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Diarrhoeal disease caused by Cryptosporidium is amajor cause of
morbidity and mortality in young and malnourished children from low- and
middle-income countries, with no vaccine or effective treatment. Here

we describe the discovery of EDI048, a Cryptosporidium P1(4)K inhibitor,
designed to be active at the infection site in the gastrointestinal tract

and undergo rapid metabolismin the liver. By using mutational analysis
and crystal structure, we show that EDI048 binds to highly conserved
amino acid residues in the ATP-binding site. EDIO48 is orally efficacious
inan immunocompromised mouse model despite negligible circulating
concentrations, thus demonstrating that gastrointestinal exposure is
necessary and sufficient for efficacy. In neonatal calves, a clinical model

of cryptosporidiosis, EDI048 treatment resulted in rapid resolution of
diarrhoea and significant reductionin faecal oocyst shedding. Safety and
pharmacological studies demonstrated predictable metabolism and low
systemic exposure of EDI048, providing a substantial safety margin required
for a paediatricindication. EDIO48 is a promising clinical candidate for the
treatment of life-threatening paediatric cryptosporidiosis.

Diarrhoea remains a leading driver of paediatric morbidity and mor-
tality inlow- and middle-income countries despite progress achieved
through preventative interventions focused on clean water, hygiene
and immunization against rotavirus'. Although Cryptosporidium
has long been recognized as a major pathogen in people living with
HIV/AIDS?, recent multicountry epidemiologic studies have demon-
strated cryptosporidiosis to be one of the most important causes of
moderate-to-severe diarrhoeal disease in young children up to the age

of 24 months**. Cryptosporidiosisis caused by Cryptosporidium spp.
and is an independent predictor of mortality”®. While cryptosporidi-
osisis usually a self-limiting infection in otherwise healthy adults and
older children, there are substantial unmet medical needs in younger
childreninsub-Saharan Africaand South Asiawhere anestimated 3-5
million Cryptosporidium-attributable cases resultin 60,000-200,000
deaths annually®. Asymptomatic, prolonged or recurring Crypto-
sporidiuminfectioninyoungchildrenisalso associated with long-term
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sequelae including linear growth faltering and cognitive deficits”".

Other highly vulnerable populations with Cryptosporidium infection
include malnourished children and immunocompromised patients
with HIV/AIDS™, Evenin high-income countries, disease outbreaks are
common, with more than half of waterborne infections in the United
States caused by Cryptosporidium®. Such outbreaks are likely to be
aggravated by flooding and human migration due to climate change™.
Currently, thereis no vaccine against cryptosporidiosis and treatment
optionsarelimited®. Nitazoxanide, astatic parasiticagent, is the only
FDA-approved therapy for cryptosporidiosis, but it is not approved
for children less than 1year old, has limited efficacy in malnourished
children and is not effective inimmunocompromised patients'®™%,
Hence, thereis an urgent need for safe and effective chemotherapeu-
tics to treat paediatric cryptosporidiosis in low-resource settings®.
In humans, cryptosporidiosis is predominantly caused by two
species, Cryptosporidium hominis and C. parvum. Cryptosporidiumis
anapicomplexan parasite transmitted through the faecal-oral route by
highly infectious tough-walled oocysts that are resistant to chlorine dis-
infection and can survive for 2-6 monthsin damp environments. After
ingestion, oocysts release sporozoites that infect intestinal epithelial
cells, forming intracellular but extracytoplasmic parasitophorous
vacuoles®™. Within the vacuole, the parasite undergoes multiple rounds
of its asexual life cycle followed by sexual reproduction, eventually
leading to the formation of millions of infectious oocysts that cause
re-infection, or are shed in the faeces. Prolonged oocyst shedding is
common in a paediatric clinical population with cryptosporidiosis,
and a longer duration of Cryptosporidium shedding has been associ-
ated with growth faltering in infants*?%, Cryptosporidiosis is pre-
dominantly a gastrointestinal (GI) infection. Although extra-Gl tract
Cryptosporidium infections have been reported®, their implication
in paediatric diarrhoea leading to mortality and morbidity is yet to
be established, and thus we focused on treating the enteric infection.
Previously, we have validated Cryptosporidium PI1(4)K
(phosphatidylinositol-4-OH kinase) as a promising molecular target
to treat cryptosporidiosis*; however, the earlier candidate KDU731
could notbe developed due to safety considerations. Cryptosporidiosis
predominantly affects young vulnerable children wholivein areas with
limited healthcare infrastructureinlow- and middle-income countries,
hence ease of use, low cost of goods and an outstanding safety profile
are critical for paediatric cryptosporidiosis drug development. Safety
considerations for treating paediatric diseases are also critical due to
the relative immaturity of organ systems and rapid postnatal growth
and developmentininfants. Here we describe the discovery of an oral
Gl-targeted Cryptosporidium P1(4)K inhibitor, EDIO48, a parasiticidal
agenttotreat paediatric enteric cryptosporidiosis. EDI048 isasoft drug
engineered to undergo a predictable metabolism and limit systemic
exposure without compromising its anti-parasitic activity in the GI
tract. Extensive preclinical safety and pharmacological evaluation
demonstrated that EDIO48 has alarge safety margin, and the candidate
is currently inphase I clinical trials®. The discovery efforts described in
this paper provide acomprehensive framework to pursue Gl-targeted
drugdelivery strategies for cryptosporidiosis and other Glindications.

Results

Systemic exposure alone is not sufficient for efficacy

The primary site for Cryptosporidium infection is the enterocytes in
the smallintestine where the parasite resides outside of the cytoplasm
in a parasitophorous vacuole facing the lumen directly underneath
the enterocyte’s apical membrane. The relevance of systemic drug
exposure for in vivo efficacy in cryptosporidiosis remains conten-
tious and poorly understood as several compounds with high?** or
limited”?® systemic exposure show good efficacy in preclinical mod-
els. We previously identified the Cryptosporidium P1(4)K inhibitor
KDU731, whichisapoorly soluble, highly permeable and metabolically
stable compound with promising anti-cryptosporidial activity*.

Oral treatment with KDU731 at 10 mg kg™ for 5 days in an immuno-
compromised (IFN-y KO) mouse modelresultedinan -3 log reduction
in faecal oocyst shedding with systemic exposure (total area under
the curve (AUC),,,. = 3,200 nM h). To understand whether systemic
exposure drivesin vivo efficacy, we compared the efficacy of KDU731
oral treatment with intravenous administration at similar exposure. In
contrastto the oral treatment, theintravenous injection had negligible
effects on the parasite load (Fig. 1a). This result shows that systemic
exposure alone is not sufficient for in vivo efficacy and suggests that
direct Gl exposure is necessary for anti-Cryptosporidium activity.

Rational design of intestinal targeting PI(4)K inhibitor

Given our results showing that systemic exposure is not sufficient for
cryptosporidiosis therapeuticactivity, we endeavoured to design PI(4)
Kinhibitors with limited or no systemic exposure. Limiting drug expo-
sureto thesite of therapeuticactionisanattractive strategy toenhance
safety margin®. One approachis theintroduction of astructural meta-
bolicliability (for example, ametabolic soft spot) into the compound
leading to rapid metabolism and elimination after it had its intended
therapeutic effect at the desired site; this is referred to as a soft-drug
strategy. Ester functionalities are the most frequent moiety incorpo-
rated in the design of soft drugs due to their high catalytic efficiency,
broad substrate specificity and rapid conversion to acids mediated
by esterases, proteases and cytochrome P450s’. The carboxylic acid
metabolite is potentially actively eliminated from the body via organic
anion transporters, reducing systemic exposure. The desirable profile
of a Gl-targeted oral PI(4)K inhibitor to treat enteric cryptosporidi-
osisincludes (1) potent Cryptosporidium PI(4)K inhibition, (2) high
selectivity against the human orthologue (HsPI(4)K), (3) adequate
solubility and permeability in enterocytes to reach the intracellular
parasite, (4) metabolicstability in the Gl lumen and (5) rapid clearance
post absorption with efficient first-pass metabolism (Fig. 1b). To mini-
mize the systemic exposure of Cryptosporidium PI(4)K inhibitors, we
synthesized a few hundred soft-drug analogues of pyrazolopyridines
by incorporating metabolically labile spots®. A few representative
candidates are presented heretoillustrate the optimization of an oral
soft-drug candidate to treat enteric cryptosporidiosis (Fig. 1c).

Thechallengein developing an oral Cryptosporidium Pl(4)K selec-
tive Gl-targeted drug is to strike a balance between reducing systemic
exposure through increased metabolism while maintaining neces-
sary solubility and permeability for effective anti-Cryptosporidium
activity. Ethyl glycinate 1 and its primary carboxylic acid metabo-
lite 2 were equally active on the CpPI(4)K enzyme (half maximal
inhibitory concentration (ICsy) = 2-7 nM). Acid 2 was inactive in the
Cryptosporidium cellular assay (half maximal effective concentra-
tion (ECs,) > 20 uM), probably due to low permeability, and was not
efficacious in vivo (Table 1and Fig. 1d). While 1 was highly efficacious
inthe mouse model and showed higher metabolismin vitroin hepato-
cytes, it was only moderately metabolized in vivo and still had sys-
temic exposure similar to KDU731 (Fig. 1d,e and Table 1). Extending
the ester into propionate 3 increased hepatic and plasma clearance
but also decreased stability in the Gl tract and in vitro assay media,
whichrendered the compoundinactiveinvitroandinvivo (Table1and
Fig.1d). Introduction of a cyclic ester lactone 4 also yielded increased
in vitro clearance, which resulted in negligible systemic exposure
(Fig. 1e) but unfortunately poor in vivo efficacy despite in vitro
anti-Cryptosporidium activity ~2x lower than KDU731 (EC;, = 0.35 uM)
(Fig.1d), potentially suggesting that for a soft-drug candidate we may
need higher in vitro potency. m-Chlorobenzyol ester 5 exhibited an
excellent on-target activity and in vitro ADME profile but had poor
selectivity over HsPI(4)K (Table 1and Fig.1d,e).

EDI048, with an o-chlorobenzoyl ester, demonstrated in vitro
anti-Cryptosporidium activity, selectivity (>300-fold with HsPI(4)
K), desirable human intestinal stability (7;,, = 235 min) and high pre-
dicted extraction by the liver (human = 97%) (Table 1). As anticipated,
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Fig.1| Oral soft drug strategy to engineer Gl stability and limit systemic
exposure to treat cryptosporidiosis. a, Schematic representation of C57BL/6
IFN-y knockout mouse efficacy model. Infected animals were treated with
vehicle (grey) or KDU731 orally (p.o.) at 10 mg kg™ (red) or intravenously (i.v.) at
1mg kg™ (blue) with 3 mice per group. Parasite shedding per gram faeces was
measured by qPCR; dataare mean + s.d. of 3 replicates. Statistical analysis was
done using one-way analysis of variance (ANOVA). P = 0.5797; ***P < 0.0001.
KDU?731systemic exposure in mice was measured in uninfected mice (mean data
fromn =3 mice fororaland n=1fori.v.dosing are shown). b, Overview of an
oral soft drug strategy to maximize intestinal exposure and minimize systemic
exposure to limit off-target toxicity. ¢, Chemical structures of compounds
described in this report to summarize structure-activity relationship for soft
drug strategy by introducing metabolically labile spots shown in blue. Two soft
drug candidates 1and EDI048 along with their respective primary metabolites
areshownindashed boxes. d,e, In vivo efficacy (d) and systemic exposure (e) of

the various analogues. Experimental design is as described in a. All animals were
orally treated once daily with vehicle or 10 mg kg™ for all compounds except
nitazoxanide (NTZ) (100 mg kg™) for 5 days. log,, oocyst reduction per gram
faeces compared to vehicle control (d) and AUC (e) are mean +s.d. of 3 replicates.
AUC s the area under the curve from time O to the last timepoint measured
from the mouse efficacy studies. The PK parameters are for active metabolite
Tizoxanide following NTZ dosing at 100 mg kg ™. f, In vivo dose-response study
with EDI048.On day 3 post infection, mice were treated once daily with vehicle
(black) orindicated doses of EDI048 for 5 days, 3 mice per group. The PK was
measured on day 1 post treatment and PK parameters are shown in Extended
Data Table 2. Mean * s.d. of oocysts shed per gram faeces (n = 3) are shown.
Dashed line indicates the qPCR assay LOD. Statistical analyses were performed
comparing untreated versus EDI048-treated groups (n =3 each) on respective
days using multiple unpaired parametric t-test (Holm-Sidak approach).

the ester hydrolysis of EDIO48 led to the formation of an inactive
carboxylic acid metabolite compound 6 (C. parvum ECs, > 20 pM).
Compound 6 has a low permeability and no notable off-target liabil-
ity risks (Table 1, Extended Data Table 1 and Supplementary Table 1).
Following oral administration, EDIO48 was as efficacious as KDU731
(>3 log reduction in faecal oocyst shedding), despite systemic
exposure near the detection limit (AUC =20.4 nM h) in contrast to
KDU731(AUC=3,200 nM h) (Extended Data Table 2). Nitazoxanide at
100 mg kg™ was not efficacious in the immunocompromised mouse
model, consistent with previous reports (Fig. 1d)'***. EDI048 dem-
onstrated dose-dependent efficacy with a 0.3, 1.1 and 3.1 log reduc-
tion in oocyst shedding at 1, 3 and 10 mg kg™ doses, respectively. At
the two lower doses, no detectable EDIO48 systemic exposure was
observed and at 10 mg kg™, the observed maximum serum EDI048

concentration (C,,) was 8.4 nM, notably below the in vitro potency
(Fig. 1f and Extended Data Table 2). These data unambiguously con-
firm that Gl exposure is necessary and sufficient for in vivo efficacy.
Overall, EDI048is a potent CpPI(4)K inhibitor (ICs, = 5.2 nM) with anti-
parasitic activity against both C. parvum and C. hominis, is active on
Cryptosporidiumin the gastrointestinal epitheliumin the mouse model
and once absorbed is rapidly metabolized to an inactive carboxylic
acid metabolite.

EDIO48 undergoes rapid in vitro and in vivo metabolism

Understanding the metabolism and pharmacokinetics (PK) of EDI048
is critical, as both the parent drug and its metabolites play impor-
tantroles in efficacy, safety and drug-drug interactions. EDI048 is a
low-solubility, moderately permeable ester-containing soft drug which
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basolateral; ratio, B-A/A-B; ER, extraction ratio. ®In vivo PK from the mouse efficacy studies with 10mgkg™ oral dosing except Nitazoxanide dosed at 100mgkg™. PAUC is area under the curve from time O to the last timepoint measured. °PK parameters are for

active metabolite Tizoxanide following Nitazoxanide dosing at 100mgkg™. “Compound 2 systemic concentrations following Compound 1 dosing. °Not calculable (except at C,,,, concentration, all other timepoints were below limit of quantification, 10.8nM

for Compound 2). fAll concentrations were below limit of quantification, 8.9nM for Compound 3. °Compound 6 systemic concentration following EDIO48 dosing.

is designed to undergo rapid metabolism. The stability of EDIO48
was assessed in selected preclinical species (mouse, rat, dog) and
humans in vitro using microsomes, hepatocytes, intestinal S9 (IS9)
fraction and plasma (Extended Data Table 1). EDI048 is stable in dog
and human plasma (T, > 240 min) but has a short half-life in rodent
plasma (T, =12-15 min) potentially due to higher esterase activity
in rodents compared with dogs and humans®’. EDI048 displayed
a desirable high extraction ratio in liver, both in microsomes and
hepatocytes across all species. Metabolite identification studies in
primary hepatocytes revealed that carboxylic acid metabolite 6 was
the primary metabolite in all tested species (Extended Data Fig. 1).
N-Demethylation (compounds 8 and 9) and glucuronidation (com-
pound10)were also observed in vitro, and no unique human-specific
metabolites were observedin primary hepatocytes. Indogs, terminal
amide hydrolysis of EDIO48 led to the formation of inactive acid 7
(Table1and Extended Data Fig. 1).

