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Cryptosporidiosis, caused by the protozoan parasite Cryptosporidium parvum, can stunt infant growth and can be lethal in im-
munocompromised individuals. The most widely used drugs for treating cryptosporidiosis are nitazoxanide and paromomycin,
although both exhibit limited efficacy. To investigate an alternative approach to therapy, we demonstrate that the clan CA cys-
teine protease inhibitor N-methyl piperazine-Phe-homoPhe-vinylsulfone phenyl (K11777) inhibits C. parvum growth in mam-
malian cell lines in a concentration-dependent manner. Further, using the C57BL/6 gamma interferon receptor knockout
(IFN-yR-KO) mouse model, which is highly susceptible to C. parvum, oral or intraperitoneal treatment with K11777 for 10 days
rescued mice from otherwise lethal infections. Histologic examination of untreated mice showed intestinal inflammation,
villous blunting, and abundant intracellular parasite stages. In contrast, K11777-treated mice (210 mg/kg of body weight/day)
showed only minimal inflammation and no epithelial changes. Three putative protease targets (termed cryptopains 1 to 3, or
CpaCATL-1, -2, and -3) were identified in the C. parvum genome, but only two are transcribed in infected mammals. A homol-
ogy model predicted that K11777 would bind to cryptopain 1. Recombinant enzymatically active cryptopain 1 was successfully
targeted by K11777 in a competition assay with a labeled active-site-directed probe. K11777 exhibited no toxicity in vitro and in
vivo, and surviving animals remained free of parasites 3 weeks after treatment. The discovery that a cysteine protease inhibitor
provides potent anticryptosporidial activity in an animal model of infection encourages the investigation and development of
this biocide class as a new, and urgently needed, chemotherapy for cryptosporidiosis.

Cryptosporidium spp. are unicellular apicomplexan protozoan
parasites that infect humans and a wide variety of other ver-
tebrates, including mammals, reptiles, fish, and birds (1). Crypto-
sporidium parvum and Cryptosporidium hominis, the two species
that most commonly cause diarrheal illness in humans, also infect
livestock (2, 3). C. parvum infects humans and ruminants,
whereas C. hominis utilizes an infectious cycle in humans only.
Infection with C. parvum most often occurs following either ex-
posure to contaminated surface water directly or ingestion of con-
taminated food products (4). The parasite completes its entire life
cycle in the small intestine, where it gains access to enterocytes by
forced invagination and replicates within cytoplasmic parasito-
phorous vacuoles (5); the infectious cycle results in the clinical
pathophysiological symptoms associated with cryptosporidiosis
(2).

C. parvum has historically been considered a pathogen of the
developing world; however, it is also found in freshwater through-
out the world. C. parvum oocysts are notoriously resistant to con-
ventional water purification efforts, and several large waterborne
outbreaks have affected hundreds of thousands of people in the
United States, Canada, the United Kingdom, and Japan (6). The
scope and impact of these outbreaks has raised the specter of
the use of C. parvum as an agent of bioterrorism (7, 8). Indeed, C.
parvum is classified as a category B pathogen by the United States
National Institutes of Health and the Centers for Disease Control
and Prevention (7, 8). More than a billion oocysts can be purified
from a single infected calf by simple filtration and centrifugation
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(9), and the infectious dose for humans is as low as 1 to 5 oocysts
(10, 11). Although susceptibility to C. parvum infection appears to
be relatively uniform in populations in the developed world, the
clinical course of infection varies with age and immunological
status. Healthy adults typically develop a mild to moderate diar-
rheal illness lasting 3 to 4 weeks, followed by complete recovery
(11). Infection at an early age is also self-limiting but can result in
permanent stunting (12). Infection in immunocompromised in-
dividuals, such as transplant recipients or HIV/AIDS patients, can
persist indefinitely and may be accompanied by severe, life-threat-
ening diarrhea (13). Chemotherapeutic options for cryptospori-
diosis are extremely limited, and they depend on the clinical
context. Thus, although paromomycin may be used with HIV-
positive subjects infected with C. parvum (14), success with the
agent is not guaranteed (15). Likewise, nitazoxanide, which is the
only FDA-approved drug for the treatment of cryptosporidiosis in
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immunocompetent patients older than 1 year (16), is not ap-
proved for HIV-infected patients (17). Also, clinical trials demon-
strated that there were no differences in mortality or parasitolog-
ical responses between the patients who received nitazoxanide and
placebo (18-20). New drugs are clearly needed.

The clan CA (papain-like) family of cysteine proteases (CPs) is
a key family of enzymes for many protozoan parasites, including
apicomplexans and kinetoplastids. CPs facilitate cell invasion, nu-
tritive degradation of host proteins, and the modification of par-
asite proteins during life cycle transitions (21-24). MEROPS (25)
lists 20 clan CA proteases in C. parvum, and there is little published
experimental characterization of these proteins. Of the cryp-
topains, only cryptopain 1 has been the subject of work published
previously (26). Cryptopains are C. parvum clan CA cathepsin
L-like (termed CpaCATL according to an alternate nomenclature
[27, 28]) proteases that have been identified in the C. parvum
genome (29) and shown to be expressed in the sporozoite stage
(26). Cryptopain 1 is annotated in the CryptoDB database (30) as
cgd6_4880. The two other cathepsin L-like enzymes, which we
designate here cryptopains 2 and 3, are annotated as cgd3_680 and
cgd7_2850, respectively. Orthologous cathepsin L-like proteases
are validated as promising therapeutic targets in extensive in vitro
and in vivo studies with the malaria parasite Plasmodium falcipa-
rum (31, 32) and the etiological agent of Chagas’ disease, Trypano-
soma cruzi (33). In particular, investigations with small-molecule
inhibitors targeting parasite clan CA enzymes have shown much
promise for their eventual use in the therapy of these and other
parasitic diseases (32-36).

