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Leprosy responds very slowly to the current multidrug therapy, and hence there is a need for novel drugs
with potent bactericidal activity. PA-824 is a 4-nitroimidazo-oxazine that is currently undergoing phase I
clinical trials for the treatment of tuberculosis. The activity of PA-824 against Mycobacterium leprae was tested
and compared with that of rifampin in axenic cultures, macrophages, and two different animal models. Our
results conclusively demonstrate that PA-824 has no effect on the viability of M. leprae in all three models,
consistent with the lack of the nitroimidazo-oxazine-specific nitroreductase, encoded by Rv3547 in the M. leprae
genome, which is essential for activation of this molecule.

Mycobacterium leprae is one of the important pathogens of
the genus Mycobacterium, since it is responsible for causing
leprosy in humans. Leprosy is caused by a chronic granuloma-
tous infection of the skin and peripheral nerves by bacteria
(26). The damage to peripheral nerves results in sensory and
motor impairment, leading to deformities and disability. Cur-
rently, leprosy is treated with multidrug therapy (MDT) (27).
Paucibacillary leprosy patients are treated with dapsone and
rifampin for 6 months, and those with multibacillary disease
are treated with a combination of dapsone, clofazimine, and
rifampin for 12 to 24 months. Despite the success of MDT
regimens, newer regimens are required to shorten the duration
of chemotherapy and to reduce the relapse rates in multiba-
cillary leprosy cases (4).

PA-824 is a 4-nitroimidazo-oxazine compound active against
Mycobacterium tuberculosis that is effective against both ac-
tively replicating and aerobically growing M. tuberculosis and
oxygen-limited, nonreplicating, persistent M. tuberculosis (17,
24). Thus, PA-824 is an important lead compound with the
potential for reducing the duration of antitubercular chemo-
therapy. Recently, the Global Alliance for TB Drug Develop-
ment has initiated phase I clinical trials with PA-824 (www
.tballiance.org).

PA-824 has a unique spectrum of antibacterial activity. PA-
824 is highly active against the M. tuberculosis complex (con-
sisting of M. tuberculosis, Mycobacterium bovis, M. bovis BCG,
Mycobacterium africanum, and Mycobacterium microti) but has
poor or no activity against mycobacteria outside the M. tuber-
culosis complex (Mycobacterium avium, Mycobacterium smeg-
matis, Mycobacterium chelonae, and Mycobacterium fortuitum
[24] and Mycobacterium ulcerans [15]). Interestingly, PA-824 is
effective against Helicobacter pylori, Clostridium difficile, and a
few other microaerophilic and anaerobic bacteria that are dis-
tantly related to mycobacteria (1); however, it has no activity
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against closely related actinomycetes like Nocardia spp. and
Streptomyces spp. (U. H. Manjunatha and C. E. Barry, unpub-
lished results). As part of our program to understand the
mechanism of action of PA-824 and in view of the loss of a
significant amount of genetic information from the leprosy
bacillus (7), we sought to determine the susceptibility of M.
leprae to PA-824.

MATERIALS AND METHODS

Bacterial strains and chemicals. Nude mouse-derived M. leprae (isolate Thai-
53) was maintained in serial passage in the footpads of athymic nu/nu mice. The
mice were inoculated in the plantar surfaces of both hind feet with 5 X 107 fresh,
viable, nu/nu mouse-derived M. leprae bacilli. Both hind footpads were harvested
at 4 to 6 months to obtain the intracellular M. leprae bacilli as described previ-
ously (25), and the bacilli were enumerated by direct microscopic count of
acid-fast bacilli (AFB) according to the method of Shepard and McRae (23). The
bacterial suspension was passed a few times through a 27-gauge needle to
remove clumps immediately prior to use. Freshly harvested bacilli were always
employed in experiments within 24 h of harvest.

PA-824 was synthesized as described in U.S. patent 5,668,127 (1). Cyclodex-
tran, lecithin, ampicillin, HEPES, glutamine, rifampin, and sodium hydroxide
were obtained from Sigma. BACTEC 7H12B and BACTEC PZA media were
obtained from Becton Dickinson. RPMI 1640 and fetal calf serum (FCS) were
obtained from Invitrogen. The BALB/c and athymic nude (nu/nu) mice used in
this study were obtained from Harlan (Harlan, Indianapolis, Indiana).

