SOCIETY FOR

1 AMERICAN Antimicrobial AgentS
L microsioLocy| ANC Chemotherapy®

Synergistic Activity between Statins and
Bisphosphonates against Acute
Experimental Toxoplasmosis

Zhu-Hong Li,2 Catherine Li,® Sergio H. Szajnman,® Juan B. Rodriguez,®
Silvia N. J. Moreno?

Center for Tropical and Emerging Global Diseases and Department of Cellular Biology, University of Georgia,
Athens, Georgia, USA?; Departamento de Quimica Organica and UMYMFOR (CONICET-FCEyN), Facultad de
Ciencias Exactas y Naturales, Universidad de Buenos Aires, Buenos Aires, Argentina®

ABSTRACT Bisphosphonates are widely used for the treatment of bone disorders.
These drugs also inhibit the growth of a variety of protozoan parasites, such as Tox-
oplasma gondii, the etiologic agent of toxoplasmosis. The target of the most potent
bisphosphonates is the isoprenoid biosynthesis pathway enzyme farnesyl diphos-
phate synthase (FPPS). Based on our previous work on the inhibitory effect of sulfur-
containing linear bisphosphonates against T. gondii, we investigated the potential
synergistic interaction between one of these derivatives, 1-[(n-heptylthio)ethyl]-1,1-
bisphosphonate (C7S), and statins, which are potent inhibitors of the host 3-hydroxy-3-
methyl glutaryl-coenzyme A reductase (3-HMG-CoA reductase). C7S showed high ac-
tivity against the T. gondii bifunctional farnesyl diphosphate (FPP)/geranylgeranyl
diphosphate (GGPP) synthase (TgFPPS), which catalyzes the formation of FPP and
GGPP (50% inhibitory concentration [IC;,] = 31 = 0.01 nM [mean =* standard devia-
tion]), and modest effect against the human FPPS (IC;, = 1.3 = 0.5 uM). We tested
combinations of C7S with statins against the in vitro replication of T. gondii. We also
treated mice infected with a lethal dose of T. gondii with similar combinations. We
found strong synergistic activities when using low doses of C7S, which were stron-
ger in vivo than when tested in vitro. We also investigated the synergism of several
commercially available bisphosphonates with statins both in vitro and in vivo. Our
results provide evidence that it is possible to develop drug combinations that act
synergistically by inhibiting host and parasite enzymes in vitro and in vivo.
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oxoplasma gondii is a ubiquitous intracellular apicomplexan parasite that can infect

humans and a number of animal species. Human infections are usually asymptom-
atic, but the parasite can persist in the form of tissue cysts controlled by the immune
system, which can be reactivated when there is immunosuppression due to organ
transplant or cancer chemotherapy (1) or in people infected with HIV (2). Infection of
the fetus during pregnancy causes congenital toxoplasmosis (3). Some strains of T.
gondii also cause severe ocular disease in immunocompetent patients (4). Current
chemotherapy does not prevent the disease progression that leads to blindness in
ocular toxoplasmosis patients (4). Toxoplasmosis represents a serious public health
problem, and no prophylactic or therapeutic vaccines are available for humans. The
available chemotherapy constitutes the only possibility for control of the disease
worldwide. The drugs presently used against toxoplasmosis do not eradicate the
chronic infection, and as many as 50% of the patients treated do not respond to the
therapy (5). Most of the drugs currently used are poorly distributed to the central
nervous system, and they trigger allergic reactions in a large number of patients (5). In
addition to these disadvantages, the first line of treatment has recently become very
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FIG 1 Structures of the compounds discussed in this work.

expensive (6). In summary, there is a compelling need for safe and effective treatments
for toxoplasmosis (7, 8). A comprehensive analysis of the present stage of toxoplasmo-
sis treatments has recently been published (5, 9).

