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Rationale: Although observational studies suggest that clofazimine-
containing regimens are highly active against drug-resistant tuber-
culosis, the contribution of clofazimine for the treatment of this
disease has never been systematically evaluated.

Objectives: Our goal was to directly compare the activity of a standard
second-line drug regimen with or without the addition of clofazi-
mine in amouse model of multidrug-resistant tuberculosis. Our com-
parative outcomes included time to culture conversion in the mouse
lungs and the percentage of relapses after treatment cessation.
Methods: Mice were aerosol-infected with an isoniazid-resistant (as
a surrogate of multidrug-resistant) strain of Mycobacterium tuberculosis.
Treatment, which was administered for 5 to 9 months, was initiated
2 weeks after infection and comprised the following second-line regi-
men: daily (5 d/wk) moxifloxacin, ethambutol, and pyrazinamide, sup-
plemented with amikacin during the first 2 months. One-half of the
mice also received daily clofazimine. The decline in lung bacterial
load was assessed monthly using charcoal-containing agar to reduce
clofazimine carryover. Relapse was assessed 6 months after treatment
cessation.

Measurements and Main Results: After 2 months, the bacillary load in
lungs was reduced from 9.74 log,, at baseline to 3.61 and 4.68 in
mice treated with or without clofazimine, respectively (P < 0.001).
Mice treated with clofazimine were culture-negative after 5 months,
whereas all mice treated without clofazimine remained heavily culture-
positive for the entire 9 months of the study. The relapse rate was 7%
among mice treated with clofazimine for 8 to 9 months.

Conclusions: The clofazimine contribution was substantial in these
experimental conditions.

Keywords: tuberculosis; multidrug-resistant tuberculosis; clofazimine;
inbred BALB/c mice

Clofazimine, also known as B.663 or Lamprene, is a fat-soluble
riminophenazine dye developed in the 1950s by Vincent Barry
and colleagues (1, 2) as a drug for the treatment of tuberculosis.
The drug was shown to be even more bactericidal than isoniazid
when tested in a mouse model of tuberculosis chemotherapy
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AT A GLANCE COMMENTARY

Scientific Knowledge on the Subject

Clofazimine is an antimycobacterial drug used for the
treatment of leprosy. Although often used for the treatment
of drug-resistant tuberculosis in patients, clofazimine has
never been evaluated in humans or in experimental models
for its possible contribution in tuberculosis treatment.

What This Study Adds to the Field

Using a mouse model of multidrug-resistant tuberculosis,
we directly assessed the activity of a second-line regimen
with or without the addition of clofazimine. Compared to its
clofazimine-free counterpart, the clofazimine-containing
regimen was significantly more active in achieving culture
conversion and preventing relapse. Considering that clo-
fazimine is a drug safe for long-term use in humans, our
work suggests that clofazimine should be more closely
evaluated for use in the treatment of drug-resistant
tuberculosis.

(2). For reasons that are not well documented, clofazimine
was not advanced for the treatment of human tuberculosis but
was used for the treatment of leprosy and later, unsuccessfully,
for the treatment of Mycobacterium avium complex infection
in patients with AIDS (3, 4). The unfortunate development of
multidrug- and extensively drug-resistant tuberculosis has kin-
dled a worldwide push for the development of new therapy
options for this disease, including a renewed interest in clofazi-
mine (5). Although several groups have characterized clofazi-
mine activity for in vitro and animal models of tuberculosis (6),
a seminal publication by van Deun and colleagues in 2010 re-
ported for the first time that a 9-month drug regimen including
gatifloxacin, ethambutol, pyrazinamide, and clofazimine through-
out plus a 4-month initial supplement of kanamycin, prothiona-
mide, and a high dose of isoniazid achieved a relapse-free cure of
87.9% (95% confidence interval [CI], 82.7-91.6) among 206
patients in Bangladesh (7). Such a rate is higher than the 62%
(95% CI, 57-67%) rate of successful outcomes reported in a re-
cent systematic review of multidrug-resistant tuberculosis treat-
ment (8), and it is also better than the 61% (95% CI, 53-69%)
efficacy of the World Health Organization (WHO)-recommended
two year-long retreatment regimen (9, 10).

