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Abstract

Oral drug absorption kinetics are usually established in populations with a prop-
erly functioning gastrointestinal tract. However, many diseases and therapeutics
can alter gastrointestinal physiology and cause diarrhea. The extent of diarrhea-
associated impact on drug pharmacokinetics has not been quantitatively de-
scribed. To address this knowledge gap, we used a population pharmacokinetic
modeling approach with data collected in a phase IIa study of matched human
immunodeficiency virus (HIV)-infected adults with/without cryptosporidiosis
and diarrhea to examine diarrhea-associated impact on oral clofazimine pharma-
cokinetics. A population pharmacokinetic model was developed with 428 plasma
samples from 23 HIV-infected adults with/without Cryptosporidium infection
using nonlinear mixed-effects modeling. Covariates describing cryptosporidiosis-
associated diarrhea severity (e.g., number of diarrhea episodes, diarrhea grade)
or HIV infection (e.g., viral load, CD4+ T cell count) were evaluated. A two-
compartment model with lag time and first-order absorption and elimination
best fit the data. Maximum diarrhea grade over the study duration was found to
be associated with a more than sixfold reduction in clofazimine bioavailability.
Apparent clofazimine clearance, intercompartmental clearance, central volume
of distribution, and peripheral volume of distribution were 3.71 L/h, 18.2L/h (in-
terindividual variability [ITV] 45.0%), 473 L (IIV 3.46%), and 3434 L, respectively.
The absorption rate constant was 0.625h™" (IIV 149%) and absorption lag time
was 1.83 h. In conclusion, the maximum diarrhea grade observed for the duration
of oral clofazimine administration was associated with a significant reduction in
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clofazimine bioavailability. Our results highlight the importance of studying dis-
ease impacts on oral therapeutic pharmacokinetics to inform dose optimization
and maximize the chance of treatment success.

Study Highlights
WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?

Although clofazimine's pharmacokinetic and safety profiles have been studied
in healthy volunteers, leprosy patients, and multi-drug-resistant tuberculosis pa-
tients, no study has been conducted for patients with diarrhea-related symptoms,
and it is unclear whether diarrhea should be considered when dosing clofazimine
for cryptosporidiosis.

WHAT QUESTION DID THIS STUDY ADDRESS?

This study addressed the question whether an individual with diarrhea dosed
orally with clofazimine may experience lower than expected clofazimine
exposure.

WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?

To the best of our knowledge, this is the first study to quantitatively describe
a diarrhea-associated effect on oral drug pharmacokinetics, which has been
overlooked.

HOW MIGHT THIS CHANGE DRUG DISCOVERY, DEVELOPMENT,
AND/OR THERAPEUTICS?

Diarrhea-associated reduction in oral drug absorption, such as by a magnitude
of more than sixfold as demonstrated by this study, may result in patients with
diarrhea receiving subtherapeutic doses of drug, leading to treatment failure as
well as valuable time and resources being lost. This study highlights the critical
need for additional studies to evaluate the impact diarrhea may have on oral drug

absorption.

INTRODUCTION

Oral drug delivery is the most common and preferred
route of drug administration because of its ease of ad-
ministration, noninvasiveness, high compliance, and
cost-effectiveness. Conditions in the gastrointestinal
(GI) tract, such as motility, transit time, luminal pH,
fluid composition, absorptive surface area, and perme-
ability may have a profound impact on oral drug release,
dissolution and permeation, reflected by changes in oral
drug bioavailability."® Although not studied in detail,
it is plausible that dosing recommendations based on
data collected from populations with typical, healthy GI
physiology may result in unexpected changes in drug
exposure and subtherapeutic responses in populations
presenting with diarrhea.

Observations of potential diarrhea-associated
changes in drug exposure have indeed been reported
in literature. A study in Brazil found that antiretroviral
stavudine and didanosine plasma levels were substan-
tially lower in human immunodeficiency virus (HIV)-
infected patients with diarrhea or wasting compared

with HIV-infected patients without diarrhea.” However,
limitations to this study such as variable antiretroviral
regimens, doses, and durations, significant body mass
index differences between patient groups, and the lack
of in-depth statistical analyses precluded the study from
conclusively proving that diarrhea had a significant role
in influencing antiretroviral absorption in the study
population. Other studies of diarrhea and oral drug
pharmacokinetics (PK) yielded mixed results; although
some observed potential relationships between diarrhea
and reduced plasma drug levels,* others did not find
any significant diarrhea effect.'**?