The isoprenoid pathway has been particularly useful for the identification of new
targets against intracellular parasites. Isoprenoids are lipid compounds with many
important functions. The enzymes that synthesize and use isoprenoids are among the
most important drug targets for the treatment of cardiovascular disease, osteoporosis,
and bone metastases and have shown promise as antimicrobials in a number of
systems (10). T. gondii lacks the mevalonate pathway for the synthesis of isoprenoid
precursors that is used by mammals but harbors a prokaryotic-type 1-deoxy-p-xylulose-
5-phosphate (DOXP) pathway in the apicoplast (11). This pathway generates isopen-
tenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP). We previously dem-
onstrated that the DOXP pathway is essential in T. gondii (11). Knockout of either LytB,
which catalyzes the generation of IPP and DMAPP in the final step of the DOXP
pathway, or DOXP reductoisomerase (DOXPRI), which catalyzes the second step of the
DOXP pathway, was lethal (11). We also characterized the key downstream enzyme for
isoprenoid synthesis in T. gondii, farnesyl diphosphate synthase (TgFPPS) (12). Interest-
ingly, this enzyme is bifunctional and can catalyze the condensation of IPP with three
allylic substrates: DMAPP, geranyl diphosphate (GPP), and farnesyl disphosphate (FPP).
The enzyme thus generates not only 15-carbon FPP but also 20-carbon geranylgeranyl
diphosphate (GGPP) (12).

We recently demonstrated that T. gondii TgFPPS knockout mutants have only a mild
growth phenotype due to the ability of the parasite to salvage FPP and/or GGPP from
the host, where they are produced through the mevalonate pathway (13). We observed
that genetic deletion of TgFPPS renders the parasites more susceptible to inhibition of
the host isoprenoid pathway with atorvastatin, and we proposed a double-hit strategy
combining inhibitors of host and parasite pathways as a novel approach against
toxoplasmosis (13). We tested and demonstrated in vitro synergism by inhibiting the
parasite enzyme TgFPPS with zoledronic acid, a bisphosphonate, and the host enzyme
3-hydroxymethyl-3-glutaryl-coenzyme A (3-HMG-CoA) reductase with atorvastatin (13).

Bisphosphonates are metabolically stable pyrophosphate analogues in which a
methylene group replaces the oxygen atom bridge between the two phosphorus
atoms of the pyrophosphate (Fig. 1). These compounds target the enzyme farnesyl
diphosphate synthase (14) and are used in medicine for the treatment and prevention
of osteoporosis, Paget’s disease, hypercalcemia, tumor bone metastases, and other
bone diseases (15, 16). The drugs are selective because they can bind to the bone
mineral (17). By replacing the carbon atom with different side chains, it is possible to
generate a large variety of bisphosphonate derivatives. Interestingly, bisphosphonates
also have antibacterial (17) and anticancer activities (18) and are able to stimulate yd
T cells (19). Several of these compounds have antiparasitic action (20-23). It was shown
that the enzyme FPPS from these parasites is targeted by bisphosphonates (14).
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TABLE 1 Biological activities of C7S and other bisphosphonates against T. gondii
tachyzoites, TgFPPS, and HsFPPS®

Mean IC;, = SD (uM) for:

Mean T. gondii

Compound ECs, = SD (uM) TgFPPS HsFPPS
C7S 1.49 = 0.38 0.03 £ 0.000 1.31 £0.53
Risedronate 240 £0.7 0.44 £ 0.01 0.40 £ 0.01
Zoledronate 0.84 = 0.04 0.07 £ 0.02 0.43 = 0.04
Alendronate 32.88 0.14 £ 0.05 513 *+1.77
Atovaquone 0.032 = 0.019 ND ND

9Results are expressed as mean values = SD from three independent experiments except for growth with
alendronate, which has very low in vitro activity. ND, not determined.

In the present work, we report synergistic combinations of the most potent
sulfur-containing bisphosphonate, 1-[(n-heptylthio)ethyl]-1,1-bisphosphonate, herein-
after called C7S or compound 6 (Fig. 1), and other commercially available bisphospho-
nates with several statins both in vitro and in vivo against acute T. gondii infection. We
tested these synergistic treatments in vivo using mice infected with a lethal dose of the
hypervirulent RH strain of T. gondii.

