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ARTICLE INFO ABSTRACT

Keywords: The antischistosomal drug oxamniquine, OXA, requires activation by a sulfotransferase within the parasitic

Oxamniquine worm to enable killing. Examination of the pharmacokinetic/pharmacodynamic (PK/PD) relationship for OXA

:c:%swsom.e ) identified an in vitro-in vivo paradox with the maximal clinical plasma concentrations five-to ten-times lower than
chistosomiasis

the efficacious concentration for in vitro schistosomal killing. The parasite resides in the vasculature between the
intestine and the liver, and modeling the PK data to determine portal concentrations fits with in vitro studies and
explains the required human dose. In silico models were used to predict murine dosing to recapitulate human
conditions for OXA portal concentration and time course. Follow-up PK studies verified in mice that a 50-100
mg/kg oral gavage dose of OXA formulated in acetate buffer recapitulates the 20-40 mg/kg dose common in
patients. OXA was rapidly cleared through a combination of metabolism and excretion into bile. OXA absorbance
and tissue distribution were similar in wild-type and P-gp efflux transporter knockout mice. The incorporation of
in vitro efficacy data and portal concentration was demonstrated for an improved OXA-inspired analog that has
been shown to kill S. mansoni, S. haematobium, and S. japonicum, whereas OXA is only effective against
S. mansoni. Second-generation OXA analogs should optimize both in vitro killing and physiochemical properties
to achieve high portal concentration via rapid oral absorption, facilitated by favorable solubility, permeability,
and minimal intestinal metabolism.

Parasitic worm
PK/PD relationship

1. Introduction

Human schistosomiasis, a neglected tropical disease affecting over
250 million people in 78 countries (Gryseels et al., 2006; Steinmann
etal., 2006; WHO, 2016), is caused by three primary species: S. mansoni,
S. haematobium, and S. japonicum. An estimated 20 000-200,000 people
die from schistosomiasis infection annually (Chitsulo et al., 2000;
Committee, 2002, 2002van der Werf et al., 2003). Treatment of schis-
tosomiasis relies on just one drug, praziquantel (PZQ). A recent
meta-analysis of praziquantel efficacy estimated cure rates of 77.1% and
76.7% for S. haematobium and S. mansoni infections, respectively (Zwang
and Olliaro, 2014). Another study reported 60-90% cure rates in
sub-Saharan Africa, where 90% of infections occur (Doenhoff et al.,
2009). Evidence for drug resistance in the field and laboratory has been

reported (Fallon and Doenhoff, 1994; Gryseels et al., 1994; Ismail et al.,
1999; Alonso et al., 2006; Couto et al., 2011). We are promoting the
design of a new drug with a different mode of action to be used in
combination with PZQ to improve overall treatment efficacy and protect
against the emergence of PZQ resistance.

Our focus has been on improving a historical anti-schistosomiasis
drug, oxamniquine (OXA). OXA is converted into a reactive electro-
phile, which can bind DNA and presumably interferes with the cell cycle,
leading to the subsequent death of the parasite several days after dosing
(Valentim et al., 2013). OXA is effective against S. mansoni but not
S. haematobium or S. japonicum, the three major human schistosomes.
OXA is a prodrug activated by sulfotransferase (SULT) enzymes within
the Schistosoma worm but not human SULT, allowing for selective worm
killing (Valentim et al., 2013). Guided by X-ray crystallographic studies,

Abbreviations: OXA, oxamniquine; PK/PD, pharmacokinetic/pharmacodynamic; P-gp, P-glycoprotein; Clint,, unbound intrinsic clearance; PBPK model, physio-

logically-based pharmacokinetic model; SULT, sulfotransferase; ACN, acetonitrile.
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novel OXA-inspired analogs are activated by SULTs from all major
human schistosome species (Taylor et al., 2017; Rugel et al., 2018;
Guzman et al., 2020).

OXA dosing schedules are highly variable, with trials examining one
to four doses over one or two days. Community-wide treatment often
utilizes a single-dose strategy at 20-40 mg/kg (Danso-Appiah et al.,
2013). We targeted a 20-40 mg/kg dose to recapitulate an efficacious
human dose when establishing our mouse models. Limited human
pharmacokinetic data on OXA is available. One study in Sudan evalu-
ated OXA in patients and healthy individuals and published not just the
modeled pharmacokinetic parameters but the plasma concentrations at
specific time points (Daneshmend and Homeida, 1987). This allows the
direct comparison of our mouse model to the human PK profile.

The current study found that the in vitro efficacious dose required for
worm killing was significantly higher than the C,,x observed in patients.
The manuscript and provided data explain this apparent contradiction
by calculating plasma concentrations in the vasculature between the
intestine and the liver, which is the site of residence for the S. mansoni
pathogen. Dosing conditions in mice were modeled and experimentally
verified to recapitulate drug exposure observed in human patients
treated with OXA. The details provided in the current manuscript give
an understanding of the relevant PK/PD relationship for treating schis-
tosomiasis with OXA and a modified critical path for developing second-
generation medications.

2. Materials and methods
2.1. Reagents

OXA analog CIDD-72229 was synthesized at UTSA and has been
previously reported (Guzman et al., 2020). Sodium acetate, sodium
citrate, potassium phosphate, and all chemicals and reagents used in
HPLC-MS analysis were HPLC grade or MS grade (Fisher Scientific).
Captisol was from Lagand Pharmaceuticals. OXA was from
Sigma-Aldrich.