The potential impact of cryptosporidiosis, a diarrheal
disease caused by Cryptosporidium infection, on drug
disposition has not been previously studied.”** Clinical
symptoms of cryptosporidiosis range from watery diar-
rhea, abdominal pain, dehydration, nausea, vomiting,
and fever in immunocompetent subjects to persistent
diarrhea, severe weight loss, malnutrition, and mortal-
ity in malnourished children and immunocompromised
persons.'*1® ¥ It was estimated that Cryptosporidium
infection resulted in more than 48,000 deaths and more
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than 4.2 million disability-adjusted life-years lost in 2016
alone.'® Clofazimine, an orally administered antimicro-
bial approved by the US Food and Drug Administration
(FDA) to treat leprosy and a “Group B" drug recom-
mended by the World Health Organization to treat multi-
drug-resistant (MDR) tuberculosis (TB), was shown to
be effective in controlling Cryptosporidium infection in
preclinical in vitro and in vivo models.”*** Although
clofazimine's PK and safety profiles had been studied
in healthy volunteers, leprosy patients, and MDR-TB
patients, no study had been conducted for cryptospo-
ridiosis patients until a phase IIa trial was conducted in
Malawi in HIV-infected adults.***” The trial employed
a unique two-part design by which clofazimine PK data
were collected from HIV-infected adults with or without
Cryptosporidium infection matched based on weight,
sex, and age.”*** This enabled our study to quantita-
tively characterize cryptosporidiosis-associated diarrhea
impact on oral clofazimine PK through a population
PK modeling approach, underlining the importance of
studying potential diarrhea impact on oral drug PX for
dose optimization and treatment success.

METHODS
Study design

Detailed description of the protocol and clinical out-
comes of the study have been published previously.?**
This single-center, randomized, double-blind, placebo-
controlled phase IIa clinical trial was conducted in
Blantyre, Malawi (National Clinical Trial no.: 03341767).
Written informed consent was received from all study
participants, and the study protocol was approved by rel-
evant regulatory and ethics committees. The study con-
sisted of two parts, Parts A and B (Figure 1a). Eligible
participants for Part A were infected with HIV, aged be-
tween 18 and 65years, weighed more than 35.4kg, re-
ceived antiretrovirals for at least 1 month, had >14 days
of diarrhea, and tested positive for Cryptosporidium
infection by quantitative polymerase chain reaction
(qPCR). Part A participants were randomly assigned to
receive either clofazimine (n=12) or placebo (n=10).
Part B participants (n=11) were HIV infected but
did not have Cryptosporidium infection or diarrhea.
Part B participants were matched to the first 10 Part
A participants based on demographic criteria age, sex,
and weight to minimize confounding as the result of an
imbalanced distribution of potential confounders be-
tween the two groups.24 All Part B participants received
clofazimine.

ASCPT

Clofazimine (a Lamprene® product from Novartis
Pharmaceuticals Corporation) was administered orally
with food three times daily at approximately 5a.m., 11 a.m.,
and 6 p.m. for 5days (Figure 1b). Every study participant
received peanut-based Plumpy'Nut (Nutriset) supplement
30min before each dose, which was administered at least
1.5h before the next anticipated meal.** Participants who
weighed >50kg received 100mg clofazimine, and those
<50kg received 50mg clofazimine per dose. After the 5-
day drug-dosing period, patients were followed up by a
visit at 19-24days after the last dose and a final visit at
41-55days after the last dose.

Data collection and analysis

Blood samples were collected at screening for CD4+ T cell
count and HIV viral load quantification. Additional blood
samples were taken for PK measurements on Day 1 be-
fore the first dose; 2, 3, and 4 h after the first dose; and im-
mediately before the second and third doses (Figure 1b).
On Days 2 and 3, predose blood samples were collected
for every dose. On Day 5, predose samples for every dose
and 2, 3, and 4h post-first dose samples were taken.
Clofazimine concentrations were measured using a lig-
uid chromatography-tandem mass spectrometry by Q2
Solutions. The assay methods were validated for clofazi-
mine quantification in human plasma within the range of
1.0-1000ng/mL according to US FDA guidelines.

Stool samples were assessed to determine the presence
and severity of diarrhea three times a day before each
dose from Days 1 to 5, and once on Day 6 before discharge.
Diarrhea, if present at an assessment, would result in a
severity grade greater than 0, with Grade 1 representing
mild diarrhea and Grade 2 representing severe diarrhea.
Daily maximum diarrhea grade was the highest grade
observed in three assessments (second and third assess-
ments of the specified study day and the first assessment
of the next day), whereas overall maximum diarrhea grade
was the highest grade observed among all assessments for
each participant. Each assessment with diarrhea counted
as one episode of diarrhea. Therefore, up to three episodes
of diarrhea could be reported in a day during which stool
sample data were collected.

Modeling software

Exploratory statistical and graphical analyses were con-
ducted in R (Version 4.1.1, R project [http://www.r-proje
ct.org/]). Population PK model development and analy-
sis was performed with Phoenix NLME (version 8.3.5,
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Pharsight, Certara Inc.) using the first-order conditional

estimation-extended least squares method.

