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The lengthy chemotherapy of tuberculosis reflects the ability of a small subpopulation of Mycobacterium tuber-
culosis bacteria to persist in infected individuals. To date, the exact location of these persisting bacteria is not known.
Lung lesions in guinea pigs infected with M. tuberculosis have striking similarities, such as necrosis, mineralization,
and hypoxia, to natural infections in humans. Guinea pigs develop necrotic primary lesions after aerosol infection
that differ in their morphology compared to secondary lesions resulting from hematogenous dissemination. In
infected guinea pigs conventional therapy for tuberculosis during 6 weeks reduced the bacterial load by 1.7 logs in
the lungs and, although this completely reversed lung inflammation associated with secondary lesions, the primary
granulomas remained largely unaffected. Treatment of animals with the experimental drug R207910 (TMC207) for
6 weeks was highly effective with almost complete eradication of the bacteria throughout both the primary and the
secondary lesions. Most importantly, the few remnants of acid-fast bacilli remaining after R207910 treatment were
to be found extracellular, in a microenvironment of residual primary lesion necrosis with incomplete dystrophic
calcification. This zone of the primary granuloma is hypoxic and is morphologically similar to what has been
described for human lung lesions. These results show that this acellular rim may, therefore, be a primary location

of persisting bacilli withstanding drug treatment.

Tuberculosis (TB) is treatable by drugs, and the World Health
Organization has promoted the use of “directly observed therapy”
to administer effective regimens to infected patients. However,
despite this, no new drug classes have been introduced in the last
two to three decades and new, effective compounds are badly
needed. A central problem, however, even when compliance
problems are dealt with, is the sheer length of time needed for
current drug regimens to ensure clearance of the infection with-
out relapse (44). As a result, conventional drug regimens are
usually of 6 to 9 months in length.

The length of treatment is believed to represent the need to
eradicate a small population of bacteria that persist within the
lung and extrapulmonary tissues. In addition, these “persis-
ters” likely are the source of reactivation TB that can then
occur at a later date, including as a result of human immuno-
deficiency virus infection. The different mechanisms underly-
ing mycobacterial persistence are not known but appear to
represent some form of refractory state rather than true drug
resistance (7, 26, 31). In vitro a subpopulation of 5 to 10% of
Mycobacterium tuberculosis appears far less responsive to kill-
ing by drugs. In vivo ca. 99% of bacteria in mice are killed
within 2 weeks of drug treatment, but then it requires at least
3 more months of treatment to clear the remaining 1% (19-21,
28, 40). This apparent drug tolerance of M. tuberculosis can be
readily demonstrated and modeled in mice.
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Treatment of persisting bacteria in humans is lengthy and is
probably complicated by limited tissue distribution of drugs
within encapsulated, calcified lung lesions that develop as the
result of a primary infection. Nonprogressive lesions are char-
acterized by well-organized and encapsulated foci of granulo-
matous inflammation that develop central areas of necrosis
and dystrophic mineralization (41). These poorly vascularized
lesions are thought to harbor bacilli in certain microenviron-
ments with hypoxic conditions confounding treatment (re-
viewed in reference 14). The lesions that develop in the guinea
pig after low-dose aerosol treatment with M. tuberculosis have
striking similarities to natural infections in humans, thus mak-
ing this animal a good model to study bacterial persistence (25,
39). Like humans (41), naive guinea pigs develop primary
lesions after initial exposure that differ in their morphology
compared to secondary lesions originating from hematogenous
dissemination after activation of acquired immunity (24, 33).
In addition, guinea pigs, like humans, develop rapidly pro-
gressing granulomatous and necrotizing lymphadenitis within
lymph nodes that drain the primary lung lesion (5, 6). The
characteristic progression of lesion pathology with similarities
to those of humans has made the guinea pig model valuable for
TB vaccine testing (reviewed in references 23 and 30) and is
beginning to be used more frequently for drug testing (18, 35,
36). Persistence caused by certain microenvironmental condi-
tions cannot be modeled in mice since these environmental
conditions simply do not occur in M. tuberculosis-infected wild-
type mice (1, 38).

