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In previous experiments, replacing the 10-mg/kg of body weight daily dose of rifampin with 7.5 to 10 mg/kg of rifapentine in
combinations containing isoniazid and pyrazinamide reduced the duration of treatment needed to cure tuberculosis in BALB/c
mice by approximately 50% due to rifapentine’s more potent activity and greater drug exposures obtained. In the present study,
we performed dose-ranging comparisons of the bactericidal and sterilizing activities of rifampin and rifapentine, alone and in
combination with isoniazid and pyrazinamide with or without ethambutol, in BALB/c mice and in C3HeB/FeJ mice, which de-
velop necrotic lung granulomas after infection with Mycobacterium tuberculosis. Each rifamycin demonstrated a significant in-
crease in sterilizing activity with increasing dose. Rifapentine was roughly 4 times more potent in both mouse strains. These re-
sults reinforce the rationale for ongoing clinical trials to ascertain the highest well-tolerated doses of rifampin and rifapentine.
This study also provides an important benchmark for the efficacy of the first-line regimen in C3HeB/FeJ mice, a strain in which
the lung lesions observed after M. tuberculosis infection may better represent the pathology of human tuberculosis.

The rifamycins are key sterilizing drugs in the treatment of tu-
berculosis (TB) (2). Addition of rifampin (RIF, or R) to regi-

mens based on isoniazid (INH, or H) and streptomycin reduced
the duration of treatment necessary for cure of human TB from 18
or more months to 9 months, before the subsequent addition of
pyrazinamide (PZA, or Z) reduced it to 6 months (3, 4, 12, 13, 43).
Data from an in vitro hollow fiber model (19), animal models (22,
49), and clinical studies (8, 23, 45) indicate RIF has dose-depen-
dent bactericidal activity that is not optimized at the currently
recommended 10-mg/kg of body weight (600 mg maximum) dose
for adults (2). It follows that increasing rifamycin exposures may
increase bactericidal and sterilizing activities and further shorten
the duration of TB treatment (35). To this end, we have previously
shown that replacing the 10-mg/kg daily dose of RIF with a 7.5- or
10-mg/kg daily dose of rifapentine (RPT, or P) in combination
with INH and PZA reduces the duration of treatment needed to
cure TB in mice by approximately 50%, owing to RPT’s more
potent antituberculosis activity and greater drug exposures ob-
tained at a given dose (in mg/kg) (40, 41). A subsequent dose
escalation trial in healthy volunteers showed daily RPT doses as
high as 20 mg/kg were well tolerated (9). Daily regimens using
RPT doses of 7.5 to 20 mg/kg in place of RIF are now under
evaluation for efficacy, safety, and tolerability in at least 3 clinical
trials (clinicaltrials.gov identifiers NCT00694629, NCT00728507,
and NCT00814671).

Unlike RPT, RIF is already in use throughout the world for
treatment of TB. Despite 40 years of clinical use, studies to define
the highest well-tolerated daily dose are only now under way
(clinicaltrials.gov identifiers NCT00760149, NCT01392911, and
NCT01408914). To determine whether increases in the RIF dose
result in improved sterilizing activity comparable to that observed
with RPT and, if so, at which dose level, we conducted an experi-
ment to determine the equipotent daily doses of RIF and RPT in
combination with INH and PZA in the commonly used BALB/c
mouse strain.

Although mice have served as a model for the evaluation of TB
drug efficacy for more than 50 years, the lung pathology of Myco-
bacterium tuberculosis infection in BALB/c mice and other com-
monly used mouse strains does not resemble the typical lung pa-
thology encountered in human TB (31). Whereas human TB is
characterized by caseation necrosis and necrotizing granuloma-
tous inflammation, wherein the majority of infecting tubercle ba-
cilli reside extracellularly, such necrosis is not observed in mouse
lungs, where virtually all tubercle bacilli reside inside phagocytic
cells (15). Because RPT accumulates inside macrophages to a 5- to
6-fold-greater extent than RIF (30), it stands to reason that reli-
ance on a model which disproportionately emphasizes intracellu-
lar infection in the absence of necrosis could lead to overestima-
tion of the efficacy of RPT relative to RIF. Furthermore, the
approximately 10-fold-higher protein binding of RPT over RIF
may restrict the diffusion of free RPT into necrotic lesions to a
greater extent than RIF (5, 39). Hypothesizing that pathological
differences in experimental models influence the relative efficacies
of RIF and RPT, we conducted a second experiment to compare
equipotent daily doses of RIF and RPT, administered alone and in
combination with INH, PZA, and ethambutol (EMB, or E), in
BALB/c mice and in C3HeB/FeJ mice, a strain recently recognized
to develop necrotic granulomas in response to M. tuberculosis in-
fection (34).
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(Some of the results of our studies have been previously re-
ported in the form of oral presentations and a meeting abstract
[17, 18, 47].)