Although exciting and promising, the findings reported by
van Deun and colleagues (7) were obtained from observational
studies and as such were not appropriate for assessment of the
impact of individual drugs in the regimen. Therefore, we designed
an experiment in a mouse model of multidrug-resistant tubercu-
losis chemotherapy to specifically investigate the contribution of
clofazimine and to address the hypothesis that clofazimine could
shorten the duration of treatment for this disease. These data have
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been partially reported in a joint National Institute of Allergy and
Infectious Disease/Johns Hopkins University webinar on clofazi-
mine (11).

METHODS

All experimental work was performed at the Johns Hopkins University
School of Medicine Center for Tuberculosis Research in Baltimore, Mary-
land. All work with live bacteria was performed in a biosafety level-3
(BSL-3) laboratory, and all work with animals was performed in an animal
BSL-3 facility.

Mice and Aerosol Infection

Six-week-old female BALB/c mice were purchased from Charles River.
They were aerosol infected with M. tuberculosis H37Rv (parent strain
ATCC 27294) with a KatG W149R mutation; this isoniazid-resistant
strain was isolated in our laboratory from mice treated with isoniazid
monotherapy at 6.25 mg/kg/d. Although the strain has weak catalase
activity (compared with the parent strain), it has retained full virulence
in the mouse (12). The minimum inhibitory concentrations (MICs) of each
drug (except pyrazinamide) for this strain, and the parent strain, are pre-
sented in Table E1 in the online supplement. Aerosol infection was per-
formed as previously described (12). All animal procedures were approved
by the Johns Hopkins University Animal Care and Use Committee.
Chemotherapy. The experimental scheme is presented in Table 1.
Treatment began 18 days after infection. Amikacin was injected sub-
cutaneously at 0.2 ml, and all other drugs were administered orally by
gavage. Oral drugs were given together in a single dose of 0.2 ml in
water, with the exception of clofazimine, which was given separately in
0.2 ml of 0.05% agar suspension. Dosages (described in Table 1) were
chosen to produce area under the (serum) concentration curve values
in mice estimated to be close to those obtained with currently recom-
mended human dosages (12-16).

Assessment of treatment efficacy. Treatment efficacy was assessed on
the basis of () lung cfu counts during treatment, and (2) the proportion
of mice with culture-positive relapse 6 months after treatment comple-
tion (to allow for as much clearance of clofazimine as possible within
the approximately 18-month life span of the mice). Mice were killed
according to the schedule outlined in Table 1. After killing of the mice,
the lungs were dissected and homogenized in 2.5 ml phosphate-buffered
saline. The appropriate dilutions of the homogenates were plated on 7H11
agar enriched with 10% oleic acid-albumin-dextrose-catalase and rendered
selective by supplementation with cycloheximide (10 mg/ml), carbenicillin
(50 mg/ml), polymyxin B (25 mg/ml), and trimethoprim (20 mg/ml) to
prevent contamination with minimal impact on M. tuberculosis growth
(17). To detect and limit the consequences of clofazimine carryover, lung
homogenates from the clofazimine-treated mice were plated in duplicate
on 7H11 selective agar with and without 0.4% (weight/volume) activated
charcoal, as Tasneen and colleagues have demonstrated that supplemen-
tation of the agar with this percentage of charcoal is effective in adsorbing
clofazimine and minimizing carryover of the drug (18). For assessing re-
lapse after treatment cessation in mice that received clofazimine, the lung
homogenate was inoculated onto plain and charcoal-containing 7H11 agar
plates. All plates were incubated for 28 days at 37°C before the cfu were
enumerated.

Drug susceptibility testing. During treatment, isolates from any mouse
yielding a positive culture after most mice in the same treatment group
converted were subjected to indirect drug susceptibility testing on 7H11
agar, as was each isolate obtained from relapsing mice. Drug suscepti-
bility testing was performed using the proportion method (19); the drug
concentrations used for testing are presented in Table E2.

Statistical analysis. cfu counts (x) were log-transformed as (x + 1)
before analysis. Group means were compared by one-way analysis of
variance with Dunnett posttest to control for multiple comparisons.
Relapse proportions were compared using Fisher exact test, adjusting
for multiple comparisons.

