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New drugs and drugs with a novel mechanism of action are desperately needed to shorten the duration of tuberculosis treat-
ment, to prevent the emergence of drug resistance, and to treat multiple-drug-resistant strains of Mycobacterium tuberculosis.
Recently, there has been renewed interest in clofazimine (CFZ). In this study, we utilized the C3HeB/FeJ mouse model, possess-
ing highly organized, hypoxic pulmonary granulomas with caseous necrosis, to evaluate CFZ monotherapy in comparison to
results with BALB/c mice, which form only multifocal, coalescing cellular aggregates devoid of caseous necrosis. While CFZ
treatment was highly effective in BALB/c mice, its activity was attenuated in the lungs of C3HeB/Fe] mice. This lack of efficacy
was directly related to the pathological progression of disease in these mice, since administration of CFZ prior to the formation
of hypoxic, necrotic granulomas reconstituted bactericidal activity in this mouse strain. These results support the continued use
of mouse models of tuberculosis infection which exhibit a granulomatous response in the lungs that more closely resembles the

pathology found in human disease.

he Stop TB Partnership, in conjunction with the World Health

Organization, has set a goal of reducing tuberculosis (TB) in-
cidence to less than one case per million by 2050 (1). If we hope to
achieve this goal, we must more effectively employ the current
resources in our anti-TB armament, as well as developing more
efficacious drugs, diagnostics, and vaccines. Such a significant re-
duction in the incidence of TB can occur only by treatment of both
active and latent TB cases (2). The emergence and spread of mul-
tidrug-resistant (MDR) and extensively drug resistant (XDR)
strains of TB poses a serious obstacle to meeting the 2050 goal.
Drugs with a novel mechanism of action and chemotherapeutic
regimens effective against drug-resistant TB must be developed
and tested if we hope to make substantive gains in reducing the
worldwide incidence of TB.

Almost 60 years ago, Barry et al. identified clofazimine (CFZ)
as a compound that was highly active against Mycobacterium bovis
Ravanel, as well as Mycobacterium tuberculosis, under in vitro con-
ditions and in mice following intravenous infection (3). Initial
optimism faded, however, when further studies in guinea pigs (4,
5) and nonhuman primates (6) failed to demonstrate significant
therapeutic activity, although it should be noted that later studies
implicated poor absorption kinetics in these animal models as the
primary cause of the lack of efficacy (4). These failures in preclin-
ical animal models, coupled with the identification of the highly
effective drug isoniazid and later rifampin, shifted attention away
from clinical usage of CFZ to treat TB, although it has been used
successfully to treat leprosy since the early 1960s. However, the
desire to shorten the duration of treatment necessary to prevent
relapse and the emergence of MDR and XDR TB have renewed
interest in both CFZ and other related riminophenazine com-
pounds for the treatment of pulmonary tuberculosis (7-9). A re-
cent observational study in Bangladesh examined six combination
regimens for efficacy against MDR TB (10). Although all of the
regimens contained CFZ during the intensive phase, the two reg-
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imens with the highest rate of cure also contained CFZ during the
continuation phase. Similarly encouraging results were observed
in BALB/c mice (11), demonstrating that the addition of CFZ to a
9-month second-line regimen significantly increased the rate of
killing and decreased the relapse rate to levels comparable to that
observed in the study by Van Deun et al. (10). CFZ has also re-
cently been shown to have significant additive activity in BALB/c
mice when administered with bedaquiline (TMC207) and pyrazi-
namide (12, 13). Therefore, the addition of CFZ to novel TB drug
regimens may augment efforts to shorten the duration of TB che-
motherapy, which is the ultimate goal of the Global Alliance for
TB Drug Development and the Critical Path to TB Drug Regimens
initiative (14).

CFZ is a poorly soluble, lipophilic drug that is highly protein
bound and possesses an exceptionally long half-life of approxi-
mately 70 days in mice (15). The drug partitions to adipose tissue,
and due to its relative insolubility, it preferentially accumulates
within macrophages (16, 17) and is known to have immunosup-
pressive properties (18). As a result of the highly elongated phar-
macokinetic/pharmacodynamic profile, CFZ can accumulate to
very high levels within tissues and can crystallize within cells, es-
pecially in the gastrointestinal tract. In addition, long-term use
can result in coloration of the skin that while medically unimport-
ant can cause social stigmatization. Efforts are under way to syn-
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thesize and test CFZ analogs to find compounds with reduced side
effects and more favorable pharmacodynamic properties (8, 9).