Radiorespirometry and axenic culture experiment. The metabolic activity of a
suspension of M. leprae was measured by evaluating the oxidation of
[**C]palmitic acid to *CO, by radiorespirometry as described previously (9).
Briefly, for experiments in axenic medium, 1 X 107 M. leprae bacilli were sus-
pended in 1.0 ml of BACTEC 7H12B medium to which different concentrations
of PA-824 (0 to 10 pg/ml) were added. Rifampin (2 pg/ml) was used as a positive
control. The radiorespirometry vials were incubated for 7 days, and the day 7
cumulative counts per minute were determined as described previously (16). For
radiorespirometry experiments with M. tuberculosis (strain Erdman [ATCC
35801]), the BACTEC method was employed as described previously (8).

Macrophage experiments. Resident peritoneal macrophages from Swiss mice
were harvested and allowed to adhere for 6 h in RPMI 1640 supplemented with
25 mM HEPES, 50 pg/ml ampicillin, 2 mM glutamine, and 10% (vol/vol) FCS.
Adherent cells were infected overnight at 33°C with fresh footpad-derived M.
leprae from nude mice at a multiplicity of infection (MOI) of 20:1. After extra-
cellular bacilli were washed off, the infected macrophages were incubated with
PA-824 or rifampin in RPMI 1640 for 7 days. The macrophages were lysed with
0.1 N NaOH, and the intracellular M. leprae metabolic activity was measured by
radiorespirometry in 4 ml of acidified BACTEC PZA medium (21). For M.
tuberculosis, macrophages were infected at a MOI of 2:1 for 30 min at 37°C.
Extracellular bacilli were washed off, and the M. tuberculosis-infected macro-
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TABLE 1. Experimental design for PA-824 efficacy against
M. leprae in BALB/c and nude mouse footpad models

Model and treatment No. of Harvest time(s)
(mg/kg) mice postinfection (wk)

BALB/c mice
Untreated control 20 8,12, 20, 24
CM-2 control 10 20, 24
Rifampin (8) 10 20, 24
PA-824 (100) 10 20, 24
PA-824 (25) 10 20, 24

Nude mice
Untreated control 5 24
Rifampin (8) 5 24
PA-824 (100) 5 24

phages were incubated at 37°C with PA-824 or rifampin for 7 days. On day 7, the
infected macrophages were lysed with 0.1% sodium dodecyl sulfate and the
bacilli were counted by serial dilution plating on 7H11 agar medium.

Mouse footpad experiments. (i) BALB/c mouse model. The kinetic method of
Shepard was employed to test the efficacy of PA-824 treatment on the growth of
M. leprae in the mouse footpad model (22). Sixty immunocompetent BALB/c
mice were each inoculated in both hind footpads with 1 X 10* (30 pl/footpad)
viable M. leprae bacilli freshly prepared from infected nu/nu mice and randomly
allocated into five groups: an untreated control group with 20 mice and four
treated groups with 10 mice each. Eight weeks postinfection, the animals were
treated orally with drugs (Table 1) in a CM-2 formulation for 4 weeks (5
days/week) and then discontinued. The CM-2 formulation consists of 10% hy-
droxypropyl-B-cyclodextrin and 10% lecithin in water (24). The concentrations of
PA-824 (25 mg/kg and 100 mg/kg) were based on mouse efficacy studies with M.
tuberculosis (24). The animals showed no adverse effects from drug treatment.
The footpads from control animals were harvested at 8, 12, 20, and 24 weeks
postinfection (five mice per time point). Based on the growth in untreated
animals, the footpads from all treated animals were harvested when the AFB
growth was near plateau and 4 weeks later (five mice per time point). After
harvest, the bacilli were enumerated by direct microscopic count (23).

(ii) Nude mouse model. Fifteen athymic BALB/c nu/nu nude mice were in-
fected in both hind footpads with 5 X 107 bacilli and divided into three groups
(Table 1). At 2 months postinfection, the animals were treated orally with drugs
in a CM-2 formulation for 4 weeks. After 6 months, the footpads from treated
and control animals were harvested and the acid-fast bacteria were enumerated
by direct microscopic count (23).

