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ABSTRACT Infection with Cryptosporidium spp. can cause severe diarrhea, leading
to long-term adverse impacts and even death in malnourished children and immu-
nocompromised patients. The only FDA-approved drug for treating cryptosporidiosis,
nitazoxanide, has limited efficacy in the populations impacted the most by the diar-
rheal disease, and safe, effective treatment options are urgently needed. Initially
identified by a large-scale phenotypic screening campaign, the antimycobacterial
therapeutic clofazimine demonstrated great promise in both in vitro and in vivo pre-
clinical models of Cryptosporidium infection. Unfortunately, a phase 2a clinical trial in
HIV-infected adults with cryptosporidiosis did not identify any clofazimine treatment
effect on Cryptosporidium infection burden or clinical outcomes. To explore whether
clofazimine’s lack of efficacy in the phase 2a trial may have been due to subthera-
peutic clofazimine concentrations, a pharmacokinetic/pharmacodynamic modeling
approach was undertaken to determine the relationship between clofazimine in vivo
concentrations and treatment effects in multiple preclinical infection models.
Exposure-response relationships were characterized using E,., and logistic models,
which allowed predictions of efficacious clofazimine concentrations for the control
and reduction of disease burden. After establishing exposure-response relationships
for clofazimine treatment of Cryptosporidium infection in our preclinical model stud-
ies, it was unmistakable that the clofazimine levels observed in the phase 2a study
participants were well below concentrations associated with anti-Cryptosporidium ef-
ficacy. Thus, despite a dosing regimen above the highest doses recommended for
mycobacterial therapy, it is very likely the lack of treatment effect in the phase 2a
trial was at least partially due to clofazimine concentrations below those required for
efficacy against cryptosporidiosis. It is unlikely that clofazimine will provide a remedy
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recurrent or chronic diarrhea in children and immunocompromised individuals and can
lead to death in severe cases (1, 2). Cryptosporidiosis is also highly associated with long-
term adverse impacts, including growth stunting, poor physical fitness, and poor cogni-
tive development when infections occur at a young age, even when the infections are
asymptomatic (3-7). A reanalysis of the Global Enteric Multicenter Study (GEMS) revealed
that Cryptosporidium was one of the top six pathogens responsible for moderate to
severe diarrhea in children younger than 5 years in Africa and Asia (8). For children under
the age of 1 year, Cryptosporidium was the third most common cause of moderate to
severe diarrhea, ranking higher than Shigella, norovirus, and Salmonella. Due to under-
diagnosis and underappreciation of the disease, the true global burden of cryptospori-
diosis is not known. The pervasive impact of cryptosporidiosis was illustrated by The
Global Burden of Disease 2016 study, which estimated that over 44.8 million episodes of
diarrhea and 48,000 deaths globally can be attributed to cryptosporidiosis annually (9).
Cryptosporidium infections, while exerting the most detrimental effects in underre-
sourced countries, are also common in high-income countries. Due to the parasite’s
highly infectious nature and its resistance to water chlorination, it is a leading cause of
waterborne disease in the United States (10-15).

As a historically neglected disease, cryptosporidiosis has only one drug, nitazoxa-
nide, approved for treatment by the U.S. Food and Drug Administration (FDA). While
nitazoxanide is effective in treating otherwise healthy adults, with parasite clearance
reported in up to 93% of treated subjects (compared to 37% with placebo treatment)
(16), its efficacy is greatly compromised in malnourished children, in whom the response
rate dropped to only 56% following nitazoxanide treatment, compared to 23% with pla-
cebo control (17). No significant treatment benefit was observed when nitazoxanide was
compared to placebo in Zambian children living with HIV (17, 18), supporting the belief
that the efficacy of nitazoxanide is heavily dependent on the competency of infected
individuals’ immune systems. Unfortunately, immunocompromised individuals and mal-
nourished children, who may not benefit from nitazoxanide treatment, are those who are
most vulnerable and suffer the most severe consequences of Cryptosporidium infection.
Therefore, there is an urgent need for an effective and safe treatment that can be used to
treat malnourished children and the immunocompromised. A traditional approach for
drug discovery in cryptosporidiosis would require screening against large collections of
small molecules, and any hits would most likely need extensive optimization to improve
safety, pharmacokinetics, and/or potency. While there are many promising, novel treat-
ments in development, it is not clear if/when any of these new therapeutic candidates will
be available in the clinic. Drug repurposing provides an alternative approach to crypto-
sporidiosis drug development, and repurposing candidates will often already have estab-
lished safety, toxicity, and pharmacokinetic data (19, 20). Thus, drug repurposing can facili-
tate the delivery of new therapeutic interventions to the clinic by reducing the time and
resources required for development.

Through an unprecedented phenotypic screening campaign by the California
Institute for Biomedical Research (Calibr), ~80,000 compounds were screened in vitro
against Cryptosporidium, and it was observed that the antimycobacterial clofazimine
was active against both Cryptosporidium parvum and Cryptosporidium hominis (21).
Clofazimine is an FDA-approved antimicrobial agent for the treatment of lepromatous
leprosy (22, 23), and the therapeutic demonstrated in vivo efficacy in a preclinical
mouse model of Cryptosporidium infection (21). Nevertheless, when a phase 2a clinical
trial conducted in HIV-infected adults investigated clofazimine as a potential treatment
of cryptosporidiosis, clofazimine treatment did not result in improved microbiological
or clinical outcomes compared to placebo (24). The lack of treatment effect was
observed with a clofazimine dosing regimen exceeding the daily recommended dos-
age and was the maximum given in clinical practice. In an effort to determine whether
higher clofazimine concentrations in the phase 2a trial may have led to a favorable
therapeutic response, we undertook a pharmacokinetic/pharmacodynamic (PK/PD)
modeling approach informed by previously unpublished preclinical in vivo studies to
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TABLE 1 Clofazimine pharmacokinetics in mice after a single oral dose®

AUC (h-ng/mL)

Dose Ciax

(mg/kg) t;,(h) (ng/mL) T__ () 0-24h 0-240h O-infinity CL/F (mL/min/kg)
0.03 ND 10 3 174 465 ND 0.9
0.1 70 22 8 401 1,446 1,580 1.1
0.3 86 52 1 973 3,781 4,465 1.1

1 87 99 8 2,082 10,123 11,887 14
3 106 168 3 3,265 16,841 20,794 2.4
10 120 342 8 7,420 38,771 53,161 3.1
30 106 626 8 14,053 74,933 96,592 52
100 183 1,550 3 26,997 139,253 228,440 7.3
300 118 2,153 3 44,914 248,866 338,831 14.8

aND, values were not provided because only two time points were available to calculate t,,, and AUC__ for the
0.03-mg/kg dose group. t, ,, half-life; C .., maximum concentration of drug in plasma concentration; T, time
to C,,,. CL, clearance.

ax!

max’

develop exposure-response relationships for clofazimine treatment of Cryptosporidium
infection.

RESULTS

Clofazimine pharmacokinetics and efficacy in mice. When administered orally to
mice as single doses ranging from 0.03 mg/kg of body weight to 300 mg/kg, clofazi-
mine was observed to have nonlinear kinetics (Table 1). While the reason for the nonli-
nearity is unclear, the less-than-proportional increase in exposure with increasing dose
may reflect a reduction in gastrointestinal absorption (i.e., lower oral bioavailability)
due to its poor aqueous solubility.

The efficacy of clofazimine in a mouse model of Cryptosporidium infection was dose de-
pendent. In the mouse efficacy study, a single, oral dose of clofazimine ranging from
0.03 mg/kg to 300 mg/kg was administered 4 days after oral inoculation with 5 x 10° C.
parvum oocysts/mouse (n = 4/group) and oocyst shedding was measured daily up to
10 days after treatment initiation. It was observed that while oocyst counts declined over
time for all treatments, a dose-dependent difference in the rate and onset of decline existed
over the first 2 days posttreatment (Fig. 1A). The results, when summarized by dose group,
demonstrated that a reduction in oocyst shedding rate between day 4 and day 6 postinfec-
tion was absent for clofazimine doses lower than 3 mg/kg but started to manifest at clofazi-
mine doses of =3 mg/kg (Fig. 1B). The reduction in oocyst shedding rate appeared to
increase with increasing clofazimine dose and was the greatest at the highest dose,
300 mg/kg. When fitted with an E.., model (Fig. 1C equation 1 [see Materials and
Methods]), which describes the relationship between average clofazimine concentration
over the 24 h posttreatment and the rate of oocyst reduction, it was estimated that E, was
—0.670 log(oocysts)/mg feces/day, E..., was 3.46 log(oocysts)/mg feces/day, the Hill coeffi-
cient was 1, and the 50% effective concentration (ECs,) was 316 ng/ml with a 95% confi-
dence interval of 205 to 480 ng/ml. These estimates were used to calculate an ECy, of
2,770 ng/ml with a 95% confidence interval of 1,840 to 4,320 ng/ml (i.e,, an average concen-
tration from 0 to 24 h [Cavg,_,,] associated with 90% of maximum reduction in oocyst shed-
ding rate).

In addition to changes in oocyst shedding rate in the initial 2 days after clofazimine
administration, a dichotomous variable was designed where “success” was defined as
achieving a 90% reduction in oocyst counts by comparing day 6 oocyst shedding num-
bers to the baseline oocyst count on day 4 postinfection. A logistic model was devel-
oped to characterize the relationship between success and clofazimine Cavg,_,, (Fig. 1D;
equation 2). Based on this logistic model, the ECs,, which is the concentration at which
there is a 0.50 probability of achieving success, was estimated to be 394 ng/ml and the
EC,, to be 589 ng/ml.