RESULTS

Inhibition of T. gondii growth by bisphosphonates and statins. Bisphosphonates
are known to inhibit the isoprenoid pathway, and they have been shown to be effective
against T. gondii growth (12, 13). We tested several commercially available bisphos-
phonates (Table 1 and Fig. 1) and compared their activities with C7S against tachyzoite
forms. We also tested the inhibition of TgFPPS, as well as of the human enzyme (Homo
sapiens FPPS [HsFPPS]). C7S has good activity against intracellular tachyzoites (50%
effective concentration [EC;,] of 1.49 *= 0.38 uM [mean * standard deviation]) and
excellent activity against TgFPPS (50% inhibitory concentration [IC;,] = 0.031 =+ 0.01
M), with low toxicity against fibroblasts. C7S was tested at levels as high as 7 times the
EC,, for Toxoplasma growth inhibition, and no detectable inhibition of host cell growth
was observed (see Table S1 in the supplemental material). Atorvastatin has low
cytotoxicity when used at up to 4 times its EC,, growth inhibition value. Significant
toxicity to host cells was observed when using a concentration of atorvastatin of 7
times its EC,. At this concentration, ~40% of host cells showed growth inhibition
(Table S1). When looking at the cytotoxicities of the combinations, the effects were
similar to the cytotoxicity of atorvastatin alone, confirming that there is no detectable
cytotoxicity of C7S at the concentrations tested in vitro. We also tested several statins
against parasite growth in vitro and detected only modest inhibitory effects (Table 2).

In vivo effect of C7S. Several schemes of infection and treatment were first tested
to evaluate the percentages of survival among treated mice. Since RH is a hypervirulent
T. gondii strain, infection with more than 50 parasites or initiating the treatment several
hours after the infection led to only a marginal difference in survival between control
and treated groups. This was the case when atorvastatin (10 and 20 mg/kg of body
weight/day) was administered 24 h after infection with 20 parasites (see Fig. S1A),
contrasting with the results obtained with risedronate (1 mg/kg) starting at 6 or 54 h
postinfection (p.i.) (Fig. S1B). Risedronate administration at 6 h p.i. led to the survival of

TABLE 2 In vitro growth inhibition of Toxoplasma gondii by several statins

Compound Mean EC;, = SD (uM)
Atorvastatin 34.86 = 5.00

Lovastatin 22.73 £ 4.90

Mevastatin 27.63 +=9.84
Simvastatin 6.67 = 1.13

Cerivastatin 10.64 += 3.73
Pitavastatin 20.66 *+ 3.82

aResults are expressed as mean values = SD from three independent experiments.
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FIG 2 Effects of various doses of C7S (A) or atovaquone (B) on survival of mice treated with a lethal dose
of RH tachyzoites (infection). Treatment was once a day for 10 days starting 6 h after infection. The EDys
calculated were 0.87 mg/kg/day for C7S and 2.53 mg/kg/day for atovaquone. The graphs show the
combination of the results of four individual experiments, shown in Fig. S2 (C7S) and Fig. S3 (atovaquone)
in the supplemental material. For each experiment, the controls received only the drug solvent (10%
Kolliphor HS 15) instead of the treatment. As expected, all control animals succumbed to the infection
at 9 to 11 days. Statistical analysis using the Kaplan-Meier log rank test (GraphPad Prism 7 software)
indicated significant differences (P < 0.0001) between the results for the control animals (untreated) and
those that received various doses of C7S or atovaquone. The number next to each line indicates the dose
in mg/kg/day.

all 5 treated mice; at 54 h p.i, the treated mice survived for a longer time but
succumbed due to complications (paralysis of rear legs due to brain damage). These
results indicate that early treatment is key to the cure of infection with a type | strain
of T. gondii. We also tested infection with the less virulent ATgFPPS strain, which we
characterized previously (13). Animals were infected with 20 or 100 parasites of the
ATgFPPS strain. Atorvastatin treatment (20 mg/kg/day) protected mice by 80% after
infection with 20 parasites, but the same dose was ineffective against a lethal infection
with 100 parasites of the ATgFPPS strain. In both cases, treatment was started 6 h p.i.
(Fig. S1C). Based on these results, we established our animal protocol by inoculating 20
parasites per mouse and starting treatment 6 h p.i.