MATERIALS AND METHODS
M. tuberculosis strain. M. tuberculosis H37Rv was passaged in mice, sub-
cultured in Middlebrook 7H9 (Fisher Scientific) supplemented with 10%
oleic acid-albumin-dextrose-catalase (OADC) complex (Becton Dickin-
son) and 0.05% Tween 80 (Sigma-Aldrich), and used for aerosol infection
when the optical density at 600 nm was approximately 1.0.

Antimicrobials. Drugs were obtained and stock solutions prepared as
previously described (41). The MICs (in �g/ml) against M. tuberculosis
H37Rv are 0.25 for RIF, 0.06 for RPT, and 0.1 for INH on 7H11 agar and
10 for PZA on Löwenstein-Jensen medium (pH 5.5) (16).

Pharmacokinetics of rifamycins and companion drugs in BALB/c
and C3HeB/FeJ mice. Steady-state rifamycin pharmacokinetics (PK)
were assessed in uninfected 5- to 6-week-old female BALB/c mice
(Charles River Laboratories). RIF doses of 10, 15, 20, and 40 mg/kg and
RPT doses of 5, 10, and 20 mg/kg were administered by oral gavage, 5 days
per week, for at least 2 weeks before mice were sacrificed at time points
ranging from 0 to 48 h postdose for RIF and 0 to 168 h postdose for RPT.
Drug concentrations in mouse serum were determined by validated high-
performance liquid chromatography (HPLC) assays (41). Steady-state PK
were assessed by using noncompartmental analysis, followed by modeling
and simulations with a one-compartment open model with first-order
elimination (WinNonlin; Pharsight, Cary, NC).

Single-dose serum PK profiles for RIF at 10 mg/kg, RPT at 10 mg/kg,
INH at 10 mg/kg, and PZA at 150 mg/kg were determined in uninfected 5-
to 6-week-old female C3HeB/FeJ mice (Jackson Laboratory) and com-
pared to historical results for BALB/c mice (RIF, INH, and PZA) or con-
temporaneous BALB/c controls (RPT). Drug concentrations in mouse
serum were determined by validated HPLC assays (32), and PK were
evaluated as described above.

Aerosol infection. Experiment 1 entailed a high-dose aerosol infec-
tion in which 496 6-week-old female BALB/c mice were aerosol infected
with M. tuberculosis by using the Middlebrook inhalation exposure system
(Glas-Col) and an undiluted log-phase broth culture. Mice were infected
in five consecutive runs. Experiment 2 entailed a low-dose aerosol infec-
tion to enable sufficient time for the characteristic lung pathology to de-
velop in each strain prior to treatment initiation. A total of 190 BALB/c
and 190 C3HeB/FeJ mice, each 4 to 6 weeks old, were infected with a 1:50
dilution of a similar log-phase culture (2 runs per strain). All animal

procedures were approved by the Johns Hopkins University Animal Care
and Use Committee.

Chemotherapy. Mice were block randomized by infection run into
treatment groups. Treatment began 14 and 42 days after infection in ex-
periments 1 and 2, respectively. Drugs were administered 5 days per week,
by gavage.

The scheme of experiment 1 is presented in Table 1. Control mice in
group 1 were left untreated in order to establish the baseline CFU counts
and lethality of infection. To assess the impact of increasing RIF exposures
in the first-line regimen, mice in groups 2, 3, 4, and 5 received RIF-INH-
PZA (RHZ), where RIF was administered at 10, 15, 20, and 40 mg/kg,
respectively. To assess the impact of increasing RPT exposures, mice in
groups 6, 7, 8, and 9 received RPT-INH-PZA (PHZ), where RPT was
administered at 5, 7.5, 10, and 20 mg/kg, respectively. Doses of INH and
PZA were 25 and 150 mg/kg, respectively. Mice in groups 2 to 8 were
treated for 12 weeks, whereas mice in group 9 were treated for 10 weeks.
PZA was administered only during the first 8 weeks of treatment.

The scheme of experiment 2 is presented in Table 2. Group 1 controls
went untreated. To assess the dose-response relationship of RIF mono-
therapy, mice in groups 2, 3, and 4 received RIF at 10, 20, and 40 mg/kg,
respectively. Group 5 received RHZ plus ethambutol (at 100 mg/kg), with
RIF dosed at 10 mg/kg. Mice in groups 6, 7, and 8 received RPT mono-
therapy at 5, 10, and 20 mg/kg, respectively, and group 9 received PHZE,
with RPT dosed at 10 mg/kg. E was added to the combinations evaluated
in experiment 2 in order to mimic the drug combinations studied in 2
ongoing clinical trials (clinicaltrials.gov identifiers NCT00694629 and
NCT00814671). Doses of INH and PZA were 10 and 150 mg/kg, respec-
tively. This dose of INH produces a maximum concentration in serum
(Cmax) and area under the concentration-time curve from 0 to 24 h
(AUC0-24) values similar to those observed in humans with a rapid acet-
ylator phenotype, whereas the higher dose employed in experiment 1
produces AUC0-24 values similar to those observed in slow acetylators (1).
In order to provide a more conservative estimate of the contribution of
INH to drug combinations under study, our laboratory has used the 10-
mg/kg dose for combination experiments since 2009. Groups 2 to 4 and 6
to 8 were treated for 8 weeks. Groups 5 and 9 were treated for 16 and 12
weeks, respectively. PZA was administered only during the first 8 weeks of
treatment.

