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Piperazine-Derivative MMV 665917: An Effective Drug in
the Diarrheic Piglet Model of Cryptosporidium hominis
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Background. Cryptosporidiosis, an enteric protozoon, causes substantial morbidity and mortality associated with diarrhea in
children <2 years old in low- to middle-income countries. There is no vaccine and treatments are inadequate. A piperazine-based
compound, MMV665917, has in vitro and in vivo efficacy against Cryptosporidium parvum. In this study, we evaluated the efficacy
of MMV665917 in gnotobiotic piglets experimentally infected with Cryptosporidium hominis, the species responsible for >75% of
diarrhea reported in these children.

Methods. Gnotobiotic piglets were orally challenged with C hominis oocysts, and oral treatment with MMV665917 was com-
menced 3 days after challenge. Oocyst excretion and diarrhea severity were observed daily, and mucosal colonization and lesions
were recorded after necropsy.

Results. MMV665917 significantly reduced fecal oocyst excretion, parasite colonization and damage to the intestinal mucosa,
and peak diarrheal symptoms, compared with infected untreated controls. A dose of 20 mg/kg twice daily for 7 days was more effec-
tive than 10 mg/kg. There were no signs of organ toxicity at either dose, but 20 mg/kg was associated with slightly elevated blood

cholesterol and monocytes at euthanasia.
Conclusions.

These results demonstrate the effectiveness of this drug against C hominis. Piperazine-derivative MMV665917

may potentially be used to treat human cryptosporidiosis; however, further investigations are required.
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Cryptosporidiosis, an enteric parasite infection of humans and
animals with a worldwide distribution, is a serious cause of diar-
rhea in children <2 years old in lower- and middle-income coun-
tries[1,2]. Cryptosporidium hominis (~75%) and Cryptosporidium
parvum (~20%) are the major species found in humans, fol-
lowed by Cryptosporidium meleagridis and Cryptosporidium
ubiquitum [3]. Although diarrhea caused by Cryptosporidium is
acute and self-limiting within 2 weeks in healthy individuals, it
can become chronic and life-threatening in young children with
malnutrition and in immunocompromised individuals [4]. The
therapeutic options for cryptosporidiosis are currently limited
to 1 US Food and Drug Administration (FDA)-approved drug,
nitazoxanide (NTZ) [5, 6]. Nitazoxanide shortens the duration
of diarrhea and parasite excretion in immunocompetent chil-
dren but is ineffective in immunocompromised patients [7] and
in malnourished children [8]. Therefore, more effective drugs to
treat cryptosporidiosis in populations at risk for poor outcomes
are urgently needed.
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Many Cryptosporidium drug candidates have been identi-
fied, but only a few appear to be effective and safe when further
tested. The piperazine-derivative MMV 665917 was identified
through screening the Medicines for Malaria Venture “Malaria
Box’, an open access collection of 400 compounds with activ-
ity against the erythrocyte stages of Plasmodium falciparum [9,
10]. MMV665917 has a high selectivity and potency in vitro
for Cryptosporidium species including several C parvum strains
and C hominis. MMV 665917 rapidly reduces C parvum num-
bers in an in vitro assay analogous to a classical bacterial time-
kill curve, whereas NTZ appears to inhibit C parvum growth
without eliminating parasites [11]. Consistent with a potentially
parasiticidal mode of action [11], MMV665917 was curative
in both chronic and acute mouse models of infection. Finally,
MMV665917 treatment significantly reduced parasite excretion
and alleviated the severity of diarrhea against C parvum infec-
tion in the calf model [12].

Having recently tested several compounds in our gnotobi-
otic (GB) piglet acute diarrhea model against C hominis [13,
14], we show here that MMV665917 appears to be one of the
most promising in terms of efficacy and minimal toxicity. The
drug significantly reduced C hominis oocysts excretion in
feces, reduced mucosal damage and parasite colonization, and
reduced peak diarrheal symptoms. At a higher dose, mild serum
biochemical and hematological abnormalities were observed
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but with no evidence of organ toxicity. Overall, these studies
help validate MMV 665917 as a potential treatment against C
hominis, the main cause of cryptosporidiosis in humans.