While many important insights have been gained from mouse
models of TB infection, the discordance between the histological
appearance of human and mouse pulmonary granulomas limits
the practical usefulness of the mouse when modeling aspects such
as drug penetration of fibrotic and caseous necrotic lesions, activ-
ity within hypoxic microenvironments, and activity against bacilli
under different metabolic conditions. In addition, the bacilli
within human pulmonary granulomas, especially those involved
in cavitary disease and transmission, are believed to be primarily
extracellular (19). However, the bacilli within the lungs of tradi-
tional mouse models of infection are predominantly intracellular
(20). Therefore, the efficacy of compounds that preferentially ac-
cumulate within macrophages could be overestimated by testing
in an animal model that lacks necrotic lesions containing abun-
dant extracellular bacilli.

Igor Kramnik’s group discovered that the C3HeB/Fe] mouse
strain (commonly referred to as the Kramnik mouse model) was
highly susceptible to infection with M. tuberculosis (21). They also
determined that this increased susceptibility was mediated to a
large degree by functional inactivation due to naturally occurring
mutations in the intracellular pathogen resistance 1 (Ipr1) isoform
of the interferon-inducible 75 (Ifi75) gene (22). Interestingly, fol-
lowing experimental aerosol infection, this mouse strain devel-
oped large, caseating granulomas in the lung that have been shown
by our group and others to be hypoxic (23, 24). These granulomas
contain large numbers of extracellular bacilli and are often sur-
rounded by a rim of foamy macrophages harboring intracellular
bacilli (23). Over time, many of these granulomas show evidence
of continuous collagen remodeling and fibrotic encapsulation
(23). These granulomas bear a striking resemblance to human
pulmonary lesions and may facilitate more realistic modeling of
microenvironmental conditions not found within conventional
mouse models.

Due to renewed interest in use of CFZ as an adjunct to novel
chemotherapeutic regimens, we wanted to assess the efficacy of
this drug in the Kramnik mouse model of infection to determine if
CFZ is effective against extracellular bacteria, under hypoxic con-
ditions, and against bacterial phenotypes exposed to environmen-
tal conditions believed to be more similar to what tubercle bacilli
experience in human lung lesions.

MATERIALS AND METHODS

Animals. Female specific-pathogen-free C3HeB/Fe] and BALB/c mice,
ages 6 to 8 weeks, were purchased from Jackson Laboratories, Bar Harbor,
ME. Mice were housed in a biosafety level III animal facility and main-
tained with sterile bedding, water, and mouse chow. Specific-pathogen-
free status was verified by testing sentinel mice housed within the colony
for 13 known mouse pathogens.

Bacteria and aerosol infections. The M. tuberculosis Erdman strain
(TMCC 107) was used for aerosol infections of mice for drug evaluations
and prepared as previously described (25, 26). Briefly, the bacteria were
originally grown as a pellicle to generate low-passage-number seed lots
(25). Working stocks were generated by growing to mid-log phase in
Proskauer-Beck medium containing 0.05% Tween 80 (Sigma-Aldrich, St.
Louis, MO) in three passages, enumerated by serial dilution on 7H11 agar
plates, divided into 1.5-ml aliquots, and stored at —80°C until use.

C3HeB/Fe] mice and BALB/c mice were exposed to a low-dose aerosol
infection with M. tuberculosis in a Glas-Col inhalation exposure system, as
previously described (26). The inoculum concentration was adjusted to
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yield ~50 to 75 CFU or ~400 CFU in the lungs of C3HeB/Fe] mice or
BALB/c mice, respectively. Five mice were sacrificed on the following day
to determine the number of CFU implanted in the lungs.

Drug treatment and enumeration of bacterial load in lungs and
spleens. For drug-treated animals, CFZ (Sigma-Aldrich) was prepared by
grinding with a mortar and pestle and added to 0.05% agarose dissolved in
sterile distilled water. Individual animals were administered a 200-l dose
at 20 mg/kg of body weight daily for 5 days a week via oral gavage. For
CFZ-treated animals, treatment was initiated either 3, 4, or 7 weeks fol-
lowing aerosol infection. Mice were euthanized after 2, 4, and 8 weeks of
treatment by CO, inhalation. At the time of sacrifice, all lung lobes and the
spleens were aseptically removed and disrupted with a tissue homogenizer
(Glas-Col Inc., Terra Haute, IN) in 4 ml of phosphate-buffered saline
(PBS). The number of viable organisms was determined by plating serial
dilutions of lung homogenate on Middlebrook 7H11 agar plates supple-
mented with oleic acid-albumin-dextrose-catalase (OADC) (Gibco BRL,
Gaithersburg, MD), 0.03 mg/ml cycloheximide, and 0.05 mg/ml carben-
icillin. Due to the long half-life and high protein binding capacity of CFZ,
lungs and spleens from drug-treated animals were homogenized in saline
plus 10% bovine serum albumin (BSA) and plated on 7H11-OADC agar
plates containing 0.4% activated charcoal to prevent carry-over (12). Col-
onies were counted after at least 21 days of incubation at 37°C and at least
42 days for charcoal-containing plates (26). The viable bacterial counts of
whole organs were calculated and converted to logarithms [CFU counts
were log transformed as log,,(x + 1), where x equals the total organ CFU
count]. The data were expressed as the mean log,, CFU = the standard
error of the mean for each group.