Further in vivo pharmacokinetics studies confirmed the rapid
metabolism of EDIO48 across all tested preclinical species, with high
systemic clearance and short terminal elimination half-life (Extended
Data Table 2).Inrodents, EDI0O48 was rapidly metabolized potentially
due to high levels of esterase activity in tissues and blood, while in
dogs the major site of metabolismwasin theliver, resulting in measur-
able systemic exposure. The oral bioavailability of EDI048 was lowin
all species (0.4-5.6%) due to a high first-pass effect, and substantial
levels of acid 6 were observed (Extended Data Table 2). Tounderstand
the factors contributing to low systemic exposure in vivo and to assess
relative local enterocytes concentration, a pharmacokinetic study
with EDI048 oral dosing was conducted in portal vein cannulated
rats. EDIO48 concentrationin the portal vein (AUC =1,609 nM h) was
~40-fold higher than systemiclevels (AUC = 39 nM h), suggesting that
EDIO48 undergoes high first-pass metabolism in the liver, and sup-
porting that EDIO48 concentrations at the site of infection were higher
thanplasma exposure (Extended Data Table 2). These metabolism and
pharmacokinetic studies confirmed that EDIO48 is a soft drug in all
tested preclinical species and had no human-specific metabolites,
warranting further safety and efficacy profiling.

Interaction of EDIO48 in the ATP-binding site of the
CryptosporidiumP1(4)K

Phosphatidylinositol-4-kinase is a lipid kinase that plays a central role
in cell signalling and membrane trafficking. This class of enzymes
are highly conserved in eukaryotes, particularly in the ATP-binding
pocket®. EDI048 is an ATP-competitive inhibitor of Cryptosporidium
PI(4)K, similar to KDU731 (ref. 24). The essentiality of PI(4)K enzymes
makes achieving high selectivity over the human lipid kinome a key
design principle. EDIO48 has a300-fold selectivity window for Crypto-
sporidium P1(4)K over HsPI(4)K, and we sought to understand the
molecular basis of selectivity (Table 1). Despite multiple attempts,
we were unable to solve the Cryptosporidium P1(4)K crystal structure
to gaininsightsinto the ligand binding. To rationalize the selectivity
and understand the key residues that contribute to the specificity
of EDIO48, we built a CpPI(4)K homology model on the basis of the
HsPI(4)K structure®* and identified the non-conserved residues in
theligand-binding pocket of CpPI(4)K. Two key human residues, pro-
line (P597) on the upper hinge and leucine (L374) in the P-loop, were
deemedto provide the greatest differencesin the ATP-binding pocket.
Both are tyrosine residues (Y907 and Y705) in the Cryptosporidium
enzyme (Extended DataFig. 2a). To evaluate theimportance of these
residues for EDI048 binding, we expressed and purified a double
mutant CpPI(4)K::Y705A:Y907A. EDI048 and KDU731 are 35-200x%
less potent against the CpPI(4)K::Y705A:Y907A mutant compared with
wild-type CpPI(4)K (Fig. 2a and Extended Data Fig. 3a). Conversely, a
double mutant of human PI(4)K, that is, HsP1(4)K (P597Y and L374Y)
shifted the sensitivity of several PI(4)K inhibitors to more like CpP1(4)
K (Extended Data Fig. 3b,c). Hence, human PI(4)K double mutant
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HsPI(4)K::P597Y:L374Y is referred to as HsCpPI(4)K chimaera. These
results suggest that Y705 and Y907 have a profound effect on EDI048
binding and confer selectivity for the parasite enzyme.
Togainstructuralinsights, X-ray crystal structures of the HsCpP1(4)
K chimaera with HsRablla has been solved with EDI048 at 3.0 A reso-
lution (Fig. 2b and Extended Data Table 3; PDB 8VOF). As shown in
the ligand-interaction plot and omit density maps (Extended Data
Fig.3d,e), EDIO48 makes four primary interactions in the ATP-binding
pocket: (1) m-stacking between Y597 and the pyrazolopyridine corein
the hinge region, (2) t-stacking between Y374 and the chlorophenyl
moietyinthe P-loop, (3) H-bonding to the hinge between the V598-NH
and the pyrazolopyridine moiety and (4) H-bonding between the cata-
lytic K549 and the carbonyl of the secondary amide. Both mt-stacking
interactions were conspicuously missing in HsPI(4)K, thus rational-
izing the selectivity of EDI048. Sequence analysis of Cryptosporidium
PI(4)K in all clinical isolates reported in CryptoDB revealed that the
residues critical for ligand-binding were highly conserved, suggest-
ing that EDIO48 will probably be effective against a diverse range of
clinicalisolates (Extended Data Fig. 2b). Thus, biochemical, mutational
and structural studies with this innovative chimaeric approach have
provided the molecular basis for EDI048 specificity and selectivity.

Cryptosporidium Pl(4)K inhibition leads to parasiticidal
activity

C. parvum oocysts release infectious sporozoites that invade entero-
cytes, forming trophozoites that grow for 6-8 h, followed by DNA repli-
cation and formation of functional merozoites. Merozoites egress from
theinfected cell by 10-14 h post infection, causing host celldeath and
re-infecting neighbouring host cells***, We used microscopy to probe
the effect of PI(4)K inhibition on the growth and development of differ-
entasexual life stages of the parasite. EDI048 treatment does not affect
sporozoite invasion, growth of trophozoites or new DNA synthesis
(Fig.2cand Extended DataFig. 4a). Live imaging of C. parvum-infected
HCT-8 cells demonstrated that upon EDIO48 treatment, parasites were
arrested at the meront stage, preventing egress (Fig. 2d, Extended Data
Fig.4c and Supplementary Videos 1-3), in contrast to DMSO-treated
infected cells that burst opento egress functional merozoites~-10-12 h
post infection. Transmission electron microscopy (TEM) studies also
confirmed a lack of formation of distinct merozoite membranes with
CpPI(4)Kinhibition (Extended DataFig. 4c). Thisisinline with the earlier
observation in Plasmodium and Cryptosporidium®®*, suggesting that
inhibition of parasite PI(4)K by EDI048 blocks membrane biogenesis,
preventing the formation of functional merozoites.

Sensitivity and reversibility of inhibition by EDI048 at different
stages of the Cryptosporidium life cycle was further investigated using
washout experiments. EDIO48 does not affect parasite growth with a
short4 hexposure (2-6 hpostinfection) intheinitial trophozoite devel-
opment stage, suggesting that Cryptosporidium P1(4)K is not critical

at this stage or its effect is recoverable. However, a short exposure to
EDIO48 during the merozoite maturation stage (8-12 hpost infection)
prevented parasite recovery, indicating that its effect on the parasite is
irreversible, leading to cidal activity (Fig. 2e).In contrast, nitazoxanide
isnot cidal regardless of the stage of drug exposure. The parasiticidal
activity of EDIO48 is a highly desired property for cryptosporidio-
sis treatment in malnourished and immunocompromised patients.
Kill-kinetics studies using nanoluciferase-expressing C. parvum show
that, upon exposure to EDIO48 at 24 h post infection, the parasites
are rapidly eliminated. In contrast, nitazoxanide is static (Fig. 2f and
Supplementary Fig. 1) and does not clear infection®®. In vitro parasite
elimination by EDI048 was exponential with a half-life of ~15 h, and the
maximum rate of parasite elimination (>99% parasite reduction) was
achieved at >27 nM (Fig. 2f and Supplementary Fig. 1). Consequently,
27 nM could be used as atarget enterocyte concentration for achieving
maximal parasiticidal activity.

Efficacy in a neonatal calf clinical model of cryptosporidiosis
The pharmacokinetic-pharmacodynamic relationship of drugs acting
inthe Gltract can be complex due to the presence of watery diarrhoea
and variability of intestinal transit time. The jejuno-caecal transit time is
knowntobereducedin cryptosporidiosis patients with diarrhoearela-
tive toinfected patients without watery diarrhoea®. Newborn calves are
naturally susceptible to C. parvuminfection and, unlike mice, neonatal
calves develop profuse watery diarrhoeal symptoms similar to human
patients. To understand the impact of Cryptosporidium infection and
watery diarrhoeaonthe pharmacokinetics and therapeutic efficacy of
EDIO48, we evaluated EDI048 in a neonatal calf clinical model. Fourteen
newborn calves were orally challenged with 5 x 10’ oocysts and half of
themreceived 10 mg kg™ of EDI048 every 12 h for 7 days upon develop-
ment of diarrhoea and confirmed oocyst shedding (Fig. 3a). Clinical
symptoms were evaluated every 12 h (Supplementary Table 2), and
quantitative faecal oocyst shedding was determined every 24 h using
qPCR. The plasma pharmacokinetic profile of EDI048 and compound
6 were determined in uninfected calves and compared with infected
calves with diarrhoea on day 1.

All calves tolerated the full 7 day course of EDI0O48 treatment
without compound-related abnormalities. Treated calves shed signifi-
cantly fewer oocysts (P=0.0062) and had improved faecal consistency
(P<0.0001) when compared with vehicle-treated calves (Fig. 3b,c).
Moreover, EDI048-treated calves started showing signs of resolution
of diarrheaby 48 h post treatment (Fig. 3¢). EDI048-treated calves suf-
fered fewer days of severe diarrhea (P = 0.03) and moderate-to-severe
diarrhea (P=0.04) than vehicle-treated calves (Extended Data Fig. 5a).
No recrudescence of infection was observed up to 7 days following
cessation of treatment (Extended Data Fig. 5b). In vitro PK showed that
EDIO48isstablein calfintestinal S9 (T;,,=175 min) and unstablein liver
S9 fraction (T, = 8.3 min). In vivo PK analysis revealed that EDI048

Fig.2|Structuralinsights into the ligand binding pocket of EDI048 and its
mechanism of anti-Cryptosporidium activity in the enterocyte infection
model. a, Concentration-response curves for CpPI(4)K wild type (solid lines)
and CpP1(4)K::Y705A:Y907A double mutant (dashed lines) with EDIO48 (blue) or
KDU731 (orange). Dataare mean + s.d. of at least 2 replicates. b, X-ray co-crystal
structure of HsCpPI(4)K-HsRab11 complex with EDI048, highlighting the hinge
H-bond between V598-NH and the pyrazolopyridine core (C atoms, orange; N
atoms, blue), Pi-stacking of Y597 (lavender) with the pyarzolopyridine core (C
atoms, orange), Pi-stacking between Y374 (lavender) with the chlorophenyl
moiety of EDI048 (C atoms, orange), and H-bonding between K549 and
carbonyl of the phenyl-amide moiety. ¢, EDI048 does not affect DNA synthesis.
Cryptosporidium-infected cells were treated with compounds at 3 h post
infectionand 10 pM of EdU was added at 9 h post infection and 2 h later washed,
fixed, stained and imaged with incorporated EdU representing replicating
parasites (magenta), nuclei (blue) and parasitophorous vacuoles (green).
White arrows indicate representative Cryptosporidium parasites.

Scalebar, 5 pm. d, EDI048 inhibits formation of functional merozoites and
blocks egress. Cryptosporidium-infected cells were treated with compounds
at3 h postinfection followed by time-lapse imaging (also see Extended Data
Fig.4cand Supplementary Videos 1,2 and 3 for time-lapse videos). Scale bar,
5um.Imagesin cand d are representative of 2independent experiments, each
with2technical replicates. e, Effect and reversibility of CpP1(4)K inhibition

on early asexual stages of Cryptosporidium growth. Left: cells infected with
nanoluciferase-expressing Cryptosporidium were treated with compounds as
indicated in blocks of 4 h post infection, followed by drug washout, and then
allowed to continue growing until 72 h post infection. Right: RLU normalized
totime O are plotted, and data are mean = s.d. of 4 technical replicates and
representative of 2 biological replicates. NTZ, nitazoxanide. f, Time-kill curve
with EDI048 compared to nitazoxanide. Cells were infected with nanoluciferase-
expressing parasites and at 24 h post infection treated with indicated
concentrations of EDIO48 or NTZ (also see Supplementary Fig. 1for complete
dose-response data). Data are mean + s.d. of at least 2 replicates.
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is substantially metabolized to compound 6 in calves, with levels of  EDI048 resulted in potent reduction of faecal oocyst shedding and
compound 6 being higher thanthat of EDI048 (Extended DataTable2).  rapid resolution of clinical illness in young calves, suggesting that
As intended, despite limited systemic exposure, oral treatment with  EDIO48 may be suitable for clinical development.
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Safety profile of EDIO48 enabled human clinical trial

Safety is paramount for any novel cryptosporidiosis clinical candidate
considering that the patient population is mostly young, highly vul-
nerable children living in places with limited resources for providing
adequate medical supervision. To assess the intrinsic cytotoxic activity
of EDI048, we measured the half maximal cytotoxic concentration
(CCsp) invitrowith hepaticand intestinal cell linesin comparison with
its anti-parasitic activity. EDI048 has >500-fold selectivity for cellular
activity against C. parvum and C. hominis over cytotoxicity against a
HepG2 cell line (Table 1). Further, EDIO48 and its metabolites, com-
pounds 6 and 7, were profiled in a broad range of pharmacological
safety assays, including human recombinant receptors and relevant
proteases and kinases (Supplementary Table 1). EDIO48 displayed
no notable liability for most targets, except for a modest activity
(ICs, =445 nM) against ATM (Ataxia-telangiectasiamutated kinase) with
a>100-fold selectivity over CpPl(4)K inhibition. EDIO48 had no relevant
cardiotoxicity, mutagenicity, genotoxicity or phototoxicity (Extended
Data Table 1). Children with cryptosporidiosis in endemic countries
frequently suffer from comorbidities including HIV, tuberculosis and
otherinfections; anti-cryptosporidial drugs are likely tobe used along
with other medications, and the risk of drug-druginteractions need to
be minimized. EDI048 has minimalinhibitory effect against the major
cytochrome P450 enzymes and did not induce human pregnane X
receptor (Extended Data Table1). Inaddition, limited systemic exposure
of EDI048 offers opportunities to minimize in vivo off-target systemic
effects and reduces the risks of drug-drug interactions*.

To assess EDI048 in vivo safety and enable clinical development,
we performed 14 day repeat oral toxicity studies inratsand dogsin com-
pliance with good laboratory practice. A high dose of 1,000 mg kg d™*
EDIO048 was selected for toxicity studies on the basis of favourable
results of the pilot toxicity studies and regulatory guidance*. EDI048
was well tolerated in both species with no adverse toxicological find-
ingsidentified, and the No Observed Adverse Effect Level (NOAEL) for
both species was the highest dose studied (1,000 mg kg™d™). Also, no
EDI0O48-related cardiovascular findings were observed in dogs up to
1,000 mg kg d'. EDI048 was absorbed quickly (7,,,,0f 0.5 hinratsto
<1.25hin dogs). The peak plasma concentration (C,,,) and exposure
(AUC,_g;) generally increased with the dose, albeit underproportion-
ally,and noaccumulation was observed upon repeated dosing. EDI048
was rapidly metabolized to acid 6 in rats, and acids 6 and 7 in dogs in
line with in vitro observations (Fig. 3d,e and Extended Data Table 4).
EDIO48 metabolism was remarkably higher in rats, leading to barely
detectable systemiclevels (AUC,_g, =18.6 ngh ml™at1,000 mgkg*d™*
dose), and 75x higher level of compound 6 was observed (Fig. 3d,e
and Extended Data Table 4). In dogs, at the NOAEL dose, the exposure
(AUC,_g,) and C,,,, values for EDIO48 were 634 ng h ml™and 169 ng ml™,
respectively (Extended Data Table 4). Detection of EDIO48 in dogs at
NOAEL dose enabled the calculation of safety margins with respect to
systemic exposure measured at the efficacious dose in mice. We have
observed 70-fold (AUC,_g,) and 42-fold (C,,,,,) safety margins compared

with the efficacious dose of 10 mg kg™ in an immunocompromised
mouse model (Fig. 3d and Extended Data Fig. 6a). Collectively, these
datademonstrate that EDI0O48 has asafety and pharmacological profile
suitable for anew drug candidate for the treatment of cryptosporidi-
osis,and EDI048is currently being evaluated in a phase 1 clinical trial”.

