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The antileprosy drug clofazimine has shown potential for shortening tuberculosis treatment; however, the current dosing of the
drug is not evidence based, and the optimal dosing is unknown. Our objective was to conduct a preclinical evaluation of the
pharmacokinetics and pharmacodynamics of clofazimine in the mouse model of tuberculosis, with the goal of providing useful
information on dosing for future studies. Pharmacokinetic parameters were evaluated in infected and uninfected BALB/c mice.
Pharmacodynamic parameters were evaluated in Mycobacterium tuberculosis-infected mice that were treated for 12 weeks with
one of six different clofazimine dosing regimens, i.e., doses of 6.25, 12.5, and 25 mg/kg of body weight/day and 3 regimens with
loading doses. Clofazimine progressively accumulated in the lungs, livers, and spleens of the mice, reaching levels of greater than
50 jug/g in all tissues by 4 weeks of administration, while serum drug levels remained low at 1 to 2 pg/ml. Elimination of clofazi-
mine was extremely slow, and the half-life was dependent on the duration of drug administration. Clofazimine exhibited dose-
dependent tissue and serum concentrations. At any dose, clofazimine did not have bactericidal activity during the first 2 weeks of
administration but subsequently demonstrated potent, dose-independent bactericidal activity. The antituberculosis activity of
clofazimine was dependent on neither the dose administered nor the drug concentrations in the tissues, suggesting that much

lower doses could be effectively used for tuberculosis treatment.

lofazimine (CFZ) is a phenazine dye developed in the 1950s

for the treatment of tuberculosis (TB) (1, 2). Despite promis-
ing activity against Mycobacterium tuberculosis both in vitro and in
vivo, clofazimine was not advanced as a TB drug but instead be-
came incorporated decades later into the multidrug treatment of
leprosy, where it remains a key drug (3, 4). Interest in clofazimine
for TB treatment has been revitalized following the 2010 report by
Van Deun and colleagues that a clofazimine-containing regimen
not only was highly effective for the treatment of multidrug-resis-
tant (MDR) TB, but was also associated with a significantly de-
creased duration of therapy (5); 9 months of a clofazimine-con-
taining regimen resulted in 87.9% relapse-free cure, which is in
sharp contrast to the limited efficacy (less than 50% relapse-free
cure) of the World Health Organization (WHO)-recommended,
at least 20-month-long MDR-TB treatment regimen (6, 7).

This report was complemented by experimental chemotherapy
studies in which the inclusion of clofazimine in first- and second-
line regimens significantly shortened the duration of treatment
needed for relapse-free cure in mouse models of drug-susceptible
and MDR TB, respectively (8, 9). These clinical and preclinical
data suggest that clofazimine has great potential for TB treatment.

Because clofazimine was abandoned as an option for TB treat-
ment shortly after its discovery, and also because the use of clo-
fazimine for leprosy is not based on extensive experimental studies
(10), the pharmacokinetics (PK) and pharmacodynamics (PD) of
the drug are poorly understood, and the dosing for both TB and
leprosy patients is not evidence based. It is well known that, both
in people and in mice, clofazimine accumulates to high levels in
the tissues and has a long half-life in vivo (9, 11, 12). A better
understanding of the PK/PD of clofazimine is essential to maxi-
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mize its therapeutic potential, and experimental chemotherapy in
the mouse model is fundamental for all preclinical studies of new
antibiotics and new multidrug regimens for TB (13). Optimizing
the use of drugs in this model is critical for conducting meaning-
ful, hypothesis-driven preclinical experiments. The objective of
this study was to characterize the PK/PD properties of clofazimine
in the mouse model of TB.

MATERIALS AND METHODS

All experimental work was performed at the KwaZulu-Natal Research
Institute for Tuberculosis and HIV, Durban, South Africa, and the Bio-
medical Resources Unit, College of Health Sciences, University of Kwa-
Zulu-Natal, Westville, South Africa. Work with live bacteria and infected
animals was performed in biosafety level 3 facilities. Animal procedures
were approved by the Animal Ethics Sub-Committee of the University of
KwaZulu-Natal (reference numbers 068/13/Animal and 025/14/Animal).
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TABLE 1 Clofazimine dosing schemes used in the dose-ranging PK/PD
experiment

PK/PD of Clofazimine in the Mouse Model of TB

TABLE 2 PK parameters of clofazimine in serum and tissues of
uninfected mice after a single oral 25-mg/kg dose”

