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Cryptosporidium is recognized as one of the main causes of childhood diarrhea worldwide. However, the current treatment for cryp-
tosporidiosis is suboptimal. Calcium flux is essential for entry in apicomplexan parasites. Calcium-dependent protein kinases
(CDPKs) are distinct from protein kinases of mammals, and the CDPK1 of the apicomplexan Cryptosporidium lack side chains
that typically block a hydrophobic pocket in protein kinases. We exploited this to develop bumped kinase inhibitors (BKIs) that
selectively target CDPK1. We have shown that several BKIs of Cryptosporidium CDPKI1 potently reduce enzymatic activity and
decrease parasite numbers when tested in vitro. In the present work, we studied the anticryptosporidial activity of BKI-1517, a
novel BKI. The half maximal effective concentration for Cryptosporidium parvum in HCT-8 cells was determined to be approximate-
ly 50 nM. Silencing experiments of CDPK1 suggest that BKI-1517 acts on CDPK1 as its primary target. In a mouse model of chronic
infection, 5 of 6 SCID/beige mice (83.3%) were cured after treatment with a single daily dose of 120 mg/kg BKI-1517. No side effects

were observed. These data support advancing BKI-1517 as a lead compound for drug development for cryptosporidiosis.
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Cryptosporidiosis, caused by protozoan parasites of the genus
Cryptosporidium, is often considered to be a major problem
only in immune compromised patients, such as those with
AIDS [1]. However in a recent multicenter study from Africa
and South Asia, Cryptosporidium was second to rotavirus as a
cause of childhood diarrhea morbidity and mortality [2]. Thus,
it has emerged as a major contributor to childhood malnutri-
tion, diarrheal disease, and death worldwide [2-5]. Despite its
emerging public health importance, there is no effective vaccine
to prevent disease and only limited options for treatment. The
only Food and Drug Administration-approved therapy for
cryptosporidiosis, nitazoxanide, was shown in a randomized
trial to lead to 2 fewer days of diarrhea from cryptosporidiosis
in treated patients, compared with untreated patients [6], but it
does not effectively treat cryptosporidiosis in patients with
AIDS [7]. Studies of malnourished children revealed that nita-
zoxanide yielded a response rate of only about 30%, compared
with placebo [7]. Clearly, the development of more-effective
drugs is urgently needed for therapy of cryptosporidiosis.
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Calcium-dependent protein kinases (CDPKs) are being used
as targets for drug development against apicomplexan parasites
[8,9]. The structures of apicomplexan type 1 CDPKs (CDPK1s)
are distinct from those of mammalian enzymes in that they lack
amino acid side chains that block a hydrophobic pocket near
the adenosine triphosphate binding site [8, 10]. This difference
has been exploited to design specific inhibitors for parasite
CDPKI1s, including those of Cryptosporidium, called bumped
kinase inhibitors (BKIs), that do not interact with the host en-
zymes [11].In vitro experiments confirmed potent inhibition of
novel pyrazole-4-carboxamide compounds against Cryptospo-
ridium CDPKI1 [11-13]. In this work, we characterized the
anti-Cryptosporidium activity of a novel BKI-1517 (5-amino-
1-tert-butyl-3-[7-ethoxyquinolin-3-yl]-1H-pyrazole-4-carbox-
amide; Figure 1A) in vitro and also in a mouse model of chronic

infection.

METHODS

Invasion Model and Drug Activity Assays

HCT-8 (ATCC) cells suspended in 500 pL of complete medium
(Roswell Park Memorial Institute [RPMI] medium with 10%
fetal bovine serum and 1% antibiotic-antimycotic solution con-
taining penicillin/streptomycin/amphotericin B [Life Technolo-
gies, Grand Island, New York]) were seeded in 24-well cell
culture plates and incubated at 37°C in 5% CO, overnight as de-
scribed before [14]. For infection experiments, we used sporo-
zoites obtained from Cryptosporidium parvum oocysts (Iowa
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Figure 1. In vitro anti-Cryptosporidium activity of bumped kinase inhibitor 1517
(BKI-1517). A, Chemical structure of BKI-1517. B, Anticryptosporidial activity of BKI-
1517 in vitro. A range of concentrations was used to quantify the inhibitory dose of
BKI-1517 needed to reduce the quantity of Cryptosporidium parvum in HCT-8 cells.
The results are presented as mean values (+SD) of 3 independent experiments.

