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New regimens based on two or more novel agents are sought to shorten or simplify treatment of tuberculosis (TB). Pretomanid
(PMD) is a nitroimidazole in phase 3 trials that has significant bactericidal activity alone and in combination with bedaquiline
(BDQ) and/or pyrazinamide (PZA). We previously showed that the novel combination of BDQ�PMD plus the oxazolidinone
sutezolid (SZD) had sterilizing activity superior to that of the first-line regimen in a murine model of TB. The present experi-
ments compared the activity of different oxazolidinones in combination with BDQ�PMD with or without PZA in the same
model. The 3-drug regimen of BDQ�PMD plus linezolid (LZD) had sterilizing activity approaching that of BDQ�PMD�SZD
and superior to that of the first-line regimen. The addition of PZA further enhanced activity. Reducing the duration of LZD to 1
month did not significantly affect the activity of the regimen. Halving the LZD dose or replacing LZD with RWJ-416457 modestly
reduced activity over the first month but not after 2 months. AZD5847 and tedizolid also increased the bactericidal activity of
BDQ�PMD, but they were less effective than the other oxazolidinones. These results provide optimism for safe, short-course
oral regimens for drug-resistant TB that may also be superior to the current first-line regimen for drug-susceptible TB.

Approximately half a million new cases of multidrug-resistant
(MDR) tuberculosis (TB) occur annually (1). Current recom-

mendations call for up to 2 years of treatment with second-line
drugs that are poorly tolerated, toxic, more difficult to administer,
and less effective than the 6-month, so-called short-course regi-
men for drug-susceptible TB. Regimens containing at least 6
drugs, including newer fluoroquinolones in high doses, an inject-
able agent, clofazimine, pyrazinamide (PZA), and high-dose iso-
niazid (INH), have shown potential as effective 9-month regimens
in MDR-TB cases with minimal bacillary resistance to second-line
drugs (2–4). However, these regimens remain quite cumbersome
to administer and are not expected to be as effective in the setting
of resistance to fluoroquinolones and/or injectable agents (3).
Novel regimens based on 3 or more oral agents with little or no
preexisting resistance would provide simpler, more universally
active regimens. If such novel regimens are more effective than the
current first-line regimen for drug-susceptible TB, they may
shorten and simplify treatment for pulmonary TB irrespective of
resistance to existing drugs.

Agents from 2 novel classes recently received conditional reg-
ulatory approval for use in MDR-TB, the diarylquinoline be-
daquiline (BDQ) and the nitroimidazole-derivative delamanid.
Aside from some mutations known to confer cross-resistance be-
tween BDQ and clofazimine (5, 6), these agents are not known to
exhibit cross-resistance with other TB drugs. We recently reported
that the 3-drug regimen of BDQ plus pretomanid (PMD; formerly
known as PA-824), the second nitroimidazole to enter phase 3
clinical trials, and the oxazolidinone sutezolid (SZD; formerly
known as PNU-100480) has greater sterilizing activity than the
first-line regimen of rifampin (RIF), INH, and PZA in a murine
model of TB (7–10). The 3-drug combo was more active than any
of its 2-drug components, indicating that SZD contributes impor-

tant activity. However, SZD has only completed a single phase 2a
trial of its early bactericidal activity (8), and its further develop-
ment cannot be ensured. Until recently, linezolid (LZD) was the
only marketed oxazolidinone antibiotic. It has proven efficacy in
salvage therapy for recalcitrant cases of MDR-TB patients (11),
but its usage has been curtailed by dose- and duration-dependent
toxicity. Tedizolid (TZD) was recently approved for the treatment
of acute bacterial skin and skin-structure infections (ABSSSI). Its
MIC90 of 0.5 �g/ml against Mycobacterium tuberculosis is the same
as its proposed MIC breakpoint for ABSSSI caused by Staphylo-
coccus aureus (12). However, to our knowledge, its activity has
never been examined in vivo. Like SZD, AZD5847 (AZD) is in
clinical development for treatment of TB and has recently com-
pleted a phase 2a study (ClinicalTrials.gov registration no.
NCT01516203) evaluating its early bactericidal activity. RWJ-
416457 (RWJ) is another oxazolidinone that progressed to phase 1
for other indications (13) but has not previously been evaluated
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for antituberculosis activity. In the present series of experiments,
we sought to compare the contribution of these oxazolidinones to
novel drug combinations with BDQ and PMD in the same murine
TB model.

MATERIALS AND METHODS
Mycobacterial strain. M. tuberculosis H37Rv was mouse-passaged, frozen
in aliquots, and subcultured in Middlebrook 7H9 broth with 10% oleic
acid-albumin-dextrose-catalase (OADC) (Fisher, Pittsburgh, PA) and
0.05% Tween 80 prior to infection.