To further explore the potential of the guinea pig model in
drug development, we examined the effects of standard and
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TABLE 1. Bacterial numbers in whole lungs and spleens of drug-treated guinea pigs infected with M. tuberculosis
Lungs Spleen
Expt and treatment Dose (mg/kg)
CFU Log,, CFU = SEM n® Log,, CFU = SEM n®
1
Sucrose control None 2.23 X 10° 548 £0.21 5/5 5.94 = 0.03 5/5
INH-RIF-PZA 10-12-25 5,623 3.75 £0.18 5/5 2.27 = 0.65 5/5
2
Sucrose control None 2.23 X 10° 535 £0.42 5/5 5.04 £ 0.47 5/5
R207910 15 46 0.93 = 0.41 2/5 0.98 £ 0.6 2/5
R207910 10 251 1.29 = 0.6 2/5 0.46 = 0.46 1/5
R207910 5 358 227+03 5/5 0.54 = 0.54 1/5

“n, number of guinea pigs showing viable bacteria at time of sacrifice/total number of animals tested. The treatment duration was 6 weeks for all experiments.

experimental chemotherapy in guinea pigs infected by low dose
aerosol with the virulent H37Rv strain of M. tuberculosis. We
assessed the efficacy of these drug therapies in the guinea pig
by determining the reduction in bacterial load, by studying the
lung histopathology of the primary and secondary granulomas,
and by determining the location of the remaining bacilli with-
standing drug therapy.

MATERIALS AND METHODS

Bacterial isolate. M. tuberculosis H37Rv (Trudeau Institute, Saranac Lake,
NY) was grown from low-passage seed lots in Proskauer-Beck liquid medium
containing 0.05% Tween 80 to early mid-log phase and frozen in aliquots at
—70°C until needed. Cultures were diluted in sterile water prior to use. This
isolate is used routinely in our laboratory for guinea pig infection studies (9).

Chemicals and drugs. Isoniazid (INH), rifampin (RIF), and pyrazinamide
(PZA) were obtained from Sigma Chemical Co. (St. Louis, MO). RIF was
dissolved in 100% dimethyl sulfoxide prior to dilution in distilled water (5% final
dimethyl sulfoxide concentration). INH and PZA were dissolved in distilled
water. Drug preparations in distilled water were prepared weekly and stored at
4°C. Compound J was prepared at Tibotec (Belgium) monthly in a hydroxypro-
pyl-B-cyclodextrin solution as described before (2). (The solution has been shown
by Johnson & Johnson to be 100% chemically stable for a month when kept at
4°C.) All drug doses were prepared with final 40% (wt/vol) sucrose to increase
the palatability for the guinea pigs, as is our general procedure.

Animals. Female outbred Hartley guinea pigs (~600 g [body weight]) were
purchased from Charles River Laboratories (North Wilmington, MA) and held
under barrier conditions in a biosafety level III animal laboratory.

