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ABSTRACT

Cryptosporidium parvum, Cp, is a protozoan parasite that can cause life-threatening
diarrhea. Given that only one drug is currently FDA approved for the treatment of
cryptosporidiosis but with only limited efficacy, new medications are needed. In this dissertation
compounds directed towards tRNA synthetase and calcium dependent protein kinase 1 (CDPK1),
two promising molecular targets in the field, were assessed.

In the case of tRNA synthetase, a collection of previously identified eukaryotic and
prokaryotic tRNA synthetase inhibitors were screened for Cp growth inhibition in HCT-8 host
cells. Three compounds, halofuginone, borrelidin and AN3661, were found to potently block Cp
growth. A limited structure-activity relationship (SAR) analysis of AN3361 found that the
propionic acid moiety present in the compound is critical for potent anti-Cryptosporidium
activity.

In the case of CpCDPK1, a diversified set of known protein kinases inhibitors were
similarly assessed for Cp growth inhibition. This exercise identified pyridopyrimidones as a new
chemotype of potent Cp growth inhibitors that were confirmed to block CpCDPKL1 kinase
activity. SAR analysis provided further insights into two structural features for achieving potent
CpCDPK1 kinase and Cp growth inhibition, namely appropriate occupancy of the ATP binding
pocket near the a.C-helix and the presence of a hydrogen bond acceptor in the solvent exposed
portion of the inhibitor. A promising derivative, UH15 16, potently inhibited Cp growth (ECso
= 14 nM) and CpCDPK1 kinase (ICso = 5.4 nM) activities, as well as displayed moderate
selectivity based on kinase profiling. UH15_16 formulated as a 2:1 mixture with Captisol® in
water demonstrated limited systemic exposure following oral administration, was well tolerated

at 50 mg/kg once per day dosing for 5 days in mice and resulted in a 75% reduced burden of the



gut pathogen at 50 mg/kg once per day dosing for 7 days in an acute mouse model of
cryptosporidiosis. The third formulation (5x Captisol with 2% Tween 80 at double the volume in
water), dosed 25 mg/kg BID, resulted in a safe toxicity profile and a 74% reduction of the gut

pathogen when dosed for 7 days in the same model
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1. INTRODUCTION

Cryptosporidium is not a commonly reported pathogen in the US, however on occasion,
it often occurs in outbreaks, rather than an isolated incident (Hlavsa et al., 2021).
Cryptosporidium is the most common infection from treated water in the US (Hlavsa et al.,
2021). Internationally, Cryptosporidium is seen as an endemic problem. Cryptosporidium is
responsible for nearly 50,000 children’s deaths and morbidly of nearly 5 million (Khalil et al.,
2018). These infections often occur due to infected drinking water, rather than infected
recreational water (Khalil et al., 2018). This is due to Cryptosporidium being highly contagious
and highly resistant to water treatment (Kosek et al., 2001). In 1993, Cryptosporidium got into
Milwaukee’s water supply, raising concern about bioterrorism. Due to the infectious nature, a
small amount of the pathogen is required to infect, it was estimated only a sip of water of trace
oocytes infected people (Kenzie et al., 1994). While public health officials, infectious disease
doctors, and the scientific community would like to view these waterborne outbreaks as a thing
of the past, recent events have shown how susceptible our water supply is to infectious
contamination. In both 2020 and 2021, Texas had children die of Naegleria fowleri, “the brain
eating amoeba” due to underchlorinated water (AP News, 2021), indicating how susceptible
these areas are potential Cryptosporidium outbreaks in their water supply. While nitazoxanide,
the only recommended treatment for Cryptosporidium, is available, it is not a very effective
agent (CDC, NCEZID, and DFWED, 2019). Therefore, developing new agents is of high

importance, for children here in the US and those abroad.

Two types of inhibitors were investigated for this purpose: tRNA synthetase inhibitors
and CpCDPK1 inhibitors. These two classes of inhibitors have shown promise in similar
pathogens. For example, tRNA synthetase inhibitors have already been approved in other
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eukaryotes for fungal infections (Kerydin, 2014). And other classes of CDPK1 inhibitors have
been advanced (Castellanos-Gonzalez et al., 2016; Arnold et al., 2017). Simply put, tRNA
synthetase inhibitors prevent the correct amino acid from being loaded onto the tRNA, so in the
ribosome the correct protein cannot be synthesized (Pham et al., 2014). This is a rather recycled
mechanism - Mupirocin was one of the first to utilize this mechanism (Bactroban, 1987). It has
been heavily researched since. Newer agents, namely tavaborole, have since been developed for
fungal infections (Kerydin, 2014). CDPK1 plays a role with invasion of host cells, egress, and
motility in Toxoplasma gondii (Bisio et al., 2019), but believed to act the same way in
Cryptosporidium (Billker et al., 2009; Kieschnick et al., 2001; Green, 2018). Pharmacologically,
CDPK1 plays a role in calcium signaling and vacuole secretion (Billker et al., 2009; Kieschnick
et al., 2001; Green, 2018). CDPK1 is a unique protein target because it is a “bump kinase”. This
means there is a small amino acid where a large amino acid is typically (Wernimont et al., 2010).
When developing inhibitors, this slight amino acid change allows for a slightly larger binding
pocket which allows for a larger inhibitor (Wernimont et al., 2010). This larger inhibitor should
have lower potency at human kinases — therefore it should have higher selectively and a better
safety profile (Wernimont et al., 2010). This is what we pursued and found with our CDPK1

inhibitors, but we found the binding pocket larger due to additional factors, not just the bump.

15



2. REVIEW OF LITERATURE

2.1. Cryptosporidium

Cryptosporidiosis, a form of parasitic infectious diarrhea, has only one FDA-approved
antimicrobial, nitazoxanide. However, many patients die despite this therapy. In 2016, nearly
50,000 children under the age of five died of cryptosporidiosis, and 4.8 million children suffered
long-term consequences of the infection (Khalil et al., 2018). Some of these long-term
consequences included poor cognition, physical developmental delays, and disrupted immune
system (Khalil et al., 2018).

In the United States, the Centers for Disease Control and Prevention reported
approximately 10,000 cases of cryptosporidiosis in 2016 (Painter et al., 2015). In the US,
Cryptosporidium is infamously spread via swimming pools due to chlorine tolerance, causing
strict hyperchlorination guidelines (Murphy et al., 2015). Three-quarters of the outbreaks from
public recreational water (i.e. swimming pools, hot-tubs, water playgrounds etc.) were due to
Cryptosporidium between 2015 and 2019 in the United States (Hlavsa et al., 2021). Compared to
the other outbreaks in this class of treated water pathogens, Cryptosporidium most often resulted
in >100 infections, while other pathogens typically infected <100 (Hlavsa et al., 2021). However,
due to the shortage of chlorine in 2021, an increase in Cryptosporidium cases is projected
(DiLella et al., 2021). Furthermore, Cryptosporidium sp. (Cp) presents a high risk of outbreak
via contaminated water sources due to the low dose required to infect (e.g. only a few oocytes)
(Kosek et al., 2001). This low inoculation dose allows it to be so resistant to water-treatment

(Kosek et al., 2001).
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Low inoculation can pose a more sinister problem as it elicits a risk for bioterrorism
through widespread dissemination, as demonstrated in the Milwaukee Incident (Kenzie et al.,
1994). In 1993, Cryptosporidium infiltrated the city’s water supply and was estimated to have
infected over 400,000 people (Kenzie et al., 1994). In part to the parasite relatively low virulence
factors in healthy adults, over 100 people died as a result (Kenzie et al., 1994). Nevertheless, this
incident caused concerns that Cryptosporidium could be altered to be more virulent and deadly
(Kenzie et al., 1994), thus causing concern that Cryptosporidium could itself become a
bioterrorism agent.

As mentioned, Cryptosporidium is a parasite causing diarrhea, it is spread by water and
almost always restricted to the gut. However, there are reports of Cryptosporidium-pneumonia,
this is rare and believed to be due to aspirating during emesis (Reina et al., 2016). Due to the
belief this is a secondary complication and incredibly rare in the HIV/AIDS population, our
study is not going to focus on this element of Cryptosporidium infections. However, this might
be an area for future studies. So, for our purposes, we will be describing Cryptosporidium as

simply a gut pathogen.
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Figure 2. Cryptosporidium Life Cycle, (CDC & Global Health, 2019).

Cryptosporidium is an obligate intracellular protozoan pathogen; thus it relies on the host
for part of its lifecycle (CDC & Global Health, 2019). Cryptosporidium, like other
Apicomplexan pathogens, has a complex life cycle (Figure 1) that requires a host for both
asexual and sexual reproduction (CDC & Global Health, 2019). As shown in the infographic by
the CDC, a typical Cryptosporidium infection is restricted to the enterocytes of the gut (CDC &
Global Health, 2019). Inside the enterocyte, the pathogen creates a sac in which reproduction

occurs to produces either thin-walled oocytes for reinfection of the host or thick-walled oocytes
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for extra-host infection (CDC & Global Health, 2019). Cryptosporidiosis typically clears in
about a week. However, immunodeficient patients may experience longer infections (CDC,

NCEZID, and DFWED, 2019).

2.2. Approaches to Cryptosporidium inhibition

2.2.1. Current therapy for treating cryptosporidiosis

As mentioned, healthy adults are at relatively low risk, but immunocompromised patients
and malnourished children are at increased risk of death and recurrent cryptosporidiosis, even
with therapy (Amadi et al., 2002). Therefore, new treatment options, especially for patients with
deficient immune systems, are urgently needed.

As mentioned above nitazoxanide is the only currently approved treatment for
Cryptosporidium. However, this is not a highly effective agent. The CDC warns it can take as
long as 5 days to resolve patients, if it works (CDC, NCEZID, and DFWED, 2019). While
nitazoxanide is approved for those from the age one and above, the efficacy in healthy patients is
limited to approximately 75% (CDC, NCEZID, and DFWED, 2019). The mechanism of action is
ill-defined, although a published report claims it is an inhibitor of pyruvate:ferredoxin
oxidoreductase (PFOR), allowing it to interfere with anaerobic metabolism (Alinia et al., 2005).

Paromomycin, while not recommended by infectious disease guidelines, as mentioned
below, nor FDA approved, is still used off-label due to the lack of alternatives to nitazoxanide
(Panel on Guidelines, 2020). Paromomycin is an orally dosed aminoglycoside (Humatin, 2001).
As per the package insert, paromomycin has such poor absorption it is nearly entirely recovered
in the stool yet remains water-soluble. While paromomycin did not show much success in a

major clinical trial in 2000 (Hewitt et al., 2000), it was promptly debated in the infectious disease
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community (White et al., 2001). Some of White et al. concerns were centered around statistical
analysis interpretation, sample size, confounders, among other concerns. Nevertheless, no further

clinical trials have been completed since 2001, nor has it been registered with the FDA.

2.2.1.1. Special populations

The HIV/AIDS population is among those that typically suffers the most with
cryptosporidiosis. Most severe cases of cryptosporidiosis occur in the HIV population when the
CD4 T lymphocyte cell (CD4) count is <100 cellssmm?® (Panel on Guidelines, 2020). For
reference, AIDS is defined as a CD4 count <200 cellssmm?®. Unfortunately, in the HIV
population nitazoxanide is even less effective, such that it is not recommended in the “Guidelines
for the Prevention and Treatment of Opportunistic Infections in Adults and Adolescents with
HIV” (Panel on Guidelines, 2020). Rather, they recommend optimizing or initiating
antiretroviral therapy to manage the HIV and increase the CD4 count, such that patients are no
longer immunocompromised (Panel on Guidelines, 2020). Symptomatic treatment may also be
considered, like antidiarrheals (Panel on Guidelines, 2020). Supportive care, including
rehydration and electrolytes, are also strongly encouraged (Panel on Guidelines, 2020).
Spiramycin has also been investigated for potential use in HIV patients with cryptosporidiosis.
Unfortunately, it fares no better than nitazoxanide (Panel on Guidelines, 2020). Thus, this
population may benefit for an improved agent as an adjunct to antiretroviral therapy.

Another population that nitazoxanide shows reduced efficacy is in malnourished children
(Amadi, 2002). This population is not only more likely to fail treatment, but more prone to life-
long complications of the infection, like poor cognition (Ashigbie et al., 2021). In malnourished
and underweight children, nitazoxanide worked approximately half the time (Amadi et al., 2002).

When HIV is a comorbidity efficacy dropped to 8% and 16% as assessed by clinical and
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parasitic cures, respectively (Amadi et al., 2002). However, this was a relatively small study with
n = 25 in the treatment group and n = 22 and 24 in placebo groups (Amadi et al., 2002). A mouse
experiment demonstrated how the comorbidity of cryptosporidiosis with malnutrition may be so
detrimental (Costa et al., 2011). Costa et al. showed malnourished mice with cryptosporidiosis
weight loss was exacerbated. Additionally, the parasite burden was over 5-fold greater in the
malnourished model and damage to the intestinal lining was noted (Costa et al., 2011). While
this experiment did not fully investigate the difference in treatment in malnourished vs nourished
mice, it did shed light on why this population may be so hard to treat (Costa et al., 2011).
Nevertheless, this is another population that could benefit from more potent and effective anti-

Cryptosporidium agents.

2.2.2. Novel approaches for treating cryptosporidiosis

Cryptosporidium is infamous for scavenging pathways, allowing it to circumvent
numerous metabolic inhibitors. Statins, or HMG-CoA reductase inhibitors, which inhibit
cholesterol synthesis in humans, were briefly investigated as a potential Cryptosporidium
inhibitor when a screen found them to be active (Bessoff et al., 2013). However, this was not the
first study to target the cholesterol pathway (Ehrenman et al, 2013). Unfortunately, it has since
been discovered that Cryptosporidium may have upwards of four pathways to obtain critical
cholesterol (Ehrenman et al., 2013). Given these pathways, Bessoff et al. theorized cholesterol
itself may not have been the critical step. They suggested another potential downstream target of
HMG-CoA. Nevertheless, finding a target that Cryptosporidium cannot circumvent is of utmost

importance on a pharmacological level.

21



2.3. t-RNA synthetase inhibitors for Cryptosporidium inhibition

2.3.1. t-RNA synthetases

Aminoacryl t-RNA synthetase inhibitors block the process of protein synthesis by
preventing the addition of the next amino acid in the growing peptide chain (Pham et al., 2014).
In many cases, the inhibitor competes for binding with the amino acid (Pham et al., 2014). This
causes dysfunction in protein synthesis, ideally completely halting protein synthesis once that
amino acid is coded (Pham et al., 2014). The resulting erroneous proteins can accumulate and
harm or kill the pathogen (Pham et al., 2014). This class of targets is not a new concept -
Bactroban, or mupirocin, is an antibiotic that targets bacterial isoleucyl t-RNA synthetase
(Bactroban, 1987). More recently, Kerydin (a.k.a. tavaborole), another t-RNA synthetase
inhibitor for fungal infections, has also been approved (Kerydin, 2014), validating t-RNA
synthetase inhibitors as plausible treatments for eukaryotic infections. Below are the chemical
structures along with the year of FDA approval of mupirocin, (Bactroban, 1987) and tavaborole

(Kerydin, 2014), in Figures 2 and 3, respectively.
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Figure 2. Mupirocin Structure (Bactroban, 1987)
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Figure 3. Tavaborole Structure, (Kerydin, 2014)
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2.3.2. Amino acid inhibitors for Cryptosporidium inhibition

Tryptophanyl-tRNA synthetase (TrpRS) attaches a tryptophan to its respective tRNA
(Merritt et al., 2011). Cryptosporidium only has one TrpRS in its genome, limiting its ability to
scavenge or circumvent a TrpRS inhibitor (Merritt et al., 2011). Merritt et al. also found this to
apply to Trypanosoma brucei and Entamoeba histolytica based on genomic analysis. It is not
uncommon for eukaryotes, like Cryptosporidium, to have more than one copy of some t-RNA
synthetases (Merritt et al., 2011). However, to avoid a scavenge pathway potentially rendering
the inhibitor useless, targeting t-RNAs that only have a single copy would be ideal. As far as

selectivity, a potential inhibitor would need to ="

[
i I|I|'I !

".__-:i\

preferentially bind to specifically the Cryptosporidium "\ 4o

- o
or general pathogenic TrpRS over the human TrpRS / f\x\r S—NH

S HO N
(Merritt et al., 2011). ﬁ

LN ]
Phenyl-alanyl-tRNA  synthetase  (PheRS) \

inhibitors (Figure 4) block the attachment of Figure 4. Structures of phenyl-alanyl
phenylalanine to its respective tRNA. (Vinayak et al., synthetase inhibitor scaffold (Vinayak
2020). A series of PheRS inhibitors developed by et al., 2020).

Vinayak et al., demonstrated antimicrobial activity against Plasmodium falciparum. Compounds

23



have advanced into testing in in vivo malaria models. These same compounds were optimized for
Cryptosporidium parvum and hominis, and a structure-activity relationship was determined
(Vinayak et al., 2020). The top compounds had potencies in the nanomolar range in vitro, and
selectivity in select human cell lines was just under 1,000-fold to nearly 10,000-fold (Vinayak et
al., 2020). A few of these compounds were tested in vivo. Vinayak et al. found that the
compounds with poor bioavailability had the best reduction of oocytes in an
immunocompromised model. The lead compound also showed success in an acute infection
model in IFN-y KO mice (Vinayak et al., 2020). Thus Vinayak et al. have determined that
PheRS could be a very promising target in Cryptosporidium and potentially other Apicomplexan
pathogens.

Lysyl-tRNA synthetase inhibitors (Figure 5)
prevent lysine from being attached to lysyl-tRNA =70
synthetase. Hoepfner et al. identified the natural product

cladosporin as a modestly potent inhibitor (ICso of 40-90 ‘

0
nM) of Plasmodium falciparum (Hoepfner et al., 2012). F.Hv,:h[,,J-LH _,»«,,_F F
OO w (]
Baragafa et al. made cladosporin derivatives to further EFT g ‘“‘T*N “»fo“l_*lv'*
0

improve potency against Plasmodium falciparum and
Figure 5. Structures of Lysyl-tRNA

Cryptosporidium (Baragafia et al., 2019). Cladosporin N .
synthetase inhibitors, cladosporin

had ICso values of 38 nM and 4 nM against .
(top) and the optimized lead (bottom)

Cryptosporidium and Plasmodium falciparum lysyl-
YPIosP P 4 (Baraganaet al., 2019).
tRNA synthetases, respectively (Baragafa et al., 2019).
Baragaria et al. identified a similar compound by replacing the lactone and added an amide,

improving Cp lysyl-tRNA synthase potency to 22 nM, However, this compound had metabolic
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stability issues. So, they improved stability by fluorinating the compound in a couple of places as
well as hydroxylating the compound (Baragafia et al., 2019). The resulting compound
demonstrated ICso values of 13 nM and 15 nM against Cryptosporidium and Plasmodium
falciparum lysyl-tRNA synthetases, respectively (Baragafia et al., 2019). In an acute
cryptosporidiosis model using INF-y KO mice, the lead compound, dosed at 20 mg/kg, was able
to reduce the infection burden over 90% by day 8 (Baragafia et al., 2019). This indicated that
lysyl-tRNA synthetase could be a promising target for Cryptosporidium.

