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Background. One approach that could increase the efficacy and reduce the duration of antituberculosis therapy is pharmacoki-
netics/pharmacodynamics-based optimization of doses. However, this could increase toxicity.

Methods. We mimicked the concentration-time profiles achieved by human equivalent doses of moxifloxacin 800 mg/day,
rifampin 1800 mg/day, and pyrazinamide 4000 mg/day (high-dose regimen) vs isoniazid 300 mg/day, rifampin 600 mg/day, and
pyrazinamide 2000 mg/day (standard therapy) in bactericidal and sterilizing effect studies in the hollow fiber system model of
tuberculosis (HFS-TB). In an intracellular Mycobacterium tuberculosis (Mtb) HFS-TB experiment, we added a 3-dimensional human
organotypic liver to determine potential hepatotoxicity of the high-dose regimen, based on lactate dehydrogenase (LDH). Treatment
lasted 28 days and Mtb bacterial burden was based on colony counts. We calculated the time to extinction (TTE) of the Mtb pop-
ulation in the HFS-TB and used morphism-based transformation and Latin hypercube sampling to identify the minimum therapy
duration in patients.

Results.  The kill rate of standard therapy in the bactericidal effect and sterilizing effect experiments were 0.97 (95% confidence
interval [CI], .91-.99) log  colony-forming units (CFU)/mL/day, and 0.56 (95% CI, .49-.59) log,  CFU/mL/day, respectively. The high-
dose regimen’s bactericidal and sterilizing effect kill rates were 0.99 (95% CI, .96-.99) log,  CFU/mL/day and 0.72 (95% CI, .56-.79) log,,
CFU/mL/day, respectively. The upper confidence bound for TTE in patients was 4.5-5 months for standard therapy vs 3.7 months on

the high-dose regimen. There were no differences in LDH concentrations between the 2 regimens at any time point (P > .05).

Conclusions.
therapy.
Keywords.

The high-dose regimen may moderately shorten therapy without increased hepatotoxicity compared to standard
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There are compelling reasons to create new treatment regimens
for tuberculosis (TB) that are of shorter duration than the cur-
rent 6-month regimen for drug-susceptible TB, which could
also form the backbone of treatment of multidrug-resistant
TB (MDR-TB) [1]. The trick is to accelerate sterilizing effect
against extracellular tubercle bacilli, as well as to kill intracel-
lular bacteria [2]. One approach is to use principles of pharma-
cokinetics/pharmacodynamics (PK/PD) to find the exposures
of standard anti-TB agents that maximally kill Mycobacterium
tuberculosis (Mtb), and then give patients doses that achieve
those exposures. A second approach is the discovery of new
pharmacophores such as bicyclic nitroimidazopyrans and
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bedaquiline, which could shorten therapy duration in MDR-TB
[3, 4]. A third approach is repurposing older antibiotics for use
in MDR-TB and drug-susceptible TB, as has been the case with
fluoroquinolones, oxazolidinones, carbapenems, penems, ben-
zylpenicillin, cephalosporins, and clofazimine [5-10]. Here, we
used a combination of these approaches.

Two fluoroquinolones (moxifloxacin and gatifloxacin) dosed
at the currently recommended dose of 400 mg/day failed to
shorten therapy duration in recent studies [11, 12]. One pos-
sible reason could be concentration-dependent antagonism,
seen with quinolones such as gatifloxacin and moxifloxacin,
noted in the accompanying article in this supplement [13].
This problem could be overcome by optimizing the doses of
the fluoroquinolones and rifampin [13-17]. Indeed, hollow
fiber system model of TB (HFS-TB) PK/PD studies, along with
clinical studies, suggest increasing the dose of rifampicin at
least 3-fold and pyrazinamide at least 2-fold in the treatment
of drug-susceptible TB [15, 18, 19]. Forty years ago, Kreis et al
administered a 3-month regimen of rifampin 1200 mg per day,
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isoniazid 900 mg per day, and streptomycin 1 g per day, which
had an almost perfect sputum conversion at the end of the
therapy, and relapse rates of only 11% [20]. This is similar to
the relapse rates in the recent 4-month fluoroquinolone regi-
mens; what is remarkable is that the Kreis regimen did not have
pyrazinamide, which is an important driver of sterilizing effect
in standard therapy [4, 11, 21]. On the other hand, isoniazid
has concentration-dependent antagonism with rifampin and
pyrazinamide, and is the least contributive of sterilizing effect
[21, 22]. In contrast, rifampin is synergistic with pyrazinamide
in a concentration-dependent fashion [23]. Therefore, we inves-
tigated a high-dose-based rifampin and pyrazinamide regimen
in which isoniazid was replaced with high-dose moxifloxacin to
determine if sterilizing effect rates were faster than with stand-
ard therapy, and thus lead to shorter therapy duration.