2.2. S. mansoni killing

Schistosoma mansoni was maintained by passage through a snail in-
termediate host, Biomphalaria glabrata, and propagated in a golden
hamster host. The infected animals were processed six weeks post-
infection. They were euthanized in accordance with IACUC protocol
(UTHSCSA IACUC Protocol #08039) by intraperitoneal injection using
Fatal-Plus (Butler Animal Health, Ohio), a sodium pentobarbital solu-
tion, with 10% heparin added. The adult parasites were flushed by
perfusion (Duvall and DeWitt, 1967) using 0.9% saline containing
EDTA. Worms were manually sorted under a dissecting stereomicro-
scope and aliquoted to 10 worms per well in a 6-well plate. Harvested
worms were cultured in 2 ml 1X Dulbecco’s Modified Eagle Medium
(DMEM, Gibco) with 10% Heat Inactivated Fetal Bovine Serum (FBS,
Atlantic Biologicals) and 1X antibiotic/antimycotic (Ab/Am, GIBCO).
Compounds were added directly to each well within 2-4 h after col-
lecting schistosomes from the hamsters. OXA or CIDD-72229, an
OXA-inspired derivative, were solubilized in 100% dimethyl sulfoxide to
prepare 100X spiking solutions. Final concentrations were evaluated in
triplicate at 0, 14.3 pM, 35.75 pM, 71.5 pM, and 143 pM. Drugs were
incubated with schistosomes at 37 °C, 5% COo, for 45 min, mimicking
physiological conditions. In a second set of experiments to test the
impact of exposure time on killing, 143 pM OXA or DMSO was incubated
with adult male worms for 15, 30 and 45 min. For both studies, the
worms were washed with plain medium three times to remove any re-
sidual drug and returned to the incubator. The culture medium was
changed every other day, and worm survival was evaluated daily for 14
days. Worm motility, shedding, opaque color, and tegument blebbing
were used to evaluate survival and death/morbidity.
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2.3. Hepatic microsomal stability

Mouse hepatic microsome stability was evaluated by incubating 1
pM OXA with 1 mg/mL mouse hepatic microsomes (Celsis IVT) in 100
mM potassium phosphate buffer, pH 7.4. The reaction was initiated by
adding NADPH (1 mM final concentration). Aliquots were removed at 0,
5, 10, 20, 40, and 60 min and added to acetonitrile (5-times v:v) to stop
the reaction and precipitate the protein. NADPH dependence of the re-
action was evaluated in parallel incubations without the addition of
NADPH. At the end of the assay, the samples were centrifuged through a
Millipore Multiscreen Solvinter 0.45 pm low binding PTFE hydrophilic
filter plate and analyzed by LC-MS/MS. Data were log-transformed and
represented as half-life and intrinsic clearance. Intrinsic clearance was
calculated in units of pl/min/mg using the equation Cli; = (Ln(2) *
incubation volume in pl)/(half-life * mg protein). This was converted to
unbound intrinsic clearance (Cliy,y) using a method by Giuliano et al.
(2005). Briefly, the microsome stability assay was conducted at three
concentrations of mouse hepatic microsomes, 1, 0.5, and 0.2 mg/ml. The
microsomal concentration was plotted against 1/intrinsic clearance. The
Clint,u was determined where the Y-intercept from the linear regression
is equal to 1/Clipe,y.

2.4. Plasma protein binding

Plasma protein binding was determined using equilibrium dialysis.
All samples were tested in triplicate using the RED Rapid Equilibrium
Dialysis Device (Thermo Scientific). Plasma (Valley Biomedical) was
spiked with OXA or CIDD-72229 DMSO stocks resulting in a final DMSO
concentration of 0.1 percent. The initial drug concentration in the
donor/mouse plasma chamber was 2 pM, and phosphate buffered saline
was added to the receiver chamber. The plate was covered and shaken in
a 37 °C incubator for 6 h. Aliquots, 25 pl, from the plasma and PBS
chambers were diluted with either blank PBS or mouse plasma to ach-
ieve a 1:1 ratio of plasma:PBS for all samples. LC-MS/MS was used to
quantify the drug concentration in the plasma and PBS chambers. The
fraction bound was calculated as ([plasma] — [PBS])/[plasma].

2.5. Predictive dose modeling

Oral OXA doses in mice were simulated using the high-throughput
physiological-based pharmacokinetic models in ADMET Predictor
10.4, Simulations Plus, Inc. Experimentally determined unbound mouse
intrinsic clearance data and plasma protein binding data were incor-
porated into the model. The software estimated permeability, lip-
ophilicity, and other chemical parameters based on the chemical
structure of OXA. Modeled plasma concentrations were compared to
published human data (Daneshmend and Homeida, 1987) and used to
guide the selection of doses for later pharmacokinetic studies.

2.6. Mouse pharmacokinetics

Pharmacokinetics were tested in female C57Bl/6J mice or female
C57Bl/6J P-gp knockout mice using intravenous injection of the tail vein
and oral gavage. Individual dosing levels are provided in the results
section. For oral PK studies, OXA was formulated as a solution in 100
mM acetate buffer, pH 4.5, and dosed at a volume of 10 pl per gram body
weight. IV PK studies used an alternative formulation because red blood
cells are easily lysed at pH 4.5. OXA was formulated in 5% DMSO/95%
saline at a concentration of 0.6 mg/ml and dosed at a volume of 5 pl per
gram body weight. Samples were collected from three mice using a
micro-sampling technique, collecting 25 pl blood in heparin-coated
capillary hematocrit tubes at multiple time points (0, 5, 15, 30, 60,
120, 240, 360, and 480 min). Plasma generation used a hematocrit rotor
resulting in approximately 10-12 pl of plasma, which was immediately
frozen. Drug levels were determined by mass spectrometry using a
Thermo Q Exactive or ABSciex 6500 mass spectrometer.
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Pharmacokinetic ~parameters were calculated wusing a non-
compartmental model (Phoenix® WinNonlin®, version 8.1; Certara
USA, Inc., Princeton, NJ). The UF Scripps IACUC approved all proced-
ures, and the UF Scripps vivarium is fully AAALAC accredited.