A time-to-event outcome variable was also used to identify differences in efficacy
between clofazimine treatment groups. A success event was designated as a 90%

January 2022 Volume 66 Issue 1 e01560-21

Antimicrobial Agents and Chemotherapy

aacasm.org 3


https://aac.asm.org

Zhang et al. Antimicrobial Agents and Chemotherapy

A B
i ==
, 1000 - T 5 .
8 °
(]
£ 100 8
= ]
£ = 1
@ 10 g :
2 £
@ = EF
8 1 2, . N
| >
o CFZ treatment : 8 *
: 2. =+ .
0.1 | o)) S
0 2 4 6 8 10 12 14 S
Time post infection (day) .
Dose — 0 01— 1 - 10 — 100 0 003 01 03 1 3 10 30 100 300
—0.03 — 03— 3 — 30 — 300 CFZ dose (mg/kg)
Cc D

- N

o
<10% of baseline oocyst
by Day 6

Log (oocyst) / mg feces / day

o O
) o B

'
=N

0 500 1000 1500 10

0 100 1,000
CFZ Cavg 0-24 hr (ng/mL) CFZ Cavg 0-24 hr (ng/mL)

m
M

=y
(=
N
(=

ECso

oo
.

o

(day post treatment)
"

N

2 Do
o e ——

Time to 90% oocyst reduction
(day post treatment)
Time to 90% oocyst reduction

0 003 01 03 1 3 10 30 100 300 0 500 1000 1500

0
CFZ dose (mg/kg) CFZ Cavg 0-24 hr (ng/mL)

FIG 1 Clofazimine in vivo efficacy in mouse model of Cryptosporidium infection. (A) Mean oocyst shedding profile for each
clofazimine treatment group plotted over time. A single clofazimine oral dose of various amounts was administered 4 days after
oral inoculation with C. parvum. Each dose group contained four mice, and the fecal oocyst concentration for each mouse was
quantified by flow cytometry. (B) Rate of reduction in log-transformed fecal oocyst concentration from day 4 to day 6
postinfection, summarized by dose group. The tops and bottoms of the boxes are the 75th and 25th percentiles, respectively,
and the center line is the median. The whiskers indicate the range of data distribution that are within 1.5-fold of the interquartile
range (IQR). Points that lie out of the reach of the whiskers are outliers by the 1.5 IQR rule. (C) A simple E,,,, model (black solid
line) with 90% confidence interval (gray shaded area) was fitted to describe the relationship between average clofazimine
concentration over the 24 h postdosing (Cavg,_,,) and the rate of oocyst reduction, with the model-predicted EC;, marked by the
red dashed line. A dichotomous approach was also taken, with an event (“1”) being defined as having less than 10% of baseline
oocyst load on day 6 postinfection. (D) Logistic regression model (blue solid line) with 90% confidence interval (gray shaded
area), with the model predicted EC,, indicated by the red dashed line. (E and F) Last, a time-to-event outcome variable approach
was employed. The number of days each mouse took to reach a 90% reduction in oocyst burden compared to the baseline
oocyst concentration is summarized by dose group (E) or compared to Cavg,_,, (F). The box plots in panel E were generated in
the same fashion as those in panel B. A simple E,.,, model (black solid line) with 90% confidence interval (gray shaded area) was
built to describe the correlation between the number of days and clofazimine Cavg,_,, (F). The red dashed line represents EC,.

reduction in oocyst infection burden by comparing oocyst shedding counts on each
day to the baseline oocyst count at treatment initiation, similar to the dichotomous
outcome approach. However, instead of focusing on whether success was achieved by
a certain time point, the time-to-event variable evaluated how quickly success was
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achieved. At lower doses, success in oocyst shedding (i.e, success) was generally
achieved around 6 days posttreatment (Fig. 1E). However, at higher doses of 30 mg/kg,
100 mg/kg, and 300 mg/kg, success was observed as early as 1 day posttreatment. The
median number of days mice in these dose groups needed to achieve success was
1 day. The data were fitted with an E,,,, model to describe the relationship between
time to success and Cavg,.,, (Fig. 1F; equation 3). The curve illustrates that with
increasing clofazimine concentrations, the time needed to achieve a 90% reduction in
oocyst shedding was reduced. E, was set to 6.50 days posttreatment, and E,,,, was
fixed at —5.50 days posttreatment. The Hill coefficient was estimated to be 1, EC,, was
227 ng/ml, and EC,, was 2,040 ng/ml.

Clofazimine pharmacokinetics and efficacy in calves. The microbiological and
clinical efficacy of clofazimine treatment was characterized in an established calf model
of cryptosporidiosis. Clofazimine concentrations observed with 30 mg/kg clofazimine
twice a day (BID) for 5 days for the 6 calves in the treatment group are plotted in
Fig. 2A. The mean = standard deviation (SD) clofazimine concentrations over the initial
24 h (Cavgy.,,) and from 96 to 108 h after treatment initiation (Cavges_,0s) Were
500 = 248 ng/ml and 1,330 = 605 ng/ml, respectively. Daily oocyst shedding counts
for calves in the treatment and control groups demonstrated that the mean oocyst
counts for the treatment group tended to be lower than those of the control group for
the duration of the study (Fig. 2B), although the differences were not statistically signif-
icant with the single dosing regimen tested and the number of calves involved in this
study. Clinical endpoints other than oocyst counts were also collected, including daily
fecal volume, fecal consistency score, clinical evaluation score, and daily urine volume.
The profiles of these endpoints in the treatment group and the control group animals
are summarized in Fig. 2C to F. Daily fecal volume and fecal consistency scores are indi-
cators of the severity of diarrhea. While the mean daily fecal volume profiles were not
different between the control and the treatment groups, the mean fecal consistency
score profiles suggested that the treatment group animals tended to have less severe
diarrhea than the control group animals (Fig. 2C and D). The mean daily urine volume
profile showed that the treatment group calves tended to produce more urine than
the control group calves (Fig. 2E), with the difference being significant on days 3 and 4
postinfection (within 2 days after treatment initiation). Thus, there were fewer signs of
dehydration in the treatment calves. The clinical evaluation score summarizes clinical
symptoms, general health observations, presence or absence of diarrhea, and fecal
consistency, where a lower score represents better clinical outcome. The mean clinical
evaluation score profile for the two groups suggested that the treatment group tended
to have lower clinical scores and thus better clinical outcomes (Fig. 2F). The clinical
scores were significantly better for the treatment group than the control group on
days 3 and 7 postinfection.

To better evaluate the effect of clofazimine quantitatively, additional modeling
approaches were undertaken. Linear regression models were employed to examine
the relationship between PD outcomes, including oocyst count area under the curve
from 24 to 192 h (AUC,,_,s,), fecal volume AUGC,,_,q,, fecal consistency score AUC,_;s,,
urine volume AUC,,_,,,, and clinical evaluation score AUC,,_,4,, and the exposure varia-
bles clofazimine Cavg,_,, and clofazimine Cavgeg_10s. The results are summarized in
Table 2 and Fig. 3A and B. While clofazimine Cavg,_,, was significantly and inversely
associated with oocyst count AUC,,_;4, (P = 0.01), clofazimine Cavges_ ;05 Was not sig-
nificantly associated with oocyst count AUC,, ;4, (P = 0.24). There was a significant,
negative correlation between fecal consistency score and clofazimine Cavg, ., and
Cavggs_ 105 (P = 0.05). The clinical evaluation score AUC,,_;,, and clofazimine Cavgeg_;0s
was also negatively correlated and statistically significant (P = 0.05). However, while
fecal volume AUGC,, 4, and urine volume AUGC,, ,5, may be negatively and positively
correlated with clofazimine average concentrations AUC,_,s,, respectively, statistical
significance was not achieved with the data collected in this experiment. Last, for easy
visual comparison, box plots were used to summarize the four additional clinical
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FIG 2 Clofazimine pharmacokinetics and pharmacodynamics in a calf model of cryptosporidiosis. Clofazimine was administered to
calves with a dosing regimen of 30 mg/kg twice daily over 5 days for a total of 10 doses. (A) Up to 15 blood samples were
collected from each calf (n = 6) over time, and mean and individual clofazimine concentrations were plotted. (B) Stool samples
were collected every 24 h starting on day 3 postinfection for clofazimine- and vehicle control-treated calves, and fecal oocyst
counts were quantified by real-time PCR. Mean and individual oocyst counts are plotted over time. (C to F) Other
pharmacodynamic outcomes, including fecal volume (C), fecal consistency score (D), urine volume (E), and clinical evaluation
score (F) were recorded daily and are shown as individual values and means (standard deviations are indicated by error bars). An
asterisk indicates days on which the treatment group and the control group differed significantly (P = 0.05) at the collection
endpoint.

endpoints by treatment groups (Fig. 3C). Although the clofazimine treatment group
appears to have better outcomes for all four PD endpoints, the difference was not stat-
istically significant after Bonferroni correction (Fig. 3C).