In vitro bacterial cultivation. All in vitro cultivation of M. tuberculosis
Erdman was performed in Dubos Tween-albumin (DTA) medium (27) in
sterile 20-mmby 12-mm glass screw-cap tubes containing 12-mmby
4-mm stir bars. Cultures were grown aerobically with high (aerobic) or
low (hypoxic) aeration or under anoxic conditions using the rapid anaer-
obic dormancy (RAD) model, as described by Leistikow et al., where bac-
terial metabolism drives the oxygen concentration to undetectable levels,
utilizing rapid stirring, a small headspace volume, and tightly sealed
screw-cap tubes (28). For aerobic growth under high and low aeration,
cultures were diluted to an optical density at 600 nm (ODy,) of 0.05 and
inoculated into sterile 20-mm by 125-mm glass screw-cap tubes contain-
ing 12-mm by 4-mm stir bars at final volumes of 1 ml and 10 ml for high
and low aeration, respectively. The 10-ml culture has a 10-fold-lower
surface-to-volume ratio than the 1-ml high-aeration culture. Cultures
were given either CFZ at a final concentration of 50 pg/ml or dimethyl
sulfoxide (DMSO) as a vehicle control, sealed with loose-fitting caps, and
incubated at 37°C with rapid stirring. The MIC was previously deter-
mined to be 0.24 pg/ml for broth and 0.03 pg/ml for 7H11 agar plates for
this strain. One, three, and five days later, bacterial cultures were serially
diluted in DTA and plated on Dubos agar plates plus OADC and 0.4%
activated charcoal. Colonies were counted after at least 21 days of incuba-
tion at 37°C.

Statistical analysis. The viable CFU counts were converted to loga-
rithms, which were then evaluated by a one-way analysis of variance,
followed by a multiple-comparison analysis of variance by a one-way
Tukey test (SAS software program; SAS, Research Triangle Park, NC).
Differences were considered significant at the 95% level of confidence.

Pathology and microscopy. All lung lobes from individual mice were
collected at necropsy and infused with 4% paraformaldehyde in PBS.
Tissue sections were embedded in paraffin and cut to 5-pm thickness on
a microtome. Subsequent tissue sections were mounted on glass slides,
deparaffinized, and stained with hematoxylin and eosin (H&E). Sections
were visualized using a Nikon TE-I motorized microscope controlled by
the Nikon NIS Elements software program (Nikon, Melville, NY).

RESULTS

CFZ was highly effective in the lungs of BALB/c but not C3HeB/
FeJ mice. BALB/c and Kramnik mice were aerosol infected with
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FIG 1 CFZ was highly effective at reducing bacterial CFU in BALB/c mice (A) in the lungs (filled symbols) and in the spleen (open symbols). In contrast, CFZ
activity was significantly attenuated in the lungs of C3HeB/FeJ mice (B), while comparable activity was observed in the spleen. Data represent mean log,, CFU

counts = SEM; detection limit = 50 CFU. *, P < 0.001.

2.53 * 0.03 log,, CFU and 1.8 * 0.03 log,, CFU, respectively.
After 4 weeks, bacterial loads in the lungs reached 6.0 log,, CFU in
BALB/c mice and 7.8 log,, CFU in Kramnik mice, at which point
mice in treatment groups were administered 20 mg/kg CFZ via
oral gavage 5 days per week. Treatment with CFZ was highly ef-
fective in the lungs of BALB/c mice (Fig. 1A), producing a contin-
uous and progressive decline, culminating in a 2.5-log,, CFU re-
duction in bacterial numbers after 4 weeks of treatment (P <
0.001). Pulmonary bacterial numbers continued to decline in
BALB/c mice, ultimately reaching 2.0 log,, CFU, which amounted
to a 4.0-log,, CFU reduction after 8 weeks of CFZ treatment.