We next tested the efficacy of C7S (0.1 to 2.0 mg/kg/day) and atovaquone (0.5 to 5
mg/kg/day) against T. gondii infection using the hypervirulent RH strain (Fig. 2). Figure
2A shows a summary of the results of four experiments using groups of 5 mice treated
with different doses of C7S. All control mice (negative control) died between 9 and 12
days postinfection, while 60 to 80% of mice treated with doses of 1 or 2 mg/kg per day
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TABLE 3 ED;s of different anti-Toxoplasma drugs in vivo

Compound ED;, (range) in mice (mg/kg/day)
C7S 0.87 (0.77-0.89)
Risedronate 0.22 (0.12-0.68)
Atorvastatin 32.4 (14.1-70.4)
Zoledronate 0.25 (0.17-0.51)
Atovaquone 2.53 (1.82-4.17)

aThe drugs were administered i.p. to groups of 5 mice during 10 days, and the results are expressed as the
EDs, values calculated from the results of all experiments combined; the ranges of EDs,s are calculated
from the results of each of the three to four independent experiments using each drug.

survived more than 30 days. For C7S, the in vivo 50% effective dose (ED.,; amount of
drug that cures 50% of mice) was determined to be 0.87 mg/kg/day (Table 3). Fig. S2
shows the results from the individual experiments that were performed with a variety
of doses of C7S. These results were combined to generate Fig. 2A.

We then used the same protocol to test atovaquone (0.5 to 5.0 mg/kg/day), our
positive control. Figure 2B shows a summary of the results of four experiments in which
infected mice were treated with various doses of atovaquone. The results of the
individual experiments are shown in Fig. S3. Atovaquone can cure mice infected with
RH in a dose-dependent manner, and the ED., calculated from these experiments was
2.53 mg/kg (Table 3), which was comparable to the EDs, previously obtained in a type
Il model (24).

Uninfected mice receiving 2 mg C7S/kg/day for 10 days showed no signs of toxicity,
while at 5 mg/kg/day, they began to die after 4 days of treatment. Similar toxicity
results were obtained with zoledronic acid, which is an FDA-approved drug. Atorvas-
tatin alone was tested at 40 mg/kg/day, and the mice were healthy during the 10 days
of the treatment. Previous work showed that atorvastatin could be used at 200
mg/kg/day for 2 years orally without toxic effects (25).

Combination of bisphosphonates with statins against T. gondii in vitro and in
vivo. We had previously reported synergy between statins and zoledronic acid against
T. gondii growth in vitro (13). However, other commercial bisphosphonates, like rise-
dronate, did not show similar synergistic interaction with atorvastatin against
tachyzoite growth. C7S showed synergistic effects with a number of statins in vitro
(Table 4), suggesting that such combinations might have similar effects in vivo.

Figure 3A shows the results of experiments combining 16.2 mg/kg atorvastatin and
0.44 mg of C7S for 10 consecutive days. This combination cured the majority of mice
previously infected with RH parasites. Surviving mice were challenged with 5,000 RH
tachyzoites (Fig. 3A, arrow), and follow-up showed that the majority of them survived
(Fig. 3A), confirming the initial infection. Statistical analysis using the Kaplan-Meier log
rank test revealed that, compared with ~20% protection by treatment with single
drugs, mouse survival was significantly increased with the combined use of both drugs
(P < 0.0001). The results shown in Fig. 3B show protection by treatment with both
drugs combined at various doses. We tested combinations of doses (with a constant
ratio between the two drugs) representing different fractions of their ED,s. For

TABLE 4 Combinations of statins and C7S against T. gondii in vitro

Combination tested Mean sum FIC? Synergy®
Cerivastatin + C7S 0.18 = 0.09 ++
Pitavastatin + C7S 0.25 = 0.07 ++
Atorvastatin + C7S 0.32 = 0.11 ++
Lovastatin + C7S 043 +0.12 +
Simvastatin + C7S 0.51 = 0.26 +—
Mevastatin + C7S 0.54 = 0.19 +—
Atorvastatin + atovaquone 0.55*+0.13 +-

