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Targeting Mycobacterium tuberculosis bacilli in low-oxygen micro-
environments, such as caseous granulomas, has been hypothesized
to have the potential to shorten therapy for active tuberculosis
(TB) and prevent reactivation of latent infection. We previously
reported that upon low-dose M. tuberculosis infection, equal pro-
portions of cynomolgus macaques develop active disease or latent
infection and that latently infected animals reactivated upon neu-
tralization of TNF. Using this model we now show that chemopro-
phylaxis of latently infected cynomolgus macaques with 6 mo of
isoniazid (INH) effectively prevented anti-TNF antibody-induced
reactivation. Similarly, 2-mo treatment of latent animals with a
combination of INH and rifampicin (RIF) was highly effective at pre-
venting reactivation disease in this model. Metronidazole (MTZ),
which has activity only against anaerobic, nonreplicating bacteria,
was as effective as either of these treatments in preventing reacti-
vation of latent infection. Because hypoxic lesions also occur during
active TB, we further showed that addition of MTZ to INH/RIF
effectively treated animals with active TB within 2 mo. Healing
lesions were associated with distinct changes in cellular pathology,
with a shift toward increasingly fibrotic and calcified lesions. Our
data in the nonhuman primate model of active and latent TB sup-
ports targeting bacteria in hypoxic environments for preventing
reactivation of latent infection and possibly shortening the dura-
tion of therapy in active TB.

Although human infection with Mycobacterium tuberculosis
can result in active primary tuberculosis (TB), more typically

the outcome is clinically asymptomatic latent infection (1). La-
tent infection is defined as a positive Tuberculin skin test or IFN-
γ release assay and the absence of clinical signs and symptoms
of active disease. This definition likely encompasses a wide range
of disease outcomes, ranging from subclinical active disease to
sterilization of the infecting organism (1); in fact, it may be more
appropriate to label “latent” infection as asymptomatic TB. La-
tently infected immune-competent persons are assumed to have a
10% lifetime risk of reactivation. The risk increases with immune
compromise, such as concurrent HIV infection or treatment with
immunosuppressive agents, such as TNF-neutralizing drugs (2, 3).
An estimated 2 billion people are latently infected with M. tuber-
culosis, providing a large reservoir for possible reactivation. Be-
cause each infectious case of TB can be expected to give rise to 2.6–
7.8 new infections, meeting current global control targets requires
improved diagnostics and therapies for latent infections (4).
Treatment of active TB for drug-susceptible disease involves

standard “short-course” therapy consisting of 2 mo of treatment
with isoniazid (INH), rifampin (RIF), pyrazinamide (PZA), and
ethambutol (ETH), followed by 4 additional months of INH and
RIF (http://www.cdc.gov/TB/topic/treatment/default.htm). The
length of this standard regimen leads to poor compliance and
completion rates. Availability of effective shorter regimens would
have a major impact on treatment of tuberculosis worldwide (5).
Latent M. tuberculosis infection is routinely treated with INH

for 9 mo (6). In a metaanalysis of 11 clinical trials, prophylactic

treatment with INH alone for 6–12 mo reduced the risk of sub-
sequently developing TB by 60% (7). However, clinical hepatitis
occurs in up to 3% of persons receiving INH (8). Adherence with
this long treatment course of chemotherapy remains a major prob-
lem, and shorter options have been tested, although side effects
have been noted for these as well (6, 9, 10). INH is primarily ef-
fective against replicating bacilli, indicating that M. tuberculosis
bacilli are replicating during clinically latent infection, at least spo-
radically. The protracted INH regimen necessary for efficacy likely
reflects periods of nonreplication by subpopulations of M. tubercu-
losis bacilli within a person with latent infection and suggests that
targeting nonreplicating bacilli could effectively shorten therapy.
The histopathologic hallmark of TB is the granuloma, and a