Assessment of treatment efficacy. Baseline lung log10 CFU counts
were assessed the day after aerosol infection (day �13 [D�13] in experi-
ment 1 and week �6 [W�6] in experiment 2) and at treatment initiation
(day 0 [D0]). Treatment efficacy was assessed by comparing lung log10

TABLE 1 Scheme of experiment 1

Treatment groupa

No. of mice sacrificed atb:

Day �13 Day 0 Wk 2 Wk 4 Wk 8 Wk 10 Wk 12 Wk 8 (�12) Wk 10 (�12) Wk 12 (�12)

Untreated 10 15 10c

RIF regimens
R10HZ 5 5 5 5 5 15 15
R15HZ 5 5 5 5 5 15 15
R20HZ 5 5 5 5 5 15 15
R40HZ 5 5 5 5 5 15 15

RPT regimens
P5HZ 5 5 5 5 5 15 15
P7.5HZ 5 5 5 5 15 15 15
P10HZ 5 5 5 5 15 15 15
P20HZ 5 5 5 5 15 15

a Drugs were given orally at the following doses (in mg/kg): R at 10, 15, 20, and 40; P at 5, 7.5, 10, and 20; Z at 150; H at 25. All drugs were administered daily (5 of 7 days per week).
Z was administered for the first 8 weeks of treatment.
b The data for weeks 8 (�12), 10 (�12), and 12 (�12) are for mice that were sacrificed 12 weeks after completing 8, 10, or 12 weeks of treatment.
c Ten untreated control mice were held for mortality observations beyond week 2.
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CFU counts during treatment and by comparing the proportion of mice
with culture-positive relapse 12 weeks after completion of treatment, as
previously described (41). In experiment 1, CFU counts were compared
after 2, 4, 8, 10, and 12 weeks of treatment, and relapse rates were com-
pared after 8, 10, and 12 weeks of treatment. In experiment 2, CFU counts
were compared after 4 and 8 weeks of treatment, and relapse rates were
compared after 8, 12, and 16 weeks of treatment. Due to prior evidence of
ready selection of drug-resistant mutants in C3HeB/FeJ mice, 20% of the
undiluted lung homogenate from each mouse receiving rifamycin mono-
therapy was plated on 7H11 agar supplemented with RIF at 1 �g/ml.

Selection and analysis of rifamycin-resistant mutants. For rifamy-
cin-resistant mutants isolated from lung homogenates on RIF-containing
plates, the extent of RIF resistance was determined. Colonies from each
plate were scraped together, homogenized in a few drops of phosphate-
buffered saline (PBS) by vortexing with glass beads, suspended in PBS,
and inoculated onto 7H11 plates with RIF concentrations of 0, 0.25, 1, 4,
16, or 64 �g/ml.

Two representative colonies from each mouse were also subjected to
mutation analysis following the method of Telenti et al. (48) with a few
modifications. A 411-bp segment of rpoB, including the rifamycin resis-
tance-determining region (RRDR), was amplified by PCR (GeneAmp
PCR system 2700; Applied Bioystems), using 2 primer sets. The upstream

primer was rpoB F (5=-TACGGTCGGCGAGCTGATCC). The down-
stream primer was rpoB R (5=-TACGGCGTTTCGATGAACC). The DNA
was purified (using a QIAquick PCR purification kit [Qiagen]) and se-
quenced. The nucleotide sequences were analyzed by using the NCBI/
BLAST/BLASTn program, with reference accession number NC_000962,
Gene ID 888164.

Lung pathology. To assess the pathological changes arising in each
mouse strain in experiment 2, untreated mice were sacrificed 2 months
into the treatment period (3.5 months after infection). One lung was
homogenized for CFU counts, and the other was fixed in 10% neutral
buffered formalin for histopathological assessment. After 1 week of fixa-
tion, lungs were sectioned and embedded in paraffin. Sections were cut to
5-�m thickness and placed on negatively charged glass slides. The sections
were then stained with hematoxylin and eosin (H&E) and an acid-fast
stain.

Statistical analysis. Lung CFU counts were log10 transformed before
analysis. Mean CFU counts were compared using one-way analysis of
variance with Dunnett’s posttest (Prism 4; GraphPad Software, San Di-
ego, CA). The proportions of mice relapsing were compared using Fisher’s
exact test (STATA version 8.2; College Station, TX). Bonferroni’s proce-
dure was used to adjust the type I error rate for all multiple comparisons.
All measures of statistical variation are expressed with standard deviations
(SD).