Halofuginone initiated the t-RNA synthetase investigation. Halofuginone is a
semisynthetic derivative of febrifuge (Figure 6). While halofuginone offers an improvement in
selectively, it is not enough to be deemed safe for mammals, including humans (Pines and
Spector, 2015). Nevertheless, halofuginone is used for veterinary purposes, often for poultry,
namely chicken, to treat cryptosporidiosis and coccidiosis (Pines and Spector, 2015).
Febrifugine has been used in Chinese medicine for many

: - L (a) Ny 10
years, but again has failed for cryptosporidiosis and other [| ] N \{ J
indications due to lack of selectivity causing toxicity 0 | H

(Herman et al., 2015). Nevertheless, halofuginone and (P} Br_= M. {ﬁ'”:'\[f“j

febrifugine have provided propyl-tRNA synthetase Cl = H’ T H
inhibitors, which inspired various derivatives to be made . g, . c!'”:' .
. o "'"*-uC: o H \[__.- o
(Pines and Spector, 2015). Halofuginone and febrifugine cl ,HﬁfL\”,Nvglm,. “N"]
H
8]

derivatives have been tested against Plasmodium Figure 6. Structures of prolyl-tRNA
falciparum. While some derivatives did show modest synthetase inhibitors (a) febrifugine
improvement, halofuginol was deemed the lead (Herman (b) halofuginone and (c) halofuginol

etal., 2015). In vivo, halofuginol showed efficacy without (Herman et al., 2015).
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noted toxicity. When halofuginone was put in the same malaria model, toxicity was noticed in all

the animals with one animal dying (Herman et al., 2015). Thus Herman et al. indicated

halofuginol may have reduced toxicity over halofuginone and that prolyl-tRNA synthetase could

be used in Plasmodium spp. Whether this compound can be applied to additional Apicomplexan

pathogens remains an open question.

Methionyl tRNA synthetase inhibitors (Figure
7) also showed promise against Cryptosporidium.
(Buckner, 2019). Cryptosporidium parvum and hominis
have a single gene for methionyl tRNA synthetase
(Buckner et al., 2019). It is worth noting that most
methionyl tRNA synthetases are classified as either
class | or class Il (Buckner et al., 2019). This
classification was named by Eriani et al., based on
conserved sequences — most tRNA synthetases fit in
class | (Eriani et al., 1990). Cryptosporidium produces
only a class | methionyl tRNA synthetase, which allows

it to be wvulnerable to inhibitors that block other

I
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Figure 7. Structures of methionyl-
tRNA synthetase inhibitors — the hit
and the optimized compound (top and
bottom, respectively), (Buckner et al.,

2019).

pathogenic methionyl tRNA synthetases, like in Trypanosoma brucei and potentially some

bacteria (Buckner et al., 2019). However, humans also produce type | methionyl tRNA

synthetases. While the human versions vary more, selectivity is critical for these inhibitors

(Buckner et al., 2019). Buckner et al. explored a variety of type I methionyl tRNA synthetases

inhibitors against Cryptosporidium parvum. They found that a number of these compounds had

sub-nanomolar potency against the synthetase, and a couple compounds had single digit
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micromolar activity in cell-based assays (Buckner et al., 2019). Upon optimization, they were
able to achieve nanomolar potency of 6-29 nM with their lead, as well as success in two in vivo
mice models (Buckner et al., 2019). They also showed that other methionyl tRNA synthetase
inhibitors could target Cryptosporidium.

Leucyl-tRNA synthetase inhibitors (Figure 8) N0

/1’-\,
o ff\, "

were particularly interesting given their unique -8B,
I 0 J
. . . Y, \
chemical structure. This series of benzoxaboroles 3 "“—NH-
Br —~NH. z

mimicked tavaborole (see Figure 3), as a boron-based Figure 8. Structures of Leucyl-tRNA
t-RNA synthetase inhibitor (Palencia et al., 2016). synthetase inhibitors AN8432 (left) and
However, this series was slightly less potent (e.g. 2.2 AN6426 (right) (Plaencia et al., 2016)
and 6.86 uM) than nitazoxanide, which as 1.9 uM (Palencia et al., 2016). Of note, this reported
used a different cell line than most others (Palencia et al., 2016), but nitazoxanide is not an ideal

inhibitor nor particularly potent.

2.4. Calcium-dependent protein kinase-1 (CDPK1) inhibitors for Cryptosporidium

2.4.1. Protein kinases

Protein kinases are ubiquitous in a variety of organisms. Humans have over 500 protein
kinases. They are also found in other eukaryotes as well as pathogenic microorganisms. Protein
kinases catalyze the transfer of a phosphate from ATP to protein substrates. The residue of the
substrate is often a serine, threonine, or tyrosine. This process is critical in many cellular

functions.
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2.4.2. Structure of protein Kinases

Most protein kinases have a rather conserved structure, particularly in the catalytic site.
This includes the ATP-binding region (Figure 9) which is comprised of a gatekeeper residue, the
hinge, a DFG (aspartic acid [D], phenylalanine [F], and glycine [G]) motif, and an aC helix
(Roskoski et al., 2016). The gatekeeper controls access to the inner portion of the ATP binding
pocket (Roskoski et al., 2016). This inner binding pocket is typically hydrophobic, and the end,
or inner most region, is signified by the aC helix (Roskoski et al., 2016). The hinge provides one
of the most important interactions with type I-11 inhibitors (Roskoski et al., 2016).

If an inhibitor interacts in the ATP pocket, it must make strong hydrogen bond

interactions with the hinge, at least this is true for all approved kinase inhibitors of the class as

— | —

Figure 9. Src Kinase in the inactive position with critical elements labeled
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well as with ATP (Roskoski et al., 2016). The DGF on the other hand helps determine kinase
activity and the type of inhibitor — if the aspartic acid (D) points away from the binding pocket, it
is in the DFG out conformation, which is catalytically inactive (Roskoski et al., 2016). The
position of the DFG can also exist in intermediate conformations, which are also catalytically
inactive. If the aspartic acid is pointed into the pocket, the opposite is true — the kinase is likely
active (Roskoski et al., 2016). To determine if the kinase is likely active, the aC-helix must also
be considered, as this region can also move (Roskoski et al., 2016). If the kinase is in the active
state, the a.C-helix will form an interaction with the catalytic lysine, referred to as the “aC-helix
in” state (Roskoski et al., 2016). However, if the aC-helix moves too much the kinase will be
inactive regardless of the position of the DFG (Roskoski et al., 2016).
2.4.3. Types of protein kinase inhibitors

The types of protein kinase inhibitors correspond to the states mentioned above. A type |
inhibitor corresponds to an inhibitor binding to the active state, DFG in and aC helix in
(Roskoski et al., 2016). A type | % inhibitor corresponds to the intermediate state, typically
where the DFG or aC helix has moved (Roskoski et al., 2016). A type Il inhibitor binds to the
inactive conformation, typically both DFG out and aC helix out, but the DFG out is often viewed
as the more critical of the two (Roskoski et al., 2016). As mentioned above, type I, | %, and 2
inhibitors interact via hydrogen bonds to the hinge region (Roskoski et al., 2016). Type 11l and
type IV are both allosteric inhibitors (Roskoski et al., 2016). Type Il inhibitors binds adjacent
to the ATP binding location, near where type | and Il inhibitors bind (Roskoski et al., 2016). Of
note, type Il inhibitors do not compete with ATP such that ATP can still bind at the same time.
Thus, type I1I inhibitors do not make hydrogen bonds with the hinge (Roskoski et al., 2016).

Type 1V inhibitors, contrary to the type Ill, do not have to have proximity to the ATP binding
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site — these may bind on the opposite end of the kinase relative to the binding site (Roskoski et
al., 2016). Type V inhibitors are bivalent inhibitors, meaning they bind or interact with two
locations on the kinase (Roskoski et al., 2016). To date, there are no FDA approved type IV or
type V inhibitors. Lastly type VI inhibitors are simply defined as covalently bound inhibitors
(Roskoski et al., 2016). These do not have a defined binding location (Roskoski et al, 2016).
However, the currently approved type VI inhibitors interact in the ATP binding site and form a
covalent bond with a cysteine within the pocket (Roskoski et al., 2016).

One concern with type I, | %4, and Il inhibitors is lack of selectivity, since all protein
kinases are so similar that achieving selectivity can be a challenge (Wu et al., 2015). However,
targeting the ATP binding site with type I-1l inhibitors over allosteric inhibitors often allows for
a high degree of potency (Wu et al., 2015). Unfortunately, finding potent allosteric sites are
notoriously problematic, which is partly why type I-1l have reigned over alternative inhibitor
types. However, such selectivity challenges might be mitigated for kinase with more unique ATP
binding sites.

2.4.4. Cryptosporidium calcium-dependent protein kinase-1 (CDPK1) inhibitors

Fortunately, Cryptosporidium and other pathogens in the Apicomplexa family have a
structurally distinct protein kinase family called calcium-dependent protein kinase, CDPK1
(Wernimont et al., 2010). Cryptosporidium [parvum] CDPK1 (CpCDPKZ1) has a glycine in the
critical gatekeeper position of the ATP-binding site (Wernimont et al., 2010). Contrarily, human
protein kinases typically have a bulkier amino acid, like threonine or methionine, in this position
(Wernimont et al., 2010). This difference allows for the design of potentially selective inhibitors
targeting the parasite kinase. Additionally, CDPKs play an important role in calcium signaling,

motility, and vacuole secretion (Billker et al., 2009; Kieschnick et al., 2001; Green, 2018).
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Studies have shown that when CpCDPKZ1 is silenced, the infection is significantly reduced in an
in vitro model (Castellanos-Gonzalez et al., 2015). In addition, several CpCDPKL1 inhibitors
(Figure 10) have proven efficacious in in vitro and in vivo animal models of cryptosporidiosis
(Castellanos-Gonzalez et al., 2016; Arnold et al., 2017). Unfortunately, some of these CoCDPK1
inhibitors have off-target toxicity, including cardiotoxicity (Van Voorhis et al., 2017),
necessitating the need to identify improved inhibitor chemotypes.

Most CpCDPK1 inhibitors reported to date are pyrazolopyrimidines (Larson et al., 2012)
(Figure 10) (Larson et al., 2012; Haung et al., 2015; Zhang et al., 2012). This class of inhibitors
often demonstrates potent CpCDPK1 kinase inhibition. However, many series fail to show
efficacy in cell-based assays or invasion models (Kuhlenschmidt et al., 2015; Arnold et al.,
2017). Thus, they exhibit poor correlation between the CpCDPK1 enzyme activity and in vitro
activity against the organism. The difference between the biochemical assay and in vitro model
inhibition can be 100-1000-fold (Kuhlenschmidt et al., 2015). Additionally, compounds from the

pyrazolopyrimidines class have been affiliated with cardiotoxicity (Van Voorhis et al., 2017).
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Figure 10. CoCDPK1 Inhibitors

There are several other classes of CoCDPKZ1 inhibitors, but they also have significant
limitations (Huang et al., 2017; Zhang et al., 2012). For example, benzoylbenzimidazoles are
only modestly potent against CpCDPK1 and have not been validated in cell-based
Cryptosporidium growth assays (Zhang et al., 2012). The most potent compound of the
benzoylbenzimidazoles has an ICso value of 26 nM (Zhang et al., 2012). While this is
encouraging, without confirmation that these compounds have similar activity in the invasion or
cell-based model, their viability as lead compounds remains unknown, since it is not uncommon
for compounds to have 100-fold loss in activity moving from the kinase assay to the in vitro
invasion assay, (i.e. 2 nM activity in the kinase, but only 0.2 uM activity in the invasion model)
(Kuhlenschmidt et al., 2015). Another series, 5-aminopyrazole-4-carboxamides, showed similar
issues as pyrazolopyrimidines — poor correlation between CpCDPK1 enzyme inhibition and in
vitro activity, 175-30,000-fold variation between the CpCDPK1 assay and invasion model

(Huang et al., 2017). The most potent 5-aminopyrazole-4-carboxamide compound had ICsp
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values as low as 0.03 nM against the enzyme. However, most active compounds in the series had
ICso values closer to 2 nM against the enzyme (Huang et al., 2017). When tested against Cp in
vitro, the compounds were drastically less potent (Huang et al.,, 2017). The most potent
compound against the enzyme had an ECso of only 1.03 uM in the invasion model, a difference
of over 30,000 (Huang et al., 2017). Most of the compounds remained in the UM range, despite
potent enzyme activity (Huang et al, 2017). The real detriment of these compounds was the
degree of hERG channel inhibition. Huang et al. reported ECso values around 30 puM for some
compounds, which corresponds to only about 30-fold selective, raising cardiotoxicity as a
concern given the limited in vitro potency (Huang et al., 2017). Thus, a new series of CpCDPK1
inhibitors is needed as well as further understanding of the structure-activity relationship for

achieving potent Cp growth inhibition.
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3. MATERIALS AND METHODS

3.1. Assessing t-RNA inhibitors for Cryptosporidium inhibition

3.1.1. Screening library composition

A variety of reported t-RNA synthetases inhibitors were screened for Cryptosporidium
growth inhibition. The tRNA synthetase inhibitors were: GSK2251052 / AN3365
(hydrochloride), borrelidin, ochratoxin A, AN2690 / tavaborole, cispentacin, methyl
ester cispentacin, thialysine, REP3123, and mupirocin. An additional tRNA synthetase
compound (referred to as ELI) was synthesized for screening. The synthesis of this compound
follows a published method (Shibata et al., 2012). Other than ELI, the other compounds were

commercially available.

3.1.2. Cryptosporidium cellular assay and screening

Since Cp is an intracellular pathogen, standard anti-microbial activity assessments, like
broth microdilution, cannot be used. Additionally, Cp cannot be cultured for continuous passage,
meaning Cp must be acquired from a natural host and cannot be entirely lab grown (Vinayak et
al, 2015). Oocysts are obtained from the hosts’ fecal material and purified; it is also at this time
that oocysts can be genetically modified to ease the counting process (Vinayak et al., 2015). At
this point cell-based invasion assays can be used in place of broth microdilution or other anti-
microbial testing methods (Sun et al., 2010). This assay utilizes human colon ileocecal cells
(HCT-8 cells) as host cells to mimic infection. The HCT-8 cells are infected with Cp (Sun et al.,
2010). In the method used by Dr. Mead’s laboratory, purified Cryptosporidium parvum oocysts
(IOWA isolate) are first washed free of 2.5% aqueous potassium dichromate (K2Cr207, a storage
buffer) with phosphate-based saline (PBS) (Mead and McNair, 2006). The washed oocytes were

resuspended Dulbecco's modified Eagle's medium (DMEM) base with 0.75% sodium
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taurocholate and incubated for 30-45 min at 37 °C (Mead and McNair, 2006). The excystation
mixture was diluted with Ultraculture™ medium (BioWhittaker Inc., Walkersville, MD) and c. 1
x 10° oocysts and sporozoites were dispensed in 24 well plates containing confluent HCT-8 cells
(Mead and McNair, 2006). Cells were incubated for 3 hours (Mead and McNair, 2006). The
cells were washed with PBS and replaced with fresh Ultraculture™ medium with or without test
compounds for 48 h (i.e. tRNA synthase inhibitors, nitazoxanide, kinase inhibitors, etc.) (Mead
and McNair, 2006). Cells were washed with PBS, and fixed with Bouin’s solution (Mead and
McNair, 2006). Once fixed, Bouin’s solution is removed, and ethanol is applied to decolorize
(Mead and McNair, 2006). An anti-Cryptosporidium. parvum fluorescein-labeled monoclonal
antibody (C3C3-FITC) is applied and incubated to label the Cryptosporidium parvum cells
(Mead and McNair, 2006). The numbers of parasites were counted per well. At least 25 images
were obtained per field. Dose—effect curves and the median effective concentration (ECso) of
each compound was determined. The ECso was defined as the concentration required for
reducing the number of parasites by 50% compared with the untreated control. Statistical
analyses included calculation of mean, standard deviation, and ANOVA. This experimentation
was repeated at least twice, and performed as per protocol by Dr. Jan Mead’s laboratory at
Emory University and Atlanta’s Veteran’s Affairs.

Some compounds were also tested by Dr. Wesley Van Voorhis’ laboratory at the
University of Washington. This assay also uses HCT-s cells which are infected with Cp at a 1:1
ratio (Murphy et al., 2010). The sporozoites are activated by acid water then 0.8% taurocholate-
PBS (Murphy et al., 2010). The infected HCT-8 cells were infected and cultured in a 24-well
plate and subjected to varying concentrations of inhibitor (Murphy et al., 2010). Positive controls

were diluent and negative controls were heat -killed parasite or no parasite (Murphy et al., 2010).
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Cells were left to incubate for 24 hours then RNA was isolated using a QiagenRNeasy plus kit
and quantified using a reverse transcription real time PCR (Murphy et al., 2010). Primers from
parasite ribosomes were used as described by Castellanos-Gonzalez et al. (Castellanos-Gonzalez
et al., 2008). A standard curve was prepared, each concentration was repeated, and a duplicated
PCR was performed — then an ECso could be determined (Murphy et al., 2010). One duplicate
was performed per each tested concentration (Murphy et al., 2010).
3.1.3. Structure-activity relationship study of boron derivatives

To further investigate boron derivatives related to tRNA synthetase inhibitors from the
screening library described in section 3.1.1, a chemical substructure search was performed to
find related commercially available compounds to test for Cp growth inhibition. This search
identified the following compounds: 2-(hydroxymethyl)-6-methoxyphenylboronic acid
dehydrate, 7-(hydroxymethyl) benzo[c] [1,2] oxaborol-1(3H)-ol, 2-(hydroxymethyl)
phenylboronic acid, 2-(1-hydroxy1,3- dihydro-2,1-benzoxaborol-7-yl) acetic acid, and AN3365.
Code names were given to these compounds as a blinding measure (also as an abbreviation
compared to the chemical name) — these code names are used as compound names as shown in

the result section. Structures are also shown in the results section.

