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Toxoplasma gondii is a globally ubiquitous pathogen that can cause severe disease in immunocompromised humans and the
developing fetus. Given the proven role of Toxoplasma-secreted kinases in the interaction of Toxoplasma with its host cell, iden-
tification of novel kinase inhibitors could precipitate the development of new anti-Toxoplasma drugs and define new pathways
important for parasite survival. We selected a small (n � 527) but diverse set of putative kinase inhibitors and screened them for
effects on the growth of Toxoplasma in vitro. We identified and validated 14 noncytotoxic compounds, all of which had 50%
effective concentrations in the nanomolar to micromolar range. We further characterized eight of these compounds, four inhibi-
tors and four enhancers, by determining their effects on parasite motility, invasion, and the likely cellular target (parasite or host
cell). Only two compounds had an effect on parasite motility and invasion. All the inhibitors appeared to target the parasite, and
interestingly, two of the enhancers appeared to rather target the host cell, suggesting modulation of host cell pathways beneficial
for parasite growth. For the four inhibitors, we also tested their efficacy in a mouse model, where one compound proved potent.
Overall, these 14 compounds represent a new and diverse set of small molecules that are likely targeting distinct parasite and
host cell pathways. Future work will aim to characterize their molecular targets in both the host and parasite.

Toxoplasma gondii is an obligate intracellular protozoan para-
site belonging to the phylum Apicomplexa that causes toxo-

plasmosis. The parasite is highly promiscuous, infecting all mam-
malian and avian species (4), including nearly one-third of the
world’s human population. However, the disease, while asymp-
tomatic in immunocompetent individuals, poses fatal conse-
quences to infected individuals who are immunocompromised,
such as HIV-infected/AIDS patients, immunosuppressed organ
transplant patients, and the congenitally infected fetus (1, 4, 10).
To date there is no cure for toxoplasmosis, since no therapies that
target the dormant cyst stages that can persist for the life of the
individual are available. In addition, current therapies such as py-
rimethamine and clindamycin have significant side effects, in-
cluding bone marrow suppression and rashes (15, 32).

The parasite kinome has been shown to play a significant role
in pathogenesis. Secreted kinases such as ROP18, ROP16, and
ROP5 are among the effectors injected into the host during inva-
sion that have a role in virulence and cooption of the host cell for
the maintenance of the infection (3, 24, 25, 27, 29, 30). Most of the
known secreted parasite kinases are secreted from the rhoptries
and are composed of catalytically active and inactive kinases (so-
called pseudokinases) (3–5, 24, 25).

Cell-based small-molecule screens have the potential to iden-
tify new inhibitors of key parasite processes, including invasion,
replication, and egress (7, 13, 20). The advantage of cell-based
assays is that the compounds are screened against their potential
targets in their native environment, and the success of this ap-
proach has been well documented in identifying previously un-
characterized gene products essential for specific parasite pro-
cesses. For example, the T. gondii gene DJ-1 was found to be
crucial for Toxoplasma invasion on the basis of a small-molecule
screen (7, 13). Hits from cell-based assays also offer a scaffold for
studying parasite mechanisms, which in turn aid in drug develop-
ment processes using the small molecule as a lead (22). The bot-
tleneck for this approach is target identification, but recent ad-
vances in high-throughput sequencing (11) and synthetic

chemistry approaches to facilitate identification of the protein tar-
gets that interact with the active compound (13) have begun to
make this phase more tractable. Successful application of chemical
genetics requires a collection of compounds with drug-like prop-
erties that are structurally diverse. In addition, small molecules
which are amenable to downstream modification for target iden-
tification and validation offer a huge advantage (7, 22, 30). These
features can be combined with computational chemistry methods
aimed at filtering small molecules with undesirable fragments
whose features may be problematic for future compound optimi-
zation for downstream applications (34).

Our aim was to utilize chemical genetics to probe the Toxo-
plasma kinome with the hope of identifying novel kinases that are
integral to essential pathways, elucidating their mechanism of ac-
tion, and, ultimately, identifying new drug targets. To this end, we
screened a library of 527 structurally diverse kinase inhibitors for
growth modulation in vitro. From the screen we identified 14
structurally diverse compounds that altered parasite growth by
either inhibiting or enhancing growth in vitro. For a subset of these
compounds, we have conducted secondary assays to address spec-
ificity for the parasite or the host cell, reversibility, and effect on
invasion and motility. In addition, we have investigated the effect
of four inhibitors on parasite ultrastructure and their efficacy in an
animal model. Our small-molecule approach has identified novel
compounds with inhibitory or activating effects on parasite
growth, and these chemical probes will open new avenues that will
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complement both the genomic and proteomic strategies in place
for the study of the molecular interactions of Toxoplasma with its
host.

MATERIALS AND METHODS
Parasite and host cell maintenance. Human foreskin fibroblasts (HFFs)
were used as the host cell for all assays; cultured in cDMEM, consisting of
Dulbecco modified Eagle medium (DMEM; Invitrogen, Carlsbad, CA)
supplemented with 10% fetal bovine serum (FBS; Atlas Biologicals, Fort
Collins, CO), 2 mM L-glutamine (Sigma-Aldrich), and 100 �g/ml peni-
cillin and streptomycin (Mediatech, Manassas, VA); and maintained at
37°C in 5% CO2. Parasites used for assays were harvested from HFF
monolayers through syringe release as previously described (14). Gliding
motility assays were conducted in HHG medium, consisting of Hanks
balanced salt solution (Mediatech, Manassas, VA), 20 mM HEPES
(Sigma-Aldrich, St. Louis MO), and 2 mM glutamine.