RESULTS
Pharmacokinetics of rifamycins and companion drugs in
BALB/c and C3HeB/FeJ mice. Rifamycin serum concentration-
time curves determined after 2 weeks of dosing in BALB/c mice
generally indicated dose-proportional PK (Fig. 1). Simulated PK
parameters for R at 10 mg/kg (R10) and P at 7.5 or 10 mg/kg (P7.5

and P10, respectively) (Table 3) were comparable to those previ-

TABLE 2 Scheme of experiment 2 (performed in both BALB/c and
C3HeB/FeJ mice)

Treatment
groupa

No. of mice sacrificed atb:

Wk �6 Day 0 Wk 4 Wk 8
Wk 4
(�12)

Wk 8
(�12)

Wk 12
(�12)

Wk 16
(�12)

Untreated 6 6 5 5

RIF regimens
R10 5 5
R20 5 5
R40 5 5
R10HZE 5 5 15 15 15

RPT regimen
P5 5 5
P10 5 5
P20 5 5
P10HZE 5 5 15 15 15

a Drugs were given orally at the following doses (in mg/kg): R, 10, 20, and 40; P at 5, 10,
and 20; Z at 150; H at 10; E at 100. All drugs were administered daily (5 of 7 days per
week). Z was administered for the first 8 weeks of treatment.
b The data for weeks 4 (�12), 8 (�12), 12 (�12), and 16 (�12) are for mice that were
sacrificed 12 weeks after completing 4, 8, 12, or 16 weeks of treatment.

FIG 1 Mean (� SD) serum drug concentrations of rifampin (a) and rifapentine (b) after 2 weeks of daily dosing (5 days per week). Sampling was performed after
the 10th (R10), 11th (P10 and P20), or 13th (R20, R40, and P5) dose.

TABLE 3 Simulated steady-state PK parameters for RIF and RPT in
BALB/c mice

Regimen

PK parameter for total drug

Cmax (�g/ml) t1/2 (h)
AUC0–24

(�g · h/ml)
AUC0–168

(�g · h/ml)

R10 13.52 2.35 142.1 711
R15 20.27 2.35 213.2 1,066
R20 27.03 2.35 284.2 1,421
R40 54.06 2.35 568.4 2,842
P5 9.28 18.77 179.8 920
P7.5 13.93 18.77 269.7 1,380
P10 18.57 18.77 359.6 1,840
P20 37.14 18.77 719.2 3,681
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ously derived from single-dose data (41). Total drug AUC0 –168

values for RPT were 2.53 times higher than for RIF at a given dose,
leading to similar values for R20 and P7.5 and making R40 interme-
diate between P10 and P20 for this parameter. Cmax values were
1.37 times higher for RPT, with similar values for R10 and P7.5.

Single-dose PK for INH, PZA, and RIF in C3HeB/FeJ mice (see
Fig. S1 in the supplemental material) were similar to data previ-
ously obtained for BALB/c mice (32, 39). Single-dose PK of RPT
were similar in C3HeB/FeJ mice and in contemporaneous BALB/c
controls (see Fig. S2 in the supplemental material).

Results of experiment 1. On the day after infection (D�13),
the mean CFU count (� SD) in the lungs was 3.53 � 0.05 log10

CFU. By D0, the mean lung CFU count had increased to 7.52 �
0.21, 7.48 � 0.05, 7.57 � 0.08, 7.38 � 0.07, and 7.44 � 0.08 log10

(P � 0.36) for mice infected during infection runs 1 through 5,
respectively.

Lung CFU counts during treatment. All PHZ regimens had
significantly greater bactericidal activity than the control regimen
of R10HZ at each time point (Fig. 2). Increasing the dose of R from
10 to 40 mg/kg in the RHZ regimen and the dose of P from 5 to 20
mg/kg in the PHZ regimen increased the bactericidal activity sig-
nificantly. After 8 weeks of treatment, mice treated with P5HZ had
lung CFU counts similar to mice treated with R20HZ, and mice
treated with P7.5HZ and P10HZ had fewer than 10 CFU per lung,
similar to mice treated with R40HZ (Fig. 2c). Only mice treated
with P20HZ were culture negative.

After 10 weeks of treatment, all mice treated with R40HZ,
P7.5HZ, P10HZ, and P20HZ were culture negative, whereas all mice
treated with R10HZ, R15HZ, and R20HZ had more than 1.0 log10

CFU per lung; mice treated with P5HZ had 0.44 log10 CFU per
lung (Fig. 2d). Finally, after 12 weeks of treatment, the mean lung

log10 CFU counts for mice receiving R10HZ and R15HZ were 1.08
and 0.69, respectively. Mice receiving R20HZ and P5HZ were cul-
ture negative with the exception of one mouse in each group,
which harbored a single CFU in the entire lung homogenate.

Proportion of mice with culture-positive relapse. After 8
weeks of treatment and 12 weeks of follow-up, all 15 mice receiv-
ing P7.5HZ or P10HZ had positive lung cultures (Table 4), consis-
tent with the positive cultures observed from mice sacrificed at the
completion of treatment (Fig. 2c). Only 6 (40%) of 15 mice treated
with P20HZ relapsed.