3.2. Assessing kinase inhibitors for CoCDPK1 and Cryptosporidium inhibition

3.2.1. Kinase screening library composition for CoCDPK1 and Cp growth inhibition

A set of protein kinase inhibitors were assembled to assess and identify novel CDPK1
inhibitors. A variety of commercially available kinases inhibitors were purchased, included:
CS0709, Imatinib, Ponatinib, Rebastinib, PF 431396, Doramapimod, Nilutinib, Bosutinib, R406,

Dasatinib, Tozasertib, and Sorafonib. UH15 15, a previously optimized receptor-interacting
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protein kinase 2 (RIPK2) inhibitor (Nikhar et al., 2016), was also included in this cohort for
assessment against CoCDPK1 and for Cp growth inhibition. Compounds were initially prepared

for testing as 10 mM DMSO stock solutions.

3.2.2. CDPK1 and Src enzymatic assays

To determine inhibitor activity against CoCDPK1 an established biochemical assay in Dr.
Van Voorhis’ laboratory was used. Recombinant CpCDPK1 was used in a published Kinaseglo
luciferase assay (Ojo et al., 2010). Kinase phosphorylation occurred in 25 pL buffered solution
of 20 mM HEPES (pH=7.5), 0.1% BSA, 10 mM MgCl, 1 mM EGTA, 2 mM CaCly, 40 uM
peptide substrate (Murphy et al., 2010). 1.3 nM of CpCDPK1 protein were used and 3 to 0.00137
MM inhibitor were used in 3-fold serial dilutions (Murphy et al., 2010). Phosphorylation
reactions were initiated by the addition of uM Na2ATP (Murphy et al., 2010). The reaction was
incubated for 90 minutes at 30 °C. 5 mM of EGTA was added to terminate the reaction (Murphy
et al., 2010). The Kinaseglo luciferase reagent and luminescence was used to determine the
change in ATP concentrations (Murphy et al., 2010). Luminescence was measured by the
Chameleon 425-104 multi-label plate scintillation counter (Murphy et al., 2010).To determine
inhibitors activity against the catalytic domain of the wild-type Src kinase compounds were
tested at 20 uM and diluted down again in 3-fold serial dilutions (Murphy et al., 2010). A
buffering solution of 33.5 mM HEPES (pH = 7.5), 6.7 mM MqgCl;, 1.7 mM EGTA, 67 mM
NaCl, 2 mM NazVO4, 0.08 mg/mL BSA, 3 uM ATP, and an optimized Src peptide substrate was
used (Murphy et al., 2010). The final volume was 30 uL (Murphy et al., 2010). The reaction was
allowed to run at room temperature for 30 minutes before passing 4.5 pL of the reaction mixture
through a phosphocellulose membrane (Murphy et al., 2010). Membranes were then washed 4

times with 0.5% phosphoric acid then once with acetone (10 minutes each wash) (Murphy et al.,
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2010). The membrane was dried and then radioactivity was measured by phosphorimaging with
a Storm 840 phosphor scanner and quantified with ImageQuant and converted to percent
inhibition (Murphy et al., 2010). ICso values for CoCDPK1 and Src were determined by Prism

Graphpad software using non-linear regression analysis (Murphy et al., 2010).

3.2.3. Preliminary structure-activity relationship analysis

Once UH15 15 was identified as a promising hit, other compounds in the UH15 series
that challenged various structural elements were tested. Compounds composed of the same
scaffold included UH15 8, UH15 16, UH15 22, and UH15 30. Compounds with varied
scaffolds that were also tested included UH_PN1, UH _PN2, UH_LPSN, UH15 37, UH15 38,
and UH15_31. Compounds structures are shown in the results section 4.2. All compounds were
initially made as DMSO stock solutions (10 mM). Additional compounds to expand the

structure-activity relationship analysis were synthesized as described in section 3.2.5.

3.2.4. Molecular docking studies

Molecular docking is a type of computation study that is used to indicate how and how
well a protein or molecule binds to another protein or molecules. The docking software can
determine which poses are most thermodynamically favored based on the delta G (Gibbs free
energy), which is dependent on delta H (enthalpy) and delta S (entropy). Docking poses are
determined based on the sum of interactions. This produces 5-10 final poses of theoretical
binding arrangements. Based on these 3D poses critical interactions can be determined (i.e.
which amino acids form hydrogen bonds with which functional groups or where pi-pi
interactions are formed with aromatic regions, etc.). For these studies, UH15 16 was docked
using the MOE software. Discovery Studio and Pymol were used to process and visualize

docked structures. The resulting poses of MOE docking require additional processing in which
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the original structures are deleted, as MOE will “twist” the structures in flexible fit docking and
therefore duplicate both the defined “ligand” and ‘“receptor” (in rigid fit only the defined
“ligand” will be duplicated).

To prepare proteins, MOE was used. Protein data bank (PDB) file 3NCG was the main
CpCDPKZ1 protein structure used to generate data presented in the results section. Originally,
proteins and ligands were prepared using the method recommended in the manual (upload,
protonate, etc.). However, once QuickPrep became available with an update to MOE, it was used
to obtain data shown in the results section.

Chemical structures were drawn in the 2D platform, cleaned up and their 3D structure
optimized (energy minimization) using ChemSketch. Compounds were saved as a “.mol” file
and imported into the MOE software. These could then undergo energy minimization again
within MOE.

Compounds were docked into the ATP binding pocket. Ligands can be docked using a
variety of placement methods. The triangle method was used by default and resulted in most
acquired data. This determines how the ligands are angled to fit into the pocket. The second
option is the refinement. Both rigid fit and induced fit have been used. For consistency, induced
fit was used, because it gives a more accurate picture. In induced fit modeling, amino acids can
twist to or away from the ligand — which is more indicative of physical binding.

3.2.5. Expansion of structure-activity relationship analysis
The expanded SAR study used additional compounds generated as part of the RIPK2

optimization program (Nikhar et al., 2016) or synthesized as described below.
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3.2.5.1. General experimental conditions

All reactions were set up, monitored and purified under similar conditions, unless
otherwise stated. All reactions were set up under dry conditions — meaning round bottom flasks
(RBFs) were purged with argon. Argon purging can be performed by either vacuuming out the
oxygen and then adding argon each for 5 seconds and repeating 3 times. Alternatively, one can
flush the sealed RBF with argon with inlet and outlet needles for 5 minutes. All commercially
available starting materials, reactants, solvents, etc. were used “as is” unless otherwise
mentioned. To monitor reactions for completion, thin-layer chromatography (TLC) was utilized.
When silica TLC plates were used, Baker-flex® Precoated Flexible TLC Sheets, by J.T. Baker®
were used. These silica plates have with F254 for a fluorescence indicator and Gypsum for a
binder. When alumina was used, Aluminum Oxide F254 Plates with F254 fluorescence indicator
and 60A pore size. Reaction material was “worked up” prior to spotting on TLC plates if a non-
volatile solvent, acid, base, or a reagent requiring water to quench the reaction was used. TLC
plates were run/processed in mixtures of ethyl acetate (EA) or methanol (MeOH) and
dichloromethane (DCM) or hexane (Hex). TLC plates were not regularly dyed/stained. However,
a UV-light (254 and 365 nm) was used as a visualizing process. Purification was performed
using flash chromatography using a Teledyne ISCO CombiFlash® Rf machine. Silica or alumina
gel were regularly used to purify compounds (silica > alumina). The same solvents and mixtures
of solvents were used as with TLC (EA, MeOH, DCM, Hex). NMR spectra were acquired using
a JOEL 600 MHz NMR instrument. CDCl3, chloroform-D, was most frequently used as the
solvent for acquiring NMR spectra, however CH3OD, or methanol-D, and DMSO-d6 were also
used. High-resolution mass spectroscopy (HRMS) was performed by the University of Texas

Department of Chemistry on an Agilent 6530 Q-TOF instrument. The ionization source was
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electronspray. The m/z was reported for the compound’s molecular (M) and ionization species
(M=£1). This was performed for final compounds assessed for biological activities. Purity was
assessed by high performance liquid chromatography (HPLC) analysis. For numerous
compounds, preparative HPLC purification was used to purify compounds using a Waters Acuity
HPLC. The HPLC uses a XSelect CSH™ Prep with C18 at 5 um OBD diameter 19x100 mm
Column and Waters 2489 UV/Visible Detector. The HPLC uses a WFCIII auto collector and
manual injector. A general method was used for a preliminary analysis, however for each
compound a method was developed for analysis of purity. This general method was 2%
acetonitrile (ACN) and 98% water (with 0.1% formic acid) to 98% in 30 minutes followed by an
8-minute column wash. The compound-specific methods were developed. For instance, if the
product peak comes at 50% ACN/Water the method would focus at 45-55%. This method would
be 0% acetonitrile (ACN) to 2% in 2 minutes then 45% at 4 minutes. At 30 minutes the column
would be at 55% followed by the column wash. The column wash was 98% ACN to 2% then 0%
over 10 minutes. The UV detector was set to 254 nm; however, this could be modified as
necessary. Each analytical HPLC used an injection volume of 10 pL and a flow rate of 1.2
mL/min. This analytical flow rate corresponded to the preparatory flow rate of 20 mL/min, using
the corresponding flow rate allowed a similar retention time across analytical and preparatory

columns as they were the same length.

3.2.5.2. Synthesis of UH15_16 and other analogs

The general synthesis scheme was as follows:
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Figure 11. General Synthesis Scheme
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Figure 12. Alternative Synthesis of Heterocycle
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Synthesis of 2. To a solution of ethyl 4-chloro-2-(methylthio) pyrimidine-5-carboxylate, 1, (6 g,
0.0273 mol) in THF (26 mL) at 0 °C was added 40% aqueous methylamine (6 mL). Additional
solvent may be required depending upon the manufacturer of compound 1. The specific ratio of
methylamine to THF did not appear to affect the outcome or yield as long as compound 1 was
fully solubilized. The reaction mixture was stirred at 0 °C for 2 hours and then concentrated. To
the residue was added NaCl and methanol. The mixture was stirred and then extracted with ethyl
acetate. The organic layer was dried with anhydrous Na>SOs, filtered and concentrated. The
crude product was prepared by column chromatography on silica gel using 0-5% EA/Hex as
eluent to give 2 (60-95% yield) as a white solid. *H-NMR (CDCls, 600 MHz) & 8.53 (s, 1H), 8.1
(s, 1H), 4.24-4.25 (g, 2H), 3.00 (s, 3H), 2.47 (s, 3H), 1.30 (t, J = 13.8 Hz, 3H). 1*C-NMR

(CDCls, 600 MHz) 176.0, 167.0, 160.6, 158.1, 100.9, 60.7, 27.2, 14.2, 14.1.

o0
—
sy »

Synthesis of Compound 3. To a solution of compound 2 (5 g, 23 mmol) in anhydrous THF (36
mL) at 0 °C was slowly added LiAIHs (1.33 g, 35 mmol or 1.5 equiv)— noxious gas may be
released. To allow the gas to be safely released, a needle was placed in the stopped. The reaction
mixture turned from white to olive to grey throughout the addition of LiAlHs. The reaction
mixture was allowed to warm to room temperature and stirred for 4 hours. The reaction was

cooled to 0 °C and cold water (6 mL) was added dropwise to quench. The needle was added
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again to release the noxious gas, then the reaction mixture was stirred at 0 °C for at least 20
minutes. The reaction material was vacuum-filtered through a small amount of celite-545 and
washed with EA, MeOH, and DCM until the solute was no longer UV active. Typically, over a
liter of solvents was necessary to get adequate yield. The solution was concentrated, and the
crude product was prepared by column chromatography on silica gel using 0-5% MeOH/DCM as
eluent to give 3 (80% yield) as a white solid. *H-NMR (CDCls, 600 MHz) § 7.71 (s, 1H), 5.88 (s,
1H), 4.52 (s, 2H), 3.04-3.05 (d, J = 4.2 Hz, 3H), 2.53 (s, 3H). ¥C-NMR (CDCls, 600 MHz)

171.6, 161.6, 152.3. 111. 1, 61.2, 27.7, 14.2.
N~ X" o
l/\/(\
N »

Synthesis of compound 4. To a solution of compound 3 (2.5 g, 13.6 mmol) dissolved in
DCM/THF at a 5:1 ratio, MnO> (10 g, 0.122 mol, 9 eq.) was added. The reaction was stirred
overnight at room temperature. A second method was developed with reduced amounts of MnO:
(equal weight of MnO2 as compound 3, or ~ 3 eg. or MnO; and left for about 3 days). Once the
reaction was deemed complete by TLC, the reaction material was vacuum-filtered with sufficient
celite-545. The filtrate was washed with EA; DCM and MeOH may also be added. The resulting
material concentrated. The crude product was purified by column chromatography on silica gel
0-25% EA/Hex as eluent to give 4 (81% yield, note the MnO2-sparing method did not affect
purity nor yield.) as a white solid. *H-NMR (CDCls, 600 MHz) § 9.70 (s, 1H), 8. 56 (bs, 1H),
8.30 (s 1H), 3.10-3.11 (d, J = 4.8 Hz 3H), 2.55 (s, 3H). 3C-NMR (CDCls, 600 MHz) 190.5,

177.1, 162.5, 159.1, 109.2, 26.8.
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Synthesis of compound 6a. To a solution of compound 4 (200 mg, 1.105 mmol) dissolved in
dimethylacetamide (DMA) (3 mL) at 0 °C. KF/AI,0O3 (200 mg, 1682g/mmol) and commercially
available compound 5a (0.13 mL or 174 mg, 0.995 mmol) were added. If less KF/Al>O3 was
used, the reaction may be left overnight without a significant increase in impurities. For future
renditions of this reaction, compound 5a was added in slight excess (1.1 equiv.). The reaction
was left for at least 2 hours or deemed complete by TLC. Once complete, the reaction was
vacuum filtered to remove the KF/AI,Oz. The reaction material should be extracted and purified
quickly as a degree of KF is present in the reaction material. To remove the DMA, extract with
EA and water at least 5-10 times. Then wash the EA layer with brine. Dry the organic layer over
anhydrous Na>SOgs, filter and concentrate. The crude product was purified by column
chromatography on silica gel 0-25% EA/DCM as eluent to give 6a as a yellow crystalline
powder in 55% yield. *H-NMR (CDCls, 600 MHz) & 8.65 (s, 1H), 7.66 (s, 1H), 7.50 (s, 1H), 7.31
(s, 2H), 3.81 (s, 3H), 2.66 (s, 3H). *C-NMR (CDCls, 600 MHz) 173.7, 161.6, 156.5, 154.3,

135.3,135.1, 134.5, 133.2, 132.3, 130.3, 129.7, 127.2, 109.2, 53.6, 14.6.

CN

Synthesis of compound 6b. While the aforementioned method could be used for the synthesis of

compound 6b, the yield was about 25%. Therefore, a more rewarding method was devised, as
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follows. To a mixture of compound 4 (37.6 mg, 0.21 mmol) in DMF (1.5 mL) was added
commercially available compound 5b (35.9 mg, 0.21 mmol) along with KoCO3z (56.7 mg, 0.41
mmol). The reaction was heated to 120 °C overnight. TLC ensured completeness. DMF would
be removed via extraction (To remove the DMF, an extraction with EA and water was necessary
and repeated at least 5-10 times. Then the organic layer was washed with brine and EA, the
resulting organic layer was dried over anhydrous Na,SQg, filtered and concentrated) The dried
crude product was prepared by column chromatography on silica gel 0-25% EA/DCM as eluent
to give 6b. This resulted in a scarlet/red crystalline powder in 61% yield. *H-NMR (CDCls, 600
MHz) & 8.70 (s, 1H), 7.82-7.73 (m, 5H), 3.84 (s, 3H), 2.67 (s, 3H). 3C-NMR (CDCls, 600 MHz)
174.1, 161.9, 156.8, 154.2, 154.1, 140.2, 134.0, 132.2, 130.8, 129.6, 118.8, 112.3, 109.6, 28.6,

14.7.

Z |
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Synthesis of compounds 7a-b. To a solution of compound 6a/b (1.7 g, 5.5 mmol) dissolved in
dichloromethane (36 mL) at 0°C, meta-chloroperoxybenzoic acid (2.5 g, 16 mmol) was added.
The mixture was stirred at 0 °C for 30 minutes. To ensure completeness, the reaction was
monitored by TLC. The completed reaction was quenched by adding water on ice. The organic
layer was extracted and washed with brine. The residue was dried over anhydrous Na>SOg,
filtered and concentrated. The residue was purified by column chromatography on silica using 0-

25% EA/DCM.
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Compound 7a. A white/yellow powder. *H-NMR (CDCls, 600 MHz) § 9.04 (s, 1H), 7.86 (s,
1H), 7.53 (s, 1H), 7.32-7.37 (g, 2H), 3.89 (s, 3H), 3.44 (s, 3H). *C-NMR (CDCls, 600 MHz)

164.6, 161.0, 157.5, 155.1, 135.9, 135.3, 135.3, 134.3, 134.1, 132.2, 132.0, 129.9, 127.4, 114.9,

CN
N
|

\S)\N/ N No

0, |

Compound 7b. A reddish/brown crystalline powder, *H-NMR (CDCls, 600 MHz) & 7.99-8.09

39.3, 29.3.

(s+d, 3H), 7.93* (s, 1H), 7.78-7.84 (g, 4H), 7.60-7.59 (d, J = 7.8 Hz, 2H), 7.45-7.42 (t, J = 15 Hz,

2H), 392 (s, 3H), 3.45 (s, 3H).

Synthesis of compound 8a-b. A solution of acetic anhydride (0.22 mL), formic acid (0.1 mL),
and tetrahydrofuran, THF (8.4 mL) was heated at 60 °C for 2 hours. The reaction material was
then allowed to cool to 0°. The commercially available amine 10b (100 mg, 0.5 mmol), was
added at 0 °C. The ice bath was removed and the reaction was maintained at room temperature
(or when Rz contains an amine or sulfonamide at 0°C) for at least 30 minutes and monitored by
TLC. However, to produce 8c and 8d, quenching was done sooner to avoid impurities. It is also

recommended to leave the reaction at 0 °C to limit byproducts and monitor the reaction closely
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by TLC. Once complete, the reaction mixture was cooled to 0 °C, and quench by adding freshly
(3-4 mL) prepared 2N NaOH (1.6 g NaOH in 20 mL water). The mixture was stirred for 20
minutes at 0 °C to neutralize the acid. Then the organic solvents are removed by rotovap. The
NaOH (aq) is extracted by separatory funnel then the organic layer was washed with water, EA,
and brine. Then the organic layer was dried over anhydrous Na,SOg, filtered and concentrated.
The crude product was purified by column chromatography on silica column using 0-5%
MeOH/DCM.