spectrum of granuloma types is observed in human tuberculosis.
Hypoxia is a key distinguishing feature of certain types of gran-
ulomas (11–13). We demonstrated that caseous granulomas, a
common type seen in human TB, are hypoxic in various animal
models (guinea pigs, rabbits, and nonhuman primates), whereas
nonnecrotizing granulomas (primarily composed of macrophages
with sparse lymphocytes) are not hypoxic (11). Murine granu-
lomas are less-organized collections of macrophages and lym-
phocytes without central caseous necrosis and are generally not
hypoxic (11, 13). M. tuberculosis grown under low-oxygen con-
ditions is not susceptible to INH (14). Thus, in latent infection
and in active disease, bacilli that persist in hypoxic areas cannot
be efficiently and rapidly cleared by INH. The apparent clinical
utility of INH in prophylactic treatment of latent TB is therefore
paradoxical. The other drugs used for the treatment of active TB
are also primarily effective against growing organisms, although
RIF has some efficacy under lower-oxygen conditions (14), which
may contribute to the extended period necessary to cure TB.
Metronidazole (MTZ) is a “tool” compound to address the

importance of targeting hypoxic environments in treatment
strategies for TB. Metronidazole requires reductive activation by
the respiratory chain, which happens aerobically and anaerobi-
cally, but under aerobic conditions the single electron-reduced
species reacts with molecular oxygen so the reduction is non-
productive (“futile cycling”). If that radical is present under
hypoxic conditions it causes DNA damage (15). MTZ can kill
M. tuberculosis grown in vitro under hypoxic but not aerobic
conditions (14). MTZ was as effective as RIF at reducing bac-

Author contributions: P.L.L. and J.L.F. designed research; P.L.L., V.D., P.J.J., C.J., L.V., M.B.G.,
E.K., and J.L.F. performed research; E.K. contributed new reagents/analytic tools; P.L.L.,
V.D., M.B.G., E.K., C.E.B., and J.L.F. analyzed data; and P.L.L., V.D., M.B.G., E.K., C.E.B., and
J.L.F. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission. E.J.R. is a guest editor invited by the
Editorial Board.

See Commentary on page 13890.
1To whom correspondence should be addressed. E-mail: joanne@pitt.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1121497109/-/DCSupplemental.

14188–14193 | PNAS | August 28, 2012 | vol. 109 | no. 35 www.pnas.org/cgi/doi/10.1073/pnas.1121497109

http://www.cdc.gov/TB/topic/treatment/default.htm
mailto:joanne@pitt.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1121497109/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1121497109/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1121497109


terial load in rabbits with active TB, which have primarily case-
ous granulomas (11). MTZ is not effective againstM. tuberculosis
infection in mouse models or in guinea pigs (12, 16). In human
clinical trials, MTZ did not increase sputum conversion rates but
did improve clinical signs of disease (17). We hypothesized that
a drug that worked under hypoxic conditions, such as MTZ,
would affectM. tuberculosis bacilli residing in hypoxic areas, both
in active and latent TB, and could shorten therapy by eliminating
a population that was refractory to standard drugs. To test this
hypothesis, we used a well-characterized nonhuman primate
model of active and latent TB that recapitulates the spectrum of
disease and granuloma types seen in human TB (18, 19).

Results
Pharmacokinetic Studies and Dose Selection for Treatment. Con-
centration time profiles were established for INH, RIF, and
MTZ administered by gavage either as single drugs or in com-
bination. Standard pharmacokinetic parameters were calculated
from the profiles of five to six animals for each drug (Table 1). A
comparison with exposure achieved in humans at clinically used
doses is shown. MTZ exposure in macaques after oral adminis-
tration of 25 mg/kg was within the range of exposure reached in
human at the standard dose of 400 mg. For INH and RIF, the
dose used produced exposures that were slightly lower than those
seen in human subjects receiving standard therapeutic doses.
These doses were approved by the facility veterinarian and se-
lected for treatment experiments. Given the relatively short half-
life of MTZ (20), a twice-daily regimen was selected in agreement
with twice- or thrice-daily administration in human therapy.
Our results show that variability in exposure increased when

drugs were given in combination for several days (Table S1).
Interestingly, animals with very low INH exposure were found to
have significant concentrations of its major metabolite acetyl-
INH, suggesting that monkeys can be classified as slow or fast
acetylators, similar to humans, where this variability is mediated
by polymorphism in the NAT-2 enzyme.