Total clofazimine
dosed (mg)” after
administration
duration of:
Drug regimen Description® 2 wk 12 wk
Untreated No drug administered 0 0
Clofazimine A Day 1 to wk 12, 25 mg/kg daily 5 30
Clofazimine B Day 1 to wk 12, 12.5 mg/kg daily 2.5 15
Clofazimine C Day 1 to wk 12, 6.25 mg/kg daily 1.25 7.5
Clofazimine D Day 1, 200 mg/kg; day 2, 100 18 33
mg/kg; days 3-14, 75 mg/kg
daily; wk 2-12, 25 mg/kg, 3
days/wk
Clofazimine E Day 1, 100 mg/kg; day 2, 75 mg/ 11.5 26.5

kg; days 314, 50 mg/kg daily;
wk 2-12, 25 mg/kg, 3 days/wk
Day 1, 50 mg/kg; days 2—14, 25 5.5
mg/kg daily; wk 2-12, 25 mg/
kg, 3 days/wk
“ Daily dosing indicates administration 5 days per week (Monday-Friday); dosing 3
days/week indicates administration on Monday, Wednesday, and Friday.
b The total amounts of clofazimine administered for the first 2 weeks and all 12 weeks of
treatment were calculated based on a mouse mass of 20 g.

Clofazimine F 20.5

Animals. Female BALB/c mice (6 to 8 weeks old; 18 to 20 g) from
in-house breeding were used in all experiments except the serum protein
binding experiment, where male mice were used. Mice were sacrificed by
cardiac puncture under anesthesia; blood, lungs, spleen, and liver were
collected.

Drug preparation and administration. All drugs were purchased
from Sigma and were prepared and administered by oral gavage as previ-
ously described (9). Clofazimine was prepared as a suspension in 0.05%
(wt/vol) agarose, and isoniazid and rifampin were prepared in distilled
water. All drugs were prepared to deliver the indicated dose in a volume of
0.2 ml. Drugs were prepared weekly and stored at 4°C.

PK experiments. For the single-dose experiment, 27 mice received
one dose of clofazimine at 25 mg/kg of body weight, and groups of 3 mice
were sacrificed 0.5, 1,2, 4, 7, 24,48, 72, and 96 h later. In the multiple-dose
experiment, 111 mice received clofazimine at 25 mg/kg daily (5 days/
week) for up to 20 weeks, and groups of 3 mice were sacrificed after 1, 2, 4,
8, 12, 16, and 20 weeks of administration. The sacrifices occurred 24 h
after the last dose or 72 h after if the previous dose was on Friday. Three
control mice that did not receive clofazimine were also sacrificed. Admin-
istration was discontinued for subgroups of mice after 4, 8, 12, 16, and 20
weeks of daily clofazimine, and 3 mice from each subgroup were sacrificed
1, 2, 4, 8, 16, and 24 weeks after discontinuation.

Dose-ranging PK/PD experiment. Two-hundred sixty mice were
aerosol infected with M. tuberculosis H37Rv (ATCC 27294) in three infec-
tion runs using a Glas-Col Inhalation Exposure System as previously de-
scribed (14). The day after infection, 2 mice from each infection run were
sacrificed to determine implantation. Six weeks after infection, on the day
of treatment initiation, 3 mice from each infection run were sacrificed to
determine baseline pretreatment CFU counts. The treatment regimens
administered are outlined in Table 1. After treatment for 1 day; 2 days; and
1, 2, 4, 8, and 12 weeks, groups of 5 mice per treatment group were
sacrificed to determine CFU counts. The mice were sacrificed 24 h after
the previous dose of clofazimine or 72 h after if the previous dose was on
a Friday. Treatment efficacy was assessed by lung and spleen CFU counts,
performed as previously described, including the use of charcoal-contain-
ing plates to detect and limit drug carryover (8). Raw CFU count data are
presented in Tables S1 (lungs) and S2 (spleens) in the supplemental ma-
terial.
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Cinax fmax  AUCo o4 AUC,_,
Sample t,, (h) (Mg/unit)” (h) (pg - h/unit)” (pg- h/unit)®
Serum 87.46 0.43 1-4 19.13 38.22
Liver 45.25 2.78 2-7 68.59 88.72
Lung 66.94 0.76 2-7 38.30 56.36
Spleen 77.96 1.73 2-7 82.64 132.47

“ 1,5, half-life; C,,,,,, maximum concentration; t,,,, time to maximum concentration
(range); AUG, area under the concentration curve.
b Unit, milliliters for serum and grams for liver, lung, and spleen tissue.

Serum protein binding assay. Groups of 10 mice received a single
dose of clofazimine (25 or 50 mg/kg), isoniazid (10 mg/kg; negative con-
trol) (15), or rifampin (10 mg/kg; positive control) (16). Mice were sac-
rificed 1 and 2 h after administration of isoniazid and rifampin, respec-
tively (the time points were based on the half-lives of the drugs in mouse
serum) (13), and 24 h after administration of clofazimine. Serum protein
binding was determined using the Single-Use Rapid Equilibrium Dialysis
Plate (Thermo Scientific, Rockford, IL, USA) according to the manufac-
turer’s instructions. Serum samples were equilibrated for 4 h.

LC/MS. Drug concentrations in samples were determined by liquid chro-
matography/mass spectrometry (LC/MS) as previously described (9).