Population PK structural model

development

Selection of the structural model was based on the follow-
ing factors: minus two log likelihood (—2LL), Akaike's
information criterion, theta correlation matrix, rela-
tive standard error (RSE) of parameter estimates, and

(a)

PART A
(+) Cryptosporidium
infection
(+) diarrhea

PART B
(-) Cryptosporidium
infection
(-) diarrhea

(b)

| ]

Randomized to
placebo (n=10)

Randomized to

clofazimine (n=12)

l

Clofazimine
treatment (n=11)

goodness-of-fit (GOF) diagnostic plots.

One-, two- and

three-compartment models with first-order absorption
and linear elimination were first compared to identify the
simplest structural model that best captured the observed
data (Table S1). Absorption lag time (T},z) was then in-
troduced to the most parsimonious model to determine
whether significant improvement to the model was made
based on changes in the objective function value (OFV) as
determined by A—2LL. Lastly, the inclusion of a relative
bioavailability (F,,) function, where the typical value of
bioavailability (F) was fixed at 1, was assessed.

Oral clofazimine dose three times

daily for five days (15 total doses)
* 100 mg if weighing 250 kg

Population PK
analysis

* 50 mg if weighing <50 kg

| 111
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ﬂ Clofazimine oral dose

i PK sample collection

FIGURE 1 Overview of clofazimine phase IIa clinical trial pharmacokinetic (PK) substudy. (a) The trial consisted of two parts, Parts A
and B. Part A participants were HIV-infected, tested positive for Cryptosporidium infection by qPCR, and had persistent diarrhea at enrollment.
Part A participants were randomly assigned at approximately 1:1 to receive either clofazimine (n=12) or placebo (n=10) orally three times

daily (t.i.d.) for 5 consecutive days. Part B participants were Cryptosporidium negative and diarrhea free at enrollment. All Part B participants

(n=11) received clofazimine orally t.i.d. for 5days. The dose of clofazimine was determined by each participant's body weight at enrollment.
Participants who weighed greater than or equal to 50kg received 100 mg clofazimine each dose, whereas those who weighed less than 50kg
received 50mg clofazimine each dose. Only data from Part A and Part B participants who received clofazimine treatment (n =23) were included

for the population PK analysis. (b) Dosing and sampling schemes for Part A and Part B participants who received clofazimine treatment. Oral

clofazimine was administered at approximately 5a.m., 11a.m., and 6 p.m. on study Days 1-5. Blood samples were collected for PK measurements
on Day 1 before the first dose; 2, 3, and 4 h after the first dose, and immediately before the second and third doses. On Days 2 and 3, predose
blood samples were collected for every dose. On Day 5, predose samples for every dose and 2, 3, and 4h post-first dose samples were taken.
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Additive, proportional, combined proportional and
additive, and power residual error models were tested.
A combined proportional and additive residual error
model was selected as it best fitted the distribution of the
residual errors (Equation 1).

Cobs,ij = Cpred,ij + Cpred,j X €1, T €2,jj (1)

€;1s the unexplained residual variability for the plasma
concentration at the jth timepoint in subject i.

Interindividual variability (IIV) in PK parameters was
evaluated using an exponential model with a mean of zero
and a variance of w?, in line with the PK parameters' log-
normal distributions (Equation 2).

Par; = 6., X € )

In Equation 2, Par; is the estimated PK parameter for
the ith subject and 6, is the typical value of that param-

Par; = 0y x (1+6,] (Cov; =

F; =1 xexp(nF; + 0] (Cov; =1) + 6, (Cov; =2) + ...

eter in a population. The random effect #; describes the
amount by which the ith subject’s parameter value devi-
ates from the population mean.

Interoccasion variability (IOV) was evaluated for F,
apparent systemic clearance (CL/F), apparent central
compartment volume of distribution (V/F), apparent in-
tercompartmental clearance (Q/F), and apparent periph-
eral compartment volume of distribution (V2/F). The
occasions were defined by the visits during which PK
samples were collected. There were eight visits in total.
Visits 1 to 6 correspond to Days 1 to 6 of the study. Visit
7 corresponds to the first follow-up visit at approximately
19-24 days after the last dose. Visit 8 represents the final
follow-up visit at 41-55days after the last dose.

