D). An additional
6-day group was included where, after 72 h of treatment, the
growth medium was replaced with fresh medium with drug, in the
event that the compound lost effectiveness by degradation over
time. Parasite proliferation was assessed at several times over 21
days. Spiroindolone was cidal for T. gondii tachyzoites with 3, 10,
or 21 days of treatment (Fig. 1D). It was not possible to create a
viable insertional mutant parasite resistant to spiroindolone, sug-
gesting that the drug’s target is essential.

Mice were infected intraperitoneally with 2,000 RH strain, yel-
low fluorescent protein-expressing (RH-YFP) tachyzoites per

mouse. Spiroindolone was administered to mice by gavage on the
day of and the day after infection (100 mg/kg/day), with control
mice receiving the drug-suspending agent alone. Five days after
infection, the peritoneal parasite burden was assessed by measur-
ing the fluorescence intensity, which directly reflected the number
of RH-YFP parasites present (6). Mice treated with spiroindolone
had 90% fewer parasites than the control mice treated with di-
methyl sulfoxide (DMSO) alone (P � 0.002) (Fig. 1E).

In plasmodia, ATPase4 has been identified as the target of spi-
roindolone. (5) The knockdown of T. gondii ATPase4 (TgATP4)
with exon skipping or a translation-inhibiting peptide-conjugated
phosphorodiamidate morpholino oligomer (PPMO; a molecular
transporter-conjugated antisense morpholino) (7) but not off-
target PPMO (7) showed that TgATP4 was also essential for rep-
lication (Fig. 1F).