One such chemical inhibitor, N-methyl-piperazine-Phe-
homoPhe-vinylsulfone phenyl (K11777), is orally bioavailable,
has a reasonable safety/toxicity profile (35), and is well-advanced
in preclinical development for the therapy of Chagas’ disease (37).
We were interested, therefore, in understanding whether K11777
could limit or prevent the survival of C. parvum in vitro using
several mammalian cell lines and in vivo employing the C57BL/6
gamma interferon receptor knockout (IFN-yR-KO) mouse
model, which is highly susceptible to C. parvum. We demonstrate
that K11777 arrests the growth of C. parvum in human intestinal
cell lines at physiologically achievable concentrations. Further,
mice are rescued from an otherwise lethal C. parvum infection by
K11777 administered either orally (p.o.) or intraperitoneally
(i.p.). Inhibitor competition experiments with an active-site
probe of recombinant cryptopain 1, along with homology model-
ing and docking studies, suggest that K11777 binds to and inhibits
this protease target.

MATERIALS AND METHODS

Parasites. Oocysts of C. parvum (Iowa strain) passaged in newborn calves
were purified from feces, as previously described (38). The purified
oocysts were stored at 4°C in 2.5% aqueous potassium dichromate until
use. All experiments were conducted with oocysts within 6 months of
purification.

Test compound. K11777 (N-methyl piperazine-Phe-homoPhe-vinyl-
sulfone phenyl) was originally a gift from James Palmer, Biota, Inc., Vic-
toria, Australia. A stock solution was prepared in dimethyl sulfoxide
(DMSO) at 20 mM. The stock solution was kept at 4°C until it was diluted
immediately before use with either UltraCulture medium (Lonza, Walk-
ersville, MD) for in vitro studies or phosphate-buffered saline (PBS) for
animal studies. All assays included appropriate DMSO controls (0.01 to
0.5% [vol/vol]). Paromomycin (Sigma, Oakville, ON, Canada) was di-
luted in water just prior to use.
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In vitro infection models. Madin-Darby canine kidney (MDCK) cells
(ATCC CCL-34; ATCC, Rockville, MD), the classic tissue culture model
for C. parvum, were used and maintained in Dulbecco’s modified Eagle’s
medium (DMEM; Wisent, St. Bruno, Quebec, Canada), as previously
described (39). This assay was modified for use with the human intestinal
cell lines HCT8 (ATCC CCL-224), 1407 (ATCC CCL-6), and CaCo-2
(ATCC HTB-37), which were grown in DMEM, Eagle’s minimal essential
medium (EMEM; Gibco, Grand Island, NY), and minimal essential me-
dium (MEM) (Wisent), respectively. All media were supplemented with 4
mM L-glutamine, 10 pg/ml gentamicin, 100 U/ml penicillin, 10 wg/ml
streptomycin, and 10% fetal bovine serum (FBS). EMEM and DMEM
were further supplemented with 1 mM HEPES and nonessential amino
acids (Wisent), respectively. All cultures were maintained at 37°C in a
humidified, 5% CO,-enriched atmosphere. To assess K11777 activity,
cells were then seeded in 2-well coverslip chamber slides (Nalge Nunc
International, Naperville, IL) and grown in appropriate media at 37°C in
5% CO, until nearly confluent. Cell line-specific media were replaced
with UltraCulture medium supplemented with 2 mM r-glutamine imme-
diately prior to infection. Oocysts stored in 2.5% potassium dichromate
(K,Cr,0,) were washed three times with 0.1 M acetate-NaCl buffer, pH
5.5, and subsequently incubated in 10 mM sodium periodate at 4°C for 20
min. The parasites were then washed three times with PBS, pH 7.4, con-
taining 0.1% bovine serum albumin (BSA) (Sigma). Excystation (release
of sporozoites from oocysts) was achieved by incubation in DMEM con-
taining 0.75% sodium taurocholate (Sigma) at 37°C until 50% excystation
was determined by microscopy. Each test chamber was inoculated with
1 X 10° excysted C. parvum oocysts. Control slides were either mock
inoculated or inoculated in duplicate with 10° to 10° excysted oocysts per
chamber. Chamber slides were then cultured for a further 48 h at 37°C in
5% CO, in the presence of 10 to 100 WM K11777 (6.11 to 61.1 pg/ml), 700
M paromomycin, or DMSO control with replacement of the UltraCul-
ture medium after 24 h. The slides were processed for immunofluorescent
staining by rinsing three times with PBS, fixation for 1 h with Bouin’s
solution (Sigma), and then decolorization several times with 70% ethanol.
The cells were blocked with PBS containing 0.1% BSA for 1 h at 37°C and
subsequently labeled with anti-Cryptosporidium monoclonal antibody
C3C3 conjugated to Cy3 fluorescent dye (FluoroLink Cy3 reactive dye
reagent; Amersham Life Science, Arlington Heights, IL), as previously
described (39).

Parasite growth was quantified visually by direct comparison to the
series of control slides infected with 10%, 10%, and 10° parasites. The C.
parvum densities in the control slides were assigned scores of 3, 4, and 5,
respectively. The relative parasite density observed on test (K11777) and
positive-control (paromomycin) slides was estimated in relation to the
growth observed on the control slides. Test slides were read in random
order and interpreted by an observer masked to the treatment group to
avoid potential bias during microscopic examination. Results are re-
ported as the mean values obtained from three independent experiments
conducted in duplicate.

Tests for K11777 toxicity in host cells. Potential inhibition of cell line
growth by K11777 was assessed using a modified XTT assay (40). Briefly,
the four cell lines were seeded in 96-well flat-bottom plates (BD Falcon,
Franklin Lakes, NJ) at 4 X 10° cells/well (in triplicate) and incubated for
24 h and 48 h at 37°C. Culture medium without phenol red was replaced
with 100 wl of K11777 diluted in the appropriate medium (without phe-
nol red) to yield inhibitor concentrations of 10 to 100 uM. Paromomycin
(700 wM) was also tested. At 24 h and 48 h, 25 pl each of XTT (Sigma) at
250 pg/ml and menadione (Sigma) at 10 uM was added to each well. After
4 h at 37°C, plates were measured at dual wavelengths of 450 and 650 nm
using an automated enzyme-linked immunosorbent assay (ELISA) plate
reader (EL800 BioTek; Fisher, Nepean, ON, Canada) (40).