Discussion

Cryptosporidiosis causes major diarrhoeal morbidity and mortality
in vulnerable young and malnourished children in developing coun-
tries. EDI0O48isa CpPI(4)Kinhibitor with potent anti-parasitic activity
against C. parvum and C. hominis, the two predominant species in
patients in low- and middle-income countries. Biochemical activity
with wild-type versus mutant CpPI(4)K enzyme and a high-resolution
co-crystal structure of HsCpPI(4)K chimaera revealed that EDI048
makes Cryptosporidium-specific t-stacking interactions with two
tyrosine residues in the ATP-binding pocket, providing desirable
selectivity against HsPI(4)K. Amino acid residues critical for EDI048
binding are highly conserved across Cryptosporidium spp. of clinical
relevance including C. hominis, C. parvum, C. meleagridis and so on*,
suggesting that EDIO48 s likely to be effective against diverse clinical
isolates. In apicomplexan parasites, PI(4)K is involved in Rablla-medi-
ated vesicular trafficking, which is essential for inner membrane com-
plex formation*’. The inhibition of P1(4)K blocks well-orchestrated
cytokinesis leading to parasiticidal activity. Cytokinesis is not only
critical during the asexual stages which are captured in the in vitro
HCT-8 infection system, but also during sexual gametogenesis and
sporogenesis. Hence, inhibition of PI(4)K is likely to be detrimental
to multiple stages of the Cryptosporidium life cycle in vivo. Taken
together, EDIO48 will not only inhibit parasite replication, prevent-
ing further damage to the host intestinal villileading to resolution of
diarrhea, but will also significantly decrease faecal oocyst shedding
andreduce disease transmission.

EDIO48is designed as an oral soft drug to be stable in the Gl tract,
exertits parasiticidal activity in the enterocytes and once absorbed,
undergo predictable metabolism limiting systemic exposure (Fig. 3f).
EDI048 is efficacious in an immunocompromised mouse model of
cryptosporidiosis with barely detectable systemic exposure. In addi-
tion, in aneonatal calf cryptosporidiosis model, EDI048 reduced para-
site faecal oocyst shedding and resulted in significantimprovement of
diarrhoeal symptoms. Furthermore, norecrudescence ininfection was
observed even after the cessation of EDI048 treatment (Extended Data
Fig. 5b). Unlike the CpMetRS inhibitor*, resistance did not emerge
during treatment with EDI048. Therefore, based on the limited data
available, the perceived risk of resistance to EDI048 appears to berela-
tively lower. Nonetheless, this risk should be further assessed during
EDI048 clinical development. These results unambiguously demon-
strate that Gl exposure is necessary and sufficient for in vivo efficacy
for a direct anti-parasitic agent. One of the perceived limitations of
the oral soft-drug approach is that EDIO48 may not be efficacious

against extra-Glinfections such as respiratory cryptosporidiosis”*,

Fig.3 | Therapeutic efficacy in clinical neonatal calf model of
cryptosporidiosis and in vivo safety of EDI048. a, Schematic representation of
acryptosporidiosis calf model monitoring parasitological and clinical efficacy
of EDI048. Calves were orally challenged with 5 x 107 C. parvum oocysts within
48 h of birth. Clinical parameters were assessed every 12 h and parasites shed in
faeces were quantified daily by qPCR. Upon onset of diarrhea and detection of
oocystsin faeces, calves were treated twice daily with 10 mg kg™ (body weight)
of EDI048 for 7 days. b,c, Compared with vehicle control (open circles), EDI048
(filled circles)-treated calves shed significantly fewer oocysts in faeces (b)

and had improved clinical scores of diarrhea (faecal consistency scores) (c).
Parasitological and clinical time-course data shown are mean + s.e.m. of 7 calves
tested per group. For AUC analysis, each circle represents an individual calf over
7 days and lines are mean * s.e.m. of n =7 calves per group. Statistical analyses
were performed using two-tailed unpaired parametric ¢t-tests; **P=0.0062,

P < (0.0001.d,e, Dose-exposure-response relationship for EDI048 (d) and
compound 6 (e). Mouse exposure at1,3and 10 mg kg™ d* (blue, AUC,,,), calf
exposure at 10 mg kg™ twice a day (BID) (red, AUC,,_,), rat exposures at 50,
250and 1,000 mg kg™ d™* (green, AUC,_g) and dog exposures at 15,50, 250 and
1,000 mg kg™ d™ (purple, AUC, ) are shown. Overall, efficacy exposures in green
and safety exposuresin pink zone. 1,000 mg kg™ d*is the NOAEL dose in both rat
and dog toxicity study. Exposure multiples for EDIO48 is 70x comparing between
1,000 mg kg™ d NOAEL exposure (day 14) and 10 mg kg™ d ™ mouse efficacious
exposure. f, Schematic representation of Cryptosporidium life cycle and site
ofaction of EDIO48 in the Gl tract. Orally delivered EDIO48 is absorbed by the
intestinal cells at the site of infection. Herein, EDI048 demonstrates parasiticidal
activity on theintracellular Cryptosporidium parasites by inhibiting membrane
biogenesis. The absorbed EDI048 is metabolized in the liver, limiting systemic
exposure and thus increasing safety margins.
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and may have limited efficacy if the parasite cycles between extra-Gl
and Gl sites. The impact of Cryptosporidium respiratory infections
on the global burden of paediatric diarrhea and its relevance for
relapse or re-infection is yet to be established. Nevertheless, enteric

cryptosporidiosis causes alife-threatening diarrheain young children,
and Cryptosporidium infection is strongly associated with long-term
growth stunting and developmental defects'. The development of
safe and effective oral therapeutics to treat enteric cryptosporidiosis
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in these vulnerable patient populations is of vital importance. Our
results suggest that engineering a Gl-targeted parasiticidal candi-
date, such as EDI048, may provide an opportunity to treat intracel-
lular enteric Cryptosporidium infections with a favourable and large
safety margin, potentially opening the opportunity for empirical
treatmentinoutbreak settings. Similar soft-drug approaches could
be generalized to the treatment of other Gl indications including
additional entericinfections, CFTR protein-mediated secretory diar-
rhea, inflammatory-bowel disease, pouchitis, colon cancer and other
diseases associated with transporters and receptors expressed inintes-
tinal epithelia*®. The major advantages of Gl-targeted drugs include
minimal systemic exposure, lowering the risk for systemic toxicity
effects, thereby substantially increasing tolerability, and reducing
potential drug-drug interaction liabilities***’.

Taken together, our results show that EDIO48 is a selective Crypto-
sporidium P1(4)K inhibitor with potent parasiticidal activity against
Cryptosporidium species and a favourable in vivo preclinical safety
profile. Currently, a first-in-human healthy volunteer clinical phase
1study to evaluate the safety, tolerability and pharmacokinetics of
EDI048 s in progress™. EDI048, if proven safe and effective in clinical
trials, could be the first therapeutic designed to treat life-threatening
paediatric cryptosporidiosis.

Methods

Compounds

KDU731 was synthesized as described earlier*. KDU731 was found to
induce micronuclei in vitro in human peripheral blood lymphocytes
andalsoininvivomicronucleusassayinrat peripheral blood. The geno-
toxicity liability of KDU731is mitigated by substituting cyanopyridine
with chlorobenzene moiety while retaining potency and selectivity. All
the soft-drug analogues described in this report were made with chlo-
robenzene/trifluoro-oxy-benzene substitution. Synthesis of EDI048, its
metabolites and all other soft-drug candidates described in chemical
synthesis along with analytical data is described below and also in a
related patent®. Chemical structures were drawn using ChemDraw
Professional v.22.0.0.22 (PerkinElmer).

KDU731 3-(4-carbamoylphenyl)-N-(5-cyanopyridin-2-yl)-N-
methylpyrazolo [1,5-a]pyridine-5-carboxamide. KDU731 is a
yellow-colour solid. 'H NMR (400 MHz, DMSO-d6): 6 8.87 (dd,/=2.3,
0.8Hz,1H),8.72(dd,/=7.2,0.9 Hz, 1H), 8.53 (s, 1H), 8.26 (dd, /= 8.6,
2.3Hz,1H),8.01(s,1H), 7.99-7.94 (m, 3H), 7.66-7.59 (m, 3H), 7.37 (s, 1H),
6.86 (dd,/=7.2,1.8 Hz, 1H), 3.54 (s, 3H); ESILC/MS: m/z 398 [M + H]".
Jis the coupling constant and is a measure of the interaction between
spin-coupled protons.

Compound 1(ethyl N-(4-chlorophenyl)-N-(3-(4-(methylcarbamoyl)
phenyl)pyrazolo[1,5-alpyridine-5-carbonyl)glycinate). Ethyl
(4-chlorophenyl)glycinate (1.3 g, 5.9 mmol) was added to a solution of
3-bromopyrazolo[1,5-alpyridine-5-carbonyl chloride (1.4 g, 5.4 mmol)
in dichloromethane (DCM) (5 ml), followed by N,N-diisopropyl-
N-ethylamine (1.9 ml, 10.8 mmol). The mixture was stirred overnight
and concentrated under vacuum onto silica gel, followed by purifica-
tion on additional silica gel witha 0% to 100% ethyl acetate (EtOAc) in
heptane ramped to isolate ethyl N-(3-bromopyrazolo[1,5-a]pyridine
-5-carbonyl)-N-(4-chlorophenyl)glycinate (1.0 g, 2.29 mmol, 42.4%
yield) as a solid. This solid was dissolved in 1,4-dioxane (10 ml) and
water (2.0 ml) in a microwave vial. N-Methyl-4-(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)benzamide (492 mg, 2.75 mmol), K,HPO,
(1.5 g, 6.9 mmol) and PdCl,(dppf)-CH,Cl, (340 mg, 0.46 mmol) were
added and the solution degassed with N,. The mixture was heated to
100 °C for 10 min, then filtered, concentrated and purified by super-
critical fluid chromatography (SFC) to yield the title compound as a
solid (27.6 mg, 2.4% yield). LC-MS (m/z):491.3[M +1]*, retention time
(RT) =0.79 min.’'HNMR (500 MHz, DMS0-d6):68.69 (d,/ = 7.2 Hz,1H),

8.47(d,/=13.6 Hz,2H), 7.92 (d,/=4.4 Hz, 2H), 7.74 (s, 1H), 7.50-7.42
(m, 4H), 7.37 (t,/ = 4.9 Hz, 2H), 6.87-6.82 (m, 1H), 4.64 (s, 2H), 4.16
(q,/=7.1Hz,2H),2.82(d,/=4.5Hz,3H),1.21(t,/= 7.1Hz, 3H).

Compound 2 (N-(4-chlorophenyl)-N-(3-(4-(methylcarbamoyl)
phenyl)pyrazolo[1,5-a]lpyridine-5-carbonyl)glycine). Ethyl N-
(4-chlorophenyl)-N-(3-(4-(methylcarbamoyl)phenyl)pyrazolo[1,5-a]
pyridine-5-carbonyl)glycinate (250 mg, 0.509 mmol) and LiOH
(12 mg, 0.509 mmol) were dissolved in3 ml1:1:1 methanol (MeOH):1,4-
dioxane:water and stirred overnight. Product was precipitated with
6 Nhydrochloricacid (HCI), and the solid was filtered and washed with
water. The material was purified by SFC to yield the title compound
asasolid (80 mg, 33.6%). LC-MS (m/z): 463.1[M +1]*, RT =1.389 min.
'H NMR (400 MHz, DMSO-d6): 6 8.67 (dd,/=7.2, 0.9 Hz, 1H), 8.46
(d,/=6.6 Hz, 2H), 7.95-7.86 (m, 2H), 7.72 (d,/=1.6 Hz, 1H), 7.49-7.40
(m,4H),7.39-7.30 (m, 2H), 6.83 (dd,/=7.2,1.8 Hz,1H), 4.54 (s, 2H), 2.81
(d,J=4.5Hz,3H).

Compound 3 (2-(dimethylamino)-2-oxoethyl 3-(V-(4-chlorophenyl)-
3-(4-(methylcarbamoyl)phenyl)pyrazolo[1,5-a]pyridine-5-
carboxamido)propanoate). 3-(N-(4-Chlorophenyl)-3-
(4-(methylcarbamoyl)phenyl)pyrazolo[1,5-a]pyridine-5-carboxamido)
propanoic acid (100 mg, 0.21 mmol) was added to a solution of
2-bromo-N,N-dimethylacetamide (30 mg) in dimethylformamide
(2 ml). K,CO, (87 mg) was added and the mixture stirred for 12 h. The
mixture was cooled to 0 °C and poured into ice water. The aqueous
layer was extracted with EtOAc and the combined organic layers dried
over Na,SO,, filtered and concentrated. The material was purified by
reverse phase HPLC (Zorbax C18, H,0/CAN, 18 ml min™) to provide the
title compound as a solid (25 mg, 21%). LC-MS (m/2): 561.75 [M +1]*,
RT =1.42 min.'H NMR (400 MHz, DMSO-dé6): 6 8.65 (d,/=7.2 Hz, 1H),
8.50-8.45(m,2H),7.96-7.89 (m, 2H),7.81(s,1H), 7.52(d,/= 8.0 Hz, 2H),
7.45(s,4H), 6.88(dd,/=7.3,1.8 Hz,1H), 4.75(s, 2H), 4.12 (t,/= 7.3 Hz, 2H),
2.90(s,3H),2.83(d,/=4.4Hz,3H),2.77 (s,3H),2.74 (t,/ = 7.4 Hz, 2H).

Compound 4 ((R)-3-(4-(methylcarbamoyl)phenyl)-N-
((5-oxotetrahydrofuran-2-yl)methyl)-N-(4-(trifluoromethoxy)
phenyl)pyrazolo[1,5-a]pyridine-5-carboxamide). To a suspen-
sion of (R)-3-bromo-N-((5-oxotetrahydrofuran-2-yl)methyl)-N-
(4-(trifluoromethoxy)phenyl)pyrazolo[1,5-a]pyridine-5-carboxamide
(65 mg, 0.13 mmol) in tetrahydrofuran (THF) (2 ml) was added
(4-(methylcarbamoyl)phenyl)boronic acid (58 mg), triethylamine
(Et;N) (55 pl) and H,O (1 ml), and the mixture was purged with N..
PdCl,(dtbpf) (8.5 mg) wasadded. The mixture was stirred at 100 °C for
2 h, thenfiltered, concentrated and subjected to SFC (2-ethylpyridine
column, CO,/MeOH, 80 ml min™, 2.18 min) to provide the title com-
pound (27 mg,37%) asasolid. LC-MS (m/z):553.3[M +1]*,RT = 0.97 min.
'HNMR (500 MHz, DMSO-d6): 68.66 (d,/= 7.2 Hz,1H),8.46 (d,/=5.9 Hz,
2H),7.94-7.89 (m,2H),7.76 (s,1H), 7.55-7.47 (m,4H), 7.38 (d,/= 8.4 Hz,
2H), 6.86 (dd,/=7.2,1.8 Hz, 1H), 4.83-4.77 (m, 1H), 4.19 (dd, /= 14.6,
3.9Hz,1H),4.11(dd,/=14.6,8.0 Hz,1H),2.82(d,/=4.4Hz,1H),2.56-2.49
(m,2H),2.34-2.24 (m,1H),1.94 (dq,/=12.7,9.1Hz, 1H).

Compound 5 (methyl 2-(3-(4-carbamoylphenyl)-N-methylpyrazolo-
[1,5-alpyridine-5-carboxamido)-5-chlorobenzoate). Methyl
2-(3-bromo-N-methylpyrazolo(1,5-a)pyridine-5-carboxamido)-
5-chlorobenzoate (0.79 g, 1.9 mmol), (4-carbamoylphenyl)boronic
acid (0.46 g), PdCl,(dtbpf) (0.27 g) and K;PO, (1.2 g) were taken up
in dioxane (15 ml) and water (3.1 ml) in a microwave vial. The vial was
purged with N, for10 min and then heated in amicrowave at100 °C for
10 min. The mixture was filtered, concentrated and purified by HPLC
(amino column C3 20-25, CO,/MeOH, 80 ml min™) to yield the title
compound (650 mg, 1.4 mmol, 75% yield) asayellow solid. LC-MS (m/z):
463.2[M+1]*,RT = 0.76 min."H NMR (400 MHz, chloroform-d): 6 8.69
(d,/=1.8Hz,1H),8.51(d,/=7.2 Hz,1H),8.27 (s,1H),8.12(d,/= 8.2 Hz,2H),
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8.02 (s, 1H), 7.8415(dd,/=8.6, 2.1 Hz, 1H), 7.56 (d,/= 8.2 Hz, 2H), 7.38
(s,1H), 6.78 (d,/=7.2 Hz,1H), 3.96 (s, 3H), 3.64 (s, 3H).