Due to potential stability issues with these compounds, they were immediately placed in
the freezer. Due to this stability issue, they could not be left in the NMR overnight to get a *3C,

so instead, the compound would be validated after the next step, as finalized compounds.

Compound 8a. Pale yellowish crystalline powder, 82.3% yield. *H-NMR (MeOH, 600 MHz) §

8.67 (s, 1H), 8.29 (5, 1H), 8.10 (s, 1H), 8.04 (5, 1H), 7.48 (s, 2H), 3.87 (s, 3H).

Compounds 8b. Pale yellowish white crystalline powder, 82% yield — this compound was very
unstable. Due to stability concerns, characterization was limited. *H-NMR (CDCls, 600 MHz) §

8.32 (s, 1H), 8.12 (s, 1H), 7.71-7.79 (d, J = 8.4 Hz, 1H), 7.61-7.51 (m, 2H), 2.67 (s, 6H).
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Compound 8c. Pale yellow crystalline power. NMR not included, as compound would degrade
and produce inconclusive NMR — however resulting NMR was different from starting material.

Compound was confirmed in the next step.

Compounds 8e. Off-white crystalline powder, 81% vyield— this compound was very unstable.
Due to stability concerns, characterization was limited. *H-NMR (CDCls, 600 MHz) § 8.35 (s,

1H), 7.86 (s, 1H), 7.70-7.75 (dd, 1H), 7.39-7.47 (m, 3H), 6.89-6.93 (dd, 1H).

IO
RZ\S NJ

0, H
Synthesis of compound 8e-f. The amine (500 mg) was placed in an RBF with formic acid (10 to
25 mL). The formic acid was refluxed at 60 °C overnight. The reaction was allowed to cool and
then it was neutralized and extracted with saturated KoCOs and further washed and extracted
with EA. The organic layer was dried over anhydrous Na,SOg, filtered, and concentrated. The
published protocol did not call for purification of this product. However, to limit impurities in

the final product, it was purified on alumina with 0-33% EA/hex.
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Compound 8f. The material was white to tan crystalline powder, when the purified yield was
about 70%, and 75%, respectively. *H-NMR (CDCls, 600 MHz) § 7.30-7.33 (dt, 1.5H), 7.27 (s,

0.5H), 7.22 (s, 2H), 4.07 (bs, 3H).

oW
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Compound 8g. Pale tan crystalline powder, 72% yield. The original protocol did not call for

purification of this compound. The crude compound was taken to the next step. The final

compound was used to confirm this step.
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Synthesis of compound 9. A solution of compound 8b (99 mg, 0.406 mmol) dissolved in a
mixture of DMF and THF (approximately 0.5 mL DMF to 5 mL THF was added initially) at 0
°C was added NaH (29 mg, 1.2 mmol, or 3 equiv.). This mixture was stirred at 0 °C for at least
20 minutes. Then compound 7a (171 mg, 0.446 mmol, or 1.1 equiv.) was added. Additional
DMF or THF may be added with the resulting ratio of 1:3-10 of DMF to THF, to achieve
complete solubility. For these compounds, 1 mL of DMF was added to 10 mL THF. The reaction
was left for 4 hours, and TLC was used to monitor completeness of reaction. Next, water (2 mL)

was added to react with the excess NaH and then the mixture was extracted with EA and water to
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remove the DMF and THF. The organic layer was washed with water at least 5-10 times to
ensure all DMF was removed. The resulting organic layer was dried over anhydrous Na>SOs,
filtered, and concentrated. The crude material was purified by column chromatography on silica
and/or alumina. Typically, 0-35% EA/DCM or 0-10% Me/DCM was used for silica columns
while 0-35% EA/Hex was used for alumina.

Cl

Compound CDPK-7. Bright yellow crystalline powder with an HPLC purity of >95%. *H-NMR
(1:1 MeOD/CDCls, 600 MHz) & 8.66 (s, 1H), 8.23 (bs, 1H), 8.01 (s, 1H), 7.70 (s, 1H), 7.66-7.65
(d, J = 7.8 Hz 1H), 7.57 (s, 1H), 7.52 (s, 1H), 7.50-7.48 (d, J = 9 Hz, 1H) 7.33-7.36 (t, 2H), 3.93
(s, 3H), 3.82 (s, 3H). 3C-NMR (1:1 MeOD/CDCls, 600 MHz) 163.2, 160.1, 159.5, 156.2, 144.8,
1435, 137.0, 135.3, 135.1, 134.9, 134.4, 133.1, 131.7, 129.9, 127.6, 126.6, 118.4, 110.35, 107.0,
31.5, 28.9.

Cl

Compound CDPK-6. Off-white powder with an HPLC purity of > 97%. 'H-NMR (DMSO-Ds,
600 MHz) & 10.62 (s, 1H), 8.90 (s, 1H), 8.62 (bs, 1H), 8.98-9.00 (d, J = 8.4 Hz, 1H), 7.95 (s,
1H), 7.75 (s, 1H), 7.62-7.64 (t, J = 15 Hz, 1H), 7.52-7.53 (d, J = 6.6 Hz, 1H), 7.44-7.46 (d, J = 6
Hz, 1H), 7.38-7.40 (d, J = 7.8 Hz, 1H), 3.70 (s, 3H), 2.64 (s, 6H). *C-NMR (DMSO-Ds, 600
MHz) 161.5, 159.8, 159.6, 155.6, 141.1, 136.6, 135.6, 135.0, 134.7, 134.0, 133.7, 130.3, 129.3,

127.8, 126.6, 123.8, 121.5, 106.9, 38.2, 28.8.
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Compound CDPK-8. Off-white powder with an HPLC purity of 97-100% purity, using the
HPLC standard method and compound specific methods. Of note, this compound may be
unstable on the bench. *H-NMR (DMSO-Ds, 600 MHz) § 8.86-8.88 (d, J = 12.6 Hz, 2H), 7.91-
7.93 (t, 1H), 7.70 (d, J = 1.2 1H), 7.68 (d, J = 1.8 1H), 7.63-7.64 (d, J = 9.8 Hz, 1H), 7.54-7.56 (t,
1H), 7.45-7.49 (m, 2H), 7.40-7.41 (d, J = 8.4 Hz, 1H), 7.34-7.35 (d, J = 8.4 Hz, 1H) 3.73 (s, 3H),
3.64 (s, 3H). C-NMR could not be collected due to poor solubility. When high-resolution
mass spectrometry was used, it was determined that the intended product, the secondary

sulfonamide, was coupling again with the heterocycle.

Cl

Compound CDPK-9. Sunflower yellow powder with an HPLC purity of >95% purity, using the
HPLC standard method and compound specific methods. Of note, this compound may be
unstable on the bench. *H-NMR (CDCls, 600 MHz) § 10.14 (s, 1H), 8.70 (s, 1H), 7.70 (s, 1H),
7.66 (s, 3H), 7.540-7.50 (t, 3H), 7.35-7.31 (m, 3H), 6.82-6.83 (d, J = 6.6 Hz, 1H), 3.62 (s, 3H).
13C-NMR (CDCI3, 600 MHz) 162.3, 161.4, 158.1, 157.9, 155.2, 138.2, 137.6, 135.4, 134.6,

134.4,134.1, 132.7, 132.1, 131.9, 131.7, 131.1, 131.0, 129.8, 127.2, 125.8, 122.6, 110.4, 28.7.
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Compound CDPK-2. Pale yellowish powder with an HPLC purity of >95% purity, using the
HPLC standard method and compound specific methods. *H-NMR (CDCls, 600 MHz) § 8.74 (s,
1H), 8.69 (s, 1H), 7.81-7.83 (d, J = 7.2 Hz, 2H), 7.73-7.76 (m, 4H), 7.68-7.69 (d, J = 6.6 Hz,

1H), 7.60-7.62 (m, 2H), 3.87 (s, 3H), 3.11 (s, 3H).

Compound CDPK-4. White crystalline powder with an HPLC purity of > 95%, using the HPLC
standard method and compound specific methods. *H-NMR (DMSO-Ds, 600 MHz) & 10.65 (s,
1H), 8.93 (s, 1H), 8.79 (bs, 1H), 8.20 (s, 1H), 7.92-7.97 (dd, J = 27 Hz, 3H), 7.81-7.82 (d, J = 8.4
Hz, 2H), 7.62-7.65 (t, 1H), 7.59-7.58 (d, J = 7.8 Hz, 1H), 3.72 (t, 3H), 3.23 (s, 3H). 3C-NMR
(DMSO-Ds, 600 MHz) 162.2, 160.1, 159.1, 155.3, 141.9, 141.0, 140.8, 135.8, 130.4, 130.0,

129.7, 128.6, 126.7, 125.5, 125.4, 124.4, 121.0, 117.6, 107.4, 70.2, 44.2, 28.8.
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3.3. In Vitro pharmacokinetic metrics of UH15_16: Solubility, absorption,
distribution, and metabolism

UH15 16 was sent to Eurofins for analysis. Aqueous solubility in PBS buffer was
determined at pH 7.4 by the shake-flask method for 24 h at room temperature with compound
detection by HPLC-UV/VIS (Lipinski, 1997). Caco-2 cells were used to determine absorption.
This was assessed apically to basally and basally to apically. Recovery was calculated for both

assessments. Metabolism was assessed using mouse liver microsomes.

3.4. UH15_16 kinase profiling

UH15 16 was screened against 97 kinases at Eurofins using the KinomeSCAN -
scanEDGE for kinase profiling. This screen includes AGC, CAMK, CMGC, CK1, HER1, STE,
TK, TKL, lipid, and atypical kinase families. The KINOMEscan™ screening method utilizes an
active site-directed competition binding assay to quantitatively measuring interactions between
test compounds and kinases in a non-ATP concentration depend manner (Fabian, 2005). A
concentration of 1 uM of UH15 16 was used for this assessment.

To confirm kinase activity, UH15 16 was tested in biochemical kinase assays by
Reaction Biology. Ten concentrations were tested for each kinase (7 kinases were tested, ABL-1,
BRAF, c-Kit, c-Src, FGFR2, FMS, PDGFRDb) starting at 10 uM to determine ICso values.
Staurosporine or GW5074 were used as positive controls, while DMSO was used as a negative

control.

54



3.5. Formulation studies

3.5.1 Development of intravenous formulation.

A variety of formulations were attempted to fully solubilize UH15 16 for intravenous
administration. Eventually UH15 16 was formulated in 30% Tween 80, 20% PBS, and 50%
ethanol to achieve complete solubility. The formulation consisted of 450 uL Tween 80, 300 pL
PBS, 750 pL ethanol, and 1.5 mg UH15 16. resulting mixture of approximately 1.5 mL was
sonicated and then passed through a 0.2 um PTFE membrane filter to remove any particles that

may cause venous harm. The resulting concentration of the compound was 0.5 mg/mL.

3.5.2 Development of oral formulation 1.

For the first oral formulation, UH15 16 was suspension with 10% (v/v) polyethylene
glycol 400 and 90% (v/v) Ora-Plus. Ora-Plus is a suspending agent with a mixture of commonly
used formulating agents and includes methylcellulose. UH15 16 was formulated by placing 3.75
mg of UH15-16 in a vial and adding 30 pL (or 10% of final volume) of polyethylene glycol
(PEG) 400, then vortexing the vial. Then 270 pL (or 90% of final volume) Ora-Plus was added

to the vial and vortex again. The resulting mixture is a milking suspension.

3.5.3 Development of oral formulation 2.
3.5.3.1 UH15_16 docking with cyclodextrin

Ligand-cyclodextrin docking was performed using MOE, employing methods similar as
the ligand-protein docking. The structure of B-cyclodextrin was extracted from PDB 1ZON.
However similar structures were not available for a-cyclodextrin or y-cyclodextrin. So, such files
were created in ChemSketch and Discovery Studio with energy minimization and

tautomerization.
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A structure file of UH15 16 was prepared as described in section 3.2.4.

Each cyclodextrin file was imported into MOE. Energy minimization was performed
again or QuickPrep. The cyclodextrin was selected and labeled as a set. The UH15 16 structure
file was then added. Of note, this does cause some twisting of the cyclodextrin tails.

To dock, the receptor and site were changed to the set labeled cyclodextrin. The ligand
was set to the desired compound, UH15 16. The triangle method was used as default and
induced fit was necessary for the cyclodextrin to respond to UH15 16. Once docked, delta S was
used to determine the binding affinity.

Poses were saved and processed in Discovery Studio. Images can be seen in the results
section. PyMol was also used to visualize the poses of UH15 16 in various cyclodextrins, but

Discovery Studio was the preferred platform.

3.5.3.2 Oral formulation 2

In an initial experiment the molar ratio of Captisol (e.g. sulfobutylether-B-cyclodextrin)
to UH15 16 was assessed. UH15 16 (6.25 mg) and 50, 100 or 200 mg Captisol (approximately
2x, 4x, and 8x) were added to 0.5 mL deionized (DI) water. Five additional 0.5 mL aliquots of
DI water were added. After the addition of each aliquot, the mixture was vortexed for 2 minutes,
observed for 15 minutes and any precipitation was noted. After the 5" DI water aliquot was
added, the mixture was left to sit overnight.

A second experiment was conducted with a Captisol to UH15 16 molar ratio of 2:1. For
each 6.25 mg of UH15 16, 50 mg of Captisol and 0.5 mL of DI water was used. It is

recommended to only sonicate this solution for at least 2 minutes rather than vortexing.
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3.5.4. Development of oral formulation 3

3.5.4.1. Simulated gastric fluid

Simulated gastric fluid was made by dissolving 1g NaCl in 483 mL DI water. Then, the
solution was pH adjusted to ~1.2 (£ 0.1) with HCI.
3.5.4.2. Simulated intestinal fluid

Simulated intestinal fluid was made using a method published by Pan (Pan, 2015).
Potassium phosphate monobasic (3.4 g), 1.25 g SDS (or 0.25% sodium dodecyl sulphate) was
dissolved in 333 mL DI water. This solution was mixed and pH-adjusted to 6.8 (x 0.1) with

freshly prepared 1N NaOH.

3.5.4.3. Fed-state simulated intestinal fluid (FeSSIF)

Fed-state simulated intestinal fluid (FeSSIF) was made using the methods of Galia and
Marques (Galia, 1999 and Marques, 2004). NaOH (pellets, 2.02 g), 4.33 g (or mL) glacial acetic
acid, and 5.94 g NaCl was added to 500 mL DI water. This solution was then pH adjusted to 5 +
0.1 using IN NaOH/HCI as applicable. The pH was confirmed with both pH paper and a pH
probe. Next, 100 mL of this blank FeSSIF solution was transferred into a RBF along with 3.3 g
of sodium taurocholate [acid]. Separately a 100 mg/mL solution of [soybean] lecithin in
dichloromethane (DCM) was prepared using 1.5g of lecithin in 15 mL of anhydrous DCM. 11.8
mL of the lecithin solution was added to the RBF forming a cloudy emulsion. To remove the
DCM, the RBF was placed on a rotovap at 40 °C. Once no DCM could be detected, the solution
in the RBF was cooled to room temperature. The approximately 100 mL was volume adjusted to
400 mL with the rest of the blank FeSSIF. The final FeSSIF became translucent but had a

distinct yellowish tint.
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3.5.4.4. Fasted-state simulated intestinal fluid (FaSSIF)

Fasted-State Simulated Intestinal Fluid (FaSSIF) was made also following protocols from
Galia and Marques (Galia, 1999 and Marques, 2004). 0.174 g NaOH pellets, 1.98 g NaH2POs,
H-0, and 3.09 g NaCl were mixed in 500 mL DI water. This solution was then pH adjusted to
6.5 £ 0.1 using 1IN NaOH/HCI as applicable. The pH was confirmed with both pH paper and a
pH probe. Then 100 mL of this blank FaSSIF solution was transferred into a RBF and then 0.66
g sodium taurocholate [acid] was added. Only 2.36 mL of the lecithin solution previously
mentioned in 3.5.4.3 was added to the RBF forming an emulsion. This emulsion also turned
slightly cloudy. The RBF was concentrated until DCM could not be detected. FaSSIF was also
volume adjusted to 400 mL FaSSIF becoming translucent but lacked the distinct yellow tint.
3.5.4.5. Anti-precipitation assay

The anti-precipitation experiment follows protocols by Yamashita and Klein (Yamashita,
2011 and Klein, 2010; Klein, 2012). A solution of anti-precipitant(s), including Tween 80,
methylcellulose, and/or Captisol were dissolved in gastric fluid (20 mg/mL of Captisol = 1x).
Then 2.5 mg/mL of UH15 16 was added to the solution. The mixture was vortexed and
sonicated for 2 minutes each. Additional anti-precipitants or quantities of Captisol were added
(Captisol 0x, 1x, 2x, 3x 4x, 5x, 6x, 7Xx, 8x +/- methyl cellulose or Tween 80 may have been
plated). It is worth noting that over time volume was lost from repeat sampling from the same
vial(s). However, in the case of Captisol, that would not significantly affect the concentration as
each time 20 mg was added, a portion of the Captisol would get stuck at the end of the weigh
paper. It is assumed this would cancel out against the 30 pL removed.

To plate the 96-well plate, 100 puL of DI water in the first row of a 96-well plate was used

as a control. Another row is plated with just gastric fluid serving as another negative control.
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Then 30 pL of the UH15_16/anti-precipitant solutions were placed into the assigned well. Pure
UH15 16, at the correlating dose of 5-50 mg/kg or concentration 0.08-0.79 mM, and pure
Captisol, at 20 mg/mL, in gastric fluid was also plated as controls. When Tween 80 or
methylcellulose was used, that too was plated as a control at the highest concentration use (3%
v/v and 1% wi/v respectively. It is worth noting these percentages are not equal to the percentage
in the formulation. Instead, the 3% v/v/ or 1% w/v was the amount used as a percentage of the
total well, 100 pL. We later used a ratio of excipient to UH15 16 to determine the final
formulation). Once the plate is plated with the first round of solutions, it is sealed. The plate is
shaken for 5 minutes at 425 rpm then centrifuged at 950g for 5 minutes (the first time the
experiment was run, this was not performed, instead it sat for 15 minutes). Then, every place that
has gastric fluid (i.e. not the first row), 70 puL of simulated intestinal fluid is added. The plate is
then placed in the UV plate reader.

The UV plate reader follows a protocol in which it is heated to 37 °C and held at this
temperature. Then it starts a “kinetic run”. In this kinetic run it scans at 450 nm every 5-15
minutes for 4 hours and continuously shakes orbitally at 205 cpm. At the end of the 4 hours the
Kinetic run ends.