Antimicrobials. INH, RIF, PZA, BDQ, PMD, and LZD were obtained
and formulated for oral administration as previously described (9, 10, 14,
15). SZD (prepared in a PEG-200/0.5% methylcellulose suspension) and
TZD (prepared as phosphate prodrug dissolved in water) were synthe-
sized by WuXi (Hubei, China). AZD (prepared as a disodium phosphate
prodrug dissolved in 0.3% dextrose and 0.9% saline) was provided by
AstraZeneca. RWJ (prepared in 0.5% methylcellulose) was provided by
Johnson and Johnson.

Pharmacokinetics of oxazolidinones. Uninfected female BALB/c
mice weighing approximately 20 g received single doses of SZD (50 mg/kg
of body weight), LZD (100 mg/kg), TZD (10 or 20 mg/kg), or AZD (50 or
200 mg/kg), using the same formulations as those used in the efficacy
experiments. Three mice per dose per time point were sampled by cardiac
puncture at 0.5, 1, 2, 4, 8, and 24 h post-dose (plus an additional 16-h time
point for AZD). Plasma drug concentrations were quantified by a vali-
dated liquid chromatography-mass spectrometry (LC/MS) method per-
formed at AstraZeneca (for AZD only) (16) or Rutgers New Jersey Med-
ical School (for other oxazolidinones). Standards for the different
oxazolidinones were provided by the sponsors. At Rutgers, analytes of
interest were extracted by combining 20 �l of mouse plasma with 20 �l of
acetonitrile/water (1:1) and with 180 �l of methanol/acetonitrile (1:1)
containing 10 ng/ml of verapamil (Sigma-Aldrich) as an internal stan-
dard. The mixture was vortexed and centrifuged, and 100 �l of the super-
natant was recovered and combined with 100 �l of water for analysis.
Liquid chromatography-tandem mass spectrometry (LC-MS/MS) analy-
sis was performed with an Agilent 1260 LC-system coupled with an AB
Sciex 4000 QTRAP mass spectrometer (positive mode, electrospray ion-
ization) and with an Agilent column SB-C8 (2.1 � 30 mm, 3.5 �m) with
the column temperature fixed at 24°C. Mobile phase A was 0.1% formic
acid in 100% H2O, and mobile phase B was 0.1% formic acid in 100%
acetonitrile. Injection volumes were routinely 2 �l. The mass selective
detector was set to MRM (multiple-reaction monitoring) mode using
positive polarity ionization, monitoring for the ions of interest, SZD (m/z
354.12/312.04), SZD-M1 (370.13/238.12), LZD (338.00/235.00), and
TZD (371.12/343.00), and the internal standard (m/z 455.4/165.2). The
lower limit of quantification for all oxazolidinones was 5 ng/ml. Pharma-
cokinetics (PK) parameters were determined by noncompartmental anal-
ysis using WinNonlin 6.4 (Certara, Princeton, NJ).

Aerosol infection with M. tuberculosis. All animal procedures were
approved by the Johns Hopkins University Animal Care and Use Com-
mittee. High-dose aerosol infection was performed as previously de-
scribed (17). Briefly, 5-to-6-week-old female BALB/c mice (Charles River,
Wilmington, MA) were infected with Mycobacterium tuberculosis H37Rv
using the inhalation exposure system (Glas-Col, Terre Haute, IN) and a
fresh log-phase broth culture (optical density at 600 nm of 0.8 to 1.0) with
the goal of implanting 3.5 to 4.0 log10 CFU in the lungs of each mouse.
Two or three mice from each aerosol infection run (experiments 1, 2, and
4) or five mice from the only run (experiments 3a and 3b) were humanely
killed 1 day after infection and on the day of treatment initiation (D0) to
determine the number of bacteria implanted in the lungs and at the start
of treatment, respectively.

Chemotherapy. Mice were block randomized by aerosol run to
experimental arms prior to treatment. Treatment was initiated 14 to 17
days after infection. Treatment was administered once daily, by ga-
vage, 5 days per week. Except for dose-ranging monotherapy experi-

ments, drug doses (in mg/kg) were 10 (INH), 10 (RIF), 150 (PZA), 25
(BDQ), 50 or 100 (PMD), 50 (SZD), 50 or 100 (LZD), 10 (TZD), 125
(AZD), and 100 (RWJ) (14, 16, 18–20). Each drug was administered
once daily, by gavage, 5 days per week. For all combinations, PMD was
administered immediately after the dose of BDQ with or without PZA,
which were formulated together (9, 14). Oxazolidinones were admin-
istered at least 4 h later as a precaution against interference with the
absorption of companion agents as observed previously with LZD in
combination with first-line drugs (9).

In experiment 1, control mice received RIF�INH�PZA for 2
months followed by RIF�INH alone for a total of up to 4 months. To
compare the contributions of SZD and LZD, test mice received a
3-drug combination of BDQ and PMD (50 mg/kg) plus either SZD (50
mg/kg) or LZD (100 mg/kg), or they received each 1- or 2-drug com-
ponent comprising these 3-drug regimens. One- and two-drug regi-
mens were limited to 1 and 2 months of treatment, respectively; how-
ever, the BDQ�PMD combination was given for up to 4 months along
with the 3-drug combinations. In experiment 2, the contribution of
LZD to regimens containing BDQ�PMD plus PZA was assessed. Con-
trol mice received BDQ�PZA plus PMD at either 50 or 100 mg/kg.
Test mice received BDQ�PZA�PMD (100 mg/kg) plus LZD (100
mg/kg) for up to 2 months. One cohort received LZD for the entire 2
months. Another received LZD for the first month only.