Short-Course MTZ or INH/RIF Is as Effective as 6 mo INH in Preventing
Reactivation of Latent Infection. Cynomolgus macaques infected
with a low inoculum (25 cfu) of M. tuberculosis (strain Erdman)
develop primary TB and latent infection in approximately equal
proportions (18, 19). We developed quantitative outcome meas-
ures of disease at necropsy, including gross pathology scoring and
determination of bacterial numbers (19), enhancing the use of
this animal model for drug efficacy studies. At necropsy, we
obtained numerous samples from granulomas, lung lobes, tho-
racic lymph nodes, and extrapulmonary sites and used quantita-

tive tools we developed and described in detail previously to score
gross pathology, bacterial burden, and dissemination (19). These
scoring systems distinguish clinically defined active, latent, and
reactivated TB in macaques (19, 21). The outbred nature of mac-
aques introduces substantial variability among animals in terms of
disease progression and response to therapies, just as in humans,
which makes this a challenging but realistic model for testing
therapeutics.
Determining efficacy of a drug against latent TB (i.e., pre-

vention of reactivation) is challenging, and human clinical trials
require large numbers of subjects with years of follow-up, be-
cause the natural reactivation rate is low. In macaques, bacterial
numbers are generally quite low during latent infection and only
increase upon reactivation (19, 22). Thus, we assumed that
simply comparing bacterial numbers in latent monkeys with and
without drug treatment would not provide sufficient sensitivity
for identifying an efficacious drug against bacilli present in latent
animals. Short-term (4–8 wk) anti-TNF antibody treatment
caused reactivation in at least 70% of macaques with latent in-
fection (22). Our strategy was to test effectiveness of a drug in
preventing TNF neutralization-induced reactivation (Fig. 1A),
reasoning that either an effective drug would reduce bacterial
load to the point where reactivation does not occur with anti-
TNF therapy, or bacterial populations most prone to reactivation
would be selectively affected by the drug.
Anti-TNF antibody treatment caused reactivation in 9 of 11

latently infected control animals, according to gross pathology,
bacterial burden, and bacterial dissemination (Fig. 2A). We used
these quantitative measures at necropsy, rather than more subtle
and ambiguous clinical signs, to determine whether drug-treated
animals reactivated the latent infection after anti-TNF treatment
for 5 wk. Similar to human clinical trials, INH for 6 mo resulted
in monkeys that showed no signs of reactivation disease (Fig.
2A). Four of the five INH-treated animals seemed to be com-
pletely sterilized by this treatment (no bacilli were cultured from
numerous samples at necropsy). To further validate this model
against existing human clinical data, we treated seven latently
infected macaques with INH and RIF in combination once daily,
for 2 mo. INH plus RIF treatment significantly reduced reacti-
vation of latent infection (Fig. 2A).
We previously demonstrated that caseous lesions from mon-

keys with active TB were positive for pimonidazole staining (11),
which marks areas of hypoxia. Latent monkeys have caseous as
well as fibrocalcific granulomas, and granulomas from a latent
monkey were positive for pimonidazole staining (Fig. S1), in-
dicating hypoxic areas of the granulomas. To determine whether

Table 1. Pharmacokinetic parameters of INH, RIF, and MTZ after
oral administration to cynomolgous macaques, and comparison
with exposure in human subjects at clinically used doses

Group INH RIF MTZ

Cynomolgous macaques
Dose (mg/kg) 15 20 25
Cmax (μg/mL) 6.5 (3.1) 4.1 (2.9) 10.6 (7.8)
tmax (h) 1.2 (0.4) 5.3 (2.8) 5.7 (2.0)
AUC[0-24] (μg*h/mL) 13.7 (5.5) 50.7 (49.5) 86.6 (44.1)
t1/2 (h) 1.3 (0.6) n.d.† 7 to >15 (5.0)

Humans subjects at clinically used doses
Dose (mg/kg) 5.0 10.0 7.0
AUC[0-24] (μg*h/mL) 17 (FA); 30 (SA) [28-29] 80–120 [32-33] 80–100 [30-31]

Values shown are means (SD). AUC[0-24], area under the curve from 0 to
24 h; Cmax, peak concentration in plasma; FA, fast acetylators; n.d., not
determined; SA, slow acetylators; tmax, time of peak concentration in plasma
after dosing; t1/2, apparent elimination half-life.
†Elimination phase not reached.

