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ABSTRACT Oxfendazole is a potent veterinary antiparasitic drug undergoing development
for human use to treat multiple parasitic infections. Results from two recently completed
phase | clinical trials conducted in healthy adults showed that the pharmacokinetics of
oxfendazole is nonlinear, affected by food, and, after the administration of repeated doses,
appeared to mildly affect hemoglobin concentrations. To facilitate oxfendazole dose optimi-
zation for its use in patient populations, the relationship among oxfendazole dose, pharma-
cokinetics, and hemoglobin concentration was quantitatively characterized using population
pharmacokinetic-pharmacodynamic modeling. In fasting subjects, oxfendazole pharmacoki-
netics was well described by a one-compartment model with first-order absorption and
elimination. The change in oxfendazole pharmacokinetics when administered following a
fatty meal was captured by an absorption model with one transit compartment and
increased bioavailability. The effect of oxfendazole exposure on hemoglobin concentration
in healthy adults was characterized by a life span indirect response model in which oxfen-
dazole has positive but minor inhibitory effect on red blood cell synthesis. Further simula-
tion indicated that oxfendazole has a low risk of posing a safety concern regarding hemo-
globin concentration, even at a high oxfendazole dose of 60 mg/kg of body weight once
daily. The final model was further used to perform comprehensive target attainment simula-
tions for whipworm infection and filariasis at various dose regimens and target attainment
criteria. The results of our modeling work, when adopted appropriately, have the potential
to greatly facilitate oxfendazole dose regimen optimization in patient populations with dif-
ferent types of parasitic infections.

KEYWORDS benzimidazole, mathematical modeling, model-informed drug
development, oxfendazole, population PK/PD modeling, target attainment analysis

eglected tropical diseases are a diverse set of infections caused by bacteria, viruses, pro-
tozoa, and metazoa that affect more than 1.5 billion people worldwide (1). Even though
some neglected tropical diseases have been effectively controlled and almost eradicated, there
remain multiple difficult-to-treat infections, which include neurocysticercosis, trichuriasis, echi-
nococcosis, fascioliasis, and filariasis. Although these diseases are currently treated by the benz-
imidazole anthelmintic drugs albendazole, mebendazole, or triclabendazole, these treatments
are not optimal due to their low efficacy (2-5), drug resistance (6), and/or unfavorable pharma-
cokinetics (e.g., short and greatly variable half-life) (7-9).
Oxfendazole is a potent benzimidazole anthelmintic marketed to treat lungworm and
enteric helminths in animals (10). A single oral low dose of oxfendazole effectively reduced
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worm burden in Trichuris suis-infected pigs (11, 12), a surrogate model of human whip-
worm infection. In filaria-infected mice, orally or subcutaneously administered oxfendazole
demonstrated up to 100% macrofilaricidal efficacy at a dosing regimen of 25 mg/kg of body
weight daily for 5 days (13). The preclinical efficacy of oxfendazole in the treatment of neuro-
cysticercosis, echinococcosis, and fascioliasis was presented in detail in a recent review (14).
These results suggest that oxfendazole is a potential candidate for the treatment of multiple
parasitic infections in humans. This is further supported by the favorable safety (10, 15) and
pharmacokinetic profiles of oxfendazole in preclinical species. Oxfendazole exposure and
half-life were greater than or comparable to those of albendazole and mebendazole in dogs
(16), sheep (17), pigs (18, 19), and rats (15, 20).

Previously, the safety, tolerability, and pharmacokinetics of oxfendazole and its metabolites
in healthy adults were evaluated following oral administration of single ascending oxfendazole
doses between 0.5 and 60 mg/kg (21). In that study, oxfendazole was the major moiety
detected in plasma, followed by oxfendazole sulfone and fenbendazole (21). The same relative
systemic exposure to parent drug and metabolites was observed in pigs (22), supporting their
use as an appropriate preclinical model for oxfendazole toxicity and efficacy. In a disposition
study of oxfendazole in T. suis-infected pigs, the oxfendazole concentration in whipworm tis-
sue was highly correlated with the drug’s concentration in pig plasma (22), suggesting that
plasma is a significant route for oxfendazole access to whipworm. Further, in humans, the
dose-normalized exposure of oxfendazole was 27 times higher than that of albendazole and
538 times higher than that of mebendazole (23-25). Taken together, these data suggest that
oxfendazole has an advantageous pharmacokinetic profile compared to those of albendazole
and mebendazole for the treatment of whipworm infection in humans.

Given the encouraging results from the single ascending dose oxfendazole clinical trial,
we recently completed and published the results of the second clinical trial assessing oxfen-
dazole safety, tolerability, and pharmacokinetics in healthy adults following the administra-
tion of multiple ascending doses from 3 to 15 mg/kg (ClinicalTrials.gov registration no.
NCT03035760) (23). In healthy adults, oxfendazole absorption was rapid, with a time to max-
imum concentration (T,...,) of ~2 h. Oxfendazole elimination half-life (9.21 to 11.8 h) was
consistent across dose groups and, following the administration of multiple doses at 24-h
intervals, oxfendazole plasma levels reached steady state on day 3 with little accumulation
(accumulation ratio, 0.970 to 1.27). Oxfendazole exhibited substantial nonlinear pharmacoki-
netics with a less than dose-proportional increase in plasma exposure with escalating doses,
most likely due to oxfendazole’s low solubility, which caused a decrease in bioavailability
with increasing doses. When oxfendazole was administered following a high-fat breakfast,
oxfendazole’s peak concentration (C,,,,) increased 1.49 times and the T, ,, increased by 6.88
h compared to those in the fasted state. A mild decrease in hemoglobin (Hb) concentration
with increasing oxfendazole dose was observed, although hemoglobin concentrations
remained within the normal range for most subjects.

Because oxfendazole concentration in plasma is related to both efficacy and potential he-
matologic effects, an insight into the correlation between oxfendazole dose and exposure is
important for dose optimization. However, oxfendazole nonlinear pharmacokinetics makes
correlation of oxfendazole dose to exposure difficult. Therefore, in this study, we performed a
secondary analysis of oxfendazole pharmacokinetics and its effect on hemoglobin concentra-
tion using the population pharmacokinetic-pharmacodynamic (popPK/PD) modeling approach.
Because a popPK/PD model describes the underlying system, once developed, the model can
be used to predict oxfendazole PK/PD with new dosing regimens that have not been evaluated
in humans and be applied to other efficacy endpoints. Thus, we have applied the developed
popPK/PD model of oxfendazole to predict (i) the change in hemoglobin concentration follow-
ing multiple ascending doses from 3 to 60 mg/kg and (i) the probability of target attainment
of oxfendazole in treating whipworm infection and filariasis in humans.