2.7. Tissue distribution

OXA was formulated at 10 mg/ml and dosed at 10 pl per gram body
weight via oral gavage in female C57Bl/6J mice or female C57Bl/6J P-
gp knockout mice. Blood, liver, bile, brain, and kidney were collected
after 4 h. Plasma was immediately generated by centrifugation, and
tissues were flash-frozen.

2.8. Sample processing

Before analysis, samples from the in vivo studies were prepared as
follows: Plasma samples (10 pl) were spiked with 2 pl internal standard
(diclofenac, 10 pM) and 40 pl ice-cold acetonitrile/methanol (ACN/
MeOH, 1/1, v/v). After vortexing, samples were centrifuged at 12 000 xg
for 10 min at 4 °C, and supernatants were transferred into HPLC vials.

Bile samples were diluted 100-fold in ACN/MeOH. Tissue samples
were homogenized using Bullet Blender (Next Advance, Troy, NY, USA)
in ice-cold ACN/MeOH creating a 100 mg/ml solution. Homogenates
were centrifuged at 15 000xg for 15 min at 4 °C. Supernatant, 20 pl was
diluted with 80 pul ACN/MeOH:H,0 (3:1) containing 150 ng/ml diclo-
fenac as an internal standard. Separate standard curves were prepared in
blank plasma and tissue matrix. Tissue concentration was determined as
drug per mg tissue and converted to molarity by setting 1 g tissue equal
to 1 ml.

2.9. Measurement of blood to plasma ratio, Rb

Heparinized blood was collected from female C57Bl/6J mice. An
OXA stock solution of 10 mM was prepared in DMSO and spiked into
fresh blood and fresh plasma samples at a final concentration of 5 pM.
After 30 min of incubation (37 °C), samples were centrifuged (8000xg,
3 min), and 20 pl from both incubations were transferred into 80 pl of IS
containing ACN/MeOH and processed as described above in 2.8. The
blood-plasma ratio was calculated using the equation:

Cd:reclly spiked plasma

R, =
Chtasma from spiked blood

2.10. LC-MS conditions

The PK samples were analyzed using a Thermo Scientific Q Exactive
hybrid quadrupole-Orbitrap mass spectrometer with an ESI ionization
source interfaced with a Dionex ultimate 3000 RS UPLC. All samples
were maintained at 4 °C in the autosampler prior to injection (1 pL) onto
a Kinetex EVO C18 column (100 mm x 2.1 mm, 2.6 pm) at a flow rate of
0.3 mL/min. The column oven was set at 35 °C. Solvent A was 0.1% (v/
v) formic acid in water, and solvent B was 0.1% (v/v) formic acid in
acetonitrile. A 10-min gradient was used: 0-1 min, 5% B; 1-7 min, 5%—
95% B; 7-8.5 min, 95% B; 8.5-8.6 min, 95%—5% B; 8.6-10 min, 5% B.

The settings used for ionization were: sheath gas flow rate 30 ml/
min, auxiliary gas flow rate 10 ml/min, sweep gas flow rate 3 ml/min,
spray voltage 3.50 kV, capillary temperature 320 °C, S-lens RF (radio
frequency) level 55. Positive ion full scan mode was set between m/z =
200 and m/z = 600; the resolution was 70 000 (specified at m/z = 200).
Quantitation compared the sample’s analyte/internal standard ratio to
standards prepared in the same matrix.

2.11. Calculating PK parameters

The PK parameters (T1/2, Cmax> Tmax» AUC(0-c0), C1/F) for OXA and
CIDD-72229 were calculated using a noncompartmental model with
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uniform weighting using the Phoenix® WinNonlin® software (version
8.1; Certara USA, Inc., Princeton, NJ). The Cyax and Tpax were directly
obtained from the observed values. The AUC from dosing to the last
measured concentration was calculated using the linear log trapezoidal
method and then extrapolated to infinite time.

2.12. Estimation of portal concentration

To understand the drug concentration within the portal vein, the
United States, European Union, and Japanese drug regulatory agencies
have published guidelines for using PK data to estimate inlet concen-
tration (EMA, 2012; PMDA, 2018; FDA, 2020). Estimation of the total
hepatic inlet concentration/portal concentration of an orally adminis-
tered drug can be calculated as follows:

Dosex FyxFg xky
On

Plasma [C] R
b

[l +

inlet,max ~

Where Cpax is the maximum systemic plasma concentration, F, is the
fraction absorbed from the lumen, Fy is the fraction escaping intestinal
metabolism, k, is the absorption rate constant, Qy is the portal blood
flow, and Ry, is the blood-to-plasma ratio (Ito et al., 2002; Parkinson,
2019). Cpax Was experimentally determined. Per regulatory guidance, F,
x Fg, was assumed to be 1 for human PK studies. For mouse studies F, x
Fg was set to the fraction orally absorbed, 0.7 for OXA, but the true value
could range between 0.7 and 1. A value of 1.45 ml/min was used for
portal blood flow based on published values (Davies and Morris, 1993)
and scaling to the average body weight of the mice used in this study,
22g. Ry, of OXA and CIDD-72229 were experimentally determined to be
1.6 and 1, respectively. The absorption rate constant was calculated
using the method of residuals (Macheras, 1987) and by curve fitting
using the one-compartment oral dose model in WinNonlin®, model 3 for
mice, and model 4 for humans, which assume immediate and delayed
absorption, respectively.