aResults are expressed as mean values = SD from three independent experiments.
b+ +, strong synergistic interaction (sum FIC < 40); +, synergy (sum FIC < 50); +—, very mild synergy, not a
very strong interaction (sum FIC < 60).
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FIG 3 Effects of various combinations of C7S and atorvastatin on survival of mice infected with
tachyzoites. (A) Mouse survival after treatment with atorvastatin (ATV) (16.2 mg/kg/day) and C7S (0.44
mg/kg/day) as single drugs or in combination (ATV + C7S) for 10 days using 5 mice/experimental group.
Results are from 2 or 3 experiments. (B) Survival curves after treatment with various doses of C7S and
atorvastatin (0.075, 0.15, 0.25, and 0.5X ED,); the ED,,s were 0.87 mg/kg/day and 32.4 mg/kg/day,
respectively. Results are from 2 to 4 experiments using 5 mice per combination. Mice in the control
groups received only 10% Kolliphor HS 15 and, as expected, succumbed to the infection at 9 to 10 days.
(C) Data from panel B and 0.02X ED,,s were used to calculate the combination index (Cl) values, and the
results graphed against the total drug doses (atorvastatin + C7S). Statistical analysis using the Kaplan-
Meier log rank test indicated significant differences (P < 0.0001) between the results for the control
(untreated) animals and those that received C7S or atorvastatin together and each drug separately or
controls (A) and the different drug combinations compared to controls (B).

example, considering that the ED,, for atorvastatin is 32.4 mg/kg and the ED;, for C7S
is 0.87 mg/kg (Table 3), a 0.5X ratio would be a combination of 16.2 mg/kg atorvastatin
and 0.44 mg/kg C7S. We found a correlation between the levels of protection and the
doses used for the combinations (Fig. 3B). We tested 6 different combinations and
analyzed the results with CompuSyn, which calculated the combination index (Cl) for
each concentration. The combination of 16.2 mg/kg atorvastatin and 0.44 mg/kg C7S
from 3 independent experiments resulted in a Cl of ~0.37, indicating strong synergy in
vivo. This Cl value was consistent with the sum of the fractional inhibitory concentra-
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FIG 4 Effects of combinations of atorvastatin (ATV) with several bisphosphonates on survival of mice
infected with tachyzoites. (A) Groups of mice were either untreated or treated with zoledronate alone
(0.01 mg/kg/day) or the combination of zoledronate (0.01 mg/kg/day) and atorvastatin (1.25 mg/kg/day).
(B) Survival at 30 days of mice treated with atorvastatin (1.25 mg/kg/day) or zoledronate (0.01 mg/kg/
day) alone or both in combination. (C) Survival at 30 days of mice treated with atorvastatin (1.25
mg/kg/day) or risedronate (0.01 mg/kg/day) alone or both in combination. (D) Survival at 30 days of mice
treated with atorvastatin (1.25 mg/kg/day) or C7S (0.03 mg/kg/day) alone or both in combination. In all
cases, treatment was started 6 h after initial infection and administered daily for 10 days, and 5 mice per
group were used. The results for each combination are from two independent experiments. Statistical
analysis using the Kaplan-Meier log rank test indicated significant differences (P < 0.0001) between the
results for control animals (untreated) and animals treated with the different drug combinations (A to D).
Error bars show standard deviations.

tions (sum FIC) (0.32) obtained from the in vitro synergy test (Table 4). We looked at the
relationship of the Cl and the doses used of both drugs (Fig. 3C). Synergy was found for
all 5 concentrations (0.5%, 0.25X%, 0.15X, 0.075X, and 0.04X) in the data shown in Fig.
3B and also for the 0.02X concentrations (data not shown). The average Cl for these 6
doses (85 mice total) was 0.295. Interestingly, we found a strong synergistic interaction
(Cl < 0.06) when using very low doses of atorvastatin and bisphosphonate. The Cl
values obtained when combining low doses of drugs are remarkably low (Fig. 3C).

We next investigated whether this strong synergistic activity using low doses of C7S
in combination with atorvastatin could be reproduced with other bisphosphonates. We
tested combinations of atorvastatin with two FDA-approved bisphosphonates, zole-
dronate and risedronate. In previous work, we found no synergy between atorvastatin
and risedronate in in vitro growth assays (data not shown). Single drug treatments
(0.04 X EDg, of both drugs) did not result in significant protection against T. gondii
lethality at 30 days postinfection (Fig. 4A to C). Interestingly, the combination of these
compounds at those low doses showed 60 to 80% protection against the same lethal
infection with tachyzoites. Figure 4 shows the results for combinations of atorvastatin
(1.25 mg/kg) with zoledronate (0.01 mg/kg) (Fig. 4B), risedronate (0.01 mg/kg) (Fig. 4C),
and C7S (0.03 mg/kg) (Fig. 4D).