strain, maintained at the University of Arizona). Sporozoites
were prepared as follows: oocysts were centrifuged at 500 x g
for 5 minutes, and the pellet was washed 3 times with 250 pL
of phosphate-buffered saline (PBS). After washing, the pellet
was resuspended in 50 pL of acidic water (pH 2-3) and incubat-
ed for 10 minutes on ice. Excystation medium (complete medi-
um supplemented with 0.8% taurocholate) was then added to
the sample, which was then incubated for 1 hour at 37°C to in-
duce sporozoite excystation. The sporozoites were quantified by
microscopy and then used for infection experiments.

To test for anticryptosporidial activity of BKI on sporozoites,
a stock solution of BKI-1517 was diluted with infection medium
(RPMI medium plus 1% antibiotic antimycotic solution) at final
concentrations of 0.01, 0.05, 0.1, 1, and 10 uM. Then, 500 pL of
infection medium containing the drug was mixed with 5 x 10°
sporozoites for 15 minutes at 37°C (5% CO,). After incubation,
the treated sporozoites were used to infect HCT-8 cells for 2
hours. Controls included infected and uninfected HCT-8 cells
treated only with the infection medium. After infection, the in-
fection medium (containing dead and noninfective sporozoites)
was removed, and 500 pL of fresh infection medium was added.
Plates were incubated for 18 hours at 37°C with 5% CO,. After
incubation, medium was removed, and cells were washed
by adding 500 uL of phosphate-buffered saline (PBS) and
then gently removing the supernatant by pipetting. Attached
cells were lysed and harvested, and 350 uL of Buffer
RLT (from the RNeasy Plus kit, Qiagen. Valencia, California)

with B-mercaptoethanol was added directly to each well. Sam-
ples were transferred to 1-mL Eppendorf tubes and stored fro-
zen (—20°C) until subsequent RNA extraction.

Quantitation of Cryptosporidium in HCT-8 Cells by Quantitative Reverse-
Transcription Polymerase Chain Reaction (qRT-PCR) Analysis
Quantitation of Cryptosporidium was performed by qRT-PCR
as previously described [12]. Briefly, RNA was isolated using a
commercial kit (RNeasy Plus kit). The final RNA concentration
was determined by spectrophotometry with the Nanodrop 1000
(Thermo Scientific, Wilmington, Delaware). The parasite num-
bers were monitored by RT-PCR using the Applied Biosystems
7500 Real-Time PCR System (Life Technologies). For all of the
reactions, we used the 1-step RT-PCR Super Script III with ap-
proximately 100 ng of each sample and specific primers for
Cryptosporidium parvum Cp-F (CAA TCA GCA ACC AAG
CTC AA) and Cp-R (TTG TTG AGC AGC AGG TTC AG).
Quantitation was normalized to host 18s RNA (5'-CCG ATA
ACG AAC GAG ACT CTG G-3’ [forward] and 5'-TAG GGT
AGG CAC ACG CTG AGC C-3’ [reverse]). The conditions for
qRT-PCR analysis were as follows: 1 cycle of 5 minutes at 95°C,
1 cycle of 15 seconds at 95°C, and 40 cycles of 1 minute at 65°C.
The specificity of the primers was confirmed by melting-curve
analysis. For parasite quantitation, a standard curve with serial
dilutions of RNA from a known number of parasites was in-
cluded in each reaction plate. Total numbers of parasites were
calculated with the AB7500 software SDS v1.4.