Experimental M. tuberculosis infection and chemotherapy. To assess the effi-
cacy of the experimental chemotherapy in guinea pigs, the protocol followed was
performed as described before (18). The animals were exposed to an aerosol of
M. tuberculosis by using a Madison chamber aerosol generation device calibrated
to deliver approximately 20 to 30 bacilli into the guinea pig lungs (9). At 30 days
postinfection, five guinea pigs were sacrificed to determine the bacterial load at
the start of treatment. Subsequently, the animals were allocated into drug groups
of five animals each. Animals were treated by administering each dose in the
back of the mouth, 5 days per week. Every experiment contained an untreated
sucrose control group, i.e., daily oral administration of 1 ml of 40% (wt/vol)
sucrose. The standard drug combination of INH-RIF-PZA was administered at
10, 12, and 25 mg/kg, respectively. The doses used here in the guinea pig model
do not reflect equipotent doses in TB patients, but doses in the same dose range
as R207910, which were found safe in earlier experiments in the guinea pig
model. R207910 was formulated in hydroxypropyl-B-cyclodextrin solution ad-
ministered at 5, 10, or 15 mg/kg in 1 ml of 40% (wt/vol) sucrose. Six days after
the completion of chemotherapy (to allow for clearance of drugs in the animals),
the animals were sacrificed by sodium barbital injection (Sleepaway; Fort Dodge
Laboratories), and the organs were aseptically removed. The right cranial lung
lobe (which accounts for 22% of bacterial numbers from whole lungs) was
homogenized in 4.5 ml of 0.85% sterile saline with a tissue homogenizer (Kine-
matic Polytron; Brinkman Instruments Services, Westbury, NY). The number of
viable organisms was determined by serial dilution of the homogenates on nu-
trient LJ agar plates (Difco/Becton Dickinson, Franklin Lakes, NJ) prepared as
described by the manufacturer. LT plates were used to address any carryover of

the compound that might be present in the organs at the time of necropsy, as
R207910 is a highly protein-bound compound with a long half-life. Initial exper-
iments showed that a serial 1:5 dilution of the homogenates and plating on
protein-rich LJ plates dilutes and binds residual compound to an undetectable
level (below MIC) that may be present in the organ. The plates were incubated
for 3 to 4 weeks at 37°C in ambient air, and viable M. tuberculosis CFU were
counted. The detection limit of the plating procedure was ~25 CFU, as 1 ml out
of 5 ml of the right cranial lung lobe was plated (cranial lung lobe contains ~22%
of CFU whole lungs). The viable bacterial counts of whole organs were calcu-
lated, converted to logarithms [CFU counts were log-transformed as log,o(x +
1), where x equals the total organ CFU count]. The data were expressed as the
mean log;y CFU = the standard error of the mean for each group.

Statistical analysis. Statistical analysis of CFU data was performed by one-way
analysis of variance, followed by an all-pairwise multiple comparison procedure
utilizing the Tukey test for the analysis of lung data (SigmaStat v.2.03; SPSS,
Inc.).

Histology. After euthanasia, the left cranial lung lobe was infused in situ with
5 ml of 10% neutral-buffered formalin and preserved until processed for his-
topathological assessment. At the time of processing, all tissues were embedded
in paraffin, sectioned at 5 pm, and stained with hematoxylin and eosin (H&E) or
stained with acid-fast stain for histologic evaluation and photography. A veter-
inary pathologist reviewed in a blinded study two serial sections from each guinea
pig obtained from equivalent areas of the left cranial lung lobe (section made to
obtain largest surface area). Sections stained with H&E were ranked in order of
severity on lesion burden by subgross and microscopic examination. The lesion
pathology was categorized as mild, moderate, or severe based on a visual esti-
mate of lesion burden. The lesions in the primary granuloma were further
categorized based on the type of inflammation and the presence or absence of
necrosis, fibrosis, and mineralization. Acid-fast bacilli (AFB) were located by
visual inspection of ten random fields, as well as analyzing ten fields at specific
locations of the primary granuloma.