Sequence analysis. The primary sequences of the M. leprae and M. tuberculosis
genes were obtained from Leproma (http://genolist.pasteur.fr/Leproma/) and
Tuberculist (http://genolist.pasteur.fr/TubercuList).
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RESULTS

As a first attempt to determine an effect of PA-824 on M.
leprae, we examined the radiorespirometric activity of M. lep-
rae, as measured by '*CO, production, in the presence of
PA-824 in axenic cultures. While rifampin, as expected, signif-
icantly reduced the metabolic activity, PA-824 had no effect at
concentrations up to 10 pg/ml (Fig. 1A). While the axenic
suspension data offer clues as to the direct effect of the agents
on the metabolism of M. leprae, it is possible that an agent
could have a killing effect without inhibiting the production of
CO, from lipid substrates. However, BACTEC data for M.
tuberculosis, which include measurements of oxidation of
[**C]palmitic acid, showed a profound effect of PA-824, where
the MIC,, was 0.15 pg/ml (data not shown). Thus, the lack of
activity of PA-824 against M. leprae at 10 pg/ml suggested that
M. leprae has at least 60-fold-higher inherent resistance.

Radiorespirometric analysis of organism viability following
exposure of M. leprae to PA-824 in the context of an infection
of peritoneal macrophages revealed that PA-824 at concentra-
tions up to 10 pg/ml had no effect on intracellular M. leprae
(Fig. 1B). A similar evaluation of M. tuberculosis-infected mac-
rophages treated with PA-824 revealed at least a 2-log reduc-
tion in numbers of CFU with 2.5 pg/ml PA-824 for 7 days (data
not shown).

To establish conclusively the activity of PA-824 on the via-
bility of M. leprae, we performed mouse footpad experiments
with both BALB/c and immunocompromised nude mice, using
a kinetic method to determine drug efficacy (22). Normal mul-
tiplication of M. leprae was observed in the footpads of BALB/c
mouse control groups (Fig. 2A), where the bacillary counts
reached up to 10%footpad (from 10%) in approximately 6
months. As shown in Fig. 2B, both 25 mg/kg and 100 mg/kg of
PA-824 had no effect on bacillary counts. The counts in the
PA-824-treated animals were indistinguishable from those of
the untreated control animals 2 and 3 months after discontin-
uation of the treatment. However, animals treated with 8
mg/kg of rifampin had at least 1 log fewer AFB than did the
control animals. Furthermore, in athymic immunocompro-
mised animals, while rifampin significantly prevented the mul-
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FIG. 1. Effect of PA-824 on the viability of extracellular (A) and intracellular (B) M. leprae. Viability was measured by the radiorespirometry
method (n = 4 replicates for each concentration). The bar graphs show the means * standard deviations of cumulative radiorespirometry counts.

cpm, counts per minute.
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FIG. 2. Effects of PA-824 and rifampin on the multiplication of M. leprae in BALB/c and nude mice. The drugs were given orally in a CM-2
formulation for 4 weeks during the third month. (A) Growth kinetics of M. leprae in BALB/c mice. The drug treatment and harvest time points
are indicated by arrows. (B) AFB counts were measured at the plateau and 4 weeks later in all groups (n = 5) of BALB/c mice. Drugs were
administered at 8, 100, and 25 mg/kg as indicated in the key. (C) AFB counts measured 6 months postinfection in the nude mouse model (n =
5). (D) Photographs of drug-treated nude mouse footpads before harvest. FP, footpad; RMP, rifampin; P, plateau in AFB growth; W, weeks.

tiplication of M. leprae (Fig. 2C) and the development of swell-
ing footpads (Fig. 2D), PA-824 had no effect on either event.

DISCUSSION

Nitroimidazoles are an interesting class of compounds that
have only recently been explored for antimycobacterial activity
(2). Unlike metronidazole (a 5-nitroimidazole), bicyclic 4-ni-
troimidazo-oxazines, such as PA-824 and OPC-67683, have
inhibitory activity against both actively growing and nonrepli-
cating M. tuberculosis (19, 24). In this study, we have explored
the possibility of broadening the utility of nitroimidazoles for
leprosy treatment by analyzing the effect of PA-824 on the
viability of M. leprae.

Because M. leprae cannot be cultured in vitro, its viability
cannot be addressed directly; thus, it is difficult to conclusively
demonstrate either drug efficacy or the lack thereof. In axenic
and intracellular systems, M. leprae bacilli are not actively di-
viding but are viable. In both models, the presence of PA-824
did not affect the metabolic activity (Fig. 1A and B). It has
been shown previously that the metabolic activity correlates
well with actual growth in the mouse footpads (25). To confirm
that PA-824 might reasonably be expected to have an effect on
lipid catabolism as measured by radiorespirometry, we also
confirmed the activity of PA-824 on M. tuberculosis by using
radiorespirometry as a measure of viability (BACTEC). The

radiorespirometric method has been used extensively to eval-
uate the in vitro activities of various antileprosy compounds,
including macrolides (11), fluoroquinolones (13), phenazines
(12), and fusidic acid (10).