The dose-ranging activities of AZD and RWJ as monotherapies
were determined in experiments 3a and 3b, respectively. Control mice
received LZD (100 mg/kg) or SZD (30 or 100 mg/kg), and test mice
received either AZD (10, 30, 100, or 300 mg/kg) or RWJ (10, 30, or 100
mg/kg) for 1 month. The contributions of all 5 oxazolidinones to the
BDQ�PMD combination were studied in experiment 4. Control mice
received 2 months of RIF�INH�PZA followed by up to 1 month of
RIF�INH, or they received BDQ�PMD (100 mg/kg) alone. Test mice
received BDQ�PMD in combination with SZD (50 mg/kg), LZD (50
or 100 mg/kg), TZD (10 mg/kg), AZD (125 mg/kg), or RWJ (100
mg/kg) for a total duration of up to 3 months (in the case of SZD and
LZD) or 2 months (for other oxazolidinones). In two additional
groups receiving BDQ�PMD�LZD, the LZD component was admin-
istered for only the first 1 or 2 months of the 3-month regimen to assess
the impact of stopping LZD early.

Assessment of treatment efficacy. Efficacy was assessed on the basis of
lung CFU counts at selected time points during treatment (a measure of
bactericidal activity) and on the proportion of mice with culture-positive
relapse after treatment completion (a measure of sterilizing activity).
Quantitative cultures of lung homogenates were performed in parallel on
7H11 agar enriched with OADC (basic agar) and on basic agar supple-
mented with 0.4% activated charcoal to reduce drug carryover effects
(14). Plates were incubated for up to 42 days at 37°C before final CFU
counts were determined. Lung CFU counts were assessed in four or five
mice per treatment group at each time point in experiments 1 and 2 or in
experiment 3, respectively. The proportion of mice with culture-positive
relapse was determined by holding cohorts of 15 to 20 mice for 3 addi-
tional months after the completion of treatment and then sacrificing them
to determine the proportion with positive lung cultures as defined by �1
CFU of M. tuberculosis detected after plating the entire lung homogenate
onto five 7H11 plates, at least half of which were supplemented with 0.4%
activated charcoal.

Statistical analysis. CFU counts (x) were log-transformed as (x � 1)
before analysis, and group means were compared by one-way analysis of
variance with Dunnett’s post-test to control for multiple comparisons.
Group relapse proportions were compared using Fisher’s exact test, ad-
justing for multiple comparisons. GraphPad Prism version 5 (GraphPad,
San Diego, CA) was used for all analyses. Use of 15 mice per group for
relapse assessment provides �80% power to detect 40 percentage point
differences in the relapse rate, after setting � at 0.01 to adjust for up to 5
simultaneous two-sided comparisons. Smaller differences may not be
meaningful in terms of shortening the duration of treatment.
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RESULTS
Oxazolidinone pharmacokinetics in BALB/c mice. PK parame-
ters are presented in Table 1. As previously described (20), oral
administration of SZD at 50 mg/kg resulted in rapid and extensive
metabolism to the active sulfoxide M1 metabolite (also known as
PNU-101603) for which the mean area under the concentration-
time curve from 0 to 24 h (AUC0 –24) and the maximum concen-
tration of drug in serum (Cmax) were approximately 10 times
higher than those of the SZD parent. Overall, the SZD and SZD
M1 AUC0 –24 values were similar to or, in the case of SZD, mod-
estly lower than the geometric means observed in TB patients
receiving 1,200 mg per day (8). LZD showed the highest exposure
among the tested compounds with an AUC0 –24 of 244 h · �g/ml,
which is comparable to the average among TB patients receiving
1,200 mg daily (21, 22). TZD exposure was dose proportional
from 10 mg/kg to 20 mg/kg. For the 10-mg/kg dose evaluated in
the efficacy study, the total drug TZD AUC0 –24 of 40 h · �g/ml was
similar to that determined in other infection models (23–25). In-
terpolating between the mean AZD AUC0 –24 values produced by
the 50- and 200-mg/kg doses, the predicted AUC0 –24 of 160 to 190
h · �g/ml produced by the 125-mg/kg dose used in the combina-
tion efficacy study (experiment 4 below) is similar to the steady-
state AUC0 –24 in healthy human volunteers receiving 800 mg
twice daily (26), the highest dose administered in a recent dose-
ranging trial of early bactericidal activity. The oxazolidinones
were cleared relatively rapidly, with half-life (t1/2) values between
2.8 and 3.9 h. AUC0 –24 values from all of the compounds were

approximately equal to AUC from 0 h to infinity (AUC0 –�) values
(�98%), suggesting that no accumulation would be expected af-
ter multiple doses in BALB/c mice.