Animal model of C. parvum infection. C57BL/6 IFN-yR-KO mice
were purchased from Jackson Laboratories (Bar Harbor, ME). A breeding
colony was maintained at the Research Institute of the McGill University
Health Center in an isolation room under specific-pathogen-free condi-
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tions. Cages, food, water, and bedding were sterilized before use. Between
6 and 8 weeks of age, male and female animals were infected with 1,500
sporulated oocysts suspended in 100 wl PBS using a 20-gauge gavage
needle (CDVM; St. Hyacinthe, Quebec, Canada). Mice were divided into
14 groups (8 animals/group). Groups 1, 2, and 3 were infected and treated
with K11777 p.o. at 35, 70, and 105 mg/kg of body weight twice a day
(BID), respectively. Groups 4, 5, and 6 were infected and treated with
K11777 intraperitoneally (i.p.) at 35, 52.5, and 70 mg/kg BID, respectively.
Groups 7, 8, and 9 were infected controls, mock treated (p.o.), treated
with 0.5% DMSO p.o., and treated with 0.5% DMSO i.p., respectively.
Groups 10, 11, 12, 13, and 14 served as uninfected controls, mock treated
(p.0.), treated with K11777 p.o. at 105 mg/kg BID, treated with K11777
i.p. at 70 mg/kg BID, treated with 0.5% DMSO p.o., and treated with 0.5%
DMSO i.p., respectively. Group 15 was infected and treated with paromo-
mycin p.o. at 125 mg/kg BID. Treatment began 4 days after infection for a
period of 10 days. All animals were sacrificed on day 35 after infection. In
this model, untreated infected animals are visibly ill by 6 to 7 days after
infection, and most either are dead or must be euthanized by 8 to 14 days.
To determine whether the mice infected and treated with K11777 subse-
quently relapse, 4 mice in each of the treated groups were observed for a
further 3 months after the endpoint (35 days after infection) of the study.
Results were obtained from three independent experiments.

All animal studies were performed in accordance with institutional
animal care and use guidelines and were approved by the Animal Care and
Use Committee at McGill University. The study was approved by the
Research Ethics Committee of the McGill University Health Centre at the
Montreal General Hospital.

Flow cytometry for oocyst shedding. Mouse fecal samples were col-
lected prior to inoculation and every 3 days after infection until the end of
the experiment (day 35) and then subjected to discontinuous sucrose
gradient centrifugation (38). Briefly, three or four fecal pellets were ho-
mogenized at each time point in 2.5% K,Cr,0, and stored at 4°C until
they were processed further. The samples were vortexed and allowed to
stand for large debris to settle. Supernatant aliquots were overlaid onto
discontinuous sucrose gradients (1.103 and 1.064 M) in microcentrifuge
tubes and centrifuged at 1,000 X g for 20 min. The interface between the
two sucrose solutions was then collected, washed with saline, and sus-
pended in PBS. The purified stool concentrates were incubated for 30 min
at 37°Cwith 5 pl of an oocyst-specific monoclonal antibody conjugated to
fluorescein isothiocyanate (OW50-FITC) and analyzed by flow cytom-
etry, as previously described (41).

Histopathology. Samples from selected tissues were formalin fixed
and paraffin embedded, and 4-pm-thick sections were stained with he-
matoxylin and eosin for examination by light microscopy.

Expression profile of cryptopains in C. parvum. To confirm mRNA
expression of cryptopain genes, total RNA extracted from oocysts (using
the Qiagen RNAeasy kit) was subjected to reverse transcription (RT)-PCR
using the Qiagen One Step RT-PCR kit according to the manufacturer’s
instructions. The respective primer pairs for cryptopains 1, 2, and 3 were
as follows: forward, 5'-ATTGTGGGTCATGTTGG-3', and reverse, 5'-C
TCTCCCCACGCTTCACC-3'; forward, 5'-CAGTAAAAGCTTGTAGT
GG-3', and reverse, 5'-TGGTTCTCTATTTAAACAAT-3'; and forward,
5'-ACAAAAGTTGGTACTGCC-3', and reverse, 5'-ATTCTGATGAAAC
TTGACGG-3'. These primer pairs generate amplicons of approximately
524, 551, and 575 bp, respectively. The PCR conditions were as follows:
step 1, 98°C for 5 min; step 2, 39 cycles of 98°C for 1 min, 55°C for 1 min,
and 72°C for 30 s; and step 3, 72°C for 10 min.

Cloning and heterologous expression of cryptopain in P. pastoris.
The putative cryptopain 1 zymogen, devoid of the signal sequence, was
cloned into the vector pPICZ alpha A for expression in the yeast Pichia
pastoris. The following forward and reverse primers, incorporating Xhol
and Notl restrictions sites, respectively, were used as described previously
(42): forward, 5'-ATACTCGAGAAAAGAGATTTCGTACCTGGTGAT-
TATGTTGATCCAGCAACTA-3', and reverse, 5'-TATGCGGCCGCT-
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TATATTGATTGATTAATCACTGGATACAC-3". Yeast was trans-
formed and induced to express protein as described previously (42).

Active-site competition binding assay using K11777 and the active-
site directed probe DCG-04. P. pastoris clones that secreted processed and
active recombinant cryptopain 1 were selected by labeling induction me-
dia with the cysteine protease active-site affinity label, **I-DCG-04 (data
not shown). DCG-04 is a covalent probe that binds to the active site of
cathepsin L-like cysteine proteases (43). Positive clones containing active
cryptopain 1 were incubated at room temperature in the absence or pres-
ence of 5 wWM K11777 for 15 min in 50 mM sodium acetate (NaOAc), pH
5.5,250 mM NaCl, 1 mM dithiothreitol (DTT) in a final volume of 100 .l
prior to the addition of 1 pl of *>*I-DCGO04 or 1 pl carrier solvent (aceto-
nitrile). The reaction was continued for 30 min at room temperature
before resolving the samples by SDS-PAGE and visualizing the '*°I-
DCGO04-bound recombinant cryptopain 1 by phosphorimaging and
fluorography.