Fig. 1. Study design for drug treatment studies in M. tuberculosis-infected
macaques. (A) Drug treatment of latently infected monkeys, with sub-
sequent anti-TNF antibody (adalimumab) treatment to induce reactivation,
with necropsy. (B) Drug treatment of active tuberculosis monkeys, with
necropsy. H, INH; R, RIF; Z, PZA; E, ETH; M, MTZ.
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a drug that was only effective against bacteria in hypoxic envi-
ronments could prevent reactivation, we treated 10 latently
infected animals with MTZ twice daily for 2 mo (Fig. 1A). MTZ
proved to be as effective as INH/RIF in preventing anti-TNF–
induced reactivation, with cfu scores in the same range as latent
untreated and INH-treated monkeys (Fig. 2A). In both the INH/
RIF and MTZ groups, two monkeys were apparently sterilized
by the treatment, which is a lower frequency of sterilization than
the 6-mo INH regimen. None of the anti-TNF–treated control
monkeys were sterile (i.e., M. tuberculosis was grown from the
tissues of all control monkeys). These data indicate that a short-
term treatment with MTZ alone substantially reduces reac-
tivation from latent infection as well as INH for 6 mo or short-
course combination INH/RIF treatment.

Metronidazole with INH/RIF Is Effective Against Active TB. Active TB
in the primate model presents, as in humans, as a spectrum of
disease ranging from minimal to fulminant (18, 19, 23). For this
study we used previously published criteria to determine that
monkeys had active pulmonary TB before initiation of treatment,
including change in appetite, weight loss, X-ray findings, cough,
positive M. tuberculosis growth from bronchoalveolar lavage
(BAL) or gastric aspirate, or elevated erythrocyte sedimentation
rate (19). There was historical evidence for the efficacy of com-
bination therapy in nonhuman primates (24). To facilitate regi-
men comparisons we treated four active TB animals with the
standard human “intensive phase,” a four-drug regimen consisting
of INH/RIF/PZA/ETH for 2 mo. Three animals were necropsied,
and one animal was treated for an additional 4 mo of INH/RIF to
mimic a full-length human standard chemotherapy regimen (Fig.
1B). Standard 6-mo therapy can completely cure active TB in
primates (Fig. 2B). We reasoned that INH/RIF/PZA/ETH for
2 mo was a good control for other short-term (2 mo) treatments;
this regimen reduced bacterial burden compared with active TB

monkeys (Fig. 2B). INH/RIF for 2 mo reduced bacterial burden
in five of seven monkeys, with three of these monkeys being
apparently sterilized (Fig. 2B). However, given the variability in
outcome with INH/RIF, whereby the monkeys with high bacte-
rial burdens could be interpreted as slow responders or treat-
ment failures, the scores were not statistically significantly differ-
ent compared with the active control group.
Our hypothesis was that adding MTZ to the INH/RIF treat-

ment (Fig. 1B) would increase overall efficacy by killing bacteria
in hypoxic microenvironments where INH and RIF were less
effective. Addition of MTZ twice daily to the INH/RIF daily
treatment regimen seemed to effectively treat all animals and
significantly reduced bacterial burden and dissemination com-
pared with controls (Fig. 2B). However, there was not a significant
difference in cfu score between INH/RIF and INH/RIF/MTZ.
We separated the bacterial burden data (cfu score) of thoracic

