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ABSTRACT The activities of rifampin, nitazoxanide, PA-824, and sutezolid were
tested against dormant Mycobacterium tuberculosis under conditions mimicking case-
ous granulomas (hypoxia at pH 7.3) in comparison with those of the combination
rifampin-isoniazid-pyrazinamide-ethambutol (R-I-Z-E), which is used for human ther-
apy. Mycobacterial viability was monitored by CFU and regrowth in MGIT 960. As
shown by lack of regrowth in MGIT, rifampin-nitazoxanide-containing combinations,
but not R-I-Z-E, killed dormant cells in 28 to 35 days. These observations might be
important in designing new tuberculosis therapies.
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Mycobacterium tuberculosis is responsible for about 10 million new tuberculosis (TB)
cases per year. Furthermore, approximately 1.7 billion people are latently infected

with this organism and 10% of them reactivate to active TB in their lifetime (1). Current
antibiotic treatments require 6 months of combination therapy with rifampin (R),
isoniazid (I), pyrazinamide (Z), and ethambutol (E) (R-I-Z-E) for active TB and at least
6 months of I or 3 to 4 months of R-I for latent TB (2). Shortening the duration of therapy
could increase adherence to treatment and reduce development of drug-resistant TB.

The lungs of patients with active and latent TB contain cellular and caseous
granulomas, with M. tuberculosis bacilli ranging from actively replicating (AR) to dor-
mant, nonreplicating (NR) stages (3). In caseous granulomas, the reduced vasculariza-
tion and low oxygen pressure restricts the growth of AR to NR stages in their necrotic,
hypoxic (H) centers, allowing M. tuberculosis to transit into a dormant, extracellular,
drug-refractory state. The pH of necrotic TB cavities is 7.2 to 7.5 in C3HeB/FeJ mice (4),
7.0 to 7.5 in guinea pigs, and 6.4 to 7.4 in rabbits (5). In a recent paper on human TB
lung tissues, two lesions showed pH 7.2 (severe necrosis) and eight showed a pH of
�5.5 (rare to severe necrosis) (6).

The caseum has no vascular supply and in M. tuberculosis-infected rabbits, the
fraction unbound (fu) of a drug penetrates the caseum via passive diffusion (7). Caseum
binding of a drug is proportional to hydrophobicity (cLogP) and aromatic ring count.
The chance of penetrating caseum is high for compounds with low cLogP values; for
instance, drugs with a cLogP of �2 had a 34 to 67% chance to reach an fu of �10% (7).

M. tuberculosis is extremely tolerant to drugs in caseum, with rifamycins being the
only agents sterilizing caseum obtained from rabbits (8). Using a Wayne dormancy
culture model of hypoxia at pH 7.3, we found a similar trend of phenotypic resistance,
with R and rifapentine highly effective in killing M. tuberculosis and with no or little
activity by other drugs (9, 10). These observations suggest that this model could mimic
caseum to measure drug activity against NR M. tuberculosis bacilli in this environment.
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Rifampin accumulates slowly in caseum and maintains therapeutic levels through-
out the dosing intervals (7). Here, the hypoxia model at pH 7.3 was used to measure the
activity of R-containing combinations against NR bacilli in caseum-mimicking condi-
tions compared with that of R-I-Z-E, currently used for TB therapy.

Briefly, for preparation of NR, hypoxic (H) cells, M. tuberculosis H37Rv log-phase
cultures were diluted in Dubos-Tween-albumin broth (DTAB) adjusted to pH 7.3 (10, 11)
and incubated at 37°C for 12 days (H12) in 20- by 125-mm stirred tubes (120 rpm)
containing 16 ml of culture (0.5 headspace ratio) (9) with the caps tightly screwed and
tight rubber caps put under the screw caps. Control tubes with 1.5 �g/ml of methylene
blue as an indicator of oxygen depletion were also incubated. Noticeable decolorization
of methylene blue was observed around day 12. Drugs were added by syringe to H12
cultures at their maximum concentration of drug in serum (Cmax) (�g/ml) (10, 12, 13) as
follows: R, 8; I, 2; E, 4; PA-824 (PA), 2; nitazoxanide (NZ), 10; sutezolid (SZ), 1. Pyrazin-
amide was used at 100 �g/ml. Every week, 1 ml of NR culture was washed twice and
resuspended in 1 ml of DTAB, and 0.2 ml was inoculated in Middlebrook 7H10 agar
plates for CFU determination and in liquid medium (Bactec MGIT 960 system) for
determination of the number of days to reach a growth unit of �75 (day to positivity
[DTP]) (12). M. tuberculosis killing was defined as a lack of regrowth in MGIT after �100 days.

The drugs tested in combination with R (PA, NZ, and SZ) were chosen for having
some activity against H12 cells at pH 7.3 in our previous studies (10; our unpublished
data) and for their low cLogP values (PA, 2.8; NZ, 2.14; SZ, 1.31) (http://www.drugbank
.ca/) predictive of caseum penetration (7).