Covariate selection

Subject demographic and disease-related characteristics
were selected to be screened based on clinical interest,
mechanistic plausibility, and any potential correlation
with PK parameters suggested by trends in eta scatter plots
(Table 1). The candidate covariates were classified into cat-
egorical and continuous covariates. Age and body weight
were tested as continuous demographic covariates. Disease
(HIV or Cryptosporidium infection)-related continuous
covariates assessed included CD4+ T cell count at screen-
ing, HIV viral load at screening, daily number of diarrhea
episodes, and total number of diarrhea episodes. Disease-
related categorical covariates tested included study part

ASCPT

assignment (A or B), number of diarrhea episodes across all
assessments (no diarrhea, <7 episodes of diarrhea, and >7
episodes of diarrhea), presence of diarrhea on Day 1 (yes or
no), daily maximum diarrhea grade (0, 1, or 2), and overall
maximum diarrhea grade (0, 1, or 2). The effects of these
covariates were tested on the PK parameters absorption
constant (k,), F, CL/F, V/F, and Q/F. Continuous covari-
ates were normalized by the mean or median of observed
values when appropriate and incorporated into the base
model by either the linear or the power model based on
the level of improvement in model fit (Equations 3 and 4).
Categorical covariates were incorporated in a proportional
shift model (Equation 5). An exception to this rule is the
evaluation of covariates on F. Categorical covariates were
included on F using an exponential form (Equation 6).

Par; =6, + 0, x Cov; 3)

Par; = 0, X Cov;"1 4)

1) +6,] (Cov; =2) + ... +6;] (Cov; =k)) (5)
+0;] (Cov; =k)) (6)

0, in Equations (3-5) represents the typical param-
eter estimate for the reference group or the baseline. 6,
to 0, estimate the covariate effect, describing how a pa-
rameter changes with the covariate tested. The subscript
i represents the ith subject. Cov represents the covariate
of interest. For categorical covariates (Equations 5 and 6),
all possible categories for the covariate of interest are de-
noted by numbers 1 to k. For example, if participant i falls
under Category 2 for the categorical covariate of interest,
Equation (5) would reduce to Par; = 6 x (1 + 6,) because
the condition (Cov; = 2) holds true.

Candidate covariates were evaluated one at a time
using forward addition followed by backward elimina-
tion. The threshold for inclusion of a covariate during
the forward addition process was set at p<0.01. When
multiple covariates satisfied this criterion, the most sig-
nificant covariate was chosen. Only data from 22 sub-
jects (388 PK samples) were used in the first round of
forward addition because HIV viral load information
was missing for one participant in Part B. After having
determined that HIV viral load was not the most signif-
icant covariate to introduce to the structural model and
that no appreciable covariate effect by HIV viral load re-
mained after the first selected covariate had been added
to the model, subsequent covariate selection steps were
performed with the full data set (n=23; 428 PK sam-
ples). p<0.001 was set as the threshold for backward
elimination. The final inclusion of a covariate was fur-
ther confirmed by at least a 20% decrease in IIV in the PK
parameter of interest.
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TABLE 1 Stepwise covariate search summary.

Compare

Model Covariate added/Removed -2(LL) A-2(LL) #Parms p Value with
1* —1660.7 13

2 HIV viral load on Q —1666.1 —5.4 14 0.020 1
3 HIV viral load on F —1668.8 -8.1 14 0.004 1
4 HIV viral load on CL —1661.8 -1.1 14 0.291 1
5 Presence of diarrhea on Day 1 on F —1695.3 —34.6 14 4.09%107° 1
6 Presence of diarrhea on Day 1 on CL —1667.4 —6.7 14 0.010 1
7 Presence of diarrhea on Day 1 on k, —1662.2 -1.6 14 0.210 1
8 Categorical variable of diarrhea episode® on CL —1667.6 —7.0 15 0.031 1
9 Categorical variable of diarrhea episodeb on F —1695.6 —34.9 15 2.58x1078 1
10 Daily max diarrhea grade on F —1667.7 -7.1 15 0.029 1
11 Daily max diarrhea grade on CL —1661.3 —0.6 15 0.746 1
12 Daily max diarrhea grade on k, —1663.2 —2.6 15 0.278 1
13° Overall max diarrhea grade on F —1700.4 —39.8 15 2.31%x107° 1
14 Study part on CL —1662.4 -1.8 14 0.185 1
15 Study parton F —-1670.9 —10.2 14 0.001 1
16 AgeonV —1663.3 —2.6 14 0.104 1
17 CD4 count on F —-1667.4 —6.7 14 0.009 1
18 Daily number of diarrhea episodes on F —1666.5 —5.8 14 0.016 1
19 Daily number of diarrhea episodes on CL —1660.5 0.17 14 - 1
20 Daily number of diarrhea episodes on k, —1660.7 —0.1 14 0.794 1
21 Total number of diarrhea episodes on F —1675.5 —14.8 14 1.16x107* 1
22 Weight on V —1663.4 —2.7 14 0.099 1
234 Overall max diarrhea grade on F —1767.1 15