lymph nodes from that of lung lesions to determine whether MTZ
had a more pronounced effect on one of these compartments.
Both INH/RIF and INH/RIF/MTZ were more effective against
lung lesions than against infected thoracic lymph nodes (Fig. S2).
Both were effective regimens at reducing extrapulmonary bacte-
rial burden: 71.4% of active controls had growth ofM. tuberculosis
from extrapulmonary sites (usually liver or spleen), compared
with 28.5% with INH/RIF and 33.3% with INH/RIF/MTZ.
An outcome measure used in humans to assess efficacy of treat-

ment is negative sputum conversion for M. tuberculosis growth.
We used M. tuberculosis growth from BAL samples and gastric
aspirates as a surrogate for sputum. Many, but not all, monkeys
with active TB have positive cultures from either of these sites; all
untreated controls in this study were positive for the 2-mo study
period (Fig. S3). All monkeys treated with INH/RIF/MTZ con-
verted from positive to negative cultures, compared with only
30% in the INH/RIF group after 8 wk of treatment (Fig. S3). In
untreated control monkeys, there was a significant reduction in

Fig. 2. Effective drug treatment prevents reactivation of latent infection and reduces bacterial numbers and spread of infection in active disease. Gross
pathology, bacterial load (cfu score), and extent of involvement and dissemination (% positive samples) were quantified from each monkey (represented by
a single point on each graph) at necropsy. (A) Latent monkeys were necropsied as controls, and monkeys were either treated with drugs (INH/RIF daily or MTZ
twice daily for 2 mo, or INH daily for 6 mo) or untreated, and then administered anti-TNF antibody (adalimumab) for 5 wk, then necropsied. Approximately
80% of latent monkeys reactivated, whereas INH/RIF or MTZ for 2 mo or INH for 6 mo prevented reactivation in response to anti-TNF antibody treatment. (B)
Active TB monkeys were either untreated, treated with INH/RIF, INH/RIF/MTZ, INH/RIF/PZA/ETH for 2 mo, or INH/RIF/PZA/ETH for 2 mo followed by INH/RIF for
4 mo (only one monkey and not used in the statistical analysis). Lines in each group represent the median. Each circle represents an individual animal. Open
circles reflect historical control animals, whereas closed circles reflect animals infected at the same time as the treatment studies. Statistics: Kruskal-Wallis with
Dunn’s multiple comparisons performed when Kruskal-Wallis P < 0.05; *P < 0.05; **P < 0.01; ***P < 0.001. All other groups were not significant in the
analysis. E, ETH; H, INH; M, MTZ; R, RIF; Z, PZA.
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weight over 2 mo before necropsy (Fig. S4). In contrast, the
weights in all treated groups were unchanged over the 2-mo
treatment period. These data support that there was improve-
ment in microbiologic and clinical parameters after a short course
of treatment.

IFN-γ Responses in the Airways During Treatment Do Not Predict
Efficacy of Therapy. We previously established that IFN-γ re-
sponses from T cells obtained by BAL were significantly higher
in monkeys with active TB compared with latent TB both early in
infection and at necropsy (19). Thus, we tracked IFN-γ responses
in BAL cells during treatment to determine whether changes
in this parameter could predict efficacy of treatment. Given the
monkey-to-monkey variability, we assessed whether there were
differences in IFN-γ production before and after treatment (be-
fore anti-TNF therapy) within both latent and active TB treat-
ment groups, but we observed no significant differences (Fig. S5).
Thus, simply following mycobacteria-specific IFN-γ production is
unlikely to be a useful surrogate for successful drug treatment,
even when the airways are sampled.