Parasite strains. Strains 5A10 (a type III strain) and PB3-10 (a type II
strain) were used for the in vitro and in vivo assays; however, for individual
compound characterization, we used strain PB3-10 exclusively. Strain
5A10 (described in reference 14) was derived from strain CEP�HXGPRT,
and PB3-10 was derived from strain ME49B7. Both parental strains were
transfected with a construct containing green fluorescent protein (GFP)
and click beetle luciferase (under the control of the GRA2 [dense granule
protein 2] and dihydrofolate reductase promoters, respectively) and
sorted using flow cytometry, and GFP-positive clones were isolated using
limiting dilution. Strain 5A10 was also transfected with the empty pGRA-
HA-HXGPRT vector (27) to complement the missing hypoxanthine-xan-
thine-guanine phosphoribosyl transferase (HXGPRT) gene. For invasion
and motility assays, an RH-derived strain was used. The strain was derived
by transfecting RH88 (a type I strain) with a construct containing DsRed,
click beetle luciferase, and a phleomycin resistance gene (19), selected for
resistance to 100 �M phleomycin, and cloned by limiting dilution.

Compound library. From a kinase-focused inhibitor library com-
posed of 70,000 compounds, a diverse subset consisting of 527 distinct
small molecules was purchased from Life Chemicals (Burlington, On-
tario, Canada). The parent library was generated in silico on the basis of (i)
similarity to known kinase inhibitors and (ii) virtual docking into known
protein kinases. It was further filtered for small molecules with drug-like
properties using the Lipinski rule of 5 (17). The subset of 527 compounds
was generated using UNITY, a Sybyl-X package (Tripos, St. Louis, MO).
UNITY was used to identify 600 of the most diverse hits from the parent
library at a Tanimoto score below 0.45. The algorithm was invoked using
UNITY’s command line dbdiss. The query identified 600 compounds, but
only 527 were available for purchase. Each of the purchased compounds
(in 96-well plates) was dissolved in 100% dimethyl sulfoxide (DMSO) at a
10 mM concentration, serially diluted to a stock solution of 100 �M in
phosphate-buffered saline (PBS)–10% DMSO, and stored at �20°C.

Luciferase-based screen. The compound library was screened for
growth modulation against strains 5A10 and PB3-10 using a luciferase-
based assay as described previously (14). Briefly, syringe-released para-
sites were quantified using a hemacytometer and added to HFF monolay-
ers in 96-well plates at a final parasite concentration of 2 � 104 parasites/
well. After 4 h, the plates were washed once with cDMEM, and then test
compound (final concentration, 10 �M) or vehicle (cDMEM–1%
DMSO) was added. cDMEM–1% DMSO is referred to as “vehicle” for the
rest of the report. The plates were then incubated for 72 h to allow parasite
replication before harvest. Harvesting was done by washing the plates
once with PBS and then adding 50 �l/well of 1� cell culture lysis reagent
(Promega, Madison, WI). The plates were then stored at �80° C. Plates
were thawed, and the lysate was transferred into a 96-well white-bottomed
plate (Greiner Bio-One, Monroe, NC). Seventy microliters per well of
luciferase assay reagent (Promega, Madison, WI) was then added. Lucif-
erase activity was measured using a Centro XS3 LB960 luminometer
(Berthold Technologies, Oak Ridge, TN).

Host cell viability. Host cell viability in the presence of the com-
pounds was determined using both a colorimetric assay and microscopy.
The colorimetric assay was done as described previously (14) after 48 h
compound (10 �M) exposure. Staurosporine was used as a positive con-
trol for cytotoxicity, and vehicle was used as the negative control.

Electron microscopy. Electron microscopy studies were done as pre-
viously described (14), with the following minor changes. The monolayers
were infected at multiplicities of infection (MOIs) of 5 and 10. After 4 h,
monolayers infected at an MOI of 5 were thoroughly washed to remove
uninvading parasites and then treated with 10 �M compounds C3 and C5
or vehicle for 40 h. Monolayers infected at an MOI of 10 were grown
overnight, washed, and then treated with 10 �M compounds C2 and C1
or vehicle for 24 h. Monolayers were then fixed and processed for electron
microscopy (14).

Invasion assays. Invasion assays were performed as described previ-
ously (7). Confluent HFF monolayers on 12-mm coverslips in 24-well
plates were infected with 1 � 106 to 2 � 106 RH3-12 tachyzoites per well
in the presence of 5 or 10 �M compound or vehicle. Invasion was allowed
to proceed for 1 h, and the monolayers were washed once in PBS and fixed
with 4% paraformaldehyde in PBS. Cells were not permeabilized. Extra-
cellular (i.e., uninvading) parasites were stained with mouse anti-surface
antigen 1 (anti-SAG1; 1:5,000; obtained from mouse serum infected with
type II parasites), followed by Alexa Fluor-488-conjugated goat anti-
mouse IgG (1:1,000; Invitrogen, Carlsbad, CA). Stained coverslips were
briefly stored in 50% glycerol–PBS medium before mounting on glass
slides (Fisher Scientific, Pittsburgh, PA) using 3 �l Vectashield mounting
medium (Vector Laboratories, Burlingame, CA). Slides were visualized
using a Zeiss Axiophot upright microscope equipped for phase-contrast
and epifluorescence microscopy and an AxioCam MRC 5 charge-cou-
pled-device camera (Carl Zeiss, Göttingen, Germany). Data were com-
piled from 4 independent trials each from counting of 6 random fields of
view per compound under �100 magnification. Since RH3-12 also ex-
pressed DsRed, parasites that were fluorescent only in the red channel
were scored as invading, while those that were red and green were scored
as uninvading. Eight compounds (C1, C2, C3, C5, C8, C11, C12, and C13)
were assayed to determine their effects on invasion. Compounds C1, C2,
C3, and C5 were assayed at 10 �M, while compounds C8, C11, C12, and
C13 were screened at 5 �M. Cytochalasin D (1 �m) was also included in
the assay as a positive control for inhibition of invasion (7).