In contrast to BALB/c mice, Kramnik mice treated with CFZ
for 4 weeks showed no decrease in pulmonary CFU (Fig. 1B).
Although 8 weeks of treatment resulted in a 1.0-log,, CFU de-
crease in bacterial numbers, this decrease was not statistically dif-
ferent from results for control (untreated) Kramnik mice at this
time point.

CFZ treatment of BALB/c mice was also highly effective at re-
ducing bacterial numbers in the spleen, ultimately achieving a
3.1-log,, CFU reduction after 8 weeks of treatment (P < 0.001).
Of importance, CFZ treatment was also highly effective at reduc-
ing bacterial numbers in the spleens of Kramnik mice. Eight weeks
of CFZ treatment resulted in a 2.6-log,, CFU reduction, which
was comparable to that observed in the spleens of BALB/c mice
(P> 0.05).

The pathological progression of granuloma formation in
Kramnik mice. The strikingly different pathological progression
of disease in the lungs of Kramnik mice in comparison to that in
BALB/c mice is likely responsible for the differential response to
CFZ between these two strains of mice. To further understand the
role that the pathological process of granuloma formation played
in the observed attenuation of CFZ efficacy, we performed a com-
prehensive histological analysis to understand the pathological
progression of granuloma development in the lungs of Kramnik
mice to identify a time point prior to the formation of well-devel-
oped caseous necrotic granulomas and a time point where we
reproducibly observed such well-developed granulomas.

At 3 weeks postinfection, the inflammatory lesions in the lungs
of BALB/c mice were characterized as loosely organized cellular
aggregates composed of macrophages, epithelioid macrophages,
and large numbers of lymphocytes that were primarily localized
within perivascular regions (Fig. 2A), consistent with observations
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of Rhoades et al. (29). Small isolated pockets of neutrophils were
only occasionally observed. Kramnik mice exhibited markedly
different cellular lesions composed predominantly of neutrophilic
clusters interspersed with epithelioid macrophages (Fig. 2B). Few
if any lymphocytes were found within these lesions. At this time
point, only small foci of individual cellular necrosis were present
in the lungs of Kramnik mice, and large lesions containing caseous
necrotic material were absent.

By 7 weeks of infection, the pulmonary lesions in BALB/c mice
were predominantly composed of multifocal coalescing lesions.
These lesions were composed of disorganized clusters of macro-
phages, epithelioid macrophages, and increasing numbers of
foamy macrophages surrounded by large numbers of lymphocytes
arranged as punctate clusters in association with epithelioid and
foamy macrophages (Fig. 2C). In contrast, the lesions in the lungs
of Kramnik mice progressed to highly organized structures, which
consistently displayed large areas of central caseous necrosis and a
peripheral rim of foamy macrophages, with or without a well-
defined collagen rim (Fig. 2D).

Highly organized granulomas and caseous necrosis were not
observed in the spleens of BALB/c mice (Fig. 2E) or Kramnik mice
(Fig. 2F), even though bacterial numbers in the spleens of both
mouse strains were comparable.

Pulmonary pathology was responsible for the differential ef-
fectiveness of CFZ. To determine the impact of the granuloma
pathology upon the effectiveness of drug treatment with CFZ,
Kramnik mice were infected with a low-dose aerosol (LDA), and
CFZ treatment was initiated prior to the formation of well-defined
granulomas (3 weeks postinfection) or after the formation of ca-
seous necrotic granulomas (7 weeks postinfection). Three weeks
following infection, bacterial loads in the lungs of Kramnik mice
reached 7.1 * 0.11 log,, CFU (Fig. 3A). Four weeks of CFZ treat-
ment reduced the pulmonary bacterial load in Kramnik mice by
5.8 log;, CFU (P < 0.001). Seven weeks after infection, bacterial
loadsreached 7.7 = 0.36 log;, CFU. However, treatment with CFZ
for 4 weeks after the development of extensive pulmonary pathol-
ogy only resulted in a 1.6-log,, CFU reduction in the lungs of
Kramnik mice.