24 Presence of diarrhea on Day 1 on F —1767.1 0.0 16 0.970 23
25 Presence of diarrhea on Day 1 on k, —1768.1 -1.0 16 0.306 23
26 Daily max diarrhea grade on k, —1769.5 —2.4 17 0.295 23
27 Overall max diarrhea grade on k, —1771.5 —4.4 17 0.111 23
28 AgeonV —1769.2 —2.1 16 0.145 23
29 Age on k, —-1767.3 -0.2 16 0.633 23
30 Daily number of diarrhea episodes on k, —1767.3 —0.2 16 0.692 23
31 Categorical variable of diarrhea episode® on F -1767.1 0.0 17 0.978 23
32 Weight on V —1769.0 -1.9 16 0.164 23
33 Weight on CL —-1767.1 0.0 16 0.860 23
34 Remove overall max diarrhea grade on F —1724.73 42.3671 13 6.31x107%° 23

Abbreviations: #Parms, number of parameters in the model; A-2(LL), —2(LL) of current model minus —2(LL) of the reference model; —2(LL),
—2xlog(likelihood) for each model; CD4, CD4+ T cell; CL, systemic clearance; F, bioavailability; k,, absorption rate constant; max, maximum; Q,
intercompartmental clearance; V, central compartment volume of distribution.

“Base model.

"The categorical variable of diarrhea episode classifies the total number of diarrhea episodes across all assessments into three categories: no diarrhea, <7
episodes of diarrhea, and >7 episodes of diarrhea.

“Selected after first round of forward addition.
9Final model. Model 13 was rerun with all n=23 to include the subject without HIV viral load data.

Model evaluation prediction-corrected visual predictive checks (pcVPC),

and case deletion diagnostics. The GOF plots examined in-
The final population PK model was evaluated with cluded observed concentrations (DV) versus population-
GOF diagnostic plots, bootstrap resampling analysis, predicted concentrations, DV versus individual-predicted
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concentrations (IPRED), individual weighted residuals
(IWRES) versus IPRED, conditional weighted residu-
als versus time, and quantile-quantile plot of TWRES
(Figure 2). Final model stability was assessed using the
nonparametric bootstrap method with 1000 replicates.
The final model's ability to reproduce the central tendency
and the variability of the observed data was inspected by
pcVPC where 1000 replicates were simulated using the
fixed- and random-effect estimates from the final model
(Figure 3). Furthermore, pcVPC stratified by the covariate
overall maximum diarrhea grade was performed to con-
firm final model performance for these subsets of the pop-
ulation (Figure S1). Lastly, case deletion diagnostics were
performed to assess the presence and impact of influential
subjects on model parameter estimation (Figure S2).

RESULTS
Patient demographics and characteristics

Part B participants were matched to Part A participants
based on age, sex, and weight; demographic character-
istics were similar between the two groups (Table 2).
Although Part A participants were selected based on pro-
longed diarrhea at screening, only 9 of 12 participants had
diarrhea during the 5-day study period during which clo-
fazimine was administered. No one in Part B had diarrhea
during the study. Clofazimine PK data, grouped by the
overall maximum diarrhea grade, are plotted in Figure 4.
Compared with Part B participants, Part A participants
generally displayed more pronounced signs of immuno-
suppression with a lower median CD4 count and a higher
median HIV viral load (Table 2).

Structural PK model

A two-compartment model with lag time, first-order ab-
sorption, and linear elimination was selected based on the
law of parsimony (Table 3). One- and three-compartment
models with first-order absorption and elimination were
examined in addition to a two-compartment model.
Whereas the one-compartment model fell short to describe
the biexponentiality in the clofazimine PK profile, the
three-compartment model did not significantly improve
the model fit (AOFV=0.2) over the two-compartment
model (Table S1).

Subsequently, Tj,, and F, were added to the model as
the inclusion of both significantly improved the model fit.
[TV was included on k,, V/F, Q/F, and F (Table 3). IOV was
included on F. The residual error was best captured by a
combined proportional and additive residual error model.

ASCPT

Covariate model

Of all the covariates tested, the covariate overall maxi-
mum diarrhea grade was most significantly associated
with F and produced the greatest improvement in model
performance (Table 1). Therefore, it was chosen as the
first covariate to be added to the base structural model.

Although many covariates, when added to the base
model in the first round of forward search, produced p-
values less than 0.01, they were no longer significant in
the second round of forward addition after overall max-
imum diarrhea grade on F had been added to the model.
Not surprisingly, most of these covariates were alternative
measures of diarrhea severity, such as Day 1 diarrhea pres-
ence and total number of diarrhea episodes (Table 1). The
other covariates that were significant in Round 1 but no
longer significant in Round 2 were HIV viral load, study
part assignment, and CD4 count. Although they were
not direct measures of diarrhea severity, all three covari-
ates were correlated with diarrhea status (Figure S3).
Therefore, the variability attributed to these covariates in
Round 1 of the forward search was possibly accounted for
with the addition of overall maximum diarrhea grade as a
covariate on F.