Motility assays. Motility assays were carried out essentially as de-
scribed previously (12). Twelve-millimeter coverslips in 24-well plates
were coated with 100% FBS for 24 h at 4°C and then washed once with
PBS. Freshly isolated parasites were filtered through a 5-�m-pore-size
filter, pelleted by centrifugation, resuspended in HHG medium contain-
ing compound or vehicle (HHG–1% DMSO) at 4 � 107 to 5 � 107 par-
asites/ml, and then added to coverslips and incubated at 37°C for 30 min.
The coverslips were then washed once with PBS, fixed in 2.5% formalde-
hyde for 20 min, washed once in PBS, and blocked in PBS–5% bovine
serum albumin (BSA). SAG1-containing trails were stained using the
same antibodies used in the invasion assay described above at 1:1,000 and
1:250 primary and secondary antibodies, respectively. The number of
SAG1-positive trails was calculated for 20 random fields of view for each
compound, and data were compiled from 3 independent trials. Com-
pounds C8, C11, and C13 were assayed at 5 �M, while compounds C1 to
C5 and C12 were assayed at 10 �M.

Reversibility of effect and likely cellular target. Invading parasites
were grown in the presence of four inhibitory compounds for 12 h before
compound was removed, the monolayer was washed thoroughly, and
fresh cDMEM was added. The plates were then incubated in the absence of
the compound for another 12 h before harvest. Parasites were harvested
and assayed by luminescence after the 12 h of incubation as well as 12 h
after compound removal to assess the ability of the parasites to recover
from the treatment. Two independent assays were performed.

To test the effects of compound treatment on extracellular parasites,
1 � 106 parasites/ml freshly lysed parasites were treated for 16 h at 37°C in
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5% CO2 with either vehicle or 10 �M compound and then washed 3 times
with cDMEM to remove the compound. Treated parasites were then used
to infect fresh HFF monolayers for 3 days, prior to assaying for growth by
luminescence.

To determine if effects on parasite growth were due to effects on the
host cell, uninfected HFF monolayers were treated with either vehicle or
10 �M compound for 24 h and washed thoroughly with cDMEM. Para-
sites were allowed to invade for 4 h, the monolayer was washed 3 times
with cDMEM, and parasite growth was allowed to proceed for 3 days prior
to harvest and luminescence assays. In parallel, vehicle-pretreated host
cell monolayers were infected with parasites in a similar fashion, but the
compound was added at 4 h postinvasion and the parasites were incu-
bated for 3 days. This allowed a comparison of the effects of the com-
pound after pretreatment to the effects of having the compound present
for the entire incubation period. In addition, compounds that were effec-
tive after compound removal were also classified as having an irreversible
effect in these assays.

In vivo studies. All in vivo studies were carried out in accordance with
approved University of Pittsburgh IACUC animal research protocols. Fe-
male BALB/c mice 4 to 8 weeks old (Jackson Laboratories, Bar Harbor,
ME) were used in all experiments. Freshly isolated tachyzoites of either the
PB3-10 or 5A10 strain were pelleted and suspended in PBS at a concen-
tration of 10,000 tachyzoites per 0.2 ml. Mice were injected intraperito-
neally (i.p.) with 200 �l of the tachyzoite suspension. The treated groups
of mice were also concurrently injected with compound (2.4 mg/kg of
body weight) in PBS–10% DMSO, while the untreated group was injected
with 10% DMSO–PBS (vehicle) on the day of infection. Thereafter, the
treated groups received a compound dose of 4.4 mg/kg/day. In our first
study with two mice per group, the mice were infected with strain PB3-10
and treated with compound C1, C2, C3, or C5 or vehicle. From the pilot
study, C2 showed a significant reduction in parasite load over that for the
controls and was therefore pursued in a follow-up study. In the second
study, 6 mice per group were infected with either strain PB3-10 or 5A10
(10,000 tachyzoites) and treated with C2 or vehicle using the same dosing

regimen described above. To capture the progression of infection, lumi-
nescence readings were acquired daily using an IVIS Lumina II imaging
system (Caliper Life Sciences, Alameda, CA) as described previously (6,
28). Before imaging, mice were injected with 200 �l of 15.4 mg/ml D-
luciferin in PBS (potassium salt; Caliper Life Sciences). Each mouse was
immediately anesthetized in an oxygen-rich induction chamber with 2%
isoflurane (TW Medical, Austin, TX). The mice were kept in the induction
chamber for 10 min to allow dissemination of D-luciferin and to ensure
that they were fully anesthetized before placing them in the imaging
chamber. Mice were imaged ventrally for the first 13 days and ventrally
and dorsally thereafter. Images were collected for 3 to 5 min, depending
on the intensity of the bioluminescent signal. Data acquisition and anal-
ysis were done using an IgorPro image analysis package (Caliper Life
Sciences, Alameda, CA). Quantitation of emitted light from each mouse
was performed by recording the total number of photons per second
(total flux).