Mouse Infection and Treatment with BKI-1517

Five-week-old SCID/beige mice (Jackson Laboratory, Sacramen-
to, California) were infected by gavage with 1 x 10° C. parvum
oocysts (Iowa strain) contained in 100 pL of PBS as described be-
fore [14]. Four days after infection, mice were treated with BKI-
1517 suspended in 100 pL of vehicle (7% Tween 80, 3% ethanol,
and 90% normal saline) or a vehicle control (placebo) by oral
gavage daily for 5 days. Dosages tested included 60 mg/kg once
daily (for 6 mice), 120 mg/kg once daily (for 6 mice), and 20 mg/
kg at 7:30 am and 40 mg/kg at 4:30 pm (for 7 mice). Approximate-
ly 25 mg of stool was collected biweekly up to day 28 for quan-
tification by qPCR, and all samples were stored at —20°C until
DNA extraction. Experiments were performed in accordance
with the Institutional Animal Care and Use Committee of the
University of Texas Medical Branch.

DNA Extraction From Stools and gPCR Assays

DNA was extracted from 25 mg (approximately 3 pellets) of
stool from each mouse. Extraction and purification of DNA
samples was performed using the QIAamp Fast DNA Stool
Mini Kit (Qiagen). The concentration of DNA in samples
was determined by spectrophotometry. The samples were
stored at —20°C until subsequent analysis. The parasite burden
was determined by qPCR (Applied Biosystems 7500 Real-Time
PCR System), using the iTaq Universal SYBR Green Supermix
Kit (Bio-rad, Hercules, California) with primers for C. parvum
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as described above. The qPCR assay was conducted under the
following conditions: 1 cycle of 20 minutes at 55°C, 1 cycle of 5
minutes at 95°C and 15 seconds at 95°C, 40 cycles of 1 minute at
60°C. An additional dissociation stage was added at the end of
the reaction to test the specificity of the amplicons via dissoci-
ation curve analysis. A standard curve was generated from serial
dilutions of DNA extracted from a known number of parasites
spiked in mouse stool. Total numbers of parasites were calculat-
ed with AB7500 software SDS v1.4.

Silencing CDPK1 Experiments

We silenced Cryptosporidium CDPK1 (GenBank accession num-
ber XM_001388059.1) and GP900 (GenBank accession number
AF068065) by RNA interference, using the method described be-
fore [15]. Briefly, for assembling silencer complexes (siCDPK1
and siGP900), we used 250 ng of hAgo2 and 1 pM of CDPK1
single-stranded RNA (5'Phos-CAC UUC CUC UCU CUC
CUC CC dTdT-3’) or GP900 single-stranded RNA (5'Phos-
CUG AAG GGA GAG AUG GGA UU dTdT-3; control) sus-
pended in assembly buffer (30 mM HEPES [pH 7.4], 150 mM
KOAc, and 2 mM MgCl,). We incubated the sample (20 uL)
for 90 minutes at room temperature. Next, 35 pL of protein trans-
fection reagent Pro-Jet (Thermo-Fisher, Rockford, IL) was added
to the hAgo2/ssRNA-CDPKI or hAgo2/ssRNA-GP900 complex
(siCDPK1 and siGP900). The samples were incubated for 5 min-
utes at room temperature to allow encapsulation. For transfec-
tion, encapsulated complexes were added to oocysts and
incubated for 16 hours at 4°C. For infection experiments, we in-
duced excystation of the transfected parasites as described above.
The viability of sporozoites was confirmed by microscopy as de-
scribed before [15]. For silencing experiments, sporozoites were
incubated as described before with only transfection reagent, 1

uM of silencer complex siCDPK, or BKI-1517 (0.1 uM) alone;
for BKI treatment, sporozoites were incubated as described before
with BKI-1517 (0.1 uM) plus siCDPK, BKI-1294 (0.1 uM) alone,
or BKI-1294 (0.1 uM) plus siCDPK. Treated parasites were used
to infect HCT-8 cells as described before. Finally, RNA was ex-
tracted and numbers of parasites were calculated by RT-PCR
analysis as described before.