For backward elimination, the covariate overall maxi-
mum diarrhea grade on F was removed, and this resulted
in a significant increase in the OFV (Table 1). Inclusion
of overall maximum diarrhea grade on F remarkably re-
duced the ITV of F from 137% to 37.5%, demonstrating that
this covariate was able to account for a substantial portion
of the observed variability. Whereas a typical individual
without diarrhea during the study has a reference F set to
1, an individual who experienced Grade 1 diarrhea would
instead have an F, of only 0.165 (i.e., sixfold decrease in
F), and an individual who experienced Grade 2 diarrhea
would have an F,; of 0.0460 (i.e., 22-fold decrease in F).
This extent of F reduction is further supported by compar-
ing maximum clofazimine concentration and area under
the clofazimine concentration-time curve for study partic-
ipants with different overall maximum diarrhea grades,
whereby remarkable differences were observed among the
groups (Table S2).

Population PK model evaluation

The final population PK model estimated all fixed-effect
parameters with high confidence, as shown by the reduc-
tion in RSE (Table 3). GOF plots for the final population
PK model demonstrate reasonable homoscedasticity and
normality for the distribution of residual errors (Figure 2).
All weighted residuals, when plotted against time or in-
dividual predicted concentrations, suggest that the model
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FIGURE 2 Goodness-of-fit plots of the final population pharmacokinetic model for clofazimine. (a) Observed plasma concentration
against population predicted concentration, (b) observed plasma concentration against individual predicted concentration, (c) individual
weighted residuals against individual predicted concentrations, (d) conditional weighted residuals against time, and (e) quantile-quantile

plot of individual weighted residuals.
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FIGURE 3 Prediction-corrected visual predictive check for clofazimine concentration versus time spanning (a) the total duration of

the study including the follow-up visits and (b) the initial 6 days of the study. Open circles represent prediction-corrected observed plasma

concentrations. The observed 5th and 95th percentiles are depicted by dashed lines, and the observed median is represented by the solid line.

The shaded regions represent the corresponding model-predicted 90% confidence intervals around the predicted 5th and 95th percentiles

and the median, based on 1000 simulations.

is stable. The pcVPC plots support agreement between
the simulated and observed data for all groups of partici-
pants (Figure 3, Figure S1). The final population model
estimates were closely aligned with the mean bootstrap
parameter estimates, and all the final model estimates
fell within the bootstrap 95% confidence interval (CI)
(Table 3). Case deletion diagnostics demonstrated that al-
though a few individuals had more influence on certain
parameter estimates than others, the resulting changes in
parameter estimates were not pronounced (less than 17%)
(Figure S2).

DISCUSSION

Although oral therapeutics are routinely administered
to patients experiencing diarrhea, knowledge about the
impact of diarrhea on therapeutic disposition is still
limited. To the best of our knowledge, this article is the
first to report a significant diarrhea impact on an oral
therapeutic's PK and to describe the magnitude of such
an impact using a quantitative modeling approach. Our
findings not only have important implications for oral
clofazimine dosing but also highlight the importance of
understanding potential diarrhea impact on oral drug
PK in general.

The final model predicted a low clearance (CL/F=
3.71L/h), large volume of distribution (V/F= 473L and
V2/F of 3434 L), and prolonged half-life (35.3 days) for clo-
fazimine, in line with current knowledge of clofazimine
PK.**3° The estimated k, of 0.625h™" also falls within
the k, range of approximately 0.2-1.3h™" reported by the
existing literature.”® Significant yet highly variable lag
time was previously noted for clofazimine.?® In line with
this notion, the inclusion of Tj,, into the structural model
significantly improved the model (Table S1). Moreover,
model evaluation by pcVPC and bootstrap confirmed the
stability, precision, and performance of the final model
(Table 3, Figure 3, Figure S1). The pcVPC plots show that
not only was the trend of the observed data captured by
the final model but also the observed variability was accu-
rately depicted (Figure 3). Furthermore, the final model
parameter estimates closely matched the mean parameter
estimates of the bootstrap analysis and were all within the
95% CI, supporting that the final model estimates were
stable and unlikely to be biased due to the inclusion of
highly influential points (Table 3).

The application of nonlinear mixed-effects modeling
allowed the estimation of population heterogeneity and
the assessment of potential demographic and disease-
associated covariate effects. Previous studies suggested
that sex was a significant covariate on peripheral volume
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TABLE 2 Patient characteristics at baseline for Part A and Part B participants who received clofazimine.