METHODS

Cryptosporidium hominis Qocysts and Gnotobiotic Piglets

We have maintained the C hominis strain TU502, originally
from a Ugandan diarrheic child, for over a decade in GB pig-
lets [15]. TU502 oocysts were purified from gut contents and
feces, as described previously [16]. Twenty-eight GB piglets,
derived from 4 litters by Cesarean section, were maintained
inside sterile isolators as approved by the Tufts University
Institutional Animal Care and Use Committee. Piglets were fed
3 times daily with a total of 500-700 mL/day of human infant
milk replacer (Similac Advance Ready to Feed Infant Formula,
Abbott Nutrition). Piglets were monitored at least 3 times each
day. Healthy piglets, selected 2 days after birth, were assigned to
experimental groups.

Cryptosporidium hominis Challenge and MMV665917 Treatment

MMV 665917 was suspended as 10 mg/mL in 1% Hypromellose
(hydroxypropyl methyl-cellulose [HPMC]; H-3785, Sigma-
Aldrich, St. Louis, MO) in water [12]. A total of 1-5 x 10°
oocysts of C hominis was administered orally 2 days after birth.
Three days later, at the onset of diarrhea, MMV 665917 suspen-
sion was given orally twice daily for 7 days: 7 piglets received
20 mg/kg per dose; 3 piglets received 10 mg/kg per dose; and
8 piglets received no treatment. Of the 10 uninfected piglets, 4
received 20 mg/kg twice daily; 2 piglets received 10 mg/kg twice
daily; 2 received 4 mL of 1% HPMC (vehicle); and 2 received
neither treatment nor vehicle.

Clinical Observations and Sample Processing

Diarrheal symptoms were monitored twice per day, and se-
verity was scored from 0 to 4 (0-no diarrhea; 1-brown or gray
colored, soft stool, mild diarrhea; 2-brown to yellow colored,
mucoid, small volumetric stool, mild to moderate diarrhea; 3-
yellow colored, mucoid to watery, medium volumetric stool,
moderate diarrhea; 4-yellow to white colored, watery, high
volumetric stool, severe diarrhea) [13, 14]. Diarrheal scores
were generated independently by 2 laboratory personnel and
averaged. Piglets were weighed once per day throughout the
study. Rectal swabs were collected daily and processed for mi-
croscopic oocyst counts and Cryptosporidium deoxyribonucleic
acid (DNA) [13, 14, 17]. In brief, for oocyst counting, fecal sus-
pensions were mounted on welled glass slides (diameter 7 mm)
to ensure the same areas for all smears and stained by the mod-
ified Kenyon acid-fast method [14, 17]. Oocysts were counted
in 30 fields under x1000 magnification. Oocysts were counted
independently by 2 laboratory personnel and averaged. Plasma
samples were collected on day 0, 3, and 6 after the onset of drug
treatment.

MMV 665917 concentration was measured in plasma samples
by liquid chromatography-tandem mass spectrometry (LC/MS/
MS) using MMV 665917 compound spiked into control plasma
as a standard. Gut content samples collected from cecum and
spiral colon at euthanasia were homogenized by vortexing in
phosphate-buffered saline (0.1 g/mL) in a polypropylene tube.
An internal standard (enalapril, LKT Laboratories) was added
and protein precipitated with HCl/acetonitrile. The supernatant
was added to a fresh tube, dried, resuspended in water/acetoni-
trile (10:90), and analyzed by LC/MS/MS.

Quantitative Real-Time Polymerase Chain Reaction

Quantitative real-time polymerase chain reaction (PCR) for
Cryptosporidium 18S ribosomal ribonucleic acid gene was per-
formed [13, 14] in triplicate for each sample. In brief, DNA in
fecal samples was extracted and stored at —20°C until PCR. The
primers (forward 5°-GCT TTA GAC GGT AGG GTATTG G-3’;
reverse 5-CTT AGA TGT GGT AGC CGT TTC T-3’) and the
probe (5°6-FAM/TTA GGG TTC /ZEN/GAT TCC GGA GAG
GGA /3IABKFQ) were premixed at 5 uM (primers) and 2.5 pM
(probe). Each 10-uL PCR reaction consisted of 5 uL PrimeTime
Gene Expression Master Mix (Integrated DNA Technologies,
Inc.), 1 pL of the premixed primers/probe; 2 uL sample DNA,
and 2 uL H,O. Forty cycles of PCR were performed under the
following conditions: polymerase activation at 95°C for 20 sec-
onds, and amplification at 95°C for 1 second followed by 60°C
for 20 seconds. Known C hominis DNA standard was prepared
from TUS502 oocysts counted by hemocytometer. The DNA
amounts equivalent to Cryptosporidium oocysts were calculated
from cycle threshold of samples using the equation of standard

curve.