After 10 weeks of treatment, 7 (47%) and 5 (33%) of the 15
mice treated with P7.5HZ and P10HZ relapsed, respectively,

FIG 2 Mean (� SD) lung log10 CFU counts at treatment initiation (D0) and after 2 weeks (a), 4 weeks (b), 8 weeks (c), or 10 weeks (d) in experiment 1.

TABLE 4 Culture-positive relapse rates after treatment with escalating
doses of RIF and RPT in combination with INH and PZA in
experiment 1

Treatment group

% (proportion) of mice relapsing after treatment
for:

8 wks 10 wks 12 wks

RIF regimens
R10HZ 100 (15/15) 100 (15/15)
R15HZ 100 (15/15) 87 (13/15)
R20HZ 100 (15/15) 67 (10/15)
R40HZ 27 (4/15) 0 (0/15)

RPT regimens
P5HZ 67 (10/15)
P7.5HZ 100 (15/15) 47 (7/15) 13 (2/15)
P10HZ 100 (15/15) 33 (5/15) 0 (0/15)
P20HZ 40 (6/15) 0 (0/15)
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whereas no mouse treated with P20HZ relapsed. On the other
hand, mice treated with R10HZ, R15HZ, or R20HZ relapsed. Only 4
(27%) of the 15 mice treated with R40HZ relapsed, similar to the
proportion observed with P10HZ.

After 12 weeks of treatment, no mouse receiving P10HZ or
R40HZ relapsed, whereas 10 (67%) of the 15 mice treated with
P5HZ or R20HZ relapsed. Nearly all mice treated with R10HZ
(100%) or R15HZ (87%) relapsed.

Results of experiment 2. On the day after infection (W�6),
the mean log10 CFU counts were 2.00 � 0.15 and 1.99 � 0.11 in
the lungs of BALB/c and C3HeB/FeJ mice, respectively. By D0, the
mean lung counts had increased to 6.62 � 0.16 and 7.29 � 0.46
log10 CFU, respectively.

Lung CFU counts during treatment. Dose-dependent activity
was observed for each tested rifamycin in each mouse strain (Fig.
3). As previously described (20), lung CFU counts tended to in-
crease in untreated C3HeB/FeJ mice (Fig. 3c and d), while decreas-
ing in untreated BALB/c mice (Fig. 3a and b). Overall bactericidal
activity, as measured by the reduction in CFU counts between day
0 and the end of treatment was, on average, 0.5 to 1.0 log10 greater
in C3HeB/FeJ mice than in BALB/c mice. For each mouse strain at
each time point, lung CFU counts were higher among mice receiv-
ing R10 than for all other monotherapy groups. In BALB/c mice,
the activities of R20 and P5 were indistinguishable at 4 and 8 weeks,
but P10 and P20 were more active than R20 at 4 weeks (P � 0.01 and
�0.001, respectively) and at 8 weeks (P � 0.001). The activity of
R40 was indistinguishable from that of P5 and P10, but inferior to
that of P20 (P � 0.001), at 4 weeks and indistinguishable from all P
doses at 8 weeks, at which time the mean CFU count approached

1 log10. These results were similar to results observed with combi-
nation therapy in experiment 1, confirming that RPT is roughly 4
times more potent than RIF in BALB/c mice.

In C3HeB/FeJ mice, the activity of R20 was indistinguishable
from that of P5 or P10 at 4 weeks, but inferior to that of P10 (P �
0.05) at 8 weeks. P20 was superior to R20 at both time points (P �
0.001). The activity of R40 was superior to that of P5 (P � 0.05), not
different from that of P10, and inferior to that of P20 (P � 0.01) at
4 weeks; it was indistinguishable from all P doses at 8 weeks, when
the mean CFU count approached zero. Therefore, the superior
potency of RPT over RIF is of a similar magnitude in both BALB/c
and C3HeB/FeJ mice.

After 4 weeks of treatment, rifamycin resistance was detected in
2 of 5 C3HeB/FeJ mice receiving R10 monotherapy. The resistant
subpopulation represented less than 1% of the total population in
one mouse and less than 0.01% in the other. After 8 weeks of
treatment, rifamycin resistance was detected in 3 of 5 C3HeB/FeJ
mice receiving R10 monotherapy, 2 of 5 mice receiving R20, and 2
of 5 mice receiving P10. With the exception of one R10-treated
mouse in which the resistant subpopulation represented approx-
imately 0.1% of the total bacillary population, the resistant mu-
tants had overgrown the susceptible population in these mice.
Therefore, the CFU data for these mice were not included in Fig.
3d or in the analysis of bactericidal activity described in the pre-
ceding paragraph.