Clofazimine phase 2a trial pharmacokinetics and efficacy. As previously
reported, a phase 2a trial demonstrated that clofazimine treatment failed to improve
cryptosporidiosis microbiological or clinical outcomes in a population of HIV infected
adults (24). A high level of variability was observed in clofazimine concentrations
among the 12 subjects who were randomized to receive treatment (Fig. 4A). Of the 12
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TABLE 2 Calf study linear regression model estimates

Outcome variable Mean clofazimine concn (ng/mL) Estimate P R?
Oocyst count AUC,, 4, Cavgg.sa —0.00603 0.00570* 0.101
CavQos 108 —0.00267 0243  0.134
Fecal vol AUG,,_,o, Cavgy_,a —8.072 0292 0.122
Cavsg_108 —4.60 0.103  0.268
Fecal consistency score AUC, o,  Cavg, ,, —0.00966 0.0359* 0.403
Cavgos 108 —0.00481 0.00203* 0.671
Urine vol AUC,,_;, Cavg, 5, 10.80 0.224 0.160
Cavggs 108 5.73 0.0798  0.302
Clinical evaluation score AUC,, o, Cavg, . —0.154  0.0762  0.308
CavQog. 108 —0.00722 0.0228* 0.455

apP values that reached statistical significance defined by an « value of =0.05 are marked with asterisks.

participants, 10 weighed less than 50 kg at study enrollment and thus received 50 mg
clofazimine three times a day (TID), whereas only 2 weighed over 50 kg and received
100 mg clofazimine TID. Therefore, clofazimine Cavg, ,, and Cavgee ;05 Were calculated
from 10 participants and 2 participants for 50-mg-TID and 100-mg-TID doses, respec-
tively (Table 3). Due to the high level of observed variability in pharmacokinetics and the
limited number of subjects available, especially for the 100-mg-TID clofazimine dosing
regimen, there was considerable uncertainty in the mean estimates. Furthermore, one
participant receiving 50 mg TID clofazimine treatment had relatively high levels of clofa-
zimine in their plasma (Fig. 4A). The extreme levels of clofazimine observed with the
participant further contributed to the uncertainties in mean clofazimine Cavg estimates.
The Cavgy,, * SD for the 10 subjects receiving 50 mg of clofazimine TID was
63.0 = 79.4 ng/ml, and the Cavg,_,, = SD for the 2 subjects receiving 100 mg of clofazi-
mine TID was 50.1 £ 453 ng/ml (Table 3). Cavges 05 = SD was estimated to be
233 = 340 ng/ml and 182.0 = 60.0 ng/ml for the 50-mg-TID and 100-mg-TID groups,
respectively (Table 3).

To compare daily oocyst shedding between treatment and placebo groups, the
mean and SD of daily oocyst shedding counts in the first stool collected in the morning
were determined and plotted for the two groups (Fig. 4B). No apparent effect of clofazi-
mine treatment on lowering oocyst shedding counts was observed. Similarly, no correla-
tion was clearly seen when the rate of reduction in oocyst shedding counts was com-
pared to clofazimine Cavg,_,, (Fig. 4C) or Cavgeg_;0s (See the supplemental material). A
time-to-event approach was also taken to explore potential clofazimine treatment
effects. Defining 90% oocyst shedding count reduction as the success event, the amount
of time taken to achieve success was plotted against clofazimine Cavg,_,, (Fig. 4D) or
Cavges 105 (se€ the supplemental material). No significant correlation between the con-
centration and response variables was detected (Table 4). Although the trend between
clofazimine exposure and time to success appears to be negative, where increasing clo-
fazimine seems to be associated with less time to achieve 90% reduction in oocyst shed-
ding counts, it is mostly driven by two subjects with high clofazimine exposure. The lack
of varying clofazimine doses and large exposure range is a great limitation of the analy-
ses. A Kaplan-Meier curve was used as an alternative approach to detect potential differ-
ences in the amount of time taken to achieve 90% oocyst shedding count reduction
between treatment and placebo groups (Fig. 4E). However, no significant difference was
found, as shown by the log rank test (P = 0.47).

DISCUSSION

Despite the observed efficacy in preclinical models of cryptosporidiosis, clofazimine
administration failed to reduce the parasitic excretion in cryptosporidiosis in a phase 2a trial
(24). Our PK/PD modeling approach described in this paper addresses the critical question of
whether subtherapeutic clofazimine concentrations for cryptosporidiosis therapy contrib-
uted to the lack of clinical and microbiological efficacy against cryptosporidiosis.
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FIG 3 Relationship between clofazimine treatment and pharmacodynamic outcomes in calves. The oocyst count area under the
curve (AUCQ) for the duration of the study was calculated for each calf. The association between oocyst count AUC,, ,,, and average
clofazimine concentrations, Cavg,_,, (A) and Cavgy,_ ;0 (B), were investigated using a simple linear regression model, and the results
are summarized in Table 2. Clinical outcome AUCs were also calculated for the duration of the study and compared between the
treatment and control groups (C). The differences between the groups were not statistically significant after Bonferroni correction
adjusting for multiple comparison. The top and bottom bars of the boxes represent the 75th and 25th percentiles, respectively, and
the center lines mark the medians. The whiskers extend to the most extreme data point that is within 1.5 times the IQR away from
the box. Points that fall beyond the end of the whiskers are outliers as defined by the 1.5 IQR rule.

Through oocyst shedding profiles observed in mice after clofazimine treatment, there was
a clear dose-dependent decline in oocyst shedding within 2 days of clofazimine oral adminis-
tration (Fig. TA). The mouse model of Cryptosporidium infection used in our studies does not
exhibit clinical signs of cryptosporidiosis (e.g., loose stool), so outcomes were limited to micro-
biological responses to treatment. Oocyst shedding decreased over time for all dose groups,
but the magnitude and onset of the decrease in infection were dependent on the dose, with
doses of =3 mg/kg required for an oocyst reduction rate greater than that of the control.
While this promising result supported a dose-response relationship for clofazimine treatment
of Cryptosporidium infection in mice, ideally the response to clofazimine treatment will also be
associated with therapeutic concentrations (i.e, exposure-response relationship), which can
provide further guidance for dose selection in studies in larger animals and clinical trials.
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FIG 4 Clofazimine pharmacokinetics and pharmacodynamics in phase 2a clinical trial. HIV-infected adults with cryptosporidiosis
were administered clofazimine with a dosing regimen of 100 mg 3 times daily for participants who weighed =50 kg (n = 2
participants) or 50 mg 3 times daily for participants who weighed <50 kg (n = 10 participants) for a duration of 5 days. (A) Mean
and individual clofazimine concentrations plotted over time. (B) Stool samples were collected and assessed three times a day, and
oocyst shedding was quantified using qPCR. Mean daily oocyst shedding in the first stool was compared between clofazimine
treatment group and the control group. (C) For each participant, the rate of reduction in daily oocyst shedding was calculated for
the first 3 days of clofazimine treatment, with the result plotted against observed clofazimine Cavg,_,, to reveal a potential
correlation between oocyst excretion rates and clofazimine concentrations. The dashed line marks no change in oocyst shedding
rate. No correlation was clearly seen comparing the rate of reduction in oocyst shedding rates to clofazimine Cavg,_,,. (D) A time-
to-event approach was attempted, where the time to reach 90% oocyst reduction was compared to clofazimine Cavg, ,, and a
significant correlation was not identified. (E) A Kaplan-Meier survival curve was used to compare the probability of achieving 90%
reduction in oocyst count compared to the baseline count between clofazimine treatment group and the control group. A
success was defined by having less than 10% of baseline oocyst count, and no significant difference was found, as shown by the
log rank test (P = 0.47).
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TABLE 3 Observed clofazimine concentrations in calf and human studies compared to estimated target exposure levels based on EC,s and

EC,s established in mice

Antimicrobial Agents and Chemotherapy

Cavg, o, Cavgos 108
Study and dosage Mean (SD) (ng/mL) Observed/EC,, Observed/EC,, Mean (SD) (hg/mL) Observed/EC;, Observed/EC,,
Calf study (30 mg/kg BID, 5 days) 500 (248) 1.58 0.176 1330 (605) 0.468
Phase 2a study (humans)
50 mg TID, 5 days 63.0 (79.4) 0.199 0.0222 233 (340) 0.0820
100 mg TID, 5 days 50.1 (45.3) 0.159 0.0176 182 (60.0) 0.0641

Since clofazimine was observed to have nonlinear pharmacokinetics at the doses
used in the mouse efficacy study, the relationship between oocyst reduction and clofa-
zimine concentrations was explored with several models. The model estimates sug-
gested that a simple E,,,, model was adequate in describing the observed data, as the
E...x model line captured well the shape of the observed trend (equation 1; Fig. 1C).
Based on the E,,,, model, the estimated clofazimine concentrations that are associated
with achieving 50% and 90% of the maximum rate of reduction (ECs, and EC,,) were
estimated to be 316 ng/ml and 2,770 ng/ml, respectively.