RESULTS

Population pharmacokinetic-pharmacodynamic model. (i) Structural model. (a)
Pharmacokinetic model. Structural pharmacokinetic models for oxfendazole in the
fasted state and fed state are presented in Fig. 1A and B, respectively. The prolonged
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FIG 1 (A) Structural PK/PD model for oxfendazole and its effect on hemoglobin concentration following
multiple ascending doses and following a single dose in the fasted state. (B) Structural PK model for
oxfendazole following single oral dose in the fed state.

absorption of oxfendazole in the fed state was best captured by an absorption model
with 1 transit compartment.

(b) Pharmacodynamic model. Two models were examined to characterize the
decrease in hemoglobin concentration with multiple ascending oxfendazole doses: (i)
the basic indirect response model with inhibition of hemoglobin synthesis and (ii) the life
span indirect response model with inhibition of red blood cell synthesis. The two models
performed similarly well based on Akaike information criterion (AIC), parameter feasibility
and precision, and goodness-of-fit plots. The more mechanistic life span model (Fig. 1A)
was chosen as the final structural pharmacodynamic model because it is known that red
blood cells are cleared after an average of 120 days in adults (i.e,, they have relatively con-
sistent life span). In this model, oxfendazole’s inhibitory effect on hemoglobin synthesis
was linearly correlated with oxfendazole concentration in plasma.

(ii) Stochastic model. Interindividual and interoccasion variability of all pharmacokinetic
parameters were investigated. Interindividual variability in transit rate constant (kqz), absorption
rate constant (k,), oxfendazole apparent volume of distribution (V,,.), oxfendazole apparent
clearance (CLoyg), and hemoglobin synthesis rate constant (k;,), and interoccasion variability in
Voxe and Cloye were significant.

(iii) Covariate model. None of the evaluated covariates had significant impact on
oxfendazole pharmacokinetics. Sex significantly affected k;,, with k;, in females being 91.3%
(95% confidence interval, 90.8 to 91.8%) of that in males (Table 1).

(iv) Model evaluation. Model evaluation based on goodness-of-fit plots indicated
no systemic bias in terms of oxfendazole plasma concentration (see Fig. S1 in the sup-
plemental material) or hemoglobin concentration (Fig. S2). Figure 2 presents the time
course of population-predicted oxfendazole concentrations versus the mean observed
oxfendazole concentrations following the administration of multiple ascending doses
(upper) or a single dose in fasted and fed states (lower). The change in population-predicted
hemoglobin concentration versus change in observed hemoglobin concentration after the
administration of multiple oxfendazole doses is presented in Fig. 3. Overall, there was good
agreement between model-predicted and observed data under all dosing regimens and
conditions, indicating that the model was sufficient at capturing oxfendazole PK/PD.

Final estimates of model parameters are summarized in Table 1. Percent relative standard
error (%RSE) was <30% for all PK/PD parameters, suggesting that all PK/PD parameters
were estimated with good precision. The estimated variance of interindividual variability in
K, kg and Ve had %RSE of more than 50%. However, removal of these interindividual vari-
ability terms negatively impacted model performance. Condition numbers (ratio of the high-
est to the lowest eigenvalue) were 269.3 for the final pharmacokinetic model and 1.6 for the
final pharmacodynamic model. Condition numbers being less than 1,000 indicate that the
model is not ill-conditioned or overparameterized.
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TABLE 1 Final estimates of oxfendazole population pharmacokinetic-pharmacodynamic model parameters

Parameter Definition Estimate % RSE® % shrinkage
0, A parameter in calculation of bioavailability (F)° —0.646 11.2

0, (mg) A parameter in calculation of bioavailability (F) 209.25 FIX

Frea/Frast Ratio of bioavailability in fed state to bioavailability in fasted state 2.08 124

kg (h™T) First-order transit rate constant in fed state 0.412 14.7

k,(h™") First-order absorption rate constant in fasted state 1.2 7.1

Voxe (liter) Oxfendazole apparent vol of distribution 345 8.0

CLoy (liter/h) Oxfendazole apparent clearance 257 8.6

6 (ml/ng) Linear coefficient for the inhibitory effect of oxfendazole on hemoglobin synthesis 0.000458 9.5

ki, (g/dlI/h) Zero-order rate constant of hemoglobin synthesis in male 0.00509 1.6

Tq (h) Red blood cell lifespan 2,880 FIX

0 cex The ratio of k;, in female to k,, in male 0.913 2.7

ki IV (CV%) Interindividual variability in k;y 474 52.0 44

k, IV (CV%) Interindividual variability in k, 28.6 90.6 31
Voxe IV (CV%) Interindividual variability in Ve 20.1 59.9 17

Cloye 11V (CV%) Interindividual variability in CLoyr 373 332 7
Py INCL IV Correlation of Vgy IIV and CLgy IV 0.771 10.9

Voxe IOV (CV%) Interoccasion variability in Ve 24.1 34.6 21

Cloye IOV (CV%) Interoccasion variability in CLoye 32.1 52.6 26
Pv 10VCL 1oV Correlation of Ve IOV and CLy, IOV 0.887 15.2

ki IV (CV%) Interindividual variability in ki, 60.8 358 20
O OXF prop Variance of oxfendazole proportional residual error 0.0616 104 13
O BxF add Variance of oxfendazole additive residual error 0.261 69.0 13
T oron Variance of hemoglobin proportional residual error 0.000600 14.4 10

alog(F) = 60log(dose/0,)+ (fast—1)l0g(Fred/ Frast), fast = 0 in fasted state, fast = 1 in fed state.
b9% RSE = standard error x 100/parameter estimate.

Model predictive performance was evaluated using prediction-corrected visual predic-
tive check as presented in Fig. 4 for all dose groups and in Fig. S4 and S5 for each dose
group. Based on these figures, the observed 5th, 50th, and 95th percentiles were within
the 95% confidence interval of the respective simulated percentiles, suggesting that the
final popPK/PD model for oxfendazole and its effect on hemoglobin concentrations had
good predictive performance.