After 4 and 8 weeks of treatment, the 4-drug combination of
PHZE produced lower CFU counts than RHZE in both mouse
strains (P � 0.05) (Fig. 3a to d). All 9 mice receiving PHZE for 8

FIG 3 Mean (� SD) lung log10 CFU counts in BALB/c (a and b) or C3HeB/FeJ (c and d) mice at treatment initiation (D0) and after 4 weeks (a and c) or 8 weeks
(b and d) in experiment 2.
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weeks were culture negative, whereas only 1 BALB/c mouse re-
ceiving RHZE for 8 weeks was culture negative (P � 0.0004).

Proportion of mice with culture-positive relapse. Treatment
of BALB/c mice with RHZE for 8, 12, and 16 weeks resulted in
relapse rates of 100%, 47%, and 13%, respectively (Table 5). The
better outcomes with 12 weeks of RHZE in experiment 2 relative
to the same duration of treatment with RHZ in experiment 1 were
likely due to the lower bacterial burden at the start of treatment in
experiment 2 rather than an additive sterilizing effect of E (55). A
similar overall sterilizing activity of RHZE was observed in
C3HeB/FeJ mice, in which 100%, 86%, and 7% of mice relapsed
after 8, 12, and 16 weeks, respectively. The higher relapse rate
among C3HeB/FeJ mice after 12 weeks of treatment also likely
reflects a higher initial bacterial burden.

Four weeks of treatment with PHZE were not sufficient to pre-
vent relapse in either mouse strain. On the other hand, 8 weeks of
PHZE resulted in relapse in only 1 (7%) of 15 BALB/c mice and 3
(21%) of 14 C3HeB/FeJ mice (P � 0.0001 versus RHZE for both
mouse strains). Moreover, 8 weeks of PHZE was more effective
than 12 weeks of RHZE in both strains (P � 0.0352 and 0.0018 in
BALB/c and C3HeB/FeJ mice, respectively).

After 12 weeks of treatment, relapse rates were roughly 50%
lower in mice receiving PHZE compared to RHZE (P � 0.0063
and 0.0078 in BALB/c and C3HeB/FeJ mice, respectively). The
proportion of C3HeB/FeJ mice relapsing after 12 weeks of PHZE
was similar to the proportion observed after 8 weeks of treatment
for unclear reasons. Only 1 of the 5 mice relapsing after 12 weeks
of PHZE had more than 7 CFU in the entire lung homogenate,
whereas the majority of those mice relapsing after 12 weeks of
RHZE had more than 200 CFU per lung.

Mutational analysis of rifamycin-resistant mutants isolated
from C3HeB/FeJ mice. The RIF MIC was �64 �g/ml for each
resistant strain isolated from mice receiving rifamycin mono-
therapy. RRDR mutational analysis revealed an S531¡W531

(S531W) mutation in one strain and an S522¡L522 (S522L) mu-
tation in the other strain isolated from mice in the R10 group at 4
weeks. The same analysis revealed an H526¡L526 (H526D) muta-
tion in one strain isolated from one mouse in the R10 group at 8
weeks and an S531¡L531 (S531L) mutation in both strains isolated
from mice in the R20 group. The resistant strain isolated from one
mouse that received 8 weeks of P10 monotherapy harbored an
H526¡R526 (H526R) mutation. The resistant isolates from two
mice in the R10 group and one mouse in the P10 group were lost to
contamination before they could be further analyzed.

Lung pathology. Conspicuous tubercles in C3HeB/FeJ mice

demonstrated characteristic granulomas with central caseation
and abundant extracellular acid-fast bacilli within the necrotic
regions (7) (Fig. 4). Intracellular bacilli were found on the outer
rim of the cellular cuff encompassing the granuloma. However,
the lungs of both C3HeB/FeJ and BALB/c mice harbored similar
zones of chronic inflammation with nests of foamy macrophages
containing acid-fast bacilli (Fig. 5), as previously described for
chronically infected mice (21, 56).

DISCUSSION

In this study, we first used a well-established BALB/c mouse model
of TB to compare the bactericidal and sterilizing properties of RIF
and RPT over a range of daily doses when administered together
with INH and PZA. Although the treatment phase lasted only 12
weeks, the R10HZ control group performed similarly to prior ex-
periments, in which 24 weeks of treatment were required to
achieve a durable cure for all mice (32, 33, 39, 41, 46, 54). Escala-
tion of the RIF dose to 40 mg/kg produced a stable cure in all mice
after just 12 weeks of treatment. Remarkably similar results were
observed with the 10-mg/kg dose of RPT, confirming prior results
showing that 10 to 12 weeks of treatment with P10HZ were suffi-
cient to achieve stable cure in all mice (40, 41). Likewise, the
R20HZ and P5HZ regimens had similar activities, curing 33% of
mice after 12 weeks of treatment and indicating they may well
have produced a stable cure after 16 or 20 weeks, although this was
not assessed. These results indicate that RPT is 4 times more po-
tent that RIF in this murine model. In other words, daily admin-
istration of RPT at 5 and 10 mg/kg is equivalent to daily adminis-
tration of RIF at 20 and 40 mg/kg, respectively, in the first-line
combination regimen. These results are consistent with those of
Lenaerts et al. (29), who previously found RPT at 5 mg/kg to be
equipotent to RIF at 20 mg/kg in Swiss mice receiving mono-
therapy 1 week after intravenous infection with the Erdman strain
of M. tuberculosis.