3. Results
3.1. Invitro OXA efficacy

S. mansoni killing was evaluated in vitro at four concentrations of
OXA. Worms were challenged with OXA for 45 min to replicate treat-
ment conditions, followed by thorough washing to remove the drug. The
short duration of exposure mimics clinical conditions where plasma
OXA levels rise immediately after dosing and decline as additional drug
is not absorbed from the intestine and systemic OXA is metabolized to
two inactive carboxylic acid metabolites (Kaye and Woolhouse, 1972,
1976). Worm survival was significantly reduced at the two highest doses
tested, 143 pM and 71.5 pM, with 90% killing in the highest concen-
tration group, Fig. 1A. Lower concentrations resulted in minimal worm
killing over the 14 days. The efficacy of OXA-induced worm killing was
maintained with shorter exposure times of 15 and 30 min, Fig. 1B.

3.2. Clinical human OXA pharmacokinetics

Comparison of the in vitro efficacy data to published human phar-
macokinetic data created an in vitro-in vivo paradox. Peak plasma con-
centrations in human patients after an approximately 20 mg/kg OXA
oral dose are 4-7 pM, Table 1. Assuming dose proportionality, a 40 mg/
kg dose would be expected to have maximal plasma levels of approxi-
mately 9-14 pM. Based on the in vitro evaluation of worm killing, the
typical clinical doses would not be anticipated to be efficacious.



K. Toth et al.

>

100

B 1
100 +

]

(4]
o
P

DMSO
OXA 143 uM
OXA 71.5 uM
OXA 35.75 uM
OXA 14.3 uM

Survival (%)
Survival (%)

22 34

a
o
gl

International Journal for Parasitology: Drugs and Drug Resistance 21 (2023) 65-73

Fig. 1. Kaplan-Meier curves of OXA killing of Schis-
tosoma mansoni. A. OXA was tested in adult male
worms at final concentrations of 143 pM, 71.5 pM,
35.75 pM, and 14.3 pM per well in vitro. Worms were
challenged with OXA for 45 min. B. OXA was tested in
adult male worms at final concentrations of 143 pM
per well in vitro for 15, 30, or 45 min. After the
indicated time, the well was washed with fresh me-
dium three times to remove the drug. Survival was

o

5 10
Days after exposure

15 0 10

Table 1

Human OXA Pharmacokinetic Parameters. Human parameters were from
Table 2 and Fig. 1 in (Daneshmend and Homeida, 1987) and correspond ton =9
patients and n = 5 healthy controls. Average values at individual time points
were estimated from Fig. 1 and remodeled to calculate apparent oral clearance.

Taj2 Crax Tmax AUC(0-o0) Cl/F
(min) (uM) (min) (pM*h) (ml/min/
kg)
Patients 151 + 4.5+ 103 + 20.2 + 62.0
23 0.9 12 4.9
Normal 111 + 7.1+ 84 + 25 249 + 43.0
subjects 14 1.0 4.9

Values are presented as “mean + SEM”.

Abbreviations: Ty o, elimination half-life; Cpax, maximum plasma concentration;
Tmax, time to maximum plasma concentration; AUCg.o), area under the curve
from time O extrapolated to infinity, Cl/F apparent oral clearance.

3.3. Determination of human hepatic inlet concentration

After an oral dose, the portal concentration is the summation of the
systemic drug concentration that enters the hepatic portal system and its
tributaries, plus the additional drug absorbed across the intestinal mu-
cosa before proceeding to the liver. The lower two traces in Fig. 2A are
replotted from previously published human PK data (Daneshmend and
Homeida, 1987) after a 1 g oral dose of OXA, which is approximately
15-20 mg/kg. In Fig. 2B the human patient data is log transformed, and
the elimination phase is extrapolated back to time = 0. The extrapolated
values reflect the expected concentration if the dose was instantaneously
absorbed. The difference between the extrapolated and the actual
plasma concentrations can be plotted, and the slope of the residual line
used to estimate the rate of drug absorption from the intestine. Using the
equation provided in section 2.12, the maximal inlet concentration after

+———T T 0

20

Exposure Time (min)

monitored in A. for 14 days and B. 14 days. All
screens were performed in experimental and biolog-
ical triplicate. Survival was plotted as a percentage
over time using Prism/Curve Comparison/Long-rank
(Mantel-cox) test. The p-value threshold for each
OXA compared to DMSO was <0.001.

30 40 50

a therapeutically relevant OXA dose in humans was estimated to be 94
and 78 pM for patients and healthy controls, respectively, Table 2. The
intersection of the residual and extrapolated lines in Fig. 2B are shifted
off of the Y-axis, indicative of lag time due to gastric emptying. The data
was re-evaluated with ke and k, calculated using a one-compartment
pharmacokinetic model with lag time to allow for gastric emptying
time, Table 2. Inlet concentrations were estimated to be 78 and 73 pM
for patients and healthy controls, respectively.