Statistical analyses. PK parameters were analyzed using Phoenix
WinNonlin version 6.3. All other analyses were performed with GraphPad
Prism version 6.05. Nonlinear regression analysis of clofazimine accumu-
lation and elimination was performed using one-phase association (con-
strained to fit accumulation/elimination intersects). Clofazimine concen-
trations during treatment of infected mice were compared by 2-way
analysis of variance (ANOVA) with Tukey’s multiple-comparison test.
Treatment efficacy analyses were performed as previously described (8).

RESULTS

PK of clofazimine in uninfected BALB/c mice. To assess the PK
of clofazimine in uninfected BALB/c mice, clofazimine was ad-
ministered at 25 mg/kg, a dose comparable to the customary
100-mg daily dose for MDR-TB patients (17, 18).

PK of clofazimine after a single dose. The PK parameters in
the serum, lungs, liver, and spleen following a single oral dose of
clofazimine are presented in Table 2. The peak drug concentra-
tions were reached 4 and 7 h after administration in the serum and
tissues, respectively. Clofazimine levels declined slowly in the se-
rum and organs, with half-life values all greater than 45 h.

Accumulation of clofazimine. After 1 week of daily clofazi-
mine, the adipose tissue in the mice was slightly orange in color,
and this coloration increased in intensity during the entire 20
weeks of clofazimine administration (Fig. 1). The lungs became
red-orange in color, while the spleens became almost black. Clo-
fazimine levels in the lungs and liver increased during the first 8
weeks of administration and then plateaued at about 35 and 80
g/g tissue, respectively (Fig. 2A and B; see Tables S3 and S4 in the
supplemental material). The concentration of clofazimine in
the serum, however, remained comparatively low throughout the
course of administration, reaching around 1 jg/ml at 4 weeks and
then increasing and plateauing at about 2 pg/ml after 8 weeks (Fig.
2C; see Table S5 in the supplemental material). In the spleen,
clofazimine accumulated during the first 12 weeks of administra-
tion and then plateaued at about 5,000 pg/g (Fig. 3; see Table S6 in
the supplemental material). Thus, in the serum and tissues, the
concentration of clofazimine by the first week of administration
was already well above the MIC for M. tuberculosis, 0.25 pg/ml (5).
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FIG 1 Clofazimine-induced discoloration in uninfected BALB/c mice. Photographs of the lungs, spleen, and subcutaneous adipose tissue were taken at each time
point during the 20 weeks of clofazimine administration and during the 24 weeks after stopping administration. Postadministration photographs of the mice that
received clofazimine for 4, 8, 12, and 16 weeks are presented in Fig. S1 in the supplemental material.

Elimination of clofazimine. During 20 weeks of clofazimine
administration, subgroups of mice stopped receiving the drug at
4-week intervals, and elimination of clofazimine from the blood
and tissues was monitored for an additional 24 weeks postadmin-
istration. The intense red-orange coloration noticeably faded
from the adipose tissue during this period; however, the color-
ation of the lungs and spleens did not return to preadministration
levels within the 24-week follow-up (Fig. 1; see Fig. S1 in the sup-
plemental material). The half-life values for clofazimine varied by
serum/tissue site and also by duration of administration (Fig. 2
and 3 and Table 3). In mice receiving clofazimine for at least 8
weeks, the concentration in the spleen continued to increase for
several weeks after discontinuation of the drug (making the elim-
ination of clofazimine from the organ difficult to model). In the
lungs, liver, and spleen, the clofazimine concentration remained
above the MIC for M. tuberculosis throughout the follow-up pe-
riod, regardless of the duration of administration (Fig. 2 and 3; see
Tables S3 to S6 in the supplemental material).

Serum protein binding of clofazimine. Twenty-four hours af-
ter administration of a single dose of clofazimine at 25 or 50 mg/
kg, the drug was extremely highly bound in the serum. For both of
the samples, the amount of free clofazimine that diffused into the
buffer dialysis chamber was below the lower limit of quantitation
(0.048 pg/ml). Using the lower limit of quantitation as the nom-
inator, we calculated that the percentage of free clofazimine must
beless than 15% (Table 4). However, the concentration of clofazi-
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mine in the serum dialysis well was essentially equal to the total
serum clofazimine concentration; therefore, it is likely that nearly
all of the clofazimine is protein bound, which is in agreement with
what has previously been reported (19). As expected, rifampin (2
h after a single 10-mg/kg dose) was also highly protein bound in
the serum (2.4% free), which is higher protein binding than has
been reported in human plasma (about 15% free drug) (16). Also
as expected, isoniazid (1 h after a single 10-mg/kg dose) was al-
most entirely non-protein bound (93.4% free).