Simulation. (i) Simulation of exposure-response on safety. To investigate the
maximal decrease in hemoglobin concentrations following the administration of multiple
ascending oxfendazole doses, hemoglobin concentrations in healthy subjects were simu-
lated following the administration of multiple ascending oxfendazole doses at 3, 7.5, 15, 30,
and 60 mg/kg once daily for 5 days and compared to the normal range and toxicity grade 1
to 3 ranges of hemoglobin in adults. Among the simulated doses, 3 to 15 mg/kg were eval-
uated in oxfendazole multiple ascending dose trials, and 30- to 60-mg/kg doses were eval-
uated in the single ascending dose trial. The simulation did not include doses higher than
60 mg/kg because oxfendazole exposure is saturated due to dose-limited bioavailability (21).

Simulated hemoglobin concentrations following the administration of multiple ascending
doses of oxfendazole to males and females are presented in Fig. 5. According to the life span
model, baseline hemoglobin concentration is a product of T, and k;,. Because interindividual
variability in T, was fixed to O, the variability in simulated hemoglobin concentration at base-
line was due to interindividual variability of k;, (Table 1). Although the magnitude of the
decrease in hemoglobin concentration increased with ascending oxfendazole doses (Fig. 5),
the median hemoglobin concentration remained in the normal range at all dose levels.

(ii) Simulation of exposure-response on efficacy. (a) Target attainment analysis for
whipworm infection (approach 1). In the first approach to target attainment analysis for
whipworm infection, a 50% infective concentration (ICs) of 480 ng/ml was estimated as the
concentration of oxfendazole in plasma that resulted in 50% inhibition of tubulin assem-
bly in whipworm. (Detailed derivation of this concentration is described in Materials and
Methods.)

If 100% of adult whipworms are eliminated from the body when peak concentration at
steady state (C,,..s) is equal to the IC5,, 100% of the patients would be cured even at the low-
est simulated dose of 0.5 mg/kg (Fig. 6). If targeted C,... = 5 X 1Cs,, 90% target attainment
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FIG 2 Time course of population predicted oxfendazole concentration and observed oxfendazole concentration following multiple ascending doses at 3,
7.5, and 15 mg/kg once daily for 5 days (upper) and following a single 3-mg/kg dose in fasted state and fed state (lower). Observed concentrations are
presented as mean * standard deviation for each group (N = 8 for multiple ascending doses evaluation, N = 12 for food effect evaluation).

was achieved at doses of =7.5 mg/kg. At targeted C, . = 10 x ICs,, 90% target attainment
was achieved at doses of =50 mg/kg. At targeted C,..., = 15 x ICy, probability of target
attainment dropped below 70% at all doses, 0.5 to 60 mg/kg.

Because whipworm elimination might depend on how long the worm is exposed to
oxfendazole, target attainment analysis was additionally performed based on T, (i.e, the
percent time of a dosing interval [24 h] at steady state during which oxfendazole concentra-
tion is above the ICy), and the results are summarized in Table 2. According to Table 2, if
maintenance of oxfendazole concentration above ICs, (T- s, = 100%) is required for com-
plete whipworm elimination, 90% of the patients would be completely cured at oxfendazole
doses of 30 to 60 mg/kg. If T- s, = 80% is taken as the criteria for complete deworming,
90% target attainment is reached at doses above 5 mg/kg. At T- 5, = 60%, 90% target
attainment is achievable at doses above 4 mg/kg. At T s, = 40%, 90% target attainment is
possible at doses as low as 1 mg/kg.

(b) Target attainment analysis for whipworm infection (approach 2). In the second
approach to target attainment analysis for whipworm infection, an IC;, of 5,290 ng/ml
was estimated as the concentration of oxfendazole in plasma at which 50% of adult
whipworms are killed. (Rationales for the proposed IC,, are discussed in Materials and
Methods.)

Assuming that whipworm elimination depends on oxfendazole C,,,., to achieve
100% cure rate, C,.,ss Must be higher than an ICy, of 5,290 ng/ml. According to Fig. 7, the
probability of target attainment was less than 90% for all doses other than the 60-mg/kg
dose. Table 3 presents the probability of target attainment based on T, For T_ s, =
40%, probability of target attainment is less than 50% at all doses (0.5 to 60 mg/kg).
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FIG 3 Time course of the change in population predicted hemoglobin concentration and change in observed hemoglobin concentration from baseline
following multiple ascending doses at 3, 7.5, and 15 mg/kg once daily for 5 days. Observed concentrations are presented as mean = standard deviation

for each dose group (N = 8).

(c) Target attainment analysis for filariasis. Based on a mouse model of filariasis,
the macrofilaricidal effect (i.e., killing of adult worms) of oxfendazole is driven by the
maintenance of the minimal efficacious concentration (MEC) of 100 ng/ml in plasma. To
account for uncertainty extrapolating exposure-response data from mouse to human, target
attainment analysis was performed at different MEC values, ranging from 100 to 4,000 ng/
ml. The mean simulated concentration-time profile of oxfendazole in human plasma follow-
ing multiple ascending doses (0.5 to 60 mg/kg once daily for 5 days) compared to different
MEC levels is presented in Fig. 8A, and the probability of target attainment at different MEC
values and dosing regimens is presented in Fig. 8B. According to Fig. 8A, the mean concen-
trations of oxfendazole at all doses are above the MEC throughout the dosing interval given
MEC of 100 and 200 ng/ml. Correspondingly, Fig. 8B demonstrates that the probability of
target attainment at MEC of 100 ng/ml is in the range of 90 to 100% under all dosing regi-
mens. At MEC of 200 ng/ml, probability of target attainment is =90% at doses of at least
3 mg/kg. At MEC of 500 ng/ml, 90% target attainment is achieved only at doses of 30 mg/
kg and above. At MEC of 1,000 ng/ml and 1,500 ng/ml, even the highest doses (50 and
60 mg/kg) can reach only ~75% and 50% target attainment, respectively. At MEC of
=2,000 ng/ml, none of the simulated dose can pass 50% target attainment.