Pimonidazole staining. Pimonidazole is a 2-nitroimidazole that has been
widely used in tumor biology, where it serves to sensitize tumors for subsequent
radiation therapy and is starting to be applied to TB infections (1, 38). The
compound is used to determine regions of hypoxia in organs upon injection in
the animal. Cells adjacent to areas of necrosis stained markedly with a mono-
clonal antibody reactive to pimonidazole derivatives known to develop under
hypoxia conditions (<4 wM oxygen saturation or prolonged oxygen tensions of
10 mm Hg are required for thiol bonds to be formed) (3, 4). Briefly, 1.5 h prior
to sacrifice, guinea pigs were injected intraperitoneally with the hypoxia marker
pimonidazole hydrochloride (Chemicon, Hampshire, United Kingdom) in a dose
of 60 mg/kg (weight of guinea pig). Sections (2 wm) of formalin-fixed and
paraffin-embedded tissues were prepared by using a microtome and were
mounted on Superfrost slides (Langenbrinck, Emmendingen, Germany). Anti-
gen retrieval was carried out on deparaffinized tissues with pronase (Fisher
Scientific, Schwerte, Germany) for 40 min at 40°C. After reduction of endoge-
nous peroxidase activity with 0.03% hydrogen peroxide for 5 min, the anti-
pimonidazole antibody Hypoxyprobe-1MAbD1 (dilution 1:50; Chemicon), prela-
beled for 15 min with a biotinylation reagent (Dako, Hamburg, Germany) and
incubated thereafter for 5 min with a blocking reagent (Dako), was applied to the
slides for 15 min. The reaction was visualized by using streptavidin conjugated to
horseradish peroxidase.
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RESULTS

Chemotherapy of M. tuberculosis-infected guinea pigs. The
efficacy of the standard combination regimen for TB and the
experimental drug R207910 (TMC207) were evaluated in
guinea pigs infected with M. tuberculosis via a low-dose aerosol
(LDA) infection. At the start of treatment (30 days postinfec-
tion), the bacterial load in the lungs reached approximately 6
log,, CFU in the lungs. At the completion of the study (after
6 weeks of treatment), the bacterial load in the sucrose control
group was between 5.35 to 5.48 log,, CFU (Table 1). In the two
experiments presented here, there was a significant reduction
of the bacterial load in the lungs of all drug-treated groups
versus the sucrose control groups after 6 weeks of therapy (P <
0.05) (Table 1).

In a first study, the drug combination of INH at 10 mg/kg,
RIF at 12 mg/kg, and PZA at 25 mg/kg reduced the bacterial
load by about 1.75 logs in the lungs versus the sucrose controls
(reduction of ~98% bacilli). In spleens, a reduction of 3.67
logs was observed versus the untreated control group. In a
second study, R207910 (TMC207) was tested at 5, 10, or 15
mg/kg for 6 weeks and showed a strong activity by almost
completely eradicating the bacilli throughout the lung tissues.
Only very low bacterial numbers (<400 CFU) could be iso-
lated for all R207910 treatment groups (reduction of 99.5% of
the bacilli). For the 10- and 15-mg/kg R207910 groups, only
two of five guinea pigs showed bacterial growth (Table 1). All
remaining colonies tested were found to be drug susceptible by
MIC testing (15) for R207910 activity. The detection limit of
the present study is ~25 CFU (1 out of 5 ml of the right cranial
lung lobe homogenate is plated; the cranial lung lobe is 22% of
the total lung). A slight dose response in the R207910 treat-
ment groups can be observed for the three doses tested (Table
1), although care should be taken interpreting these very low
bacterial numbers. In spleens, the bacterial numbers of the
R207910 group were very low in all groups, with only one or
two animals of the treatment groups showing any bacterial
growth at all.

Histopathology data of drug-treated, M. tuberculosis-in-
fected guinea pigs. Lung lesions in the guinea pig resulting
from the initial exposure to M. tuberculosis differ from those
resulting from hematogenous dissemination which occurs after
immune activation. The primary lesions are discrete encapsu-
lated foci of mixed inflammation with central necrosis that
progresses to dystrophic mineralization. These lesions are eas-
ily differentiated from secondary lesions which are multifocal
to coalescing throughout the parenchyma and are composed
predominantly of lymphocytes and fewer macrophages and are
devoid of necrosis and mineralization (Fig. 1).