The results of the UV plate reader are graphed as absorbance over time as well as an
absorbance level at each time point.
3.5.4.6. Oral formulation 3

The third formulation consisted of a higher concentration of Captisol at 5-fold molar ratio
to UH15_16. Additional excipients were investigated, and Tween 80 was added at 2.5% v/v. For
each 2.5 mg of UH15 16, 57 mg of Captisol, 20 pL Tween 80 and 0.8 mL of DI water was used.

The protocol for making the third formulation is the following for the dose of 25 mg/kg to 3 mice
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(assuming 25 g/mouse) with a dosing volume of 200 pL/mouse. First in a vial weigh 57 mg of
Captisol and add 721 pL water. Sonicate (if sonication is not available, vortexing is acceptable in
its place). Then, add 20 uL Tween 80 and 2.5 mg of UH15-16then sonicate. This should result in

800 pL of a milky suspension.

3.6. In vivo pharmacokinetic studies of UH15 16

The pharmacokinetic studies were performed under the direction of Dr. Ming Hu’s
laboratory. All the described experiments follow the protocol, PROT0201800072, approved by
the Institutional Animal Care and Use Committee (IACUC) at University of Houston, which has
been accredited by the American Association of Laboratory Animal Care (AALAC). In
accordance with the efficacy study, the same mouse strain was used to avoid any potential strain
discrepancies. However, due to complications with IL-12 being immunocompromised, wild-type
mice were used for pharmacokinetic assessments. Adult male mice, 4-6-week-old, were used,
again in accordance with the efficacy experiments. Blood samples were taken via tail vein
sampling at set time points — this varied depending upon the formulation.
3.6. Formulation Assessments
3.6.1. Bioanalytical method development

To analyze blood samples from the experiments above an ABSciex 5500 Qtrap mass
spectrometer (LCMS/MS) was used to quantify UH15_16 in the blood (and later tissue samples).
The method was developed with the assistance of Li Li.

The liquid chromatography utilizes a Waters Acquity UPLC BEH C18 Column with the

dimensions 50 mm x 2.1 mm LD., 1.7 um. Column temperature was set to 30 °C, while the
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sample temperature was chilled to 10 °C. Each injection volume was 10 pL. The liquid

chromatography gradient was as follows:

Table 1. LCMS - LC Method
Time | Flow rate | Phase A Phase B
(mL/min) | (Water with 0.1% Formic Acid) | (100% Acetonitrile)

0 0.40 90 10

1.0 ]0.40 90 10

2.0 0.40 35 65

3.0 040 30 70

35 1040 10 90

4.0 0.40 10 90

45 040 90 10

5.0 0.40 90 10

The mass spectroscopy portion of the method was set to the positive setting. The ion
spray voltage was set to 5.5 kV. The ion source temperature was set to 500 °C. The ion source
gas (or gas 1) and turbo gas were both established as nitrogen at 35 psi. The curtain gas was also
set as nitrogen but set only to 30 psi. The m/z transitions and compound dependent parameters
are defined below (this includes UH15 16, its fragment, and the internal standard Baohuoside or

“bao”)
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Table 2. LCMS — MS Method

Q1 Mass | Q3 Mass | Time(msec) | ID DP | CE | CXP
1476 362.2 100 UH15 161 56 |52 |15
2| 476 397.2 100 UH15 161 61 |50 |10
31515 369 100 Baohuoside | 32 |13 |4

Standard samples were prepared using a stock solution. The stock solution of UH15 16
was solubilized in DMSO at a concentration of 7 mM. This was diluted to 10 uM or 10,000 nM
with acetonitrile — this is the first working standard. The working standards were diluted 2x in a
descending fashion from 10,000 nM to 4.9 nM across 12 tubes. These working standards were
used to prepare 12 standard curve samples in blood, one for each working standard. 10 pL of the
working solutions, 10 pL blank rodent (rat was often used as it was more readily available)
blood, and 200 pL internal standard (acetonitrile with 0.05 uM baohuoside) were combined for
protein precipitation. Protein precipitation constituted vortexing the mixture vigorously for 2
minutes then centrifuging at 15,000 rpm at 4 °C for 15 min (if the machine was not cooled prior
to use, the additional centrifugation may be used, or centrifugation may be delayed allowing it to
cool). Then 176 pL (80% of the tubes volume) of the supernatant was transferred to a new
labeled tube and the liquid was evaporated until dry under a stream of air (> 20 minutes). This
should result in an opaque residue at the bottom of the tube (it is more visible with higher
concentrations of compound). The residue was reconstituted with 100 pL of 50% acetonitrile in
Milli-Q water. After centrifuge at 15,000 rpm for 15 min, approximately 80% of the supernatant
was transferred to an LCMS tube and capped. The LCMS used 10uL of the tubes’ supernatant to

be injected for analysis.
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For the blood [and tissue] samples taken in the in vivo experiments, these samples were
used in place of the blank blood, while pure acetonitrile was used in place of the working
standard. So, 10 puL the [blood/tissue] sample, 10 puL of pure acetonitrile and 200 pL internal
standard (acetonitrile with 0.05 puM baohuoside) were combined and followed the same

procedure for sample preparation as mentioned above.

3.6.2. Pharmacokinetic study of UH15 16 with intravenous administration

Seven animals were dosed 1 mg/kg with the intravenous formulation described in section
3.5.1. Each animal received a dose approximately of 60-70 pL via tail vein injection. Again,
C57BL/6 mice were used. An additional animal was dosed, but due to dosing complications,
only 6 were sampled. Blood samples were also collected by tail vein. Blood samples were taken
at0,0.250.5, 1, 2, 4, 6, 8, and 24 hours and collected into prepared heparin tubes.
3.6.3. Pharmacokinetic study of UH15_16 with oral administration using oral formulation
1

Four animals were dosed 5 mg/kg using oral formulation 1 as described in section 3.5.2
at a concentration at 1 mg/mL. Each animal received a dose approximately of 150-170 pL via
oral gavage. C57BL/6 mice were used for all oral formulations. An additional animal was dosed,
but, only 3 were sampled. Blood samples were also collected by tail vein. Blood samples were
taken at 0, 0.5, 1, 2, 3, 4, 6, 8, and 24 hours. As per protocol, the mice are not fed for the first 4
hours after the dose by oral gavage. This was standard throughout all three oral PK studies.
3.6.4. Pharmacokinetic study of UH15 16 with oral administration using oral formulation
2

Six animals were dosed 5 mg/kg using oral formulation 2 as described in section 3.5.3.2

at a concentration at 1.25 mg/mL. Each animal received a dose approximately of 100-125 pL via
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oral gavage. C57BL/6 mice were used for all oral formulations. While all 6 were sampled, only 4
were analyzed. Blood samples were also collected by tail vein. Blood samples were taken at 0,
0.5,1,2,3,4,6,8, 10, and 24 hours.
3.6.5. Pharmacokinetic study of UH15 16 with oral administration using oral formulation
3

Six animals were dosed 5 mg/kg using oral formulation 3 as described in section 3.5.4.6
at a concentration at 0.625 mg/mL. Each animal received a dose approximately of 215-240 pL
via oral gavage. All 6 dosed animals were sampled. Blood samples were also collected by tail
vein. Blood samples were taken at 0, 1, 2, 3, 4, 5, 6, 8, 10, 12, 14, and 24 hours. Only half the
animals had a sample taken at hour 6, and the other half had a sample taken at 14 hours. This was

to limit the amount of blood draws.

3.7. Toxicity study of UH15 16 and tissue analysis

Toxicity studies were performed prior to the first efficacy study to ensure the safety of
the mice by Dr Jan Mead’s laboratory. C57BL/6 mice (n = 5) were dosed daily at 50 mg/kg for 5
days. Daily weights and survival of mice that receive diluents or various doses of inhibitors (5
mice/group) were recorded. Toxicity was assessed by signs of distress (e.g. ruffled fur, hunched
shoulders and decreased appetite). If weight loss was > 20% body weight, mice were to be
euthanized. A repeat toxicity assessment was performed at 50 mg/kg with each subsequent
formulation. The animals in the group were sacrificed and tissues collected.

The tissues collected were the small intestine, colon, liver, fecal material, and plasma.
The small intestine and colon were washed with saline at 4 °C. The cold saline wash removes

any compound in the bile. Thus, any detected compound must have penetrated the cells or
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otherwise adhered to the cells. The collected tissues were then frozen with liquid nitrogen and
shipped to University of Houston. The samples were prompted placed into a -80 °C freezer until
they could be analyzed.

Tissue analysis was performed by taking a portion of the tissue 25-50 mg of the sample
and homogenized. To perform this task, sterilized tweezers and scissors are used. Tweezers are
used to pull the organ (liver, intestine, etc.) out of the tube it is stored. The scissors cut off a
small portion, ideally weighing between 25-50 mg. The portion is weighed on tared clean weigh
paper. If it weighs within the goal weight, it is placed in an Eppendorf tube using the sterile
tweezers, and the weight recorded. If not, another portion of the organ is removed and added to
the weigh paper until the ideal weight is met. Then the tweezers and scissors must be sterilized.
This is done by washing in isopropyl alcohol (or similar organic sterilizing agent), clean DI
water, and a second solution of clean isopropyl alcohol. The weighing is repeated with the next
animal organ. To reduce cross contamination the blank animals are done first. 1000 uL of HBSS
buffer is added to the Eppendorf tube. Tissues are then homologized. Between each tube, the
homologizer is washed and dried. This is done by dipping and turning on in water, isopropyl
alcohol, then a second cleaner water and turning on and wiping until dry. This prevents
contamination between samples and dilution from a wet homologizer. The samples are analyzed
using the bioanalytical method developed for the PK studies. Each quantity of UH15 16 in the
analyzed sample is divided by the weight of added tissue (i.e. if 45 mg of liver is in the tube, the
detected amount of UH15 16 would be divided by 45 mg), resulting in amount of UH15 16 per
mg of tissue. This accommodates for significantly varied amount of tissue added in each sample.

Dr Weiquin Wang supervised the analysis of the tissue samples at the University of Houston.
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3.8. In Vivo efficacy studies of UH15 16

In vivo efficacy studies were performed by Dr Jan Mead’s laboratory as described in
(Sun, 2010).

A variety of KO C57BL/6 mice have been used to test anti-Cp agents. However, for these
experiments, IL-12 was knocked out C57BL/6 mice were used. Infected IL-12 KO mice were
used to imitate an acute infection. The mice were inoculated with 1000 oocysts to illicit the
infection. Four hours post-inoculation, the animals are treated with either a vehicle or UH15_16
at 50 mg/kg or, in the case of the 3" oral formulation, 25 mg/kg BID (n = 10). Animals were
dosed by oral gavage using the same formulation as the pharmacokinetic study mentioned above.
Treatment continued for 7 days. It is worth mentioning that throughout the study the mice have
ad libitum feeding, thus they are not in a fasted state. At the end of the treatment course, the
parasite load was determined by fluorescence-activated cell sorter assays, (Sonzogni-Desautels,
2020). To stain the Cryptosporidium cells, 8% paraformaldehyde and oocyst-specific
monoclonal antibodies with fluorescein isothiocyanate were used (Sonzogni-Desautels, 2020).
This allowed for cell cytometry counting of cells and a secondary analysis for increased
specificity via histology (Sonzogni-Desautels, 2020). The cell counts via cytometry alone can
overestimate the oocyte count and thus cell burden by including debris like dead cells. So, the
histology was added and for improved specificity. A t-test was performed to determine statistical

difference between the treatment and control groups.
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4.1 tRNA synthetase inhibitor for Cp growth inhibition

4. RESULTS

4.1.1 Results of tRNA synthetase inhibitor screening and SAR studies for Cp growth

inhibition

In this screen, a variety of tRNA synthetase inhibitors were assessed for Cp growth

inhibition. One compound in this series required synthesizing a previously published methionyl

tRNA synthetase inhibitor, referred to as ELI (Shibata et al., 2012). Three hits were identified:

Halofuginone (ECso =31 nM), Borrelidin (ECso =11 nM), and AN3661 (ECso=0.63 nM). The

screening data is shown below:

Table 3: Cp Growth Inhibition
Compound tRNA Chemical Structure Cp
Synthetase Growth
Type Inhibition
ECso
(LM)
AN2690 / Leucyl OH 24.6 —
.-""Q{-: B\
Tavaborole #,[ J M S57.7
| - S
AN3365/ Leucyl OH 45.6
GSK2251052
™0
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(HCD = Ei1
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"~NH, HCI
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AN3365, a benzoxaborole bacterial leucyl-tRNA synthetase inhibitor, has been
previously tested as a potential treatment in antibiotic resistance in a phase Il clinical trial
(O'Dwyer et al., 2015). While the clinical trial was not an overwhelming success, the compound
was safe. However, AN3365 only demonstrated modest Cp growth inhibition activity.

Borrelidin, a well-studied macrolide antibiotic with threonlyl-tRNA synthetase inhibitory
activity, showed potent Cp growth inhibition (ECso = 0.011 uM).

Ochratoxin A, is a dihydroisocoumarin containing natural product and known toxin with
activity for the human phenylalanyl-tRNA synthetase (McMasters et al., 1999), was only a
modest inhibitor of Cp growth inhibition.

AN2690 or tavaborole is the newest tRNA synthetase approved as an antifungal.
However, it was not very potent for inhibiting Cp growth. We theorize this has to do with
differences between the structures of the Cryptosporidium Leucyl-tRNA synthetase and that of

Candida or fungi in general.
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Cispentacin and methyl ester cispentacin were tested as representative propyl-tRNA
synthetase inhibitors, but neither showed activity. While cispentacin has reported activity against
Candida albicans (OKi et al., 1989), it was not very potent against Candida.

Thialysine is considered a toxic amino acid by mimicking lysine and disrupting protein
synthesis. It is reported to have some antifungal activity in the millimolar range (Gray et al.,
1976). However, we found no significant anti-Cryptosporidium activity.

REP3123 is a highly potent agent, with sub-nanomolar activity against Clostridium
difficile (Critchley et al., 2009). However, it is also being developed for a variety of other
indications, including malaria, where it has reported sub-micromolar activity (Hussain, 2015).
Unfortunately, against Cryptosporidium, it was not particularly active.

Mupirocin is one of the few antibiotics available over the counter in the US. It is the first
marketed tRNA-synthetase inhibitor. Unfortunately, it appears to be selective for bacteria, and
was not active against Cryptosporidium.

ELI was reported to be a potent inhibitor of Trypanosoma brucei with activity at 20 — 50
nM (Shibata et al., 2012). Unfortunately, this compound was not quite as potent in
Cryptosporidium.

4.1.2 SAR analysis of boronic acids for Cp Growth inhibition

The aforementioned screen indicated that boronic compounds AN3365 and AN2690
showed potential anti-Cryptosporidium activity. Palencia et al., also indicated promise with
benzoxaborole compounds, like AN6426, against Cryptosporidium with single digit micromolar
activity (Palencia et al., 2016). Therefore, a focused SAR of this compound class was conducted
(Table 4). However, the only other compounds that showed moderate activity against Cp was

phenyl boronic acid and AN3365. Phenyl boronic acid is a Lewis acid which may cause non-
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selective activity against pathogens. However, it also presents with toxicity to humans (Lenga et

al., 2020). AN3365 showed some toxicity in HCT-8 cells. At the lowest tested dose of 0.2 uM,

there was over a 22% inhibition of HCT-8 cells viability. As the dose increased to 200 uM, so

did the percent inhibition which was nearly 40%. This was unexpected since previously reports

indicated AN3365 may be a promising lead.

Table 4. Screening Boronic Acid Compounds
Compound | Chemical Name Chemical Structure Cp Growth
Inhibition
ECso (UM)
AK50285 phenyl boronic acid (l)H 0.332
©/ S om
B20402 7-(hydroxymethyl) HO > 100
OH
benzol[c] [1,2] oxaborol-1 (3H) - B/\
0]
ol
BB2407 2-(Hydroxymethyl)-6- ~0 on > 100
methoxyphenylboronic acid ©iB//\O
dehydrate
45288 2-(Hydroxymethyl) /OH No activity
phenylboronic acid B\O
EN300 2-(1-Hydroxy1,3- dihydro-2,1- 0O > 100
benzoxaborol-7-yl) acetic acid |HO /OH
B\O
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4.2 CpCDPK1 kinase inhibitors for Cp growth inhibition

4.2.1 CpCDPK1 kinase and Cp growth inhibition screening results

The screening results of protein kinase inhibitors against Cryptosporidium parvum
CDPK1 is shown in Table 5. Assessment results for Cp growth inhibition are also included. Two
kinase inhibitors were found to be active — dasatinib, a commercially available type Il kinase
inhibitor, and UH15_ 15, a potential type 1% kinase inhibitor developed in our lab for RIPK2
(Nikhar et al., 2021). Dasatinib was found to have an ICso of 0.2 puM, while UH15_ 15 has an
ICso 0f 0.015 uM. Other than dasatinib, no other type Il inhibitors had significant activity against
CpCDPK1 (e.g. ICso <1 pM). Furthermore, dasatinib lacked Cp growth inhibition, while

UH15 15 demonstrated modest inhibitor in the cell-based Cp growth assay.

Table 5. Kinase Screen

Compound Structure Kinase Cp Cp
inhibitor | CDPK1 ECso
type ICso (M) **

(uM) **
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NA = Not active

** Data from Dr.

Van Voorhis’ laboratory
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4.2.2 UH15_16 SAR evaluation for CpoCDPK1 and Cp growth inhibition

4.2.2.1 UH15 16 scaffold SAR

The UH15 scaffold was first identified as a hit. However, to ensure it is the optimal
scaffold to pursue, other scaffolds were tested and compared to UH15 15. BKI, a well-
established CDPK1 inhibitor was used as a positive control. Only PN1 demonstrated potent

CpCDPK1 inhibition. However, it did not retain activity in vitro in the Cp cell growth
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Figure 14. Structures of UH Scaffolds

assessment. Thus, the UH15 scaffold was determined to be the lead scaffold.

Table 6. UH15 Scaffold SAR with CoCDPK1 and Cp growth inhibition vs. Src Kinase
(1) Cp CDPK ICs (UM)

(2) Src ICso (M)

(3) Cp Growth ICsp (UM)

(4) Selectivity Src 1Cso/ Cp CDPK1 ICs

Compd.  |Scaffold |Structure (1) 2 13 |4
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UH15_PN2 (PN ;*-f'“] 023 |12 |3.7 |55

4.2.2.2 Identifying UH15 16 as an optimized CpCDPKZ1 inhibitor

Once the UH15 scaffold was identified as the preferred scaffold, an SAR analysis was
conducted.