DISCUSSION

We have successfully developed a popPK/PD model characterizing oxfendazole pharmaco-
kinetics and its effect on hemoglobin concentrations in healthy adults in a multiple ascending
dose and food effect evaluation study. Oxfendazole nonlinear pharmacokinetics, attributed to
oxfendazole’s low solubility, was modeled with dose-dependent bioavailability. The delay in
oxfendazole absorption, as well as the increase in oxfendazole exposure in the fed compared
to the fasted state, were sufficiently captured by the addition of one transit compartment and
increase in bioavailability, respectively. According to the model estimated parameters
(Table 1), oxfendazole bioavailability reduced significantly (22 times) as the dose increased
from 0.5 mg/kg to 60 mg/kg. Based on the model developed, oxfendazole’s apparent vol-
ume of distribution and apparent clearance at the lowest dose were estimated to be 34.5 lit-
ers and 2.57 liters/h (Table 1), respectively, indicating that oxfendazole distribution is moder-
ate and oxfendazole hepatic extraction is low. A previous noncompartmental analysis
showed that in subjects who have consumed a fatty meal, the oxfendazole area under the
concentration-time curve (AUC) increased 1.86 times, and its T,,,,, was delayed by 6.88 h (23)
compared to those parameters measured in fasting subjects. In agreement with the
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FIG 4 Prediction-corrected visual predictive check for (A) oxfendazole concentration in plasma following multiple ascending doses (3 to 15 mg/kg once
daily for 5 days), (B) hemoglobin concentration in plasma following multiple ascending doses, (C) oxfendazole concentration in plasma following a single 3-
mg/kg dose in fasted state, and (D) oxfendazole concentration in plasma following a single 3-mg/kg dose in fed state. Cl, confidence interval.

published noncompartmental analysis results (23), our present model estimated a
2.08-fold (Table 1) increase in oxfendazole bioavailability in the fed state compared
to the fasted state. In addition, in the fed state, oxfendazole absorption included one transit
compartment, with the transit rate constant (0.412 h~) being much lower than the absorp-
tion rate constant of oxfendazole in the fasted state (1.2 h™") (Table 1).

The effect of oxfendazole pharmacokinetics on hemoglobin concentration following
multiple doses was sufficiently characterized by a red blood cell life span model with k;,
inhibition. Oxfendazole inhibitory effect on k;, followed a linear function with linear coef-
ficient of 0.000458 (95% confidence interval, 0.000377 to 0.000539) (Table 1). At baseline,
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FIG 5 Simulated hemoglobin concentration in male and female subjects administered 3, 7.5, 15, 30, and 60 mg/kg oxfendazole once daily for 5 days.

hemoglobin k;, in males was estimated to be 0.00509 g/dl/h (equivalent to 0.122 g/dl/
day). Hemoglobin k;, in females was 91.3% of that in males (Table 1), a result expected
considering the lower normal range of hemoglobin concentration observed in females
than in males (Fig. 5). Interindividual variability in oxfendazole pharmacokinetics and
pharmacodynamics was low to moderate, ranging from 6% (k;, interindividual variability)
to 47% (ks interindividual variability) (Table 1), which was expected of healthy adult sub-
jects. A limitation of the current pharmacodynamic model is its lack of inclusion of a
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TABLE 2 Probability of target attainment (%) for whipworm infection following multiple
ascending doses of oxfendazole (0.5 to 60 mg/kg once daily for 5 days), 1st approach?

T>IC50 (%)
Dose (mg/kg) 100 80to <100 60 to <80 40 to <60 <40
0.5 27.6 13.0 17.5 26.0 15.9
1 38.0 16.1 17.5 22.0 6.4
1.5 47.0 16.6 15.7 16.7 4.0
3 59.9 14.1 13.0 11.8 1.2
4 64.3 13.7 10.7 10.3 1.0
5 70.9 11.1 9.8 73 0.9
7.5 74.9 11.6 7.9 52 04
10 79.5 10.0 6.2 3.9 0.4
15 82.9 7.6 5.5 3.6 04
20 87.9 53 40 2.6 0.2
30 90.5 5.0 2.8 1.7 0.0
40 90.6 53 3.0 0.9 0.2
50 93.5 3.5 2.0 1.0 0.0
60 92.5 3.9 2.7 0.8 0.1

aProbability of target attainment is the percentage of simulated subjects (1,000 subjects at each dose level)
having plasma oxfendazole concentration above IC,, for a certain amount of time. T_ .., is the percent time of a
dosing interval at steady state during which oxfendazole concentration is above IC, (IC;,, 480 ng/ml).

feedback regulation parameter, preventing its use to extrapolate to predict hemoglobin
concentration after day 5.

The developed model was used for exposure-response simulations on safety and ef-
ficacy. Regarding oxfendazole safety, simulation of hemoglobin concentration follow-
ing administration of multiple ascending doses of oxfendazole (3 to 60 mg/kg once
daily for 5 days) demonstrated a decrease in hemoglobin concentration with increasing oxfen-
dazole dose (Fig. 5). However, the median hemoglobin concentrations remained in the normal
range, with the simulated 5th percentile reading into the grade 1 or grade 2 toxicity levels.
Note the predicted value of the 5th percentile is below the normal range prior to the admin-
istration of oxfendazole.
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TABLE 3 Probability of target attainment (%) for whipworm infection following multiple
ascending doses of oxfendazole (0.5 to 60 mg/kg once daily for 5 days), 2nd approach?

T>IC50 (%)
Dose (mg/kg) 100 80to <100 60 to <80 40 to <60 <40
0.5 0.0 0.0 0.0 0.0 100
1 0.0 0.0 0.0 0.1 99.9
1.5 0.0 0.1 0.1 0.3 99.5
3 0.0 0.0 0.0 0.6 99.4
4 0.0 0.0 0.6 1.2 98.2
5 0.0 0.1 0.2 1.4 98.3
7.5 0.1 0.2 0.8 4.1 94.8
10 0.3 0.9 0.7 44 93.7
15 0.5 0.3 2.5 7.0 89.7
20 1.0 1.5 23 9.9 85.3
30 1.4 1.7 4.5 15.1 773
40 1.8 35 5.6 18.1 71.0
50 3.7 43 6.7 22.1 63.2
60 4.1 5.0 5.9 22.6 62.4

aProbability of target attainment is the percentage of simulated subjects (1,000 subjects at each dose level)
having plasma oxfendazole concentration above IC,, for a certain amount of time. T_ .., is the percent time of a
dosing interval at steady state during which oxfendazole concentration is above IC,, (IC;,, 5,290 ng/ml).