EDI048 (methyl 2-chloro-5-(N-methyl-3-(4-(methylcarbamoyl)
phenyl)pyrazolo[1,5-a]lpyridine-5-carboxamido)benzoate).
To a suspension of methyl 5-(3-bromo-N-methylpyrazolo[1,5-a]
pyridine-5-carboxamido)-2-chlorobenzoate (14.4 g, 34.1 mmol) in THF
(360 ml) wasadded (4-(methylcarbamoyl)phenyl)boronicacid (8.6 g),
Et;N (14.3 ml) and H,0 (67 ml). The mixture was degassed and purged
with N, three times. PdCl,(dtbpf) (222 mg) was added. The mixture was
stirred at 53 °C for 3 h, diluted with EtOAc and water, and then filtered.
Thelayers were separated, the organic layer dried over Na,SO,, filtered
and some of the volatiles removed. The resulting slurry was filtered
to collect the solids. The solids were dissolved in ethanol and EtOAc,
stirred with Pd-scavenging resin, filtered and fully concentrated. The
solid was dissolved in hot EtOAc (150 ml), slowly cooled and collected
to provide the title compound (10 g, 21 mmol, 62% yield) as a yellow
solid. LC-MS (m/z):477.0 [M + H]*, RT = 0.75 min (LC-MS source data
provided)."HNMR (400 MHz, chloroform-d): §8.33-8.25 (m, 1H), 8.06
(s,1H),7.80-7.75(m, 2H),7.71(d,/=2.80 Hz,1H), 7.52(d,/=150.80 Hz,
1H),7.32(d,/=8.80 Hz,1H), 7.24-7.17 (m, 3H), 7.04 (dd,/ = 2.80, 8.40 Hz,
1H), 6.83 (dd,/=2.00, 7.20 Hz, 1H), 6.39 (br s, 1H), 3.92-3.82 (m, 3H),
3.51-3.40 (m, 3H), 3.00 (d,/=5.20 Hz, 3H).

Compound 6 (2-chloro-5-(N-methyl-3-(4-(methylcarbamoyl)phe-
nyl)pyrazolo[1,5-a]pyridine-5-carboxamido)benzoic acid). -Butyl
2-chloro-5-(N-methyl-3-(4-(methylcarbamoyl)phenyl)pyrazolo[1,5-a]
pyridine-5-carboxamido)benzoate (130 mg, 0.25 mmol) was taken up
in DCM (5.0 ml). The solution was cooled to 0 °C and trifluoroacetic acid
(5.0 ml) was added. The mixture was stirred at r.t. for 6 h and the vola-
tiles were removed under vacuum. The resulting solid was washed with
diethyl ether and purified by HPLC (Kinetex EVO, 150 mm x 21.2 mm,
20 mImin™; A =0.1% trifluoroacetic acid in water, B = acetonitrile,
20-30% B over 2 min, 30-44% B over 7 min) to provide the title com-
pound (25 mg, 0.055 mmol, 22%) as asolid. LC-MS (m/z): 463.15[M + H]*,
RT =0.63 min.'H NMR (400 MHz, DMSO-d6): §8.68 (d,/=7.2 Hz, 1H),
8.52-8.40 (m, 2H), 7.95-7.82 (m, 4H), 7.57 (d,/=8.0 Hz, 2H), 7.49 (d,
J/=3.2Hz,2H),6.87(d,/=7.2Hz,1H),3.42(s,3H),2.81(d,/=4.4 Hz,3H).

Compound 7 (4-(5-((4-chloro-3-(methoxycarbonyl)phenyl)
(methyl)carbamoyl)pyrazolo[1,5-a]lpyridin-3-yl)benzoic acid).
(4-(tert-Butoxycarbonyl)phenyl)boronic acid (74 mg, 0.33 mmol)
was dissolved in THF (3 ml), H,0 (560 pl) and triethylamine (100 pl).
Methyl 5-(3-bromo-N-methylpyrazolo[1,5-a]pyridine-5-carboxamido)-
2-chlorobenzoate (100 mg, 0.24 mmol) was added and the solution
purged with N,. PdCl,(dtbpf) (7.7 mg) was added. The mixture was
stirred at 72 °Cfor1h, when the reaction was judged complete by LC—-
MS. The mixture was cooled to r.t. and diluted with EtOAc and water.
The organic layer was washed with brine, dried with Na,SO,, concen-
trated and purified by flash chromatography (0-100% EA/Hep) to give
methyl 5-(3-(4-(tert-butoxycarbonyl)phenyl)-N-methylpyrazolo[1,5-a]
pyridine-5-carboxamido)-2-chlorobenzoate (112 mg, 0.215 mmol, 91%
yield). This solid was diluted in DCM, and 4.0 MHCl in dioxane (538 pl)
was added. Reactionwas completed by LC-MSin2 h. The volatiles were
removed under vacuumto dryness and purified by preparative HPLC.
The material was isolated and the resulting solid was collected and
dried under air to yield the title compound (86 mg, 0.18 mmol, 84%
yield). LC-MS (m/z): 464.3 [M +1]*, RT = 0.82 min.'H NMR (500 MHz,
DMSO0-d6): 612.93 (s, 1H), 8.72 (d, /= 7.1 Hz, 1H), 8.50 (s, 1H), 8.00 (d,
J/=8.0Hz,2H),7.96 (d,/=2.6 Hz, 1H), 7.84 (s, 1H), 7.59-7.51 (m, 3H),
7.48(d,/=8.6 Hz,1H), 6.95(d,/=7.2 Hz,1H), 3.84 (s, 3H), 3.43 (s, 3H).

HsPI(4)K specific inhibitor (MI14). The HsPI(4)K specific inhibitor
(MI14) used in this study for enzymatic assays was synthesized as
described earlier*s.

Cell and parasites

Human ileocaecal colorectal adenocarcinoma cells (HCT-8) were
purchased from American Type Culture Collection (ATCC) (CCL-34).
Cells were cultured at 37 °C with 5% CO, in a humidified tissue culture
incubator using complete media consisting of RMPI-1640 medium
(Gibco, A1049101) supplemented with either 10% heat-inactivated fetal
bovine serum (FBS; Sigma-Aldrich, 12306C), 120 U mlI™ penicillin and
120 pg ml™streptomycin (Gibco, 15140-122). For cytopathic effect (CPE)
assays, RPMI media were supplemented with 10% heat-inactivated
horse serum (Thermo Fisher, 26050), 1x MEM nonessential amino
acids (Thermo Fisher, 11140), 10 mM HEPES (Thermo Fisher, 15630),
100 U mI™ penicillinand 100 U ml ™ streptomycin at 37 °C in a humidi-
fied incubator with 5% CO,. HCT-8 cells were only used for experiments
between passage number P7 and P30. Cells were counted using a Chem-
oMetec NucleoCounter with NucleoView software v.1.2.0.0. C. parvum
lowa isolate oocysts were purchased from Bunch Grass Farm (Deary,
Idaho) and the C. hominis TU502isolate purchased from Dr Saul Tzipori
(Tufts University Cummings School of Veterinary Medicine, North
Grafton, Massachusetts). C. parvum lowa nanoluciferase-expressing
oocysts were a kind gift from D. Boris Striepen from the University of
Pennsylvania*’ and routinely passaged in interferon gammaknockout
(IFNy KO) or NOD SCID gamma (NSG) mouse models*,

Invitro activity against Cryptosporidium species

The inhibition of the asexual life cycle in the standard (48 h) assays
was determined using the CPE assay®. Oocysts were artificially
excysted using 10 mM HClin 1X Hank’s balanced salt solution (HBSS)
for10 minat 37 °Cusingashaker at1,000 r.p.m., followed by exposure
to pre-warmed, pre-gassed 2 mM sodium taurocholate in parasite
infection medium (PIM, 1:1formulation of Leibovitz’s L-15medium and
UltraCULTURE medium) for 5 minat 37 °C. HCT-8 cells were infected
in a T-175 flask with oocysts triggered for excystation at a multiplic-
ity of infection (MOI) of 3 for C. parvum and MOI of 4 for C. hominis.
At 3 h post infection, the infected HCT-8 cells were dissociated via
TrypLE (Gibco, 12604021) treatment for 30 min at 37 °C in 5% CO,.
Cryptosporidium-infected cells were then pelleted, resuspended in
HCT-8 culture media and seeded at a cell density of 2.75 x 10* cells
per well in 30 pl per well. For seeding, we used a MultiDrop reagent
dispenser (Thermo Fisher) and standard tube dispensing cassette at
ahigh speedsetting, ontoablack polystyrene 384-well plate (Greiner,
781091). The 384-well plate was previously dry spotted with 60 nl per
well of compounds (diluted inDMSO) in aten-point dose response with
3-fold compound dilution or with controls (DMSO or KDU731at afinal
concentration of 2 pM) using an Echo Acoustic liquid handler (BioTek
Instruments). Assay plates were incubated at 37 °C in a humidified
incubator with 5% CO, for 48 h, and cells were then lysed with 20 pl
r.t. CellTitre-Glo 2.0 (Promega, G9241) and incubated for 30 min at
r.t. in the dark. After 30 min, luminescence was measured using the
luminometer (CLARIOstar with software v.5.40 R2, BMG Labtech)
at 0.1s per well and 3,500 gain. Raw data files were exported and
results were expressed as percent stimulation, where 100% stimulation
was equal to the median of the active control wells and 0% stimula-
tion was equal to the median of the DMSO-treated negative control
wells. Cell viability curves were analysed using DAVID Helios software
v.3.01.00.360 (ref. 52).

Cell-based mode of action, washout and time-kill assays

Theinvasionand DNA replication assay using fluorescence microscopy,
live imaging and transmission electron microscopy were performed
asdescribed earlier”. Washout and time-kill assays were adapted from
previous studies®** and performed using nanoluciferase-expressing
parasites. For all assays, oocysts were primed for excystation by treat-
ment with 10 mM HCl in water for 10 min at 37 °C, followed by expo-
sure to2 mMsodium taurocholate in Dulbecco’s phosphate-buffered
saline with calcium and magnesium for10 min at 16 °C. Primed oocysts
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were pelleted at14,000 gfor 4.5 minat4 °Cand resuspended inwarm
complete media for infection. Complete media consisted of RMPI-
1640 medium (Gibco, A1049101) supplemented with either 10%
heat-inactivated FBS (Sigma-Aldrich, 12306C), 120 U ml™ penicillin
and 120 pg ml*streptomycin (Gibco, 15140-122).

Host cell invasion was assayed by allowing C. parvum to invade
host cell monolayers in the presence of compound and enumerating
parasites and host cells after just 3 h (that is, before completion of
a parasite division cycle). Wiskostatin, a known inhibitor of Neural
Wiskott-Aldrich Syndrome protein, was used as an active control as
host cell actin remodellingis required for Cryptosporidiuminvasion and
parasitophorous vacuole formation®. HCT-8 cells were seeded at 25 pl
per well in 384-well black polystyrene assay plates (Corning, 353962)
such that the wells were 95-100% confluent at the time of infection. At
1hbefore infection, DMSO control, wiskostatin and test compounds
were added at twice the indicated concentrationsincubated at37 °Cin
ahumidified 5% CO, incubator for1h. At1 h post compound addition,
50,000 primed oocysts at 25 pl per well were used to infect each well
such that the final concentration of compounds was the same as the
indicated concentrations. Assay plates were thenincubated for3 hina
humidified incubator at 37 °C under 5% CO,. For all the following steps,
1X phosphate-buffered saline (PBS) was used (prepared by diluting
10X PBS (Thermo Fisher, 70011-044) 10-fold with distilled water). At
3 h postinfection, assay plates were washed 3 times with 1X PBS with
0.1% Tween 20, fixed with 4% paraformaldehyde (PFA) in 1X PBS for
15 min atr.t. and permeabilized with 0.25% Triton X-100 in 1X PBS for
10 min at 37 °C. Following permeabilization of the monolayer, HCT-8
cellswere washed 3 times with 1IXPBS with 0.1% Tween 20 and blocked
with 4% bovine serum albumin (BSA) in 1XPBS for 2 h at 37 °C or 4 °C
overnight. Parasitophorous vacuoles were stained with 1.33 pg ml™
of fluorescein-labelled Vicia villosa lectin (VVL) (Vector laboratories,
FL-1231) diluted in 1% BSA in 1X PBS for 1 h at 37 °C, followed by nuclei
staining with Hoechst 33258 (AnaSpec, AS-83219) at afinal concentra-
tion of 0.09 mM diluted in water for 15 min at 37 °C. Assay plates were
thenwashed 5times in 1X PBS with 0.1% Tween 20, and thereafter were
ready forimaging. A Nikon Eclipse Ti2 epifluorescence microscope with
amotorized stage and a Nikon DS-Qi2 camera with awide field of view
was used forimaging. NIS-Elements Advanced Research (AR) software
v.5.02.01 (Nikon), incorporating the Nikon Perfect Focus System, was
used to automatically focus and collect images from each well with
a CFI Plan Apo Lambda x20, NA 0.75 objective. For image analysis,
NIS-Elements AR Analysis software v.5.20.02 and ImageJ v.1.53t were
alsoused.

The DNA synthesis assay measures replication of the parasites
insideintestinal cells. HCT-8 cells were seeded in 384-well polystyrene
glass-bottomed plates (Cellvis, P384-1.5-N) pre-treated with 20 pl per
well of freshly dissolved 40 pg ml™ fibronectin in 1X PBS (prepared as
described under the invasion assay method above) for 2 h atr.t. or at
4 °C overnight. Cells were seeded at 25 pl per well at a range of con-
centrations between 5,000 to 25,000 cells per well such that the cells
were 90-100% confluent at the time of infection. Growth media were
removed and cells were infected with 5 x 10* oocysts artificially trig-
gered for excystation as described above. Assay plates were incubated
for3 hat37 °Cin5% CO,before the addition of different concentrations
of EDI048 or controls. DMSO was used as a neutral control, and the
lysyl-rRNA synthetase inhibitor cladosporin® was used as an active
control. Assay plates were incubated at 37 °C in 5% CO, until -9 h post
infection. At-9 h postinfection, 10 pM 5-ethynyl-2’deoxyuridine (EdU)
was added to all wells and incubated at 37 °C in 5% CO, for 2h. At 11 h
postinfection, assay plates were washed twice with 1X PBS, fixed with
4%PFA in1XPBS for 15 minatr.t. and leftin 2% PFA in 1X PBS fixative at
4 °C overnight. In the morning, fixative was removed and wells were
washed twice with 3% BSA in 1X PBS. Cells were then permeabilized
with 0.5% Triton X-100 for 20 min at r.t. and washed again twice with
3%BSAin1XPBS. The Click-ITTM EdU Alexa Fluor 647 imaging kit was

then used for EdU staining (Invitrogen, 10340). Briefly, this involved
making a Click-iT reaction cocktail and incubating for 30 min atr.t.,
protected from light. Post-EdU staining, wells were again washed with
3%BSAin1X PBS, and parasitophorous vacuole and nuclei were stained
as described above. Wells were then washed 3 times with 1X PBS and
imaged. Imaging was as described above for theinvasion assay, except
thata CFIS Plan Fluor ELWD x40, NA 0.6 objective was used.