Prior to treatment (at 1 month after LDA infection), both
primary and secondary granulomas were present in the lungs
of the infected guinea pigs of the pretreatment control group
(data not shown). Combination therapy with INH, RIF, and
PZA, as well as with R207910 did not show any significant
effect on the morphology of primary lesions but appeared to
result in a complete resolution of the secondary inflammatory
lesions. The lack of secondary lesions after drug treatment
appeared to be a resolution of existing lesions, as well as the
prevention of the development of new secondary lesions. Fig-
ure 2 shows that primary lesions are encapsulated by a rela-
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FIG. 1. Lungs from an M. tuberculosis-infected guinea pig showing
primary and secondary lung lesions. A residual primary lung lesion with
dystrophic calcification, which is surrounded by mixed inflammation rep-
resenting secondary lesions resulting from hematogenous dissemination
and inflammation, is shown. Magnification, X100 (H&E stain).

tively hypocellular fibrous capsule that delineated the lesions
from more normal pulmonary parenchyma. The center of the
lesions was found to be hypocellular with necrotic cellular
debris with the prominent mineralization at the lesion center,
which was delineated from the capsule by a rim of necrotic
cellular debris (Fig. 3).

Acid-fast staining of lung section from untreated guinea pigs
showed the presence of mainly intracellular bacilli in the sec-
ondary lesions, while in the primary lesions the bacilli ap-
peared to be primarily extracellular within the uncalcified or
partially calcified necrotic debris of the primary granuloma
(data not shown). Guinea pigs treated with the INH-RIF-PZA
combination or with R207910 had morphologically intact AFB
remaining within primary lung lesions (Fig. 4). The individual
and microcolonies of bacilli in the R207910 group were mainly
found extracellularly within the acidophilic acellular rim of the
unmineralized residual necrosis of the primary lesions (Fig. 4).
After drug treatment no organisms were visible intracellularly
within the capsule, and none were present within the normal
perilesional parenchyma (not shown).

Staining of hypoxic regions in organs of M. fuberculosis-
infected guinea pigs with pimonidazole. To determine the hy-
poxic regions in the organs of guinea pigs infected with M.
tuberculosis, the animals were injected intraperitoneally with
the hypoxia marker 2-nitroimidazole, pimonidazole, 1.5 h be-
fore sacrifice. This procedure was performed on groups of
guinea pigs 1, 2, and 4 months postinfection by low-dose aero-
sol with M. tuberculosis. Cells in regions of hypoxia stained
markedly with a monoclonal antibody reactive to pimonidazole
derivatives known to develop under conditions of hypoxia.
Staining for hypoxia was detected from 1 month postinfection
in the guinea pigs and was more pronounced in the later stages
of M. tuberculosis infection. Figure SA shows a typical primary
granuloma in lungs from a guinea pig 4 months after infection,
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from an M. tuberculosis-infected guinea pig treated for 6 weeks with the combination treatment of INH-RIF-PZA; a residual primary lung lesion
is evidenced by central necrosis with dystrophic calcification. The lesion is delineated from the normal lung parenchyma by a noncalcified, acellular
rim (arrows). The surrounding lung tissue is free of secondary inflammation which is extensive in untreated controls. Magnification X100 for small

inset; magnification X200 for the large image (H&E stain).

where the center of the lesion is hypocellular with central
necrosis and is in the early stages of dystrophic mineralization.
The periphery of the necrotic center in the primary granuloma
was clearly hypoxic, as demonstrated by its staining with a
monoclonal antibody specific for pimonidazole adducts (Fig.
5A to C). Similar hypoxic conditions were seen in regions of
severe necrosis in the draining lymph nodes (Fig. 5D and E).
Hypoxia was primarily visible in surrounding regions of central
necrosis (necrotic areas themselves cannot be stained by pi-
monidazole due to the lack of live cells that are necessary for
the compound to form adducts with).