Based on the aforementioned scaffold SAR study, three of the tested UH15 compounds
appeared potent against CpCDPK (ICso = 5.4-14.5 nM). However, in the cell-based assay
UH15_8 did not block activity (ICso >10 uM). UH15 15 and UH15_16 retained activity in cells
(ECs0 = 0.78 and 0.014 uM, respectively). When investigating kinase selectivity, Src was used as
a counter screen. UH15 15 was rather active against Src (ECso = 0.139 uM), while UH15 16
remained relatively inactive (ECso = 0.907 uM). When potency is compared to Src, UH15 16
shows better selectivity. UH15 15 had 9.6-fold selectivity for CoCDPK1 over Src, compared to
UH15_16 which had 168-fold selectivity. Since these compounds are originally RIPK2
inhibitors, that data was also included. UH15_16, while active in the RIPK2 kinase assay (ICso =
38 nM), was not significantly active in a cell-based assay of RIPK2 mediated NOD signaling

(ECs0 = 0.705-1.2 uM). Therefore, UH15_ 16 was deemed the lead compound at this point.

4.2.2.3 SAR of UH15_16: Modifying Ri
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Table 7. UH15_16 Modifications to R1 with CpCDPK1 and Cp growth inhibition vs. Src

Kinase
(1) LogP Calc. ra Hl
A UYL
(2) CpCDPK1 ICs0 (UM) Rziﬁ “‘*~| N~ “‘*xT" ““‘waI*" S
(3) Src ICso (UM) Lﬁ“‘-‘f" “‘H"’A“N"ﬁ - rT g
(4) Cp Growth ICso (UM)
(5) Selectivity Src 1Cso/ CpCDPK1 1Cso
Compd. R1 Rz @O 1@ 3 |4 (5)
UH15_15 | 2-CI 3-SO2CH3 294 (0.015 |0.14 |0.78** 9.6
0.79*
UH15 _8* | 4-Cl 4-OCH,CH:NEt, |4.79 |0.012 |15 >10 ** 124.8
137
UH15_13 | 4-Cl 3-SO2CH3 294 10.18 >10 (012 ° >56
UH15_16* | 2,4-di-Cl | 3-SO2CH3 3.5 0.0054 | 0.91 | 0.14 ** 167.8
0.01-0.017*
UH15_18 | 2-Cl, 4-F 3-SO2CH3 3.1 0.026 |0.20 {8.0-8.9" 8
UH15 19 | 2,5-di-Cl | 3-SO2CH3 3.5 0.32 053 |16 °F 2
UH15 20 | 2-Cl, 4-Me | 3-SO2CH3 3.43 | 0.011 |0.65 |0.034-0.66 |59
UH15 21 | 4-OH 3-SO2CH3 199 |0.12 >10 | 1.1° >84
UH15 22 | 4-OH 4-OCH.CH2NEt> | 3.84 | 0.0028 | 0.09 | 0.95** 31.8
0.02 *
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UH15_29 | 4-OMe 3-SO2CH3 2.26 | 0.026 |>10 |0.04-0.009 |>385

+

UH15_30 |4-OMe 4-OCH2CH2NEt, |41 |0.015 |26 |>10** 175.5
187

CDPK-2 4-CN 3-SO2CH3 2.42 |0.068 |>10*|0.98 * >147

CDPK-4 4-CF3 3-SO2CH3 3.33 [0.74 >10 |0.847 >13

*Data also shown in Table 6, but repeated to highlight the modifications to Ry
** Data from Van Voorhis’ laboratory
* Data from Mead’s Laboratory

*CDPK-2 may have hit maximum solubility in the Src assay

SAR analysis of the R1 group indicated that the 2,4-dichloro was still the preferred
substitution. The 4-position was briefly investigated, and chlorine atom was the best tolerated.
Since most kinases cannot tolerate anything much larger than a hydrogen in this position due to
steric hindrance with the a.C-helix, utilizing the largest tolerated functional group/halogen in this
position optimizes for selectivity. While the 4-hydroxyl in UH15_22 showed astounding potency
against the Kkinase, it lacked significant cellular activity and selectivity. UH15 22 also
demonstrated significant cytotoxicity in the absence of Cp. A part of the lack of cellular potency
may be explained with the R> functional group. This lack of cellular potency is also highlighted
with UH15 8 and UH15 13, where both have a 4-Cl in the Ry position, but R, varies. UH15 8
has no significant cellular activity, while UH15_13 has an ECsg of 120 nM. This indicates the

importance of R> for cellular potency, and Ry for CpCDPK potency and selectivity.
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4.2.2.4 SAR of UH15_16: Modifying Rz

Table 8. UH15_16 Modifications to Rz with CpCDPKI1 and Cp growth inhibition vs. Src

Kinase

(1) LogP calc

(2) CPCDPK1 ICso (M)
(3) Src I1Cso (UM)

(4) Cp Growth ICsp (UM)

(5) Selectivity Src 1Cso/ CpCDPK1 1Cso

A

—1{ |

--H - ‘H\_QV_.--"' "\-\."\-\._.-'

LH“&\_\/L m,_ .-'.-' “H .-'ﬁ*:;_b{]

Compd. R1 R2 1) (2 (3) 4 (5)
BKI-1294 | --- --- --- 0.002 | ND ND ND
UH15 8* | 4-Cl 4-OCH2CH2NEt: | 4.79 |1 0.012 |15 >10 ** 124.8
1.3°
UH15 13 | 4-Cl 3-SO2CH3 2.94 |0.18 >10 012 * >56
UH15 16 | 2,4- di-Cl | 3-SO,CH3 3.5 0.0054 | 0.91 0.14 ** 167.8
0.01-0.017 *
CDPK-6 2,4- di-Cl | 3-SO2N(CHa)2 4.07 | 0.010 |2.7 0.042 * 265
CDPK-7 2,4- di-Cl | See image 3.81 [0.003 |0.047 | 023 " 16
CDPK-9 2,4- di-Cl | See image 4.2 0.096 1.8 0.14 19
CDPK-9 “
\N / N TR T
<\:~1 PN NJ\N/ N “
0] (o] H |
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* Data also shown in Table 6, but repeated to highlight the modifications to Ry
** Data from Van Voorhis’ laboratory

* Data from Mead’s laboratory

Based on the SAR data, UH15 16 was one of the best compounds to date. While the
tertiary sulfonamide CDPK-6 appeared to be decent as well (ECso value of 42 nM), UH15 16

was the most potent (ECso of 14 nM).

4.2.3. Molecular docking of UH15_16 in CpCDPK1

Figure 15. UHI5 16
Docked into CpCPKD1

(PDB: 3NCG

Figure 15 shows the docking results of UH15 16 with CpCDPK1. UH15 16 had several
critical interactions. Specifically, UH15_16 interacts via hydrogen bonds with the hinge residue,
Y155 (tyrosine, residue number 155). In addition, it has van der Waal interactions with A103,

1150, M146, L138, and L122. Lastly, UH15 16 interacts with G158 forming a hydrogen bond.
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Most compounds do not form essential interactions in the solvent exposed region, yet this forms

a rather important hydrogen bond via the sulfone.

4.2.4. ADME assessment and kinase screening of UH15 16

4.2.4.1. ADME assessment

UH15 16 was assessed in an abbreviated ADME panel of assays by Eurofins.

Table 9. ADME Assessment of UH15_16

Test Value Note

Aqueous Solubility 17.4 £ 0.8 uM Moderate
Microsome stability tip 325 £ 121 min Stable

Caco-2 Apical-Basal 1.06 x 10 cm/s Low recovery (26%)
Caco-2 Basal-Apical 0.42 x 10 cm/s Low recovery (14%)

UH15 16 had moderate aqueous solubility. It also demonstrated low cellular
permeability. However, compound recovery was low in the experiment. UH15 16 demonstrated
good stability in mouse liver microsomes.
4.2.4.2. Kinase screening

The first portion of kinase screening was a high-throughput screen, kinomeSCAN. Hits
were then validated and 1Cso’s were determined.
4.2.4.2.1 KinomeSCAN

The KinomeSCAN scanned 97 kinases, 90 of which were non-mutant kinases. The
number of hits compared to number of hits and the degree of hits could be used to produce a

selectivity score, which could be compared to other kinase inhibitors. The kinomeSCAN
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identified 7 non-mutant kinases (e.g ABL1, BRAF, c-Kit,c-Src, FGFR2, FMS, and PDGFRb)
inhibited >90% at 1 uM for a selectivity score (e.g. S(10)) of 0.078, which is comparable to
currently marketed drugs erlotinib and sorafenib.

4.2.4.2.2 Kinase ICso values

ICso values for the 7 kinases identified in the KinomeSCAN were determined as shown in

Table 10.
Table 10. Kinase I1Cso values
Compound ICso (M) | ICs (M) Control
Kinase Control Compound
UH15-16 Compound
ABL1 < 5.00E-09 2.60E-08 Staurosporine
BRAF 7.39E-08 1.33E-08 GW5074
c-Kit < 5.00E-09 1.68E-09 Staurosporine
c-Src < 5.00E-09 1.77E-09 Staurosporine
FGFR2 5.08E-09 1.05E-09 Staurosporine
FMS 8.43E-09 1.09E-09 Staurosporine
PDGFRb 3.20E-08 1.80E-09 Staurosporine

4.2.5. Formulation experiments and optimizations

A variety of formulations were attempted, however, four (one for intravenous and three
for oral administration) were used for in vivo pharmacokinetic and efficacy evaluations. These

formulations were identified via a number of different experiments.
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4.2.5.1. Ligand-ligand docking
Based on docking data, UH15 16 had better binding energy with the B-cyclodextrin over
other cyclodextrins, such as a-cyclodextrin and y-cyclodextrin.  With a-cyclodextrin the

hydrophobic binding cavity was too small and the only docking interaction with UH15 16

occurred in the outer surface. In the case of the y-cyclodextran the hydrophobic binding cavity

A) Primary Rim [ Hydrophobic core was too
@ Hydrophilic exterior
/’/ / Ho :\O " = \\\ |
/ E—OOH \
—OH

-n=6,70r8

Figure 16. Docking of f-Cyclodextrin. A) the conical shape of cyclodextrins allow for a snug fit
for compounds, yet still allows for compounds to be released. Think like a belt, each compound
has a different sized belt for an optimal fit. B) UH15 16 docked into -cyclodextrin displayed in

a space-filling model, C) UH15 16 docked into f-cyclodextrin displayed as sticks

large resulting in docking pose and interaction inconsistency. This was also reflected in the

binding energies, which were less favorable than with B-cyclodextrin.
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Ligand-ligand docking of UH15 16 with B-cyclodextrin produced 4 similar docking
poses. In these poses, the sulfone containing phenyl is in the hydrophobic secondary rim with the
sulfone projecting towards solvent, while the 2,4-di-chlorophenyl is in the primary rim. While
these similar poses may shift up or down, or the B-cyclodextrin “belt” may fit higher up or lower
on the UH15_16, the important thing was the interactions with the hydrophilic edge/exterior and
hydrophobic core. The one off-pose is flipped, in that the sulfone is towards the primary rim and
the 2,4-di-chlorophenyl is in the secondary rim. In all five poses the central heterocycle occupies
the hydrophobic core of the B-cyclodextrin.

Given the docking information that B-cyclodextrin was the best size for accommodating
UH15 16, three commonly used cyclodextrins are commercially available of this size: B-
cyclodextrin, hydroxypropyl-p-cyclodextrin, or Captisol (a sulfated B-cyclodextrin). All three
have the same core, thus these interactions would not likely be altered, Captisol is the most water
soluble, followed be hydroxypropyl--cyclodextrin, and lastly B-cyclodextrin. Given the
solubility issues with UH15_16, Captisol was chosen.
4.2.5.2. Formulation optimization

Formulations with Captisol in various molar ratios to UH15 16 (1 to 8-fold) were tested
using a UV Plate reader to determine release rate and if/when the formulations precipitate. Once
a level of Captisol was determined additional excipients could be added to improve release rates
as necessary. Both Tween 80 (Polysorbate 80) and methyl cellulose were tested. After the first
experiment, it was decided that only a concentration of 2.5 mg/mL, which would correspond to
an in vivo dose of 50 mg/kg, needed to be tested. Unfortunately, all attempts to use methyl

cellulose were unsuccessful resulting in rapid precipitation. But Tween 80 was explored further.
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The raw UV plate reader results are in the appendix 7.3. Samples from the experiments are
shown below.

In determining the ratio of Captisol (4 or 5-fold) to UH15_ 16 showed the best release
rates (Figure 17). Since neither showed much advantage over the other, both were advanced and
tested with excipients. The plate reader also compared the original formulation to the proposed
formulations. The original Captisol formulation released the compound too quickly.
Improvements would be necessary. The 4 or 5x Captisol had a good release as shown below, but
excipients were added to potentially improve the formulation.

Since 1% (approx. 0.2 mL/kg) Tween 80 in 5x Captisol had the best release rate of
UH15 16, it was repeated and challenged against even higher doses of Tween 80. In the
previous plate reader experiment, 1% was the highest tested concentration. Up to 5% Tween 80
in 4x and 5x Captisol were tested. However, 2% and 3% Tween 80 in 5-fold Captisol looked the
best with desirable release times (most compound released in 30 minutes and without
precipitation). To limit exposure of Tween 80, the 2% Tween 80 was selected for the third oral
formulation. This translated to 2.5% in vivo.
4.2.5.3. Determining formulations

Intravenous (1V) formulation — For 1V formulations, the compound must be made into a
solution — not a suspension. Therefore, the compound must be made completely soluble by
excipients. For UH15 16, various concentrations of ethanol and Tween 80 in 1x PBS were
evaluated. A final solution of 0.5 mg/mL UH15_16 (which would correspond to an in vivo dose

of 1 mg/kg) in 30% Tween 80, 20% PBS, and 50% ethanol was selected.
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Oral formulation 1 — An initial formulation consisting of 1 mg/mL UH15 16 in 90%
OraPlus (a commercially available suspending agent) and 10% Polyethylene glycol 400 resulted
in a milky white suspension.

Oral formulation 2 — For this formulation, Captisol was selected as the cyclodextrin based
in the ligand-ligand docking data to as described above. UH15 16 (1.25 mg/mL) was formulated
with Captisol 2x molar ratio and visually compared to each other and oral formulation 1. The
formulations were judged on homogeneity, and if/when precipitation occurred.

Oral formulation 3 — UH15 16 (0.625 mg/mL), Captisol (5x molar ratio) and 2% Tween
80 was selected based on time to precipitation as determined by UV Plate reader assessments in

4.25.2.
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Figure 17. Examples of UV Plate Reader Results. (A) 5x Captisol, Fasted conditions, 1% (w/v SGF)
Tiveen 80. This exhibits an optimal release of UH15 16, where most of the compound is released in the

first 20-30 minutes. (B) 4x Captisol, Fasted conditions, 0.1% (w/v SGF) Tween 80. This also shows an
optimal release; however, the absorbance is reduced as the suspension releases compound elsewhere in
the well where it is not as easily detected. (C) 8x Captisol and 3% (w/v SGF) Tween 80. This is the
manufacturer s recommended dose of Captisol; however, this indicates too slow of disassociation of
UH15 16 from the cyclodextrin. (D) 0.1% (w/v) Methylcellulose with 4x Captisol. The result is

indicative of rapid precipitation.

4.2.6. Pharmacokinetic studies

4.2.6.1. Intravenous pharmacokinetic study
UH15_16 was administrated intravenously at 1 mg/kg in the intravenous (IV)

formulation to four mice. The pharmacokinetic profile confirms that this compound is not

quickly metabolized.
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Table 11. UH15_16 Pharmacokinetic Profile Following IV Administration
Tmax Crmax AUC Cl Vv ty
(h) (ng/mL) (h*ng/mL)? (mL/h/kg) (L/kg) (h)
0.416 + 967.1 4996.22 + 206.57 + 2.65+ 10.66 +
0.36 390.35 2061.9 128.75 1.21 5.86
4 The AUC = 4,943 hr*ng/mL was also estimated per the trapezoid method.
4000~ :
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Figure 18. Blood Concentrations from 1V Administration of 1 mg/kg UH15 16

4.2.6.2. Oral pharmacokinetic study with formulation 1

UH15 16 was administrated orally at 5 mg/kg in oral formulation 1 to three mice. The
compound in this formulation shows poor systemic exposure, as evident by the low plasma
concentration relative to the IV dosing. The IV dose was a fifth the dose of the oral
administration yet resulted in a Cmax approximately 100-fold greater with the IV dosing. Analysis

of the gut organs indicated that UH15 16 remained in the fecal material. The concentration in
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the fecal material was 125-409 ng/mg. The second highest concentration was in the small

intestine, 3.7-26 ng/mg and colon at 3.2-5.6 ng/mg. The liver samples had between 0.11-2.4

ng/mg.
30+
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Figure 19. Blood Concentrations from Oral Administration of 5 mg/kg UH15 16 in
oral formulation 1

Table 12. UH15 16 Pharmacokinetic Profile Following Oral Administration with

Formulation 1

Tmax () | Cmax AUC ClI (mL/h/kg) V (L/kg) ti2 (h)

(ng/mL) | (h*ng/mL)?

1.33+0.58 | 8.32+2.83 | 87.13+59.27 | 48340.26+37867.14 | 780.42+441.82 | 14.58+18.99
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®The AUC =98.45  h*ng/mL was estimated per the trapezoid method.4.2.6.3. Oral
pharmacokinetic study with formulation 2

At UH15 16 was administrated orally at 5 mg/kg in oral formulation 2 to three mice.
This formulation does show higher exposure; Cmax iS about double the value from oral
formulation 1. But the exposure is still low for a 5 mg/kg dose. This is still about 1/50" of the IV
exposure, and the oral formulations were dosed 5 times the IV dose. Tmax is also delayed — the
previous Tmax Was at 2 h for oral formulation 1. Oral formulation 2 delays the Tmax to 4 h and 10
h. Cmax is at 36.3 and 44.9 nM at 4 h and 10 h respectively. The AUC =324.0 h*ng/mL, was

estimated per the trapezoid method.