Drug Treatment Induced Changes in Granuloma Structure. We pre-
viously characterized the histopathologic spectrum of granulo-
mas types seen in active and latently infected monkeys (18, 19).
Like humans, monkeys with active TB have caseous granulomas
and nonnecrotizing granulomas (solid cellular granulomas
composed of epithelioid macrophages with sparse lymphocytes),
occasionally mineralized granulomas, as well as TB pneumonia
(25). The granulomas from the untreated active monkeys in this
study were primarily caseous (Fig. 3A), with nonnecrotizing or
suppurative (neutrophilic) granulomas or TB pneumonia also
present. In contrast, monkeys after 2 mo of treatment had
a much smaller proportion of caseous granulomas, with more
internally fibrotic (“healing”) granulomas (Fig. 3B), interstitial
fibrosis without much remaining granuloma structure (Fig. 3C),
and fibrocalcific (mineralized with peripheral fibrosis) (Fig. 3D)
granulomas. In some cases, a continuum could be observed in

granulomas undergoing central fibrosis and subsequently evolv-
ing into completely fibrotic or fibrocalcific granulomas. The fi-
brotic process was often accompanied by lymphocytic aggregates,
which may migrate around and/or into healing lesions in re-
sponse to released mycobacterial antigens.
All histological sections (specifically dissected granulomas as

well as several random samples from each lung lobe) from each
animal with active disease (untreated and treated) were quantified
with respect to granuloma type and pathology. The proportion of
granuloma types in the lung is represented in a pie chart for each
animal, as well as the total number of granulomas observed in
all lung sections (Fig. 4). The active controls were dominated by
caseous, suppurative, or nonnecrotizing granulomas; effective
drug therapy resulted in reduction in these types of lesions, with a
substantial increase in “healing” lesions, particularly those show-
ing interstitial fibrosis and fibrocalcification (Fig. 4).
We assessed which types of lesions were associated with bac-

terial growth in controls and after drug treatment. Matched
lesions where both bacterial numbers (cfu/g) and histology were
available revealed that bacterial growth was significantly higher
in caseous granulomas or areas of TB pneumonia compared with
fibrocalcific granulomas or interstitial fibrosis (Fig. 5). “Healing”
granulomas were those that appeared caseous with apparent
evolution of internal fibrosis (i.e., an intermediate between ca-
seous and totally fibrotic granulomas). “Healing” granulomas
had an intermediate bacterial burden (significantly lower than
caseous granulomas), which suggests a transitional state during
treatment (Fig. 5). In INH/RIF- and INH/RIF/MTZ-treated
animals, most remaining bacilli were found in caseous granulo-
mas and occasionally in “healing” granulomas (Fig. 5).

Discussion
M. tuberculosis exists in different microenvironments among
various granuloma types and perhaps even within the same
granuloma, depending upon the physical location of individual
bacilli. This suggests that rapid clearance of M. tuberculosis in
patients may require combinations of drugs optimized for each

Fig. 3. Tuberculous granulomas in the lung evolve through the course of drug treatment. (A) Representative caseous granuloma from an untreated active
control monkey, with an eosinophilic necrotic center surrounded by epithelioid macrophages and peripherally located lymphocytes. (B) “Healing” granuloma
characterized by a central area containing residual epithelioid macrophages with prominent features of evolving fibroplasia (“fibrous transformation”).
(C) Poorly circumscribed areas of interstitial fibrosis with and without prominent areas of cellularity in lungs of a monkey after drug treatment. (D) Rep-
resentative fibrocalcific granuloma with a central area of mineralization surrounded by prominent peripheral fibrosis. H&E stain. (Magnification: A, C, and
D, 5×; B, 10×.)
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microenvironment. The relatively poor activity of the existing
front-line agents against hypoxic organisms suggests that this
environmental variable may provide the key to shortening the
duration of chemotherapy. The presence of hypoxic regions in
caseous granulomas (11) suggests that treatment with a drug that
has efficacy under low-oxygen conditions may improve therapy
by eliminating one particular subpopulation of M. tuberculosis
bacilli. Here, we used a nonhuman primate model that recapit-
ulates both the spectrum of granulomas and disease types (active
to latent) seen in humans to test whether MTZ could improve
short-course therapy against TB.
In the macaque model, 2 mo of MTZ alone was as effective as