PK/PD of clofazimine in infected BALB/c mice. The massive
tissue accumulation and slow elimination of clofazimine in the
tissues of uninfected mice raised several key questions. As clofazi-
mine is known to be sequestered in macrophages (20-22), would
administration of clofazimine to M. tuberculosis-infected mice af-
fect the drug distribution in tissues? Would administration of
lower doses of clofazimine lead to different levels of tissue accu-
mulation, and how would this impact the antimycobacterial ac-
tivity of clofazimine? The last question was of particular interest,
because the dosing of clofazimine for human TB patients is not
evidence based. To address these questions and to carefully exam-
ine the PK/PD relationship, we performed a dose-ranging exper-
iment with clofazimine in M. tuberculosis-infected mice (Table 1
shows the dosing scheme).

Establishment of infection. Aerosol infection with M. tuber-
culosis (5.92 log,, CFU/ml suspension) resulted in a mean implan-
tation of 2.17 (standard deviation [SD], 0.28) log,, CFU/lung. Six
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FIG 2 Nonlinear regression of clofazimine accumulation and elimination in
thelungs (A), liver (B), and serum (C) of uninfected BALB/c mice. Elimination
curves are included for each group of mice that discontinued clofazimine
administration after 4, 8, 12, 16, and 20 weeks. Clofazimine concentration data
for the lungs, liver, and serum are presented in Tables S3, S4, and S5 in the
supplemental material, respectively. The dotted lines represent the MIC of
clofazimine for M. tuberculosis.

weeks later, at the start of treatment, the mean log,, CFU count
had increased to 6.49 (SD, 0.30) in the lungs and to 4.66 (SD, 0.21)
in the spleens.

Clofazimine in serum. In mice treated with constant daily
doses of 25, 12.5, and 6.25 mg/kg (regimens A, B, and C, respec-
tively), the clofazimine concentration in the serum increased in a

June 2015 Volume 59 Number 6

Antimicrobial Agents and Chemotherapy

PK/PD of Clofazimine in the Mouse Model of TB

10000 y

1000 A

=

o

[=1
Y

Duration of CFZ
administration:

--e-- 4weeks
--m-- 8weeks
12 weeks
16 weeks
--#-- 20 weeks

CFZ concentration
(ng per g spleen)
3

-
n

e

0.14 s

0.014r T T T T T T T T T T T
1 4 8 12 16 20 24 28 32 36 40 44
Time (weeks)

FIG 3 Clofazimine accumulation and elimination in the spleens of uninfected
BALB/c mice. The concentrations of clofazimine measured after stopping ad-
ministration are represented by the dashed lines. The error bars represent
standard deviations (3 mice per group per time point). Clofazimine concen-
tration values are presented in Table S6 in the supplemental material. The
dotted line represents the MIC of clofazimine for M. tuberculosis.

steady and dose-dependent manner during the first 8 weeks of
treatment and then plateaued (Fig. 4). Differences in serum con-
centrations in the three groups became statistically significant by 4
weeks of administration. After the second dose, the serum clofazi-
mine concentrations in mice receiving 12.5 and 25 mg/kg were
greater than the drug’s MIC for M. tuberculosis. In mice treated
with the loading doses (regimens D, E, and F), the serum clofazi-
mine concentration was already higher than the MIC for M. tu-
berculosis 24 h after the first dose (Fig. 4A). A significant difference

TABLE 3 PK parameters of clofazimine in uninfected mice after daily
administration for up to 20 weeks

No. of wkof CFZ  t, AUC, .,
Sample administration (wk) C (pug/unit)“‘b (pg- wk/unit)?
Serum 4 1.45 1.33 7.15

8 1.91 2.25 14.97

12 6.49 2.25 25.72

16 6.29 2.25 30.18

20 8.19 2.25 35.18
Liver 4 3.09 33.26 107.96

8 5.57 59.97 312.19

12 4.10 82.37 714.66

16 3.32 111.29 1,302.99

20 2.82 156.91 2,514.44
Lung 4 4.33 29.98 105.27

8 4.27 52.59 387.34

12 3.55 52.59 557.31

16 4.17 52.59 739.39

20 3.36 106.11 1,188.01
Spleen 4 4.96 50.43 180.95

8 1.65 1,936.85 9,376.44

12 5.38 4,684.68 54,082.57

16 7.18 7,297.53 113,878.1

20 13.46 9,020.41 192,658.5

@ C, highest mean concentration observed.
b Unit, milliliters for serum and grams for liver, lung, and spleen tissue.
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TABLE 4 Mouse serum protein binding for isoniazid (negative control),
rifampin (positive control), and clofazimine

Drug concn’ (SD) (pg/ml)

Drug Time

administered point” Buffer Serum % free
(dose [mg/kg])  (h) Total drug  dialysis well ~ dialysis well ~ drug®
Isoniazid (10) 1 0.985 (0.063) 0.576 (0.023) 0.617 (0.032) 93.4

Rifampin (10) 2 10.7 (0.141) 0.237 (0.005) 9.68 (0.085) 2.4
Clofazimine (25) 24 0.319 (0.003) Below LLOQ 0.321 (0.012) <15.0

Clofazimine (50) 24 0.296 (0.008) Below LLOQ 0.317 (0.031) <15.1

“Time point, the time post-drug administration when blood was collected from the
mice by cardiac puncture.

b Total drug, the total amount of drug measured in the serum, processed for analysis
prior to setting up the protein binding assay. The drug concentrations in the serum and
buffer dialysis wells were determined after 4 h of equilibration. The lower limit of
quantitation (LLOQ) was 0.048 pg/ml.