Molecular modeling of the cryptopain-K11777 molecular interac-
tion. The homology model (“cryptolM”) of cryptopain 1 (CryptoDB
identifier [ID], cgd6_4880) was created with the Protein Local Optimiza-
tion Program (PLOP) (the in-house modeling program written and
maintained by the Jacobson laboratory at the University of California,
San Francisco [UCSF]) (http://www.jacobsonlab.org/plop_manual
/plop_overview.htm), using as the template human cathepsin V com-
plexed with a vinyl sulfone inhibitor (Protein Data Bank [PDB] ID 1FHO0)
(44). The template structure was chosen from the results of a BLAST
search of cgd6_4880 versus the PDB because it had a significant BLAST E
value (9e—48) and a reasonable sequence identity to the query (46%). In
addition, the crystallography statistics for 1IFHO were high quality (crystal
resolution = 1.6 A; R value = 0.198; R... = 0.211), in addition to having
a cocrystallized ligand similar to the inhibitor K11777, which would con-
tribute to a more accurate modeling of the active site with the ligand
bound. The K11777 ligand was prepared from a SMILES file using Ligprep
(Schrodinger LLC, New York, NY). Docking was performed using PRIME
docking, a molecular-mechanics energy function-based anchor-and-
grow docking program. Structural alignments, structure comparison
analyses, and generation of figures were performed using the program
Chimera (45). Protein surface rendering and coloring were performed in
Chimera.

Multiple-sequence alignment of C1 C. parvum peptidases. A multi-
ple-sequence alignment (MSA) was generated by inputting all five C1 C.
parvum sequences, as well as the PDB IDs for cruzain (20Z2) and human
cathepsin L (1FHO0), into PROMALS3D (46) at the PROMALS web server
(http://prodata.swmed.edu/promals3d/promals3d.php) using default
settings. PROMALS3D incorporates predicted secondary structure, as
well as the available three-dimensional (3D) structure(s), in computing
an MSA.

Statistical analysis. Inhibition of parasite growth in vitro and stool
oocyst numbers were analyzed by a paired Student’s ¢ test. Mantel-Haen-
szel survival analysis was applied to the animal model (47, 48). Repeated-
measures analysis of variance (ANOVA) was used to analyze oocyst ex-
cretion. Post hoc least significant difference (LSD) was used to identify the
difference between the means of oocyst excretion. A P value of <0.05 was
considered significant for all tests.

RESULTS

K11777 eliminates C. parvum infection from cell lines in vitro.
Initial experiments demonstrated that the timing of drug admin-
istration relative to infection (i.e., 30 min prior to infection, simul-
taneous with infection, or up to 24 h postinfection) had no impact
on the outcome. At 10 uM, K11777 had no effect on C. parvum
growth in any of the cell lines. At 20 wM, 1- to 2-log-unit reduc-
tions in parasite numbers were observed in all cell lines (Table 1).
At 40 pM, parasite growth was reduced by 3 and 4 log units in
MDCK and human intestinal colonic adenocarcinoma (CaCo-2)
cell lines, respectively (P < 0.001). Complete elimination of C.
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TABLE 1 Effects of K11777 and paromomycin tested against C. parvum
in vitro and lack of cytotoxicity to host cells

Score” for cell line:

Parameter” MDCK  HCT8 1407 CaCo-2
Drug effect
K11777 (uM)
10 5 5 5 5
20 4 3 3 3
40 2 0 0 1
60 0 0 0 0
80 0 0 0 0
100 0 0 0 0
Control (10° parasites + 5 5 5 5
monolayer)
0.5% DMSO + parasites 5 5 5 5
Paromomycin (700 M) 4 3 3 4
Cytotoxicity
60 uM K11777 + monolayer - - - -
80 wM K11777 + monolayer + - - -
100 uM K11777 + monolayer ++ - + -

700 wM paromomycin + - - - -
monolayer
0.5% DMSO + monolayer - - - -

“ For drug effects, cell lines were grown in 2-well coverslip chamber slides in
appropriate media at 37°C in 5% CO,. Each test chamber was inoculated with 1 X 10>
excysted C. parvum oocysts. Control slides were either mock inoculated or inoculated
in duplicate with 10° to 10° excysted oocysts per chamber. Infected cells were washed
and incubated in UltraCulture in the presence of various concentrations of K11777, 700
M paromomycin, or 0.5% DMSO control. The slides were then processed for
immunofluorescent staining. For cytotoxicity, uninfected monolayers were incubated
in various concentrations of K11777, paromomycin, or 0.5% DMSO.

b For drug effects, the score was estimated in a log scale. A score of 5 means growth
equivalent to that in control wells infected with 10° sporulated oocysts. At 60 .M
K11777, complete inhibition of C. parvum growth was achieved in all cell lines. Results
are reported as the mean values obtained from three independent experiments, each
conducted in duplicate. For cytotoxicity of K11777 on host cells, scores were as follows:
—, no visible toxic effects; +, slight morphological changes/monolayer still intact; ++,
5 to 10% of the monolayer lifted.

parvum was achieved at 40 uM in human ileocecal adenocarci-
noma (HCT8) and human fetal enterocyte (1407) cell lines. At 60
uM K11777, complete elimination of C. parvum was observed in
all four cell lines. In contrast, 700 WM paromomycin produced
only a 1- to 2-log-unit reduction in parasite numbers in all of the
cell lines tested.

K11777 has limited toxicity in vitro. We next assayed for any
direct cytotoxic effects of K11777 on the same cell line in the
absence of C. parvum infection (Table 1). As determined by mi-
croscopy and the XTT/menadione assay (40), neither K11777
(from 10 to 60 wM) nor DMSO at control concentrations (0.1%
and 0.5%) affected the morphologies or growth rates of the four
cell lines used. At 80 M, K11777 produced subtle morphological
changes only in MDCK cells (slight rounding and increased re-
fraction in ~5% of the monolayer) although maintaining >98%
of viability. In addition, at 100 uM, 5 to 10% of the MDCK cell
monolayer detached with =95% of viable cells; however, no ef-
fects were observed for the human cell lines.

K11777 depresses or eliminates oocyst shedding from C.
parvum-infected mice. All infected mice began excreting oocysts
on day 6 or 7 after infection (2 or 3 days after treatment began).
Oocyst numbers increased rapidly in all untreated groups and
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reached high levels (7,356 to 27,560/100 pl culture medium) in
animals surviving 12 to 14 days (Fig. 1A and B). Treatment with
K11777 p.o. or i.p. and at all doses decreased oocyst shedding; p.o.
treatment was more effective. Differences in oocyst numbers be-
tween untreated and treated animals reached significance as early
as day 9 for the p.o.-treated groups (9,746 = 2,079/100 pl for
untreated versus 1,305 = 492/100 .l for treated animals; P <
0.009) and by day 14 for the i.p.-treated groups (20,608 * 2,332/
100 pl for untreated versus 5,365 * 2,665/100 pl for treated ani-
mals; P < 0.007). As observed in the in vitro experiments, as well in
the in vivo experiments, the DMSO vehicle did not have any lethal
effect on C. parvum. All infected mice from the mock-treated and
DMSO-treated groups died or were euthanized by day 14. Overall
reductions in the numbers of oocysts shed during the first 14 days
were highly significant (P < 0.001). At day 35, this reduction was
98.6 and 79.9% in the p.o.- and i.p.-treated animals, respectively.
At day 12, the area under the curve (AUC) was also highly signif-
icant, with values of 5,528, 19,940, and 79,162 for the p.o.- and
i.p.-treated animals and untreated animals, respectively (P <
0.0001).