Live imaging of C. parvum was performed to assay the life stage
effect of PI(4)Kinhibitors. Fibronectin-coated glass-bottomed 96-well
plates wereinfected with150,000 primed oocysts per well. Assay plates
were incubated for 3 h (h) at 37 °C under 5% CO,. At 3 h post infection,
wells were washed 3 times with 2 ml of warm complete mediaand then
incubated with 0.5 uM KDU?731 (approximate C. parvum CPE assay
EC,,) or DMSO. Thereafter, live microscopy on the Nikon Eclipse Ti2
epifluorescence microscope was set up within the live humidified
chamber at 37 °C under 5% CO,. Cells were imaged at 20 min intervals
with a CFIS Plan Fluor ELWD 40XC, NA 0.6 objective. Allimages were
strung together to make a video from 6 hto 21 h post infection.

TEMwas performed to visualize the effect of compounds on mer-
onts. HCT-8 cells were grown to >90% confluence in polystyrene 12-well
cell culture plates (Corning, cCLS3513), and complete media were
removed before infection. HCT-8 cells were infected with 100,000
primed oocysts per well. At 3 h post infection, wells were washed 6
times with 2 ml of warm complete media and then incubated with
0.5 uM (approximate C. parvum CPE assay EC,,) KDU731 or DMSO
in complete media for 10.5 h at 37 °C under 5% CO,. At 10.5 h post
infection, Cryptosporidium-infected cells were de-adhered via 0.25%
Trypsin-2.21 mM EDTA treatment for 5 min at 37 °C. Infected cells
were pelleted at 150 g for 5 min and resuspended in 1 ml half-strength
Karnovsky’s fixative: 1% PFA, 2.5% glutaraldehyde in 0.1 Msodium caco-
dylate buffer (pH 7.2). Infected cells were fixed for 1 hat 4 °C and then
pelleted as before. Fixed cells were thereafter washed 3 times in total
with 0.1 Msodium cacodylate buffer wash reagent for 5 minatr.t. The
washed and fixed samples were shipped to the University of Vermont
Microscopy Imaging Centre for further treatment and generation of
TEM images. Briefly, this involved crosslinking and dehydration of
samples, followed by semi-thin sectioning (60-80 nm) and mounting
onto a mesh copper grid for imaging with a JEM 1400 transmission
electron microscope (JEOL).

C. parvum lowaisolate oocysts expressing nanoluciferase (Nluc)
under control of the enolase promoter were a kind gift from Dr Boris
Striepen from the University of Pennsylvania. C. parvum was passaged
inmice following published methods®. Briefly, NSG (NOD.Cg-Prkdc*®
12rg™""'/Sz]) mice were purchased from The Jackson Laboratory and
orally infected with10* Nluc-expressing oocysts, and fresh faeces were
collected within 2 h of excretion for several weeks post infection. Lumi-
nescence readings were taken for afraction of the faeces to quantify the
Nlucsignal using the Nano-Glo Luciferase Assay System kit (Promega,
N1130) and the CLARIOstar microplate reader with software v.5.40 R2
(BMG LABTECH). Oocysts were purified from faeces by homogeniza-
tion, filtration and centrifugation, followed by sucrose and caesium
chloride gradients. Purified oocysts were confirmed for expression
of nanoluciferase by phase contrast microscopy and by quantifying
luminescence reading, and were confirmed for viability by microscopic
evaluation of excystation. Purified oocysts were stored at 4 °C and used
within 2 months from the date of shedding.

Time-kill assays were used to assess whether EDI048 is parasiticidal
or parasitistatic for C. parvum. HCT-8 cells were seeded in 384-well
white-bottomed plates (Greiner, 781207) such that the wells were
~90% confluent at the time of infection. HCT-8 cells were then infected
with oocysts primed for excystationimmediately after resuspending
oocysts in warm complete media. Oocysts (400 per well) were added
and -24 h after infection, compounds were added at indicated con-
centrations ranging from 20 pM to 1 nM. Time of compound addition
(~24 h post infection) was considered time 0. At timepoints O, 4, 8,
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24,48 and 72 h, luminescence (relative luminescence units, RLU) was
measured using the Nano-Glo Luciferase Assay System kit (Promega,
N1130) following manufacturer instructions and readings taken using
the CLARIOstar microplate reader with software v.5.40 R2. For each
timepoint, luminescence from each well was normalized to the aver-
age luminescence of the DMSO control wells to calculate percent (%)
RLU relative to DMSO control. The RLU values as well as the DMSO
control-normalized % RLU for each timepoint and each concentration
of EDI048 and nitazoxanide were plotted using GraphPad Prism v.8.1.2.

Washout assays were performed to evaluate the effect of com-
pounds on parasite growth stages. HCT-8 cells were seeded in 384-well
white-bottomed plates (Greiner, 781207), and upon achieving ~90%
confluence were infected with 400 per well of total Nluc-expressing
oocysts primed for excystation immediately after resuspending
oocystsinwarm complete media. Compounds were added and washed
attheindicated concentrations and timepoints. For each wash, media
were removed and cells were washed at least two times with100 pl per
well of complete media. RLU was measured at indicated times using
the Nano-Glo Luciferase Assay System kit (Promega, N1130) following
manufacturer instructions and readings taken using the CLARIOstar
microplate reader with software v.5.40 R2. The RLU values taken soon
after infection were considered day O RLU and were used to normal-
ize RLU values at each timepoint. Data were plotted using GraphPad
Prismv.8.1.2.

Cytotoxicity assay

Cytotoxicity against HepG2 ATCC CRL-10741 was determined as previ-
ously described*. Briefly, cells were seeded into 384-well plates at 400
cells per well, incubated at 37 °C for 24 hand exposed to 3-fold serially
diluted compounds for 96 h. Cell viability was monitored using Cell
Counting Kit-8.

Expression and purification of CpPI(4)K and HsP1(4)K
recombinant proteins for enzyme assays and structural
studies

Baculovirus cloning, expression and purification of the full-length
mutant C. parvum PI(4)K constructs were performed as previously
described for wild-type enzyme?**. Briefly, the full-length cod-
ing sequence of C. parvum P1(4)K (cgd8_4500) with the mutations
described (Y705A,Y907A or both) was codon optimized for baculovirus
expression, synthesized and cloned into pFastBac-HTb (Invitrogen) in
frame with an amino (N)-terminal polyhistidine tag using the BamHI
and Hindlll restriction sites. Primers for mutagenesis were designed
using NEBaseChanger (https://nebasechanger.neb.com/) from New
England BioLabs and were ordered from Elim Biopharm. Mutagen-
esis was performed using the Q5 Mutagenesis kit (New England Bio-
Labs, E0552S). Recombinant pFastBac-HTb-C. parvum P1(4)K bacmid
clones were generated by site-specific transposition in Escherichia
coli DH10Bac (Thermo Fisher). Bacmid isolation, transfection and
selection of the recombinant viruses were performed according to
manufacturer protocol (Bac-to-Bac System, Thermo Fisher, 10359-
016). SF9 cells, cultured in ESF921 protein-free medium (Expression
Systems, 96-001-01), were transfected with liposomes and recombinant
baculovirusat4:1ratio and incubated at 27 °C for 4-7 days. For protein
expression, Sf21 cells were infected with 3%, Passage2, virus at a cell
density of 1.5 x 10° cells per ml. Cells were collected at 48 h post infec-
tion by centrifugationat1,000 x gfor 30 minat4 °C and resuspended
in cell lysis buffer (20 mM Tris-HCI, pH 7.5, 300 mM NacCl, 1 mM dithi-
othreitol (DTT),20 mMimidazole, 0.01% Triton X-100 and 1X complete
protease inhibitor cocktail without ethylenediamine tetra-acetic acid
(EDTA, Roche)). The cell suspension was lysed by sonication and the
clarified supernatant was loaded onto a 1 ml HisTrap affinity column
(GEHealthcare) pre-equilibrated with buffer A (20 mM Tris-HCI, pH 7.5,
300 mMNaCl,1mMDTT, 20 mMimidazole and 1X complete protease
inhibitor cocktail without EDTA). The column was washed with buffer

A containing 45 mMimidazole and the bound protein was eluted with
buffer Awith 90 mMimidazole. Fractions containing mutant C. parvum
PI(4)K were identified by size-exclusion chromatography, pooled,
concentrated using Amicon Ultra-15, purified by agel-filtration column
(Hi-Load 26/60 Superdex 200, GE Healthcare) and equilibrated with
20 mM Tris pH 7.5,300 mM NaCl,1 mM DTT and 1X protease inhibitor
cocktail without EDTA. Aliquots were flash frozen in liquid nitrogen
and immediately stored at -80 °C.

Full-length wild-type Human PI(4)Kb isoform 2 was codon opti-
mized for expression in Spodoptera frugiperda. The gene was split
into two gene tiles with overlap and cloned into alinearized pFastBacl
vector at BamH1 and Xhol sites.

Truncated HsPI(4)K proteins for X-ray crystallography and enzyme
assays were all based on the construct described earlier® in which
HsPl(4)K isoform 2 (1-801) was truncated at the N (1-121) and C (785-
801) termini, deleted internally at 249-287 and 408-507 and mutated
at S294A. The sequence was codon optimized for expressionin E. coli
and cloned into pET24 at Ncol and BamH1 sites with an N-terminal
hexa-His tag followed by a TEV protease sequence. For the enzyme
activity assays, a variant of the HsPI(4)K X-ray crystallography con-
struct that retains C-terminal residues 785-801 was cloned into pET28a
containing an N-terminal hexa-His, MBP, TEV sequence. It has been
previously shown that the C termini of HsPI(4)K are necessary for the
enzyme activity****. The HsCpPI(4)K chimaeric constructincluded the
site-directed mutations, L374Y and P597Y. Both these tyrosine residues
are highly conserved across all apicomplexan PI(4)K enzymes and are
expected to have a profound effect on the binding pocket surface and
allow Pi-stacking with aromatic scaffolds seen in the structures of
other PIKK members®. For probing enzyme activity of the HsCpPI(4)
K chimaera, the dynamic C-terminal region (C-tail, residues 785-801)
of HsP1(4)K was retained as described above.

All four plasmids (HsPI(4)K and HsCpPI(4)K for both X-ray crys-
tallography and enzyme assays) were transformed into the BL21
Star expression strain, grown in 2YT media (+antibiotic) in an incu-
bator/shaker at 37 °C and 250 r.p.m., induced with isopropyl -D-
1-thiogalactopyranoside at 1 optical density (OD), then incubated
overnight at 18 °C. Cells were collected by centrifugation (15 min at
5,000 x g) and cell pellets stored at =70 °C until purification. All puri-
fication buffers had 20 mM Tris pH 8.0,150 mM NaCl, 5% glycerol and
1mM Tris(2-carboxyethyl)phosphinein common, and all column frac-
tions were analysed by gel electrophoresis and intact mass MS before
pooling. Cells were lysed with a microfluidizer in buffer containing
a commercial protease inhibitor cocktail and universal nucleases.
HsPI(4)K proteins for X-ray crystallography were purified by a 3-step
protocol: (1) HisTrap (5 ml) capture and 0-250 mM imidazole elution,
(2) simultaneous overnight TEV cleavage and imidazole dialysis of the
pooled PI(4)K fractions, then passage over a second HisTrap column
to capture His-tagged TEV and impurities, followed by (3) final puri-
fication of XRC protein in a SEC column (Superdex 200). The pooled
fractions were concentrated by centrifugation to~-10 mg ml”and flash
frozen into liquid nitrogen for storage. Proteins for enzyme activity
were purified by a variation of this 3-step protocolinthat ano-cleavage
step was performed due to the stabilizing effect of the MBP solubility
tag. Assay proteins were purified by HisTrap capture and elution, fol-
lowed by two rounds of SEC chromatography. E. coli expressed HsP1(4)
Kand HsCpPl(4)K enzymes showed comparable biochemical activity.
Recombinant HsRabl1 protein used for XRC studies was expressed and
purified as described earlier®.

For PI(4)K enzyme assays, all solutions were prepared in deion-
ized water. Triton X-100 (X100-500ML) and manganese(ll) chloride
tetrahydrate (M3634-100G) were purchased from Sigma-Aldrich.
Tris-HCl solutions were prepared in-house as 1 M stocks with appro-
priate pH. Octylglucoside (OG) powder was used to prepare a 3% solu-
tionin10 mM Tris pH 7.0. OG was used to solubilize 10 mgbovine liver
L-a-phosphatidylinositol (PI; Avanti Polar Lipids, 84002P) to a final
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concentration of 30 mM PI. After addition of 3% OG into the glass vial,
itwassealed with parafilmand allowed to sit onice for 30 min. The solu-
tion was then vortexed until all Plwas fully solubilized. ADP-Glo reagent,
kinase detection reagent, Ultra Pure ATP and adenosine diphosphate
(ADP) were purchased from Promega as an ADP-Glo kit (V9101). Lumi-
nescence measurements were carried out in white 384-well polypro-
pylene plates (Greiner, 781207). Compound-mediated inhibition of
PI(4)K variants was assessed in a total reaction volume of 10 pl. First,
5l of PI(4)K enzyme at twice the final concentration (6 nM enzyme
for full-length enzymes or 10 nM for truncated constructs) in 10 mM
Tris-HCI pH 7.5,1mM DTT, 0.05% Triton X-100 and 5 mM MnCl, was
dispensed into assay-ready plates dry spotted with compound (dis-
solved in DMSO) via Echo liquid handler (Labcyte). The enzyme was
allowed to incubate with compound for 5 min at r.t. The reaction was
started with the addition of substrate at twice the final concentration
(20 pM PI, 6 pM ATP, 10 mM Tris-HCI pH 7.5, 1mM DTT, 0.05% Triton
X-100, 5 mM MnCl,). The final ATP concentration of 3 uMis below the
ATP K. No notable differences in K\, were observed for mutant PI(4)
K constructs relative to their corresponding wild-type enzymes. The
reaction was allowed to proceed for 50 min at r.t. Subsequent steps
to quench and detect were followed as described in the ADP-Glo kit
manual. The reaction was quenched by the addition of 10 pl of ADP-Glo
reagent and allowed to incubate at r.t. for at least 40 min. After this
incubation, 20 pl of kinase detection reagent was added and allowed
toincubateatr.t.for 30 min, after which the plate was read usinga BMG
Labtech CLARIOstar plate reader (with software v.5.40 R2) using a gain
of 3,600, 0.2 s measurement interval and focal height of 10 mm. ICs,
values were determined usingin-plate duplicate 10-point 3-fold serial
dilutions of each compound covering a concentration range of 20 pM
to 1 nM. The neutral control (NC; DMSO) and the active control (AC;
10 pM KDU731) were present in columns 1,12, 13 and 24 of each plate.
Theactive control was also presentin dose response on each plate. Data
were converted to % activity, with 0% representing no inhibition (com-
parable to DMSO) and -100% representing full inhibition (comparable
tothe AC) based onthe equation—100 x ((x —NC) / (AC - NC)), where x
isthe measured value. DAVID Helios software v.3.01.00.360 (ref. 52) was
used to further analyse the data. The normalized values were plotted
against compound concentration, and the IC,, was calculated using
four-parameter nonlinear regression. The reported IC,, values were
calculated as pM concentrations.

Crystallization and structure determination of HsCpPI1(4)
K/HsRabllawith EDIO48

Crystallization. The protein used for X-ray crystallography was HsP1(4)
KIHIP with truncated dynamic regions®* and containing two muta-
tions (P597Y and L374Y) in the ATP-binding pocket to mimic Crypto-
sporidium enzymes ligand-binding pocket. This truncated HsPI(4)
KIIB::P597Y: L374Y enzyme is referred to as ‘HsCpP1(4)K'. HsCpPI(4)
K/Rablla complex was crystallized by vapour diffusion methods by
incubating 10 mg ml™ HsCpP1(4)K protein with 12 mg mI™ HsRabllain
an -L:1 molar ratio for 30 min at a final concentration of ~5-6 mg ml™.
Hanging crystallization drops were set up containing 1 pl complex and
1plwellsolutionin15-well crystallization plates. The well solution was
composed of 500 mM ammonium sulfate, 88 mM sodium citrate, 5%
glycerol and 875 mM lithium sulfate. The plates were then incubated
for crystallization at 18-25 °C for 2-3 days. Crystals were collected for
compound soakingin cryo-soak solutions. For soaking, equal volumes
of100% glyceroland1 M HEPES pH 7.5 were mixed with sufficient mass
of EDI048 to result in a final concentration of 100 mM. Protein crys-
tallization mixture (20 pl) was dispensed and mixed with 5 pl of the
compound solution to make a cryo-soaking solution. Cryo-soaking
solution (10 pl) was dispensed into sitting drop wellsin a 24-well plate,
and HsCpPIl(4)K/HsRablla crystals were applied for soaking for ~24 h.
Soaked crystals were collected and flash frozen in liquid nitrogen using
acryoprotectant composed of 25% ethylene glycol and 75% cryo-soak.