¢ The percent free drug was calculated as follows: (concentration in buffer chamber/
concentration in serum sample chamber) X 100%.

in serum drug concentrations between mice receiving the two
higher loading doses and mice receiving the lowest loading dose
was maintained for the first 2 weeks, but by 4 weeks of adminis-
tration (by which time dosing was consistent for these regimens),
the serum clofazimine concentrations did not differ between the
groups (Fig. 4B).

Clofazimine in tissues. The clofazimine concentrations in the
lungs, liver, and spleen were dose dependent and loading dose
dependent, but accumulation of clofazimine occurred during the
first 2 weeks of treatment and then stabilized or even slightly de-
creased (Fig. 5). In all tissues, by 24 h after the first dose, the
clofazimine concentration was greater than the MIC for M. tuber-
culosis. After 1 and 2 weeks of clofazimine administration, mice
treated with the highestloading dose regimens (regimens D and E,
which represent total clofazimine doses of 15 and 11.5 mg, respec-
tively, during the first 2 weeks [Table 1]) had significantly higher
concentrations in all tissues than mice that did not receive loading
doses, but these differences were no longer apparent by week 4.
From day 7 through week 12, at almost every time point in every
tissue, the clofazimine concentrations in mice treated with 6.25
mg/kg/day (regimen C) were significantly lower than those in
mice receiving the other clofazimine regimens.

>

0.1

Serum clofazimine concentration (ng/mL)
h &TT

l1 2 i 14
Days of treatment

PD data. (i) Early bactericidal activity. During the first week
of administration, clofazimine at any dose had no impact on the
CFU counts in the mouse lungs, with no statistically significant
differences between mice receiving any regimen and the untreated
controls (Fig. 6A; see Table S7 in the supplemental material).
Thus, despite the high serum and tissue drug concentrations,
none of the clofazimine-containing regimens exhibited early bac-
tericidal activity (EBA) (a decline in log,, CFU per lung per day)
(Table 5). By day 14, however, bactericidal activity was apparent in
all treatment groups, although only mice that received the highest
loading dose regimen (regimen D, which delivered the largest total
amount of clofazimine during the first 2 weeks) had lung CFU
counts that were statistically significantly different from those of
the untreated controls (P =< 0.01). In the spleens, there was simi-
larly no statistically significant difference in CFU counts during
the first week of treatment, regardless of the regimen adminis-
tered. However, by day 14, the CFU counts in the spleens of all
treated mice were significantly different than those of the un-
treated controls (P = 0.01 for regimen D; P = 0.0001 for all other
regimens) (Fig. 6B; see Table S7 in the supplemental material). As
in the lungs, neither the regimen nor the total dose of clofazimine
had any impact on the decline in CFU counts.

(ii) Weeks 2 to 12 of treatment. From weeks 4 to 12 of treat-
ment, all mice receiving any dose of clofazimine had significantly
lower CFU counts in the lungs (Fig. 6C; see Table S7 in the sup-
plemental material) and the spleens (Fig. 6D; see Table S7 in the
supplemental material) than the untreated control mice (P =
0.0001 for all regimens). However, at each time point in both
organs, there was no statistically significant difference in CFU
counts between any of the treatment regimens, and in both or-
gans, there were no visible differences in the gross pathology
across any of the treatment groups (see Fig. S2 in the supplemental
material).

Drug carryover. To ensure that the decline in CFU counts
observed in the clofazimine-treated mice was not due to growth
inhibition on agar plates caused by drug carryover from homog-
enized tissues, the lung and spleen homogenates were systemati-
cally plated on selective 7H11 agar with and without a supplement
of 0.4% activated charcoal, which can help to adsorb the released
drug (23). As early as day 2 of treatment, drug carryover was ob-

-
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e
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Serum clofazimine concentration (ng/mL) m

2 4 8 12
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FIG 4 Mean clofazimine concentrations in the sera of M. tuberculosis-infected mice during the first 2 weeks (A) or weeks 2 to 12 (B) of treatment. The dashed
lines represent the MIC of clofazimine for M. tuberculosis. The error bars represent standard deviations (5 mice per group per time point). The drug regimens are

described in Table 1.
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FIG 5 Mean clofazimine concentrations in the lungs (A and B), liver (C and D), and spleen (E and F) of M. tuberculosis-infected mice during the first 2 weeks
(A, C,and E) or weeks 2 to 12 (B, D, and F) of treatment. The dashed lines represent the MIC of clofazimine for M. tuberculosis. The error bars represent standard
deviations (5 mice per group per time point). The drug regimens are described in Table 1.