Concerns of high-dose use of anti-TB drugs have centered
on potential toxicity, especially hepatotoxicity [23, 24]. In
recent years we introduced a 3-dimensional (3D) organotypic
liver module to the HFS-TB, which has allowed us to assess for
possible hepatotoxicity of anti-TB drugs [25]. This allows us to
identify both efficacy and hepatotoxicity from the same HFS-TB
units. Here, we used this model to determine potential hepato-
toxicity of the high-dose regimen compared to standard therapy.

Finally, preclinical studies have had a poor record of accur-
ately identifying shorter therapy durations that could be used in
the clinic [4, 11, 26]. Therefore, we have developed mathemati-
cal and computational models to predict the time to extinction
(TTE) of the total bacterial population (“cure” by standard def-
inition) starting in the HFS-TB to the clinic [27]. We used these
models to determine the optimal duration of the therapy with
the high-dose regimen, based on TTE.

MATERIALS AND METHODS

Drugs and Supplies

Isoniazid, rifampin, and pyrazinamide were purchased from
Sigma-Aldrich, while moxifloxacin was purchased from our
campus pharmacy. Hollow fiber cartridges were purchased
from FiberCell (Frederick, Maryland). 3D liver organoid
“KUBES” were procured from Kiyatec Inc (Greenville, South
Carolina). A commercially available kit (ab102526) from
Abcam (Cambridge, Massachusetts) was used to measure the
liver enzyme lactate dehydrogenase (LDH).

Bacterial Strain and Growth Conditions

Stock culture of Mtb (H37Ra, American Type Culture Collection
[ATCC] 25177 and Mtb H37Rv, ATCC 27294) were thawed and
grown in Middlebrook 7H9 broth supplemented with 10% oleic
acid-dextrose-catalase at 37°C under 5% carbon dioxide (CO,)
and shaking conditions prior to each experiment. To produce
semidormant bacilli, log-phase growth Mtb was subcultured for
4 more days in Middlebrook 7H9 broth acidified and buffered
to a pH of 5.8, as described previously [28].

Tissue Culture

Human-derived monocyte cells (THP-1; ATCC TIB-202) were
grown in RPMI 1640 medium supplemented with 10% fetal bovine
serum at 37°C under 5% CO,. The THP-1 cells were subcultured
every 4 days. Prior to each experiment, cells were checked for myco-
plasma contamination using the e-Myco-Mycoplasma polymerase
chain reaction detection kit (version 2.0; iNtron Biotechnology). Any
bacterial contamination was ruled out by plating a portion of the cell
culture on Muller-Hinton agar. The culture conditions of the HepG2
cells in the 3D KUBES were the same as described previously [25].

Hollow Fiber Models of Bactericidal Effect, Sterilizing Effect, and
Hepatotoxicity

The HFS-TB for bactericidal effect, which utilizes 4 day old
log-phase growth cultures, has been described in detail previ-
ously and in the introduction to this supplement [15, 18, 29].
The details of the HFS-TB for sterilizing effect, in which Mtb
growth is 10- to 20-fold slower than log-phase growth, have
also been described in detail in the past [30]. The HFS-TB for
intracellular Mtb has also been described in previous publica-
tions, including the methods of co-culture with a 3D KUBES
to examine hepatotoxicity [25]. Each of these models allows
administration of multiple drug therapy to recapitulate the drug
concentration-time profiles as encountered in humans, as well
as examination of microbial kill of Mtb in each of the specified
physiologic states believed to be encountered in patients [31].