In addition to the rate of oocyst reduction model, a second approach taken was to
use a dichotomous variable to define an outcome as either treatment success or failure
for the mouse data (equation 2). Here, the success threshold of reaching a parasite reduc-
tion by at least 90% of baseline has often been used to define parasitological success in
other parasitic infectious disease studies, such as clinical studies investigating malaria
treatments (25, 26). The assumption for this definition of “success” was that a 90% or
greater reduction in oocyst shedding 2 days after clofazimine treatment was the thresh-
old for clinically significant treatment success, whereas anything below 90% was insuffi-
cient. The logistic model developed to characterize the relationship between the dicho-
tomized outcomes (success/no success) and clofazimine Cavg, ,, again illustrated that
there was a clofazimine concentration-dependent increase in the probability of achieving
success (Fig. 1D). Furthermore, the predicted ECs, was 394 ng/ml, which was well aligned
with the ECs, predicted with the rate of oocyst reduction model (equation 1). It should be
noted the artificially introduced threshold of 90% and the inflexible nature of using a di-
chotomous outcome variable are two limitations of this approach. This dichotomous out-
come and logistic model approach does not distinguish between various degrees of “fail-
ure”; a case with 89% reduction in oocyst shedding was treated the same as one in which
there was an entire absence of reduction, or even a case where there was an increase in
oocyst shedding. This also partially explains why the logistic model-predicted EC,, of
589 ng/ml was much lower than the E., model-predicted EC,, of 2,770 ng/ml described
previously for the rate of oocyst reduction model. The black-and-white nature of the out-
come variable definition led to a sharp increase in P, the probability of achieving success.
However, these limitations do not take away the virtue of this approach. Importantly, this
approach provided a second layer of easily visualizable and appreciable evidence that
increasing clofazimine plasma concentration was correlated with increasing probability of
achieving successful reduction in oocyst shedding within 2 days posttreatment.

Last, a time-to-event outcome variable was employed to examine the mouse data
(equation 3). This approach recognizes that Cryptosporidium infection can be self-limiting
and that oocyst numbers may drop over time even without treatment. The clearance of

TABLE 4 Clinical trial linear regression model estimates

Outcome variable Clofazimine exposure (ng/mL) Estimate P R?

Time to >90% oocyst reduction Cavgg o4 —0.0110  0.228 0.129
CavQes 105 —0.00227 0.278 0.106

Rate of reduction in daily oocyst counts Cavg,_,, —0.00243 0.377 0.0715
Cavges 108 —0.000576 0.358 0.0773
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Cryptosporidium infection by the natural immune response was addressed by E, which
specifies that, on average, 6.50 days are needed to achieve 90% oocyst reduction without
any clofazimine treatment. The treatment effect of clofazimine evaluated was its ability to
induce and accelerate the elimination of oocysts in the feces. The E,,, model fit to the
time-to-event outcome variable and clofazimine Cavg,_, describes how increasing clofazi-
mine exposure decreased time to clear the infection by 90% until it reached the sum of E,
and E,..,, which is the least number of days needed to achieve success and set to 1 day
(Fig. 1F). From this E,,,, model, a clofazimine Cavg,_,, of 227 ng/ml was needed to reduce
the time to success by 50% of the maximum reduction possible and a Cavg,,, of
2,040 ng/ml is needed to reduce the time by 90%. This time-to-event approach further
supports clofazimine treatment effect on facilitating Cryptosporidium oocyst clearance.
However, it should be noted that this approach has its limitations. Because one mouse
was excluded from the analysis, as it never reached 90% reduction during the study, the
EC,, and EC,, calculated were conservative estimates, meaning that they were lower than
the real values had that mouse been followed until success was achieved. Sensitivity analy-
sis (not shown) was performed to ensure that the exclusion of the one mouse did not sig-
nificantly change the ECy, and ECgy, or impact our conclusion. Furthermore, as the esti-
mates were conservative, they would not compromise the validity of our analysis. While
this model is not perfect, it is adequate and effective for our use as a piece of supporting
evidence.

In addition to the mouse studies, an established calf model of cryptosporidiosis was
used to further investigate the in vivo efficacy of clofazimine. Unlike mice, the calf model
exhibits clinical symptoms of cryptosporidiosis which allowed us to explore whether clo-
fazimine treatment was associated with both microbiological and clinical outcomes.
Daily oocyst count profiles of the control and the treatment group suggested that calves
in the clofazimine treatment group had lower infection burden for the duration of the
study (Fig. 2B). While fecal volume did not differ much between the two groups (Fig. 20),
fecal consistency score tended to be lower for the treatment group, suggesting that the
treated calves produced more solid stool and had lower diarrhea severity (Fig. 2D). The
urine volume was generally greater and clinical evaluation score lower for the treatment
calves, indicating that treated calves were less dehydrated and had better overall health
than the control calves (Fig. 2E and F). However, most PD measurements except for fecal
consistency score were not collected the day of clofazimine treatment initiation but
instead starting 1 day after treatment initiation. Thus, baseline pretreatment values were
missing for these endpoints, and the rate of reduction in oocyst counts and percentage
reduction compared to baseline values could not be calculated in a manner analogous
to the mouse efficacy study. Instead, an AUC was calculated for each outcome measure
using all available data. The assumption for comparing the outcome AUCs between the
treatment and control groups was that these two groups were not inherently different
at baseline in disease severity and parasite burden. Although there is no definitive evi-
dence to eliminate all doubt around this assumption without baseline measurements,
these calves were infected with the same number of purified disinfected C. parvum
oocysts at the same age and treated in the same fashion for the duration of the study.
There is no reason to believe that the two groups would be different from each other.
Furthermore, fecal consistency scores, the only PD outcome that was collected at treat-
ment initiation, were very similar between the treatment and the control groups on day
2 postinfection. This supports the notion that the treatment and control calves were sim-
ilar in disease severity prior to clofazimine treatment and that differences observed
between the groups are most likely due to clofazimine treatment.

Using clofazimine pharmacokinetic data collected in tandem with efficacy data for
each calf, linear regression models were used to identify relationships between clofazi-
mine concentrations and microbiological and clinical outcomes. For this approach,
potential correlations were investigated between the clofazimine concentration varia-
bles Cavg,_,, and/or Cavges_;05 and PD outcomes, including oocyst count, fecal volume,
fecal consistency score, urine volume, and clinical evaluation scores (27). A significant
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association between clofazimine Cavg,_,, and oocyst count was identified (P = 0.01)
where an increasing average clofazimine concentration was associated with reduced
oocyst counts (Table 2). In addition, a significant, correlation was also found between
fecal consistency score (improved) and average clofazimine concentrations (P < 0.05)
(Table 2). Last, there was a statistically significant association between clinical evalua-
tion score and clofazimine Cavggs_;0s (P = 0.05), indicating that increasing average clo-
fazimine concentrations were correlated with reduced infection burden, less severe di-
arrhea, and better overall health (Table 2). When box plots were used to compare the
clinical outcomes by treatment groups, the clofazimine treated group tended to have
lower fecal volume, better fecal consistency, higher urine volume, and lower clinical
scores, all in favor of clofazimine treatment effect in alleviating diarrhea symptoms and
improving overall health. However, the differences between the groups were not stat-
istically significant when Bonferroni correction adjusting for multiple comparisons was
used (Fig. 3C). Overall, the calf study suggested that clofazimine treatment at 30 mg/
kg BID might have had some effect in reducing oocyst burden and improving clinical
outcomes in calves, but its effect was at best marginal and did not produce consistent
statistical significance. However, this lack of significance is likely attributable to a num-
ber of factors, including suboptimal clofazimine exposure, limited range in clofazimine
exposure due to testing only one dose regimen, and limited number of calves included
in this study. Using a model predicted ECq, of 2,770 ng/ml from the E,,,, oocyst reduc-
tion rate model generated with mouse data, it was calculated that the observed clofa-
zimine Cavg,_,, of 500 ng/ml and Cavges ;05 Of 1,330 ng/ml in calves were only 17.6%
and 46.8% of the estimated EC,,, respectively (Table 3). It is likely that doses higher
than 30 mg/kg would be needed to produce more pronounced treatment effects and/
or that more calves would be needed to increase the power of the study. The lack of
consistently significant treatment effects in the calf study does not prove that there
was no clofazimine treatment effect. Instead, this result might have been the product
of suboptimal clofazimine exposure and the study being underpowered due to feasi-
bility concerns inherent in using an outbred population of animals.

When clinical trial data of clofazimine pharmacokinetics in HIV infected adults with
cryptosporidiosis were characterized here, clofazimine concentrations were clearly lower
than those associated with efficacy in the preclinical disease models. When the clofazimine
efficacy and pharmacokinetic data observed in the clinical trial were reported previously,
there were no data available at the time to determine whether clofazimine concentrations
observed in the trial were analogous to those associated with efficacy in preclinical animal
models (24). Furthermore, given that the dosing regimen for the phase 2a trial was beyond
the recommended dosage for mycobacterial therapy, there were limited clinical data to
support clofazimine plasma levels expected in healthy individuals with the dosing regimen
and no data to support plasma concentrations expected in diarrheic humans. With the
preclinical data presented in this paper, it is now abundantly clear that clofazimine levels
in the phase 2a trial were well below those associated with efficacy in preclinical models
(Fig. 4A; Table 3). Thus, it is not surprising that the oocyst shedding profiles were very simi-
lar between the treatment and control group participants (Fig. 4B). When the rate of
reduction in oocyst shedding was calculated for the clinical data just as it was done for the
mouse efficacy study, there was no trend between the rates of reduction and average clo-
fazimine concentration on day 1 of treatment (Fig. 4C). Furthermore, linear regression
models and a time-to-event approach did not identify any significant associations
between microbiological responses and average clofazimine concentrations on days 1 or 5
of treatment (Table 4). A Kaplan-Meier curve was used to compare the number of days
taken after clofazimine treatment initiation to achieve 90% oocyst reduction between the
treatment and the control groups (Fig. 4E), and clofazimine treatment did not affect the
probability of achieving 90% oocyst reduction.