Microscopic Examination of Tissues at Euthanasia

Piglets were euthanized 2 days after MMV665917 treatment
ended. At euthanasia, blood was collected and sent to Tufts
Clinical Pathology Laboratory for hematology and serum bi-
ochemical analysis. At necropsy, the small and large intestines,
stomach, liver, gall bladder, pancreas, kidney, lung, spleen,
and brain were fixed in 10% neutral-buffered formalin, par-
affin-embedded, and stained using hematoxylin and eosin at
Tufts Cummings Histology laboratory. All microscopy was
performed by a board certified veterinary pathologist (G. B.)
blinded to the infection status and to the treatment(s). Non-
gastrointestinal tissues were examined for the presence/absence
of lesions. Gastrointestinal sections were scored for C hominis
colonization [14, 18] and mucosal lesions severity [13].

Statistical Analyses

The data of oocyst excretions, Cryptosporidium DNA, and diar-
rhea scores among groups were compared by 1-way analysis of
variance (ANOVA) with Dunn’s multiple comparisons test and
Mann-Whitney U test. The (1) scores of mucosal lesion and (2)
colonization among groups were compared by Mann-Whitney
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U test. Alteration of serum biochemical and hematological data
in piglets was analyzed by 1-way ANOVA with Tukey’s mul-
tiple comparisons test. The Holm-Sidak method was used for
correction of multiple comparison. We used GraphPad Prism
7.03 software (GraphPad Software, San Diego, CA) to perform
graphing and statistical analyses; *, P < .05, **, P < .01, ***,
P <.001, and ****, P < .0001 indicated levels of significance, as
shown in the figures.

RESULTS

Oocyst Excretion

Gnotobiotic piglets are the only animal (apart from humans) to
develop acute diarrhea and mucosal lesions due to the human
pathogen C hominis. Therefore, piglets are especially suited to
test new drugs against C hominis. We quantified oocyst excretion,
Cryptosporidium DNA, intensity of diarrhea, and body weight
changes to evaluate the piperazine-derivative MMV665917
against cryptosporidiosis. Figure 1 shows that MMV665917-
treatment of C hominis-infected piglets significantly reduced
fecal oocyst excretion at 20 mg/kg and 10 mg/kg compared with
nontreated controls over time (Figure 1). The higher dose of
20 mg/kg MMV 665917 reduced oocyst excretion to levels at or
below the limits of detection (ie, 1 oocyst per 30 fields) during
the 7 days of treatment and for 2 additional days after the end of
treatment (Figure 1). In contrast, 1 of 3 piglets that received the
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Figure 1. Fecal excretion of Cryptosporidium hominis oocysts after challenge.
Piglets were inoculated orally with C hominis oocysts 2 days after birth and were
treated with MMV665917 3 days postchallenge. Rectal swabs were processed for
oocyst measurement. The plots represent mean + standard error of the mean. The
data of oocyst excretions between groups were compared by Dunn’s multiple com-
parisons test. *, P < .05. Cryptosporidium hominis-infected group (n = 8, closed
circle [@); C hominis-infected and MMV665917 (20 mg/kg)-treated group (n = 7,
closed square M); Cryptosporidium hominis-infected and MMV665917 (10 mg/kg)-
treated group (n =3, closed triangle [A]).

lower dose of 10 mg/kg MMV665917 re-shed oocysts in feces
within 2 days of treatment cessation (Figure 1).

Likewise, both doses of MMV 665917 significantly reduced
Cryptosporidium DNA in feces over time while piglets were
alive and in gut contents at euthanasia (Figure 2B). In 7 of 7
piglets, the higher dose of 20 mg/kg reduced C hominis DNA
in feces to levels at or below the limits of detection (ie, DNA
amount equivalent to 10> C hominis oocysts) during the 7 days
of treatment and the 2 days posttreatment (Figure 2A). At eutha-
nasia, gut contents from 2 of 7 piglets treated with a 20 mg/kg
dose of MMV 665917 tested positive for Cryptosporidium DNA
at very low levels (equivalent to 5 x 10* and 9 x 10° oocysts
per 100 mg), whereas 5 of 7 piglets remained below the limits
of detection (Figure 2B). Likewise, 1 of 3 piglets treated with
10 mg/kg MMV 665917 had detectable C hominis DNA in feces
within 2 days of treatment cessation (Figure 2A).