In terms of oxfendazole efficacy in the treatment of whipworm infection, four scenarios
were explored: C...s = 1Cs, = 480 ng/ml, T- 50 (IG5, = 480 ng/ml), Cravss = 1Cso =
5,290 ng/ml, and T_,, (ICs, = 5,290 ng/ml). The two different 1C, values were estimated
based on different in vitro models with different sets of assumptions as described in
Materials and Methods. C...s = ICs, = 480 ng/ml was the easiest target to achieve, with
100% of the population predicted to meet this requirement even at 0.5 mg/kg dose and
90% of the population predicted to have oxfendazole concentrations in plasma above
480 ng/ml throughout the dosing interval (i.e, T- 5o = 100%) with 30 to 60 mg/kg dose. In
contrast, with IC5, = 5,290 ng/ml, 90% of the population is predicted to have C .= 1G5 =
5,290 ng/ml only at the highest dose of 60 mg/kg, and less than 5% of the population main-
tains an oxfendazole concentration in plasma above ICs, = 5,290 ng/ml throughout the dos-
ing interval. Increasing the dose over 60 mg/kg would not improve the probability of target
attainment, as oxfendazole exposure increased less than dose proportionally with increasing
dose. Due to the lack of exposure-response analysis on oxfendazole efficacy in treating
whipworm infection, target attainment analysis was performed using two approaches with
different sets of assumptions. The two approaches estimated two ICs, values, which differed
by 11-fold and resulted in dramatically differing probabilities of target attainment at clinically
relevant doses. In addition, with the increase in dose, the change in efficacy can be very dif-
ferent between ICs, = 480 ng/ml and IC;, = 5,290 ng/ml. At the lower IC;,, increasing dose
from 15 to 60 mg/kg was predicted to result in only a 10% increase in probability of target
attainment, with the target being T- s, = 100%. Meanwhile, at the higher IC,, an increase
in dose from 15 to 60 mg/kg was predicted to increase the probability of target attainment
by nearly 30%, with the target being T_ s, = 40%. Thus, results of target attainment analysis
should be considered with caution.

For filariasis treatment, assuming that the minimal efficacious concentration of oxfendazole
in mouse (100 ng/ml) (26) and human is the same, 90% target attainment is feasible even at
low dose (0.5 mg/kg).

The in vitro study monitoring adult T. muris motility in culture as an indication of live
worms reported IC;, values of 17.7 uM, 242 uM, 143 uM, and 55.2 uM for albendazole,
albendazole sulfoxide, mebendazole, and oxfendazole, respectively, indicating that oxfenda-
zole was the least potent among the four benzimidazoles (26). Correspondingly, EDs, (dose
at 50% worm burden reduction) values of oxfendazole and albendazole were higher than
that of mebendazole in T. muris-infected mice. The EDs, values obtained were the following:
oxfendazole, >300 mg/kg; albendazole, 345 mg/kg; and mebendazole, 79 mg/kg (26). The
study author speculated that oxfendazole would not be any better than albendazole and
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mebendazole in treating whipworm infection in humans. However, this conclusion may be
premature based on the following two considerations. First, the exposure of oxfendazole in
human was 27 times higher than that of albendazole sulfoxide (the major active moiety in
human plasma following albendazole oral administration) and 538 times higher than that of
mebendazole (23-25). Meanwhile, the oxfendazole ICs, determined in vitro was higher than
that of albendazole sulfoxide and mebendazole by only 2- to 4-fold (26). Thus, the higher ex-
posure of oxfendazole compared to albendazole sulfoxide and mebendazole could com-
pensate for oxfendazole’s lower in vitro potency. Second, mice might not be a good model
for oxfendazole disposition and efficacy in human due to potentially different pharmacoki-
netic features. Oxfendazole’s metabolic profile in mice is not currently available. However,
according to oxfendazole pharmacokinetic studies in the rat, following oxfendazole oral
administration, oxfendazole sulfone was the most abundant moiety in plasma, followed by
oxfendazole and fenbendazole (27). Meanwhile, in humans, oxfendazole was the predomi-
nant moiety in plasma, followed by oxfendazole sulfone and fenbendazole (21). Considering
that oxfendazole and fenbendazole are active while oxfendazole sulfone is inactive, the lack
of efficacy in mice might be due to oxfendazole pharmacokinetics (i.e., low systemic expo-
sure) rather than pharmacodynamics (i.e., in vitro 1Cs).

It is worth pointing out that the current model was developed based on oxfendazole
pharmacokinetics and safety data obtained from healthy adults. When oxfendazole is to
be used in patients with neglected tropical infections in Sub-Saharan Africa, Southeast
Asia, and South America, some differences in subjects’ physical and health status might
affect oxfendazole’s exposure and response. For example, subjects in our study are pri-
marily Caucasian, with an average weight of 82.4 kg, which is 32 to 55% higher than the
average weight of adults in Africa and Southeast Asia (28). Another difference is with
baseline hemoglobin concentrations. Patients in neglected tropical disease pandemic
areas might have low baseline hemoglobin concentrations due to other conditions, such
as malaria (29) or hookworm infection (30). In our study, oxfendazole appeared to have a
mild suppressive effect on hemoglobin concentrations; therefore, attention to hemoglo-
bin concentrations in future studies in patients is warranted.

In conclusion, we have developed a robust popPK/PD model that can adequately
characterize oxfendazole pharmacokinetics, its effect on hemoglobin concentration in
healthy adults following multiple ascending doses (3 to 15 mg/kg), and the effect of food on
oxfendazole pharmacokinetics. The model was used to comprehensively evaluate the proba-
bility of target attainment of oxfendazole for whipworm infection and filariasis in human fol-
lowing various dose regimens and under different target attainment criteria. Due to the lack
of available data on oxfendazole exposure-response in whipworm infection in human, results
of target attainment analysis should be interpreted with caution. Nevertheless, the results of
our modeling work, especially the target attainment analysis, are valuable for dose regimen
selection in future trials in patient populations with different types of parasitic infections.