Statistical analyses. The 50% effective concentration (EC50) for each
compound was determined using the dose-response curve (DRC) (26)
package implemented in R (http://www.R-project.org), a language and
environment software for statistical computing and graphic analysis, after
two independent assays. All other data were analyzed by one-way analysis
of variance (ANOVA) via the proc GLM procedure in SAS statistical anal-
ysis software (SAS, Cary, NC). Multiple comparisons were carried out
using the LSMeans procedure in SAS only if there was a significant (P �
0.05) effect of treatment in the ANOVA, and only preplanned compari-
sons were conducted to minimize type I error. In all cases, treatments were
compared to the vehicle-only control.

RESULTS
Screen identifies 14 compounds that alter parasite growth in
vitro. From the compound screen, we identified small mole-
cules that enhanced, inhibited, or had no effect on parasite
growth (Fig. 1). Of the 527 compounds screened, we selected 30

FIG 1 Percent luciferase signal compared to that for the vehicle-treated control for 527 compounds tested in the initial growth screen, sorted from the most
effective inhibitors to the most effective enhancers. Small molecules that were not obviously toxic to host cells and that either inhibited parasite growth by �90%
or increased parasite growth by �200% were categorized as inhibitors and enhancers, respectively, and were selected for further assays. Thirty compounds
satisfied these criteria.
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compounds to pursue further on the basis of the level of inhi-
bition or enhancement. Small molecules that reduced parasite
growth by �90% or increased growth by over 200% compared
to vehicle were categorized as inhibitors and enhancers, respec-
tively. Host cells treated with these compounds were also visu-
ally inspected to determine any cytotoxic effects, and those
with observable host cell effects were removed. The selected
compounds were reassayed to eliminate false positives from the

screen (Fig. 2). Of the 30 reassayed compounds, 14 compounds
(7 inhibitors and 7 enhancers) showed the same activity profile
observed in the initial screen and were pursued further (Fig. 2;
see Fig. 3 for structures). These compounds were tested further
for cytotoxic effects on the host cell using both a colorimetric
assay (Cell Titer Aqueous One Cell Solution assay kit; Promega,
Madison, WI) (see Fig. S1 in the supplemental material) and
microscopy. On the basis of the results of these assays, none of

FIG 2 Parasite growth against compound treatment. Thirty compounds from the primary screen were reassayed at 10 �M to identify false positives. Fourteen
(identified with asterisks) out of the 30 small molecules showed levels of inhibition or enhancement reproducible from the initial screen. These compounds were
named C1 to C14 (see Table 1, Table S1 in the supplemental material, and Fig. 3 for structures).

FIG 3 Structures of the 14 small molecules identified in this study. Inhibitors are compounds C1 to C7, and enhancers are compounds C8 to C14.
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the 14 compounds were toxic to the host cells at the highest
dose used in our assays (10 �M).

Compound effects on invasion and motility. Successful par-
asite invasion requires the ability of the parasite to glide on, attach
to, and penetrate host cells (7, 13, 23). Any defect in any one of
these aspects leads to defective invasion and subsequent parasite
death. To assess whether the most potent compounds affected
invasion by inhibiting or enhancing parasite motility, attachment,
or penetration, we did both motility and invasion assays. Both are
immunoassays that rely on the ability to detect the parasite surface
protein SAG1, which is a component of the parasite plasma mem-
brane and which is also shed on the surface as a slime trail when
parasites move (4, 7, 12). On the basis of the results of these assays,
the inhibitory compound C2 had no significant effect on parasite
motility (Fig. 4A), nor did the enhancing compounds C8, C11,
and C13 (Fig. 4A). However, inhibitors C1 and C5 dramatically
reduced parasite motility (Fig. 4A; P � 0.001), and parasites
treated with both compounds failed to make any detectable trails.
Interestingly, compounds C3 and C12 slightly, but significantly
(P � 0.05), increased parasite motility.

We also examined the ability of these compounds to block
parasite invasion (Fig. 4B). In these assays, only C1 significantly
affected the number of invading parasites per field of view (0.5
uninvading parasites per field of view compared to 8.6 in controls;
P � 0.05). Cytochalasin D blocks invasion but does not prevent
attachment, and under these conditions, 6.5 attached but unin-
vading parasites were identified per field of view. In contrast, C1-
treated parasites averaged only 1.0 attached, uninvading parasites
per field of view, suggesting that even very short exposures to C1
either result in the complete disabling of the parasite or, more
likely, result in parasite death. However, similar effects on both
attachment and invasion have also been observed in parasites
treated with 1,2-bis-(2-aminophenoxy)ethanetetraacetic acid-
acetoxymethyl ester (BAPTA-AM), a calcium chelator that inhib-
its attachment and invasion by blocking microneme secretion (8).
However, we cannot rule out the possibility that the compound
could also be lethal to the parasites. None of the other tested com-
pounds affected parasite invasion, including those with very po-
tent growth-inhibitory activity, such as C2, C3, and C5. Moreover,
as described above, C5-treated parasites were defective only in
motility and not in invasion. The motility effects of C5 were dra-
matic: there were few, if any, visible trails. This is a rare uncoupling
of parasite motility and invasion which warrants further investi-
gation.