served; bacterial growth was totally inhibited on the charcoal-free
agar plates that were inoculated with neat (undiluted) lung ho-
mogenate from the mice treated with the loading dose regimens,
while confluent bacterial lawns were observed on the charcoal-
containing plates inoculated with the same neat homogenates (see
Table S1 in the supplemental material). Similar effects of carry-
over were observed with the spleen homogenates (see Table S2 in
the supplemental material). However, even at the latest time point
(day 84/week 12), growth inhibition was rarely observed on plates
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inoculated with the 10" dilutions of homogenates and no inhi-
bition was observed on plates inoculated with the 10~ dilutions
of the homogenates, a finding that we considered when counting
colonies.

DISCUSSION

Despite being an essential component of multidrug leprosy treat-
ment, clofazimine has never been very well understood, and un-
certainty regarding how the drug works and the implications of its
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FIG 6 Mean log,, CFU counts in the lungs (A and C) and spleens (B and D) of M. tuberculosis-infected mice during the first 2 weeks (A and B) and weeks 2 to
12 (C and D) of treatment. The error bars represent standard deviations (5 mice per group per time point). The drug regimens are described in Table 1.

unusual PK properties has limited official interest in clofazimine
for TB treatment. The work presented here raises a number of key
issues that simultaneously contribute both to understanding the
PK/PD of clofazimine for TB and to highlighting how much more
there is to learn about this enigmatic drug.

The first and most striking finding from this work is that dose-
dependent concentrations of clofazimine in the blood and tissues
did not translate into dose-dependent antimicrobial activity. In
M. tuberculosis-infected mice, no differences in bacterial killing
were observed between any of the clofazimine doses administered;
the lowest dose was as effective as the highest dose. At face value,
our data indicate that lower doses in patients might be effectively

TABLE 5 Fourteen-day extended EBA” of clofazimine-containing drug
regimens in M. tuberculosis-infected mice

Clofazimine

regimen EBA,_, EBA,_,, EBA,_, EBA,_,, EBA,_,,
Untreated —0.010 0.002 0.003 —0.001 0.001

A —0.050 0.078 0.040 0.079 0.059

B 0.035 0.074 0.069 0.069 0.069

C 0.170 0.054 0.009 0.133 0.071

D 0.030 0.091 0.089 0.076 0.082

E 0.020 0.056 0.047 0.054 0.051

F 0.025 0.086 0.037 0.117 0.077

% EBA is defined as the decline in log;, CFU per lung per day of treatment, as indicated
by the subscript. The clofazimine regimens are described in Table 1.
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used, and if such lower doses of clofazimine produce the same
treatment-shortening effect that has been observed with the stan-
dard dosing, then there is real promise for the use of low doses of
the drug in TB patients. Beyond their face value, our data raise
interesting questions. What is the real meaning of such dose-in-
dependent antimicrobial activity? How does clofazimine really
work in vivo? Most likely, the antimicrobial activity occurs when a
threshold has been reached, and when that occurs, an increase in
the amount of drug does not increase activity. In other words,
when clofazimine reaches levels lethal to the bacteria, it cannot
become “more lethal.” If, as has been proposed, clofazimine acts
by causing the release of reactive oxygen species (2, 24), perhaps
this is an on/off or all-or-nothing effect.

The second key finding from this work is that the PK profiles of
clofazimine were similar in uninfected and M. tuberculosis-in-
fected mice, with the exception of drug levels in the spleen and
lungs. Our data confirmed the well-known effects of tissue and
skin discoloration (Fig. 1; see Fig. S1 and S2 in the supplemental
material) and the associated massive accumulation of clofazimine
in the tissues (Fig. 2, 3, and 5) during administration. In unin-
fected mice receiving 25 mg/kg/day of clofazimine, the drug con-
centration steadily increased with the duration of administration,
leveling out at 50 pg/g tissue in the lungs (Fig. 2A); in the spleen,
clofazimine levels increased to more than 6,500 pg/g after 20
weeks of administration (Fig. 3). These findings are in agreement
with recent work by Baik and colleagues, who reported that 8
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weeks of administration of approximately 10 mg/kg/day of clo-
fazimine in the diet to uninfected BALB/c mice resulted in ex-
tremely high accumulation in the spleen, although they found
much higher accumulation in their study (more than 10 mg/g
spleen tissue), and that approximately 90% of the drug was se-
questered in intracellular crystal-like drug inclusions (25). Inter-
estingly, in our study, when clofazimine was administered at 25
mg/kg/day to infected mice, the concentration of the drug in the
lungs and spleen stabilized at approximately 100 jg/g tissue after
4 to 8 weeks of administration (Fig. 5). Thus, the concentration in
the lungs of infected mice was higher than in uninfected mice,
while in the spleens of infected mice, the clofazimine concentra-
tion was considerably lower than in the uninfected mice. The dif-
ference in tissue concentrations in infected versus uninfected mice
could be due to the redistribution of the drug in relation to the
movement of macrophages or other cells containing accumulated
crystals or liquid crystals of clofazimine (20-22, 25) from the
spleen to the lungs during infection and treatment and/or the
natural change in the biodistribution of the drug, as has been
demonstrated by Baik and colleagues (25).