3.4. In vitro mouse microsome stability, plasma protein binding, and
blood-to-plasma ratio

Prediction of plasma concentration is improved with accurate
experimental inputs. OXA was evaluated for mouse hepatic microsome
stability and plasma protein binding. Hepatic metabolic stability eval-
uation was conducted at three concentrations of hepatic microsomes. As
expected, increasing the concentration of hepatic microsomes decreased
the observed half-life of OXA in the incubation. Intrinsic clearance ac-
counts for microsomal content and should normalize the values. How-
ever, adding additional microsomal protein also adds additional
microsomal lipid membranes, and OXA molecules that partition into the
lipid membranes preclude their exposure to metabolism enzymes. This
phenomenon results in lower calculated intrinsic clearance values for
hydrophobic molecules when high concentrations of microsomes are
used. The unbound intrinsic clearance calculation represents the mole-
cule’s intrinsic stability and was calculated using incubations containing
1.0, 0.5, and 0.2 mg protein per ml incubation volume. Intrinsic clear-
ance values of 100, 132, and 196 pl/min/mg were calculated at the three
microsomal concentrations. The unbound intrinsic clearance was esti-
mated to be 241 pl/min/mg, Supplemental Fig. S1.

Plasma protein binding was evaluated using equilibrium dialysis.
The free fraction represents the portion of the total concentration
available to diffuse across biological membranes. The free fraction was

Fig. 2. Determination of absorption rate constant and
portal concentration from human clinical data. A.
Observed plasma concentration-time profiles of OXA
after a single oral dose of 1000 mg in Sudanese pa-

- tients (@) and healthy volunteers (o). The human

° values are from previously published PK data
(Daneshmend and Homeida, 1987) with the Y-axis
units converted from ng/ml to pM. B. The PK data of
the patients (C) were replotted on a semi-logarithmic
scale, and the terminal phase was back extrapolated

A 8+ B 2-
6—
= a 14
% 1 % € o g.°
S e
S 4 S G
< H k-
5 < eC
2 °
" _1_
0 — T T T T T T T L P
0 1 2 3 4 5 6 0 1 2

Time (hr)

Time (hr)

to the Y-axis. Patient plasma concentration values (C)
were subtracted from the corresponding concentra-
tion from the extrapolated terminal line (C/, yellow
line). Plotting the difference (C”) between the
extrapolated and the observed concentrations for

each time in the absorption phase constructs the residual line (green line). The absorption rate constant was determined from the slope of the residual line. The
calculated total hepatic inlet concentrations of OXA in patients and healthy volunteers were 94 pM and 78 pM, respectively. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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Table 2

Human OXA Hepatic Inlet Concentration. Average plasma concentrations from a human PK study of n = 9 patients and n = 5 healthy controls were from Fig. 1 in
(Daneshmend and Homeida, 1987). Values were estimated and remodeled using two methods to determine the elimination and absorption rate constants. Only average
plasma concentrations were reported so standard error was not calculated for human patients or controls.

ke (1/min) k, (1/min) Inlet Concentration (pM)

Residuals WinNonlin® Residuals WinNonlin® Residuals WinNonlin®
Patients 0.003 0.004 0.027 0.022 94 78
Normal subjects 0.006 0.006 0.026 0.024 78 77

Values are presented as “mean”.
Abbreviations: k. elimination rate constant; k, absorption rate constant.

determined to be 26% in mouse and 32% in human plasma.

The blood-to-plasma ratio was evaluated in freshly collected mouse
blood. A ratio of 1.6 was determined for OXA and 1.0 for CIDD-72229,
indicating that OXA partitions into red blood cells and accumulates at a
concentration above what is observed in plasma. The time required to
achieve compound equilibrium between the blood cells and plasma was
not explored. To be conservative, partitioning was assumed to be rapid
when calculating portal concentrations. If accumulation into red blood
cells is slow, the mouse portal plasma OXA concentration reported in
Table 4 will be slightly underpredicted due to absorbed compound
residing in the plasma component of blood as it passes through the
portal vasculature.

3.5. Mouse PK simulation

A plasma time course was simulated for mice dosed at 20, 50, and
100 mg/kg using an immediate release PBPK model, Fig. 3. Simulations
used the Cliy,y, and plasma free fraction values from section 3.4. Human
clinical data is overlayed using a previously published pharmacokinetic
study where patients and healthy control subjects were given a 1-g dose
of OXA, 4 x 250 mg tablets. The overlayed human dose represents
approximately 15-20 mg/kg, and clinically relevant doses typically
range from 20 to 40 mg/kg. The simulated mouse PBPK model suggests
that a 50 mg/kg dose in mice would approximate the low end of the
therapeutic dose and that a 100 mg/kg dose would approximate plasma
levels observed from a 40 mg/kg dose.

3.6. Mouse oral pharmacokinetics

Before initiating the mouse pharmacokinetic study, we evaluated
multiple formulations with a goal formulation concentration of 10 mg/
ml to deliver 100 mg/kg when dosed at a volume of 10 pl/g body weight.
Formulation strategies using cyclodextrin encapsulation and micelle
approaches are attractive because they can be used for intravenous,
intraperitoneal, and oral dosing, but they did not make a stable 10 mg/
ml solution. Co-solvent approaches with polyethylene glycol or ethanol
were solutions but precipitated when diluted, measured by spiking 1:10
into saline. OXA solubility increases at low pH, and a stable 10 mg/ml
solution was prepared in 100 mM acetate buffer, pH 4.5. Low pH is not
preferred for intravenous dosing and an alternate formulation was
designed for the intravenous PK study. The low intravenous dose, 3 mg/
kg, was possible using a 0.6 mg/ml solution in 5% DMSO/95% saline,
dosed at 5 pl/g body weight.