In the spleens of Kramnik mice where no necrotic granulomas
were observed at all time points tested, bacterial loads reached
3.7 = 0.11 log,, CFU 3 weeks after aerosol infection (Fig. 3B). In
response to 4 weeks of CFZ treatment initiated after 3 weeks of
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FIG 2 Pathological progression of disease in BALB/c and C3HeB/Fe] mice. Cellular aggregates in the lungs of BALB/c mice at 3 weeks postinfection (A)
(magnification, X100) were composed predominantly of macrophage cells with distinct regions of lymphocytic perivascular and peribronchiolar cuffing
(arrows). C3HeB/Fe] mice at 3 weeks postinfection (B) (>X100) exhibited cellular lesions composed predominantly of neutrophilic clusters (arrows) and
epithelioid macrophages, with evidence of an early fibrotic response. By 7 weeks (C) (X40), the cellular aggregates in BALB/c mice formed loosely organized
inflammatory granulomas lacking a well-defined collagen rim. In contrast, by 7 weeks (D) (X40), highly organized granulomas had formed in the lungs of
C3HeB/Fe] mice possessing a hypoxic neutrophilic central caseous necrotic core region (CN) and a layer of foamy macrophages (FM) delineated by a collagen
rim (arrows) that encapsulated the granuloma structure. By 7 weeks postinfection, no caseating necrotic granulomas were observed in the spleens of BALB/c (E)

(X40) or C3HeB/Fe] (F) (X40) mice.

infection, bacterial numbers dropped 2.4 log,, CFU. In mice in-
fected for 7 weeks, bacterial loads reached 5.1 = 0.10 log,, CFU,
and treatment with CFZ for 4 weeks resulted in a 1.3-log,, CFU
reduction.

CFZ was effective in immunocompromised IFN-y knockout
mice. Since CFZ is known to have immunomodulatory proper-
ties, we wanted to ensure that the weakened immune status of the
Kramnik mice was not responsible for the lack of CFZ efficacy
observed in the lungs. We infected highly susceptible gamma in-
terferon (IFN-v) knockout (GKO) mice with M. tuberculosis via
the LDA route. After 13 days, when the bacterial load was 7.1 log;,
CFU in the lungs and 4.6 log,, CFU in the spleen, we initiated CFZ
monotherapy in the experimental group of animals. After 10 days
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of treatment, the pulmonary bacterial load decreased by 3.1 log,
CFU (Fig. 4A) and the bacterial load in the spleen decreased by 4.0
log,, CFU in the GKO mice (Fig. 4B). This decrease was compa-
rable to that observed in immunocompetent BALB/c mice (Fig.
1A), indicating that the loss of CFZ activity in the lungs of Kram-
nik mice was not related to decreased immune function in these
animals.

CFZ was ineffective under anaerobic conditions in vitro. We
next wanted to compare the activity of CFZ under aerobic, hy-
poxic, and anaerobic conditions to determine the role of oxygen in
CFZ activity. CFZ treatment of aerobic cultures (loose cap permit-
ting free air exchange) of M. tuberculosis Erdman resulted in a
2.5-log,, CFU reduction by 3 days posttreatment and a 7.3-log, o
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FIG 3 Attenuation of CFZ activity was related to pulmonary pathology. Administration of CFZ to C3HeB/Fe] mice prior to the formation of well-defined
pulmonary granulomas (A) (3 weeks postinfection) reconstituted bactericidal activity in the lungs (filled symbols). Initiation of CFZ treatment after the
formation of well-defined pulmonary granulomas with significant caseous necrosis (B) (7 weeks postinfection) resulted in significant attenuation of bactericidal
activity in C3HeB/Fe] mice. CFZ exhibited comparable activity in the spleens (open symbols) of C3HeB/FeJ mice, which lack well-defined granulomas and
caseous necrosis. Data represent mean log,, CFU counts = SEM; detection limit = 50 CFU. #, P < 0.001; f, P < 0.05.

CFU reduction after 5 days (Fig. 5A). CFZ activity decreased sig-
nificantly when M. tuberculosis was cultured under hypoxic con-
ditions (1:10 culture volume-to-headspace ratio), with only a
0.92-log,, CFU reduction observed after 3 days and a 2.8-log,,
CFU reduction after 5 days (Fig. 5B). We then utilized a derivation
of the traditional Wayne model (30) known as the rapid anaerobic
dormancy (RAD) model (28) to culture M. tuberculosis Erdman
under anaerobic conditions. In this culture system, oxygen is
completely consumed after 6 days of culture using a 1:10 culture
volume-to-headspace ratio. CFZ was administered in an anaero-
bic chamber at day 12 in the RAD model. After 1 day, a 0.58-log;,
reduction in CFU was observed (Fig. 5C), which increased slightly
to a 0.90-log;, CFU reduction by 8 days following treatment.