Figure 20. Blood Concentrations from Oral Administration of 5 mg/kg
UH15 16 in Oral Formulation 2
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4.2.6.4. Oral pharmacokinetic study with oral formulation 3

Figure 21. Blood Concentrations from Oral Administration of 5 mg/kg
UH15 16 in Oral Formulation 3
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In the third formulation’s PK analysis, there was again a low systemic exposure, however the
first peak occurred sooner at around 1hour instead of around the 4 hour time point. There was
still a second peak at around 10 hour times and potentially a third peak that was not recorded
after the 14 hour time point. There does appear to be slow absorption, nevertheless. The AUC =
130.7 h*ng/mL was estimated per the trapezoid method.
4.2.7. Toxicity

Once per day oral administration of UH15_ 16 at 50 mg/kg in formulations 1, and 2 did
not result in any observable adverse events. This included signs of distress (e.g. ruffled fur,
hunched shoulders and decreased appetite), Also no weight loss ( > 20% body weight), was
reported. For the third formulation, the blank formulation and the 25 mg/kg BID dose were

tested and again did not produce any noted adverse events.
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So, given the AUC calculations of the three oral formulations, the second formulation
had the highest plasma exposure, but the compound is not treating an infection in the systemic

circulation.
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Figure 22. Efficacy of 50 mg/kg
UH15 16 in oral formulation 1
4.2.7. In Vivo efficacy

4.2.7.1. Efficacy evaluation of UH15 16 using oral formulation 1
When UH15_16 was tested in vivo in IL-12 KO mice infected with Cp at 50 mg/kg po
qd, it showed no efficacy (Figure 22). Fecal oocyte counts were very similar to that of the

untreated group.
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4.2.7.2. Efficacy evaluation of UH15_16 using oral formulation 2

800 -
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Figure 23. Efficacy of 50 mg/kg UH15 16 inoral
Sformulation 2

When UH15_16 was tested in vivo in IL-12 KO mice infected with Cp at 50 mg/kg po qd, a 38%
reduction of fecal oocytes were obsserved, (p = 0.285) base on a comparison of the mean number
of oocysts per 100 uL of feces (Figure 23). Removal of outliers (as shown in the circles) were
excluded from the control and treated group, there was a 68% reduction (p = 0.0051). Further
analysis of the data using the median number of oocysts per 100 uL of feces without that better
accounts for outliers (or skewed daat) indicated a 75% reduction (p=0.0039).

4.2.7.3. Efficacy evaluation of UH15_ 16 using oral formulation 3

95



When the efficacy study was Figure 24. Efficacy of 25 mg/kg BID UH15 16 in oral
repeated using oral formulation 3 formulation 3

and compound administration of
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5. DISCUSSION

Cryptosporidium lacks a good treatment option, especially for malnourished children and
in the HIV/AIDS population. While there is one agent FDA-approved drug, it is often too slow to
work when it does work, so additional therapies are necessary for clinicians to add to their
toolbox when treating Cryptosporidium. In this project we targeted Cryptosporidium via 2
different pathways: tRNA synthetase and kinase inhibition.

We first investigated tRNA synthetase inhibition for potential leads for blocking Cp
growth. tRNA synthetase inhibitors work by disrupting protein synthetase. Specifically, by
disrupting the amino acid loading of the tRNA synthetase, causing errors in protein synthesis.
There are currently 2 FDA approved inhibitors of this class, mupirocin and tavoborole (a.k.a.
AN2690), which inhibits a eukaryotic pathogen. Due to the recent approval of tavaborole, there
has been renewed interest in trying to make this target viable for anti-infectants, including
Cryptosporidium.

Screening a focus library of known tRNA synthetase inhibitions identified halofuginone,
borrelidin and AN3661 as inhibitors of Cp growth. Halofuginone, a semi-synthetic natural
product propyl-tRNA synthetase inhibitor, initiated our search and proved itself potent against
Cp with an ECso of 0.0314 mM. Borrelidin, a well-studied macrolide antibiotic with threonlyl-
tRNA synthetase inhibitory activity, showed potent Cp growth inhibition (ECso = 0.011 uM).
The most notable hit found in this screen was the boronic compound AN3661, which
demonstrated very potent inhibition of Cp growth. However, in late 2019 other researchers also
identified AN3661 as a potent inhibitor of Cp growth. Furthermore, they have attributed the anti-
Cryptosporidium activity to inhibition of the parasitic cleavage and polyadenylation specificity

factor 3 (CPSF3) and not a tRNA synthetase (Swale, et al. 2019). Our limited SAR analysis of
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AN3361 found that only phenyl boronic acid and AN3365 had modest activity, indicating that
the propionic acid moiety present in AN3361 appears critical for potent anti-Cryptosporidium
activity.

Despite our hits, literature about these inhibitors began to tarnish our optimism. While
AN3365 was in clinic trials there were reports of rapid resistance, causing the study to be
terminated prematurely (O'Dwyer et al., 2015). While the cause of resistance could stem from a
variety of sources and mutations, O’Dwyer et al. found in most of these cases, the resistance
came from a single mutation in the Leu-tRNA synthetase resulting in high levels of resistance
(O’Dwyer et al. 2014). Given how Cryptosporidium cannot be cultured, ruling out the
plausibility for such mutation with a Leu-tRNA synthetase inhibitor against Cp or any other
inhibitor would be difficult. While this may be limited to only Leu-tRNA synthetase or just
AN3365, it added some cynicism to the project. Secondly, in late 2019 a paper came out
demonstrating that our tRNA synthetase inhibitor lead AN3661, may not be acting as a tRNA-
synthetase inhibitor (Swale et al., 2019). Swale et al., established how AN3661 was a potent
inhibitor of Cryptosporidium, but inhibited a different target, the cleavage and polyadenylation
specificity factor 3 (CPSF3). Given the medicinal chemical similarities to tavaborole and
Palencia et al. potent benzoxaborole compounds, like AN6426, it had been assumed to be a
tRNA synthetase inhibitor. However, AN3661 had a completely different mechanism, which
may have explained why it was significantly more potent than the other tRNA synthetase
inhibitors of that sub-class. Fortunately, our kinase screens were more promising and were
pursed instead.

The second approach taken was to screen a library of known protein kinase inhibitors for

CpCDPK1 and Cp growth inhibition. CoCDPK1 has emerged as a compelling molecular target
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for Cryptosporidium since the kinase had been identified and targeted in Toxoplasma gondii
(Van Voorhis et al., 2017). Due to similarities between Toxoplasma gondii and other
Apicomplexa pathogens, similar compounds showed early success in Cp (Van Voorhis et al.,
2017).

The screening library used included commercially available compounds as well as
compounds synthesized in our laboratory for other purposes, namely the UH15 series initially
pursued for inhibition of RIPK2 and NOD cell signaling (Nikhar, 2021). A number of these
kinase inhibitors only had modest activity against Cryptosporidium. For example, imatinib,
ponatinib, rebastinib, doramapimod, nilotinib, R406, sorafonib, and UH15 38 all had
micromolar activity against Cryptosporidium. However, two compounds had sub-micromolar
activity, UH15 15 and UH15 22.

Intial SAR analysis of the UH15 series for CpCDPK1 and Cp growth inhibition focused
on examination of the central heterocycle scaffold comprising the UH15 series. This included a
regioisomer, replacement of N-8 with a carbon, a pseudoring derivative and modifications to the

amide functional group. However, the UH15 scaffold

P -'ﬂl
UH15 16 :
proved most promising, with UH15 16 emerging as the NS ; [ u]’
. . 0 1
most selective and potent derivative. LH ,l L Cl
I
Further modifications were made to UH15 16. CDPK.G _~_Cl
However, this compound remained best regarding J ] ,l S “HI" T:

__-

enzyme potency, ability to block Cp growth and @~ "E |
selectivity. The 2,4-dichlorophenyl appeared to provide enhanced potency and selectivity. Of

note, the sulfone in the solvent exposed region appeared to play a critical role in providing good
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cellular activity. However, CDPK-6 also is a promising compound indicating that the dimethyl
sulfonamide may be able to make similar hydrogen bonds as a sulfone.

Molecular docking was utilized using UH15 16 and CpCDPK1 (PDB: 3NCG) to assess
potential binding modes of the inhibitor in the enzyme. The ATP binding site was selected for
the search grid and only poses that maintained hydrogen bonding interactions between the
central heterocycle and the hinge region were considered, since similar poses were observed
between UH15 15 and RIPK2 (Nikhar, 2021). The docking results of UH15 16 shows that the
sulfone in the 3-position of the phenyl in the solvent exposed region potentially plays a critical
role by forming a hydrogen bond with the glycine-158. This critical interaction may also be
present with CDPK-6. The second region critical for binding and selectivity was the hydrophobic
binding pocket. In the case of UH15 16, this is where the 2,4-dichlorophenyl interacts. In
particular, the presence of the 4-chloro may reduce inhibition of human kinases like Src activity
by projecting towards the a.C-helix. Docking indicates that this substituent is well tolerated in
CpCDPK1.

UH15 16 was assessed in several ADME assays. The compound demonstrated moderate
aqueous solubility and good stability in human liver microsomes. However, the compound had
poor permeability in Caco-2 cell, although poor compound recovery was noted. Since
Cryptosporidium is an intracellular pathogen targeting enterocytes, the permeability needs of a
compound to be locally effective in the gastrointestinal track are not know.

The kinase screening determined UH15_16 has reasonable selectivity, comparable with
numerous marketed compounds, namely erlotinib and sorafenib, and superior to other kinase
inhibitors. Nevertheless, several kinases were inhibited in the KinomeSCAN and subsequent ICso

determinations.
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ABL1 plays a most notable role in DNA repair and apoptosis and necrosis and therefore
may play a role in antitumor regulation (Dasgupta et al., 2016). Since anti-cryptosporidiosis
agents should not be used long term, the benefit of anti-parasite activity would likely outweigh
inhibition of ABL1. BRAF is an oncogene in the BRAF-CRAS-CRAF and MERK-ERK
pathway (Heidorn, et al., 2010). The oncogene c-Kit may play a role in stem cell differentiation
and vast array of critical functions when function of c-Kit was lost (Abbaspour Babaei et al.,
2016). Although c-Src, a regulatory kinase playing a role in cellular reproduction amongst other
roles (Bjorge et al., 2000), was inhibited in the profile, it was used as a counter-screen by Dr. van
Voohoris’ laboratory using a biochemical assay. These divergent results may reflect differences
in the type of assays used. FGFR2, or fibroblast growth factor receptor 2, plays a role in
carcinogenesis, cancer progression, and bone development (Ishiwata, 2018). FMS also plays a
critical role in cancers, as well as osteolysis and inflammatory conditions (EI-Gamal et at., 2013).
PDGFRDb, or platelet-derived growth factor receptor beta, plays a role in cancer, but its most
notable role is in genetic conditions (Cen et al., 2020). Most of the cancerous activity comes
from gain-of-function kinase, so kinase inhibition is used as a therapeutic agent in oncology.
Much of the issues with loss of function is seen in early development or with life-long
complications. Nevertheless, additional toxicity assessments based on potential off-target kinase
inhibition would be needed in future studies for UH15_16.

To assess UH15 16 in in vivo pharmacokinetic, toxicity and efficacy models, viable
formulations had to be devised with the goal of achieving solutions or homogeneous
suspensions. Four formulations were devised. An intravenous formulation that consisted of
UH15 16 dissolved in 30% Tween 80, 20% PBS, and 50% ethanol was established. Oral

formulation 1 was a robust suspension, using suspending agents. It consisted of 1 mg/mL
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UH15 16 in 90% OraPlus and 10% Polyethylene glycol 400 resulted in a milky white
suspension. Oral formulation 2 utilized Captisol, a derivatized hydroxypropyl-beta-cyclodextrin,
with a composition of 6.25 mg of UH15 16, 50 mg of Captisol and 0.5 mL of DI water. Oral
formulation 3 used both Captisol and Tween 80 to achieve a superior suspension deemed the
most stable (e.g. slowest release of UH15 16 from Captisol). Its composition is 5-fold Captisol
to UH15 16 in 2.5% v/v Tween 80.

The in vivo PK assessment of UH15 16 with intravenous administration showed Tmax =
0.41 h, Cmax = 967 ng/mL, AUC = 4996 h*ng/mL, Cl = 206 mL/h/kg and ti» = 10.7 h. Since
Cryptosporidium is notably an intracellular pathogen of the enterocytes, or at least localized to
the gut, achieving high levels of circulating UH15 16, is not particularly beneficial. Therefore,
in vivo PK assessments using oral administration with three formulations were conducted. With
oral formulation 1, the PK study revealed that the absorption was poor. So, the formulation was
modified to improve absorption and efficacy. With oral formulation 2, the PK study revealed a
modest improvement in systemic exposure, however absorption was delayed. The delayed
absorption and poor systemic absorption may not be an issue for the treatment of
cryptosporidiosis since it resides primarily in the gastrointestinal tract. The efficacy showed
statistically significant reduction in infection burden with the second formulation. With oral
formulation 3, the PK study revealed again delayed absorption, but some systemic absorption
occurred within the first hour.

Acute in vivo toxicity studies were conducted at 50 mg/kg UH15 16 using the three oral
formulations with once per day dosing for five days for oral formulations 1 and 2 and split
dosing of oral formulation 3 (e.g. 25 mg/kg, bid). In each experiment the compound was well

tolerated with no signs of toxicity.
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Finally, the UH15 16 was assessed for efficacy in an acute 1L-12 KO mouse model of
cryptosporidiosis. In the case of oral formulation 1, 50 mg/kg oral dosing once per day did not
show efficacy. However, with oral formulation 2, 50 mg/kg oral dosing once per day
demonstrated a 38-68% reduction of fecal oocytes depending on the use of mean verses median
values or the removal of outliers. With oral formulation 3, 25 mg/kg dosing twice per day
demonstrated a 74% reduction in fecal oocytes with improved consistency in the treatment
group. In the efficacy experiment with oral formulation 3 inter-animal variability was noticeably
improved. There was also an improvement in inter-animal variation in the PK study of oral
formulation 3, which may allow the compound to reach the site in the gastrointestinal tract where
infection occurs. The third formulation also appeared more resilient to changing pH’s, such as in
fed versus fasted states, which might also contribute to a more consistent effect in animals.
Collectively, it appears that formulation 3 may be more effective in advancing UH15 16 and

other pyridopyrimidinone-based CpCDPK1 inhibitors.
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6. SUMMARY AND CONCLUSION

In conclusion, a new class of CoCDPKZ1 inhibitors was identified. SAR analysis provided
insights into two structural features for achieving potent Cp growth inhibition, namely a 4-chloro
on the phenyl group that projects into the ATP binding pocket towards the a.C-helix and the
presence of a hydrogen bond accepting sulfone (or tertiary sulfonamide) in the solvent exposed
portion of the inhibitor. An exemplary derivative UH15 16 was successful at inhibiting
Cryptosporidium parvum in vitro and in vivo. This compound was one the most potent
compounds tested, with an ECsp of about 14 nM for blocking Cp growth in host cells. Although
this compound has modest solubility that might limit systemic exposure, its absorption properties
may be adequate to achieve sufficient concentration in the gastrointestinal tract where acute
Cryptosporidium infection resides. Formulation of UH15 16 with 5-fold Captisol and 2.5%
Tween 80 enhanced in vivo efficacy likely by improving solubility and/or providing delayed
compound release increasing gastrointestinal tract concentration. Expanded SAR analysis and
optimization of this compound series combined with enterocyte absorption studies and additional
compound formulation strategies will likely further improve this class of molecules for the
treatment of cryptosporidiosis.

Future studies of pyridopyrimidones, such as UH15 16, can be explored in a variety of
ways. For example, examining the question why the sulfone in the solvent exposed region of the
inhibitor is critical for achieving potent Cp growth inhibition could provide additional insights
into the SAR of this compound series. These efforts would be enhanced via co-crystallization
studies of inhibitors with CpCDPKZ1 that are currently underway. Further optimization of the
compound series for improving kinase selectivity, as well as physiochemical and ADME

properties could be pursued. Additional optimization of formulations, in vivo toxicity
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assessments, more advanced animal models, such as using calf and premature pig models, and
assessments in chronic models of cryptosporidiosis could also be done. Finally, the compounds
could be examined in other Apicomplexa parasites, such as Toxoplasma gondii, which have

similar CDPK1 kinases.
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8. APPENDICES

8.1. NMR Data
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8.2. High-resolution mass spectroscopy data

ELI-CDPK-2

Target Compound Screening Report

Results Acquired by The University of Texas at Austin Mass Spectrometry Facility

Data File

MSF21-ELI-CDPK-2_hrESIpos2.d
Position P1-D9
Acqg Method FIA pos.m

Acquired

Sample Name
Instrument Name

ELI-CDPK-2 Comment  ELI-CDPK-2
Instrument 1 User Name
Time 11/11/2021 12:53:25 PM DA Method KS.m

MS Zoomed Spectrum

x10 4 |Cpd 1: C22 H17 N5 O3 S: +ESI Scan (0.24-0.63 min, 25 Scans) Frag=180.0V MSF21-ELI-CDPK-2_h..
432.1120
5] i,
1.5+
1
433.1165
0.5- \./W M 434.1136
0 7 —

MS Spectrum Peak List

-
431.8 432 432.2 432.4 432.6 432.8 433

433.2 433.4 433.6 433.8 434 434.2 434.4
Counts vs. Mass-to-Charge (m/z)

Obs. m/z | Calc. m/z Charge Abundance Formula Ton Species Tgt Mass Error (ppm)
432.1120 432.1125 1 20299|C22H17N503S (M+H)+ 1.17
433.1165 433.1153 1 5706{C22H17N503S (M+H)+ -2.62
434.1136 4341129 1 1808|C22H17N503S (M+H)+ -1.75
435.1692 435.1138 1 754|C22H17N5035 (M+H)+ -127.44
460.2695 871086

--- End Of Report -~
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ELI-CDPK-4

Target Compound Screening Report

Results Acquired by The University of Texas at Austin Mass Spectrometry Facility

Data File MSF21-ELI-CDPK-4_hrESIposl.d

Position P1-E2
Acq Method FIA_pos.m

Sample Name
Instrument Name
Acquired Time

ELI-CDPK-4
Instrument 1
11/11/2021 12:04:06 PM

Comment  ELI-CDPK-4
User Name

DA Method KS.m

MS Zoomed Spectrum

x10 4 |Cpd 1: C22 H17 F3 N4 O3 S: +ES| Scan (0.25-0.50 min, 16 Scans) Frag=180.0V MSF21-ELI-CDPK-..
51 475.1045
4
3_
21 476.1069
14 477.1054
478.1040
0 — . . T .ﬂ 7 = ;
475 475.5 476 476.5 477 477.5 478
Counts vs. Mass-to-Charge (m/z)
MS Spectrum Peak List
[Obs.m/z | Calc. m/z Charge Abundance Formula Ton Species Tgt Mass Error (ppm)
475.1045|  475.1046 1 45445|C22H17F3N403S (M+H)+ 0.21
476.1069]  476.1075 1 11711|c22H17F3N4035 (M+H)+ 1.37
477.1054|  477.1050 1 3820|C22H17F3N4035 (M+H)+ -0.93
478.1040]  478.1060 1 766|C22H17F3N403S (M+H)+ 4.26
479.1337)  479.1074 1 153|C22H17F3N4035 (M+H)+ -54.96

--- End Of Report —-
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ELI-CDPK-6

Target Compound Screening Report

Results Acquired by The University of Texas at Austin Mass Spectrometry Facility

Data File
Position

Acg Method FIA_pos.m

MSF21-ELI-CDPK-6_hrESIposl.d
P1-E3

Acquired Time

Sample Name
Instrument Name

ELI-CDPK-&
Instrument 1
11/11/2021 12:05:48 PM

Comment

ELI-CDPK-6

User Name

DA Method KS.m

MS Zoomed Spectrum

x10 5 |Cpd 1: C22 H19 CI2 N5 O3 S: +ESI Scan (0.26-0.49 min, 15 Scans) Frag=180.0V MSF21-ELI-CDPK...
504.0659
1.44 T
1.2 506.0634
14
0.8
0.6 505.0687
0.4- 507.0656 508.0613
0. m m m 509.0634
504 504.5 505 505.5 506 506.5 507 5075 508 508.5 509
Counts vs. Mass-to-Charge (m/z)
MS Spectrum Peak List
0bs. m/z Calc. m[z Charge Abundance Formula Ton Species Tgt Mass Error (ppm)
504.0659 504.0658 1 139726|C22H19CIZN5035 (M+H)}+ -0.02
505.0687 505.0687 1 35501|C22H19CIZNS035 (M+H)}+ -0.01
506.0634 506.0633 1 98314|C22H19CIZN5035 (M+H)}+ -0.26
507.0656 507.0658 1 24914|C22H19CIZN5035 (M+H)}+ 0.48
508.0613 508.0612 1 20326|C22H19CIZN5035 (M+H)}+ -0.23
509.0634 508.0632 1 5009|C22H19CIZN5035 (M+H)}+ -0.3
510.0614 510.0611 1 1417|C22H19CIZN5035 (M+H}+ -0.65

--- End Of Report —
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ELI-CDPK-7

Target Compound Screening Report

Results Acquired by The University of Texas at Austin Mass Spectrometry Facility

Data File
Position

MSF21-ELI-CDPK-7_hrESIposl.d

P1-E4

Acq Method FIA_pos.m

Sample Name ELI-CDPK-7 Comment ELI-CDPK-7
Instrument Name Instrument 1 User Name
Acquired Time 11/11/2021 12:07:31 PM DA Method KS.m

MS Zoomed Spectrum

x10 5
1.6
1.4-
1.2

1_
0.8
0.6
0.4
0.2

0

Cpd 1: C22 H16 CI2 N6 O: +ESI Scan (0.25-0.50 min, 16 Scans) Frag=180.0V MSF21-ELI-CDPK-7_..