Effective compounds have a variety of effects on parasites
and host cells. The EC50s for the 14 compounds ranged from 0.14
�M to 8.7 �M (see Table 1 and Table S1 in the supplemental
material). We performed a variety of assays with four of the most
potent inhibitors (C1, C2, C3, and C5) and four of the most potent
enhancers (C8, C11, C12, and C13) (Table 1). To begin to deter-
mine whether the compounds elicited their effects through a tar-
get in the host or parasite, extracellular parasites (16 h) or host
cells (24 h) were pretreated with the compounds, and the com-
pound was then thoroughly washed away. All four of the most
potent inhibitors reduced parasite growth by over 98% compared
to that for vehicle-treated controls, suggesting that the parasite
was the target of the compound (Fig. 4C). When the same com-
pounds were used to pretreat host cells prior to parasite invasion,
none of the four inhibitors tested negatively affected parasite
growth after host cell pretreatment and washout (Fig. 4D).

Interestingly, of the four enhancers, pretreatment of host cells
with C8 and C11 significantly increased parasite growth. Specifi-
cally, parasite growth in host cells pretreated with C8 was 2.2-fold
higher than that for vehicle-treated controls (P � 0.01), which was
very similar to the increase in growth observed by incubating the
host cells and the parasites for the entire growth period (3.0-fold
higher; P � 0.001; Fig. 4D). Similarly, growth in host cells pre-
treated with C11 was also higher than that in vehicle-treated cells
(1.9-fold higher; Fig. 4D; P � 0.01), although this was an effect
smaller than that observed when the compound was present for
the entire growth period (3.6-fold; Fig. 4D). For these two com-
pounds, it appears that their effects on the host cell that led to
increased parasite growth are at least partially irreversible and they
act primarily on host cells (or possibly on proteins injected by the
parasite into the host cell) to change the growth characteristics of
the parasites. Enhancers C12 and C13 had no significant effect on
parasite growth after host cell pretreatment (P � 0.05), although
growth in C12-treated host cells was 1.6-fold higher than that in
vehicle-treated controls.

To determine whether the effects of four inhibitory com-
pounds were reversible, parasite-infected monolayers were
treated with each compound for 12 h, and the monolayer was
washed 3 times with cDMEM and then incubated for a further 12
h. Among these inhibitors, only the inhibitory effect of C3 was
completely reversible, with the parasite growth rate after com-
pound removal being similar to that for the vehicle-treated con-
trol (Fig. 5). Parasites treated with C1, C2, and C5 all showed
reduced growth after compound removal compared to that for
parasites treated with vehicle, suggesting that their inhibitory ef-
fects are either completely (C1) or partially (C2, C5) irreversible.

The four most potent inhibitors cause distinct ultrastruc-
tural phenotypes. Parasites exposed to the four most potent in-
hibitors (C1, C2, C3, and C5) were visualized using electron mi-
croscopy to determine changes in parasite ultrastructure. To do
this, parasites (PB3-10, an ME49-derived strain) were treated with
compounds C3 and C5 for 40 h and with compounds C1 and C2
for 24 h. The shorter exposure time was used for C1 and C2 on the
basis of preliminary observations that longer exposure times re-
sulted in nearly complete destruction of parasite-containing vac-
uoles. After exposure, the monolayers were fixed and processed
for electron microscopy. Parasites treated with compound C3 had
a characteristic arc-like shape, a well-defined tubulovesicular net-
work, and a parasitophorous vacuolar membrane (PVM), al-
though there was some evidence for disruption of parasite organ-
elles, as they were more poorly defined (Fig. 6A and B). C5-treated
parasites contained more apparently empty vacuoles than con-
trols (Fig. 6A and C). Treatment with each of these compounds
resulted in growth arrest, based on consistently smaller vacuole
sizes compared to those for the controls after 40 h of growth.

In contrast to compounds C3 and C5, parasites treated with
compound C1 or C2 had dramatically altered morphology. In
both treatments, some of the organelles such as the nucleus and
the rhoptries were clearly defined. However, each compound
caused distinct changes in parasite ultrastructure. Large numbers
of apparently empty vacuoles were found within C2-treated T.
gondii parasites, and C2 treatment also resulted in some organellar
fragmentation (Fig. 6E) and a ruffled plasma membrane and
PVM. On the other hand, C1-treated parasites had an intact PVM
and still retained most of their organellar structure but had re-
duced electron density in both the nucleus and the cytoplasm.
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Furthermore, individual parasites were swollen and lacked their
arc-like shape (Fig. 6F). Overall, these data are consistent with the
fact that the effects of treatment with C1 on parasite growth are
completely irreversible. Moreover, it is remarkable that C2-
treated parasites can at least partially recover from these dramatic
changes in compound-induced cell morphology (Fig. 5 and 6E).

Compound C2 is effective during the acute phase of a mouse
model of infection. The most potent inhibitory compounds (C1,
C2, C3, and C5) were selected to study their effectiveness against
parasite growth in a mouse model. After peritoneal infection with
10,000 tachyzoites of strain PB3-10, mice were treated with the
four compounds or vehicle for the life of the mice, as described in