Opverall, these results indicate that 7 days of twice-daily treat-
ment with MMV665917 best reduces C hominis oocyst shed-
ding and DNA from feces, although a minority of piglets still
had low amounts of Cryptosporidium DNA detectable in the in-
testinal tracts and 1 piglet treated with 10 mg/kg MMV 665917
had rebounded excretion of oocysts after treatment was stopped.

Clinical Observations

As expected, C hominis infection caused moderate to severe
diarrhea (score >2) that peaked on day 5 postchallenge, com-
pared with uninfected controls (score 0 to 1) (Figure 3A and
B). MMV665917 treatment significantly alleviated the peak of
diarrhea induced by C hominis although those piglets still devel-
oped mild to moderate diarrhea (Figure 3A and B), and diar-
rhea scores stabilized at a score of 2 (2.0 + 0.11 and 2.0 + 0.09
with 20 mg/kg and 10 mg/kg, respectively). Further testing in
noninfected piglets determined that 1% HPMC as a vehicle
contributed to diarrhea in the absence of MMV6617 (Figure
3C). Untreated control piglets had no or mild diarrhea through-
out the study. Mild diarrhea, which may be caused by the diet, is
occasionally observed on untreated control GB piglets. Overall,
these results suggest that MM V665917 reduces peak severity of
diarrhea due to C hominis, but that the vehicle 1% HPMC con-
tributes to diarrhea by other mechanisms, perhaps by acting as
an osmotic agent.

All piglets in all groups were weighed daily. The piglets
infected with C hominis have lower growth rate than the non-
infected piglets as observed in previous studies; however, the
difference was not statistically significant across all groups (data
not shown).

Histopathology

Microscopic examination was performed in a blinded fashion
for presence/absence of lesions, lesion types, and scoring ac-
cording to a previously established severity scale [13]. As ex-
pected, all piglets infected with C hominis showed mild to
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Figure 2. Quantification of Cryptosporidium deoxyribonucleic acid (DNA) in feces and gut contents: (A) Cryptosporidium DNA in feces after dosing with MMV665917, and (B)
Cryptosporidium DNA in gut contents. Piglets were inoculated orally with Cryptosporidium hominis oocysts 2 days after birth and were treated with MIMV665917 3 days postchallenge.
Rectal swabs were processed for Cryptosporidium DNA measurement. Plot A represents mean + standard error of the mean (SEM), and a scatter dot plot is shown in B (mean + SEM). The
data of Cryptosporidium DNA between groups were compared by Dunn’s multiple comparisons test (*, P<.05; **, P< .01). Cryptosporidium hominis-infected group (n = 8, closed circle
[@); C hominis-infected and MMV665917 (20 mg/kg)-treated group (n =7, closed square [M]); C hominis-infected and MMV665317 (10 mg/kg)-treated group (n =3, closed triangle [A]).
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Figure 3. Daily diarrhea scores observed in piglets after oocyst challenge and treatments: (A) MMV665917 20 mg/kg; (B) MMV665917 10 mg/kg; (C) 1% hydroxypropyl
methyl-cellulose (HPMC). Piglets were inoculated orally with Cryptosporidium hominis oocysts 2 days after birth. The clinical signs of cryptosporidiosis were monitored daily,
and diarrheal symptom were scored as described in Methods. The plots represent mean + standard error of the mean. The data of diarrhea score between groups were
compared by Dunn’s multiple comparisons test and Mann-Whitney test on each day: *, P<.05; **, P<.01; ***, P<.001; ****, P<.0001. Cryptosporidium hominis-infected
group (n =8, closed circle [@); C hominis-infected and MIMV665917 (20 mg/kg)-treated group (n =7, closed square [H]); MMV665917 (20 mg/kg)-treated group (n = 4, open
square []); C hominis-infected and MMV665917 (10 mg/kg)-treated group (n = 3, closed triangle [Al]); MMV665917 (10 mg/kg)-treated group (n = 2, open triangle [2]); 1%
HPMC-treated group (n = 2, open rhombus [9]); and nontreated control (n =2, open circle [©]).

moderate villus blunting and fusion and mild to moderately =~ moderate epithelial cell loss, epithelial attenuation and ero-
increased lamina proprial and intraepithelial lymphocytes. sion, individual single-cell necrosis, and mild to moderately
Likewise, all piglets infected with C hominis showed mild to increased lymphocytes in the lamina propria and intraepithelial
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locations. Occasionally, C hominis-infected piglets also devel-
oped crypt abscesses.