RESULTS

Establishment of Infection

The day after infection (Day —17), the mean lung log;o cfu count
(SD) was 4.67 (0.07), a much higher cfu count than expected. At
Day 0, the time of treatment initiation, all mice were sick, and at
killing their lungs exhibited extensive inflammation and whitish foci
of consolidation (Figure 1A). The mean lung log;, cfu counts had
increased to 9.74 (0.08), indicating that the isoniazid-resistant strain
used for infection was not attenuated (Figure 1B). All remaining
untreated mice were moribund during the fourth week of infection
and were killed in accordance with animal care regulations.

Response during Treatment

During the first 2 months of treatment, no treated mice died. Af-
ter 2 months of treatment, the ears, tail, and subcutaneous tissue
of clofazimine-treated mice were red-brown discolored, reflect-
ing the diffuse accumulation of the drug in these mice (Figure
E1). Mice treated without clofazimine exhibited numerous gross
lung lesions, whereas the lung lesions in mice treated with clo-
fazimine were barely visible either because they were masked
by the intense red discoloration of the lungs or because they were
reduced in size (Figure 1A). The accumulation of clofazimine in
the lungs was associated with significant carryover of the drug
from the mouse lungs to the culture medium that resulted in culture
negativity of all undiluted lung homogenates inoculated onto plain
7H11 agar, whereas there were numerous cfu on the 0.4% charcoal-
containing agar (Table 2). Taking into account the cfu isolated on
charcoal-containing agar, the lung cfu counts were reduced from
9.74 (0.08) logyo at baseline to 4.68 (0.12) and 3.61 (0.20) in mice
treated with clofazimine-free and clofazimine-containing regimens,
respectively (P < 0.001) (Figure 1B).

After Month 2 of treatment, after stopping the administration
of amikacin, the difference in the decline of lung cfu counts was
significantly in favor of mice treated with the clofazimine-
containing regimen. In these mice, lung cultures became close
to negative at Month 4 of treatment, with two mice being culture
negative and three mice having a single cfu. All lung cultures
(five out of five) from mice receiving clofazimine were negative

TABLE 1. SCHEME OF THE EXPERIMENT TO TEST THE CONTRIBUTION OF CLOFAZIMINE IN A SECOND-LINE REGIMEN IN A MOUSE

MODEL OF MULTIDRUG-RESISTANT TUBERCULOSIS CHEMOTHERAPY

Number of Mice to Be Killed at the Given Time Points

Drug Regimen D -17 DO Mo. 2 Mo. 3 Mo. 4 Mo. 5 Mo. 6 Mo. 7 Mo. 8 Mo. 9 Total Mice
Untreated 9 9 5 5 5 5 5 5 5 5 58
2AMEZ/7MEZ — — 5 5 5 5(15) 5(15) 5(15) 5(05) 5(15) 115
2AMEZC/7MEZC — — 5 5 5 5(15) 5(15) 5(15) 5(15) 5(15) 115
Total mice 9 9 15 15 15 15 (30) 15 (30) 15 (30) 15 (30) 15 (30) 288

Definition of abbreviations: A = amikacin 100 mg/kg; C = clofazimine 25 mg/kg; D = day; E = ethambutol 100 mg/kg; M = moxifloxacin 100 mg/kg; Mo. = month of

treatment; Z = pyrazinamide 150 mg/kg.

The numbers in parentheses represent the number of mice withdrawn from treatment and kept for the 6-month relapse assessment. The numbers in the treatment
regimen descriptions represent the number of months the drug combination was administered.
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Figure 1. The effect of clofazimine when added to a second-line drug
regimen in a mouse model of multidrug-resistant tuberculosis chemo-
therapy. (A) Gross pathology of lungs dissected from three mice in each
of the treatment groups after 2 to 9 months of treatment. Day 0 is the
day of treatment initiation. (B) Lung cfu counts during the course of the
experiment. cfu data were obtained from the lungs of five mice per time
point, and the error bars represent the SD. 2AMEZ/7MEZ = two months
of amikacin (A, 100 mg/kg), moxifloxacin (M, 100 mg/kg), ethambutol
(E, 100 mg/kg), and pyrazinamide (Z, 150 mg/kg), followed by 7 months
of moxifloxacin, ethambutol, and pyrazinamide. 2AMEZC/7MEZC = the
same drug regimen as described above with the addition of clofazimine
(C, 25 mg/kg). Control mice did not receive any treatment.