DISCUSSION
Isoprenoids are essential for all cells and most apicomplexans. Their 5-carbon
precursors, IPP and DMAPP, are produced by the apicoplast (26, 27). The synthesis of
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these precursors is the most important function of this organelle (11). Interestingly,
TgFPPS, the enzyme that synthesizes FPP and GGPP from IPP and DMAPP, is dispens-
able for T. gondii growth in vitro, which is surprising when considering that FPPS-
catalyzed reactions are essential in most organisms. The reason is that T. gondii is not
only able to make its own isoprenoids but can also import specific intermediates from
the host cell (13). This ability of the parasite to not only use its own metabolites but also
manipulate the host cell metabolism and salvage its products makes drug therapy a
challenge. However, in the case of isoprenoid metabolism, this split reliance may also
prove to be an opportunity, as it makes the parasite vulnerable to inhibition of the host
mevalonate pathway. In our previous work, we showed that inhibition of the host
mevalonate pathway with statins resulted in modest 1C5,s. However, when we genet-
ically or pharmacologically inhibited the parasite’s synthesis of isoprenoids, the 1C5, for
atorvastatin decreased almost 20 times (13). Combinations of bisphosphonates with
statins had synergistic effects against T. gondii growth in vitro (13).

In the present work, we describe the effects of the sulfur-containing bisphosphonate
derivative C7S and its synergistic interaction with several statins in vitro. C7S was highly
effective alone when used to treat a lethal infection of mice with T. gondii. We
compared the efficacy of C7S with that of atovaquone under similar conditions of
infection and treatment, and we found it to be almost three times more effective.
Atovaquone can be used for the treatment of toxoplasmosis in immunocompetent
patients or in patients with a history of allergy to pyrimethamine. We chose atovaquone
for comparison with bisphosphonates because it is known that the targets for atova-
quone are the mitochondria (5), which are probably the targets that are affected by
inhibiting isoprenoid synthesis, as we have shown previously (13).

We showed that the strategy of combining bisphosphonates with statins works in
vivo using mice infected with a lethal dose of T. gondii. We validated our proposed
strategy that blocking both host and parasite isoprenoid synthesis produces stronger
effects and affords considerable protection in vivo. Our results show that it would be
possible to develop combination therapies targeting both parasite and host. This
strategy would be of general interest, because it will be harder for the parasite to
develop resistance, resulting in more effective therapies. The basic observation is
therefore significant in the context of developing combination therapy approaches
against toxoplasmosis.

Interestingly, we found that using very low doses of bisphosphonates and statins
results in a stronger synergistic interaction. This could be the result of a strong host
participation in the supply of isoprenoids that becomes especially evident upon
infection. It has been shown that several enzymes of the isoprenoid pathway become
upregulated upon infection with intracellular pathogens like T. gondii (28) and Trypano-
soma cruzi (29). Isoprenoid metabolites are essential molecules for cells, and during
their replicative stage, parasites need a constant and reliable supply of them. This
means that the supply of isoprenoid metabolites is a viable drug target. We predict that
the strategy of combining drugs that inhibit both host and parasite pathways will work
for other intracellular parasites, as well as against T. gondii.

Conclusions. T. gondii is an obligate intracellular parasite and is not able to replicate
outside the host cell. The parasite lives in a specialized parasitophorous vacuole and is
in contact with the host cytoplasm through the parasitophorous vacuole membrane.
We previously showed an active exchange of isoprenoid metabolites between T. gondii
and its host cell. Parasites salvage farnesyl diphosphate (FPP) and/or geranylgeranyl
diphosphate (GGPP) from the host, and they are able to grow even when its endoge-
nous production is shut down. This metabolic interaction between the parasite and its
host cell ensures a steady supply of important metabolites for growth of the parasite.
The pathway for the synthesis of isoprenoids in the host cell differs in several steps from
the parasite pathway, and we showed that T. gondii growth is sensitive to inhibitors of
both pathways. Mammalian cells use the mevalonate pathway, which is susceptible to
statins. These drugs showed a modest inhibitory effect against T. gondii when tested
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alone. However, when statins were combined with inhibitors of the parasite isoprenoid
pathway (bisphosphonates), a strong synergistic effect was observed. This double-hit
strategy combining inhibitors of host and parasite pathways represents a novel ther-
apeutic approach against apicomplexan parasites. We found that very low doses of
both drugs could be used for treatment, which significantly decreases the chances for
potential toxicity. We used the hypervirulent strain RH and tested this strategy in the
acute model of virulence. Future work will test this strategy in an established chronic
infection model.