Experiment 1. Contribution of LZD and SZD to novel com-
binations with BDQ�PMD. Previous work demonstrated the
strong sterilizing activity of the novel BDQ�PMD�SZD combi-
nation in BALB/c mice (7, 9, 10, 14). Experiment 1 was performed
to evaluate whether the marketed oxazolidinone LZD is able to
replace SZD in this combination without loss of efficacy and to
clarify the contribution of each drug component to the activity of
the combination.

(i) Lung CFU counts during treatment. The mean CFU count
(� standard deviation [SD]) at the start of treatment was 6.17 �
0.27. The lung CFU counts after 1, 2, and 3 months of treatment
are presented in Table 2. As expected, the RIF�INH�PZA com-
bination reduced the mean lung CFU count by 2.70 log10 and by
4.58 log10 after 1 and 2 months of treatment, respectively, and left
fewer than 10 CFU/mouse after 3 months of treatment. Due to the
previously described antagonism of PMD on BDQ activity (7, 14),
BDQ�PMD had lower activity than BDQ alone over the first
month. However, its activity was virtually identical to that of the
first-line regimen over 2 to 3 months. Addition of SZD signifi-
cantly increased the initial bactericidal activity of BDQ�PMD
(P 	 0.001), rendering all mice culture negative between 1 and 2
months of treatment. The activity of BDQ�PMD�SZD was sig-
nificantly greater than that of RIF�INH�PZA after 1 and 2
months of treatment (P 	 0.001). Addition of LZD also signifi-

TABLE 1 Pharmacokinetic parameters after single-dose oral administration of sutezolid, linezolid, tedizolid, or AZD5847 in BALB/c mice

Compound (dose, mg/kg)

Mean (SD) of pharmacokinetics parameter:

t1/2 (h) Tmax
a (h) Cmax (ng/ml) AUC0–24 (h · ng/ml)

Sutezolid (50) 2.8 (0.5) 0.5 (0.0) 1,292 (707) 3,359 (499)
Sutezolid M1 0.5 (0.0) 15,233 (7,875) 31,945 (5,853)
Linezolid (100) 3.0 (2.5) 0.5 (0.0) 81,933 (32,240) 243,547 (31,577)
Tedizolid (10) 3.0 (0.4) 0.7 (0.3) 6,417 (624) 40,414 (2,942)
Tedizolid (20) 3.9 (1.4) 0.5 (0.0) 11,433 (1,665) 77,698 (6,107)
AZD5847 (50) 2.4 (0.2) 0.7 (0.3) 20,433 (2,079) 74,761 (6,138)
AZD5847 (200) 8.6 (2.9) 0.7 (0.3) 31,367 (1,270) 220,246 (34,953)
a Time to maximum concentration of drug in serum.

TABLE 2 Lung CFU counts assessed during treatment and proportion of mice relapsing after treatment completion in experiment 1

Drug regimen

Mean (�SD) log10 CFU count ata:
Proportion (%) relapsing after treatment
for:

D13 D0 M1 M2 M3 2 mo 3 mo 4 mo

Untreated 2.69 � 0.13 6.17 � 0.27 6.47 � 0.06
2RIF�INH�PZA/RIF�INH 3.47 � 0.37 1.59 � 0.25 0.50 � 0.51 13/15 (87) 1/20 (5)
BDQ 3.24 � 0.25
PMD 4.57 � 0.22
LZD 4.97 � 0.26
SZD 3.85 � 0.37
BDQ�PMD 4.21 � 0.40 1.62 � 0.19 0.52 � 0.36 15/15 (100) 10/15 (60) 2/20 (10)
BDQ�LZD 2.82 � 0.15 1.91 � 0.66
BDQ�SZD 2.88 � 0.07 0.65 � 0.50
PMD�LZD 3.23 � 0.41 1.48 � 0.12
PMD�SZD 1.65 � 0.33 0.23 � 0.40
BDQ�PMD�LZD 3.28 � 0.65 0.34 � 0.41 0.00 � 0.00 12/15 (80) 0/14 (0) 0/20 (0)
BDQ�PMD�SZD 0.94 � 0.14 0.00 � 0.00 14/20 (70) 1/14 (7)
a Time points are shown in days (e.g., D13, day 13; D0, day 0) or months (e.g., M1, 1 month) of treatment.
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cantly increased the activity of BDQ�PMD (P 	 0.01) and pro-
duced activity superior to that of RIF�INH�PZA after 2 and 3
months of treatment (P 	 0.001). All 2-drug combinations had
inferior activity compared to the activity of the 3-drug combina-
tions of BDQ�PMD plus SZD or LZD at 2 months (P 	 0.01),
confirming that each component drug contributes to the efficacy
of the 3-drug combinations. However, the 3-drug LZD-contain-
ing regimen was only superior to BDQ�LZD after 2 months of
treatment. LZD-containing regimens produced higher CFU
counts than those of their SZD-containing comparator regimen.