DISCUSSION

Although CFZ has impressive in vitro killing kinetics and effi-
cacy in traditional mouse models of TB infection, its lack of
efficacy in guinea pigs and rhesus monkeys and its unusual
pharmacokinetic properties and high lipophilicity have limited
widespread clinical usage for the treatment of pulmonary tu-
berculosis. A major finding in the studies presented here is that
CFZ activity is diminished in a mouse model with caseous ne-
crotic granulomas compared to that in a traditional mouse
model. We showed here that CFZ monotherapy was effective
against the primarily intracellular bacilli located within the in-
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flammatory lesions in the lungs of BALB/c mice. However, this
activity was highly attenuated in the lungs of Kramnik mice
possessing hypoxic, caseous necrotic lesions containing pri-
marily extracellular bacilli. In contrast, CFZ was similarly ef-
fective in the spleens of both BALB/c and Kramnik mice, sug-
gesting that the lack of CFZ activity observed in the lungs was
not due to fundamental differences in pharmacokinetics of the
drug in these two mouse strains. Preliminary pharmacokinetic
analysis of CFZ showed similar drug levels in plasma for both
M. tuberculosis-infected BALB/c and Kramnik mice (data not
shown).

In order to ensure that the diminished CFZ activity in the lungs
was not due to a specific inherent characteristic of the C3HeB/Fe]
mouse strain, we showed in a subsequent study using only Kram-
nik mice that CFZ activity was observed in the lungs at early stages
of infection in the absence of caseous necrotic lesions, whereas
CFZ activity was highly diminished at time points when lung le-
sions became necrotic. Again, in contrast to the attenuated effi-
cacy observed in the lungs, CFZ remained effective in the spleens
of Kramnik mice throughout all stages of infection, showing in
vivo efficacy similar to that with BALB/c mice. An examination of
the histopathology of the spleen tissue of Kramnik mice failed to
show highly organized granulomas with evidence of caseous ne-
crosis at all time points examined, similar to observations made by
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FIG 4 CFZ was effective in immunocompromised GKO mice. Gamma interferon gene-disrupted mice were treated for 9 days with 20 mg/kg CFZ beginning on
day 13 postinfection. CFZ reduced bacterial loads in the lungs (A) by 3.1 log,;, CFU and in the spleens (B) by 3.95 log,, CFU compared to results for untreated
controls. Data represent mean log,, CFU counts = SEM; detection limit = 50 CFU. *, P < 0.001.
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FIG 5 CFZ activity decreased as the oxygen concentration decreased. CFZ was highly effective in vitro under high aeration (A). Under low aeration (B), CFZ had
reduced but demonstrable activity despite similar bacterial growth. However, CFZ activity was lowest under completely anaerobic conditions achieved in the
rapid anaerobic dormancy (RAD) culture model (C). CFZ was added at a final concentration of 50 mg/ml. Data represent mean log,, CFU counts * SD;

detection limit = 50 CFU. *, P < 0.001.

Pichugin et al. (31). Therefore, the consistent efficacy of CFZ
throughout the course of infection in the spleens of Kramnik mice
and the lack of advanced necrotic lesions in this organ further
implicate the pathological response as being the predominant fac-
tor contributing to the attenuated efficacy of CFZ in the lungs.

Although Kramnik mice are not generally considered immu-
nosuppressed, they nevertheless possess a specific immune defect
related to functional inactivation of the IprI genes (22). Due to the
reported immunomodulatory effects of CFZ upon host cells, we
wanted to ensure that the weakened immune status of the Kram-
nik mice was not responsible for the lack of CFZ efficacy in the
lungs. CFZ has been shown to have proinflammatory effects, by
stimulating the production of superoxide anion (32). CFZ also
possesses anti-inflammatory effects, such as inhibition of neutro-
phil motility and activation of phospholipase A, in neutrophils,
leading to the production of prostaglandin E, and other anti-in-
flammatory mediators (32—34). In addition to its effect upon neu-
trophils, CFZ also inhibits the lymphocyte proliferative response
to mitogens, which may be related to its binding to the Kv1.3
potassium channel and perturbation of calcium oscillations re-
quired for optimal T cell receptor signaling and T cell proliferation
(34, 35). In order to ensure that the altered immune status of the
Kramnik mouse model was not responsible for the lack of activity
of CFZ, we evaluated the drug in the GKO mouse model. Deletion
of the gamma interferon gene renders these mice highly suscepti-
ble to infection with M. tuberculosis by incapacitating the T-helper
type 1-IEN-v axis of M. tuberculosis immunity (36). We found
that CFZ was highly effective in both the lungs and spleens of GKO
mice when administered for 9 days. This efficacy was similar to
that observed in BALB/c mice. These results support the idea that
the differential activity of CFZ in BALB/c and Kramnik mice is
specifically related to the granulomatous pathology in the lungs of
these mice and is not due to differences in immune function be-
tween mouse strains.