Data collection. A full data set (useable data to 2.9 A) was collected
at APS on the MCAT beamline. The data collection was performed at
100 K and wavelength =1.0000 A. The crystal used was of the space
group P212121, with average unit cell lengths of a =48.57 A, b =105.22 A,
c=186.41A;a= =y =90°. Therawdatawereintegrated, indexed and
scaled using the Autoproc suite from Global Phasing.

Refinement. Phaser (Phenix Consortium) asimplementedin the CCP4
Suite of programs was used for the molecular replacement. Anin-house
structure of Hs-Cp-PI(4)K/HsRablla was used as the search model.
Refinement and manual rebuilding were performed initerative cycles
using Phenix Refine (Phenix Consortium) and Coot software v.0.9.8.92
(ccp4). Partial fitting of the protein was performed before refinement
of the inhibitor. Idealized atomic coordinates for the inhibitor were
generated with Molecular Operating Environment (MOE) v.2022.02
(Chemical Computing Group) and fit into an Fo-Fc difference electron
density map contoured at the 3o level using Coot. Structural param-
eters for EDIO48 were generated by grade/mogul (Global Phasing,
CCDC).Theinhibitor was thenrefined along with the rest of the struc-
ture until the refinement converged. Solvent molecules were located
and automatically assigned by Coot and Phenix.refine. Solvent that
had good geometries (that s, trajectory and distances consistent with
potential hydrogen bonds) were modelled and checked for consist-
ent 2Fo—Fc difference density contoured at the 1olevel in subsequent
cycles.Ramachandran statistics used were: Outliers: 0%; Allowed: 4%;
Favoured: 96%. Relevant data and refinement statistics are presented
in Extended Data Table 3. The PDB (Protein Data Bank) accession code
for the HsCpPI(4)K/HsRablla-EDI048 co-crystal structure is 8VOF. A
ligand-interaction plot was generated using MOE v.2022.02 (Chemi-
cal Computing Group). A simulated annealing omit map (mFo-DFc)
was calculated as additional confirmation of the ligand-binding mode
(Phenix Consortium).

Solubility and permeability assays

Solubility was measured using a high-throughput equilibrium solubility
assay employing aminiaturized shake-flask approach and streamlined
HPLC analysis as described earlier®. In vitro permeability parallel
artificial membrane assays were carried out using standard protocol*s.
Passive permeability along with P-glycoprotein-mediated efflux was
measured in MDR-transfected MDCK cells as described earlier®.

Invitro liver microsomes and hepatocytes metabolic stability
assessment

The metabolic stability in liver microsomes and hepatocytes was deter-
mined using the compound depletion approach and quantified by
LC-MS/MS. The assay measures the rate and extent of metabolism
as determined by the disappearance of the parent compound, which
allows the determination of in vitro half-life (¢,,), intrinsic clearance
(Cl,0), prediction of metabolic clearance (CL) and hepatic extraction
ratio invarious species®®®,

Invitro stability inintestinal S9 fraction, in vitro plasma
protein binding and plasma stability

Stability assays in plasma and intestinal S9 fraction were performed
aspreviously described®”. Briefly, the metabolic reaction was initiated
by addition of compoundsto the matrices. Incubation was conducted
in a shaking water bath at 37 °C and timepoint measurements were
sequentially taken. Samples were quenched withice-cold acetonitrile
and analysed by LC-MS/MS. The ¢, was calculated from the rate of
compound depletion. Invitro plasma protein binding was determined
using the rapid equilibrium dialysis method®.

Cytochrome P450 analysis
EDI048 was subjected to CYP450 inhibition analysis using 3 dif-
ferent isoforms following standard procedure® and assessed for
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time-dependent inhibition using CYP3A4 (ref. 65). CYPinduction assay
was carried out using PXR reporter gene assay. A PXR binding-based
hepatoma cell assay was employed to measure CYP3A4 transactiva-
tion. This assay uses ahuman hepatoma cell line DPX-2 overexpressing
the human PXR and a CYP3A4 promoter-luciferase reporter gene®*®".

Cardiotoxicity and phototoxicity

Cardiotoxicity risk was measured as previously described®. Briefly,
for hERG binding assay, concentration-response curves were typi-
cally generated as 6-point dose response from 0.37 to 30 pM using
hERG-expressing HEK293 cells; for hNav1.5 and hCavl.2 patch clamp
assays, as 7-point dose response from 0.1to 50 pM in HEK293 cells
expressing respective ion channels. The effect of the compound on
hERG potassium channel current was evaluated (4-point dose response
of 1-30 pM) at near-physiological temperature in stably transfected
mammalian cells that express the hERG gene. Phototoxicity assay was
performed following the OECD Guideline for Testing of Chemicals 432:
‘in vitro 3T3 NRU phototoxicity test®s. Briefly, in vitro photo safety
evaluation was conducted in 3T3 fibroblast cells (seeded into 96-well
microtitre plates treated with arange of concentration of compound)
using neutral red uptake assay, tested up to the limit of solubility in
HBSS in accordance with current regulatory guidelines.

Mini-ames, TK6 micronucleus assay and in vitro safety
profiling assays

Mini-ames genotoxicity risk was measured as previously described®’.
Briefly, mutagenic potential of the compound was evaluated by its
effects on one or more histidine-auxotrophic Salmonella typhimu-
rium strains TA98 and TA100 in the absence or presence of rat liver
metabolizing S9 system. The in vitro micronucleus test in TK6 cells
was performed as previously described’. All assays for binding to
proteins known to bear potential safety liabilities in humans were
high-throughput competitive binding assays using specific radiola-
belled ligands®.

Invitro human lymphocyte (HuLy) micronucleus assay

In vitro HuLy micronucleus assay was performed using pooled blood
(two donors), in accordance with Labcorp standard operating pro-
cedures, the United Kingdom Good Laboratory Practice Monitoring
Authority, Good Laboratory Practice Regulations 1999 and in compli-
ance withthe OECD guidelines”. The clastogenic and aneugenic poten-
tial of EDIO48 was evaluated by analysing the frequency of micronuclei
formationin cultured human peripheral blood lymphocytes treated in
theabsence and presence of aratliver metabolizing system (S9). Briefly,
50-500 pg ml™ of EDIO48 was incubated for either 3 hor24 hwith21 h
or 24 hrecovery period, respectively, with and without S9. Cells were
centrifuged and resuspended in aminimal amount of fresh fixative, and
slide analysis was carried out using fluorescence microscopy.

Invivo rat micronucleus and Comet assays

On days 3 and 15, blood samples for peripheral blood micronucleus
assay were collected in randomized order from 2 weeks rat toxicol-
ogy study animals and analysed by flow cytometer as described in ref.
72. Dosing details are described in ‘Rat toxicology study’. For in vivo
Comet assay with EDI048, groups of 6 male Wistar rats were dosed at
200,600and 2,000 mg kg d'for2 days. Liver and duodenum tissue
were sampled at -T,,, following the second dose, and Comet assays
were performed as described previously”.

Invitro identification of metabolites in hepatocytes

The metabolic disposition of EDI048 was assessed following in vitro
incubation with mouse, rat, dog and human hepatocytes after 2 h
of incubation. Briefly, 10 uM concentration of test compound was
added directly to wells containing hepatocytes. Time zero samples
wereimmediately quenched with an equal volume of acetonitrile and

mixed well. Two-hour samples were incubated at 37 °C in a humidi-
fied CO, incubator (5% CO, and 90% relative humidity) for 2 h on an
orbital shaker at 400 r.p.m. Following this, hepatocyte incubations
were quenched with acetonitrile, centrifuged (-6,000 g for 10 min at
~20 °C) and the supernatant analysed using LC-UV/MS with accurate
mass detection.

Invivo pharmacokinetic analysis

In vivo pharmacokinetic studies were conducted using non-randomized
C57BL/6 male mice (n=3,8-10 weeks old), Wister male Sprague Dawley
rats (n =3, 8-10 weeks old) and male Beagle dogs (n =3, 12-14 weeks
old). Neonatal calf pharmacokinetic studies were performed as part
of the efficacy study on day 1 of treatment. All procedures involving
animals were reviewed and approved by the respective Institutional
Animal Care And Use Committees (IACUC). Mice PK was performed
accordingto theIACUC regulations of Charles River Laboratories (No.
2100230). Mice were housed in Innovive disposable micro-isolator
cages with bedding. Rat PK was performed according to the IACUC
regulations of Novartis Institute for BioMedical Research (No.2100231).
The jugular vein catheter/portal vein catheter rats were housed indi-
vidually in Allentown reusable cages. Dog PK was performed according
tothelACUC regulations of Charles River Laboratories (No.2100232).
All animals were group housed in pens with contact bedding. Calf PK
was carried out in compliance with the Virginia Tech Institutional
Animal Care and Use Committee (No. 00271) and housing condi-
tions are elaborated in ‘Neonatal calf efficacy study’. No statistical
methods were used to predetermine sample size. Sample size was
determined on the basis of the minimum number of animals required
for good data distribution and statistics. Although animals were
selected randomly for each group, animal dosing was not blinded,
as compounds need to be formulated in vehicle at different concen-
trations. However, for the sample collection and analysis, analysts
were blinded or followed an unbiased approach using an automated
platform. EDI048 was formulated in a suspension formulation for
oral dosing (methylcellulose:Tween 80:water at 0.5:0.1:99.4 w/w for
mouse, rats and dogs; methylcellulose:Tween 80:water at 0.5:0.5:99
w/w for calves) and solution formulation for intravenous dosing
(NMP:4% BSA in PBS10/90 v/v for mouse; NMP:PEG200 10/90 v/v for
ratsand dogs).

The blood samples for pharmacokinetic studies were collected
between 0 and 24 h post dose. Blood samples were collected into
2 ml tubes containing 6 mg Na,EDTA and 3 mg sodium fluoride (BD
Hemogard) and kept on ice until centrifugation. These samples were
centrifuged within 30 min of collection for 10 mininarefrigerated cen-
trifuge (set to maintain at4 °C) at -2,000 g. The resultant plasma was
collected into fresh tubes placed on ice until transferred to a freezer,
set to maintain —60 to —80 °C. The concentrations of compounds at
various timepoints were determined by high-performanceliquid chro-
matography coupled with tandem mass spectrometry (LC-MS/MS).
Plasma samples from pharmacokinetic studies were extracted with
acetonitrile:methanol (50:50) containing CHIR073911 as internal stand-
ard, using a4:1extractant:plasmaratio. Analyte quantitation was per-
formed by LC-MS/MS. Liquid chromatography was performed using
a Waters ultra-performance liquid chromatography (UPLC) system
with the Waters C18 SB column (2.1 x 50 mm) at an oven temperature
of 50 °C, coupled with an AP16500 triple quadruple mass spectrometer
(Sciex Applied Biosystems). Instrument control and data acquisition
were performed using Applied Biosystems software Analyst v.1.6.2.
Pharmacokinetic parameters were determined by non-compartmental
analysis using Phoenix WinNonLinv.8.3 (Certara).

Rat toxicology study

The rat toxicology study including analyses was conducted at desig-
nated test sites in compliance with the principles of Good Laboratory
Practice Standards. All proceduresinvolving animals were reviewed and
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approved by the IACUC of Covance Laboratories (N0.1970604). EDI048
was formulated in a suspension formulation (methylcellulose:Tween
80:water at 0.5:0.5:99 w/w) and orally administered twice daily to
10 male and 10 female Wistar rats at a daily oral dose of 50, 250 or
1,000 mg kg™ body weight d* for 2 weeks. The number of animals in
the toxicity protocolsis considered to be the minimum necessary for
statistical, regulatory and scientific reasons. For rat toxicology studies,
10 animals per sex per group was considered the minimum number that
would account for the expected variability among these animals. Rats
were obtained from Envigo and subjected to 5 days of quarantine and
acclimatization before the study began. Rats were -9-10 weeks at initia-
tion of dosing and were pair or triple housed, by group and sex, in solid
bottom cages with cellulose-based contact bedding. An enrichment
device as well as a hut, tunnel or house were provided in each cage at
all times. All animals were subjected to daily clinical observation, and
body weight and food consumption were determined appropriately
for all animals enrolled in the study. Clinical laboratory evaluations
(haematology and clinical chemistry) were performed at the scheduled
necropsy on day 15. Organs were examined for gross pathology and
weighed before fixation and preparation for histology. Samples from
organs and tissues prepared from animals assigned to control and
high-dose groups were examined microscopically. Specifically, the
adrenal glands, aorta (thoracic), bone marrow (femur, includingjoint,
sternal), brain, caecum, colon, duodenum, epididymides, oesophagus,
eyes, harderianglands, heart, ileum, jejunum, kidneys, lacrimal glands,
liver, lymph nodes (mandibular, mesenteric), mammary gland, nerve
(optic, sciatic), ovaries, pancreas, Peyer’s patches, pituitary, prostate,
rectum, salivary glands (mandibular, parotid, sublingual), seminal vesi-
cles, skeletal muscle, skin, spinal cord, spleen, stomach, testes, thymus,
thyroid (with parathyroid), tongue, trachea, urinary bladder, uterus,
cervix, vaginaand gross lesions were examined for histopathological
changes. Blood samples were collected ondays 1and 14 predose and at
~0.5,1,3and 8 h post the first daily dose. These samples were processed
togenerate plasma, and concentrations were analysed for EDI048, and
compounds 6 and 7 as described above.

Dog toxicology study

The dogtoxicology study including analyses was conducted at desig-
nated testsites in compliance with the principles of Good Laboratory
Practice Standards. All proceduresinvolving animals werereviewed and
approved by the IACUC of Covance Laboratories (No.1970605). EDI048
was formulated in a suspension formulation (methylcellulose:Tween
80:water at 0.5:0.5:99) and orally administered twice daily to 3
male and 3 female beagle dogs at a daily oral dose of 15, 50, 150 or
1,000 mg kg™ body weight d* for 2 weeks. The number of animals in
the toxicity protocols is considered to be the minimum necessary for
statistical, regulatory and scientific reasons. For dog toxicology stud-
ies, 3 animals per sex per group was considered the minimum number
toaccount for the expected variability among these animals. Dogs were
obtained from Marshall BioResources and subjected to at least1 week
of quarantine and acclimatization before the study began. Dogs were
prepubertal/pubertal (<10-11 months old at dose initiation) and were
housedin pairsor triplets, by group and sex, in elevated stainless-steel
cages. All animals were subjected to daily clinical observation and
body weight and food consumption were determined appropriately
for all animals enrolled in the study. Clinical laboratory evaluations
(haematology and clinical chemistry) were performed on day 7 and
atthe scheduled necropsy on day 15. Organs were examined for gross
pathology and weighed before fixation and preparation for histology.
Alltissue samples described above in the rat toxicology section were
collected and examined microscopically. Blood samples were collected
from all animals on days 1and 14 predose and at -0.5,1, 3 and 8 h post
thefirstdaily dose. These samples were processed to generate plasma,
and concentrations were analysed for EDI048, and compounds 6 and
7 asdescribed above.