Part A: HIV+/Cryptosporidiosis+

Part B: HIV+/Cryptosporidiosis—

(n=12)

(n=11)

Median (Range), n (%),

Median (Range), 1 (%),

orn Mean + SD orn Mean + SD

Age, years 40.5 (30, 51) 39.75+7.79 43 (31, 64) 44.09+9.65
Weight, kg 45.45 (36.6, 52) 45.11+4.70 47 (41, 53) 46.96+3.24
Participants

Male 8 (66.7) 7 (63.6)

Female 4(33.3) 4(36.4)
HIV viral load, copies/mL? 139,819 (26,366, 889,360)  241,981.50 + 262,806 0 (0, 2683) 275.80 +846.13
CD4, cells/pL 23(3,93) 25.33+24.44 419 (125, 816) 454.18 +227.38
Participant overall max diarrhea grade

0 3(25) 11 (100)

1 8 (66.7) 0(0)

2 1(8.3) 0(0)
Participants who received 2/10 1/10

100mg/50 mg clofazimine

Abbreviation: CD4, CD4+ T cell; HIV, human immunodeficiency virus.

*HIV viral load data were missing for one Part B participant. Therefore, HIV viral load data at baseline were summarized for n=10 Part B participants.

104

>

Clofazimine Concentration (mg/L)

Max Diarrhea Grade =0
A Max Diarrhea Grade = 1
¢ Max Diarrhea Grade = 2

FIGURE 4 Clofazimine plasma
concentrations categorized by overall
maximum diarrhea grade. Gold open
circles represent pharmacokinetic
samples collected from participants who
did not have diarrhea for the duration of
the study. Dark blue triangles represent
samples from participants who only had
Grade 1 (mild) diarrhea during the study.
Maroon diamonds represent samples from
participants who had at least one episode
of Grade 2 (severe) diarrhea during the

A study.
AA A
A
0-001 l L) I L] I L] I L] I L} I
0 240 480 720 960 1200

Time after First Dose (h)

of clofazimine distribution, with women having a larger
peripheral volume.”® However, neither sex nor body
weight was a significant covariate in our final model,
and this may be attributed to the very narrow range of
body weight in our study. Another potential source of
variability examined was the dose of clofazimine. The
distribution of IWRES for the final model, stratified by
clofazimine dose, is comparable between participants

who received 50mg and those who received 100mg of
clofazimine per dose (Figure S4). Although Part B par-
ticipants were matched to Part A participants based on
weight, age, and sex, Part A participants had lower CD4
cell counts and higher HIV viral load compared with their
Part B counterparts (Table 2). To examine whether the
degree of immunosuppression, HIV-infection status, or
other unidentified underlying differences between Part
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A and Part B participants impacted clofazimine PK, base-
line CD4 count, baseline HIV viral load, and study group
assignment were assessed in the covariate selection pro-
cess. None of these variables remained in the final covari-
ate model as they could not further explain the observed
variability (Table 1). The inclusion of the covariate overall
maximum diarrhea grade alone accounted for a remark-
able level of variability of the observed clofazimine PK.
This is evident by comparing the IIV and the RSE of pa-
rameter estimates between the base model and the final
model in which an approximately 100% reduction in IIV
on F and up to fivefold reduction in RSE were achieved
for the final model parameters once the overall maximum
diarrhea grade covariate had been included (Table 3).

A limitation to this study is the sample size. With
a total of 23 participants in the clofazimine PXK study,
it is possible that there were insufficient data to allow

ASCPT

identification of other covariates with higher wvari-
ability or a less pronounced effect on clofazimine PK.
Moreover, only one study participant had an overall
maximum diarrhea grade of 2; additional data from
more participants experiencing Grade 2 diarrhea are
necessary to confidently quantify the magnitude of F re-
duction associated with an overall maximum diarrhea
grade of 2. Furthermore, because of the limited sam-
ple size, certain participants can influence PK param-
eter estimates while the impact is limited (Figure S2).
Nevertheless, this study is explorative and the first of its
kind for clofazimine.

As a Biopharmaceutics Classification System (BCS)
Class II drug, clofazimine is expected to have solubility
rate-limited absorption. Therefore, pathophysiological
changes that impact the solubility of the drug may lead to
changes in clofazimine bioavailability. Examples of such

TABLE 3 Base and final population PK model parameter estimates for clofazimine and bootstrap validation (n=1000).