K11777 rescues mice from an otherwise lethal infection with
C. parvum. As previously reported (39), IFN-yR-KO mice are
exquisitely sensitive to C. parvum infection. In preliminary exper-
iments, inocula as low as 10 sporulated oocysts resulted in >50%
mortality, whereas inocula in excess of 500 sporulated oocysts
were universally 100% lethal.

Four days after infection and for a period of 10 days, K11777
was administered BID to IFN-yR-KO mice either p.o. (Fig. 2A) or
i.p. (Fig. 2B) (the data are displayed as Kaplan-Meier survival
plots). Mice infected with 1,500 sporulated oocysts of C. parvum
and not treated with K11777 were noticeably sick by days 7 to 9
postinfection (e.g., hunched posture, ruffled fur, decreased move-
ment, and weight loss), and all had died or had to be euthanized
based on preestablished criteria by day 14; 80% died or were eu-
thanized between days 8 and 11.

For the K11777 treatment groups (either p.o. or i.p.), mice
became obviously ill 8 to 10 days postinfection and exhibited the
same behavior as the infected, untreated groups. However, for the
p.o. administration regimen, there was a dose-dependent increase
in survival of mice such that 90% of the mice that received 125
mg/kg K11777 BID survived (P < 0.01). Even at 35 mg/kg BID
p.o., over 60% of mice survived the infection. In contrast, only
40% of mice treated with 125 mg/kg of paromomycin p.o. BID
survived. For the i.p. administration regimen, dose dependency
was less apparent; nevertheless, 75% of the mice survived after
treatment with the highest dose of 140 mg/kg/day K11777 (P <
0.01). By day 20 to 25 postinfection (10 to 15 days after completion
of therapy), the surviving animals were completely healthy in ap-
pearance and behavior, and most had regained their premorbid
weight. There was also no gross or behavioral evidence that
K11777 or DMSO was toxic at the doses used in the uninfected
mice. Mice infected and treated with K11777 and observed for a
further 3 months after the endpoint (35 days after infection) of the
study were free of oocysts in their stools and intestines. In contrast,
the paromomycin-treated mice were positive for oocysts.

K11777 treatment resolves intestinal pathology due to C.
parvum infection. Animals were necropsied, and selected tissues
(small intestine, colon, liver, and kidney) were processed for his-
topathology. Sections of the small intestine from C. parvum-in-
fected mice without K11777 treatment displayed marked acute

Antimicrobial Agents and Chemotherapy


http://aac.asm.org

>

Oocysts Number/100 uL

Protease Inhibitor Arrests C. parvum Growth

L] - - - e
0 6 9 12 14 18 21 28 35
Days Post-Infection
B 300004
iy 25000
=
8
S 20000-
S
[
£
E 150004
=z
g
@ 100004
Q
S
o M
L) ) T 1

T L]
0 6 9 12 14

I
18 21 28 35

Days Post-Infection

FIG 1 K11777 eliminates oocyst shedding from C. parvum-infected mice. Animals (8 mice/group) were infected with 1,500 sporulated oocysts and 4 days later
were treated with K11777 BID for 10 days p.o. (A) or i.p. (B). The mice were euthanized on day 35 after infection. (A) P.o. treatment at 35 mg/kg (@), 70 mg/kg
(M), and 105 mg/kg (A) and BID treatment with paromomycin p.o. at 125 mg/kg (®). Infected controls were mock treated (+) and treated with 0.5% DMSO
(asterisks). (B) L.p. treatment at 35 mg/kg (V¥), 52.5 mg/kg (®), and 70 mg/kg (O). Infected controls were mock treated (+) and treated with 0.5% DMSO (X).
The results are expressed as the mean number of oocysts shed per group * standard deviations (SD); n = 3 independent experiments. The number of oocysts was

determined by flow cytometry.

inflammation, mild villous blunting, and abundance of C. parvum
intracellular life cycle stages (Fig. 3A). In contrast, sections from
the intestines of mice infected with C. parvum and treated p.o.
with 105 mg/kg K11777 BID showed minimal focal inflammation
in only 10% of the mice (Fig. 3B) and had small numbers of life
cycle stages. The small intestines from uninfected mice treated
with K11777 were also normal (Fig. 3C). Sections of liver and
kidney were normal in all mouse groups (data not shown). Sec-
tions of small intestines from mice infected with C. parvum and
treated p.o. with 125 mg/kg paromomycin BID showed focal
inflammation and an abundance of C. parvum life cycle stages
(Fig. 3D).

Oocysts following in vivo exposure to K11777 are not viable.
We asked whether the small number of sporozoites/oocysts found
in the stools and small intestine after exposure to K11777 (Fig. 3B)
might be viable. Stools and intestines were harvested, and oocysts
were purified as described previously (39). Lack of infectivity was
verified by inoculating naive mice with oocysts. These oocysts did
not excyst and were therefore incapable of establishing an infec-
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tion in the mice whereas the oocysts from control infected but
untreated mice (Fig. 3A) were able to excyst.