at Month 5. At later time points, a single mouse was culture pos-
itive with 31 cfu on charcoal-containing agar at Month 6, another
mouse was culture positive with 35 cfu on plain agar and 160
cfu on charcoal-containing agar at Month 8, and two mice were
culture positive each with a single cfu on charcoal-containing
agar at Month 9. All of the cfu remained drug susceptible and
may be considered persisters, with the notable exception of
the cfu isolated from the mouse that was culture positive at
Month 8. These cfu were resistant to clofazimine with an MIC
of 1.0 pg/ml, significantly higher than the 0.25 pg/ml MIC of
the original strain. The substantial cfu decline in clofazimine-
treated mice was associated with an intense brown-reddish
staining of the lungs and internal tissues of mice (Figure E1)
and also with progressive reduction in the size of the lungs and
clearance of the gross lung lesions (Figure 1A), related to the
antimicrobial and/or the antiinflammatory effect of clofazimine.

In strong contrast to the findings in clofazimine-treated mice,
the lungs of mice treated without this drug remained full of gross
lesions, and lung cfu counts slightly decreased to 4.68 (0.12) at
Month 2, to 3.92 (1.07) at Month 9, and then plateaued at the
level of 4 logyy cfu. The mainly bacteriostatic activity of the
moxifloxacin-ethambutol-pyrazinamide combination in mice trea-
ted with the clofazimine-free regimen is rather surprising but fits
with the full susceptibility to ethambutol and moxifloxacin of iso-
lates from these mice.

Relapse after Treatment Cessation

Mice treated with the clofazimine-free regimen were still heavily
culture positive at treatment cessation, and a proportion of mice
survived the 6-month follow-up period after treatment cessation
(11, 8,7, 9, and 8 of the 15 mice treated for 5, 6, 7, 8, and 9 mo,
respectively). All mice that did survive had gross lung lesions
worse than at treatment cessation (Figure E2), and the lungs
were heavily culture positive.

Mice treated with the clofazimine-containing regimen sur-
vived during the 6-month follow-up period after treatment ces-
sation in apparent good health, with the exception of two mice
treated for 8 months that died 2 months after treatment cessation
of unknown causes (they were found dead after a weekend). Cul-
ture of lungs was possible only in one of these mice. At regular
sacrifice, 6 months after treatment cessation, the intense red dis-
coloration of the lungs had totally faded away and no gross lesions
were apparent in all mice, even in those that had been treated for
5 months only. As shown in Table 3, culture-positive relapses were
observed in 3 out of the 15 mice treated for 5 and 6 months, for 5
out of the 15 mice treated for 7 months, for 1 of the 14 mice
treated for 8 months, and in 1 of the 15 mice treated for 9 months.
On average, the relapse rate was 17.6%, and the differences in the
relapse rates between the treatment duration groups were not
statistically significant (P > 0.1). The isolated cfu were equally
distributed on charcoal-containing plates and on charcoal-free
plates, indicating there was no more clofazimine carryover. The
number of cfu isolated from the relapsing mice was relatively
limited, with a trend toward less numerous cfu in mice treated
longer, likely reflecting the sustained activity of clofazimine after
treatment cessation and the highest accumulation of clofazimine
in mice treated longer. All isolates from relapsing mice had the
same drug susceptibility as the H37Rv isoniazid-resistant mutant
used for infection.

DISCUSSION

The present experiment was performed to assess the contribu-
tion of clofazimine to the activity of a 9-month second-line reg-
imen for tuberculosis close to the one that has been used with
success by van Deun and colleagues in Bangladesh (7). It not
only provides a positive response but also demonstrates that the
contribution of clofazimine was obtained without any apparent
damage to the mice. The only drawback was the intense brown-
ish discoloration of internal tissues, tail, and ears, a phenomenon
that is similar to the skin discoloration of patients with leprosy
on clofazimine treatment. It may be considered the short-lived
cosmetic price for antimicrobial benefit.