Another intriguing aspect of clofazimine, and our third key
finding, is the high levels of drug maintained in the tissues after
stopping administration. The constant release of clofazimine
from the tissues may explain the increase in the half-life of clofazi-
mine in the serum from 1.45 to 8.19 weeks when the duration of
administration increased from 4 to 20 weeks (Table 3), because
more accumulated clofazimine is released into the serum as the
obligate route of elimination from the tissues.

The fourth key finding is that, despite the extremely high tissue
concentrations of clofazimine, the levels in the serum remained
comparatively low and stable in both infected and uninfected mice
atabout 1 to 2 pg/ml, which is well above the 0.25-g/ml MIC for
M. tuberculosis. In the dose-ranging PK/PD experiment, the serum
clofazimine concentration was dose and loading dose dependent
during the first 2 weeks, after which the serum concentration sta-
bilized at the 1- to 2-pg/mllevel in all mice except those receiving
the lowest dose of clofazimine (6.25 mg/kg/day; regimen C), in
which the concentration was slightly lower (Fig. 4). In mice receiv-
ing the two highest loading dose regimens (regimens D and E), the
serum concentration reached 1 to 2 pg/ml after the first dose of
the drug but did not increase further. Our findings are in agree-
ment with a previous report by Banerjee and colleagues, who dem-
onstrated progressively increasing high tissue concentrations of
clofazimine (reaching up to 15-mg/g levels in the spleens of unin-
fected mice) coupled with a low, steady serum concentration of
about 1.3 pg/ml in mice given clofazimine as part of their diet
(17).

Very few studies have been done to characterize the PK of
clofazimine in humans. Our single- and multiple-dose PK studies
in uninfected mice suggest that the 25-mg/kg dose that we admin-
istered to the mice resulted in PK properties that were similar to
those reported by Williams et al., who administered clofazimine at
20 mg/kg to uninfected BALB/c mice (18), and are also similar to
what was reported for the 100-mg daily dose in human leprosy
patients (17). However, Diacon and colleagues found much lower
plasma clofazimine concentrations after 14 days of administra-
tion; TB patients who received 300 mg/day of clofazimine for 3
days (i.e., loading doses) followed by 100 mg daily for the follow-
ing 11 days had a mean plasma drug concentration of 0.2315
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pg/ml (26). Thus, the PX of clofazimine in humans also needs to
be better understood.

Our data also show that the serum clofazimine level is main-
tained above the MIC for weeks after stopping administration (3
to 12 weeks after receiving clofazimine for 4 to 20 weeks, respec-
tively) (Fig. 2C). When clofazimine was developed in the 1950s,
Barry and colleagues suggested that the tissue accumulation of the
drug could contribute to sustained antimicrobial activity after ces-
sation of administration (2, 27). Our data support this hypothesis;
if the sustained serum concentration of clofazimine translates into
sustained antimicrobial activity, this could be a reason for the
drastic treatment-shortening effect observed when clofazimine is
incorporated into first- and second-line drug regimens for TB
treatment (5, 8, 9). Thus, the tissue accumulation and long half-
life may indeed be truly beneficial properties of the drug.

Taken together, these results suggest that high tissue concen-
trations of clofazimine do not reflect free/active drug but rather
clofazimine that is bound or in crystal deposits and thus devoid of
antimicrobial activity. This idea is further supported by the fact
that drug carryover in lung and spleen homogenates inhibited M.
tuberculosis growth on charcoal-free agar in a concentration-asso-
ciated manner (see Tables S1 and S2 in the supplemental mate-
rial). Thus, it may be that it is the drug levels in the serum that are
the key to clofazimine’s antimicrobial activity. We found that in
the serum, clofazimine is also likely highly protein bound (Table
4), which is in agreement with what has been reported by Irwin
and colleagues (19). If total serum clofazimine levels are main-
tained ataround 1 to 2 pg/ml, then the amount of free clofazimine
could be expected to be well below the 0.25-pg/ml MIC for M.
tuberculosis. This raises the question of what concentration of clo-
fazimine is relevant to antimicrobial activity. This remains to be
answered.