(ii) Relapse after treatment completion. The relapse results
are displayed in Table 2. Treatment with the first-line regimen for
3 and 4 months resulted in relapse of 13 (87%) of 15 and 1 (5%) of
20 mice, respectively. The higher cure rate compared to that of
previous experiments is due to the lower-than-usual bacterial bur-
den at the initiation of treatment. Consistent with the CFU count
results, treatment with BDQ�PMD produced relapse results sim-
ilar to those of the first-line regimen after 3 and 4 months but did
not prevent relapse after just 2 months of treatment. However,
unlike the more rapid decline in CFU counts with the 3-drug
regimen containing SZD compared to that containing LZD, the
two BDQ�PMD plus oxazolidinone regimens had similar steril-
izing activity. While only the difference between the SZD-contain-
ing regimen and BDQ�PMD alone was statistically significant
after 2 months of treatment, the two oxazolidinone-containing
regimens resulted in significantly fewer relapses after 3 months of
treatment compared to the two BDQ�PMD regimens and the
first-line regimen.

Experiment 2. Contribution of LZD to BDQ�PZA�PMD.
We previously reported the potent sterilizing activity of
BDQ�PZA�SZD in mice and the additive sterilizing activity of
PMD (7, 9, 10, 14). After observing that LZD had comparable
sterilizing activity to SZD in combination with BDQ�PMD in
experiment 1, we hypothesized that LZD could also replace SZD in
the BDQ�PZA�PMD�SZD combination. The mean CFU
count at the start of treatment was 7.92 � 0.26. The lung CFU
count and relapse results are displayed in Table 3. As previously
observed, BDQ�PZA�PMD had significantly greater bacteri-
cidal activity compared to that of RIF�INH�PZA (P 	 0.001).
Greater activity was observed when PMD was dosed at 100 rather
than 50 mg/kg, but the difference was only noted after 2 months of
treatment (P 	 0.01). The higher PMD dose helped render all
mice but one culture negative at this time point. The addition of
LZD had a dramatic effect on efficacy, significantly reducing the
CFU count at 1 month (P 	 0.001) and rendering all mice but one

culture negative 1 month earlier. The addition of LZD to
BDQ�PZA�PMD also significantly reduced the proportion of
mice relapsing after 1.5 months of treatment from 60% to 0%
(P 	 0.001) irrespective of whether LZD was discontinued after
the first month of treatment.

Experiments 3a and 3b. Dose-ranging activity of AZD5847
and RWJ-416457. Because the dose of AZD or RWJ that could be
advanced for TB treatment remains in question, we evaluated
their dose-ranging activity as monotherapies before combining
them with BDQ�PMD. In experiment 3a, the mean lung log10

CFU count (�SD) was 4.50 � 0.09 on the day after aerosol infec-
tion. By D0, the mean CFU count had increased to 8.29 � 0.10.
Untreated mice and mice receiving AZD at 10 and 30 mg/kg were
euthanized during the first week of the treatment phase due to
their moribund status. Mean lung CFU counts were 9.21 � 0.27,
9.00 � 0.35, and 8.88 � 0.22, respectively. The remaining mice
survived the 1-month treatment phase. Treatment with LZD at
100 mg/kg and with SZD at 30 mg/kg produced a roughly 2-log
kill, compared to a 3-log kill with SZD at 100 mg/kg. Treatment
with AZD 100 mg/kg produced a bacteriostatic effect, whereas
AZD at 300 mg/kg produced a roughly 1.5-log kill (Fig. 1A). In
experiment 3b, the number of CFU implanted by aerosol was
lower (2.60 � 0.18 log10), resulting in a lower mean CFU count at
D0 (6.15 � 0.22). Nevertheless, treatment with LZD at 100 mg/kg
and with SZD at 30 mg/kg again produced a roughly 2-log kill
compared to a 3-log kill with SZD at 100 mg/kg (Fig. 1B). Treat-
ment with RWJ at 10 and 30 mg/kg reduced the lung CFU counts
by approximately 0.5 and 0.75 log CFU, respectively, whereas RWJ
at 100 mg/kg produced a roughly 1.5-log kill that was not signifi-
cantly different from that of LZD at 100 mg/kg.

Experiment 4. Contribution of oxazolidinones to novel com-
binations with BDQ�PMD. Experiment 4 was performed to
confirm the additive sterilizing activity of SZD and LZD when
added to BDQ�PMD in experiment 1 and to evaluate whether
reducing the LZD dose by 50% or limiting the duration of LZD to
the first 1 to 2 months would significantly affect its contribution.
Additional arms were included to assess whether AZD, RWJ, or
TZD can replace SZD or LZD in the combination without loss of
efficacy over the first 2 months of treatment.