Base Model Final Model Bootstrap
Estimate RSE (%) Shrinkage  Estimate RSE (%) Shrinkage Mean 95% CI
Parameter
k, (1/h) 0.601 38.8 0.625 21.0 0.671 0.330to 1.25
Tiag (h) 1.83 3.02 1.83 2.82 1.83 1.72to 1.91
F 1 (fixed) 1 (fixed) 1 (fixed)
CL/F (L/h) 7.85 31.9 3.71 10.0 3.72 2.89 to 4.59
V/F (L) 993 30.5 473 10.7 477 350 to 639
Q/F (L/h) 39.5 27.3 18.2 13.2 18.4 13.1 to 24.6
V2/F (L) 7416 234 3434 8.07 3424 2685 to 4354
Between-subject variability
IIV on V/F (%) 15.2 82.3 0.661 3.46 15.1 0.915 3.48 3.05 to 3.90
IV on Q/F (%) 45.0 80.8 0.228 45.0 32.4 0.214 42.7 19.1 to 74.4
IIV on k, (%) 161 42.7 0.103 149 28.4 0.105 143 73.8 to 303
IIV on F (%) 137 26.0 0.0308 37.5 35.1 0.151 33.7 9.21 to0 49.2
Interoccasion 35.7 38.4 0.502 36.8 32.8 0.478 37.0 21.9to054.3
variability on
F (%)
Covariate effect
Overall max —1.80 11.2 —1.80 —2.25to
diarrhea -1.35
grade=1
Overall max —3.08 3.55 —3.08 —3.38to
diarrhea -2.75
grade=2
Residual unexplained variability (Additive + Multiplicative model)
c 0.00273 47.9 0.129 0.00268 42.0 0.125 0.00269 0.00100 to
0.00532

Abbreviations: CI, confidence interval; CL, systemic clearance; IV, interindividual variability; k,, absorption rate constant; max, maximum; Q,
intercompartment clearance; RSE, residual standard error; Ty,, lag time; V, central compartment volume of distribution; V2, peripheral compartment volume
of distribution; o, an estimate of residual unexplained variability in the plasma concentrations.
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pathophysiological changes include altered composition
of GI fluids, luminal fluid volume, and gut pH.2’6’31’32
Accelerated small bowel transit has been reported for
HIV-infected subjects with cryptosporidiosis-associated
diarrhea.’ Although a reduction in GI transit time does
not directly impact the dissolution process, it leads to
less available time for drug dissolution and absorption
to take place, potentially resulting in decreased clofazi-
mine bioavailability. Another factor that might have been
responsible for the estimated diarrhea impact on clofazi-
mine bioavailability is a change in luminal fluid volume,
which can affect both drug dissolution and drug perme-
ation through impacting the drug concentration gradient
between the GI lumen and the enterocytes and affecting
the thickness and composition of the mucus layer lining
the luminal surface. The exact mechanism of how clofaz-
imine bioavailability is impacted, whether a single factor
is responsible or if a concerted effort is at play, remains to
be elucidated. Mechanistic modeling approaches such as
the implementation of physiologically-based PK (PBPK)
modeling may help address this question.® A thorough
understanding of cryptosporidiosis disease physiology is
also critical for future investigations of the mechanisms
behind the diarrhea impact discovered by our current
study. Furthermore, mechanistic knowledge is key to
making correct dosing decisions across different popula-
tions, particularly for drugs such as clofazimine, which
may have nonlinear PK at doses higher than what is cur-
rently administered clinically, as suggested by a dose-
ranging mouse study.?! For these drugs, simply increasing
the dose by the same extent by which bioavailability is
impacted by disease-associated covariate(s) may not pro-
duce the same targeted drug exposure because bioavail-
ability depends on both physicochemical properties of
the drugs as well as physiological parameters of the tar-
get population. The solubility limitation for BCS Class II
drugs may lead to incomplete dissolution and decreased
F at high doses, resulting in a less-than-proportional in-
crease in exposure with increasing dose. Therefore, ad-
ditional modeling approaches that can account for the
interaction between drug-specific parameters and system
parameters, such as PBPK modeling, should be used to
inform dose predictions.

In conclusion, maximum diarrhea grade over the du-
ration of clofazimine administration was significantly
associated with over sixfold reduction in clofazimine oral
bioavailability in HIV-infected adults. This quantitative
knowledge is crucial for making correct dosing decisions
and may contribute to shaping clinical practices. For in-
stance, alternative treatment options to oral clofazimine
may need to be considered for HIV-infected adults ex-
periencing diarrhea. Our finding also draws attention
to studying how diarrhea impacts the PK of other oral

therapeutics in other disease areas. Because drug proper-
ties and physiological parameters may both be involved in
causing a diarrhea impact on oral drug PK, the magnitude
of the impact is likely disease specific and drug specific.
Therefore, additional studies are needed to identify dis-
eases and drugs that are particularly prone to variability
associated with diarrhea. We hope that our findings will
inspire future studies of diarrhea impact on oral drug
PK and pave the way to informing drug dosing consid-
erations that would expand to benefit additional patient
populations.
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