Representative examples of C hominis are shown in Figure
4. Cryptosporidium hominis was rarely detected in the small
intestine (data not shown) and frequently detected in cecum
(data not shown) and spiral colon of challenged piglets (Figure
4B) but not in normal, noninfected controls (Figure 4A) or in
MMV665917-treated piglets (Figure 4C). As expected from
oocyst counts, and fecal PCR, MMV665917 significantly
reduced colonization (Figure 5A) and mucosal lesion (Figure
5B) scores compared with piglets that only received C homi-
nis. Low to no colonization was observed in all other groups:
MMV665917, vehicle (1% HPMC), or none. Infected piglets
treated with 20 mg/kg MMV665917 had higher lesion scores
than the piglets treated with 10 mg/kg, but this may reflect
biological or experimental variation because the group sizes
were not balanced. Overall, the microscopy results showed
that MMV665917 significantly decreased colonization and
partially ameliorated C hominis-induced mucosal damage and
inflammation.

Pharmacokinetics

MMV665917 was dosed at 12-hour intervals for 7 days, and
plasma concentrations were determined at 2 hours and 12 hours
postdose on days 0, 3, 6, and 9 after the onset of drug treatment
(Figure 6). At all timepoints, the measured plasma concentra-
tions exceeded 3x EC, (90% maximal effective concentration;
15.0 uM in the presence of 10% serum) (Figure 6A), which was
the concentration previously found to be necessary to maximize
the rate of parasite elimination in vitro [11]. In general, 20 mg/
kg yielded slightly higher plasma concentrations than 10 mg/
kg, but the differences were not significant. More specifically,
within 2 hours of administration, plasma concentrations of
MMV665917 were 26.0 + 3.4 uM and 21.8 + 1.3 uM at 10 mg/
kg and 20 mg/kg, respectively. On day 3, plasma concentrations

were 70.0 + 6.1 uM and 84.6 + 11.5 uM at 10 mg/kg and
20 mg/kg, respectively. On day 6, plasma concentrations were
80.0 + 6.3 uM and 91.6 + 7.9 uM at 10 mg/kg and 20 mg/kg,
respectively. On day 9 (60 hours after treatment ended), plasma
concentrations declined: 34.7 £ 5.2 uM at 10 mg/kg dose vs
68.7 = 8.2 uM at 20 mg/kg. These results indicate that plasma
concentrations increase rapidly and maintain a steady state with
twice-daily dosing. MM V665917 was measured in gut contents
after euthanasia. In the gut contents, measured 60 hours after
treatment ended, concentrations were still higher than the EC
37.5 + 4.2 uM at 10 mg/kg dose and 44.1 + 2.4 uM at 20 mg/kg
dose (Figure 6B). This suggests that high MMV665917 expo-
sure is quite prolonged in an active form in the gastrointestinal
tract and thus this dosing regimen may be providing the max-
imal therapeutic effect possible for the compound. Although C
hominis-infected piglets showed higher plasma concentration
of MMV 665917 than the noninfected piglets, there was no sta-
tistical significance (data not shown).

Blood Analysis
Thirty-five analytes were evaluated in serum and blood sampled at
euthanasia. Cryptosporidium hominis infection altered few blood
biochemical and hematological parameters (Supplement 1). The
majority were not affected. In TU502-infected piglets, total protein
was significantly higher than those of uninfected piglets. These
changes are consistent with diarrhea induced by C hominis infec-
tion as previously reported, likely reflecting mild dehydration [13].
Piglets treated with MMV 665917 had differences in 3 param-
eters: serum creatinine, cholesterol, and circulating monocytes
in blood (Figure 7). These results suggest that energy metabo-
lism, cholesterol metabolism, and monocyte release or migra-
tion may be altered by MMV665917. However, an additional
study is required, because many piglets were infected with C
hominis and all received the vehicle. Thus, we cannot fully assess
independent effects of MMV 665917.