Combination Therapy Regimens Examined in the HFS-TB

We performed (1) bactericidal, (2) sterilizing activity, and (3)
intracellular Mtb HFS-TB studies in which we treated HFS-TB
replicates with standard therapy and a regimen of high-dose
moxifloxacin, rifampin, and pyrazinamide (high-dose regimen).
The target drug peak concentration (C_ ) and 0- to 24-hour
o) and PK/
PD exposure for each drug are shown in Table 1. There were

area under the concentration-time curve (AUC

3 HFS-TB replicates for each regimen. All drugs were infused
via a computer-controlled syringe pump, and the different half-
lives and peak concentrations of each drug were recapitulated
within the same HFS-TB unit. The central compartment was
sampled at 8 different time points over 24 hours to measure the
drug concentrations. The peripheral compartment of each of the
HFS-TB was sampled on days 0,7, 14,21, and 28 to enumerate the
total bacterial burden as well as to determine the proportion of
the drug-resistant subpopulations by culturing on Middlebrook
7H10 agar supplemented with 3 times the minimum inhibitory
concentration (MIC) of each drug. In the intracellular HFS-TB
model, samples were collected from the central compartment on
days 0, 7, 14, 21, and 28 and used to measure the levels of LDH
as surrogate of the hepatotoxicity.

Pharmacokinetic Modeling
We utilized multiplexed assays for measurement of drug concen-
trations of moxifloxacin, rifampin, isoniazid, and pyrazinamide,
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Table1. Human Equivalent Dose of the Drugs Used in the Hollow Fiber System Model of Tuberculosis Studies and the Intended Versus Achieved Drug Exposures
Intended Achieved
Regimen Dose C, e Ma/L AUC,,, mg x h/L! MIC C, e Ma/L AUC,,, mg x hL! C. . MiIC AUC,/MIC
Standard therapy
Isoniazid 10 mg/kg/d 6 22 0.06 5.02 25.57 83.67 426.17
Rifampin 10 mg/kg/d 6.8 24 0.06 6.26 2757 104.33 459.50
Pyrazinamide 25 mg/kg/d 54 390 25 48.63 2974 1.95 11.90
High-dose regimen
Rifampin 30 mg/kg/d 18 66 0.06 18.69 83.44 311.50 1390.67
Pyrazinamide 50 mg/kg/d 108 780 25 96.3 7745 3.85 30.98
Moxifloxacin 800 mg/d 8.4 90 0.12 764 84.22 63.67 701.83

Abbreviations: AUCHA, 0- to 24-hour area under the concentration—time curve; Cm, maximum concentration; MIC, minimum inhibitory concentration.

as described in detail previously [15, 25]. Pharmacokinetic
modeling was performed for each drug as described in the past,
using ADAPT 2 software of D’Argenio et al [25, 32, 33]. The iso-
niazid, rifampin, pyrazinamide, and moxifloxacin MICs used
for these exposure calculations were those reported in our pre-
vious publication and are listed in Table 1 [15, 34]. These were
used to calculate observed AUC , /MICs and C__ /MICs.

Time-to-Extinction Modeling

First, the growth rates of different Mtb subpopulations (log-phase
growth, intracellular, or semidormant) were calculated using the
nontreated HFS-TB system colony-forming units (CFU)/mL (con-
trols). Second, the kill rates of each population with standard or
high-dose regimens were calculated using equations described else-
where in this supplement [27]. Third, we mapped these HFS-TB
values to the patients to translate TTE of each bacterial subpopu-
lation. We performed in silico clinical trial simulations using the
Latin hypercube sampling method to simulate the outcomes in
1000 patients, and mapping transformations to predict the TTE
in patients treated with either regimen, as described in detail else-
where in the supplement [27, 35]. We calculated the proportion of
patients cured after 3, 4, and 6 months of therapy to determine if
the high-dose regimen can shorten the therapy duration.

RESULTS

Concentration-Time Profiles and Drug Exposures Achieved in the HFS-TB

The concentration-time profiles of isoniazid, rifampin, pyrazi-
namide, and moxifloxacin, achieved in the central compartment
of each HFS-TB replicate in each experiment in each regimen,
were combined for purposes of reporting and are shown in
Supplementary Figure 1A-D. Pharmacokinetic modeling of
these data revealed the AUC , , AUC ,/MIC,C_ ,and C__ /
MIC (Table 1). For the standard regimen, the values were on the
high end of the distribution identified in patients on treatment
for drug-susceptible TB in the Western Cape, which means
that standard therapy regimens were actually optimized for 2
of the 3 drugs in Table 1, and were on the maximal kill (E_ )
and fast sputum conversion portion of the dose-response curve

[18, 36-38]; for the experimental regimen, the values were 2-3
times higher, as was intended [38].