MATERIALS AND METHODS

Clinical data. The data used for popPK/PD model development come from the multiple ascending
dose and food-effect study of oxfendazole in healthy adults that was published recently (23). Key information
of the study is summarized below.

The study enrolled 36 subjects, 24 subjects in the multiple ascending dose evaluation and 11 subjects in
the food-effect evaluation. Subject demographics are summarized in Table S1 in the supplemental material.
Overall, demographic and baseline characteristics were similar across dose groups and dosing conditions. In
the multiple ascending dose evaluation, subjects were randomized into three groups (8 subjects/group) corre-
sponding to oxfendazole doses of 3, 7.5, and 15 mg/kg. Oxfendazole was administered as an oral suspension
in a fasted state once daily for 5 days. Blood samples for pharmacokinetics assessment were collected on day 1
at predose and at 0.5, 1, 2, 3, 4, 6, 9, and 12 h postdose. On day 2, 3, and 4, samples were collected predose
and at 2 h postdose. Samples were collected at 0, 0.5, 1, 2, 3,4, 6, 9, 12, 24, 72, and 120 h after the last dose.
Blood samples for safety assessment including hematology, biochemistry, and coagulation studies were col-
lected at predose on day 1, 3, and 5 and at 72 h and 120 h after the last dose.

The food-effect evaluation adopted a randomized two-period (separated by 7 days) crossover study
design with subjects taking a single oral dose of oxfendazole at 3 mg/kg following an overnight fast or a
high-fat breakfast. Blood samples for oxfendazole quantification were collected at predose and at 0.5, 1, 2, 3, 4,
5,6,9, 12, and 24 h after each dose, and one sample was collected from each subject on day 14. For safety
assessment, blood samples were collected at predose, day 4, and day 14.
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The oxfendazole concentration in plasma was quantified using a validated liquid chromatography-
tandem mass spectrometry assay with a linear range of 0.5 to 1,000 ng/ml (31). Intraday and interday accuracy
of the quantitative method was in the range of 106.9 to 109.5%, and the coefficient of variability was no
greater than 13.6% (31). Samples above the upper limit of quantification were diluted appropriately with blank
human plasma (31). All samples were analyzed within the previously established stability time frame.

In total, 648 and 252 pharmacokinetics samples were collected and analyzed for the multiple
ascending dose evaluation and the food-effect evaluation, respectively. Seven samples were disregarded
due to sample misidentification. One hundred twenty samples from the multiple ascending dose study
and 36 samples from the food-effect study were collected and analyzed for safety assessment. There
was no drug-related change in any of the safety parameters except for hemoglobin concentrations in
subjects in the multiple ascending dose study (23). Therefore, only hemoglobin concentrations from
subjects in the multiple ascending dose evaluation were included in the popPK/PD model.

Population pharmacokinetic-pharmacodynamic development. NONMEM 7.4.0 (Icon Development,
Ellicott City, MD, USA) with stochastic approximation expectation-maximization (SAEM) method and
ADVAN13 subroutine was employed for nonlinear mixed-effect modeling. Visual predictive checks were
performed using Perl-speaks-NONMEM (PsN) 4.8.0 (Uppsala Pharmacometrics Group) interfaced with
Pirana 2.9.9 (Certara, Princeton, NJ, USA). R 4.0.2 (R Core Team) and RStudio 1.4.1103 (RStudio, PBC,
Boston, MA, USA) were used for data processing and visualization.

(i) Handling of missing and BLQ data. Less than 2% of clinical samples (14 out of 893 samples) had
a concentration below the limit of quantification (BLQ). Because the number of BLQ samples was low
and all BLQ samples was collected after 120 h (i.e., more than 5 half-lives of oxfendazole), BLQ data were
omitted from the popPK/PD analysis.

(ii) Structural model. Structural pharmacokinetic and pharmacodynamic models were developed
sequentially.

(a) Pharmacokinetic model. The structural pharmacokinetic model for oxfendazole and metabolites
in healthy adults following the administration of single ascending doses published previously (32) was
adopted as the starting model. This model consisted of a depot compartment and a distribution com-
partment with first-order absorption and elimination. Because oxfendazole is a BCS class Il drug with
low solubility, the drug’s bioavailability decreases with increasing dose, which resulted in a less than
dose-proportional increase in exposure following ascending doses. Additionally, when oxfendazole was
administered following a high fat meal, the bioavailability was increased. Consequently, oxfendazole bi-
oavailability (F) was modeling using the following equation:

log(F) = 0,log <¥> +(fast — 1)log(03) 1)
2

where fast = 0 if oxfendazole is administered in the fasted state; otherwise, fast = 1.
According to equation 1, in the fasted state

Dose
log(Frst) = 01log< 9, ) —log(05) )
and in the fed state
Dose
log(Fred) = Ollog( 9 ) 3)
2
Therefore,
Fra) o
log F = log(Fred) — log(Frs) = log(03) (4)
ast
Thus,
~ Fra
03 N Ffast (5)

To simplify parameter estimation, it was assumed that F = 1 at the lowest dose in the fed state. Thus, 6,
was fixed to 209.25 mg (corresponding to 3-mg/kg dose in a subject weighing 69.8 kg).

To capture the prolonged absorption phase of oxfendazole following consumption of a fatty meal,
absorption models with 1 and 2 transit compartments were examined.

(b) Pharmacodynamic model. Exploratory analysis was performed by plotting the observed oxfen-
dazole concentrations versus the observed hemoglobin concentrations (Fig. S3). Based on Fig. S3, no
direct relationship was observed between oxfendazole and hemoglobin concentrations. Because hemo-
globin concentrations were lower following the administration of multiple higher oxfendazole doses, indirect
response models with either inhibition of hemoglobin synthesis or stimulation of hemoglobin elimination are
plausible. Since oxfendazole inhibits tubulin assembly (33), oxfendazole has a suppressive effect on progenitor
cells undergoing extensive cell division in the bone marrow, making more likely indirect response models with
oxfendazole reducing hemoglobin synthesis. Two indirect response models of the inhibition of hemoglobin
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synthesis were evaluated: the basic indirect response model and the life span indirect response model incorporat-
ing red blood cell life span.

In the basic indirect response model, the change in hemoglobin concentration (Cy,) was modeled
using the equation

dc,
7% = kinf (Coxr(t)) —kouCoxr (6)

where k,, is the red blood cell synthesis rate constant and k,, is the red blood cell elimination rate constant.