The fifth key finding is the lack of significant bactericidal activ-
ity of clofazimine during the first 2 weeks of administration to
infected mice, despite the fact that the concentration of clofazi-
mine in the blood and tissues was strongly dose dependent and
well above the MIC for M. tuberculosis during this time. This lack
of EBA, especially during the first week of administration, has
been previously reported with clofazimine when administered in
combination with first-line drugs in the mouse model (9). Re-
cently, Diacon and colleagues reported no bactericidal activity of
clofazimine when administered alone for 2 weeks in an EBA study
in human TB patients (26). It is possible that the delay in antimi-
crobial activity is due to the tissue and protein binding of clofazi-
mine and that a level of saturation must be achieved before there is
enough free drug to exert activity. However, if this were the case,
then accelerating the saturation by the use of loading doses should
have resulted in earlier response to treatment, which was not the
case in this study. Similarly, in the human EBA study reported by
Diacon and colleagues, TB patients were given clofazimine at a
loading dose of 300 mg/day for the first 3 days of treatment, fol-
lowed by the usual dose of 100 mg/day for days 4 to 14, but no
decrease in sputum CFU counts was observed in these patients
during the 2-week study (26). The results from our mouse study
indicate that the antimicrobial activity cannot be accelerated by
administering loading doses of clofazimine. Thus, the question of
the cause of clofazimine’s delayed bactericidal activity remains. It
is possible that it may be due to the mechanism of action of the
drug, which, although it is not well understood, seems to involve
the respiratory chain (24). In this case, perhaps bacterial energy
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stores need to be depleted before the effect of the drug can be
observed, or it takes some time for reactive oxygen species to in-
duce lethal DNA damage in the bacteria. Another possibility is
that clofazimine, which is highly lipophilic, needs to accumulate
to a certain level in the lipid-rich cell wall of M. tuberculosis before
itis able to reach the cell membrane, where it impacts the respira-
tory chain. Thus, plenty of work remains to be done to understand
the biological meaning of our findings and to decipher how clo-
fazimine exerts its activity.

Recently, Irwin and colleagues published data from an elegant
series of experiments assessing the antimicrobial activity of clo-
fazimine when administered to M. tuberculosis (strain Erdman)-
infected BALB/c and C3HeB/Fe] mice (19). They found that clo-
fazimine (administered at 20 mg/kg/day) was highly active in
BALB/c mice, resulting in reductions of 2.5 and 4.0 log,;, CFU in
the lungs after 4 and 8 weeks of treatment, respectively. This bac-
tericidal activity is similar to, although slightly more potent than,
what we observed in our study at all clofazimine doses (Fig. 6A and
C). Likewise, we also observed bactericidal activity in the spleens
of clofazimine-treated BALB/c mice similar to that reported by
Irwin et al. Most interestingly, Irwin and colleagues found that
clofazimine did not exhibit bactericidal activity in the lungs of M.
tuberculosis-infected C3HeB/Fe]J mice, which, in contrast to
BALB/c mice, are hypersusceptible to M. tuberculosis infection
and form hypoxic, caseous lung lesions in response to the infec-
tion (28, 29). However, bacterial killing was observed in the
spleens of the treated mice, suggesting that this discrepant activity
of clofazimine was associated with the pathology in the lungs and
spleens. The implication of these findings as they relate to dosing
of clofazimine across mouse models and in human TB remains an
open question.

Finally it should be noted that the PK/PD properties of clofazi-
mine are strikingly similar to those of the newest anti-TB drug,
bedaquiline. Bedaquiline similarly accumulates to very high levels
in the tissues in both people (30) and mice (31), and the accumu-
lated drug in tissue homogenates results in carryover and growth
inhibition of M. tuberculosis on non-charcoal-containing agar
(23). Despite the extremely high tissue concentrations, bedaqui-
line is maintained at a relatively low and steady concentration in
serum, which is thought to be due to steady release of the drug
from the tissues (30); and it has also been suggested that it is the
serum drug levels, rather than the tissue drug levels, that represent
active drug (31). Like clofazimine, the half-life of bedaquiline is
extremely long (days to weeks) and is dependent on the duration
of administration (31, 32), and bedaquiline is also highly protein
bound in the serum (30, 31), with free drug concentration esti-
mates well below the MIC of the drug for M. tuberculosis. Bedaqui-
line also exhibits delayed bactericidal activity against M. fubercu-
losis, both in vitro (33, 34) and in vivo (32, 35), and it has been
hypothesized that this delay is related to bedaquiline’s mechanism
of action targeting ATP synthase (36), with bactericidal activity
evident only after bacterial energy stores have been depleted (33).
Finally, low-level, efflux-driven cross-resistance to bedaquiline
and clofazimine has been reported in M. tuberculosis (37). Com-
parative studies between clofazimine and bedaquiline may con-
tribute to a better understanding of how to optimally use both
drugs in TB treatment.

Clofazimine is known to be safe for long-term administration
in people, as has been demonstrated by the successful use of the
drug in millions of leprosy patients (3), but it is associated with the
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cosmetically significant adverse effect of reversible skin discolor-
ation. This effect could perhaps be greatly minimized in TB treat-
ment if lower doses can be effectively used and the duration of
treatment can be shortened. Based on this work and previous
studies (5, 8, 9), a reasonable next step could be an assessment of
clofazimine activity for the treatment of human TB.
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