Lung CFU counts during treatment. The mean CFU count at
the start of treatment was 7.74 � 0.20. The lung CFU counts
observed after 1, 2, and 3 months of treatment are presented in
Table 4. RIF�INH�PZA reduced the mean lung CFU count by
almost 6 log10 over 2 months of treatment. BDQ�PMD alone had
modestly lower activity over this period. As previously observed,

TABLE 3 Lung CFU counts assessed during treatment and proportion of mice relapsing after treatment completion in experiment 2

Regimen

Mean (�SD) log10 CFU count ata:

Proportion (%)
relapsing after
treatment for:

D13 D0 M1 M2 1.5 mo 2 mo

Untreated 4.42 � 0.15 7.92 � 0.26
RIF�INH�PZA 2.06 � 0.37
BDQ�PZA�PMD50 2.91 � 0.33 0.95 � 0.38
BDQ�PZA�PMD100 2.93 � 0.31 0.06 � 0.13 9/15 (60) 1/15 (7)
1BDQ�PZA�PMD100�LZD/1BDQ�PZA�PMD100 0.11 � 0.24 0/15 (0) 0/15 (0)
BDQ�PZA�PMD100�LZD 0/15 (0) 1/15 (7)
a Time points are shown in days (e.g., D13, day 13; D0, day 0) or months (e.g., M1, 1 month) of treatment.
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addition of 50 mg/kg SZD conferred superior activity compared to
that of 100 mg/kg LZD, although the two oxazolidinones signifi-
cantly increased the initial bactericidal activity of BDQ�PMD.
However, results with BDQ�PMD�LZD at 100 mg/kg were sim-
ilar whether LZD was discontinued after 1 month or continued for
2 months. Similarly, use of LZD at 50 mg/kg rather than at 100
mg/kg resulted in higher CFU counts at 1 month but not 2
months, suggesting that the total LZD dose achieved with 100
mg/kg for 1 month or 50 mg/kg for 2 months sufficiently maxi-
mized the contribution of LZD to the regimen. RWJ at 100 mg/kg
performed very similarly to LZD at 50 mg/kg, whereas AZD and
TZD were somewhat less effective. Compared to BDQ�PMD
alone, all oxazolidinones significantly increased bactericidal activ-
ity at 1 and 2 months, except for TZD at the 1-month time point
(P 	 0.05 for AZD and for TZD at M2; P 	 0.001 for other
oxazolidinones).

Relapse after treatment completion. The relapse results are
displayed in Table 4. Treatment with the first-line regimen for 3
months resulted in the relapse of 8 (57%) of 14 mice. Treatment
with BDQ�PMD produced numerically superior results, with
just 3 (21%) of 14 mice relapsing at 3 months although this dif-
ference was not statistically significant. Addition of SZD to
BDQ�PMD resulted in only one relapse after just 2 months of
treatment, a result that was at least as effective as 3 months of

BDQ�PMD and more effective than 3 months of the first-line
regimen. Addition of SZD at 50 mg/kg also resulted in fewer re-
lapses than did the addition of LZD at 100 mg/kg for 2 months;
however, the difference did not reach statistical significance. Use
of LZD at 100 mg/kg for the first month only was less effective than
SZD for 2 months but was not significantly different from LZD at
100 mg/kg for 2 months. Similarly, among regimens administered
for 3 months, no relapse was observed irrespective of whether
LZD at 100 mg/kg was continued throughout or discontinued
after 1 or 2 months or replaced with LZD at 50 mg/kg after 2
months. In a post hoc analysis comparing BDQ�PMD to all
BDQ�PMD�LZD regimens, the addition of LZD at 100 mg/kg
for at least 1 month resulted in fewer relapses after 3 months of
treatment.

DISCUSSION

The recent regulatory approvals of agents from two new classes of
TB drugs, the diarylquinoline BDQ and the bicyclic nitroimidaz-
ole delamanid, open the door to novel regimens to shorten or
otherwise simplify the treatment of drug-resistant TB. Addition of
a third agent to which little or no preexisting resistance exists may
provide the basis for novel regimens with nearly universal activity
irrespective of resistance to existing TB drugs. The present study
evaluated the contributions of various oxazolidinones to novel

FIG 1 Mean lung log10 CFU counts (�SD) after 1 month of treatment with LZD, SZD, and either AZD (A) or RWJ (B) in experiment 3. Number beside drug
abbreviation indicates dose (in milligrams per kilogram body weight).

TABLE 4 Lung CFU counts assessed during treatment and proportion of mice relapsing after treatment completion in experiment 4

Regimen

Mean (�SD) log10 CFU count ata:
Proportion (%) relapsing
after treatment for:

D13 D0 M1 M2 2 mo 3 mo

Untreated 3.96 � 0.08 7.74 � 0.20
2RIF�INH�PZA/1RIF�INH 1.94 � 0.27 8/14 (57)
BDQ�PMD 4.48 � 0.20 2.33 � 0.30 3/14 (21)
BDQ�PMD�TZD 4.20 � 0.13 1.67 � 0.41
BDQ�PMD�AZD 4.07 � 0.36 1.43 � 0.36
BDQ�PMD�RWJ 3.63 � 0.18 0.54 � 0.41
BDQ�PMD�LZD50 3.48 � 0.36 0.39 � 0.26
1BDQ�PMD�LZD100/BDQ�PMD 2.69 � 0.37 0.93 � 0.49 9/15 (60) 0/15 (0)
2BDQ�PMD�LZD100/BDQ�PMD 0.66 � 0.39 6/15 (40) 0/15 (0)
2BDQ�PMD�LZD100/BDQ�PMD�LZD50 0/12 (0)
BDQ�PMD�LZD100 0/15 (0)
BDQ�PMD�SZD 1.88 � 0.22 0.00 � 0.00 1/14 (7) 0/14 (0)
a Time points are shown in days (e.g., D13, day 13; D0, day 0) or months (e.g., M1, 1 month) of treatment.
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regimens based on BDQ plus another bicyclic nitroimidazole in
clinical development, PMD, in a BALB/c mouse model of TB.
The results confirm our prior work (7, 9) showing that
BDQ�PMD�SZD has sterilizing activity superior to that of the
current first-line regimen while also demonstrating for the first
time that the addition of SZD is necessary to achieve superiority.
Furthermore, analysis of the contribution of each 2-drug compo-
nent in experiment 1 indicates that each of the SZD-containing
drug pairs contributes more than BDQ�PMD to the activity of
the 3-drug combination over the first 2 months of treatment.
Thus, an oxazolidinone might lend important activity to novel
regimens containing BDQ�PMD.

Although SZD demonstrated early bactericidal activity in pul-
monary TB patients more than 2 years ago (27), the clinical devel-
opment of SZD has stalled. Therefore, we examined whether LZD,
the only marketed oxazolidinone at the time that our studies be-
gan, could replace SZD in the 3-drug regimen without sacrificing
efficacy. Our results demonstrate that, although it contributes less
than SZD to the initial bactericidal activity of the regimen, LZD
does add bactericidal and sterilizing activities. Its additive steriliz-
ing activity was indistinguishable from that of SZD in experiment
1. In experiment 4, in which the bacterial burden and the dose of
PMD were higher, LZD did not appear quite as effective as SZD,
although the difference was not statistically significant. Thus, the
impact of substituting LZD for SZD is small in terms of the dura-
tion needed to cure mice. This finding constitutes the experimen-
tal basis for moving the evaluation of the BDQ�PMD�LZD reg-
imen into patients with extensively drug-resistant TB (XDR-TB)
or treatment-intolerant or nonresponsive MDR-TB in the re-
cently initiated NiX-TB trial (ClinicalTrials.gov registration no.
NCT02333799).

Given the superior sterilizing activity of BDQ�PMD plus an
oxazolidinone compared to that of the first-line regimen, it is also
reasonable to consider whether regimens based on this combina-
tion can shorten the treatment of drug-susceptible TB. We previ-
ously showed that the addition of PZA to the BDQ�PMD�SZD
combination produced even greater sterilizing activity, curing
nearly all mice after just 6 weeks of treatment (7). However, we did
not confirm the contribution of SZD to the 4-drug combination.
In experiment 2 of the present study, we confirmed that addition
of LZD to BDQ�PZA�PMD also significantly increases the bac-
tericidal and sterilizing activities of the regimen, curing all mice
after 6 weeks of treatment, while at least 5 months of treatment
with the first-line regimen is typically required to produce this
result under the same conditions in our model.

The 100-mg/kg dose of LZD used in our study produces a
mean plasma AUC0 –24 comparable to that produced by a dose of
600 mg twice daily in humans (21, 22), the same dose at which
treatment is initiated in the NiX-TB trial. This dose has produced
unacceptably high rates of myelotoxicity and neuropathy when
administered for long durations in salvage regimens to treat
MDR- and XDR-TB (28). However, these toxicities are dose and
duration dependent. If the superior efficacy of BDQ�PMD�LZD,
with or without PZA, compared to that of the first-line regimen, as
demonstrated here, translates even generally to the clinical setting,
then the much shorter treatment durations necessary for cure may
enable safer usage of 1,200 mg of LZD daily. Moreover, our results
with abbreviated durations of LZD within these regimens in the
current study further suggest that the sterilizing activity of these
regimens is not adversely affected by reducing the duration of

LZD. The potent sterilizing activity of the 4-drug regimen con-
taining PZA in experiment 2 was such that all mice were cured
after 1.5 months of treatment. Nevertheless, limiting the duration
of LZD at 100 mg/kg to the first month did not adversely affect
LZD’s contribution to the sterilizing activity. In the absence of
PZA, limiting LZD at 100 mg/kg to the first month of treatment
did not significantly increase the rate of relapse after 2 or 3 months
of treatment. Whereas reducing the LZD dose to 50 mg/kg, which
produces a mean AUC0 –24 equivalent to a 600-mg daily dose in
humans, reduced the bactericidal activity over the first month of
treatment, only small numbers of CFU were recovered after 2
months of treatment, irrespective of whether LZD was adminis-
tered as 100 mg/kg for 1 or 2 months or as 50 mg/kg for 2 months.
Taken together, these results suggest that the use of LZD in doses
of 600 to 1,200 mg daily for the first few months of treatment may
enable it to contribute important bactericidal and sterilizing ac-
tivity to these regimens before the risk of potentially irreversible
neuropathy becomes significant (11, 29).