RESULTS

BKI-1517 Reduces Infection in HCT-8 Cells

The anticryptosporidial activity of BKI-1517 was tested in an
invasion model. We observed a reduction in the amount of par-
asites by 90% on infected HCT-8 cells when BKI-1517 was added
to sporozoites at concentrations of 10 M, in these experiments
we observed a half-maximal effective concentration between
10-50 nM in experiments performed in triplicate (Figure 1B).
Further, no anticryptosporidial activity was observed on parasites
treated with siGP900 (Supplementary Figure 1), and no cellular
damage or signals of cytotoxicity were observed in HCT-8 cells,
as assessed by microscopy.

BKI-1517 Reduced C. parvum Infection in a Chronic Mouse Model
SCID/beige mice were infected with 1 x 10° C. parvum oocysts
and then treated with BKI-1517. Cure of infection was deter-
mined by qPCR analysis of stool samples. In an initial experi-
ment, we compared a fixed concentration of compound given
once daily (60 mg/kg) or twice daily (20 mg/kg during the
day and 40 mg/kg during the night) for 5 days. It was thought
that twice-daily administration would be optimal owing to the
short serum half-life of BKI-1517 in mice. Both treatments were
effective in reducing the prevalence of Cryptosporidium infec-
tion during the acute phase at day 8, as assessed by quantifying
the number of parasites shed per 25 mg of stool (Figure 2A).
However, 5 of 7 mice treated with the split dose experienced re-
lapse at day 28. By contrast, 4 of 6 mice treated with the once-
daily therapy were cured, and only 2 mice shed parasites in
stools at day 28. This demonstrated that the twice-daily split
dose was inferior to the same dose given once daily in complete-
ly clearing C. parvum from the mice.

In a second experiment, we tested the same total daily dose
(60 mg/kg) and a higher dose (120 mg/kg) of BKI-1517 given
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Figure 2. The effects of bumped kinase inhibitor 1517 (BKI-1517) in SCID/beige
mice infected with Cryptosporidium parvum. The number of parasites shed per
25 mg of stool in experimental groups was quantified using real-time polymerase
chain reaction analysis, normalized to a standard curve. Samples were quantified
at different days after infection, with the initial time points indicating oocyst levels
before treatment. The median number of oocysts shed by each experimental group
are indicated with solid black bars. Curves illustrate infection levels. A, Mice were
treated with 60 mg/kg BKI-1517 once daily (solid triangles; n=6), with 20 mg/kg
morning and 40 mg/kg evening daily (solid circles; n=7), or with vehicle control (hol-
low squares; n=7). B, Mice were treated with BKI-1517 at doses of 60 mg/kg once
daily (solid circles; n=6), 120 mg/kg once daily (solid triangles; n=6), or vehicle
control (hollow squares; n =6).
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once-daily for 5 days (Figure 2B). The results showed that 50%
of mice were completely cured by day 29 when treated with 60
mg/kg, but when we treated the mice with 120 mg/kg we did not
detect the infection in any of the 6 mice at day 22 and only 1 of 6
mice shed parasites in stool by day 28 (Figure 2B). During this
experiment, both doses (60 and 120 mg/kg) were well tolerated
by all the mice, and we did not observe adverse reactions due the
treatment.

CDPK1 Silencing and Antiparasitic Activity of BKI-1517

BKI-1517 was designed as an inhibitor of Cryptosporidium
CDPKI1. To study whether CDPK1 inhibition was responsible
for the observed antiparasitic activity, we knocked down
CDPK]1, using RNA interference (Figure 3A and Supplementa-
ry Figure 2A and 2B), and tested for additional activity of BKI-
1517 (Figure 3B). When we performed RNA interference with
the siCDPK1 complex, the messenger RNA (mRNA) expression
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Figure 3. Effects of bumped kinase inhibitor 1517 (BKI-1517) on CDPK1 inhibition.