MATERIALS AND METHODS

Ethics statement. All animal care and therapy studies were carried out in strict accordance with the
NIH guidelines. The animal use protocol was reviewed and approved by the Institutional Animal Care and
Use Committee (IACUC) of the University of Georgia.

Synthesis of the inhibitor C7S. The compound C7S (Fig. 1, compound 6) was prepared in multigram
scale as described previously (30). The purity of this compound was found to be >97% according to
homogeneity of the corresponding hydrogen-1 nuclear magnetic resonance ("H-NMR), '3C-NMR, and
31P-NMR spectra. High-performance liquid chromatography (HPLC) analysis of this compound, employ-
ing a 5 uM, 250- by 10-mm Beckman Ultrasphere ODS-2 column and eluting with water-acetonitrile (9:1)
at 3.00 ml/min with a refractive index detector, also showed a purity of >97%.

Enzymatic determinations. Recombinant TgFPPS (31) and HsFPPS (32) were purified and their
activities determined as described in the references, with some modifications. Briefly, DMAPP (100 M)
and ["“C]IPP (4.7 uM) were mixed with various concentrations of the inhibitors, and the reaction was
initiated by the addition of TgFPPS. The reaction was allowed to proceed at 37°C for 30 min and stopped
by the addition of 6 N HCI. Labeled isoprenoids were extracted with hexane after neutralization with
NaOH. The activity of the enzyme and IC,,s of inhibitors were calculated as described previously (12).

In vitro drug screening. Experiments on T. gondii tachyzoites were carried out using parasites
expressing red fluorescent protein (RFP) (33) with the modification described by Recher et al. (30).
Tachyzoites were maintained in human fibroblasts (hTert cells). For drug testing, parasites were purified
by passing them through a 27-gauge needle, followed by filtration through a 3-um filter. Human
fibroblasts were cultured in 96-well plates for 24 h prior to the addition of 4,000 fluorescent tachyzoites/
well. Fluorescence values were measured for 3 to 4 days, and both excitation (544 nm) and emission (590
nm) were read from the bottom of the plates in a Molecular Devices plate reader. For studies of in vitro
synergism, a checkerboard technique was used as described before (13, 34). The results were expressed
as the sums of the fractional inhibitory concentrations (sum FIC) as described by Berenbaum (35), as
follows: sum FIC = (IC,, of drug A in mixture/ICs, of drug A alone) + (IC,, of drug B in mixture/IC, of
drug B alone) (35). Sum FIC values show the types of interactions between drugs as follows: <0.5,
synergistic; 1, additive; >2, antagonistic.

Cytotoxicity to hTert cells. The cytotoxicity was tested using the alamarBlue assay (30), and the
results are shown in Table S1 in the supplemental material.

In vivo drug screening. /n vivo drug screening experiments were carried out as described previously
(13), using 20 T. gondii tachyzoites of the RH strain to infect Webster mice, unless indicated under Results.
Drugs were dissolved in 10% Kolliphor HS 15 and were inoculated intraperitoneally (i.p.). Treatment was
initiated 6 h after infection and administered daily for 10 days.

A combination index (Cl) for each combination of drugs was calculated using CompuSym (version
1.0) (36), and the values are expressed as follows: <1, synergism; 1, additive effect; >1, antagonism (37,
38). Negative controls received the vehicle alone.

In vivo toxicity. Mice received various doses of drugs simulating treatment after infection, and signs
of toxicity, including moribund state, body weight loss, mortality, or any other sign of toxicity, were
recorded.

Statistics. Experimental data are expressed as the mean values *+ standard deviations (SD) from at
least three independent experiments unless indicated otherwise. The results of in vivo studies were
analyzed using the Kaplan-Meier log rank test (GraphPad Prism 7 software). A P value of <0.05 was
considered statistically significant.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/AAC
.02628-16.

SUPPLEMENTAL FILE 1, PDF file, 2.1 MB.
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