The ability of additional oxazolidinones to replace SZD and
LZD was evaluated in the present study. Like SZD, AZD is in phase
2 of clinical development for TB. While its anti-TB activity was less
potent than that of SZD and LZD on a mg/kg basis in BALB/c
mice, the addition of AZD at 125 mg/kg did increase the bacteri-
cidal activity of BDQ�PMD. The AUC0 –24 produced by this dose
is expected to be between 150 and 200 �g · h/ml, which is compa-
rable to the exposure observed with 800 mg twice daily in a phase
1 multiple ascending dose trial (26). As this was the highest
dose tested in a recent phase 2 trial of early bactericidal activity
(ClinicalTrials.gov registration no. NCT01516203), testing higher
AZD doses in mice does not appear justified at this time.

The recent approval of TZD for a non-TB indication makes it a
potential candidate for novel TB regimens. At a dose producing
plasma AUC values comparable to those observed in humans at
the 200-mg daily dose approved for treatment of acute bacterial
skin and skin-structure infection (18), TZD had additive activity
comparable to that of AZD. If pharmacodynamic comparisons
translate to results in humans, any advantage of using AZD or
TZD over LZD may depend on demonstrating superior safety
over reduced doses (e.g., 300 to 600 mg) of LZD. Whether TZD at
200 mg is safer than LZD at 600 mg twice daily for durations
greater than 1 week in humans is not well studied, although ani-
mal studies are promising in this regard (30, 31).

At a dose of 100 mg/kg, RWJ has similar activity to LZD at 100
mg/kg, alone and in combination with BDQ�PMD. Although it
progressed to phase 1 for other indications (13), data on the hu-
man pharmacokinetics are not publicly available. The results of
the present study suggest that if comparable exposures are safe,
this oxazolidinone may have potential in the treatment of TB.

In the present study, we evaluated the oxazolidinones at doses
that produce comparable plasma exposures compared to those
reported from clinical studies. As we have discussed recently (9,
14), experiments in the BALB/c mouse model of TB have potential
limitations related to differences in the pathology of M. tubercu-
losis infection between mice and humans. Perhaps most signifi-
cant for the present work is the fact that, because TB in BALB/c
mice does not produce caseation, the vast majority of tubercle
bacilli reside intracellularly in cellular granulomas. Compared to
activity against extracellular bacilli residing within caseous le-
sions, which predominate in human TB, oxazolidinone efficacy in
BALB/c mice may be unduly influenced by penetration into, and
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activity within, infected host cells. For example, the SZD parent
molecule has much greater potency against intracellular M. tuber-
culosis than that of LZD or the principal SZD metabolite (PNU-
101603) that comprises over 80% of the SZD species measured in
vivo. It is the SZD parent molecule that likely drives the superior
bactericidal activity of SZD in BALB/c mice (32, 33). Because it
remains unclear whether the tubercle bacilli that persist and ulti-
mately determine the duration of treatment needed to cure hu-
man TB reside intracellularly, extracellularly, or in both locales,
studies of the relative efficacy of oxazolidinones in animal models
exhibiting caseation might provide very useful information. Work
evaluating the bactericidal and sterilizing activities of BDQ�PMD
with or without oxazolidinones and the effect of adding PZA is
under way in C3HeB/FeJ mice, which develop caseous lung le-
sions. These experiments are expected to add value given the dif-
fering pathology and apparently differing relative potency of SZD,
LZD, and PZA in these mice compared to BALB/c mice (34).

Oxazolidinones also differ in their penetration into the alveolar
epithelial lining fluid (ELF) of the lung. For example, work in
other pneumonia infection models suggests that TZD has better
ELF penetration than that of LZD and that this penetration is
greater in humans than in mice (35). To better reproduce TZD
exposures in human ELF, these investigators recommend using a
20-mg/kg dose of TZD rather than the 10-mg/kg dose used here.
However, the significance of ELF exposures in the treatment of TB
remains undefined. The significance is even less clear for the pre-
dominantly intracellular infection in BALB/c mice. Therefore, we
chose the oxazolidinone doses used here on the basis of plasma
exposures observed with clinical doses.

In conclusion, these experiments have confirmed and ex-
tended prior studies in demonstrating the potential for truly novel
drug combinations containing BDQ, PMD, and an oxazolidinone
to provide a strong new foundation for universally active short-
course regimens capable of effectively treating TB irrespective of
resistance to existing drugs. When infecting isolates remain sus-
ceptible to PZA, the inclusion of this sterilizing agent is expected
to shorten treatment further. While the remarkable treatment-
shortening potential of these regimens in mice cannot be assumed
to translate directly to human TB, the results presented here cer-
tainly support clinical trials to investigate the efficacy of these and
other similar regimens.
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