Mouse efficacy study

Allmouse studies described in this section were reviewed and approved
by the IACUC of the Novartis Institute for Biomedical Research (animal
use protocol no. 2017-055). Female C57BL/6 IFN-y-knockout mice
(B6.129S7-1fngtm1Ts/J, Jackson Laboratories) aged 6-8 weeks were
selected randomly for each group (n =3) and infected with 10,000 C.
parvumoocysts (lowaisolate purified from experimentally challenged
neonatal calves obtained from Bunch Grass Farms; oocysts used in
these experiments were within 3-4 months from shedding). Sample
size was determined on the basis of the minimum number of animals,
technical and biological replicates required for good data distribution
and statistics. For all these studies, n =3 animals per dose group was
used. EDIO48 was formulated in 0.5% w/v methylcellulose and 0.5%
w/v polysorbate in water and administered to mice for 5 days by oral
gavage on day 3 post infection. Control mice were given only vehicle.
Animal dosing was notblinded, as compounds need to be formulated
in vehicle at different concentrations; however, for the sample col-
lection and analysis, analysts were blinded or followed an unbiased
approachusing anautomated platform. Faecal samples were collected
daily from days 3 to 8 post infection. Measurements were performed
on faecal material collected from cage-wide (pooled) collections. To
measure oocyst load by qPCR, DNA was isolated from 50-100 mg of
pooled faecal samples using the Quick-DNA faecal/soil microbe prep kit
(Zymo Research). Samples were shaken for 20 min (25 °C,1,450 r.p.m.)
on an Eppendorf ThermoMixer F1.5 and subjected to 4-5 rounds of
freeze-thaw cycles using liquid nitrogen. qPCR was performed using
sample DNA extracted from faeces of infected mice along with DNA
standards prepared by spiking varying numbers of oocysts into unin-
fected faeces. PCR primers JVAF and JAVR and probe 5’'FAM labelled
JVAR were used with the following cycling parameters: denaturation
at 95 °C for 3 min, followed by 40 cycles of denaturation at 95 °C for
10 s, annealing at 60 °C for 30 s. Each 10 pl PCR reaction contained
5 pl of SSoAdvanced universal probes supermix (Bio-Rad), 0.075 uM
of each primer, 0.125 uM probe and 2 pl DNA. A standard calibration
curve was prepared to estimate the number of oocysts per gram faeces.
Oocyst dilutions (100 pl) ranging from 1x 10? to 1 x 10° were added
to each tube containing ~50 mg of faecal samples. DNA isolation and
qPCR were performed as described above. PBS (100 pl) was used as a
negative control. A calibration curve was freshly prepared and analysed
withevery set of study samples. Based on the observed cycle threshold
(C) values corresponding to the lowest oocyst concentration, the limit
of detectionranged between 80 and 280 oocysts per 50 g faeces (cor-
responding C, values were 35 and above). To determine EDIO48 and
compound 6 concentrations, blood samples were collected on day
1at various timepoints between 0 and 24 h post dose, processed and
analysed as described above.

Neonatal calf efficacy study

Calf enrollment. All calves used in this study were cared for in compli-
ance with the VirginiaTechIACUC. Sample size was calculated assuming
that 85% of treated calves stop shedding oocysts by the end of the study
observation period as compared with15% of control calves. Assuming
atype Il error risk of 5% and a type Il error risk of 80%, 7 calves were
neededin each group of the Cryptosporidium-infected group. Fifteen
Holstein-Friesian breed bull and heifer calves (Bos taurus taurus) were
purchased fromalocal commercial dairy and enrolled into the study at
birth. Study personnel attended the births to ensure that calves were
delivered aseptically and that exposure to pathogens was limited. All
calves enrolled were randomized to treatment with EDI048 (n=7),
positive infection control (n = 7) and negative infection control (n =1)
at birth. The perineum of the dam was thoroughly cleaned with povi-
done-iodine scrub and calves were delivered onto single-use plastic
sheets to prevent exposure to environmental pathogens. Calves with
abnormal physical examination findings and those weighing less than
30 kg at birth were excluded. Enrolled calves received 4 1>50 g IgG/L
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Land O’Lakes colostrum replacer (Purina Mills) and a3 mlsubcutane-
ous injection of vitamin E and selenium (BoSe, Merck). Calves were
thentransported from the commercial dairy farmto Cornell University
(College of Veterinary Medicine, Ithaca, New York) inadedicated trailer
bedded with sterile straw.

Calf management and oocyst challenge. At Cornell University,
calveswere housed inindividual box stallsin a Biosafety Level 2 facility.
Shatter-proof mirrors were provided for enrichment. Within the first
48 hofbirth, blood samples were collected and evaluated for adequate
passive transfer of colostralimmunity. Calves were offered acommer-
cial 20% protein/20% fat non-medicated milk replacer (Land O’Lakes)
every 12 h via nipple bucket. At each feeding, calves were fed an aver-
age of 7.6 g dry matter kg™ birth weight for the duration of the study.
Water was provided ad libitum. All calves randomized to the EDI048
treatment or positive control group were experimentally challenged
within the first 48 h of life with 5 x 10’ C. parvum oocysts (lowall strain,
Bunch Grass Farm) through the rigid portion of an oroesophageal
feeding tube. Oocysts were within1 month of isolation, cleaned in 0.6%
sodium hypochlorite for 1 min and then washed four times with PBS.
The negative control calf was sham challenged to maintain blinding of
study personnel, and study personnel were blinded during drug dosing,
clinical scoring and qPCR analysis of faecal samples. At the end of the
study, calves treated with the experimental compound were humanely
euthanized using American Veterinary Medical Association approved
methods to prevent accidental introduction into the food chain, fol-
lowing federal regulations. Calves that did not receive experimental
compound were offered for adoption.

Administration of EDIO48 and biological sampling. To facilitate
collection of blood for plasma pharmacokinetic analysis, along-term
intravenous catheter (MILACATH, MILA) was aseptically placedinthe
jugular vein of each calf within the first 48-72 h of life. Calves were
sedated with 0.1 ml intravenous xylazine (20 mg ml™) (Akorn Animal
Health). Sedation was reversed with 0.1 mlintramuscular atipamezole
(5 mg ml™) (Zoetis). After oral oocyst challenge, a faecal sample was
collected directly from the rectum of each calf every 24 h. A com-
plete physical examination was performed every 12 h, and clinical data
including appetite, mentation, faecal consistency and hydration status
were recorded. Clinical data were evaluated onascale of 1(normal) to3
(severe) inaccordance with previously described methods”™”.

EDIO48 was prepared as 5 mg ml™ suspension formulationin 0.5%
w/vmethylcellulose and 0.5% w/v Tween 80 in water, and EDI048 treat-
mentwasinitiated whena calfbegan shedding oocystsin the stool and
had afaecal consistency score of 3. Calves were induced to suckle and
EDIO48 was then given orally via an oral dosing syringe. Calves were
treated every12 hfor7 daysatadose of 10 mg kg birth weight at least
2 h after feeding. Pharmacokinetic sampling was conducted on day
1of treatment. Blood was drawn before and at multiple timepoints
(between 0 and 12 h) after EDI048 administration. To determine the
concentration of EDIO48 and QPL621, blood samples were processed
and analysed as described above. A faecal sample was collected at
1hand 12 h post administration. On day 3 of life, a faecal sample was
tested for Escherichia coliK99 and on day 7 for Salmonella, rotavirus
and coronavirus.

Faecal oocyst enumeration. Oocysts counts were interpolated by
gPCRat the Cornell Animal Health Diagnostic Center using serial dilu-
tions of commercially purified C. parvum oocysts (Waterborne). Total
nucleic acid was extracted from supernatants of 200 mg of faecal
sample, oocyst suspension or negative controlhomogenizedin400 pl
of PBS using amagnetic-bead-based automated procedure (AM1840,
Applied Biosytems). An exogenous control (MS2 phage) was added
to the lysis buffer to control for PCR inhibition””. qPCR for Crypto-
sporidium spp. 18S rRNA was performed on an Applied Biosystems

7500-FAST platform using commercial master mix (ToughMix, Quanta-
bio) and oligonucleotides as previously described’. This count was
standardized by the faecal dry weight percentage. A 5-10 g portion of
each original faecal sample was dried at 108 °C for aminimum of 24 h
(Squaroid Vaccuum Oven, Labline) and weighed”.

Data analysis. log normalized oocyst shedding per gram of faecal dry
matter data over time was determined to have a normal distribution
by Shapiro-Wilk, Anderson-Darline, D’Agostino and Pearson, and
Kolmogorov-Smirnov tests, and were analysed using Student’s ¢-test
(two-tailed, paired). LOD to detect parasites in the faecal samples by
qPCR assay was determined to be 50 oocysts per gram faeces. Any sam-
plesthat were undetected or below the lower limit of LOD that is, LOD/2
were represented as 25 oocysts per gram faeces. The clinical scores,
that is, severe diarrhea (score = 3), moderate-to-severe dehydration
(scores2or3), mentation (scores2 or 3) and appetite (scores of 2 or 3)
were calculated for each calf, and statistical differences between vehicle
control and EDIO48-treated calves were analysed using the Student’s
t-test (unpaired, two-tailed). Datawere analysed using GraphPad Prism
v.9.1.2and v.9.5.1. Inthis study, infected calves showed diarrhoeal symp-
toms as measured by faecal consistency scores, the primary symptom
for cryptosporidiosis. However, the neonatal calves did not develop
severeimpact on mentation, dehydration or appetite scores. Thus, the
clinical effect of EDIO48 compared to untreated calves was evaluated
on faecal consistency scores only (Fig. 3c and Extended Data Fig. 5).
The calf efficacy source data used for the analysis shown in Fig. 3 and
Extended Data Fig. 5 are included as Microsoft Excel files (v.2405) in
the Supplementary Information.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The atomic model of X-ray crystallography data has been deposited
in the Protein Data Bank with the accession code PDB 8VOF. All com-
pounds and reagents can be obtained through a materials transfer
agreement from Novartis by contacting the corresponding authors,
and a response may be expected in a few weeks. Source data are pro-
vided with this paper.
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Extended Data Fig. 2| Multiple sequence alignment of Cryptosporidium P1(4)

LQLLVEQMVDGSMRSITTKLYDGFQYLTNGIM 828
R

PI(4)K from various Cryptosporidium species. CpPI(4)K sequences were obtained

Khomologues highlighting key residues interacting with EDI048. a, Multiple
sequence alignment of CpPI(4)K, ChPI(4)K, PfP1(4)K and HsPI(4)K, highlighting
key residues interacting with EDIO48 along with catalytic lysine (K858). The
critical residues identified to be interacting with EDI048 (Cryptosporidium Y705,
Y907 and 1908) are highlighted in blue box. b, Multiple sequence alignment of

from CryptoDB are labeled with their species name followed by a hyphen and
the CryptoDB gene identifier. Highlighted are the two key tyrosine residues
(Y705 and Y907) that interact with EDIO48 and the conserved Lysine (K858) in
C. parvum cgd8_4500.
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Extended Data Fig. 3| Highly conserved tyrosine residues in Cryptosporidium

PI(4)K (Y705 and Y907) enable inhibition of Cryptosporidium over human
PI(4)K. a, Characterization of single and double mutations in CpPI(4)K at Y705A
and Y907A. Fold shift in IC50 of KDU731 and EDI048 against the CpPI(4)K single
and double mutants over wild-type enzyme are plotted, the data is the mean of
twoindependent experiments. (b, ¢), Introducing two-point mutations P597Y
&L374Y (corresponding to Y907 and Y705 in CpPI(4)K) in the HsPI(4)K that is,

HsCpPI(4)K significantly shifted the IC50s of CpPI(4)K inhibitor analogs

(solid circles) to be much more like that of CpPI(4)K. HsP1(4)K specific inhibitor
showninsolid triangle. Data are mean of at least 2 replicates. Schematic diagrams
of protein-EDIO48 interaction plot using Molecular Operating Environment
(MOE) (d) and the simulated annealing OMIT mFo-DFc electron density map for
EDIO48 (e) are shown.
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Extended Data Fig. 4 | EDI048 does not affect C. parvum sporozoites
invasion, parasitophorous vacuole formation or growth but arrests

C. parvum at meront stage. a, Cartoon of life stages investigated in the invasion
assay along with schematic of the assay. HCT-8 cells were pre-treated with

2x concentration of compounds for 1 hour (h). Primed C. parvum lowa strain
oocysts were then added and allowed to excyst and invade in presence of 1x
compound concentration. At 3 h post-infection parasites that did not invade
were washed off and then cells stained for parasitophorous vacuoles using
FITC conjuated Viciavillosa lectin (green) and nuclei (blue). The active control
wiskostatin (11.3 pM), an inhibitor of N-WASp and its activation by cdc42,
prevented sporozoite invasion and formation of trophozoites, whereas 20 pM
of EDI048 and KDU731 were inactive (b). ¢, Graphical representation of stages

W/

&
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o[h 3]h4}h
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Live imaging )

Infection  Rx Time 0 h of live imaging in videos = 4 h post-infection
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A A

Infection Rx TEM \
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Scale =
visualized by time-lapse microscopy and schematic representation of the
experimental methodology. HCT-8 cells were infected by oocysts for 3 hours (h)
and then washed and treated with1 pM EDIO48 or 0.5 uM KDU731. Time-lapse
microscopy images were taken every 20 minutes from 4 h post-infection, that
is, 1 hafter compound addition (time O hin the videos) up to 24 h post-infection
and are shownin Supplementary Videos1(DMSO), 2 (EDI048), and 3 (KDU731).
d, Experimental overview to determine the effect of KDU731 on meronts by
transmission electron microscopy (TEM). HCT-8 cells were infected with
C. parvumoocystsinduced for excystationand 0.5 uM of KDU731 was added at
3 h post-infection and parasite morphology analyzed by TEM at 10.5 h post-
infection (e). Scale bars: 5 pm (b and Supplementary Videos1to 3) and 500 nm
(e).Images and videos are representative of at least 2independent experiments.
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Extended Data Fig. 5| EDIO48 improves clinical diarrhea symptomsin
experimentally challenged calves. a, EDI0O48 reduces overall frequency of
severe diarrhea and moderate-to-severe diarrhea. There were 7 calves per group,
and each square (untreated) and circle (EDI048 treated) represents frequency
of diarrhea for anindividual calf over 7 days. p values were determined using
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unpaired, two-tailed t test. Data shown as a ‘box and whiskers’ plot; the box
extends from the 25th to 75th percentiles, and whiskers with minimum to
maximum showing all data points, and the center is median. b. Microbiological
and clinical end-points measured 7 days post-cessation of drug treatment, details
asdescribed inFig.3b,c.
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Extended Data Fig. 6 | Dose Cmax response relationship for EDI048 and 1000 mg/kg/day (Purple). Overall, efficacy Cmax in green zone and safety Cmax
Compound 6. Dose and Cmax relationship for EDI048 (a) and Compound 6 (b) in pink zone.1000 mg/kg/day is the NOAEL dose in both rat and dog tox study.

inmouse Cmaxat1,3 and 10 mg/kg/day (Blue). Calf Cmax at 10 mg/kg BID (Red), Cmax multiples for EDIO48 is 42x comparing between 1000 mg/kg/day NOAEL
Rat Cmax at 50, 250 and 1000 mg/kg/day (Green) and dog Cmax at 15, 50, 250 and Cmax (Day 14) and 10 mg/kg/day mouse efficacious Cmax.
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Extended Data Table 1| Physicochemical properties and safety profiling data for EDIO48 and KDU731

Properties KDU731 EDI048
Molecular Weight (Da) 396.41 476.9
Solubility (pH 6.8, FaSSIF) (uM) 20, X 54,164
Lipophilicity (logP, logD) 1.7 3.65,2.7
PAMPA (% calc fraction absorbed) 347 97
MDCK Low Efflux (PappA-B, x10-6, cm s-1) 12.1 9.71

MDCK MDRI1(Papp A-B/ B-A (x10-6, cm s-1)/ ratio

1.95/15.49/7.93

7.92/12.9/1.62

In vitro stability (M/R/D/H)
Microsomal CLint [ul/min/mg]
Microsomal ER (%)

Hepatocytes [ul/min/million cells]
Hepatocytes ER (%)

Intestinal S9 T1/2 (min)

Plasma T1/2 (min)

50/29/36/13

48/ 47/67/39
<4/6.9/0.6/12
18/36/10/60
>240/-/-/-
85.2/>120/-/>120

>700/>700 /271 /222
93/96/94/92
>250/-2/28.5/>231
93/-2/83/97

45 />240/>240 /235
15.3°/11.6°/>120/>120

Cellular activity (uM)
Cytotoxicity HepG2 (CCso)
C. parvum | C. hominis (ECso) (SI)

15.6
0.1/0.13 (>100)