No infection; No treatment

C. hominis infection

Figure 4. Microscopic examination of hematoxylin and eosin-stained sections magnified x40 from the spiral colon. (A) No infection, No treatment; (B) Cryptosporidium
hominis infection only; and (C) C hominis and MMV665917 20 mg/kg. Spiral colon is colonized by C hominis at the surface epithelium (arrows) and in a colonic gland (oval)
(B), whereas no parasite forms are found in a C hominis-infected piglet that was treated with MMV665917 (C).
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Figure 5. Mucosal colonization and lesion scores in piglets. (A) Colonization scores; (B) lesion scores. Mucosal colonization was scored from 0 to 5 (0 = no infection
detected; 1=1%—20% epithelial surface infected; 2 = 21%—-40% surface infected; 3 = 41%—-60% surface infected; 4 = 61%—-80% surface infected; 5 = 81%—100% surface
infected) in 3 fields from each anatomic site: duodenum, jejunum, ileum, cecum, and spiral colon and then averaged. For each piglet, the final score is a sum of the averages
(A). Mucosal lesion scores were generated for each site for changes in villi, epithelial cells, and inflammation. The following scores were used: normal = 0, equivocal = 2.5,
mild = 5, moderate = 10, marked = 15. The final lesion score was a sum of scores from duodenum, jejunum, ileum, cecum, and colon for each piglet. The scatter plot (A and
B) represents mean =+ standard error of the mean. A Mann-Whitney test was conducted using GraphPad Prism 7.03: *, P< .05; **, p<.01; ***, P< .001. Cryptosporidium
hominis-infected group (n = 8, closed circle [@); C hominis-infected and MMV665917 (20 mg/kg)-treated group (n = 7, closed square [H]); MMV665917 (20 mg/kg)-treated
group (n = 4, open square [CJ]); C hominis-infected and MMV665917 (10 mg/kg)-treated group (n = 3, closed triangle [A]; MMV665917 (10 mg/kg)-treated group (n = 2, open
triangle [2]); 1% hydroxypropyl methyl-cellulose (HPMC)-treated group (n = 2, open rhombus [0]); and nontreated control (n = 2, open circle [©]).

Tissue Toxicity in any of the following organs: lungs, liver, gall bladder,
Tissue toxicity of MMV 665917 was investigated microscopi- pancreas, spleen, kidneys, brain stem, cerebellum, hypothal-
cally in a blinded fashion by a board-certified veterinary pa- amus, thalamus, hippocampus, pineal gland, cerebral cortex,
thologist. No significant microscopic lesions were observed or choroid plexus.
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Figure 6. MMV665917 concentration in plasma and gut contents: (A) MMV665917 concentration in plasma after dosing with MMV665917 20 mg/kg or 10 mg/kg dose and
(B) MMV665917 concentration in gut contents. Piglets were inoculated orally with Cryptosporidium hominis oocysts 2 days after birth and dosing with MMV665917 began
3 days postchallenge. Plasma samples were collected at 0 hour (before 1st dose), 2 hours (post 1st dose), 72 hours (12 hours post 6th dose), 74 hours (2 hours post 7th dose),
144 hours (12 hours post 12th dose), 146 hours (2 hours post 13th dose), and 216 hours (60 hours post 14th dose). Gut contents were also collected at 216 hours (60 hours
post 14th dose). Unpaired  test was conducted using GraphPad Prism 7.03. EC,; = 5.0 (2.5 to 13.3) pM.
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Figure 7. Alteration of serum biochemical and hematological data in piglets after MMV665917 treatment. Serum biochemical and hematological parameters were ana-
lyzed from blood samples of euthanized piglets. The scatter plots represent mean + standard error of the mean. Tukey's multiple comparisons test was conducted among
3 groups using GraphPad Prism 7.03. *, P<.05; **, P<.01. -MMV665917 (n = 12} is sum of Cryptosporidium hominis-infected group (n = 8), 1% hydroxypropyl methyl-cel-
lulose-treated group (n = 2), and nontreated control (n = 2); +MMV665917 10 mg/kg (n = 5) is sum of C hominis-infected and MMV665917 (10 mg/kg)-treated group (n = 3)
and MMV665917 (10 mg/kg)-treated group (n = 2); +MMV665917 20 mg/kg (n = 11) is sum of C hominis-infected and MMV665917 (20 mg/kg)-treated group (n = 7) and

MMV665917 (20 mg/kg)-treated group (n = 4).

DISCUSSION

Cryptosporidiosis is a major cause of morbidity and mortality
due to enteric disease in children <2 years old in developing
countries [1, 2, 19]. Currently, there are no effective control
measures for this at-risk population. Therefore, the search for
an effective treatment remains a priority.