The change in hemoglobin concentration (Cyp) in the life span model was modeled as

A f(Coxs(1)) — kinf (Coxe(t — To) @

where Ty represents red blood cell life span and f(Coxe(t)) is a function reflecting the inhibitory effect of
oxfendazole concentration in the body at time t (Coxg(t)). Linear and nonlinear correlations between oxfen-
dazole concentration and oxfendazole inhibitory effect were evaluated. For linear correlation,

f(Coxe(t)) = 1—6 - Coxs(t) (8)
f(Coxp(t—Tr)) = 1— 6 - Coxp(t—Tg) 9)
For nonlinear correlation,
1 ImaxCOXF(t)
f(Coxr(t)) =1 oo+ Coxe(6) (10)
F(Coxs(t-Te) = 1 - LmexCoull ZT) an

ICso+Coxr(t — Tr)

where I is the maximal inhibitory effect, ICs is oxfendazole concentration at 50% inhibition, Coxe (t) is
oxfendazole concentration in the body at time t, and Coxs(t—Tz) is oxfendazole concentration in the
body at time t—Tg.

(iii) Stochastic model. Interindividual variability and interoccasion variability were evaluated using
the exponential model

Pi = TVP-exp( ;o + OCCyi+ m;; + OCCy - 7;,) (12)

where TVP represents the population mean of a pharmacokinetics or pharmacodynamic parameter, P;
represents the individual estimate of the corresponding parameter, 7;, represents interindividual vari-
ability, and 7,, and 7, are interoccasion variabilities following the first and last doses. OCC; = 1 for
the first dose; otherwise, OCC; = 0. OCC, = 1 for the last dose; otherwise, OCC, = 0. Interindividual vari-
ability and interoccasion variability are assumed to have a normal distribution with mean 0 and variance
wi, and wf,, respectively.

For residual variability, an additive error model, a proportional error model, and a combined additive
and proportional error model were examined. The following is an example of the combined additive
and proportional error model.

Cy = Cj - (1+ €1) + € (13)

Cj is the observed concentrations for individual i at time j, Cj is the corresponding model predicted con-
centration, and €1 and €; are proportional and additive errors, respectively. Additive and proportional
residual variabilities were assumed to be normally distributed around 0 with variance of o2 and o3,
respectively.

(iv) Covariate model. Initially, clinically meaningful covariates including sex, age, weight, body mass
index (BMI), and creatinine clearance were plotted against interindividual variability of each pharmacoki-
netic and pharmacodynamic parameter. Potential covariates identified through graphical analysis were exam-
ined using stepwise forward addition and backward elimination. For stepwise forward addition, a decrease in
objective function value (OFV) of more than 6.63 (P < 0.01) was considered significant improvement in model
performance. For stepwise backward elimination, an increase in OFV of more than 10.83 (P < 0.001) was con-
sidered significant deterioration in model performance. The effects of continuous variables (i.e., age, weight,
BMI, and creatinine clearance) were evaluated using the following general equation:

N\ feov
VP, = TVP( covi > (14)
cov,,

where TVP; is the individual PK/PD parameter, TVP is the population mean of the corresponding PK/PD
parameter, cov; is the individual covariate, cov,, is the population mean of the covariate, and 6, is the

covariate effect.
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The effect of sex, a categorical variable, was assessed using the equation
TVP; = TVPpye - (0ex)* (15)

where TVPpqe is the value of the PK/PD parameter in males. Sex = 1 for females and 0 for males. Thus,
0sex is the ratio of a PK/PD parameter in females over that in males.

(v) Model evaluation. Models were selected based on feasibility and precision of parameter esti-
mates and goodness-of-fit plots, including the plots of (i) observed concentration versus population pre-
dicted concentration, (ii) observed concentration versus individual predicted concentration, (iii) condi-
tional weighted residual (CWRES) versus population predicted concentration, and (iv) CWRES versus
time. For a good model, all data points would scatter evenly around the identity line in the former two
plots and around the zero line in the latter two plots. Nested models were compared based on the dif-
ference in OFV (AOFV). AOFV was assumed to have a y? distribution, with the degree of freedom being
the difference in the number of parameters between the two nested models. On this basis, the addition of one
parameter to the model was considered significantly improved model performance if OFV decreased more
than 6.63, corresponding to a P value of <0.01. For nonnested models, AIC was used. The model with a smaller
AIC was considered better.

Model predictive performance was evaluated using prediction-corrected visual predictive check of
1,000 simulations. Model predictive performance was acceptable if the observed 5th, 50th, and 95th per-
centiles fall within the 95% confidence interval of the corresponding simulated percentiles.

Simulation. (i) Simulation of exposure-response on safety. The simulation of exposure-response
on safety focused on the effect of administration of multiple ascending doses of oxfendazole at 3, 7.5,
15, 30, and 60 mg/kg once daily for 5 days on hemoglobin concentrations in healthy adults. A thousand
subjects were simulated for each dose level, assuming a 1:1 ratio of female to male subjects. Oxfendazole was
administered using weight-normalized dose, but oxfendazole bioavailability depends on the absolute dose
present in the gastrointestinal tract; therefore, subject weight needs to be included in the simulation to convert
from weight-normalized dose to absolute dose. Subject weight distribution was based on the observed weight
of participants in the oxfendazole multiple ascending dose trial. Female weight was simulated based on a nor-
mal distribution of a mean of 77.4 kg and standard deviation of 14.2 kg. For males, the mean weight was
84.6 kg and standard deviation was 13.0 kg. The simulated hemoglobin concentrations obtained were viewed
in light of standard normal sex specific hemoglobin ranges.

(ii) Simulation of exposure-response on efficacy. (a) Target attainment analysis for whipworm
infection (1st approach). Factors determining the effect of oxfendazole on Trichuris trichiura (human
whipworm) are largely unknown. To carry out target attainment analysis, several assumptions were
made based on literature information as provided below.