2 mo of INH/RIF at preventing anti-TNF antibody-induced

reactivation. Bacterial numbers were very low in both groups of
treated animals after prophylactic treatment. Although bacterial
numbers were also low in the latent (untreated) group, 80% of
untreated animals in this study reactivated the infection after
TNF neutralization, similar to our previously reported data (22).
Thus, short-term drug treatment reduced bacterial load or al-
tered granuloma structure and prevented reactivation, even
without sterilizing all of the animals. As with humans, INH for
6 mo was also effective at preventing reactivation and sterilized
four of five monkeys.
Hypoxic lesions are also found in active TB. Although four-

drug combination therapy is used in the first 2 mo of treatment,
successful treatment requires an additional 4 mo of INH/RIF.
Although INH/RIF was effective in most of the active TB
monkeys, not all animals responded to the treatment. We spec-
ulate that the types of granulomas predominating during disease
may influence the effectiveness of a therapy and contribute to
the variability in outcome of short-course treatment; in fact there
is an overlap of granuloma types between active and latent in-
fection, and similar drugs may work in both situations to shorten
therapy. Although the addition of MTZ twice daily to the INH/
RIF 2-mo regimen was effective in all animals and provided a
significant reduction in cfu score compared with untreated con-
trols, there was not a statistically significant difference between
INH/RIF- and INH/RIF/MTZ-treated groups. It is possible with
greatly increased sample sizes that we could observe a significant
difference between short-term INH/RIF treatment and INH/
RIF+MTZ, but this remains a speculation.
MTZ was shown to be ineffective in murine models of TB (16),

most likely because mouse granulomas are quite different from
human granulomas, lacking caseous necrosis and hypoxic envi-
ronments (11, 13). MTZ alone was also ineffective against TB in
guinea pigs, even though this animal can develop caseous (and
hypoxic) granulomas (12). In guinea pigs, the presence of mul-
tiple, nonnecrotizing lesions is likely responsible for progression
of disease in MTZ-treated animals. However, the authors stated
that there were significant toxicity and tolerability issues in the
guinea pigs, especially with combination therapy, which was only
carried out for 2 wk, and achieving adequate exposure of MTZ
was problematic. In contrast, rabbits have primarily caseous gran-
ulomas in active TB, and MTZ treatment significantly reduced
bacterial numbers in this animal model (11). However, none of
these models provide the opportunity to assess drug treatments
in the context of latent infection, nor do they develop the full
spectrum of granulomas types as seen in humans.
The present study also provided an important opportunity to

identify the characteristics of healing lesions in lungs of primates
during drug treatment, data that are difficult if not impossible to
obtain during successful treatment of human TB. Drug-treated
animals display predominantly fibrocalcific or fibrotic lesions,
including interstitial fibrosis or scarring, which were associated
with few to no bacteria, whereas caseous lesions and tuberculous
pneumonia in active controls had high bacterial numbers. The
transitional category of “healing” granulomas had intermediate
numbers of bacilli, reflecting those granulomas in the process of
conversion from caseous to fibrotic granulomas or scars. The
combined histologic and bacterial data support that targeting
bacilli within caseous granulomas is necessary to improve treat-
ment. Lymphocytic infiltrates were often observed in areas of
evolving fibrosis, suggesting that drugs may result in increased
antigenic availability. How the lymphocytic infiltrates contribute
to fibrosis is not known but may involve increased cytokine pro-
duction or the induction of inflammatory or regulatory macro-
phages. Further investigation of these processes may provide
clues as to the mechanisms of fibrosis and persistent lung damage
even after treatment of TB. The pathological changes in treated
animals may be specific to the drug combination used and may

Fig. 4. Evolution of pathology in response to drug therapy in monkeys with
active TB. Each pie chart represents one monkey in the control or treatment
groups. Each lesion type is represented by a color (see legend). The numbers
in the right lower corner under each pie represent the number of lesions
observed by microscopic histopathology in all sections for that animal.

Fig. 5. Caseous lesions have significantly more bacilli than fibrocalcific,
healing, or interstitial fibrosis lesions. Lesions with both histology and cfu
data available from active TB controls (open circles) and drug-treated ani-
mals (Xs) were matched and compared across pathologic categories. Each
point represents a lesion. Remaining bacilli in the drug-treated monkeys
were predominantly in caseous granulomas, with some in healing granulo-
mas. Each line represents the median number of lesions among both treated
and controls within that lesion type (lines not seen reflect a median of zero).
Statistics: Kruskal-Wallis with Dunn’s multiple comparisons; *P < 0.05; **P <
0.01; ***P < 0.001.

