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Bumped kinase inhibitors (BKIs) have been shown to be potent inhibitors of Toxoplasma gondii calcium-dependent protein kinase 
1. Pyrazolopyrimidine and 5-aminopyrazole-4-carboxamide scaffold-based BKIs are effective in acute and chronic experimental 
models of toxoplasmosis. Through further exploration of these 2 scaffolds and a new pyrrolopyrimidine scaffold, additional com-
pounds have been identified that are extremely effective against acute experimental toxoplasmosis. The in vivo efficacy of these BKIs 
demonstrates that the cyclopropyloxynaphthyl, cyclopropyloxyquinoline, and 2-ethoxyquinolin-6-yl substituents are associated with 
efficacy across scaffolds. In addition, a broad range of plasma concentrations after oral dosing resulted from small structural changes 
to the BKIs. These select BKIs include anti-Toxoplasma compounds that are effective against acute experimental toxoplasmosis and 
are not toxic in human cell assays, nor to mice when administered for therapy. The BKIs described here are promising late leads for 
improving anti-Toxoplasma therapy.
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Toxoplasma gondii is an apicomplexan parasite that is estimated 
to be living in billions of people. Severe infection in the brain 
and eyes or systemic infection develops when T.  gondii reac-
tivates during immunosuppression. Additionally, Toxoplasma 
ocular disease occurs in normal hosts and primary Toxoplasma 
infection in pregnant women can cause fetal death or brain 
damage.

Current medicines for toxoplasmosis are limited by adverse 
events and do not eradicate infection from the host, due to their 
inactivity against bradyzoite cysts. Pyrimethamine-sulfadiazine 
requires an extended treatment time and has been associated 
with allergic, hematologic, and nephrotoxic side effects, and te-
ratogenicity [1, 2]. Spiramycin can be used during pregnancy 
to decrease vertical transmission, but does not cross placental 
barriers to treat infections already established in the fetus [3]. 
Other therapies, such as clindamycin and atovaquone, are less 
efficacious. Moreover, none of these treatments are effective at 

eradicating tissue cysts in the brain that can reactivate and cause 
encephalitis in immunocompromised persons. More effective 
therapies that have fewer side effects are needed for treatment 
of toxoplasmosis.

The bumped kinase inhibitor (BKI) class of compounds 
has broad activity against apicomplexan pathogens including 
Toxoplasma, Cryptosporidium, Neospora, Sarcocystis, Babesia, 
and Plasmodium [4]. BKIs inhibit the apicomplexan calcium-de-
pendent protein kinase 1 (CDPK1) selectively due to the small 
gatekeeper residue in the CDPK1 ATP binding site that allows 
the BKI access, while larger residues in mammalian kinases 
block BKIs from binding [5]. In T. gondii, CDPK1 regulates the 
calcium-dependent pathway of microneme secretion and is re-
quired for gliding motility, cell invasion, and egress [6]. T. gondii 
CDPK1 (TgCDPK1) inhibitor scaffolds include imidazo[1,2-b]
pyridazines [7], biphenylimidazoazines [8], benzoylbenzimid-
azoles [9], pyrazolopyrimidines (PP) [5, 10, 11], pyrrolopyrim-
idine (PrP) [12], and 5-aminopyrazole-4-carboxamides (AC) 
[13, 14] (Figure 1). Several AC and PP compounds have been 
previously identified that reduce acute systemic T. gondii burden 
more than a million-fold when given orally at 20  mg/kg, and 
BKI 1553  also reduced latent T.  gondii brain tissue bradyzoite 
cyst burden by 89% when given orally at 30  mg/kg in mouse 
models [11, 13] (Figure 2). These compounds share similar R1 
groups that consist of a cyclopropyloxynaphthyl or cyclopro-
pyloxyquinoline moiety. The potency of these BKIs is related to 
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hydrophobic interactions between the distal 2-cyclopropyloxy 
group and the N-terminal lobe of the TgCDPK1 hydrophobic 
pocket [11]. In addition, previous BKIs, 1294 and 1597, which 
possess a 2-ethoxyquinolin-6-yl R1 group, were found to be po-
tent TgCDPK1 inhibitors [10, 13]. Prior R2 substituent optimi-
zation for selectivity and pharmacokinetic properties resulted in 
the selection of a t-butyl group for AC compounds and a 2-meth-
ylpropan-2-ol for PP compounds. While initial compounds such 
as BKI 1294 possess human Ether-à-go-go Related Gene (hERG) 
cardiac liabilities, further synthesis and in vitro tests identified 
new AC and PrP compounds that do not [15]. The in vivo phar-
macokinetic properties and efficacy of these new compounds 
are examined here to explore their potential for the treatment 
of toxoplasmosis.