The pathological process resulting in the development of pul-
monary granulomas is a highly regulated, coordinated immuno-
logical process involving multiple cell types, cytokines, and pro-
inflammatory mediators. It has been hypothesized that the
granuloma effectively walls off bacilli residing within an infectious
focus, preventing further intrapulmonary and extrapulmonary
dissemination (37). Conversely, this structure may also create an
environment that facilitates bacterial persistence over long peri-
ods of time. Pulmonary granulomas in Kramnik mice have been
shown by our group (23) and others (24) to be hypoxic, which
may alter bacterial metabolism and promote a state of latency. The
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highly organized collagen layers surrounding the granuloma may
also act as a barrier to immune cells, preventing eradication of the
bacilli by host defense mechanisms. Last, this structure may rep-
resent a significant barrier to effective drug treatment by impeding
drug penetration into mature lesions, resulting in subtherapeutic
concentrations of drug within this microenvironment and in-
creasing the likelihood of the emergence of drug resistance.

Although the mechanism of action for CFZ is not entirely clear,
the bacterial outer membrane and in particular electron transport
are thought to be the primary target. In the original 1957 paper,
Barry et al. speculated that the high redox potential of CFZ sug-
gested a mechanism of action where CFZ cycles between oxidized
and reduced states, generating reactive oxygen species with anti-
microbial activity (3). This hypothesis was supported by recent
elegant work from Harvey Rubin’s group indicating that CFZ is
able to siphon off electrons from the bacterial electron transport
chain by competing with the menaquinone pool for electrons do-
nated by NADH to the oxidoreductase NDH-2 (38). In this
model, CFZ is reduced upon interaction with NDH-2 and subse-
quently oxidized in the presence of molecular oxygen in a redox
cycle which simultaneously generates superoxide and hydrogen
peroxide and depletes intracellular ATP pools. Under hypoxic
conditions, reduced availability of oxygen would slow the forma-
tion of reactive oxygen species (ROS) and limit the reoxidation of
CFZ to its active form. However, recent work by Liu and Imlay
(39) and by Keren et al. (40) has cast doubt upon the idea that
many antibiotics exert their bactericidal effects through a com-
mon mechanism of ROS production. Since the granulomas within
the lungs of Kramnik mice have been shown to be hypoxic, the
proposed redox mechanism of action for CFZ is at least consistent
with our in vivo data demonstrating attenuated CFZ activity in the
Kramnik model of TB infection after the formation of well-devel-
oped, hypoxic granulomas.

To further examine the potential role of molecular oxygen in
the attenuation of CFZ activity, we evaluated CFZ activity in M.
tuberculosis cultures at various oxygen concentrations. For this
purpose, we utilized the in vitro RAD bacterial culture model to
generate hypoxic and completely anaerobic bacterial cultures
(28). In this assay, the active metabolism of the bacilli drives the
oxygen concentration in the headspace of sealed culture tubes
over time to undetectable levels (28). In these studies, CFZ activity
decreased significantly when bacteria were cultured under hy-
poxic conditions, and the activity was further attenuated in the
absence of oxygen. These results were somewhat surprising, since
other researchers have reported that CFZ had significant antimy-
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cobacterial activity using different low-oxygen in vitro culture sys-
tems (8, 41, 42). In our assay, the loss of oxygen was monitored
using methylene blue as an indicator to demonstrate that the cul-
tures were hypoxic (30). In addition, we harvested, manipulated,
and plated the cultures under low-oxygen conditions within a
sealed container inside the biosafety cabinet to prevent alteration
of the bacterial metabolic phenotype. Most other culture systems,
such as the low-oxygen recovery assay (LORA), still have small
residual amounts of oxygen (<0.16%), which may allow redox
cycling of CFZ (albeit at a reduced rate) and some antibacterial
activity. Of importance, these very minute amounts of oxygen
could be sufficient to preserve CFZ effectiveness. Also, the pres-
ence of oxygen during the 28-h recovery phase of the LORA could
potentially compromise the results and overestimate the efficacy
of CFZ under these conditions. However, it should be noted that
even when cultured under completely anaerobic conditions using
the RAD model, CFZ still retained ~1 log,, of bactericidal activity
(as seen in Fig. 5C), suggesting that other mechanisms in addition
to molecular oxygen may potentially contribute to the observed
killing. In that respect, we can speculate that other electron donors
could be involved in the reduction of CFZ into the active form.
Last, in the in vitro studies performed here, M. tuberculosis Erd-
man was used, whereas most other investigators used M. tubercu-
losis H37Rv in the LORA and other anaerobic culture systems (8,
41). Strain-specific differences in susceptibility of M. tuberculosis
to CFZ under low-oxygen conditions are now being further inves-
tigated to address this question.