A, CDPK1 expression in siCDPK- and siGP900-transfected parasites and wild type
parasites treated only with transfection reagent (WT). B, Cryptosporidium oocyst
containing wild type parasites were treated with only transfection reagent (WT),
1 uM of silencer complex siCDPK to knock down CDPK1, BKI-1517 (0.1 uM)
alone, BKI-1517 plus siCDPK, BKI-1294 (0.1 uM) alone, or BKI-1294 plus siCDPK.
Numbers of parasites were evaluated (gray bars). The results are the mean value
(+SD) of 3 independent experiments evaluated by reverse-transcription polymerase
chain reaction analysis. Asterisks denote statistically significant differences.

of CDPKI1 in transfected parasites was reduced by about 90%
(Figure 3A), but we did not observe reduction when the unre-
lated siGp900 complex was used (Figure 3A). This result con-
firmed that CDPK1 was silenced specifically in parasites
treated with siCDPK1. We confirmed this reduction at the pro-
tein level by Western blot (Supplementary Figure 3A and 3B),
although the reduction was only a little more than 50% at the
protein level.

We then tested the silenced parasites in our infection model.
When CDPK1 was knocked down, there was about a 50% de-
crease in the number of parasites recovered after infection of
HCT-8 cells (Figure 3B). In contrast, we did not observe para-
site reduction when we used the unrelated siGp900 complex.
These results suggest that CDPK1 is involved in the mechanism
of invasion or of growth. Therefore, we tested BKI-1517 with
parasites while using siCDPK1 to modulate CDPK1 levels.
We observed the same phenotype obtained with silenced para-
sites, then a approximately 50% of reduction was observed in
treated parasites. However, when parasites were treated with
BKI-1517 after CDPK1 expression was knocked down, an addi-
tional decrease (approximately 23%) was noted in parasite load
(Figure 3B).

To confirm the synergistic effect of BKI-1517, we attempted
to use paromomycin alone and in combination with the BKI
siRNA. However, paromomycin showed cytotoxic effects in
HCT-8 cells and also interfered with global RNA expression
(data not shown); therefore, it was not considered useful as a
control for silencing experiments. Then, BKI-1294, a previously
tested compound that has anticryptosporidial activity and is
thought to target CDPK1 [14], was used to confirm CDPKI1 tar-
geting. Similar to BKI-1517, BKI-1294 alone reduced growth to
about 9%, whereas BKI-1294 in combination with siCDPK de-
creased growth to about 5%. These data suggest that CDPK1 is
the main target of BKIs because the growth reduction of the
combination decreased 2-fold each time. This fits the observa-
tion that siCDPK reduced the growth.

DISCUSSION

In this study, we demonstrated the potent anti-Cryptosporidium
activity of BKI-1517, which reduced the prevalence of infection
at nanomolar concentrations in vitro. Previous compounds
have had a pyrazolo-pyrimidine scaffold, but BKI-1517 has a
completely different scaffold, the aminopyrazole-carboxamide
scaffold. When tested using a 5-week-old SCID/beige mouse
model, BKI-1517 not only suppressed acute infection, it also
prevented relapse. This murine model appears to better
mimic the persistent and relapsing infections commonly re-
ported for immunocompromised patients. Thus, we have con-
firmed the anticryptosporidial activity of BKIs in the mouse
model, using a new chemical scaffold [14].

CDPKI1 has been used as a target for drug development in
several apicomplexans, including Cryptosporidium [11, 13],
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and in previous studies we confirmed the anticryptosporidial
activity of several BKIs in vitro [12, 14]. A recent publication
by Kuhlenschmidt et al reports the lack of correlation between
enzymatic inhibition of CDPK1 and antiparasitic activity
against C. parvum in vitro [16]. Nevertheless, most of our
BKIs with potent CDPK1 inhibition showed activity when test-
ed in our infection model. Indeed, we noted poor correlation
between enzymatic inhibition and in vitro activity in very few
compounds. In addition to off-target activity, there are numer-
ous potential explanations for this incomplete correlation, in-
cluding issues of solubility, protein binding, and inability to
cross the parasite membrane. One concern is that the BKI
may be acting through a different target. In a recent publication,
however, we demonstrated that the silencing of CDPK1 caused
a reduction in the parasite burden following infection in vitro,
which confirms the potential for CDPKI to serve as a target for
drug development [15].