Although this complete lack of clinical efficacy may appear to conflict with the
promising preclinical in vivo model results, it is explainable once observed clofazimine
exposure levels in the trial are compared to the clofazimine concentrations associated
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with efficacy in preclinical models (Table 3). The observed clofazimine Cavg,_,, and
Cavges_q05 in the phase 2a trial participants were more than 80% below the estimated
ECqo. Therefore, it is likely that the clofazimine doses administered in the clinical trial,
which were greater than the highest approved doses to treat leprosy, were too low to
treat cryptosporidiosis. The model prediction and actual observation comparisons in
humans were made using the rate of oocyst reduction E,,,, model (equation 1) gener-
ated with mouse data, because this model rests on the smallest number of assump-
tions and does not involve an artificially defined dichotomous variable. Using the other
two models as references would not change our conclusion, as the observed average
clofazimine concentrations are still orders of magnitude below the model predicted
ECqyes. It should be noted that clofazimine has >99% plasma protein binding in mice
and humans, and we did not consider the impact of plasma protein binding in our
modeling approach (28, 29). Interestingly, the predicted, unbound ECys for the three
PK/PD models developed with mouse data were ~3 ng/ml, which is very similar to the
clofazimine ECs, of 7 ng/ml observed in an established in vitro HCT-8 coculture model
of infection (21).

Finally, it should be noted that the PK/PD relationships described in this paper are
informed by plasma drug levels that may not represent therapeutic concentrations at
the site of action (i.e., gastrointestinal tract). Our previous studies have established that
gastrointestinal therapeutic levels, not plasma levels, were associated with the efficacy
of bumped kinase inhibitors for treatment of Cryptosporidium infection in mice (30).
For clofazimine, metabolism and/or transport is not expected to impact therapeutic
absorption from the gastrointestinal tract, which would be modulated by clofazimine’s
solubility and permeability. Therefore, clofazimine observed in plasma would reflect
compound that went into solution in the intestinal lumen and likely transited through
the gastrointestinal epithelium by a transcellular pathway. Transcellular transit is im-
portant given the localization of Cryptosporidium spp. to intracellular but extracytosolic
parasitophorous vacuoles located beneath the apical plasma membrane of infected in-
testinal epithelial cells, as this localization suggests that therapeutic exposure within
intestinal epithelial cells is essential for therapeutic efficacy (30-33).

Moving forward, the results described here demonstrate clofazimine’s failure to
treat cryptosporidiosis in a phase 2a trial was most likely due to the concentrations
observed in the study participants being too low for treatment of cryptosporidiosis.
The dosage of clofazimine administered in the phase 2a trial was the maximum given
for leprosy in clinical practice, and an ~70-fold-higher dose would be required to
achieve an average clofazimine concentration value equal to the EC,y, determined in
mice (34). Not only would such a large dose increase present safety concerns, but also,
clofazimine has very poor solubility, and it should not be assumed that increasing the
dose of Lamprene, a gelatin capsule with a microcrystalline clofazimine suspension in
an oil-wax base, will generate therapeutic levels in humans associated with efficacy
against infection in preclinical in vivo models. To address challenges in improving clo-
fazimine absorption for treatment of cryptosporidiosis, clofazimine nanoparticle pow-
der formulations have been developed, but it is not clear whether these novel formula-
tions will generate clofazimine concentrations required for efficacy in humans (35). In
conclusion, unless alternative, safe clofazimine formulations with improved oral
absorption are developed, it is unlikely that clofazimine will provide a remedy for the
large number of cryptosporidiosis patients currently without a viable treatment option.

MATERIALS AND METHODS

Ethics statement. All in vivo studies were carried out in strict accordance with the recommendations
in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health (36). For the
mouse model studies, the protocol (513013) was approved by the Institutional Animal Care and Use
Committee of the University of California, San Diego, CA (Animal Welfare Assurance number A3033-01).
For the calf model study, the protocol (09-120) was approved by the Institutional Animal Care and Use
Committee of the University of Arizona, Tucson, AZ (Animal Welfare Assurance number A-3248-01). Calf
studies were performed in compliance with guidelines in the Animal Welfare Act and Guide for the Care
and Use of Agricultural Animals in Research and Teaching (37). The animal biosafety level 2 (ABSL-2)
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facilities used were fully accredited by the American Association for Laboratory Animal Care. All efforts
were made to minimize suffering of animals employed in these studies.

Clofazimine LC-MS/MS analysis. Clofazimine levels in mouse and calf plasma were determined by
liquid chromatography with tandem mass spectrometry (LC-MS/MS) using an Agilent 1100 (Agilent,
Santa Clara, CA) coupled with an AB Sciex API4000 (AB Sciex, Foster City, CA). A calibration curve was
generated in plasma of the study species. Calibration curves were generated with concentrations rang-
ing from 0.3 to 5,000 ng/mL. Two hundred fifty microliters of ice-cold acetonitrile was added to 20 uL of
calibration curve sample or pharmacokinetic sample. Samples were shaken for 10 min, followed by cen-
trifugation at 4,000 rpm for 20 min. Two hundred microliters of supernatant was removed from each
sample into a new plate, and 50 uL 0.1% formic acid in high-performance liquid chromatography
(HPLO)-grade water was added and mixed. Ten microliters of sample was injected for LC-MS/MS analysis.
A 50- by 2.0-mm Kinetex RP 5.0-um C,, column (Phenomenex, Torrance, CA) was used for analyte sepa-
ration with mobile phases A (water with 0.1% formic acid) and B (acetonitrile with 0.1% formic acid) at a
flow rate of 500 wL/min. The binary gradient was as follows: 10% B for 2 min, 10% B to 95% B for 2.0 to
3.5 min, 95% B for 3.5 to 5.5 min, 95% B to 10% B for 5.0 to 5.5 min, and 95% B for 5.50 to 7.0 min.
Clofazimine was quantified using electrospray ionization in positive ion mode with the 473.2-to-431.0
m/z transition. The source temperature was set at 450°C, curtain gas at 25, ion spray voltage at 3,000,
CAD gas at medium, entrance potential at 10, declustering potential at 121, and collision energy at 51.
For each species, samples were analyzed over the course of a single day, and the coefficient of variation
for calibration curve samples were all <15% with the exception of one concentration (5,000 ng/mL in
mouse plasma had a 23% coefficient of variation). For both the mouse and calf calibration curves, the R?
values were >0.95. The limit of detection (LOD) and lower limit of quantification (LLOQ) for clofazimine
in mouse plasma were 0.15 and 0.3 ng/mL, respectively. For the calf study, the LOD and LLOQ were 0.3
and 1.2 ng/mL, respectively. The human clinical trial samples were analyzed by Q2 solutions as previ-
ously described using an LC-MS/MS assay developed and validated according to FDA guidelines (24).

Mouse pharmacokinetic study. Eight-week-old male C57BL/6 mice were used to characterize the
pharmacokinetics of clofazimine after a single oral dose. Clofazimine (USP reference standard, Sigma-
Aldrich) doses of 0.03, 0.1, 0.3, 1, 3, 10, 30, 100, and 300 mg/kg were formulated in 0.5% methylcellulose
and 0.5% Tween-80 (MC-Tween) and dosed at 5 mL/kg. Each dose group contained 6 mice randomized
to 2 equal cohorts, where blood samples were collected at 0.5, 3, 8, and 120 h postdose for cohort 1 and
at 1, 8, 24, and 240 h postdose for cohort 2.

Mouse efficacy study. The mouse model used to characterize clofazimine pharmacodynamics has
been described in detail previously (21). Briefly, four- to five-week-old female C57BL/6 gamma inter-
feron-deficient (IFN-y /") mice were inoculated with 10° purified C. parvum oocysts (lowa strain) at a
density of 5 x 10° oocysts/mL in sterile water via oral gavage. Four days postinfection, clofazimine was
administered as a single oral dose to infected mice at 0.03, 0.1, 0.3, 1, 3, 10, 30, 100, and 300 mg/kg.
Each dose group contained four male mice. Mice were placed in isolation to allow collection of feces at
24-h intervals posttreatment for each mouse. Fecal pellets were weighed immediately after collection,
placed in 0.5 mL 2.5% potassium dichromate solution, and stored at 4°C until processing. Oocysts in
fecal samples were quantified using a Guava EasyCyte flow cytometer and CytoSoft data acquisition and
analysis software (v5.3; Guava Technologies, Inc.).

Calf pharmacokinetic and efficacy study. All calves were obtained from the same United States
Department of Agriculture (USDA)-licensed closed-herd dairy vendor. Calves were fed commercial colos-
trum replacer within 2 h after birth (bovine IgG colostrum replacement; Land O’Lakes, Shoreview, MN)
per label instructions. A total of 12 calves were used, with 6 randomly assigned by the Microsoft Excel
random number generation tool (Redmond, WA) to the treatment group and 6 to the control group.
Experiment personnel were blind to the treatment and control assignments during the course of the
study. All calves were housed in an ABSL-2 facility in separate containment rooms. Precautions and disin-
fection measures were taken for the deliveries and housing of these calves to prevent unintended
Cryptosporidium or other enteropathogen infection. The calves were fed antibiotic-free milk replacer
(Nutrena Snowflakes calf milk II-Utiliz milk replacer; Cargill Animal Nutrition, Minneapolis, MN) twice
daily from 12 h of age until termination of the experiment at day 10 postinfection. An oral electrolyte so-
lution (Re-Sorb; Pfizer) was supplemented once diarrhea developed in an animal.