Because the huge extent of the benefit brought by the addi-
tion of clofazimine was not expected, the validity of our findings
should be examined and even challenged. First, we have to con-
sider the virulence of the isoniazid-resistant M. tuberculosis
strain that was used in the present experiment, because if it
had been attenuated, the bacilli could have responded exces-
sively well to the treatment, and consequently the value of the
treatment could have been overestimated. Actually, the aerosol
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TABLE 2. COMPARISON OF THE CARRYOVER EFFECT OF
CLOFAZIMINE IN LUNG HOMOGENATES PLATED ON SELECTIVE
7H11 AGAR PLATES WITH AND WITHOUT 0.4% CHARCOAL

No. of cfu on Selective 7H11

Agar Plates
Dilution of Lung Without With 0.4%
Mouse Homogenate Charcoal Charcoal
Mouse 1 Undiluted 0,0 +++
107" 2,5 90, 100
Mouse 2 Undiluted 0,0 +4++
107" 7,5 43, 46
Mouse 3 Undiluted 0,0 +4++
107" 18, 27 160, 150
Mouse 4 Undiluted 0,0 +++
107" 4,0 65, 66
Mouse 5 Undiluted 0,0 +++
1077 2,1 65, 100

cfu counts are from the lungs of mice receiving 2 months of the clofazimine-
containing regimen. Each lung homogenate sample was plated in duplicate, and
the number of cfu from each plate is provided. +++ indicates too many to
count.

infective load was very high, and all untreated negative control
mice died by the fourth week after infection, a relevant sign of
virulence. In addition, none of the mice treated with the
clofazimine-free drug regimen were cured, and a proportion
of them died of tuberculosis during the 6-month follow-up
after treatment cessation, indicating that there was no spon-
taneous clearance of the isoniazid-resistant bacilli, and con-
sequently the strain may be considered virulent.

A second issue is the validity of the rapid culture conversion of
the mouse lungs during clofazimine-containing treatment. Had
charcoal-containing plates not been used and appropriate dilutions
of the lung homogenates not been done, the culture conversion
would have been recorded as having taken place as soon as at
the second month of treatment, when in fact it occurred only after
5 months. But there is no absolute certainty that the clofazimine
carryover has been totally neutralized in the charcoal-containing
plates and that the growth of some remaining viable bacilli was pre-
vented by the amount of clofazimine that had accumulated in the
lungs during the course of treatment. In fact, it is the relapse rate
studied 6 months after treatment cessation that allows for the con-
clusion that culture conversion was the result of antimicrobial ac-
tivity of the treatment and not the result of clofazimine carryover.
After such a 6-month follow-up, the lung discoloration had faded,
no more gross lung lesions were apparent, and from the few mice
that relapsed the cfu grew as well on plain agar as on charcoal-
containing agar, indicating there was no residual clofazimine able
to interfere with bacillary growth. Hence, one may consider that
the culture conversion during treatment was a reality and not an
artifact resulting from clofazimine carryover.

The fading away of tissue discoloration within the 6-month
follow-up period after treatment cessation was rather unexpected,
because the discoloration should have persisted if the half-life of
clofazimine in mice was as long as the 70-day half-life in humans
(20). Likely, it is much shorter than the half-life in humans (21),
and for this reason there was no more sustained clofazimine ex-
posure at the time of sacrifice.

In sharp contrast with the activity of the clofazimine-containing
drug regimen was the poor activity of the clofazimine-free drug
regimen. In spite of the substantial microbial killing of the 2-month
initial phase that included amikacin, the continuation phase with
the three-drug regimen moxifloxacin-ethambutol-pyrazinamide
had only bacteriostatic activity. The potent activity of amikacin
explains and indirectly supports the WHO recommendation that