Pharmacokinetic parameters from a 100 mg/kg oral dose were
calculated and are reported in Table 3. The observed plasma concen-
trations after the 100 mg/kg dose and the PBPK simulation are depicted
in Fig. 4. The predicted and experimentally determined plasma con-
centrations were in good agreement. The PK data were replotted on log
scale, and the inlet concentration was calculated as in section 3.3. The
intestinal absorption rate was calculated to be 4.9% per minute with a

Table 3

Mouse Pharmacokinetic Parameters. Mouse PK parameters correspond to a 100
mg/kg oral gavage dose in n = 3 mice. Doses were formulated in 100 mM acetate
buffer (pH 4.5) for OXA, and 100 mM citrate buffer (pH 3.5) or 10% w:v Captisol
for CIDD-72229.

Ti2 Cmax Tmax  AUCo.  CUF F a
154 )
(min) (uM) (min) (uM*h) (ml/ % (ml/
i min/ min/
kg) kg)
= OXA 3 51 + 2.2+ 5 1.1+ 157
% 10 mg/kg 6 0.1 0.0 +3
i v
OQ' - OXA 100 58 + 11.8 50 + 26.1 £ 230 + 69.5 159
mg/kg 6 + 1.6 10 1.7 14 +5.3 +3
§ PO
@) 5 — 72229 169 2.1+ 5 35+ 1280 1.6 + 20.2
100 mg/ + 14 0.8 0.9 + 268 0.5 + 25
| kg (Citr)
PO
72229 191 9.0 + 8.3+ 189 + 220 + 9.6 + 18.1
0 — 11(00 mg/ +37 28 3.3 1.9 22 2.1 £0.6
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0 1 2 3 4 5 6 (Capt)
PO

Time (hr)

Fig. 3. Mouse PBPK modeling of OXA oral doses. Simulation of plasma OXA
concentrations in a mouse after 20 (green), 50 (red), and 100 (blue) mg/kg oral
gavage dosing and observed human plasma concentrations after a single oral
dose of 1000 mg in Sudanese patients (@) and healthy volunteers (o). (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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Values are presented as “mean + SEM”.

Abbreviations: Ty /o, elimination half-life; Cp,x, maximum plasma concentration;
Tmax time to maximum plasma concentration; AUCg.«), area under the curve
from time O extrapolated to infinity, Cl/F, apparent oral clearance; F oral
bioavailability, Cl, clearance.

Citr, formulated in 100 mM citrate buffer, pH 3.5; Capt, formulated in 10% w:v
Captisol.
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Table 4
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Mouse Hepatic Inlet Concentration. Mouse PK data was evaluated using WinNonlin® pharmacokinetic modeling software. Mouse PK parameters correspond to a 100

mg/kg oral gavage dose in n = 3 mice.

ke (1/min) ka, (1/min) Inlet Concentration (M)
Residuals WinNonlin® Residuals WinNonlin® Residuals WinNonlin®
OXA 100 mg/kg PO 0.012 0.014 0.049 0.043 132 +£11 118 £ 10
72229 100 mg/kg (Citr) PO N.D. 0.0042 N.D. 0.798 N.D. 51 +£15
72229 100 mg/kg (Capt) PO N.D. 0.0039 N.D. 0.576 N.D. 219 + 48
Values are presented as “mean” or “mean + SEM”.
Abbreviations: k. elimination rate constant; k, absorption rate constant; N.D. not determined.
Citr, formulated in 100 mM citrate buffer, pH 3.5; Capt, formulated in 10% w:v Captisol.
15+ 1000
Mean Cgjje
42.8 65.7
7 —
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Fig. 4. OXA Mouse pharmacokinetics. Simulated vs. observed plasma
concentration-time profiles of OXA after a single oral dose of 100 mg/kg.

portal concentration of 132 pM. A similar analysis using curve fitting to
a one-compartment oral PK model estimated a portal concentration of
118 pM, Table 4.

The calculated portal concentration was consistent with the con-
centrations used in the in vitro killing experiment in section 3.1. Addi-
tionally, the 45 min exposure time used for the in vitro experiment is in
line with the time frame where peak intestinal absorption is observed.

3.7. Mouse tissue exposure

Computational modeling of OXA metabolism indicated a likelihood
of OXA being a P-gp efflux transporter substrate. This could potentially
impact the absorbance rate of OXA, tissue distribution, and suscepti-
bility to drug/drug or drug/diet interactions. Tissue distribution of OXA
was determined 4 h after a 100 mg/kg oral dose in wild-type and P-gp
knockout mice. Tissue levels are depicted in Fig. 5. OXA is widely
distributed throughout tissues, with all measured tissues having con-
centrations higher than peripheral plasma levels when drug per gram
tissue was compared to drug per milliliter plasma. There was no indi-
cation that the efflux transporter P-gp impacts tissue distribution.

At the 4-h time point, bile OXA concentration was 15-fold higher
than in liver tissue and 42-fold higher than in plasma. The liver has a
known function in oxidizing OXA to form carboxylic acid metabolites,
but the current data indicates the liver also removes OXA via elimination
into bile.