It has been suggested that CFZ has improved activity when
bacteria are intracellular due to the accumulation of the drug
within immune cells (43, 44). In TB patients with active disease, it
is thought that the majority of bacteria are extracellular in various
lung compartments (in sputum and in necrotic, fibrotic, and cav-
itary lunglesions). The pharmacokinetics of the drug are such that
CFZ accumulates to high levels in the tissues and within macro-
phages (45-47), while serum concentrations are low. Together
with the high protein binding of CFZ (=99% plasma protein
binding [Anna Upton, personal communication]), this partition-
ing may limit the exposure of extracellular bacilli to biologically
active drug concentrations (48). Of additional importance, the
granuloma structure itself may impede drug penetration, prevent-
ing exposure of bacilli within caseous necrotic lesions to bacteri-
cidal concentrations of drugs and facilitating the emergence of
antimicrobial resistance. A recent report by Prideaux et al. dem-
onstrated that moxifloxacin preferentially accumulates in im-
mune cells surrounding the caseum, with decreased penetration
into the caseum of necrotic granulomas in a rabbit model of TB
infection (49). Experiments are currently in progress to quantify
CFZ drug levels and to assess the penetration of CFZ into caseous
granulomas in Kramnik mice.

It is important to understand that while CFZ monotherapy
showed limited activity in the necrotic lung lesions of Kramnik
mice, clinical usage of CFZ would always be in combination with
other drugs. Therefore, the results presented in this study should
be interpreted with caution. CFZ may still have synergistic effects
with other TB drugs and/or a nonoverlapping spectrum of activity
targeting subpopulations of bacteria that are difficult to eradicate
using available TB drugs. In addition, as lung pathology begins to
resolve due to the action of efficacious companion drugs, the
changing microenvironment may promote CFZ activity. Studies
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in our laboratory are under way to investigate the addition of CFZ
to combination drug regimens in Kramnik mice.

Our results are in concordance with the recent clinical results
for CFZ in a phase Ila early bactericidal activity (EBA) clinical
study (NC-003) conducted by the Global Alliance for TB Drug
Development. A preliminary analysis of the NC-003 trial (D.
Everitt, presented at the Union World Conference on Lung
Health, Paris, France, November 2013) showed no efficacy of CFZ
monotherapy in the first 14 days of treatment and no additive
effect when CFZ was added to bedaquiline and PA-824 (50). Al-
though EBA trials serve as an important starting point to deter-
mine appropriate dosing and define short-term clinical efficacy,
the results obtained from EBA studies may not completely reflect
the total spectrum of killing activity of all drugs (51). Long-term
administration (>14 days) of CFZ may still provide significant
sterilizing activity that is not evident in an EBA study and may
prevent relapse of infection. Of importance, the concentrations of
CFZ in plasma that were observed in the trial were significantly
lower than mathematical models predicted for that dosing regi-
men based upon prior data (52), potentially underestimating the
CFZ efficacy. Higher doses may be needed to optimize the contri-
bution of CFZ in multidrug regimens.

Another explanation for the inactivity of CFZ may relate to the
nature of the bacterial subpopulation(s) found in sputum origi-
nating with cavitary lesions, where oxygenation is limited. A better
understanding of the metabolic state of bacterial populations in
sputum samples would be required to answer that question.

The development of well-defined, hypoxic granulomas with
abundant caseous necrosis and extracellular bacilli in Kramnik
mice provides a low-cost, convenient animal model to evaluate
the impact of such lesions on drug efficacy. Differential activity of
CFZ in a traditional BALB/c mouse model and the Kramnik
mouse model underscores the utility of the latter model in dissect-
ing further the in vivo activity of a drug. Animal models that more
accurately reflect the spectrum of pathological complexity within
the lung may improve the concordance between preclinical mod-
els and human clinical trials.
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