METHODS

BKI Synthesis

Synthesis of BKIs 1517 [11, 13], 1553 [11], 1561 [11], 1547 
[11], 1660 [12], 1649 [16], 1812 [12], 1673 [17], 1643 [13], 
and 1597 [13] have been previously described. Synthesis of 
BKIs 1748 and 1757 followed previously reported procedures 
[12, 16]. Characterization of BKIs reported for the first time 
are included in the Supplementary Materials (Supplementary 
Figure 1).

In Vitro Assays

Methods for in vitro T. gondii inhibition [18], TgCDPK1 assays 
[5], Src kinase assays [5], cytotoxicity assays in CRL-8155 and 
HepG2 human cells [19], hERG IC50 assays [20], and plasma 
protein binding assays [19] were all previously described. 
Details of and variations from the published procedures can be 
found in the Supplementary Materials and Methods.

Pharmacokinetic Analysis in Mice

Procedures for mouse oral pharmacokinetic (PK) studies 
(performed under University of Washington IACUC protocol 
number 2145-01) were previously described [19]. Three female 

BALB/c mice (10 to 12 weeks old) were used in each group. 
Each group received a test compound at a single dose of 2, 10, or 
25 mg/kg body weight in 3% ethanol/7% Tween 80/90% normal 
saline by oral gavage. Blood samples were taken at designated 
time points by tail bleeding, centrifuged to obtain plasma, and 
stored at −20°C. The test compounds were extracted from the 
plasma samples using acetonitrile/0.1% formic acid contain-
ing an internal standard. A standard mix of all test compounds 
in control plasma was prepared for comparison and quantifi-
cation. The compounds were quantified by liquid chromatog-
raphy-mass spectrometry/mass spectrometry analysis with a 
Acquity ultra performance liquid chromatography system in 
tandem with a Xevo TQ-S mass spectrometer (Waters, Milford, 
MA). PK calculations of maximum concentration (Cmax), time 
at maximum concentration (Tmax), area under the curve (AUC), 
and oral clearance were performed using Phoenix WinNonlin 
software (Certara, USA Inc., Princeton, NJ). Nonparametric 
superposition with Phoenix WinNonlin software was used to 
simulate plasma total and fractional unbound (fu) plasma con-
centrations for multiple dose regimens using the results from 
single-dose PK for each compound. Analysis was performed 
with GraphPad Prism (GraphPad Software, La Jolla, CA).

Efficacy Against Systemic Toxoplasmosis in Mice

Infection and drug administration were performed as previously 
described [10]. Mice were infected with type I RH strain T. gon-
dii (RH strain) expressing a yellow fluorescent protein. T. gondii 
were harvested from human foreskin fibroblasts, passed through a 
3-μm filter, and 105 tachyzoites were inoculated in 100 μL of phos-
phate-buffered saline (PBS) intraperitoneally into 4- to 5-week-old, 
25-g female CF-1 mice. The compounds were dissolved in poly-
ethylene glycol (PEG) 400 and administered once daily for 5 days 
by oral gavage 48 hours after inoculation. The control group re-
ceived vehicle only. Groups consisted of 4 mice. After mice were 
euthanized on the eighth day, peritoneal lavage was performed 
with 3 mL of PBS (pH 7.4) and brains were collected for quanti-
tative real-time polymerase chain reaction (PCR) using methods 
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Figure 1.  Bumped kinase inhibitor central scaffolds.
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that we previously published [21]. In brief, brain and spleen were 
collected from infected and noninfected mice and homogenized 
in PBS using a hand-held homogenizer. DNA was isolated with a 
DNA purification kit (Qiagen, Germantown, MD). Three hundred 