3.8. Invitro efficacy and portal concentration for an OXA analog

Similar to OXA, the PK/PD relationship for analogs depend on the
innate worm killing potential for the compound and the concentration
within the portal vasculature. We tested an OXA analog CIDD-72229
which has been designed to be activated by the sulfotransferase en-
zymes of S. mansoni S. haematobium, and S. japonicum, whereas OXA is
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Fig. 5. OXA Tissue Distribution in wild-type and P-gp knockout mice. OXA
levels in bile and plasma were directly measured. Tissue levels in the liver,
brain, and kidney were determined as the amount of drug per mg tissue and
converted to pM by assigning a volume of 1 ml/g tissue. Samples were collected
4 h after a single oral dose of 100 mg/kg in C57B1/6J (blue) and Mdr1KO (red)
mice. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

efficiently activated only in S. mansoni (Guzman et al., 2020). In vitro
killing experiments, Fig. 6, were used to evaluate the innate worm
killing potential of the compound and CIDD-72229 potency was

100 —— ;
S
S §
£ 50
> .
» d—— pwmso I—
1—— cIDD-0072229 143 uM
1—— CIDD-0072229 71.5 uM
1—— ciDD-0072229 35.75 uM )
1—— CIDD-0072229 14.3 uM
0 L) L) L) 1] I 1] L) L) L] l L) 1] L) L) I

o

5 10

Days after exposure

Fig. 6. Kaplan-Meier curves of CIDD-72229 killing of Schistosoma mansoni.
CIDD-72229 was tested in adult male worms at final concentrations of 143 pM,
71.5 uM, 35.75 puM, and 14.3 pM per well in vitro. Worms were challenged with
CIDD-72229 for 45 min, followed by thorough washing to remove the drug.
Survival was monitored for 14 days. All screens were performed in experi-
mental and biological triplicate. Survival was plotted as a percentage over time
using Prism/Curve Comparison/Long-rank (Mantel-cox) test. The p-value
threshold for each CIDD-72229 compared to DMSO was <0.001.
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comparable to OXA for S. mansoni.

Given the similar potency of CIDD-72229 and OXA, conditions were
desired that achieved portal concentrations of >100 pM. CIDD-72229
was prepared as a citrate salt and dosed orally at 100 mg/kg using
two formulations. CIDD-72229 was prepared at 10 mg/ml in 100 mM
citrate buffer at a final pH of 3.5. Plasma concentration-time curves are
shown in Supplementary Fig. S3. PK parameters and portal inlet con-
centrations are provided in Tables 3 and 4 The portal concentration was
half the target concentration. CIDD-72229 is significantly less soluble
above pH 5, and precipitation in the higher pH of the intestine was
suspected. To address this, we utilized an encapsulation strategy where
CIDD-72229 was dissolved in 10% w:v Captisol. Captisol is a modified
cyclodextrin, and compounds can bind in the hydrophobic core of the
circular sugar. The Captisol formulation resulted in a five-fold increase
in the systemic plasma Cpay and AUC after oral gavage, and portal
concentration was estimated to be 219 pM.

4. Discussion

PZQ has been the primary treatment option for several parasitic
worms for over 40 years. Unusually low cure rates with PZQ have been
reported in Senegal, which may be complicated by PZQ’s lack of efficacy
against juvenile schistosomes and rapid re-infection (Danso-Appiah and
De Vlas, 2002). A 2020 report on the efficacy of PZQ against S. mansoni
in school age children in Tanzania found an overall cure rate of 81% and
egg reduction in 95% of patients. Remaining infection for one in five
patients and no observable benefit for one in twenty patients highlights
the need for alternative or co-treatment options (Mnkugwe et al., 2020).
The report of OXA analogs that kill all three major human schistosomes
makes second-generation OXA analogs an exciting option to address this
area of need. To facilitate the generation of second-generation OXA
analogs, in vitro methodology and preclinical models that predict clinical
outcomes are needed.

The observation that patient OXA plasma levels are insufficient to
kill S. mansoni in vitro led to the hypothesis that the OXA levels within
the vasculature the worms reside in are more predictive than systemic
levels. The almost perfect overlap between the in vitro studies and the
calculated portal concentrations in human patients supports this hy-
pothesis. The demonstration that short exposure to elevated OXA con-
centrations lead to worm killing, Fig. 1B, highlights the benefit of rapid
absorption leading to high portal concentration.

The mechanism of PZQ and OXA killing differ and they may have
distinct PK/PD relationships. Comparison is challenging because the
impact of portal PZQ concentration has been reported with contradic-
tory findings. Xiao and colleagues reported no direct correlation to
portal concentration and that the time the parasite is exposed to the drug
drives efficacy (Xiao et al., 1992). Abla and colleagues used cytochrome
P450 inhibitors and inducers to alter hepatic PZQ metabolism to
conclude that efficacy was likely related to portal concentration (Abla
et al., 2017).

To increase the predictive value of our mouse model, we sought to
replicate a human relevant OXA dose. Prediction of equivalent doses
between species was once performed using allometric scaling, which
used a simplistic relationship between dose and body surface area. A
human-to-mouse scaling factor of 12 is common but is influenced by the
body weight of the human and mouse used in the study. Traditional
allometric scaling would have predicted the clinical human OXA dose of
20-40 mg/kg would be 240-480 mg/kg in mice.