14192 | www.pnas.org/cgi/doi/10.1073/pnas.1121497109 Lin et al.

www.pnas.org/cgi/doi/10.1073/pnas.1121497109


even involve the evolution of pathology that ultimately results in
a slowing of sterilization.
This study provides data that a drug targeting hypoxic regions

in the host in latent and active TB can be effective in treatment
of this disease, and it confirms the importance of this microen-
vironment in lesions during both latent infection and active TB.
These results also provide a stringent and realistic model for
testing drug effectiveness, in active TB and in latent infection.
MTZ is simply a proof of principle drug here. Whether MTZ will
be useful in humans has yet to be proven (ClinicalTrials.gov
Identifier: NCT00425113), but our data suggest that development
of drugs targeting M. tuberculosis within hypoxic environments
should be a priority.

Materials and Methods
Additional detailed methods are in SI Materials and Methods.

Animals and Infections. All experiments were approved by the Institutional
Animal Care and Use Committee of the University of Pittsburgh. The animals
were housed and maintained in accordance with standards established in
the Animal Welfare Act and the Guide for the Care and Use of Laboratory
Animals. Cynomolgus macaques were infected via bronchoscope with 25 cfu
of M. tuberculosis Erdman strain (18, 19, 26). Using our published criteria,
monkeys were determined to have active or latent TB by 6–8 mo after in-
fection (18, 19) and were randomized to treatment or nontreatment groups.

In Vivo Pharmacokinetic Studies. Groups of three animals received a single
dose of INH at 15mg/kg, RIF at 20mg/kg, orMTZ at 25mg/kg, administered by
gavage. A group of six animals received daily doses of INH 15 mg/kg and RIF
20 mg/kg, along with MTZ twice daily at 25 mg/kg for 4 consecutive days.
Serum samples were collected for determination of drug levels; details on
analysis of samples are provided in SI Materials and Methods.
Treatment. Treatment is outlined in Fig. 1. Monkeys with latent M. tubercu-
losis infection were either untreated (n = 22), treated with INH and RIF for
2 mo (n = 7), or INH for 6 mo (n = 5) orally once daily. MTZ was administered

in two oral daily doses of 25 mg/kg (n = 10). Anti-TNF antibody (adalimumab)
was administered to all antibiotic-treated latent monkeys and 11 of 22 un-
treated latent controls for 5 wk to induce reactivation.

Monkeys with active TB were treated with INH and RIF once daily (n = 7);
INH and RIF once daily plus MTZ twice daily (n = 6); or INH, RIF, PZA, and ETH
(n = 3) once daily for 2 mo, with 15 untreated active controls. One monkey
was treated with INH/RIF/PZA/ETH for 2 mo and INH/RIF for the next 4 mo to
mimic standard therapy in humans.
Necropsy. Gross pathology scores were obtained using our published scoring
system (19), which takes into account TB-specific disease in all lung lobes,
lymph nodes, and extrapulmonary sites. Bacterial numbers were determined
on numerous samples from each monkey, including most granulomas and
several random samples from each lung lobe, thoracic and several peripheral
lymph nodes, liver, spleen, and any other involved organs. Bacterial numbers
are reported as a cfu score and as the percentage of tissues from each
monkey that grew M. tuberculosis (% positive), as previously described (19)
and in SI Materials and Methods.

Statistical Analysis. Pair-wise comparisons were performed using Wilcoxin
paired t test (nonnormally distributed data) analysis. Analysis of more than
two groups was performed using ANOVA with Bonferroni post hoc analysis
for normally distributed data and Kruskal-Wallis analysis with Dunn’s mul-
tiple comparison for nonnormally distributed data. Statistical analysis was
performed with Prism (GraphPad Software, Inc.).
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