the 6 to 8 months of initial intensive phase should include an
injectable drug. As for the limited activity of the moxifloxacin-
ethambutol-pyrazinamide combination, it gives support to the
WHO recommendation of an overall duration of at least 20
months and the use of ethionamide or prothionamide for the
treatment of multidrug-resistant tuberculosis (10). The limited
antimicrobial activity of the moxifloxacin, ethambutol, and pyr-
azinamide combination is illustrated by the fact that, at Month 8
of treatment with the clofazimine-containing regimen, one
mouse yielded on plain plates and on charcoal-containing plates
more than 100 cfu resistant to clofazimine. In this particular
mouse, the moxifloxacin, ethambutol, and pyrazinamide combi-
nation was not able to prevent the selection of mutants resistant
to clofazimine, a very negative consideration for the three-drug
combination. However, the corollary of this is that the addition
of clofazimine did eliminate the clofazimine-susceptible organ-
isms and selected the resistant ones, and therefore this drug had
contributed to bactericidal activity, a very promising finding.
Although the clofazimine-containing regimen had strong activ-
ity compared with the clofazimine-free regimen, its activity was far
from perfect because it resulted in a mean relapse-free cure rate of
only 82.4% among the 74 mice maintained for a 6-month follow-up
after completion of treatment. On the positive side, the percentage
of relapse-free cure was very close to the 87.9% (95% CI, 82.7-
91.6%) relapse-free cure observed in 206 patients with multidrug-
resistant tuberculosis treated for 9 months with comparable
regimens (7), and all relapsing mice did so with bacilli having
the same drug susceptibility as the infective strain. On the neg-
ative side, the relapse rate in mice treated for 5 or 6 months was
not significantly different from the relapse rate in mice treated
for longer duration (i.e., 7, 8, and 9 mo) even though the cfu
isolated were more numerous in those treated for shorter dura-
tions. This suggests that the sterilizing process was achieved by
the fifth month, an extremely positive observation, which may
mean that clofazimine has potent bactericidal activity but lim-
ited sterilizing activity. If that were the case, the ideal would be
to combine clofazimine with the most potent available steriliz-
ing companion drugs. In that respect, one can wonder whether
the best companion drugs with clofazimine should be rifampin
and pyrazinamide. In other words, perhaps clofazimine could be
included in the standard first-line regimen, for example, as a sub-
stitution for ethambutol. We should remember that the mode of
action of clofazimine is poorly understood and probably pleio-
tropic and that previous studies have reported an association of
clofazimine with DNA function, membrane disruption, and inhi-
bition of potassium transport (23, 24). However, a recent study in
Mycobacterium smegmatis has demonstrated that enzymatic re-
duction of clofazimine by NDH-2, the primary respiratory chain
nicotinamide adenine dinucleotide reduced (NADH):quinone

TABLE 3. CULTURE RESULTS 6 MONTHS AFTER TREATMENT
CESSATION OF THE CLOFAZIMINE-CONTAINING SECOND-LINE
REGIMEN IN A MOUSE MODEL OF MULTIDRUG-RESISTANT
TUBERCULOSIS CHEMOTHERAPY

No. of Culture-Positive Mice/Total
No. of mice (% Culture-Positive)

Treatment
Duration, mo

Total cfu Isolated per
Culture-Positive Mouse

5 3/15 (20) 414, 407, 2
6 3/15 (20) 153, 447, 30
7 5/15 (33) 1,1,3,4,5
8 114 (7) 50
9 115 (7) 2
Total 13/74 (18) —

Relapse is defined as culture positivity. Mice receiving the non-clofazimine-
containing regimen were unable to reduce the lung bacterial load to undetect-
able levels, precluding relapse assessment in these mice.
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reductase, is followed by nonenzymatic oxidation of reduced clo-
fazimine, generating reactive oxygen species and ultimately hy-
drogen peroxide (22). This would explain the early observation that
clofazimine was more active against catalase-negative isoniazid-
resistant strains (22) and may also account for the dramatic effect
of adding clofazimine to our multidrug-resistant tuberculosis treat-
ment regimen, as an isoniazid monoresistant strain with a mutation
in katG was used. More work is therefore needed to optimize the
use of clofazimine.

Opverall, our study results indicate that the addition of clofazi-
mine to a second-line regimen tremendously increased the efficacy
of the regimen. When combined with the reported clinical data,
our findings make the old drug clofazimine a promising new an-
tituberculosis drug, especially considering that clofazimine is a US
Food and Drug Administration—-approved drug that is already
known to be safe for long-term use, as documented by its use
for the treatment of leprosy.

Author disclosures are available with the text of this article at www.atsjournals.org.
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