451.0837

452.0865

L

453.0812

454.0838
455.0792
456.0810

. A N

451

MS Spectrum Peak List

4515

452 4525 453 4535 454 4545 455 4555 456

Counts vs. Mass-to-Charge (m/z)

0Obs.m/z Calc. mfz Charge Abundance Formula TIon Species Tgt Mass Error (ppm)
451.0837 451.0835 1 1458920|C22H16CIZN6D (M+H)+ -0.32
452.0865 452.0864 1 40368|C22H16CIZNED (M+H)+ -0.31
453.0812 453.0810 1 99741 C22H16CIZNEO (M+H)+ -0.42
454.0838 454.0836 1 26073|C22H16CI2ZNE0 {M+H)+ -0.51
455.0752 455.0792 1 17616|C22H16CIZNG0 (M+H)+ 0
456.0810 456.0811 1 4491 |C2ZH16CIZN6D (M+H)+ 0.26]
457.0752 457.0835 1 600[{C22H16CIZNED (M+H)+ 2.61
458.0919 458.0861 1 143|C22H16CIZNEO (M+H)+ -12.73

--- End Of Report —
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ELI-CDPK-8*

*this is the compound that coupled twice with the heterocycle

Target Compound Screening Report

Results Acquired by The University of Texas at Austin Mass Spectrometry Facility

Data File
Position

MSF21-ELI-CDPK-8_hrESIpos2.d

P1-E5

Acq Method FIA_pos.m

Sample Name
Instrument Name
Acquired Time

ELI-CDPE-8
Instrument 1
11/11/2021 12:55:13 PM

Comment

ELI-CDPK-8

User Name

DA Method KS.m

MS Zoomed Spectrum

x10 4 Cpd 1: C35 H24 Cl4 N8 O4 S: +ESI Scan (0.25-0.50 min, 16 Scans) Frag=180.0V MSF21-ELI-CDPK..
795.0446
) —
793.0462
1.5 797.0421
796.0466
" 794.0503 798.0445
' 799.0404
057 L 800.0443 801.0390
0 . . : ; ﬂ\ - —
793 794 795 796 798 799 800 801
Counts vs. Mass-to-Charge (m/z)
M5 Spectrum Peak List
0Obs. m[z Calc. mfz Charge Abundance Formula Ton Species Tgt Mass Error {(ppm)
305.0205 29702
793.0462 793.0468 1 14793 | C35H24CMNE045 (M+H)+ 0.72
794.0503 794.0497 1 6152 | C35H24CHNE04S (M+H)+ -0.76
795.0446 795.0444 1 21534|C35H24ClNE045 (M+H)+ -0.24
796.0466 796.0469 1 8574|C35H24CHNE045 (M+H)+ 0.42
797.0421 797.0422 1 12010|C35H24CHNE04S (M+H)}+ 0.16]
798.0445 798.0442 1 4644 | C35H24CHMNB04S (M+H)}+ -0.36
799.0404 799.0404 1 3348|C35H24CHNB04S (M+H)}+ -0.03
800.0443 800.0418 1 1136|C35H24CHNB04S (M+H)}+ -3.18
801.0350 801.0392 1 527|C35H24CMNE045 (M+H)+ 0.29

--- End Of Report ---
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ELI-CDPK-9**

Target Compound Screening Report

Results Acquired by The University of Texas at Austin Mass Spectrometry Facility

Data File MSF21-ELI-CDPK-9_hrESIpos1.d Sample Name ELI-CDPK-9 Comment ELI-CDPK-9
Position P1-E6 Instrument Name Instrument 1 User Name
Acq Method FIA_pos.m Acquired Time 11/11/2021 12:10:59 PM DA Method KS.m

MS Zoomed Spectrum
x10 4 Cpd 1: C22 H17 CI2 N5 O4 5: +ESI Scan (0.26-0.49 min, 15 Scans) Frag=180.0V MSF21-ELI-CDPK...
6- 518.0451

5+ 520.0423

44
34

519.0477
21 521.0448 522.0408

:) - %L L k i 5232435

518 5185 519 5195 520 5205 521 5215 522 5225 523
Counts vs. Mass-to-Charge (m/z)

M5 Spectrum Peak List

Obs. m[z Calc. m/z Charge Abundance Formula Ton Species Tgt Mass Error (ppm)
518.0451 518.0451 1 57997 |C22H17CIZNS 045 (M+H}+ -0.04
519.0477 519.0479 1 15428|C22H17CIZNS 045 (M+H)+ 0.47]
520.0423 520.0426 1 41588 |C22H17CIZNS 045 (M+H}+ 0.48
521.0448 521.0451 1 10601|C22H17CI2N5045 (M+H}M+ 0.69
522.0408 522.0405 1 9049|C22H17CIZN5045 (M+H)+ -0.6
523.0435 523.0425 1 2218|C22H17CI2N5045 (M+H}MH+ -1.79
524.0445 524.0405 1 597|C22H17CIZN5045 (M+H)}MH+ -7.67
525.0579 525.0413 1 107|[C22H17CIZN5045 (M+H)}MH+ -31.72

--- End Of Report —

**The parent compound was not found. However, a hydroxy amine adduct was observed,
possibly arising from ammonium acetate in the model phase.
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8.3. UV plate reader data

Captisol levels

Cap only H 1x [ 2x

[

[=

[ To

[s

[= [«

water

SGF/ |
SIF

50me/kg
Smg/2ml SGF

25mg/kg
2.5mg/2ml SGF

10me/kg
0.5mg/2ml SGF

5me/kg
0.25mg/2ml SGF

‘

5maikg

%
H
G
&

10mgikg
0.5ma/2ml SGF

Smgfkg

0.25mg/2m| SGF

Star indicates a cat hair on the plate

SOmarkg
Sngfaml SGF

0marks
0.5mg/2m| SGF

Will repeat 4x & 5x cap with new SIF, triplicate + tween + methyl cellulose @ 50 mg/kg (tween shown above)

Increase frequency of read from gq15min to g5min (“dots” or reads are closer together in the top plate)

0.5% Tween in Cap Cap ONLY
$DS PR — p— R [ p— ‘ sDS
H H / : : | | S | o | iy, Ty | AT
FeSSIF — — —— — —|— — —— — | FeF
FaSSIF A o S A . FasSIF
/ ~
SDS  0.1% Tween R [ — _—-— ——— — — | SDS 1% Tween
FeSSIF in Cap _ \ g I e ‘F_ 77 | FeSSIF inCap
FaSSIF S N N N \ L ! ! : FaSSIF
SDS 0.01% et | praminten | e ! —_— ! 1 FeSSIF 0.01%
- — —_— .
Tween/Cap Y e 1 Tween/Cap
Controls (H): e P e e N N FaSSIF

1% Tween in FeSSIF
(1) and FaSSIF (2)

5x Cap in FeSSIF (3)
and FaSSIF (4)

Blank UH15_16in
FeSSIF (5) and FaSSIF

4 x Captisol 1-3

|

5 x Captisol 4-6

4 x Captisol 7-9

H 5 x Captisol 10-12

(6)

Introducing Tween 80
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Methyl Cellulose

4-fold Captisol 5-fold Captisol 4-fold Captisol 5-fold Captisol
1 " | . P . . s | - " ™
. I, e | i [ e , SDSSIF
.;!_\! i . i G, u iMJ i e 2 FeSSIF
S , oo M Ry (R FaSSIF
AL, ,: o~ ‘f,-\..:-w-\v."‘ I s ;
E i : . — — i — § SDS SIF
. ,v.-:f_.,__ Fihees | s, e X T SR “_F"-'.' . i oo
£ | | B S | e || S EESSIE
5 i e lm , o | - FaSSIF
A e — e, © f— |
SDS SIF = jiwn e aimw | Fre sl kP o T T emg o FeS3IF
A R— - i ' e &
MC - o e | Bae N i TUR I T B - FaSSIF
Increasing Tween 80
2x Captisol,; 4x Captisol; 5x Captisol; 8x Captisol;
no Tween 80 1% Tween 80 1% Tween 80 1% Tween 80
SDS SIF . _ — T T T T T T T T T
Fasted SIF L e = T T T T TS T T
Fed SIF Pl b C D e D e i e et e B
4x Captisol; 5x Captisol; 4x Captisol; 5x Captisol;
3% Tween 80 3% Tween 80 5% Tween 80 5% Tween 80
SDS SIF — T —— — T H
Fasted SIF of T | R ! ! ; i i
Fed SIF T T T o/ T |

_—
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10x Captisol;

10x Captisol;
- 2x Captisol; No Tween 80 2% Tween 80 3% Tween 80
SDS SIF e —_——— — — —
Fasted SIF | e | e | | e T ——— —— — | — — —
8x Captisol; 8x Captisol; 5x Captisol,; 5x Captisol;
2% Tween 80 3% Tween 80 2% Tween 80 3% Tween 80
SDS SIF i enile |7 — |7 T T
Fasted SIF |- —— — ~ ~— T |7 |
FedSIF [« 7 7 T T T T S ST T T T
Lowering Tween 80 Tween 80 — toxicity concerns
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8.4 HPLC Data

Acquisition Status | Collection Bed = System Settings. Current Run | §g 12-3-21 ELI-CDPK-2-BLNK
W2489 ChA254nm  Flow  Pressure Collection Bed Status

W2489 ChA 254nm Plot

Absorbance(mAU)
4.7772-Ped2

1 =
05 &
=
!
ES
10 | il ™S
| I B
iF LJ w
1 T T 1 T 1 T 1 1 T 1 T T T T T T U T T T
0 2 4 6 ] 10 12 14 1 18 20 2 2 % F3 30 2 3 3% 38 0
Elapsed Time(min)
L
General Info Injection Info  Collection Info Peak Info
File [ signal Peak Name | AreaPercent | Area Retention Time | Height |
ELI-COPK-2-82_1ta W24892DChannell Peakl %2228 220875527 16,37 min 21818
Peak 4712 11136384 1710 min 01819
System Messages — ; i B || Run Status. sssssssssmsi — T — 55w Q| Sample List Queue — il

Peak at 19 mins is from column
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ELI-CDPK-4

Acquisition Status | Collection Bed | System Settings | Current Run | G2 12-2-21 ELI.CDPK-2 A | 12-2-21_EL| CDPK-3_pure_analytical_1.12.2 2021_15.09 02[History] | CDPK-3_dilute_1 X ‘v
W2489 ChA 254nm  Flow  Pressure

s
W2489 ChA 254nm Plot %
<
&
] 3
1 4
3
25
0
o]
% 4
T 15
g
]
5]
s ] -
g | 3
3
10 5
] z
el
R S
% =
1 2
4 31
-
J PN
] g
JAL l
oty x.

T
2 24 26 28 30 32 34 36 38 40

o_
o
IS
o
©
3
]
=
>
®

General Info  Injection Info ~ Collection Info  Peak Info

File Signal PeakName | AreaPercent | Area | RetentionTime | Height
CDPK-3_dilute_1.ta W24892DChannel1 | Peakl 08224 28083260 3.08 min 05481
Peak2 99,1776 338865 10.61 min 26,3697
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ELI-CDPK-6

S\\
// O

W2489 ChA 254nm  Flow  Pressure

Cl

Cl

W2489 ChA 254nm Plot ]
3
g
g
] %
'S
140 ] ':r
120 E
10

Absorbance(mAU)
&

T
18

T 1
20 2
Elapsed Time(min)

General Info Injection Info  Collection Info Peak Info

[ File | signal Peak Name

AresPercent | Ares

| Retention Time | Height |

‘ELI-}15_2.ﬂa W/24892DChannel1  Peak1

100.0000

1.8741e6 | 8.46 min

161.8478
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ELI-CDPK-7

H

W2489 ChA 254nm  Flow  Pressure

NE N

\N N)|\N/

Cl

Cl

p
W2489 ChA 254nm Plot

400
5
<
£
g
2
8
s
220
< 4
o
5
| 3
100 ;
K]
g
] 2
2
s
0 A 1 g
_ - — - T T T T : : T
0 2 4 6 g 10 12 14 16 18 20 % 2 28 30 2 36 38 i)
Elapsed Time(min)
General Info  Injection Info  Collection Info Peak Info
File Signal | PeskName | AreaPercent | Area | RetentionTime | Height |
ELI-3-12_6#ta W248920Channell Peakl 98,0867 7.7327¢6 8.03 min 4712004
19133 15084e5 8,29 min 126829
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ELI-CDPK-8

Acquisition Status % | Collection Bed | System Settings
W2489 ChA254nm  Flow  Pressure

Current Run | ELI-3-57_TEA

24.2021_14 47 35[History] v [ ELI-3-57.7 w %

Elapsed Time(min)

W2489 ChA 254nm Plot 4
Ay
&
g
&
] =
] <
3
200 &
150
o
El
£ |
5
g
g
£ v
51 3
£ &
] &
5
i 2
0 3
L o
g
B .
] =
i S
A o
il N e —
ot
—_—- - : ; . . : : r
0 2 4 6 8 10 12 14 16 18 20 2 2% % 28 30 2 3% 38 0

General Info _Injection Info  Collection Info Peak Info

File Signal PeakName | AreaPercent | Area | Retention Time | Height
ELI-3-57_7ta \W24832DChannel1 Peakl 2.9033 1838265 | 19.42 min 82410
eak2 97.0967 6.1478¢6 | 20.38 min 2235717

152



ELI-CDPK-9

Acquisition Status R | Collection Bed | System Settings | Current Run | 6-4-21_ELI-3-63 A+B_1_6.4_2021.09_11_29[History] w

W2489 ChA254nm  Flow  Pressure

ELI-3-63-B_1 w X

:100.0000-Peak!

—

T

T
20
Elapsed Time(min)

W2489 ChA 254nm Plot
50
00
S 4
E 150
o)
g
.
3
o 4
38 i
<
100
5
01w
—_—
0 2 4 6 8 10 12 14 16
General Info Injection Info ~ Collection Info Peak Info
[[Fite Signal | PeakName | AreaPercent | Ares | Retention Time | Height
5915626 19.47 min 270697

|ELI-3~6}B_1 tta 1/24832DChannel1  Peakl 100.0000
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8.5. AUC calculations

AUC calculations for IV

Formulation
Ave
Time(h) Conc (nM) Conc ng/mL AUC/interval
0 0 0 27.056
0.08 1424 676.4 111.11523
0.25 1328.08 630.838 176.241625
0.5 1640.2 779.095 376.2
1 1527.8 725.705 625.86
2 1107.4 526.015 877.895
4 740.8 351.88 592.61
6 506.8 240.73 401.945
8 3394 161.215 1780.68
24 129.2 61.37
AUC 4942546855 ng*h/mL

AUC calculations for Oral Formulation 1

Ave
Time(h) Conc (nM) Conc ng/mL AUC/interval
0 0 0 0.79325
0.5 6.68 3.173 2.4711875
1 14.13 6.71175 7.0395
2 15.51 7.36725 13.1575
4 12.19 5.79025 10.697
6 10.33 4.90675 9.8135
8 10.33 4.90675 55.214
24 4.2 1.995
0 0
0 0
AUC 08.3926875 h*ng/mL
AUC calculations for Oral Formulation 2
Ave
Time(h) Conc (nM) Conc ng/mL AUCl/interval
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4.0

6.7

10.3

18.2

36.3

20.0

28.7

44.9

16.4

AUC

0

1.9
3.1825
4.8925
8.645
17.2425
9.5
13.6325
21.3275
7.79

AUC calculations for Oral Formulation 3

Time(h)

Conc (nM)

Ave

0
21.0

15.6

13.0

8.9

8.3

7.3

11.2

9.2

10.3

AUC

17.9

Conc ng/mL
0
9.95125
7.425675
6.1617
4.239375
3.960075
3.4548175
5.3093125
4.38425
4.883
8.5215

0.2375
0.6353125
2.01875
6.76875
25.8875
26.7425
23.1325
34.96
203.8225

323.9678125 h*ng/mL

AUCl/interval
4.975625
8.6884625
6.7936875
5.2005375
4.099725
11.12233875
8.76413
9.6935625
9.26725
67.0225

130.6521938 h*ng/mL
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