Figure 1A and B and Fig. 2A and B show the CFU and DTP values, respectively, of R,
PA, NZ, SZ, alone and combined, and of the combination R-I-Z-E. On day 35, untreated
control cultures showed a 1.4-log10 CFU reduction from day 0 (Fig. 1A). Among single
drugs, R was much more active than PA, NZ, and SZ with a �4.9, 2.3, 1.8, and 1.1-log10

CFU reduction, respectively, compared to the day 35 control. On day 28, no CFU was
detected after treatment with 2-, 3-, and 4-drug combinations (Fig. 1A and B). Since NR
M. tuberculosis bacilli may not form colonies on agar (12), the samples for which CFU
were determined were also inoculated in MGIT in order to measure the DTPs of

FIG 1 Survival of nonreplicating (NR) cultures of M. tuberculosis after exposure to drugs (alone and in combination) as estimated by CFU counts. Twelve-day-old
(H12) cultures adjusted to pH 7.3 were incubated with drugs. Rifampin (R), 8 �g/ml; sutezolid (SZ), 1 �g/ml; nitazoxanide (NZ), 10 �g/ml; PA-824 (pretomanid;
PA), 2 �g/ml; isoniazid (I), 2 �g/ml; pyrazinamide (Z), 100 �g/ml; ethambutol (E), 4 �g/ml. Dashed lines indicate the limit of detection (5 CFU/ml). Means and
standard deviations from two experiments are shown. In each experiment, two Wayne tubes per condition per time point were used, from which at least two
7H10 agar plates were inoculated. (A) Single drugs, 2-drug combinations, and R-I-Z-E; (B) 3- and 4-drug combinations.
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surviving cells (Fig. 2A and B). On day 21, untreated or single-drug treated bacilli
showed DTP values of 6 to 7 days, whereas DTPs of bacilli treated with R alone or
R-containing combinations became positive at 15 to 22 days. In contrast, cells exposed
to any R-NZ-containing combination were killed (DTP, �100 days) on day 28 (R-NZ,
R-NZ-SZ) or 35 (R-NZ-PA, R-NZ-SZ-PA). No killing occurred on day 35 after treatment
with NZ-free combinations, including R-SZ, R-PA, R-SZ-PA, and R-I-Z-E.

These observations suggest that only NZ, but not SZ, PA, or I-Z-E, synergized with R
to kill NR M. tuberculosis bacilli under caseum-mimicking conditions. The tuberculocidal
activity of the couple R-NZ was also observed against H12 cells at pH 5.8 since the
combinations R-NZ-moxifloxacin-amikacin and R-moxifloxacin-amikacin killed them in
14 and 21 days, respectively (12).

Nitazoxanide is a broad-spectrum antimicrobial with a good safety profile approved
by the FDA for treatment of Giardia and Cryptosporidium infections (14). The drug is also
active against viruses and anaerobic/microaerophilic bacteria and helminthes (14). With
regards to M. tuberculosis, NZ kills AR and NR bacilli through the disruption of mem-
brane potential and pH homeostasis (15, 16). Nitazoxanide might have multiple targets
in M. tuberculosis since no resistant cells were found among �1012 CFU. Nitazoxanide
is one of the seven repurposed drugs for TB undergoing further testing, and it is
presently evaluated in phase II studies of early bactericidal activity (1). In anaerobic
bacteria and parasites, NZ inhibits the pyruvate:ferredoxin/flavodoxin oxidoreductase
(14, 17). M. tuberculosis encodes an anaerobic-type alpha-ketoglutarate ferredoxin
oxidoreductase involving the Rv2454c and Rv2455c genes (18). These genes may play
a role on the activity of NZ since their mRNAs were mildly overexpressed in Wayne
cultures on day 16 and 40 (19).

Overall, the inability of R-I-Z-E to kill NR M. tuberculosis under caseum-mimicking
conditions may provide a new framework for designing therapies that are shorter than
6 months containing R and NZ, a well-tolerated drug targeting anaerobic metabolism
and likely penetrating caseum where dormant bacilli live.

A limitation of our study is that we did not supplement MGIT cultures with M.
tuberculosis culture filtrates (CF), which may generate differentially culturable tubercle

FIG 2 Days to positivity (DTP) of nonreplicating (NR) cultures of M. tuberculosis after exposure to drugs (alone and in combination) are shown. The samples
(0.2 ml of diluted cultures) for which results are shown in Fig. 1A and B were also inoculated in MGIT 960 in order to measure the DTP of surviving cells. Means
and standard deviations from two experiments are shown. In each experiment, two Wayne tubes per condition per time point were used, from which at least
two MGIT were inoculated. (A) Single drugs, 2-drug combinations, R-I-Z-E; (B) 3- and 4-drug combinations.
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bacilli (DCTB) during antibiotic treatment and in the Cornell mouse model (20–22).
However, the effect of the addition of CF to culture medium was variable in studies of
DCTB in sputum samples, with values being enhanced in sputum samples obtained
after drug treatment and decreased in sputum samples obtained before treatment or
when host immunity was reduced (20, 21).
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