Two cysteine proteases (cryptopains) are transcribed in C.
parvum. The cryptopain 1 sequence (GenBank XM_627814) was
used to interrogate the C. parvum genome (http://cryptodb.org
/cryptodb/; 30) for homologous clan CA cysteine proteases. Five
clan CA family C1 cysteine proteases were identified—two
cathepsin C-like sequences (cgd4_2110 and cgd2_3320) and
three cathepsin L-like sequences (cgd6_4880, cgd3_680, and
cgd7_2850), which we term cryptopains 1, 2, and 3, respectively.
Our RT-PCR analysis revealed that cryptopains 1 and 2 are tran-
scribed in the parasite, but not cryptopain 3 (Fig. 4). A previous
study showed that cryptopain 1 is also expressed in sporozoites
(26). XP_627814, the corresponding protein sequence for
GenBank XM_627814, is 100% identical to cgd6_4880 (i.e., cryp-
topain 1). Peptidyl vinyl sulfones like K11777 were developed in a
medicinal chemistry program to inhibit human cathepsins in vivo,
including cathepsins B, L, and S, but not cathepsin C (49, 50).
Also, K11777 is known to target cysteine proteases in a number of
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FIG 2 K11777 rescues mice from otherwise lethal infections by C. parvum.
Animals (8 mice/group) were infected with 1,500 sporulated oocysts and 4
days later were treated with K11777 BID for 10 days p.o. (A) or i.p. (B). The
mice were euthanized on day 35 after infection. (A) P.o. treatment at 35 mg/kg
(@), 70 mg/kg (M), and 105 mg/kg (A) and BID treatment with paromomycin
p.o. at 125 mg/kg (®). Infected controls were mock treated (+) and treated
with 0.5% DMSO (asterisks). Uninfected controls were mock treated ((J) and
treated with 0.5% DMSO p.o. (V). (B) Lp. treatment at 35 mg/kg (V), 52.5
mg/kg (®), and 70 mg/kg (O). Infected controls were mock treated (+) and
treated with 0.5% DMSO i.p. (X). Uninfected controls were mock treated ((J)
and treated with 0.5% DMSO (V).

parasitic organisms, including “cruzain,” the cathepsin L-like pro-
tease target in T. cruzi (33, 51), and the falcipains of P. falciparum
(52). Accordingly, we hypothesized that the cathepsin L-like cryp-
topain 1 and/or 2 is likely an in vivo target for K11777.

K11777 inhibits recombinant cryptopain. Recombinant
cryptopain 1 was functionally expressed in the yeast P. pastorisas a
secreted soluble protein. The enzyme was active and was pro-
cessed to the mature catalytic domain, as evidenced by mobility on
SDS-PAGE of the enzyme preincubated with the radiolabeled
active-site affinity probe, '*’I-DCG-04 (43), which irreversibly
alkylates the active-site cysteinyl amino acid residue (Fig. 5). The
recombinant enzyme could be completely inhibited by K11777,
and this inhibition prevented binding of the active-site cysteine by
1251.DCG-04, confirming that cryptopain 1 is a likely target of the
inhibitor (Fig. 5). The possibility that cryptopain 2 is also a target
for K11777 cannot be excluded; however, attempts to express
functional recombinant enzyme for inhibitor analyses were un-
successful.

K11777 bound to a homology model of cryptopain. A homol-
ogy model of cryptopain 1 was produced using human cysteine
protease cathepsin V (46% sequence identity), the structure of
which has been determined by X-ray crystallography (PDB ID
1FHO) (44). The model crypto1M was structurally aligned with
the crystal structure of cruzain (a cathepsin L-like protein of T.
cruzi) bound to K11777 (PDB ID 20Z2) (53). This structural
alignment confirmed the superimposition of the active-site
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catalytic triad (cryptolM/20Z2 numbering: Cys24/25, His164/
162, and Asn186/182) and the GIn18/19 that helps orient the
catalytic His (see Fig. S1 in the supplemental material), in ad-
dition to an overall agreement between the two sets of coordi-
nates (root mean square deviation [RMSD] = 0.694 A between
155 alpha carbon pairs). The other CO1 C. parvum proteases
were not modeled, as they had lower sequence identity (30% to
39%) to the best available templates and would have yielded
less reliable models.

K11777 binds covalently to cruzain and cryptol M. In order to
examine the binding mode of K11777 to the cryptolM model, we
used PRIME docking, a molecular-mechanics energy function-
based anchor-and-grow docking program (54) that functions as
follows: (i) PRIME docking builds the ligand from a core fragment
in an arbitrary conformation; (ii) it then samples the ligand con-
formations by varying the dihedral angles at 10° resolution, (iii)
the conformations are clustered, (iv) a representative conforma-
tion from each cluster is energy minimized, and (v) the confor-
mation from the lowest-energy cluster is identified as the docking
pose. First, we tested the ability of PRIME docking to reproduce
the binding mode of K11777 against the cruzain active site (Fig.
6A). We treated the backbone and side chain atoms of the active-
site Cys residue as the core fragment. The protein was held fixed
during docking. The heavy-atom RMSD between the predicted
and crystal structure pose is 2.0 A. A similar docking strategy was
used to dock K11777 to the cryptolM model (Fig. 6B). We subse-
quently aligned the K11777-bound cryptolM model to the cru-
zain structure (20Z2) and evaluated the heavy-atom RMSD be-
tween the inhibitor poses in the cruzain crystal structure and the
cryptolM model. The heavy-atom RMSD of the docked pose is 2.3
A compared to the cruzain crystal structure pose. The S1, S2, and
S3 subsites of the enzyme correspond to the homoPhe, Phe, and
N-methylpiperazine, respectively, of the inhibitor. In both cruzain
and cryptolM, Phe at P2 extends most deeply into the respective
S2 subsites. The docked K11777 binds to the same active site in the
homology model that K11777 binds to in the cruzain crystal struc-
ture, and the orientation is in good general agreement with that of
the crystal structure (53).

At the bottom of the S2 pocket in both the model cryptolM and
the crystal structure of cruzain is a Glu residue; however, in the cor-
responding position in human cathepsin L (1FHO), this key amino
acid residue is Ala. This residue is highlighted in Fig. S1 in the supple-
mental material. Although the residue in cryptopain 1 does not aid in
binding K11777, it can be an important indicator of specificity in clan
CA peptidases and can certainly be critical in binding and stabilizing
an incoming P2 Arg (55). Conventionally, in cathepsin L-like pepti-
dases, this is a small hydrophobic residue, and only a few parasites,
including P. falciparum (falcipainl), Plasmodium vivax (vivipain),
and Toxocara (cathepsin L1), have this quite unusual substitution
with a Glu residue. Unlike cathepsin L-like peptidases, it is known
that vertebrate cathepsin B-like peptidases all have a Glu in this posi-
tion (http://merops.sanger.ac.uk; 55).