Scaling between species has transitioned to physiologically based
pharmacokinetic models that incorporate dosing routes, individual
organ blood flow, and experimental inputs of organ-specific clearance.
PBPK modeling of the mouse pharmacokinetics successfully predicted
that oral doses of 50-100 mg/kg would most closely replicate the plasma
concentrations observed in humans dosed at 20-40 mg/kg. Unfortu-
nately, despite the years of clinical OXA usage, we were only able to find
a single data set that reported OXA concentrations at each time point.
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This data reflected the average concentration for nine patients and five
healthy controls after taking 4 x 250 mg OXA tablets, corresponding to
22 and 18 mg/kg doses, respectively. We assumed dose linearity, where
a 40 mg/kg dose would have approximately doubled the reported drug
concentrations, and made this the target for a preclinical model.

The graphed concentration data in Fig. 2A shows patients having
lower plasma levels than the healthy controls. The original publication
concluded this was not statistically significant. Seven of nine patients
had plasma Cpax and AUC levels similar to the five healthy controls. Two
patients had much lower plasma levels which brought down the
average. The reason these two patients had lower OXA levels is un-
known. Only average data is available for individual time points, so we
could not examine the data with and without the two patients with low
OXA levels.

An additional OXA pharmacokinetic reference includes data from
five healthy Kenyan volunteers (Kokwaro and Taylor, 1991). The report
has PK parameters but lacks data at individual time points and could not
be remodeled for the calculation of absorption rates. The reported Cpax
had high interindividual variability, but the average Cpax was within
35% of the results from the healthy Sudanese volunteers.

In human patients, the portal vein OXA concentrations are much
higher than circulating levels due to the absorption rate greatly
exceeding the elimination rate during the first hour after dosing, as
demonstrated by the rapidly increasing plasma drug levels. The high
absorption rate is driven by the high intestinal drug concentration and
the high permeability of OXA. OXA is highly soluble in acidic conditions
and should solubilize in the low pH stomach. When taking a drug in pill
form with eight ounces of water, 240 ml, the water volume in the
stomach of a fasted individual rises to a peak volume of approximately
250 ml (Mudie et al., 2014). A customary human OXA dosage of 1-2.5 g
would result in a stomach OXA concentration of 14-35 mM. The dose is
rapidly passed to the intestine, where the upper small intestine water
volume is reduced to approximately 100 ml resulting in a potential
maximal intestinal concentration of 35-90 mM. This establishes a huge
gradient with millimolar levels in the intestine and micromolar levels in
the plasma and drives OXA absorption. The rate of absorption in the
human intestine was approximately 2.5% per minute, resulting in rapid
transfer from the intestine to the portal blood flow. As intestinal drug
levels deplete, the portal and systemic plasma concentrations will
converge.

Depletion of OXA has been reported as metabolic clearance via cy-
tochrome P450-mediated oxidation (Kaye and Woolhouse, 1976), and
we observed both the 6- and 2-carboxylic acid metabolites in the mouse
PK study. Direct glucuronidation of the methyl alcohol and a glucuro-
nide formed from the 6-carboxylic acid metabolite were also observed.
Comparison of the chromatographic peak area of OXA and its metabo-
lites compared to an internal standard are depicted in Supplemental
Fig. S2. We believe this is the first report of the 6-OXA-glucuronide and
of biliary excretion contributing to direct OXA clearance. The reab-
sorption of compounds from bile is referred to as enterohepatic recir-
culation and has been noted with many compounds. While OXA
reabsorption from bile is likely, we doubt sufficient levels of OXA will be
reabsorbed via enterohepatic recirculation to significantly impact OXA
efficacy.

An improved OXA analog would successfully treat S. mansoni, S.
haematobium, and S. japonicum. This pan-efficacy against all three spe-
cies makes a series of second generation OXA analogs including CIDD-
72229 an exciting improvement upon OXA. Ideally, during the com-
pound optimization process, potency improvements will be made that
are reflected in the in vitro killing assays. The concentration required for
in vitro killing represents a target threshold portal concentration for
subsequent efficacy studies in preclinical species. Through the optimi-
zation of both potency and the physicochemical properties of the
molecule, compounds can be designed to be rapidly absorbed to maxi-
mize portal concentration.

Some of the commonly reported side effects of OXA are severe
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drowsiness, dizziness, and headache. These are all likely to be CNS
associated. We observed extensive tissue distribution of OXA, including
high brain exposure. Increasing polar surface area of future analogs
might be helpful to both increase solubility to aid intestinal absorption
and to reduce CNS exposure and lower these OXA side effects.

5. Conclusion

OXA has been used to treat thousands of patients and understanding
its PK/PD relationship improves the productivity of research teams
making second generation compounds. The PK/PD relationship enables
modeling, dose selection, correlation of human and preclinical species,
and dose adjustments in sensitive patient populations. The initial data
available in the literature was confusing because the systemic plasma
concentrations were below the predicted levels required for efficacy
from in vitro killing experiments. Through the calculation of portal
concentrations from pharmacokinetic studies, the dose and treatment
efficacy can be reconciled.

In a drug-discovery setting, comparison of portal concentration and
the in vitro killing studies allows for the selection of top compounds to
move into in vivo efficacy studies. The efficacy of analogs can be
compared to OXA using human relevant doses established in this study.
Maximizing portal concentration is possible through optimization of the
physicochemical properties of potential therapeutics such as high solu-
bility, high permeability, and minimal intestinal metabolism. Strategies
such as optimization of drug formulation, as demonstrated with CIDD-
72229, may increase portal concentration for compounds that are near
the therapeutic target concentration.
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