nanograms of total DNA from the brain homogenate and 300 ng of 
total DNA from the spleen homogenate were analyzed per mouse. 
A standard curve was generated from DNA purified from T. gon-
dii tachyzoites in 10-fold dilutions from 160 ng to 1.6 fg of DNA. 
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Figure 2.  Chemical structures of pyrazolopyrimidines 1553, 1561, and 1547, pyrrolopyrimidines 1660, 1649, and 1812, and 5-aminopyrazole-4-carboxamides 1673, 1643, 
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Quantitative real-time PCR was performed in duplicate using a 
7300 real-time PCR system (Applied Biosystems, Grand Island, 
NY) with iTaq SYBR GREEN PCR Supermix (Biorad) and primers 
for the T. gondii 529-bp repeat element (sense 5′-AGG AGA GAT 
ATC AGG ACT GTA G-3′ and antisense 5′-GCG TCG TCT CGT 
CTA GAT CG-3′). Results were quantified as T. gondii DNA per 
total DNA. Analysis of differences of the tissue burden of T. gon-
dii infection were performed using an unpaired t test. GraphPad 
Prism 7.0 software was used for statistical analysis.

Efficacy Against T. gondii Brain Infection in Mice

Mice were infected with type II Prugniaud strain T.  gondii. 
T. gondii were harvested from human foreskin fibroblasts, passed 
through a 3-μm pore filter, and 500 tachyzoites were inoculated, 
in a volume of 100 μL of PBS, intraperitoneally into 4- to 5-week-
old female CBA/J mice. The compounds were dissolved in PEG 
400 and administered for 5 days once daily by oral gavage begin-
ning 9  days after infection. The control group received vehicle 
only. Groups consisted of 5 mice with the exception of the BKI 
1812 group, which was 4 mice. Mice were euthanized the day after 
treatment was complete, and brain and spleens were collected for 
analysis using quantitative PCR as described above. Statistical 
analysis was performed with GraphPad Prism software.

Animal Ethics Statement

All animal experiments conducted at the University of 
Washington and the Portland Veterans Administration Medical 
Center were approved by the Institutional Animal Care and Use 
Committees. All animals used in these studies were handled in 
strict accordance with practices made to minimize suffering.

RESULTS

In Vitro Toxoplasma gondii Assays

All BKIs tested were potent inhibitors of TgCDPK1 at a range of 1 to 
11 nM and inhibited T. gondii proliferation in vitro at 50% effective 
concentrations (EC50s) ranging from 45 nM to 271 nM (Table 1). 
Src inhibition was used as a counter screen for specificity because it 
has one of the smallest gatekeeper residues for mammalian protein 
kinases, that is threonine, and hence would be a likely off-target 
mammalian protein kinase for BKIs [5]. Tested compounds did 
not inhibit the human Src protein kinase at concentrations up to 
10 µM. Compounds were generally not toxic to human cell lines up 
to 40 µM, and unlike the previously described BKI 1294 [15], did 
not inhibit hERG up to 20 µM (Table 1). Plasma protein binding 
in mouse plasma was variable among these compounds, ranging 
from 99% for BKI 1660, to 80% for BKIs 1597 and 1748.

Pharmacokinetic Properties

The Cmax, AUC, and oral clearances varied widely for the tested 
BKIs (Table  1). At a dose of 10  mg/kg, BKI 1660 achieved 
the highest Cmax and AUC, and the lowest oral clearance at 
0.01 mL/min. BKI 1649 also had a low oral clearance, equivalent 

to 1660’s value of 0.01 mL/min, and had a similarly high Cmax 
and AUC if dose normalized to 10 mg/kg. The remaining BKIs 
tested showed an oral clearance over 10-fold higher than this, 
with 1673 having the highest oral clearance at 0.5 mL/min. For 
Cmax and AUC, the only statistically significant results showed 
the cyclopropyloxynaphthyl and cyclopropyloxyquinoline R1 
substituents having a significantly higher Cmax (P < .05) than the 
2-ethoxyquinolin-6-yl substituent. No other significant deter-
minations concerning structure activity relationship for Cmax or 
AUC from this limited data set could be made when looking at 
either the R1 substituent or the central scaffold alone, as these 
properties seemed to change with the different combinations of 
R1 and scaffold. The Cmax and AUC of cyclopropyloxynapthyl 
bearing BKI 1660 and cyclopropylquinoline bearing 1649 (PrP 
scaffold) were approximately twice those of BKIs 1553 and 1561 
(PP scaffold). Similarly, for the 2-ethoxyquinolin-6-yl bearing 
compounds, and the Cmax and AUC of BKI 1812 (PrP scaffold) 
are over 2 times and 7 times higher, respectively, than 1547 
(PP scaffold). This suggests that the PrP scaffold may allow for 
greater oral absorption and/or lower intrinsic clearance than 
the PP scaffold when comparing compounds with identical sub-
stituent groups. Also, the cyclopropyloxynaphthyl and cyclo-
propyloxyquinoline substituents showed a >10-fold decrease in 
oral clearance, to 0.01 mL/min, when associated with the PrP 
scaffold over the PP or AC scaffolds. No matter the R1 substitu-
ent or central scaffold, all other oral clearance rates ranged from 
0.1 to 0.5 mL/min. The wide range of plasma binding and phar-
macokinetic properties led to wide ranges in the simulated BKI 
total and fractional unbound (fu) concentrations during in vivo 
administration for efficacy (Table 2).