At 36 to 48 h of age (study day 0), each calf was infected by oral inoculation of 5 x 107 purified disin-
fected C. parvum oocysts (lowa strain) (27). Starting at study day 2 (2 days postinfection), each calf in the
treatment group received 30 mg/kg clofazimine twice daily (BID) over 5 days for a total of 10 doses.
Clofazimine was dosed in MC-Tween with a total dose volume of 1T mL/kg. Control calves received only
MC-Tween. Over the 5-day dosing period, a total of 16 blood samples were collected to characterize clo-
fazimine pharmacokinetics. On study days 2 and 6, pharmacokinetic samples were collected immedi-
ately prior to the first dose of the day and 1, 2, 4, 12, 13, and 24 h postdose. In addition, predose pharma-
cokinetic samples were collected for doses 5 and 7. Stool samples were collected every 24 h starting on
study day 3. The total volume of feces excreted for successive 24-h collections was recorded. Total daily
oocyst counts for each calf were determined as previously described (27). Briefly, real-time quantitative
PCR was used to quantify C. parvum oocysts from feces collected over successive 24-h periods which
had been well mixed using a commercial blender to ensure sample uniformity. Calves were also
assigned numerical scores for the following variables twice daily: clinical symptoms, general health (will-
ingness to rise, stance, rectal temperature, appetite and food intake, attitude, and hydration status),
presence or absence of diarrhea, and fecal consistency (38). All calves with the exception of one control
calf were euthanized on study day 10. The control calf euthanized on study day 9 was withdrawn from
the study one day early due to bloating and severe diarrhea.
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Clofazimine phase 2A trial for treatment of cryptosporidiosis. The study design and outcomes
were described in detail previously (24). Briefly, the trial was a single-center, randomized, double-blind, pla-
cebo-controlled phase 2a trial conducted in Blantyre, Malawi (NCT number 03341767). HIV-infected adults
between 18 and 65 years of age, weighing over 35.4 kg, who had received antiretrovirals for at least 1
month, experienced at least 14 days of diarrhea, and tested positive for Cryptosporidium infection by gPCR
were eligible to enroll. Subjects were randomized 1:1 to receive oral clofazimine (n = 12) or placebo (n = 10).
The dosage of clofazimine (Lamprene formulation) was the maximum given in clinical practice, 100 mg three
times daily (TID) for participants who weighed =50 kg or 50 mg TID for participants who weighed <50 kg.
Participants were dosed with Lamprene or placebo for a total of 5 days. Approximately 30 min before each
clofazimine dose administration, subjects received Plumpy'Soy or Plumpy’Nut nutritional supplement.

Blood samples for pharmacokinetic measurements were collected on day 1 predose, at 2, 3, and 4 h
after the first dose, and immediately prior to the second and third doses. On days 2 and 3, blood draws
were taken immediately prior to each dose. On day 5, samples were taken immediately prior to each of
the three doses and 2, 3, and 4 h after the first dose. Clofazimine concentration assessment was per-
formed by Q2 Solutions (Ithaca, NY, USA) using liquid chromatography-tandem mass spectrometry (LC-
MS/MS). The assay methods used were validated according to U.S. Food and Drug Administration guide-
lines for quantification of clofazimine within the range of 1.0 ng/mL to 1,000 ng/mL in human plasma.
Stool samples were collected and assessed three times a day prior to each dose administration from day
1 to day 5 and once on day 6 prior to discharge. The presence of diarrhea and severity of diarrhea were
recorded. All Cryptosporidium shedding was quantified using qPCR.

Pharmacokinetic-pharmacodynamic modeling. For all in vivo studies, pharmacokinetic parameters
were initially estimated through noncompartmental analysis (NCA) using Phoenix WinNonlin version 8.3
(Certara, Princeton, NJ). To determine Cryptosporidium oocyst shedding rates for each subject, a linear
regression line was fitted to log-transformed daily oocyst shedding counts for the first 3 days beginning
at the day of clofazimine treatment initiation. To determine the percent reduction in oocyst shedding,
the oocyst count 2 days after initial treatment was divided by the baseline oocyst count on the day of
treatment initiation for each study subject, multiplied by 100, and subtracted from 100%.

To quantitatively evaluate the relationship between oocyst reduction rate and clofazimine dose in
mice, an £, model was fitted using mean clofazimine concentration for the first 24 h following treat-
ment administration (Cavg,_,,) at each dose determined from the mouse pharmacokinetic study and the
individual rate of oocyst reduction following clofazimine administration as calculated from the mouse ef-
ficacy study (equation 1).

Y
Emax X Cavgy_y,

RR =E; +
0 ECY, + Cavg) ,,

&)

where RR is the rate of reduction in daily oocyst shedding, E, is the rate of reduction observed in the ve-
hicle control group, 7 is the Hill coefficient, E,,, is the estimated maximum rate of reduction in daily
oocyst shedding, and EC,,, is the average clofazimine concentration at which half the maximum rate of
reduction in oocyst shedding can be achieved.

A dichotomous variable was also designed to explore the relationship between treatment success
and average clofazimine concentration. A success event was defined as achieving a =90% reduction in
oocyst count by comparing day 6 oocyst shedding numbers to the baseline oocyst count at treatment
initiation (day 4 postinfection). A logistic model was developed to describe the relationship between the
probability of success for each individual mouse in the efficacy study and the mean clofazimine concen-
tration Cavg,_,, for its corresponding dose group in the pharmacokinetic study (equation 2).

P
log<ﬁ> =By + B, x Cavg,_,, )

where P is the probability of achieving a success event (i.e,, the probability of achieving a =90% reduction in
oocyst count), EC,, is the average clofazimine concentration at which the probability of success is 0.50 and
can be estimated by substituting 0.50 for P in the equation, and 3, and S, are the intercept and slope of the
equation, respectively, describing how the logit function of p changes in response to changes in Cavg, ...

Last, a time-to-event outcome variable was adopted to study the relationship between average clo-
fazimine concentration and the time to achieve treatment success, defined as a =90% reduction in
oocyst counts compared to day 4 postinfection (day of treatment initiation). The number of days follow-
ing clofazimine administration each mouse took to achieve success was compared to the Cavg, ,, for its
corresponding dose group in the pharmacokinetic study. Since one mouse at the 0.1-mg/kg dose did
not achieve success by study termination, it was excluded from this analysis (n = 39). An E,,, model sim-
ilar to equation 1 was fitted to describe the relationship (equation 3).

k4
Enax X Cavgy_,,

TTE = Ey + —max X “8V80-24
ECY, + Cavg)_,,

(3)

where E, is the average number of days after treatment initiation to achieve success for the control
group, and this value was fixed at 6.50 days based on the observed data, £, is the largest possible
change in the number of days to achieve success due to a treatment effect and was set to —5.50 days,
TTE is the time to event (achieving =90% oocyst reduction) in days, y is the Hill coefficient, and EC,, is

the Cavg,_,, at which the time to success is reduced by half of the estimated maximum change possible.

January 2022 Volume 66 Issue 1 e01560-21

Antimicrobial Agents and Chemotherapy

aac.asm.org

15


https://aac.asm.org

Zhang et al.

By fixing E, and E, ... the lower bound of TTE was designated as 1 day. In other words, when the clofazi-
mine concentration is high enough to produce the maximum treatment effect, the least amount of time
required to achieve treatment success would be the sum of E, and E,,,, which is 1 day after clofazimine
treatment initiation. This would be the minimum duration possible and plausible given the daily sam-
pling schedule.

Since no baseline oocyst shedding data on study day 2 (day of clofazimine treatment initiation) were
collected in the calf study, the rate of reduction in oocyst shedding immediately following treatment ini-
tiation and percent reduction comparing daily oocyst counts to the predose baseline cannot be calcu-
lated as done for the mouse study. Instead, areas under the curves (AUCs) were calculated for oocyst
count, fecal volume, fecal consistency, urine volume, and clinical score for the entire duration for which
each outcome was assessed. The relationship between the pharmacodynamic (PD) endpoint and clofazi-
mine Cavg,_,, and Cavg,_,,s Was described by a linear regression model (equation 4).

PD endpoint = B, + B, x Cavg (4)

The outcome variables (PD endpoint) examined include oocyst count AUC,, 4, (from 24 to 192 h after
clofazimine initiation), fecal volume AUGC,, ,,, fecal consistency score AUC,_,,, urine volume AUGC,, ,,, and
clinical evaluation score AUGC,, ,o,. B, is the intercept of the equation and estimates the level of the PD
endpoint without clofazimine treatment. 3, is the slope, describing the direction and magnitude with which
a PD endpoint changes with changing clofazimine average concentration. The Cavg examined include
Cavg, 4 and Cavggs oz

Statistical analysis. Linear regression, logistic regression, and E,,,, models were used to model the

max

associations between outcome and clofazimine concentration variables. Kaplan-Meier curves and log-
rank tests were used for time-to-event comparisons. Bonferroni correction for multiple comparisons was
employed for comparing fecal volume, fecal consistency, urine volume, and clinical scores of the treat-
ment and control groups in the calf study. Statistical analyses were all carried out using R version 3.6.1
(5 July 2019).