DISCUSSION

Theoretically, targeting and eradicating persistent bacteria
should result in shortening the duration of therapy for TB and
may cure a latent infection. To reach this goal, there is an
urgent need to identify new TB drugs with potent sterilizing
activity against persisting bacteria found in human lungs. With
a number of promising TB drug candidates in the pipeline, it is
more important than ever to establish an animal model that
can evaluate the sterilizing properties of novel TB drug leads.
In these studies, we address both aspects. We demonstrate the
potent sterilizing activity of the novel R207910 drug candidate
against M. tuberculosis in the guinea pig model. In addition,
R207910 was used here to evaluate the potential of the guinea
pig model for testing the sterilizing activity of new drugs
against persistent M. tuberculosis.

In the present study, the guinea pig model was used in an

initial experiment to evaluate the activity of conventional INH,
RIF, and PZA chemotherapy. In addition, given recent data (2,
22) showing high activity of a new diarylquinoline R207910
(TMC207) against M. tuberculosis in mice, guinea pigs were
treated with this drug in a second experiment. In guinea pigs
treated with the conventional drugs, the CFU recovered in
lungs were about 1.75 logs lower than the sucrose control
group and were associated with a complete resolution of sec-
ondary lesions, but with no apparent effects on the histopa-
thology of the more developed primary lesions. These results
are in keeping with classical studies by Smith et al., who
showed that INH, RIF, and PZA chemotherapy sterilized sec-
ondary lesions but had far less effect on the primary lesions in
guinea pigs (33). A closer examination of their data shows
biphasic killing kinetics of the drugs in the primary lesions,
which is consistent with the presence of a bacterial subpopu-
lation less responsive to drug treatment (33).

Guinea pigs treated instead with the experimental com-
pound R207910 at 15 mg/kg showed a nearly complete reso-
lution of disease after 6 weeks treatment. Only a few bacterial
colonies were found in two out of five guinea pigs showing
viable M. tuberculosis (a mean of 46 bacilli cultured from whole
lungs plated). Hence, R207910 can be regarded as a highly
active drug but was not completely sterilizing with the doses
and length of treatment used here. The compound is a
diarylquinoline targeting the proton pump ATP synthase (2,
17, 22) and is currently in phase II clinical trials. In mice,
R207910 was shown to be 10-fold more active than INH and
RIF in terms of bactericidal activity (2, 22). This extraordinary
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FIG. 3. Detail of the acellular rim delineating the calcified center
of the primary granuloma. (A) High magnification of a primary lesion
from lungs of an M. tuberculosis-infected guinea pig treated for 6 weeks
with the combination therapy INH-RIF-PZA. The residual primary
lung lesion is evidenced by central necrosis with incomplete dystrophic
calcification (indicated by an “N”). Calcified necrotic debris is the
granular basophilic material that forms a well-delineated margin from
an acellular, rim (arrows) that blends with the fibrous capsule that
contains predominantly lymphocytes and fewer macrophages. The le-
sion is well delineated from the normal lung parenchyma by a fibrous
capsule. Magnification, X200 (H&E stain). (B) Another high-magni-
fication image of a primary lung lesion from an INH-RIF-PZA treated
guinea pig infected with M. tuberculosis. The lesion shows extensive
calcification and still has an acellular, rim (arrow) that blends with the
fibrous capsule that contains predominantly lymphocytes and fewer
macrophages. More normal lung parenchyma is seen at the section
margins. Magnification, X200 (H&E stain).

potency of R207910 over conventional TB drugs seems to be
even more pronounced in the guinea pig model. Hence, the
demonstration of high antibacterial activity of R207910 in this
second animal model, which develops a heterogeneity of le-
sions with both intra- and extracellular bacilli, confirms that
R207910 might hold great promise as a new TB drug.