In a drug disposition study by Hansen et al. (22), a single oral dose of oxfendazole at 5 mg/kg was
administered to pigs infected with T. suis. Blood samples and large intestinal samples were collected from the
pigs over 48 h for quantification of oxfendazole in pig plasma, whole cecal tissue, cecal mucosa, cecal content,
and whipworm. This study found that the concentration of oxfendazole in pig plasma (Coxr,plasma [NMol/ml])
was closely associated with the concentration of oxfendazole in whipworm (Coxg worm [Nmol/g]). Since the por-
cine parasite T. suis and the human-infecting T. trichiura have very similar growth habits, the anterior of the
worm penetrating into the intestinal mucosa, with the posterior of the parasite freely moving in the intestinal
lumen (22, 34), the findings of the Hansen study (22) also are thought to be relevant for the human T. trichiura
infection. Further, the relative exposure to oxfendazole and its metabolites (oxfendazole sulfone and fenbenda-
zole) in pigs and in humans is similar (21, 22), suggesting that pig is a good model for oxfendazole disposition
in human. Thus, the correlation between oxfendazole concentration in host plasma and in intestinal dwelling
whipworm was assumed to be similar for humans and pigs.

We digitized the data reported by Hansen et al. (22) using Engauge Digitizer (35) and converted
oxfendazole concentration in whipworm in nanomoles per gram to concentration in nanomoles per
milliliter based on body density of nematodes derived using the formulas for nematode body weight
and body volume proposed by Andrassy (36).

length( pm) x (diameter( ,u,m))2

ight = 16
welght( 1g) 16 % 10°° (16)

length( wm) x (diameter( um))?
volume( um?®) = gih( pm) i - (m)) (17)

According to these equations, all nematodes have the same body density.

ight
density = o8 _ 1 0625 x 107615 a8)
volume pm3

Based on the digitized data, the ratio between oxfendazole concentration in worm and oxfen-
dazole concentration in pig plasma was quite consistent over time, with an average value of
C0)<F.worm(nmo'/mI)/COXF,pIasma(anI/ml) =3.29.

The principle pharmacological activity of benzimidazoles, including oxfendazole, stems from their
binding to tubulin, resulting in inhibition of tubulin assembly (33). The oxfendazole IC,, to T. trichiura
tubulin is unknown. However, an in vitro experiment evaluating oxfendazole inhibitory effect on tubulin
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extracted from Ascaris galli (roundworm in bird) reported an IC,, of 5 uM (~1,580 ng/ml) (37). Because
A. galliand T. trichiura are both intestinal nematodes, it was speculated that the oxfendazole IC,, to T. tri-
chiura tubulin and A. galli tubulin would be similar.

To summarize, in vitro and preclinical efficacy data were applied to target attainment analysis for the
treatment of whipworm infection in human based on the following assumptions: assumption 1,
Coxr.worm (NMol/ml) /Coxr piasma (NMol/ml) = 3.29; assumption 2, oxfendazole IC,, to whipworm tubulin
and A. galli tubulin is the same and is equivalent to 1580 ng/ml; assumption 3, the worm body is a well-stirred
model.

Based on these assumptions, an oxfendazole IC,, of 1,580 ng/ml at the site of tubulin assembly cor-
responds to an oxfendazole concentration of 480 ng/ml in human plasma.

Oxfendazole concentration-time profiles were simulated following the administration of multiple
ascending oxfendazole doses of 0.5 to 60 mg/kg once daily for 5 days, with 1,000 subjects at each dose.
Subject sex and weight distribution was the same as in the safety simulation. Because it is unknown
whether the antiparasitic efficacy of oxfendazole depends on the achievement of an effective concentra-
tion or the maintenance over some time period of the effective concentration, two scenarios were inves-
tigated. In the first scenario, oxfendazole antiparasitic efficacy was assumed to be dependent on attainment of
a targeted C,_ ... The range of targeted C_, ., evaluated was 1 to 40 times the IC,, (480 ng/ml). In the second
scenario, oxfendazole antiparasitic efficacy was assumed to be dependent on maintenance of the oxfendazole
concentration above the IC,, for a certain amount of time, as reflected by the percent time dosing interval (24
h) at steady state during which the oxfendazole concentration is above IC,; (T c5,). Ranges of T_,., explored
included <40%, 40 to <60%, 60 to <80%, 80 to <100%, and 100%. The probability of target attainment is
the percentage of simulated subjects being able to attain the targeted C,_ .., or T_ 5.

(b) Target attainment analysis for whipworm infection (2nd approach). A recent study by Keiser
and Haberli evaluated the survival of Trichuris muris (whipworm collected from rodents) in culture in the
presence of various antiparasitic drugs (26). Whipworm survival was assessed based on whipworm motility. This
study reported an IC,, of 55.2 uM (~17,405 ng/ml) for oxfendazole (26). To utilize this information for target
attainment analysis, the following assumptions were made: assumption 1, Coxe worm / Coxr plasma = 3.29; assump-
tion 2, oxfendazole IC,, is the same for T. muris and T. trichiura.

Based on these assumptions, an oxfendazole IC, of 17,405 ng/ml to T. trichiura was translated to
5,290 ng/ml in human plasma. Two target attainment analyses were carried out, one evaluating C, .,
and the other evaluating T_ ., as described for the 1st approach.

(c) Target attainment analysis for filariasis. To evaluate the macrofilaricidal efficacy of oxfendazole,
Hubner et al. utilized Litomosoides sigmodontis-infected mice, a surrogate model for filariasis in human
(13). Oxfendazole was administered to infected mice orally or subcutaneously once daily or twice daily
for 1, 5, or 10 days at doses ranging from 1 to 125 mg/kg per day. Macrofilaricidal efficacy was assessed
by adult worm count. The study showed that sterile cure was achieved with an oral dose of 12.5 mg/kg
twice daily for 5 days or subcutaneous dose of 25 mg/kg once daily for 5 days (13). Concurrently, oxfenda-
zole pharmacokinetics following the administration of a single subcutaneous dose of 1 and 25 mg/kg or a sin-
gle oral dose of 5 or 25 mg/kg was evaluated in a parallel untreated group of mice (13). Based on their efficacy
and pharmacokinetic results, Hubner et al. suggested that oxfendazole macrofilaricidal efficacy is driven by the
maintenance of its MEC in plasma above 100 ng/ml (13). Thus, for target attainment analysis, the percentage
of the simulated population with oxfendazole concentration at steady state being equal to or greater than the
MEC was computed. To account for the uncertainty of extrapolating data from mice to humans, a range of
MEC from 100 to 4,000 ng/ml was investigated in the present study.
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