Efficacy Against Acute Toxoplasmosis in Mice

AC, PP, and PrP compounds with favorable pharmacokinetic 
properties and in vitro EC50s were tested in toxoplasmosis 
mouse models of systemic and brain infection (Table  2). In 
these models, CF-1 mice were infected with a high inoculum 
of RH strain that is fatal to mice in 8–10 days, or CBA/J mice 
were infected with a low inoculum of Prugniaud strain, which 
is not rapidly fatal and allows for better infection of brain tis-
sue. Compounds and vehicle control were administered orally 
for 5 days, starting on day 2 postinfection for RH strain or day 
9 postinfection for Prugniaud strain. BKIs 1597, 1649, 1660, 
1673, 1748, and 1757, along with previously reported BKIs 
1553, 1561 [11], and 1643 [13], all reduced the number of RH 
strain T. gondii in the peritoneal fluid by more than 95% at doses 
of 20  mg/kg or less (Figures  3 and 4). BKIs 1643, 1673, and 
1748 at 20 mg/kg and 1649 at 6 mg/kg all reduced the burden 
of infection in the peritoneal fluid to below limits of detection 
(Table 2). BKIs 1597, 1649, 1660, 1673, 1748, 1757, and 1812 
were dosed in Prugniaud strain infected mice at or above levels 
that showed strong reductions against the RH strain (Table 2). 
All significantly reduced the brain infections (P < .0001), with 
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PrP BKIs reducing brain infections by 88%–99% and the AC 
BKIs by 97%–99% over controls (Table 2 and Figure 5). This out-
standing efficacy demonstrates that the cyclopropyloxynaphthyl 
and cyclopropyloxyquinoline R1 groups were associated with 
efficacy for all 3 central scaffolds. BKIs 1597 and 1812, with a 
2-ethoxyquinolin-6-yl R1 substituent, also showed high reduc-
tions of infection across 2 of the 3 scaffolds, with BKI 1597 
showing reduction in the peritoneum, with the highest dose of 
60 mg/kg reducing infection to below the limits of detection. 
Efficacy was also maintained with changes to AC compounds 
at the R2 group for BKI 1748 and the R1 group for 1757. BKI 
1547 was not tested in either in vivo efficacy model due to its 
substantially lower systemic exposure (Table  1) and the BKIs 
1553 and 1561 were not tested in the Prugniaud strain model 
because the PP scaffold has been previously shown to reduce 
brain infections in mice [11].

Simulated Plasma Concentrations in Efficacy Experiments

The single-dose PK studies were used to simulate the total and 
unbound plasma concentrations for the various efficacy exper-
iment dosing regimens (Table  2 and Supplementary Figure  2). 
Simulated Cmax, fu Cmax, average concentration (Cavg), and fu Cavg 

levels were calculated for each BKI dose. The simulated AUC and 
the fraction of time (ft) both total and unbound concentrations 
remained above the EC50 and EC90 were also calculated (Table 2). 
Neither a specific central scaffold nor an R1 substituent alone 
could be directly associated with superior efficacy, with different 
structural combinations all showing strong efficacy, depending 
upon the dose concentration and duration used.