We previously established and optimized the piglet model
for C hominis (the species found in three quarters of cases of
human cryptosporidiosis), using the FDA-approved drugs NTZ
and azithromycin, and several experimental drugs including
bumped kinase inhibitors targeting the calcium-dependent
protein kinase of C parvum [13, 14].

The piperazine-derivative MMV 665917 is an especially prom-
ising anticryptosporidial drug lead. Unlike NTZ and many other
anticryptosporidial lead compounds, eg, clofazimine, MMV 665917
rapidly eliminates parasites in in vitro time-kill assays, suggesting
that it is parasiticidal [11]. Furthermore, although leads such as
clofazimine that inhibit Cryptosporidium growth without them-
selves eliminating parasites are often efficacious in mouse models
of acute C parvum infection, these compounds lack efficacy in a
NOD SCID gamma mouse model of chronic cryptosporidiosis
[11]. MMV 665917, on the other hand, is curative in both acute and
chronic mouse models [11]. Furthermore, it was recently found to
reduce both diarrhea and parasite shedding in a neonatal calf model
of C parvum infection [12]. In this study, we demonstrate its effec-
tiveness against C hominis, the species most commonly found in
humans. Our results demonstrated that 1 week of twice-daily dos-
ing with MMV665917 reduced the following: (1) oocyst excretion
in feces, (2) parasite DNA in feces and gut contents, (3) mucosal col-
onization, and (4) mucosal damage. Both 10 mg/kg and 20 mg/kg

doses were efficacious with a slight improvement at the highest dose
given. However, neither dose fully eliminated parasites, because 1
of 3 piglets treated with 10 mg/kg started excreting oocysts within
3 days after treatment ended. In addition, 2 of 7 piglets that received
20 mg/kg still had detectable DNA in the cecum and colon, which,
although neither animal relapsed during the limited follow-up pe-
riod, presumably reflects the ongoing presence of viable parasites.
After C hominis challenge, and once oocyst excretion in feces com-
mence, the surface and floor inside the isolator are heavily contam-
inated potentially re-exposing the piglet to reinfection. Therefore,
it is possible that the GB piglets ingest the residual oocysts in the
isolator and then the infection is resumed once the concentration of
MMV665917 is decreased under the effective concentration.
MMV665917 eliminated the severity of diarrhea attributed to
cryptosporidiosis; however, treated piglets still had some evidence
of diarrhea due to the vehicle (1% HPMC). The average volumes of
1% HPMC for MMV665917 10 mg/kg and 20 mg/kg doses were
1.8 mL and 3.6 mL, and the volume of 1% HPMC only in control was
4 mL. The piglets with 1.8 mL of 1% HPMC (MMV 665917 10 mg/
kg dose) had milder diarrhea than those with 3.6 mL (MMV 665917
20 mg/kg dose) and 4 mL of 1% HPMC. These observations suggest
a dose-dependent, positive correlation between HPMC concentra-
tion and diarrhea severity. Hydroxypropyl methyl-cellulose (CAS
No. 9004-65-3) is approved by the FDA for use as a food additive
and as an inactive ingredient in numerous oral, ophthalmic, and
topical nasal drug product preparations [20]. Hydroxypropyl meth-
yl-cellulose is a modified cellulose dietary fiber that generates a vis-
cous solution that may reduce contact between food and digestive
enzymes or interfere with diffusion of nutrients to the absorptive
surface [21]. Different vehicles may improve clinical efficacy of
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MMV665917 for treatment of C hominis infection in this piglet
model. Because drug formulation may significantly alter exposure
time and concentration along the intestinal epithelium, additional
mouse pharmacokinetic and efficacy studies may be warranted to
identify a more suitable vehicle.

CONCLUSIONS

We showed that the piperazine-derivative MMV665917 is an
effective compound against C hominis by multiple molecular, his-
tological, and clinical outcomes in the piglet model. Furthermore,
no major organ toxicities were identified. Although we observed
changes in 3 blood parameters at euthanasia (creatine, cholesterol,
and circulating monocytes were elevated in treated piglets), it was
not clear whether the effects were specific to MM V665917 or some
other aspect of infection or vehicle administration. Additional inves-
tigations are still required to optimize the dose range, the frequency,
duration, and to minimize possible adverse effects associated with
the vehicle. Studies to determine MMV665917's mechanism of
action are also of high interest and may aid in optimization. Overall,
we show results and the earlier reports on this drug suggest that this
compound could potentially form a basis for an effective treatment
against cryptosporidiosis for humans.

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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