To localize the remaining bacilli after drug treatment in the
lung lesions, we used acid-fast staining, which is the standard
method of detecting mycobacteria in tissues (34). In M. tuber-
culosis-infected but untreated guinea pigs, AFB were found in
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FIG. 4. Location of AFB in the acellular rim of the primary gran-
uloma. (A and B). Primary lung lesion of an M. tuberculosis-infected
guinea pig treated for 6 weeks with R207610; extracellular AFB
(stained in red) are in microcolonies primarily within the acellular,
uncalcified remnant of necrosis and to a lesser extent within the central
area of partially calcified lytic necrosis. (A) The remaining AFB are
extracellular in between lymphocytes and macrophages. (B) The re-
maining AFB are present in a complete acellular region. Magnifica-
tion, X400 (acid fast staining).

an intracellular state throughout the secondary lesions,
whereas in the primary lesions AFB were found to be primarily
extracellular within the uncalcified residual necrosis. After
drug treatment some AFB could be found in the central ne-
crotic region of the primary lung granulomas, but the majority
were found in a defined, acellular rim between the central
mineralized region of the lesion and the foamy macrophage
layer delineating the capsule (now heavily compressed by the
expanding mineralization). This was observed for both the
INH-RIF-PZA treated guinea pigs, as well as for the R207910
group. Interestingly, these foci of AFB in the rim could also be
seen after R207910 treatment where only 0.1 to 0.3% of the
bacilli survived drug treatment. Treatment with this potent
drug thus identified the rim of the necrotic region as a primary
location of a bacterial subpopulation able to withstand drug
treatment. The number of AFB seen in the lung sections
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FIG. 5. Lungs and mesenteric lymph nodes from guinea pigs showing the hypoxic regions in the primary granulomas 4 months after M.
tuberculosis infection. (A) Residual primary lung lesion near a major airway with central necrosis surrounded by epithelioid macrophages that are
stained by immunohistochemistry for pimonidazole adducts. The center of the lesion, likely hypoxic, fails to stain due to the lack of viable cells.
Magnification, X40 (hematoxylin counterstain). (B) Residual primary lung lesion with dystrophic calcification and secondary lesion resulting from
hematogenous dissemination and inflammation Magnification, X40 (H&E stain), both indicated by arrows. (C) Primary lung lesion with central
necrosis surrounded by epithelioid macrophages that are stained by immunohistochemistry for pimonidazole adducts. Magnification, X100
(hematoxylin counterstain). (D) Mediastinal lymph node where the normal architecture is replaced by mixed inflammation composed primarily of
macrophages and with an extensive, central focus of lytic necrosis. Magnification, X40 (H&E stain). (E) Mediastinal lymph node with the area of
central necrosis surrounded by epithelioid macrophages that are stained by immunohistochemistry for pimonidazole adducts. The center of the
lesion, likely hypoxic, fails to stain due to the lack of viable cells (necrosis). Magnification, x40 (hematoxylin counterstain).

clearly exceeds the number of bacteria cultured after plating of
lung homogenates. Therefore, it is reasonable to assume that
some of these represent dead bacilli that still retained their
morphology, which is consistent with the fact that this drug is
a metabolic inhibitor rather than an inhibitor of cell wall bio-
synthesis. In addition, a proportion of the AFB might be viable
but unable to resuscitate growth on bacterial plates. Future

studies will address the live-versus-dead-bacteria question in
more detail via in situ hybridization using probes for mycobac-
terial mRNA.