One virtue of studying these rifamycins in mice is that the
serum PK profiles of both drugs are generally similar in mice and
humans. After 2 weeks of daily dosing (5 days per week) for
BALB/c mice, P5 and P10 produced total drug Cmax values of 9.28
and 18.57 �g/ml and AUC0 –24 values of 179.8 and 358.6 �g · h/ml,
respectively. In healthy volunteers taking RPT with food for 1 to 2
weeks (7 days per week), the 5- and 10-mg/kg doses produced
mean or median total drug Cmax values of 10.9 to 15.7 and 21.7 to
23.8 �g/ml, respectively, and mean or median AUC0 –24 values of
166 to 218 and 330 to 358 �g · h/ml, respectively (9, 26). In the
present study, RIF at 10 mg/kg in BALB/c mice produced total
drug Cmax and AUC0 –24 values of 13.52 �g/ml and 142.1 �g · h/ml,
respectively, after 2 weeks of dosing. Whereas single doses of 8 to
12 mg/kg in humans have resulted in average Cmax and AUC val-
ues of 8.5 to 13.6 �g/ml and 58 to 131 �g · h/ml, respectively,
steady-state AUC values are generally lower (e.g., 40 to 80 �g ·
h/ml), owing to autoinduction (8, 24, 36, 37, 42, 51, 53). Only
limited steady-state PK data exist for humans who receiving RIF
doses of �15 mg/kg. Two studies of healthy volunteers receiving
approximately 15 to 16 mg/kg reported AUC values of 101.6 to
164.5 �g · h/ml (24); these results were more consistent with the
exposure we observed with 10 mg/kg in mice. Verbist reported
average Cmax and AUC values of 18 �g/ml and 178 �g · h/ml,
respectively, in Congolese patients administered 30 mg/kg (50).
Therefore, while the murine doses for RPT in the current study
corresponded well with similar doses administered to healthy vol-

TABLE 5 Culture-positive relapse rates after treatment with RIF- or
RPT-containing combinations in BALB/c and C3HeB/FeJ mice in
experiment 2

Strain and
treatment group

% (proportion) of mice relapsing after treatment for:

4 wks 8 wks 12 wks 16 wks

BALB/c mice
R10HZE 100 (15/15) 47 (7/15) 13 (2/15)
P10HZE 100 (14/14) 7 (1/15) 0 (0/15)

C3HeB/FeJ mice
R10HZE 100 (15/15) 86 (12/14) 7 (1/15)
P10HZE 100 (13/13) 21 (3/14) 33 (5/15)
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unteers, the RIF exposures observed in mice overestimated expo-
sures observed at steady state in TB patients. These results indi-
cate, despite the general similarities of the PK profiles for both
drugs in mice and humans, that one cannot simply assume that a
given dose (in mg/kg) will produce similar exposures in mice and
in patients with TB. PK studies are a necessary component of
animal models and clinical trials exploring new doses of these
agents.

Given the close correspondence of rifamycin PK between mice
and humans, the 4-fold-greater potency of RPT over RIF in exper-
iment 1 would be expected to translate into improved clinical
results with equivalent doses of RPT in place of RIF. However, the
recently reported results of TB Trials Consortium Study 29 do not
support this assumption. In that phase 2 trial, subjects with smear-
positive pulmonary TB randomized to receive 10 mg/kg (up to
600 mg) of either RIF or RPT in combination with INH, PZA, and
EMB for the first 8 weeks of treatment experienced similar rates of
sputum conversion (10), although a trend toward superiority of
RPT was observed among subjects with noncavitary disease in a
post hoc subgroup analysis. The reason that the benefit of replacing

RIF with RPT was not as great in Study 29 as it is in mice is not
clear. A preliminary report of the RPT PK, based largely on Afri-
can subjects, described median steady-state Cmax and AUC0 –24

values of 12.6 �g/ml and 218 �g · h/ml, respectively (52)—values
similar to those observed with a dose between P5 and P7.5 in our
study. The RIF PK data from Study 29 were not provided in the
preliminary report, but the mean RIF AUC0 –24 at steady state
among a similar population in 2 previous trials conducted by the
same consortium was 42.3 �g · h/ml (51). Since P5 was superior to
R10 (AUC, 142 �g · h/ml) in the present study, the lower-than-
expected exposure observed with RPT at 10 mg/kg in Study 29
would not seem to be the only explanation for the apparent dis-
crepancy between mouse and human results.