FIG 4 (A) Effects of compounds on parasite motility. C1 and C5 completely blocked parasite motility, while C3 and C12 slightly enhanced it. V, vehicle control.
(B) Effects of four inhibitors and four enhancers on parasite invasion. Cytochalasin D (Cyt-D) was used as a positive control for invasion inhibition. Effects on
invasion were assessed by comparing the mean number of invading or uninvading parasites per field of view to that for the vehicle control. Cytochalasin D and
C1 significantly decreased the number of invading parasites, while C1 also decreased the number of uninvading (i.e., attached) parasites, although this difference
was not significant (P � 0.08). (C) Effect of pretreatment of extracellular parasites for 16 h on parasite growth after washing out the compound. Compounds C1,
C2, C3, and C5 significantly inhibited parasite growth after pretreatment, while C8 significantly enhanced parasite growth. On the basis of the invasion assay
results, it is likely that very few, if any, parasites attached to the monolayer after C1 treatment. (D) Effects of host cell pretreatment on parasite growth. Host cells
were pretreated with the compounds or vehicle for 24 h and extensively washed prior to parasite invasion and 3 days of growth. Assays where the compound was
present for the entire 3-day incubation period were also run in parallel. C8 and C11 resulted in significantly enhanced parasite growth after pretreatment that was
comparable to that observed when the compound was present for the entire 3-day growth period. *, P � 0.05; **, P � 0.01; ***, P � 0.001 (compared to the
vehicle-treated control for all comparisons).
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the Materials and Methods section. C2 treatment resulted in re-
duced parasite proliferation during days 1 to 5, which was signif-
icantly lower (P � 0.001) by day 4 postinfection (see Fig. S2B in
the supplemental material). Despite this decrease in parasite bur-
den, the mice were extremely morbid and were humanely eutha-
nized by day 6 postinfection. Compound C5 was mildly protec-
tive, while compounds C1 and C3 were not effective at reducing
parasite proliferation (see Fig. S2A and B in the supplemental
material).

We performed a 2nd series of experiments to validate the effi-
cacy of C2 in a mouse model. Mice were infected with either PB3-
10, a type II strain, or 5A10, a type III strain, which have different
virulence phenotypes. For the PB3-10 infections, the C2-treated
group exhibited lower parasite proliferation during days 2 to 4
postinfection, which was significantly different from that for ve-
hicle-treated mice on day 4 (P � 0.001; Fig. 7A and B). Treatment
with the compound also increased mouse survival from a highly
lethal dose of this particular strain (strain PB3-10 and other type II
strains have a 50% lethal dose of approximately 100 parasites).
The mean time to morbidity was 8 � 2.1 days for vehicle-treated
mice and 10 � 1.0 days for compound-treated mice (P � 0.04).
Taken together, the pilot study and the follow-up study demon-
strated that C2 can suppress parasite proliferation in vivo and
increase mouse survival, although all mice eventually succumbed
to the infection at this dose.

With evidence that C2 suppressed tachyzoite growth in vivo,
we wanted to study whether the compound would be effective in

protecting the mice from developing a chronic infection from an
acute one. Infections with 10,000 tachyzoites of most type III
strains do not cause morbidity in the mice until the chronic phase
of infection, and we used this strain to assess the long-term effects
of compound treatment on both the acute phase of infection and
the chronic phase. As expected, C2-treated mice showed reduced
levels of parasite proliferation and increased survival, although
mean survival times were not statistically significant (15 days
compared to 19 days for vehicle-treated mice; P � 0.3). During
this time, the amount of signal in the abdomen increased for both
groups, with the vehicle-treated group recording higher signal lev-
els than the treated group, and then the signal gradually disap-
peared, such that there was no signal observable ventrally by day
11 (Fig. 8A and B). All mice succumbed to the infection by day 26,
and this was correlated with an observable parasite signal in the
brain. In fact, even though compound treatment occurred
throughout the period of infection, the parasite signal in the brain
increased daily in each of the three surviving compound-treated
mice (see Fig. S3 in the supplemental material), suggesting that

TABLE 1 Effects of the eight compounds described in this studya

Name Compound identifier Effect % I/E EC50 (�M) Likely target
Compound effect
on growth Motility Invasion

C1 F1115-0016 INH 0.17 � 0.1 1.36 � 3.54 Parasite IRR INH INH
C2 F1041-0001 INH 0.19 � 0.1 1.34 � 0.27 Parasite IRR NE NE
C3 F3215-0002 INH 0.65 � 0.1 0.57 � 0.06 Parasite REV ENH NE
C5 F0909-0123 INH 1.82 � 2.2 1.12 � 0.18 Parasite IRR INH NE
C8 F0406-1005 ENH 205.3 � 7.6 0.14 � 0.02 Host cell IRR NE NE
C11 F0745-0014 ENH 213.8 � 18.8 0.21 � 0.05 Host cell IRR NE NE
C12 F0862-0340 ENH 214.1 � 31.0 1.19 � 0.22 Unknown REV ENH NE
C13 F3220-0514 ENH 220.3 � 1.3 0.38 � 0.26 Unknown REV NE NE
a Abbreviations: % I/E, percent inhibition or enhancement compared to vehicle control at 10 �M; IRR, irreversible; REV, reversible; INH, inhibitor; ENH, enhancer; NE, no effect.

FIG 5 The ability of parasites to recover from treatment with C1, C2 C3, and
C5 was assessed by exposing intracellular parasites for 12 h, followed by com-
pound removal for an additional 12 h. Parasites were harvested both after the
12-h exposure and after the 12-h recovery period. Data are expressed as the
fold increase in luminescent signal during the 12-h recovery period. C3-treated
parasites fully recovered from the treatment, while C1-treated parasites did
not. C2- and C5-treated parasites were found to only moderately recover. ***,
P � 0.0001 compared to control.