Of great significance, the morphology of the necrotic gran-
ulomas in the guinea pig (including the rim delineating the
mineralized core), as well as the location of the bacteria, show
a strong similarity with human lesions (24, 33, 41). In earlier
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studies, mycobacterial material was detected in human lung
samples within the central necrosis area and on the periphery
of the core by immunohistological staining (42) and by in situ
hybridization in the lymphocyte cuff around the central case-
ous necrosis (13). In human tissues, granulomas undergoing
caseous necrosis are characterized by a lack of vascularity,
which may lead to decreased oxygen tension or hypoxia (8, 12).
A similar lack of vascularity is seen in the primary granulomas
in M. tuberculosis-infected guinea pigs. This led us to investi-
gate the oxygen tension in tissues of M. tuberculosis-infected
guinea pigs by injecting pimonidazole, a 2-nitroimidazole that
forms covalent bonds in regions of hypoxia. Other researchers
have validated this method in the context of TB infections (1,
39). Hypoxia has been postulated as one of the environmental
conditions that transitions mycobacteria into a nonreplicating
phase, thereby affecting their responsiveness to drugs (11, 43).
In the present study a clear hypoxic region was found at the
periphery of the necrotic center in the primary granuloma. The
center of the primary lesion itself is hypocellular with central
necrosis and in the early stages of dystrophic mineralization.
The inability of pimonidazole to stain necrotic tissue is due to
the lack of viable cells, but this area is also likely to be hypoxic.
Of significance, it was within this hypoxic, acellular rim of the
primary granuloma where we found the remaining AFB resid-
ing in the lung after drug treatment. The hypoxic rim was
visible by 30 days after aerosol infection, which indicates that
its establishment is an early event. Similar hypoxic conditions
were seen in regions of severe necrosis in the draining lymph
nodes. Hypoxia was found to be completely absent in the
mouse model of M. tuberculosis (1, 38). Therefore, caution
should be exercised in using the mouse model for testing of
novel anti-TB compounds for sterilizing efficacy against a di-
versity of M. tuberculosis phenotypic subpopulations. Mouse
models have proven to provide useful information regarding
aspects such as absorption, bioavailability, tissue distribution,
and the in vivo efficacy of experimental therapeutics. We be-
lieve that the guinea pig model might be a valuable addition for
advanced testing of drug leads to define their sterilizing prop-
erties in a second animal model, presenting a heterogeneity of
TB lesions.

The presence of bacteria after drug treatment in the rim
around the necrotic center raises the question of whether phys-
ical barriers might have had an impact on the penetration of
the drug, thereby reducing the drug effect in less-accessible
regions of the lung. The studies using pimonidazole indicate
that a heterocyclic compound is able to penetrate to the most
hypoxic regions in the guinea pig lung and other organs. Drug
penetration is, however, dependent on the specific physico-
chemical parameters of the tested drug, and to identify accu-
rate drug levels in granulomas advanced techniques such as
quantitative multi-isotope imaging mass spectrometry would
have to be applied. However, the lack of AFB inside the ne-
crotic region after drug treatment suggests that the primary
granuloma was permeable to the drugs tested here.

The distinct acellular rim of the primary granuloma har-
bored large numbers of acid-fast staining bacteria, many of
which were present in microcolonies or clusters. All were ex-
tracellular and primarily dispersed throughout this region. It is
interesting to speculate whether these extracellular bacteria
are in what might be some form of a biofilm. This possibility
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has yet to be considered in terms of M. tuberculosis, but it has
been noticed that M. smegmatis can form biofilms and that this
is associated with an altered mycolate profile and an unusual
buildup of short-chain fatty acids modulated by GroEL, a ma-
jor chaperonin (29, 32, 37, 47). Other studies have shown that
strains of M. avium also have this property (10, 45, 46). There-
fore, it is possible that during the progression of a TB infection
some bacteria become deprived of their favored intracellular
niche as a result of cellular necrosis and, finding themselves in
the extracellular fluid form some sort of biofilm, in turn induce
genetic mechanisms favoring persistence as an effort to ensure
survival.

The findings presented here have important implications in
developing sterilizing chemotherapy, as well for evaluating pu-
tative mechanisms of latency of M. tuberculosis in an in vivo
model. Clearly, much more information is needed about this
specific microenvironment in the granuloma, and the adapta-
tions used by the bacteria present here to survive. A further
intriguing question is whether there are other environments
that exhibit similar problems with persistence but with less
obvious pathological features as overt necrosis, such as in ad-
ipose tissue (27), lymphatics (6), or nontypical host cells (16).
Such information could be crucial to developing new sterilizing
drugs that can penetrate into sanctuaries where the persistent
bacteria reside and hence reduce the duration of therapy.
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