Another potential explanation involves pathological differ-
ences between murine and human TB. For example, the vast ma-
jority of tubercle bacilli reside intracellularly in conventional mu-
rine models, whereas the majority of bacteria in cavitary TB and,
hence, in the sputum of TB patients, are extracellular (15). Since
the ratio of intracellular to extracellular concentrations of RPT
may be 6 times higher than that of RIF (30), the benefit of replac-

FIG 4 (a and b) Histopathology of a necrotic granuloma (a) in untreated mouse lung 3.5 months after low-dose challenge with M. tuberculosis, demonstrating
central caseation with abundant extracellular acid-fast bacilli (b). Magnification, �20 (a) or �500 (b, inset). (c, inset) Large numbers of extracellular bacilli were
also found at the transition zone between the central necrosis and the cellular cuff, where evidence of more recent cellular necrosis was observed. Magnification,
�500. (d, inset) Intracellular bacilli were found in smaller concentrations at the outer margin of the cellular cuff. Magnification, �200.
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ing RIF with RPT could be overestimated in BALB/c mice. Our
experiment evaluated the influence of lung pathology on the rel-
ative activity of RIF and RPT by using two pathologically distinct
murine models: BALB/c mice, in which no necrosis occurs and the
vast majority of bacilli reside intracellullarly, and C3HeB/FeJ
mice, characterized by formation of necrotic granulomas in which
the majority of bacilli are extracellular and exposed to hypoxic
conditions (7, 20). Remarkably, the relative potencies of RIF and
RPT were similar between the 2 mouse strains and consistent with
prior results. Moreover, the substitution of P10 for R10 in the first-
line regimen produced similar significant improvements in the
sterilizing activity of the regimen in both mouse strains, indicating
that the presence of more necrotic granulomas per se did not in-
fluence the relative potencies of RPT and RIF. However, this result
still leaves open the possibility that the high protein binding of
RPT relative to RIF limits the diffusion of free drug into cavities

and/or larger necrotic lesions. Some support for this hypothesis
comes from a recent study with guinea pigs, in which necrotic
granulomas were larger than those in C3HeB/FeJ mice (11). In
that study, RPT was not more potent on a mg/kg basis than RIF
when the two drugs were administered alone or in combination
with INH and PZA. Further studies of lesion-specific RIF and RPT
PK in a model characterized by caseous and cavitary lesions (e.g.,
guinea pigs, rabbits, or nonhuman primates) (27) would be useful
in further evaluating this hypothesis, and this could have major
importance for the evaluation of other highly protein-bound
drugs currently in development, including TMC207, OPC-67683,
and PA-824.

A final potential explanation for the apparent discrepancy be-
tween murine studies and Study 29 is that the primary end point of
phase 2 trials like Study 29, sputum culture conversion at 2
months, may not be an adequate surrogate marker for relapse or

FIG 5 Histopathology of nonnecrotic lung foci in infected BALB/c (a and b) and C3HeB/FeJ (c and d) mice, demonstrating chronic inflammation with foamy
macrophages containing acid-fast bacilli (arrows). Magnification, �500.
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the assessment of sterilizing activity (6, 10). Only properly de-
signed phase 3 studies based on relapse as the primary outcome
can address this issue.

Irrespective of the issues involved in translating results from
animal models to clinical trials, the dose-dependent bactericidal
and sterilizing effects of the rifamycins in this study, including the
additional increase in sterilizing activity observed with the in-
creased daily RPT dose from 10 to 20 mg/kg, support current
efforts to define the maximum well-tolerated dose of both RPT
and RIF in TB patients. Based on available preclinical and clinical
data, there is no reason to expect that the activity of either rifamy-
cin will plateau at any exposure level achievable in humans (8, 22,
23, 35, 38, 49). In the end, the choice of rifamycin may depend on
which drug attains the higher exposure while maintaining an ac-
ceptable level of safety and tolerability. There is limited evidence
that higher doses of RIF (e.g., 20 to 30 mg/kg) are well-tolerated
when administered daily (8, 23, 28, 44, 45). Prior to TBTC Study
29, only a small number of patients had received RPT at 10 mg/kg
daily for various periods of time without reported intolerance (25;
Priftin package insert; Sanofi-Aventis, Kansas City, MO). How-
ever, 275 patients in Study 29 received RPT at 10 mg/kg daily with
INH, PZA, and EMB for 8 weeks. Safety and tolerability of RPT
were not different than for RIF at the same dose (10). In a fol-
low-up study of the safety, tolerability, and PK of escalating doses
of RPT in healthy volunteers, drug exposures comparable to P15 in
mice were achieved in human subjects receiving 15 to 20 mg/kg,
with food, and were well-tolerated (9).

In addition to supporting ongoing efforts to define the maxi-
mal well-tolerated doses of RIF and RPT, our study is the first to
directly compare the bactericidal and sterilizing activities of
the standard first-line regimen of RIF, INH, PZA, and EMB in
C3HeB/FeJ mice and in a commonly used mouse strain. The sim-
ilar efficacies of the first-line regimen in both strains and the se-
lection of clinically relevant RIF-resistant mutants (14, 48) with
monotherapy provide an important benchmark for future studies
evaluating the potential value of C3HeB/FeJ mice as a model for
evaluation of experimental chemotherapy for TB.
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