The structures of several ATPase4 homologues have been
solved, revealing a conserved architecture that is likely to be sim-
ilar within the apicomplexan parasites, as shown by Rottmann and
coworkers (5). A model for TgATP4 was generated based against
the Squalus acanthias crystal structure (PDB ID 2ZXE), using the
Phyre2 server (8, 9). The TgATP4 model shares a large degree of
sequence identity (Fig. 2A and B) with the ATPase4 of both P.
falciparum (51%) and S. acanthias (25%). In particular, a large
degree of sequence conservation is observed around the mem-
brane-spanning region of the ATPase4 structure, which contains
the proposed spiroindolone binding site at the protein-membrane
interface (Fig. 2A). Multisequence alignments using ClustalW
(10) (Fig. 2A) show strong conservation of the residues which
confer resistance to spiroindolone in T. gondii and P. falciparum,
with the majority of differences being in the solvent-exposed loops
(Fig. 2B). Despite the high sequence identity and predicted struc-
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FIG 1 Effects of spiroindolone and PPMO directed against ATPase4 in tachyzoites of T. gondii. (A) Structure of lead spiroindolone compound NITD609, showing
1R,3S configuration. (B) Effect of NITD609 on T. gondii tachyzoites in vitro. (B-1) Giemsa-stained images 48 h after parasite infection of fibroblasts (FIBS) with
and without spiroindolone (10 �M) treatment added 2 h after infection. Note replicating parasites in HFFs without spiroindolone (red arrows); representative
single cells are shown in insets. The percentage of infected cells in the control cultures was 50%, with �8 parasites present in most vacuoles, whereas the
spiroindolone cultures had almost no detectable recognizable parasites seen, making it infeasible to quantitate parasites per vacuole. (B-2) Fluorescence assays
were performed to assess the effect of NITD609 on RH-YFP tachyzoites (96-well plates, 200 �l/well). (Left) Results for controls. RFU, relative fluorescence units;
FIBS, unchallenged HFFs; P/S, pyrimethamine (40 ng/ml; Sigma) and sulfadiazine (10 �g/ml; Sigma) (standard T. gondii treatment and positive control); 0.1%
DMSO, negative control. (Right) Parasite inhibition by spiroindolone at serial concentrations. At 10 �M and 1 �M, P � 0.001. (C) Effect of NITD609 on host
fibroblast cells. Cell viability assay by water-soluble tetrazolium salt-1 (WST-1) incorporation and absorbance assay to assess NITD609 toxicity to HFFs. Graphs
are representative of multiple experiments. O.D. 420, optical density at 420 nm. (D) NITD609 has a cidal effect on T. gondii tachyzoites in vitro. Fluorescence
assays to determine parasitistatic/parasiticidal activity of NITD609 (10 �M) against RH-YFP tachyzoites were performed on days 3, 10, and 21. P/S all time,
pyrimethamine and sulfadiazine were present for the duration of the experiment; 72 h, compound was present for 72 h and was then removed for the remaining
duration of the experiment; 144 h, compound was present for 6 days continuously and was then removed; 144 h, refresh, compound was refreshed at day 3 and
was then removed at day 6; all time, compound was present throughout the duration of the experiment. (E) Effect of NITD609 on T. gondii growth in vivo.
Parasite burden in mouse peritoneal fluid was measured by fluorescence intensity. Protection was robust with a substantial dose of tachyzoites that resulted in an
average parasite burden of 9.25 � 106 in untreated controls at the end of the experiment. (F) PPMO directed against ATPase4 inhibits tachyzoite replication. The
left graph is the standard curve showing the fluorescence intensity directly reflecting RH-YFP growth. For all panels, error bars show standard deviations.
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FIG 2 (A) Modeling T. gondii ATPase4. The modeled structure of TgATPase4 is shown from the front and back in cartoon format. Residues which are
significantly different in T. gondii, P. falciparum, and P. vivax are shown in green, and residues which have been shown by mutational analysis to confer
spiroindolone resistance are shown as magenta spheres. The figure was produced using Pymol. (B) Multiple sequence alignment of P. falciparum, P. vivax, and
T. gondii ATPase4. Residues which are fully conserved and similar are highlighted in red and blue, respectively; residues which are proposed to be associated with
the membrane are underlined; and residues which confer resistance to the spiroindolone derivatives NITD678-R and NITD609-R are highlighted by asterisks.
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tural homology in ATP4, a large difference in the efficacy of spi-
roindolone is seen. Subtle changes in structure and/or drug deliv-
ery, uptake, and efflux are likely to play a role in the differences in
spiroindolone potency between different apicomplexan species. If
the target of this spiroindolone in T. gondii is a sodium ATPase
that regulates Na� homeostasis (11), another possible reason for
the difference in potency is that this ATPase could have a different
localization than the PfATPase. This target could have been, for
example, in the plant-like vacuole, where the parasite might re-
quire active extrusion of Na� during extracellular life. However,
two other groups studying these ATPases have found that the
localization is the same in T. gondii and P. falciparum and is not in
the plant-like vacuole (unpublished data). Nonetheless, differ-
ences in the sensitivity and regulation mechanism of the physio-
logical process still might be the underlying reasons for the ob-
served differences in the potency of the compound despite the
strong conservation of the ATP4 target. Furthermore, we have not
proven with detailed biochemical characterization that this is a
sodium rather than a calcium ATPase. Also, we have not proven
here that this TgATP4 definitely is the molecular target of the
spiroindolone. These future characterizations will be important
for understanding the mode of action of the spiroindolone on T.
gondii, for further understanding of this ATP4 as a molecular tar-
get, and to determine definitively whether spiroindolone inhibits
ATP4.

Future studies may use transductive peptides, which can sig-
nificantly improve the delivery of molecular cargo across mem-
branes and, importantly, into bradyzoites (12). Future studies of
bradyzoites will be of special interest. Once the most effective spi-
roindolone is identified, the mode of solubilization and adminis-
tration can be optimized. A variety of models are available for such
future studies (1, 4, 7, 12, 13).

Even before such studies to try to improve spiroindolone’s se-
lectivity and bioavailability for effectiveness against T. gondii, the
work described here has immediate practical value for care of
patients. Second-line medicines for T. gondii are greatly needed
when hypersensitivity or other unacceptable toxicity issues with
currently used medicines are present. Since spiroindolone is being
developed as a medicine effective against malaria, it may soon be
available for clinical use (5, 14, 15). The data presented here sug-
gest that if this medicine clears all needed safety and efficacy hur-
dles to be a potent antimalarial, it could be a potential medicine
effective against T. gondii (5, 14, 15). Future studies of bioavail-
ability in eye, brain, and placenta, as well as toxicity and teratoge-
nicity studies for humans, will be key in whether and when this
compound will be clinically useful.

The work described here identifies spiroindolones, a family of
compounds already defined as active against Plasmodium and
with promising pharmacokinetic properties, as perorally effective
against T. gondii. This work opens the way for the development of
spiroindolones as medicines effective against toxoplasmosis.
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