Figure 7 shows the multiple-sequence alignment of all the fam-
ily CO1 peptidases from C. parvum, as well as cruzain (20Z2) and
human cathepsin L (1FHO) for comparison. As described in Ma-
terials and Methods, the MSA incorporated predicted secondary
structure and available 3D structures in the alignment calculation.
Conservation of active-site residues (Q, C, H, and N) is strict,
whereas the residue at the bottom of the S2 binding pocket is
variable and occurs in a divergent region, so the identity of the
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FIG 3 K11777 treatment resolves intestinal pathology due to C. parvum infection. (A and B) Small intestines from C. parvum-infected mice either untreated (A)
or treated p.o. with 105 mg/kg K11777 BID as described for Fig. 1 and 2 (B). (C) Small intestine from uninfected mice that were treated p.o. with 105 mg/kg
K11777 BID. (D) Small intestine from C. parvum-infected mice that were treated p.o. with 125 mg/kg paromomycin BID. The boxed areas are shown enlarged
below (A to C) and to the right (D). Note the marked acute inflammation and abundance of C. parvum (yellow arrows) in panel A. Small intestines were harvested
at 14 days (A) and 35 days (B, C, and D) after infection. Transverse sections of the small intestine were stained with hematoxylin and eosin. Magnification, X400.
Scale bars = 24 pm.

residue should be observed with caution. It is likely that only cryp- kDa 1 2
topain 1 and human cathepsin L have a Glu here (Fig. 7, high-
lighted with a pink box). The full MSA is shown in Fig. S2 in the

supplemental material. 40 —
30—

PCR from cDNA 25 — .
cyptopain 3 1 2 0=
DNase 4+ 4+ + 15 —

FIG 5 K11777 reacts with the active site of cryptopain 1. Lane 1, recombinant
cryptopain 1, expressed in P. pastoris, labeled with the active-site-directed
FIG 4 Cryptopains 1 and 2, but not 3, are transcribed in C. parvum. RNA  probe *’I-DCG-04 (43), and then subjected to SDS-PAGE and autoradiogra-
preparations were DNase treated and reverse transcribed, and the cDNA was  phy; lane 2, same as lane 1 except that recombinant cryptopain was preincu-

subjected to PCR using specific cryptopain primers. Arrows indicate cryp-  bated with 5 WM K11777, which subsequently prevented the reaction of the
topain. enzyme with the affinity probe.
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(A) 2022

(B) cgd-6

FIG 6 (A) Redocking of K11777 to cruzain crystal structure (PDB ID 20Z2).
(B) Docking of K11777 to cryptolM model. The docking results are shown as
gray carbon, and crystal structure pose is shown as orange carbon. Nitrogen,
oxygen, hydrogen, and sulfur atoms are shown in blue, red, white, and yellow,
and binding-pocket residues are shown in a surface representation with the
same color scheme.

DISCUSSION

Several observations and events in recent history have raised the
profile of C. parvum as a serious threat to human health (6, 10).
Foremost among these are the impact of cryptosporidial diarrhea
in AIDS patients and the permanent stunting of physical growth of
children infected at an early age (56). Also, the resistance of C.
parvum oocysts to routine water purification, the simplicity of
parasite manipulation, the low infectious dose, and the massive
disruption caused by waterborne outbreaks (e.g., 1993 in Milwau-
kee, WI) have resulted in the classification of C. parvum as a cat-
egory B bioterrorism pathogen (7).

Proteases are critical in cell biology, and those in parasites are
implicated in many aspects of the host-parasite interaction (re-
viewed in reference 24). For example, proteases are essential for
host cell invasion, excystation, and intracellular replication by
protozoan parasites, including Plasmodium spp. (57), Leishmania
mexicana (58) and Toxoplasma gondii (59). Protease activity is also
associated with C. parvum excystation and host cell invasion (60—
62). Targeting pathogen proteases for therapy has been successful
in the control of HIV infection (63) and has spurred the search for
novel protease inhibitors to treat other infectious diseases. Indeed,
over the last 20 years, small-molecule inhibitors of clan CA cys-
teine proteases from parasites have been validated as drug leads for
amelioration, if not cure, of many protozoan (64) and helminthic
(35, 36) diseases.

K11777 is a clan CA selective inhibitor now in late-stage pre-
clinical investigation for treatment of Chagas’ disease (37).
K11777 targets the resident cathepsin L-like cysteine protease ac-
tivity in T. cruzi, termed cruzain. The compound has reasonable
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oral bioavailability and no major toxicity concerns in rodents,
dogs, and primates (35). In the current study, K11777 was evalu-
ated in vitro and in animals with severe immune deficiency (mim-
icking cryptosporidiosis in AIDS patients). We demonstrate that
K11777 eliminates C. parvum infection from cell lines in vitro and
rescues highly susceptible IFN-yR-KO mice from a uniformly le-
thal challenge. Consistent with the known mechanism of action of
K11777 for clan CA proteases, this potent anticryptosporidial ac-
tivity is hypothesized to be the result of K11777 inhibiting the C.
parvum cathepsin L-like cryptopain enzymes. Significantly,
K11777, both in vitro and in vivo, was more effective than the
current anticryptosporidial drug, paromomycin.

The in vitro efficacy of K11777 against C. parvum observed here
is consistent with its activity against other parasites, including T.
cruzi (33) and P. falciparum (32). The present observations are
also consistent with the conserved nature of the target cathepsin
L-like proteases among protozoa (55). Using both the “classic”
MDCK model and three human intestinal cell line models, we
demonstrated complete inhibition of C. parvum growth with
K11777 concentrations of =60 wM. It is significant that when
Armson et al. used MDCK cells to screen 71 compounds for ac-
tivity against C. parvum (65), the positive control, paromomycin,
achieved only 75 to 85% inhibition of growth at a concentration
(3.2 mM) 53 times that of the present compound. Studies in our
human cell line models (HCTS, 1407, and CaCo-2) suggest that
complete inhibition of C. parvum growth can be achieved with
K11777 concentrations as low as 20 uM when the drug is applied
twice (at time zero and after 24 h). However, the inferences re-
garding the therapeutic potential that can be drawn from tissue
culture models of C. parvum are limited by the nature of those
models. To date, it has not been possible to achieve the full repli-
cative cycling of C. parvum in vitro, i.e., parasites invade and rep-
licate in a direct, linear fashion through sexual stages, but efficient
production of oocysts does not occur. Likewise, no significant
“recycling” of asexual stages is observed and no “autoinfective”
cycle has been demonstrated, where thin-walled oocysts release
sporozoites and “restart” the life cycle. Nonetheless, these in vitro
models can be informative about compounds that interfere with
intracellular growth, a key stage in the amplification of parasite
numbers, and the in vitro data obtained for K11777 encouraged us
to pursue efficacy testing of the compound in a mammalian model
of C. parvum infection.