FIG 6 Parasite ultrastructure after exposure to four inhibitory compounds. (A
to C) Parasites were treated with either vehicle (A), C3 (B), or C5 (C) for 40 h.
(B) C3-treated parasites have a phenotype most similar to the phenotype of
parasites treated with the vehicle control, with the exception of growth arrest
over the 40-h incubation period. (C) C5-treated parasites have empty (*) vac-
uoles compared to parasites treated with vehicle. (D to F) In contrast to treat-
ment with C1 and C3, treatment with C2 (E) and C1 (F) showed dramatic
effects on parasite morphology compared to treatment with vehicle (D) over a
24-h period. C2-treated parasites have empty vacuoles within them (*) and a
ruffled PVM and parasite plasma membrane (white arrowheads), while C1-
treated parasites have reduced electron density both in the nucleus (n) and in
the cytoplasm (c). Magnifications, �12,000 (A), �20,000 (B and D to F), and
�25,000 (C).
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once in the brain the parasites may be protected from the com-
pound by the blood-brain barrier. Regardless, C2 is able to signif-
icantly reduce the parasite burden in mice infected with both type
II and type III parasite strains.

DISCUSSION

In this study, we used a focused screen of compounds that were
informatically selected to have the potential to interact with pro-
tein kinases to identify those that altered parasite growth in vitro.
From these 527 compounds, we identified 14 that either inhibited
or enhanced parasite growth. To date, other studies have been
carried out using small-molecule libraries (7, 13), but in both of
these, the authors were looking for inhibitors of parasite invasion.
In our preliminary screen, we exposed parasites to the compounds
after invasion and assayed the effects on parasite growth after 72 h
in culture. Therefore, our assay encompasses the entire parasite
lytic cycle postinvasion, from intracellular replication and egress
to reinvasion of new host cells. Therefore, our screen should be
able to detect compounds that affect all three of these parasite
processes. Using secondary screens for effects on parasite invasion
and motility, as well as to determine whether the compound tar-
geted the host cell or the parasite, we found that the most potent
inhibitors altered parasite replication rather than invasion or mo-

tility and that the most potent enhancer actually targeted the host
cell rather than the parasite. As each effective compound develops
into its own particular story, our next goal is to identify the mo-
lecular targets of these compounds through mutagenesis and/or
biochemical strategies.

In this study, we found that the most potent growth enhancer
(C8) actually targeted the host cell rather than the parasite, since
pretreating host cells but not parasites prior to infection led to
growth enhancement that was very similar to that observed while
incubating parasites and host cells with the compound. Our data
suggest that at least two of these enhancers may have targets within
the host cells, while the inhibitors that we identified in this study
are likely targeting the parasites directly. Whether this is due to
differences in the kinome of Toxoplasma and mammals (the ki-
nome of T. gondii has dramatically expanded; see references 5, 21,
24, and 25) can be determined only after target identification.

In addition, we were curious to see if there were any shared
molecular fingerprints between the 14 identified compounds in
our study and the 31 invasion modulators identified by Carey et al.
(7). When we performed cluster analysis on these 45 compounds,
the overall level of similarity across the compound set was quite
low (over 95% of the compounds had a maximum similarity of
less than 0.30). Moreover, with a few exceptions, compounds

FIG 7 (A) Effect of C2 treatment in vivo after infection with 10,000 PB3-10 parasites. p/sec/cm�2/sr, photons per second per cm2 per steradian. (B and C) C2
treatment significantly reduced the parasite growth by day 4 (D4; P � 0.001) and had a significant effect on mouse survival, although all mice eventually became
morbid.

FIG 8 (A) Effect of C2 treatment in vivo after infection with 10,000 5A10 parasites. (B and C) C2 treatment again significantly reduced the parasite burden over
the course of the experiment (P � 0.001 on day 7) and slightly prolonged mouse survival, although this difference was not significant.
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from each study tended to cluster together, although, again, with
very low similarity (see Fig. S4 in the supplemental material).
Therefore, in contrast to the 14 effective compounds identified in
this study that primarily alter parasite replication, there does not
seem to be any structural correlation with the compounds that
alter parasite invasion.

Inhibitors of parasite growth appear either to be lethal or to
halt parasite replication. The effective inhibitors identified in this
study varied in terms of their effect on parasites. For example, the
target for compounds C1 and C5 is likely the parasite, since pre-
treatment of extracellular parasites prior to invasion reduced par-
asite growth to a level similar to that seen after including the com-
pound for the entire growth period. We do acknowledge that T.
gondii parasites incubated for 16 h under extracellular conditions
will suffer a significant loss in viability and that some of the dra-
matic inhibitory effects observed after compound pretreatment
could be due to synergistic effects between the compound treat-
ment and extracellular exposure. For compounds C1 and C5, this
is less likely, since the effects of these compounds were irreversible.
Based on light and electron microscopic observations, we hypoth-
esize that the effects of C1 are due to rapid killing of the parasite.
This is supported by the fact that (i) parasites do not recover from
compound treatment when inside host cells, (ii) parasites treated
with C1 were nonmotile in motility assays, and (iii) C1-treated
parasites were incapable of invading host cells in the presence of
the compound. Since the C1 exposures were very short (	10 min)
prior to the invasion and motility assays, if this compound is lethal
to parasites, the effects are most certainly very rapid. However, it is
possible that the motility and invasion effects are not due to lethal-
ity but, rather, are due to inhibition of microneme secretion
(which is well-known to inhibit parasite invasion and motility [7,
13]), although this does not explain the effects on intracellular
growth. While C5 did inhibit parasite motility, it had no effect on
invasion. The mechanism for this difference is unclear, and future
studies will help to address this. Given the strong connection be-
tween motility and invasion, it is possible that C5-treated parasites
are motile on host cell surfaces but not on the glass surface used in
the motility assays. In contrast, the effect of C3 was fully reversible.
After 12 h of exposure to the compound, parasites grew at a similar
rate after compound removal as those treated with vehicle alone. It
is likely that the effects of these compounds are due to the halting
of parasite replication, since neither motility nor invasion was
altered by these compounds. To date, compounds that block in-
vasion have been shown to also inhibit parasite motility. For ex-
ample, 4-bromophenacyl bromide (4-BPB) is a potent invasion
inhibitor that also inhibits parasite motility by blocking rhoptry
secretion (23). In previous studies identifying invasion inhibitors,
it was also found that they affected protein secretion and parasite
motility. For example, inhibitors 15 and 9 (7) were found to block
parasite motility and constitutive secretion of microneme pro-
teins. On the basis of these data, it is likely that the inhibitors
identified in our screen may act through mechanisms different
from the mechanisms of these previously identified compounds,
having more significant effects on parasite growth than on motil-
ity and/or invasion.