In the current study, we demonstrated that reducing CDPK1
levels by 50% also reduced the infection prevalence by 50%.
Therefore, we hypothesized that if BKI-1517 is targeting
CDPKI1, then a similar phenotype should be observed for par-
asites treated with BKI. Our investigation revealed an additional
50% reduction in infection prevalence when Cryptosporidium
organisms were treated with both BKI and siCDPKI. The si-
lencing experiments showed that siCDPK reduced mRNA ex-
pression of CDPK1 by 90% (Figure 3A). However, the
infection prevalence was reduced only by half, with the partial
reduction likely associated with the stability of preformed or re-
sidual CDPK1 (Supplementary Figure 2A).

We hypothesized that the combination of siCDPK with BKI
would have the synergistic effect of reducing the infection
prevalence. Thus, when we used siCDPK and BKI, the infec-
tion prevalence was reduced by approximately 75% (Fig-
ure 3B). If BKIs are targeting CDPK1, then similar effects
should be observed with another BKI, with a different scaffold,
that also effectively inhibits CDPK1. Therefore, we tested BKI-
1294, which has a pyrazolo-pyrimidine scaffold, for anticryp-
tosporidial activity. Similar to BKI-1517, BKI-1294 alone re-
duced growth by about 91%, whereas in combination with
siCDPK, BKI-1294 decreased growth by about 95%. These
data appear to confirm that the target is CDPK1, because
growth is reduced 2-fold by each BKI combined with siCDPK
if we consider that siCDPK alone reduced the growth by just
more than 50% (Figure 3B).

We confirmed the anticryptosporidial activity of BKI-1517 in
an immunocompromised mouse model. This particular model
is a stringent test of antiparasitic activity, since it allows for par-
asites that are not killed to proliferate and for oocyst shedding to
reemerge after drug withdrawal. Models differ with regard to
the key pharmacologic measures for drug efficacy. Based on a
relatively short serum half-life of BKI-1517, we hypothesized
that treatment would require multiple daily doses. However,

when we compared 60 mg/kg given once daily or twice daily,
the single daily dose was more effective than the split-dose ap-
proach. This suggests that high peak plasma or enteral levels
may be more important than prolonged exposure. The single
dose of 60 mg/kg given once daily reduced the prevalence of in-
fection, especially during the acute phase, but we observed re-
lapse in several mice after the end of treatment. To optimize the
treatment, we tested a higher dose, 120 mg/kg, given as a single
daily dose. The trend observed in experiment 2, in which only 1
of 6 mice that received 120 mg/kg experienced relapse, com-
pared with 3 of 6 mice that received 60 mg/kg, suggests that
the higher drug dose was needed to reduce the chance of re-
lapse. Our pharmacokinetics studies of once-daily treated
mice (Supplementary Table 1) indicated that there were not
proportional increases in BKI-1517 plasma levels at the peak
of exposure among mice that received 60 mg/kg, compared
with those that received 120 mg/kg. The observation that in-
creasing the dose does not lead to more plasma exposure sug-
gests that the compound is not well absorbed at the higher dose
and that, with a higher dose, the compound may be better de-
livered to the ileum and colon, where the infection predomi-
nates. This may facilitate contact with the parasite and yield a
trend toward less frequent relapse seen with the higher dose.
Importantly, no adverse effects were noted with BKI-1517 in
mice, even with these high plasma exposures.

In summary, in this work we demonstrated that treatment with
120 mg/kg BKI-1517 for 5 days eliminated infection in 5 of 6 mice
(83.3%). In extrapolating the effective dose from rodents to hu-
mans, allometric scaling of the dose will be used. We anticipate
that the dose needed to treat humans will be much lower than
60-120 mg/kg. Thus, BKI-1517 is an important lead compound
for drug development that should be further explored as a treat-
ment option for chronic Cryptosporidium infections.

Supplementary Data

Supplementary materials are available at http://jid.oxfordjournals.org.
Consisting of data provided by the author to benefit the reader, the posted
materials are not copyedited and are the sole responsibility of the author, so
questions or comments should be addressed to the author.
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