Although several small-animal models have been described for
C. parvum, including dexamethasone-treated (66) and SCID (67)
mice, we opted for IFN-yR-KO mice for the simplicity of their
manipulation and the clarity of the outcome (68). These mice are
highly sensitive to C. parvum. As few as 10 oocysts reliably infect a
large proportion of animals (69). Once symptoms develop, dis-
ease progresses inexorably to death in 9 to 14 days. We used 1,500
sporulated oocysts in our studies, achieving a 100% infection rate,
as evidenced by symptoms and shedding of oocysts. Almost 80%
of the infected control mice in our studies died or had to be eu-
thanized between days 8 and 11.

Four days after establishing infections, mice were treated BID
with K11777 for 10 days. During and after treatment with K11777,
oocyst shedding gradually decreased to very low levels or disap-
peared by day 35 postinfection. The overall reductions in oocyst
numbers during treatment were more pronounced in the animals
treated p.o. (mean, 27.8 * 15.4 oocysts/day during the last 2 weeks
of the experiment) than in the mice that were treated i.p. (mean,
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FIG 7 MSA of family C01 peptidases from C. parvum showing active-site residue regions. All five CO1 C. parvum sequences, as well as PDB IDs for cruzain
(20Z2) and human cathepsin L (1FHO), were used as input into PROMALS3D (see Materials and Methods), which incorporates predicted secondary structure
and available 3D structure in calculating the MSA. The active-site residues (Q, C, H, and N, in blue boxes) are strictly conserved, but the S2 pocket Glu in
cryptopain 1 is in a variable region and appears to be conserved only in cruzain (pink box). Cathepsin L-like sequences (cryptopains) are cgd6 (cryptopain 1),
cgd3 (cryptopain 2), and cgd7 (cryptopain 3); cathepsin C-like sequences are cgd2 and cgd4. Higher conservation is shown by higher numbers above the
alignments (Conservation). Strictly conserved amino acids are shown as boldface uppercase letters (Consensus_aa). “Consensus_ss” indicates where conserved
secondary structure is predicted: e, beta strand (blue letters); h, alpha helix (red letters).

2,507.8 = 735.6 oocysts/day; P < 0.01). Given that the location of
C. parvum replication is in parasitophorous vacuoles at the apices
of intestinal enterocytes, it is perhaps not surprising that the p.o.
route was more efficient than the i.p. route. This may also explain
why relatively low doses of K11777 (35 mg/kg or 70 mg/kg BID),
given p.o., had a significant impact on C. parvum infection in vivo
(Fig. 2). In contrast to previous studies using immunosuppressed
rats treated with azithromycin (70) or SCID mice treated with
maduramicin (67), we did not observe recrudescent cryptospo-
ridial infection upon cessation of K11777 treatment. For a small
number of mice monitored for up to 3 months after cessation of
therapy, there was no evidence of infection.

We observed no significant side effects attributable to K11777
at the highest BID doses used in our studies, namely, 105 mg/kg/
day p.o. and 70 mg/kg/dayi.p. K11777 is well tolerated when given
to C3H mice at doses as high as 667 mg/kg/day p.o. and 222 mg/
kg/day i.p. (33). Also, rats treated with K11777 showed no toxic
effects at plasma concentrations up to 76 uM in malesand 118 uM
in females (35). Our own observations of significant inhibition (90
t0 99%) of C. parvum growth in vitro with K11777 at 10 to 20 uM
and efficacy in vivo following 35- to 70-mg/kg BID dosing regi-
mens suggest that the therapeutic index for the agent is acceptable.
The higher therapeutic index of K11777 may be due, in part, to the
active uptake of the inhibitor by the parasite, decreased functional
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redundancy (paralogs and orthologs) in the parasite’s protease
repertoire relative to the mammalian host (71, 72), and higher
concentrations (millimolar) of cysteine proteases in host cell or-
ganelles (64, 73, 74).

Because K11777 targets clan CA cathepsin-like cysteine pro-
teases, the genome of C. parvum was mined for similar enzymes.
Three cathepsin L-like proteases, termed cryptopains 1, 2, and 3,
were identified. Only cryptopains 1 and 2 were actively tran-
scribed in the infectious stage of the parasite, and accordingly,
they are likely targets of K11777 in vivo. Support for this hypoth-
esis comes first from structural homology modeling of cryptopain
1 and computer docking of K11777 in the model of cryptopain 1
(cryptolM), which demonstrated the similarity of the binding site
to that of the cathepsin L-like protease cruzain (53). Second, bind-
ing by the radiolabeled clan CA active-site-directed probe, '*I-
DCG-04 (43), in the active site of recombinant cryptopain 1 could
be blocked by K11777.

In conclusion, we demonstrated that the vinyl sulfone cysteine
protease inhibitor K11777, which is currently in late stage preclin-
ical studies for the treatment of Chagas’ disease, displays potent
anticryptosporidial activity. The inhibitor arrests C. parvum infec-
tion in human gastrointestinal cell lines and rescues otherwise
lethal infections in a murine model of C. parvum infection at con-
centrations/doses comparable to or lower than those of the cur-
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rent drug therapy, paromomycin. The toxicity of K11777 seems to
be low. Homology modeling, ligand docking, and experimental
results using recombinant protease provide evidence that cryp-
topain 1 is a target of K11777 and thus represents one feasible
mechanism for the rescue of C. parvum infection in mice using the
drug. However, this does not exclude the possibility that other
clan CA family C1 cysteine proteases in C. parvum may be
additional targets of the compound, and further validation
would be required to show that cryptopain(s) is indeed the tar-
get(s) of K11777 in vivo. Other small-molecule inhibitors of cys-
teine proteases should also be evaluated as potential drug leads for
treatment of cryptosporidiosis, given the pressing need for new
drugs.
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