In addition, we have also employed two in vivo models of M.
leprae growth in mouse footpads, including both immunocom-
petent (Fig. 2B) and immunocompromised (Fig. 2C) mice,
using Shepard’s kinetic method, which distinguishes between
bacteriostatic effects, i.e., indicated by a delay in the growth of
bacilli corresponding to the duration of drug treatment, and
bactericidal effects, which are revealed by a much more pro-
longed delay. Our findings establish that PA-824 has no effect
on M. leprae in both BALB/c and nude mouse models. PA-824
has also been shown recently, by a proportional bactericidal
method, to have only a very modest bactericidal activity against
M. leprae 17543 in mice (14).

PA-824 is a prodrug, and its activation requires an F,,-
dependent glucose-6-phosphate dehydrogenase (FGD1) activ-
ity (24). FGD1 is a glucose-6-phosphate dehydrogenase
(G6PD) that carries out enzymatic dehydrogenation of glu-
cose-6-P to 6-P-gluconolactone while reducing the cofactor
F,50. Fusp 18 a specialized deazaflavin cofactor with a low redox
potential (—350 mV) that participates in two-electron redox
reactions. PA-824-resistant M. tuberculosis (18) and M. bovis
(5, 6, 24) mutants have been determined to have lesions in
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FIG. 3. A proposed pathway for activation of PA-824. M. leprae and
M. tuberculosis genes involved in nitro-reductive activation of PA-824
are shown.

FGD1 and the F,,, biosynthesis pathway. Mutants lacking F,,,
or the ability to reduce this cofactor are unable to activate
PA-824 and other related bicyclic nitroimidazoles to more-
polar metabolites (18).

M. leprae has undergone reductive evolution during adapta-
tion as a human parasite and contains 1,133 pseudogenes,
leaving only 1,614 protein-encoding genes in its genome (7),
compared to 3,995 in M. tuberculosis (3). Interestingly, M.
leprae encodes an FGD1 homologue (ML0269c¢) and also the
proteins involved in F,,, biosynthesis (ML0759c, ML0758c,
and ML1492c) (Fig. 3). The conversion of glucose-6-P to 6-P-
gluconolactone is the first committed reaction for the pentose
phosphate pathway. The M. tuberculosis genome has four an-
notated G6PD genes: two are classical NADP " -dependent
genes (Rv1121 and Rv1447c), and the other two are F,,-
dependent genes (Rv0407 and Rv0132c), of which Rv0407 has
been shown to catalyze G6PD activity (18). In contrast, M.
leprae has only one functional G6PD which is F,,, dependent
(ML0269c). It has been shown earlier that armadillo-grown M.
leprae has F,,,-dependent G6PD activity but no detectable
NADP-G6PD activity (20). In addition, all of the genes in-
volved in the pentose phosphate pathway are present in the M.
leprae genome, in spite of reductive evolution (7). This implies
that in M. leprae, FGD1 and F,, biosynthesis may be essential
for a functional pentose phosphate pathway, and thus we ex-
pected that M. leprae would be sensitive to PA-824. However,
in contrast to our hypothesis, in the present study we have
shown that in all three different models of M. leprae, i.e., an
extracellular model (Fig. 1A), an intracellular model (Fig. 1B),
and two animal models (Fig. 2B and C), PA-824 had no effect
on the viability of M. leprae cells.

More recently, we have characterized FGD1™ and F,,," M.
tuberculosis PA-824-resistant mutants and identified mutations
in the putative F,,,-dependent nitroreductase encoded by
Rv3547 (18). Similar to FGD1™~ and F,,,  mutants, Rv3547
mutants of M. tuberculosis are also defective in activation of
PA-824 (18). The Rv3547 product is a conserved hypothetical
protein, with no considerable sequence homology to any other
proteins of known function. Rv3547 is most likely to donate
electrons to PA-824 (Fig. 3). M. tuberculosis has three homo-
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logues of Rv3547 with around 55% sequence similarity,
namely, Rv1261c, Rv1558, and Rv3178. The homologues of
Rv3547 have been implicated in playing a role in the activation
of nitroimidazo-oxazoles (18). Sequence analysis revealed that
the M. leprae genome does not carry Rv3547 or its homologues.
Consequently, although the leprosy bacilli may produce re-
duced F,,, this is not sufficient to reduce PA-824 in the ab-
sence of this specific nitroreductase. Hence, M. leprae is natu-
rally resistant to PA-824 and most likely resistant to other
promising antituberculosis bicyclic 4-nitroimidazoles.
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