DISCUSSION

Though clearly defined pharmacodynamic (PD) properties do 
not emerge from this data set, several observations can be made 
in regards to the PK. The simulated unbound concentrations for 
most of the compounds are not predicted to reach the EC90 at 
many of the different treatment regimens, but still show signif-
icant clearance of peritoneal infection (Table 2). For the cyclo-
propyloxynaphthyl PP compound 1553, the simulated unbound 
concentration  for the lowest dose of 2  mg/kg once daily for 
5 days also did not reach the EC50 but reduced peritoneal infec-
tion by 48% (Table  2). It is possible that the assumption that 
BKIs have linear PK is invalid and simulated plasma concentra-
tions may not accurately predict the actual plasma concentra-
tions for efficacy studies. However, these data suggest that the 
total plasma concentration of compound is more important in 
determining efficacy than the unbound concentrations.

For all AC compounds, BKIs 1597, 1643, 1673, 1748, and 
1757, efficacy and all simulated PK parameters increased as 
dose concentration was increased (Table 2). Comparing previ-
ous dose fractionation studies with single daily dosing of the 
AC compound, BKI 1517, suggests that efficacy is primarily 
related to Cmax. AC BKI 1517, previously reported as compound 
1 [11, 13] and mostly identical in structure to BKI 1597, but 
with 7-ethoxyquinolin-3-yl in place of the 2-ethoxyquino-
lin-6-yl R1 group, had improved efficacy against the RH strain 
at 60 mg/kg once daily over a fractionated doses of 20 mg/kg in 
the morning and 40 mg/kg in the evening over the same period 
of time (Supplementary Figure 3) [13]. The 60 mg/kg once daily 
doses had a higher Cmax, but substantially lower ft/EC50 than 
the 20 mg/kg morning 40 mg/kg evening doses. A lower con-
centration dose of 5  mg/kg in the morning and 10  mg/kg in 
the afternoon also displayed a larger ft/EC50 than the 60  mg/
kg once daily dose, but showed further reduced efficacy with 
an even lower Cmax (Supplementary Figure 3) [13]. These data 
suggest that the AC compounds act predominantly in a con-
centration-dependent rather than time-dependent manner. 
Additional dose fractionation studies on the other AC com-
pounds will help to determine if this pharmacodynamic prop-
erty is scaffold specific [22].

For the PP and PrP compounds, the association between PK 
and PD is not clear from these studies. For cyclopropyloxynaph-
thyl PP BKI 1553, dosing at 2 mg/kg once daily for 5 days was 
compared to a single dose of 10 mg/kg (Table 2). The simulated 
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Cmax for these doses is inversely related to the peritoneal effi-
cacy while the ft/EC90 correlated with efficacy, suggesting the 
compound may be time dependent. However, the same doses 
of cyclopropyloxyquinoline PP BKI 1561 showed an increase in 
peritoneal efficacy as Cmax increased and identical ft/EC90 for 

the 2 dosing regimens (Table 2), suggesting concentration-de-
pendent action. For cyclopropyloxynaphthyl PrP BKI 1660, a 
treatment of 10 mg/kg every other day was compared to a single 
dose of 30 mg/kg. Here, the Cmax and ft/EC50 are both inversely 
related to peritoneal efficacy (Table  2). Although the minor 
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differences between these molecules do affect their PK prop-
erties, it is unlikely that such minor structural changes would 
drastically alter the pharmacodynamics within a set sharing 
the same central scaffold. It is also possible that these results 
reflect other pharmacokinetic properties, such as tissue distri-
bution, that would lead to greater efficacy than expected based 
on plasma concentrations alone. Results from future studies 
on several BKIs at multiple concentrations where total drug 
administered is divided into once or twice daily dosing over the 
same period of time would provide a clearer indication of PD 
for the PP and PrP scaffolds.

Despite questions remaining regarding PK/PD properties of 
these molecules, all BKIs tested here have properties that allow 
for daily oral dosing and show substantial reductions in systemic 
and brain infections and a lack of toxicity in cellular and in vivo 
assays. Previous studies have shown that inhibiting TgCDPK1 
effectively decreases the burden of T.  gondii brain tissue cysts 
[11, 13, 23]. Future studies will examine the efficacy of these new 
BKIs against latent brain tissue cysts. A drug that is well tolerated 
and that eradicates Toxoplasma brain tissue cysts would repre-
sent a major advance over treatments currently available.

Supplementary Data

Supplementary materials are available at The Journal of Infectious 
Diseases online. Consisting of data provided by the authors to 
benefit the reader, the posted materials are not copyedited and 
are the sole responsibility of the authors, so questions or com-
ments should be addressed to the corresponding author.
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