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.1 MB.

ACKNOWLEDGMENTS

We thank Kevin Ackman, Karissa Pottorff, and Elizabeth Carranza for their excellent
technical assistance with the calf trial.

This work was supported by the Bill & Melinda Gates Foundation (OPP1172544,
OPP1160955, OPP1107194, and OPP1156296). The findings and conclusions are those
of the authors and do not necessarily reflect positions or policies of the Bill & Melinda
Gates Foundation.

CXZ,MSL,CWM,SJ, AKW, D.AS, MWR, P-Y.LT, and S.LM.A. participated in study
design. MSLL, AKW., V.C, D.P.B, and D.AS. were involved in specimen processing and
laboratory testing. CX.Z, MS.L, CW.M, S.J, AKW,, D.AS., MW.R, D.P.B, and S.LM.A. were
involved in data analysis and interpretation. C.X.Z. did the statistical analysis and prepared
the figures and tables. C.X.Z. wrote the first draft of the manuscript. All authors contributed
to the writing of the manuscript and approved the final version for submission.

REFERENCES
1. Amadi B, Kelly P, Mwiya M, Mulwazi E, Sianongo S, Changwe F, Thomson

Antimicrobial Agents and Chemotherapy

a poor urban community in northeast Brazil. Am J Trop Med Hyg 61:

M, Hachungula J, Watuka A, Walker-Smith J, Chintu C. 2001. Intestinal and
systemic infection, HIV, and mortality in Zambian children with persistent
diarrhea and malnutrition. J Pediatr Gastroenterol Nutr 32:550-554. https://
doi.org/10.1097/00005176-200105000-00011.

. Mor SM, Tzipori S. 2008. Cryptosporidiosis in children in Sub-Saharan
Africa: a lingering challenge. Clin Infect Dis 47:915-921. https://doi.org/10
.1086/591539.

. Khalil 1A, Troeger C, Rao PC, Blacker BF, Brown A, Brewer TG, Colombara DV,
De Hostos EL, Engmann C, Guerrant RL, Haque R, Houpt ER, Kang G, Korpe
PS, Kotloff KL, Lima AAM, Petri WA, Platts-Mills JA, Shoultz DA, Forouzanfar
MH, Hay SI, Reiner RC, Mokdad AH. 2018. Morbidity, mortality, and long-term
consequences associated with diarrhoea from Cryptosporidium infection in
children younger than 5 years: a meta-analyses study. Lancet Glob Health 6:
e758-e768. https://doi.org/10.1016/52214-109X(18)30283-3.

. Guerrant DI, Moore SR, Lima AA, Patrick PD, Schorling JB, Guerrant RL.
1999. Association of early childhood diarrhea and cryptosporidiosis with
impaired physical fitness and cognitive function four-seven years later in

January 2022 Volume 66 Issue 1 e01560-21

707-713. https://doi.org/10.4269/ajtmh.1999.61.707.

. Molbak K, Andersen M, Aaby P, Hojlyng N, Jakobsen M, Sodemann M, da

Silva AP. 1997. Cryptosporidium infection in infancy as a cause of malnu-
trition: a community study from Guinea-Bissau, west Africa. Am J Clin
Nutr 65:149-152. https://doi.org/10.1093/ajcn/65.1.149.

. Checkley W, Epstein LD, Gilman RH, Black RE, Cabrera L, Sterling CR. 1998.

Effects of Cryptosporidium parvum infection in Peruvian children: growth
faltering and subsequent catch-up growth. Am J Epidemiol 148:497-506.
https://doi.org/10.1093/oxfordjournals.aje.a009675.

. Checkley W, Gilman RH, Epstein LD, Suarez M, Diaz JF, Cabrera L, Black RE,

Sterling CR. 1997. Asymptomatic and symptomatic cryptosporidiosis:
their acute effect on weight gain in Peruvian children. Am J Epidemiol
145:156-163. https://doi.org/10.1093/oxfordjournals.aje.a009086.

. Liu J, Platts-Mills JA, Juma J, Kabir F, Nkeze J, Okoi C, Operario DJ, Uddin J,

Ahmed S, Alonso PL, Antonio M, Becker SM, Blackwelder WC, Breiman RF,
Faruque AS, Fields B, Gratz J, Haque R, Hossain A, Hossain MJ, Jarju S,
Qamar F, Igbal NT, Kwambana B, Mandomando I, McMurry TL, Ochieng C,

aacasm.org 16


https://doi.org/10.1097/00005176-200105000-00011
https://doi.org/10.1097/00005176-200105000-00011
https://doi.org/10.1086/591539
https://doi.org/10.1086/591539
https://doi.org/10.1016/S2214-109X(18)30283-3
https://doi.org/10.4269/ajtmh.1999.61.707
https://doi.org/10.1093/ajcn/65.1.149
https://doi.org/10.1093/oxfordjournals.aje.a009675
https://doi.org/10.1093/oxfordjournals.aje.a009086
https://aac.asm.org

Clofazimine Pharmacokinetics and Pharmacodynamics

20.

21.

22.

January 2022 Volume 66

Ochieng JB, Ochieng M, Onyango C, Panchalingam S, Kalam A, Aziz F,
Qureshi S, Ramamurthy T, Roberts JH, Saha D, Sow SO, Stroup SE, Sur D,
Tamboura B, Taniuchi M, Tennant SM, Toema D, Wu Y, Zaidi A, Nataro JP,
Kotloff KL, Levine MM, Houpt ER. 2016. Use of quantitative molecular
diagnostic methods to identify causes of diarrhoea in children: a reanaly-
sis of the GEMS case-control study. Lancet 388:1291-1301. https://doi
.org/10.1016/50140-6736(16)31529-X.

. Khalil IA, Troeger C, Blacker BF, Rao PC, Brown A, Atherly DE, Brewer TG,

Engmann CM, Houpt ER, Kang G, Kotloff KL, Levine MM, Luby SP,
MacLennan CA, Pan WK, Pavlinac PB, Platts-Mills JA, Qadri F, Riddle MS,
Ryan ET, Shoultz DA, Steele AD, Walson JL, Sanders JW, Mokdad AH,
Murray CJL, Hay SI, Reiner RC, Jr. 2018. Morbidity and mortality due to Shi-
gella and enterotoxigenic Escherichia coli diarrhoea: the Global Burden of
Disease Study 1990-2016. Lancet Infect Dis 18:1229-1240. https://doi
.org/10.1016/S1473-3099(18)30475-4.

. Adeyemo FE, Singh G, Reddy P, Bux F, Stenstrom TA. 2019. Efficiency of

chlorine and UV in the inactivation of Cryptosporidium and Giardia in
wastewater. PLoS One 14:e0216040. https://doi.org/10.1371/journal.pone
.0216040.

. Carpenter C, Fayer R, Trout J, Beach MJ. 1999. Chlorine disinfection of rec-

reational water for Cryptosporidium parvum. Emerg Infect Dis 5:579-584.
https://doi.org/10.3201/eid0504.990425.

. Peeters JE, Mazas EA, Masschelein WJ, Villacorta Martiez de Maturana |,

Debacker E. 1989. Effect of disinfection of drinking water with ozone or chlo-
rine dioxide on survival of Cryptosporidium parvum oocysts. Appl Environ
Microbiol 55:1519-1522. https://doi.org/10.1128/aem.55.6.1519-1522.1989.

. Pumipuntu N, Piratae S. 2018. Cryptosporidiosis: a zoonotic disease concern.

Vet World 11:681-686. https://doi.org/10.14202/vetworld.2018.681-686.

. Hlavsa MC, Cikesh BL, Roberts VA, Kahler AM, Vigar M, Hilborn ED, Wade

TJ, Roellig DM, Murphy JL, Xiao L, Yates KM, Kunz JM, Arduino MJ, Reddy
SC, Fullerton KE, Cooley LA, Beach MJ, Hill VR, Yoder JS. 2018. Outbreaks
associated with treated recreational water—United States, 2000-2014.
MMWR Morb Mortal Wkly Rep 67:547-551. https://doi.org/10.15585/
mmwr.mm6719a3.

. Painter JE, Gargano JW, Yoder JS, Collier SA, Hlavsa MC. 2016. Evolving

epidemiology of reported cryptosporidiosis cases in the United States,
1995-2012. Epidemiol Infect 144:1792-1802. https://doi.org/10.1017/
$0950268815003131.

. Rossignol JF, Kabil SM, el-Gohary Y, Younis AM. 2006. Effect of nitazoxanide

in diarrhea and enteritis caused by Cryptosporidium species. Clin Gastroen-
terol Hepatol 4:320-324. https://doi.org/10.1016/j.cgh.2005.12.020.

. Amadi B, Mwiya M, Musuku J, Watuka A, Sianongo S, Ayoub A, Kelly P.

2002. Effect of nitazoxanide on morbidity and mortality in Zambian chil-
dren with cryptosporidiosis: a randomised controlled trial. Lancet 360:
1375-1380. https://doi.org/10.1016/5S0140-6736(02)11401-2.

. Amadi B, Mwiya M, Sianongo S, Payne L, Watuka A, Katubulushi M, Kelly P.

2009. High dose prolonged treatment with nitazoxanide is not effective for
cryptosporidiosis in HIV positive Zambian children: a randomised con-
trolled trial. BMC Infect Dis 9:195. https://doi.org/10.1186/1471-2334-9-195.