Enhancers of parasite growth appear to target the host cell.
We identified seven enhancers of parasite growth in this screen.
Enhancers of parasite invasion have been identified by others (7,
13), but we are not aware of any studies demonstrating an enhanc-
ing effect of parasite growth by small molecules. We were sur-

prised that for two compounds increased parasite growth oc-
curred only when we pretreated the host cells rather than the
parasite. This suggests that these compounds may be disrupting
host cell pathways or effectors that are responsible for controlling
parasite proliferation within the host cell. It is also possible that
the compounds present within the host cell are somehow enhanc-
ing the ability of secreted parasite effectors to disrupt host cell
innate resistance pathways. This observation is in contrast to the
findings for previously identified invasion enhancers, which were
shown to target the parasite (7) and possibly did so by increasing
microneme secretion and parasite gliding motility. Of our growth
enhancers, none altered invasion, and only C12 increased parasite
motility. This suggests again that the compounds identified in this
study likely target cellular pathways different from those identified
in the previous studies. Support for this is found in the fact that the
most effective enhancer (C8) clearly has its effects on parasite
growth by targeting the host cell. In fact, a 24-h host cell pretreat-
ment (followed by extensive washing) was sufficient to increase
parasite growth by over 200% of that for the control, which com-
pared quite well with the effects of having the enhancer present for
the entire 3-day growth period (�300%). This is particularly ex-
citing, since such a compound can be used to identify host cell
pathways that are targeted by the compound and link them in
future experiments to their effects on parasite growth. From stud-
ies of both viruses (9) and Toxoplasma, it is becoming increasingly
clear that there are host cell pathways that, when disrupted, lead to
increased parasite proliferation (such as UNC93B1 for Toxo-
plasma [18]). We are excited by the potential that small molecules
may have to identify previously uncharacterized mechanisms of
host resistance to intracellular pathogens such as Toxoplasma gon-
dii. While most of the small-molecule screening literature is fo-
cused on the identification of inhibitors of key processes, there are
a number of studies demonstrating that certain compounds en-
hance or activate certain cellular pathways. For example, com-
pounds that enhance hepatitis B virus replication in mammalian
cells (35) and compounds that activate autophagy (31) and AMP-
activated protein kinases (33) have been identified. It will be in-
teresting to identify the host cell pathways altered by compounds
such as C8, since these would very likely be involved in host cell
resistance to parasitism.

Compound C2 can reduce parasite proliferation in vivo. For
the inhibitory compounds C1, C2, C3, and C5, we also assessed
the impact of these compounds in mouse models of toxoplasmo-
sis. C2 was found to be quite effective at decreasing the parasite
burden and increasing mouse survival (although all mice eventu-
ally succumbed to the infection regardless of drug treatment).
This is quite promising, since there are a number of factors that go
into whether a compound will be effective in vivo (such as solu-
bility in vivo, access to different tissues, and host metabolic pro-
cesses). It is possible that some or all of the reduced parasite pro-
liferation in C2-treated mice is due to negative effects on the mice,
particularly the host cells that harbor the parasites, but the lack of
any cytotoxic effects of C2 on host cells (see Fig. S1 in the supple-
mental material) provides some support that this may not be the
case. Our data also suggest that C2 is very unlikely to cross the
blood-brain barrier, since parasites in the drug-treated group pro-
liferated rapidly after their arrival in the brain from day 15 on-
wards. The mortality observed in this study for type III strain-
infected mice was higher than what is typical for this dose of
parasites, and this could be due to a number of factors, including
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the repeated injection of either vehicle or compound and the lu-
ciferase imaging, which requires intraperitoneal injection of lu-
ciferin and anesthesia for 	20 min. We think that it is unlikely,
however, that the mortality observed in type III strain-infected
mice is due solely to negative effects of C2 on the mice, since
mortality coincided very well with the increased signal in the
mouse brain. Regardless, this compound may represent a starting
point to begin developing new anti-Toxoplasma therapies that
may be effective in vivo. Other compounds have been found to be
more effective than C2 in vivo, including a panel of quinolone
derivatives (2) that decreased parasite burdens in the peritoneum,
liver, lung, and brain during experimental mouse infections. The
doses used in these studies (	32 mg/kg daily) were much higher
than those used in our study due to problems with the solubility of
the compounds.

Other compounds that inhibit Toxoplasma growth in vitro
have also been found to be effective in a mouse model. Bisphos-
phonates were found to increase survival against Toxoplasma in-
fection by 80% (16), and 100% survival in mice infected with the
highly virulent RH strain was observed when mice were treated
with both sulfadiazine and epiroprim, a dihydrofolate reductase
inhibitor. Clearly, the protection conferred by C2 in our studies is
much less dramatic, but it is possible that we could achieve greater
protection after solving the solubility issues, which would then
allow us to increase the administered dose.
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