28.1
0.05/0.05 (>100)

% Plasma protein binding M/R/D/H

-/87.7/70.8/79.1

ND"/ND"/93.9/95.5

Cyp P450 isoforms inhibition (ICso pM)
Reversible 3A4 /2D6 /2C9
Time dependent inhibition 3A4
CYP3A4 /1A2 / 2B6 hepatocyte induction assay

>50/>50/>438
Negative
Non-inducer

10.5/>25/2.51
Weak positive (Ki=2.1 pM)
Non-inducer

Cardiotoxicity
hERG Binding (uM) >30 >30
Q-Patch ICso (uM) 23 8.3¢
Patch Clamp Nav1.5 Quattro ICso (uM) >50 >50
Patch Clamp Cavl1.2 Quattro ICso (uM) - >50
Genotoxicity
Mini-AMES Negative Negative
In vitro TK6 Micronucleus (MN) test Negative -
In vitro Human lymphocyte MN induction Positive Positive?
In vivo rat reticulocytes MN induction Positive Negative
In vivo rat Comet assay - Negative®

Phototoxicity (PIF values)

Negative (3.1)

Negative (1.8)

Safety pharmacology profiling'
(Receptors, ion-channels, transporters, kinases etc),

No significant

No significant binding /

binding / inhibition Inhibition

*Very high in vitro rat CL, compound not detected; *Esterase activity high in rodents; “No EDI048-related
cardiovascular findings were observed in dogs up to 1000 mg/kg/day; “near cytotoxic concentrations;
°EDI048 did not induce DNA strand breaks in the liver or duodenum of rats treated up to 2000
mg/kg/day; ‘details in Supplementary Table 1; -, data not available; ND, data could not be determined; SI,

(selectivity index) HepG2 CC50 / C. parvum EC50 ratio
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Extended Data Table 2 | In vivo pharmacokinetic analysis of EDIO48 in mouse, rats, dogs and neonatal calves

Oral PK parameters i.v. PK parameters
Species Dose Cox T, AUC F Dose Vg CL (mL- Elim. AUC
(mg/kg) (nM) () | @M*h) | (%) | (mgke) | (L/kg) | min kg ) | T ® | @M'h)
Mouse 1 <LLOQ - - - 1 1.05 66.7 0.43 668 (1190)
3 <LLOQ - - - - - - - -
10 8.4(33.4) 1 20492 | 04 - - - - -
Rat 10 <LLOQ - - - 1 <LLOQ - - -

100° 50(156) | 05 | 39.0(1266) | - - - - - -
100° 531(722) | 0.4 | 1609 (4042) | - ) N - - =

Dog 0.3 5220 | 075 | 11847 | 56| 01 1.54 45.7 0.56 | 77.9(31.9
Calves 10° 21 (24) 12 | 147023 | - - B - - -
10 59 (73) 2 330 (492) | - - - - - _

Cmax, maximum concentration achieved; Tmax, time of peak concentration; AUC, area under the
curve (t = 0 to infinite) for mouse, rat and dog, except for claves it is 0 to 12h; F: absolute oral
bioavailability; Vss, volume of distribution at steady state; CL, clearance from plasma; Elim. t1/2,
terminal elimination half-life. LLOQ, below lower limit of quantification, Values in the
parenthesis are levels of Compound 6 with EDI048 dosing.

systemic concentration via jugular vein; *hepatic portal vein concentration following single oral
dose of 100 mg/kg in rats (both a and b are from the same study); °PK in infected calves with
diarrhea (fecal score of 3 and fecal oocyst IFA positive i.e., day 1 of treatment); *PK in uninfected
healthy calves.
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Extended Data Table 3 | Data collection and refinement statistics for cocrystal structure in presence of HsCpPI(4)K/
HsRab11a with EDIO48 (PDB ID: 8VOF)

EDI048
Data collection
Space group P 212121
Cell dimensions
a, b, c(R) 48.57,105.22, 186.42
a, B,7 (°) 90.00, 90.00, 90.00
Resolution (A) 93.21 (3.05-3.00)
Riecse 0.108 (1.323)
1/ ol 10.1 (1.2)
cCl1/2 0.997 (0.875)
Completeness (%) 99.8(99.1)
Redundancy 6.5 (6.4)
Refinement
Resolution (A) 50.63 —3.00
No. reflections 199722
Rwork / Rfree 0.225/0.270
No. atoms
Protein 4871
Ligand/ion 67
Water 6
B-factors
Protein 110.29
Ligand/ion 86
Water 69.5
R.m.s. deviations
Bond lengths (&) 0.002
Bond angles (°) 0.475
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Extended Data Table 4 | Toxicokinetic analysis of EDIO48 and its metabolites from a 2 weeks GLP rat and dog
toxicology studies

Species | Analyte | Dose mg/kg/dose | Day | Cmax Tmax AUCys
(mg/kg/day) (ng/mL) (ng*h/mL)
EDI048 | 25 (50) 1 0.558 0.5 1.98
14 [1.02 0.5 2.77
125, (250) 1.25 0.5 5.24
14 |2.09 0.5 10.3
500 (1000) 1 3.32 0.5 11.1
14 | 413 0.5 18.6
6 25 (50) 1 18.8 3 121
Rat 14 | 289 0.5 179
125 (250) 1 59.7 1 372
14 | 109 3 651
500 (1000) 1 149 1 886
14 242 3 1430
7 25 (50) 1 0.108 8 NR
125 (250) 14 | 0.0603 3 NR
500 (1000) 1 0.0368 3 NR
14 0.0460 1 0.221
EDI0O48 | 7.5 (15) 1 14.8 1.25 63.4
14 |20 0.917 67.8
25 (50) 1 294 0.917 111
14 | 387 0.833 120
125 (250) 1 [588 1.17 207
14 76.5 0.917 248
500 (1000) 1 129 0.950 459
14 | 169 0.750 634
6 7.5 (15) 1 7.70 1.92 36.1
14 | 8.68 1.33 355
25 (50) 1 14.9 1.67 61.1
Dog 14 | 16.6 0917 582
125 (250) 1 34.4 1.33 115
14 342 1 126
500 (1000) 1 [56 1.2 205
14 72.8 1.15 301
7 7.5 (15) 1 18.6 2.33 102
14 224 2.0 125
25 (50) 1 [393 2 194
14 52.2 1.33 275
125 (250) 1 91.5 1.67 434
14 | 121 2.83 672
500 (1000) 1 127 1.6 642
14 | 224 2.2 1180

Average of values from males and female animals; NR, Not reportable as at least three measurable

concentrations were needed to calculate AUC.
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Microsoft Excel version 2305
Phoenix WinNonlinTM version 8.3
Bioanalysis: Applied Biosystems software Analyst, version 1.6.2
DAVID Helios version 3.01.00.360
Image) platform, National Institutes of Health, version 1.53t
Coot software version 0.9.8.92 (ccp4)
Molecular Operating Environment (MOE), Chemical Computing Group, version 2022.02
ChemBioDraw Professional, PerkinElmer, version 22.0.0.22
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- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The atomic model of X-ray crystallography data has been deposited in the Protein Data Bank with the accession code PDB ID 8VOF. Source data are provided with
this paper. All compounds and reagents can be obtained through a materials transfer agreement from Novartis by contacting the corresponding authors and expect
a response in a few weeks.

Research involving human participants, their data, or biological material
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other socially relevant

groupings

Population characteristics NA
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Ethics oversight NA
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size PK studies: Sample size was determined on the basis of the minimum number of animals, technical and biological replicates required for good
data distribution and statistics. For all these studies n=3 animals/dose group was used.

Rat toxicology studies: The number of animals in the toxicity protocols is considered to be the minimum necessary for statistical, regulatory
and scientific reasons. For rat tox studies, 10 animals per sex per group was considered the minimum number that would account for the
expected variability among these animals.

Dog toxicology studies: The number of animals in the toxicity protocols is considered to be the minimum necessary for statistical, regulatory
and scientific reasons. For dog tox studies, 3 animals per sex per group was considered the minimum number that would account for the

expected variability among these animals.

Mouse efficacy studies: Sample size was determined on the basis of the minimum number of animals, technical and biological replicates
required for good data distribution and statistics. For all these studies n=3 animals/dose group was used.

Calf efficacy studies: Sample size was calculated assuming that 85% of treated calves stop shedding oocysts by the end of the study

observation period as compared to 15% of control calves. Assuming a type | error risk of 5% and a type Il error risk of 80%, seven calves were
needed in each group of the Cryptosporidium-infected group.

Data exclusions  No data were excluded from analysis

Replication For all in vitro cryptosporidium assays, data were compiled from 2 to 4 biological replicates with at least 2 technical replicates per experiment.

For invitro assays, we confirm that all attempts at replication were successful.
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Calf efficacy could not be replicated based on ethics guidelines, however, 7 wild neonatal calves were randomly recruited for each group to
obtain statistical significance.

In all other invivo studies (mouse efficacy, PK studies in mouse, rat and dogs and toxicology studies in rat and dog), based on 3R principles,
animal studies were not replicated due to ethics guidelines. However, a minimum number of animals, technical and biological replicates were
used to acquire good data distribution and statistics.

Randomization For all animal studies, animals were randomly assigned to different groups with arbitrary labels for compound dosing.
For plate-based in vitro assays, compounds were added across the plate in a random manner.
For microscopy, image acquisition was automated.

Blinding To avoid any bias, microscopy image acquisition and analysis were all automated.

Calves: The negative control calf was sham-challenged to maintain blinding of study personnel and study personnel were blinded during drug
dosing, clinical scoring and gPCR analysis of fecal samples.

PK study: Thought animals were selected randomly for each group but animal dosing was not blinded, as compound needs to be formulated
in vehicle at different concentration. However, for the sample collection and analysis, analysts were blinded or followed unbiased approach
using automated platform
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Mouse efficacy study: Animal dosing was not blinded, as compound needs to be formulated in vehicle at different concentration, however, for
the sample collection and analysis, analysts were blinded or followed unbiased approach using automated platform.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |Z |:| ChIP-seq
Eukaryotic cell lines |Z |:| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms
Clinical data
Dual use research of concern

Plants
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Antibodies

Antibodies used Click-IT EdU Imaging Kit (Invitrogen'M; cat# 10340) was used for EdU staining as per the manufacturer's instructions.
Fluorescein-labeled Vicia villosa lectin (Vector Laboratories, Catalog# FL-1231) was used at 1.33 ug/mL, Hoechst 33258 (AnaSpec,
Catalog# AS-83219) was used at 0.09 mM.

Validation Click-iT® EdU assay kit (Invitrogen'; cat# 10340) has been validated on mammalian cells (Salic A, et al. 2008 PNAS). The kit was
further validated for mammalian cells and Cryptosporidium parvum by Jumani RS et al. 2019 Nat Commun, and negative (including
no EdU) and positive controls were used while running each assay. Assays involving Vicia villosa lectin (VVL) (Vector Laboratories)
included relevant controls for assays including active compound control ,and VVL has been validated for immunofluorescence
staining of Cryptosporidium parasites by Bessoff K, et al. 2014 AAC, Jumani RS, et. al. 2018 AAC, Jumani RS, et al. 2019 Nat Commun
among others.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s) HCT-8 [HRT-18] were purchased from ATCC (Catalog# CCL-244). HepG2 were also purchased from ATCC with Catalog#
CRL-10741.
C. parvum lowa isolate oocysts were purchased from Bunch Grass Farm (Deary, ID).
C. hominis TU502 isolate purchased from Dr. Saul Tzipori (Tufts University Cummings School of Veterinary Medicine, North
Grafton, MA).
C. parvum lowa nanoluciferase expressing oocysts were a kind gift from Dr. Boris Striepen from the University of
Pennsylvania and routinely passaged in interferon gamma knockout (IFNy KO) or NOD SCIOgamma (NSG) mouse models.
SF9 insect cell line from Spodoptera frugiperda was obtained from UC Berkeley Biosciences Divisional Servicer.




Authentication

None of the cell lines used were authenticated.

Mycoplasma contamination HepG2 and HCT-8 cells were tested and were negative for mycoplasma.

Commonly misidentified lines  misidentified cell lines were not used in the study.

(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals

Reporting on sex

Field-collected samples

Ethics oversight

Mouse efficacy studies: Female C57BL/6 IFN-y knockout mice (B6.12957-Ifngtm1Ts/J, Jackson Laboratories) aged 6-8 weeks;

C. parvum nluc oocyst passaging and isolation in mouse was performed in 9-11 weeks old NOD SCIO gamma (NSG, NOD.Cg-Prkdcscid
112rgtm1Wijl/SzJ) mice. NSG mice were purchased from The Jackson Laboratory (Bar Harbor, ME, USA);

In vivo PK studies: C57BL/6 male mice (8-10 weeks old), Wister rats (8-10 weeks old) and Beagle dogs (12-14weeks old)[ Rat
toxicology studies: Wistar male and female rats, ~7 to 8 weeks at receipt and ~9 to 10 weeks at initiation of dosing;

Dog toxicology studies: Beagle male and female dogs; Pre-pubertal/pubertal (approximately 10-11 months old at dose initiation).

Fifteen Holstein-Friesian breed bull and heifer calves (Bos taurus taurus) were purchased from a local commercial dairy and enrolled
into the study at birth. Study personnel attended the births to ensure that calves were delivered aseptically and that exposure to
pathogens was limited. All calves enrolled were randomized to treatment with EDIO48 (n = 7), positive infection control (n = 7), and
negative infection control (n = 1) at birth. The perineum of the dam was thoroughly cleaned with povidone—iodine scrub, and calves
were delivered onto single-use plastic sheets to prevent exposure to environmental pathogens. Calves with abnormal physical
examination findings and those weighing less than 30 kg at birth were excluded. Enrolled calves received 4L > 50g 1gG/L Land
O’Lakes® colostrum replacer (Purina Mills, Gray Summit, MO) and a 3mL subcutaneous injection of vitamin E and selenium (BoSe,
Merck, Whitehouse Station, NJ). Calves were then transported from the commercial dairy farm to Cornell University (College of
Veterinary Medicine, Ithaca, New York) in a dedicated trailer bedded with sterile straw.

At Cornell University, calves were housed in individual box stalls in a Biosafety Level 2 facility. Shatter-proof mirrors were provided for
enrichment. Within the first 48 h of birth, blood samples were collected and evaluated for adequate passive transfer of colostral
immunity. Calves were offered a commercial 20% protein/20% fat non-medicated milk replacer (Land O’Lakes) every 12 h via nipple
bucket. At each feeding, calves were fed an average of 7.6 g of dry matter per kilogram of birth weight for the duration of the study.
Water was provided ad libitum.

At the end of the study, calves treated with the experimental compound were humanely euthanized using American Veterinary

Medical Association approved methods to prevent accidental introduction into the food chain, as per federal regulations. Calves that
did not receive experimental compound were offered for adoption.

For mouse efficacy studies only, female mice were used and for PK studies only male animals were used for the study.
For tox studies, both male and female were equally assigned for each group and no statistically significant sex differences were
found.

This study did not involved samples collected from the field.

All mouse efficacy studies were reviewed and approved by the Institutional Animal Care and Use Committee of the Novartis Institute
for Biomedical Research Inc., Emeryville, CA, USA (animal use protocol no. 2017-055).

All calves used in this study were cared for in compliance with the Virginia Tech Institutional Animal Care and Use Committee.
Mice PK was performed according to the IACUC regulations of Charles River Laboratories, Worcester, MA, US (# 2100230).

Rat PK was performed according to the IACUC regulations of Novartis Institute for BioMedical Research, Cambridge, MA, US (#
2100231).

Dog PK was performed according to the IACUC regulations of Charles River Laboratories, Worcester, MA, US (# 2100232).
Calf PK was carried in compliance with the Virginia Tech Institutional Animal Care and Use Committee (# 00271)
Rat Tox study: All procedures involving animals were reviewed and approved by the institutional animal care and use committees of

Covance Laboratories Inc., Somerset, NJ, USA (# 1970604)

Dog Tox study: All procedures involving animals were reviewed and approved by the institutional animal care and use committees of
Covance Laboratories Inc., Somerset, NJ, USA (# 1970605)

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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