. Love MS, McNamara CW. 2021. Phenotypic screening techniques for

Cryptosporidium drug discovery. Expert Opin Drug Discov 16:59-74.
https://doi.org/10.1080/17460441.2020.1812577.

Pushpakom S, lorio F, Eyers PA, Escott KJ, Hopper S, Wells A, Doig A, Guilliams
T, Latimer J, McNamee C, Norris A, Sanseau P, Cavalla D, Pirmohamed M.
2019. Drug repurposing: progress, challenges and recommendations. Nat
Rev Drug Discov 18:41-58. https://doi.org/10.1038/nrd.2018.168.

Love MS, Beasley FC, Jumani RS, Wright TM, Chatterjee AK, Huston CD,
Schultz PG, McNamara CW. 2017. A high-throughput phenotypic screen
identifies clofazimine as a potential treatment for cryptosporidiosis. PLoS
Negl Trop Dis 11:e0005373. https://doi.org/10.1371/journal.pntd.0005373.

Arbiser JL, Moschella SL. 1995. Clofazimine: a review of its medical uses
and mechanisms of action. J Am Acad Dermatol 32:241-247. https://doi
.org/10.1016/0190-9622(95)90134-5.

Issue 1 e01560-21

23.

24,

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

Antimicrobial Agents and Chemotherapy

Cholo MC, Steel HC, Fourie PB, Germishuizen WA, Anderson R. 2012. Clo-
fazimine: current status and future prospects. J Antimicrob Chemother
67:290-298. https://doi.org/10.1093/jac/dkr444.

Iroh Tam PY, Arnold SLM, Barrett LK, Chen CR, Conrad TM, Douglas E,
Gordon MA, Hebert D, Henrion M, Hermann D, Hollingsworth B, Houpt E,
Jere KC, Lindblad R, Love MS, Makhaza L, McNamara CW, Nedi W,
Nyirenda J, Operario DJ, Phulusa J, Quinnan GV, Sawyer LA, Thole H, Toto
N, Winter A, Van Voorhis WC. 2021. Clofazimine for treatment of crypto-
sporidiosis in human immunodeficiency virus-infected adults: an experi-
mental medicine, randomized, double-blind, placebo-controlled phase
2a trial. Clin Infect Dis 73:183-191. https://doi.org/10.1093/cid/ciaa421.
Gomes M, Ribeiro |, Warsame M, Karunajeewa H, Petzold M. 2008. Rectal
artemisinins for malaria: a review of efficacy and safety from individual
patient data in clinical studies. BMC Infect Dis 8:39. https://doi.org/10
.1186/1471-2334-8-39.

Bendel D, Rulisa S, Ansah P, Sirima S. 2015. Efficacy of a novel sublingual
spray formulation of artemether in African children with Plasmodium fal-
ciparum malaria. Antimicrob Agents Chemother 59:6930-6938. https://
doi.org/10.1128/AAC.00243-15.

Schaefer DA, Betzer DP, Smith KD, Millman ZG, Michalski HC, Menchaca
SE, Zambriski JA, Ojo KK, Hulverson MA, Arnold SL, Rivas KL, Vidadala RS,
Huang W, Barrett LK, Maly DJ, Fan E, Van Voorhis WC, Riggs MW. 2016.
Novel bumped kinase Inhibitors are safe and effective therapeutics in the
calf clinical model for cryptosporidiosis. J Infect Dis 214:1856-1864.
https://doi.org/10.1093/infdis/jiw488.

Irwin SM, Gruppo V, Brooks E, Gilliland J, Scherman M, Reichlen MJ,
Leistikow R, Kramnik I, Nuermberger EL, Voskuil MI, Lenaerts AJ. 2014.
Limited activity of clofazimine as a single drug in a mouse model of tuber-
culosis exhibiting caseous necrotic granulomas. Antimicrob Agents Che-
mother 58:4026-4034. https://doi.org/10.1128/AAC.02565-14.

Everitt D. 2012. Clofazimine in clinical trials for tuberculosis: resurrecting
clofazimine. TB alliance, Global Alliance for TB drug development.

Arnold SLM, Choi R, Hulverson MA, Schaefer DA, Vinayak S, Vidadala RSR,
McCloskey MC, Whitman GR, Huang W, Barrett LK, Ojo KK, Fan E, Maly DJ,
Riggs MW, Striepen B, Van Voorhis WC. 2017. Necessity of bumped kinase
inhibitor gastrointestinal exposure in treating Cryptosporidium infection.
J Infect Dis 216:55-63. https://doi.org/10.1093/infdis/jix247.

Tzipori S, Griffiths JK. 1998. Natural history and biology of Cryptosporidium par-
vum. Adv Parasitol 40:5-36. https://doi.org/10.1016/50065-308x(08)60116-5.
Huang BQ, Chen XM, LaRusso NF. 2004. Cryptosporidium parvum attach-
ment to and internalization by human biliary epithelia in vitro: a morpho-
logic study. J Parasitol 90:212-221. https://doi.org/10.1645/GE-3204.
Arnold SLM, Choi R, Hulverson MA, Whitman GR, McCloskey MC, Dorr CS,
Vidadala RSR, Khatod M, Morada M, Barrett LK, Maly DJ, Yarlett N, Van
Voorhis WC. 2019. P-glycoprotein-mediated efflux reduces the in vivo effi-
cacy of a therapeutic targeting the gastrointestinal parasite Cryptospori-
dium. J Infect Dis 220:1188-1198. https://doi.org/10.1093/infdis/jiz269.
Yawalkar SJ, Vischer W. 1979. Lamprene (clofazimine) in leprosy. Basic infor-
mation. Lepr Rev 50:135-144. https://doi.org/10.5935/0305-7518.19790020.
Zhang Y, Feng J, McManus SA, Lu HD, Ristroph KD, Cho EJ, Dobrijevic EL,
Chan HK, Prud’homme RK. 2017. Design and solidification of fast-releasing
clofazimine nanoparticles for treatment of cryptosporidiosis. Mol Pharm
14:3480-3488. https://doi.org/10.1021/acs.molpharmaceut.7b00521.
National Research Council. 2011. Guide for the care and use of laboratory
animals, 8th ed. National Academies Press, Washington, DC.

Federation of Animal Science Societies. 2020. Guide for the care and use
of agricultural animals in research and teaching, 3rd ed. Federation of
Animal Science Societies, Champaign, IL.

Imboden M, Schaefer DA, Bremel RD, Homan EJ, Riggs MW. 2012. Antibody
fusions reduce onset of experimental Cryptosporidium parvum infection in
calves. Vet Parasitol 188:41-47. https://doi.org/10.1016/j.vetpar.2012.02.014.

aacasm.org 17


https://doi.org/10.1016/S0140-6736(16)31529-X
https://doi.org/10.1016/S0140-6736(16)31529-X
https://doi.org/10.1016/S1473-3099(18)30475-4
https://doi.org/10.1016/S1473-3099(18)30475-4
https://doi.org/10.1371/journal.pone.0216040
https://doi.org/10.1371/journal.pone.0216040
https://doi.org/10.3201/eid0504.990425
https://doi.org/10.1128/aem.55.6.1519-1522.1989
https://doi.org/10.14202/vetworld.2018.681-686
https://doi.org/10.15585/mmwr.mm6719a3
https://doi.org/10.15585/mmwr.mm6719a3
https://doi.org/10.1017/S0950268815003131
https://doi.org/10.1017/S0950268815003131
https://doi.org/10.1016/j.cgh.2005.12.020
https://doi.org/10.1016/S0140-6736(02)11401-2
https://doi.org/10.1186/1471-2334-9-195
https://doi.org/10.1080/17460441.2020.1812577
https://doi.org/10.1038/nrd.2018.168
https://doi.org/10.1371/journal.pntd.0005373
https://doi.org/10.1016/0190-9622(95)90134-5
https://doi.org/10.1016/0190-9622(95)90134-5
https://doi.org/10.1093/jac/dkr444
https://doi.org/10.1093/cid/ciaa421
https://doi.org/10.1186/1471-2334-8-39
https://doi.org/10.1186/1471-2334-8-39
https://doi.org/10.1128/AAC.00243-15
https://doi.org/10.1128/AAC.00243-15
https://doi.org/10.1093/infdis/jiw488
https://doi.org/10.1128/AAC.02565-14
https://doi.org/10.1093/infdis/jix247
https://doi.org/10.1016/s0065-308x(08)60116-5
https://doi.org/10.1645/GE-3204
https://doi.org/10.1093/infdis/jiz269
https://doi.org/10.5935/0305-7518.19790020
https://doi.org/10.1021/acs.molpharmaceut.7b00521
https://doi.org/10.1016/j.vetpar.2012.02.014
https://aac.asm.org

	RESULTS
	Clofazimine pharmacokinetics and efficacy in mice.
	Clofazimine pharmacokinetics and efficacy in calves.
	Clofazimine phase 2a trial pharmacokinetics and efficacy.

	DISCUSSION
	MATERIALS AND METHODS
	Ethics statement.
	Clofazimine LC-MS/MS analysis.
	Mouse pharmacokinetic study.
	Mouse efficacy study.
	Calf pharmacokinetic and efficacy study.
	Clofazimine phase 2A trial for treatment of cryptosporidiosis.
	Pharmacokinetic-pharmacodynamic modeling.
	Statistical analysis.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