Intracellular HFS-TB Studies for Efficacy and Hepatotoxicity

The number of the viable THP-1 cells in the HFS-TB that
received either standard-dose combination or high-dose com-
bination or received no treatment at all, did not differ at any
given time point (Figure 1A). This suggests that the high dose of
rifampin and pyrazinamide were not toxic to the THP-1 human
monocytes. Figure 1B shows the LDH concentrations in the
intracellular HFS-TB model with 3D KUBES at each sampling
time point. The changes in the LDH levels between the standard
regimen and high-dose regimen were not statistically different
by t test, performed for each sampling time point (P > .05).

TTE of Mtb With Standard and High-dose Regimens

Supplementary Figure 2 shows the growth rate of Mtb in the
nontreated HFS-TB for each bacterial subpopulation (intra-
cellular, log-phase, and slowly growing bacteria). As shown in
Supplementary Figure 2A, Mtb in log-phase or intracellular
environment had similar growth rates (0.33 [95% confidence
interval {CI}, .15-.63] log,, CFU/mL/day), hence we com-
bined the data for graphing. The growth rate of Mtb, growing
under acidic conditions, in the sterilizing activity experiments
(Supplementary Figure 2B) was 0.19 (95% CI, .14-.23) log,
CFU/mL/day.

The kill rates of Mtb with standard therapy and the high-dose
regimen are shown in Figure 2A and 2B, respectively. Figure 2A
shows that the kill rates for the log-phase growth and intracellu-
lar Mtb with both the standard and the high-dose regimen were
not significantly different from each other (0.97 [95% CI, .91-
.99] log,, CFU/mL/day vs 0.99 [95% CI, .96-.99] log  CFU/mL/
day, respectively). The kill rate of the high-dose regimen in the
sterilizing activity studies was 0.72 (95% CI, .56-.79) log  CFU/
mL/day compared to the 0.56 (95% CI, .49-.59) log, CFU/mL/
day kill rate of the standard regimen (Figure 2B).

These kill rates were then used to transform the HFS-TB
data to the patients to determine the TTE of each regimen,
as detailed elsewhere [27]. Figure 2C shows that based on the
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Figure 1. Viability of the THP-1 cells and level of lactose dehydrogenase (LDH). A, The number of viable THP-1 cells did not differ between the standard treatment regimen
and the high-dose regimen (P> .05). B, On days 3 and 7, the LDH concentrations were higher in both the standard-therapy and high-dose regimens compared to the nontreated
controls. However, the LDH concentration did not differ between the standard-therapy and high-dose regimens on those days. Abbreviation: 0D, optical density measured
at a wavelength of 490 nm.

optimized standard regimen, the composite TTE for com- 28-135) days in the patients, or about 19.3 weeks on the upper
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Figure 2. Kill rates of bacilli in the hollow fiber system model of tuberculosis (HFS-TB) and morphism-based transformation to patients. A, Kill slopes with the optimized
standard regimen that killed 7.23 + 0.00 log,, colony-forming units (CFU)/mL of the log-phase growth Mycobacterium tuberculosis (Mtb) and 5.98 = 0.53 log,, CFU/mL of
intracellular Mib in 14 days in the HFS-TB (red circles). However, in the sterilizing activity HFS-TB studies, standard therapy took 28 days to kill 6.92 + 0.15 log,, CFU/mL
semidormant Mtb (brown circles). B, The high-dose regimen for the same bacillary populations demonstrated faster sterilizing effect (brown circles) compared with the stand-
ard regimen. C, After transformation from HFS-TB to patients, the distribution of the proportion (density) of the patients with time to extinction (TTE) (x-axis) with standard
therapy. D, Similarly, after transformation, the distribution of patients with TTE on treatment with the high-dose regimen. The dashed area represents the upper and lower
bounds of the 95% confidence interval. Abbreviations: 6M, 6 months; CFU, colony-forming units; HFS, hollow fiber system.
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Table 2. Proportion of Patients Cured With the Standard and High-dose Regimens

3 Months

Regimen (95% Crl)

4 Months
(95% Crl)

6 Months
(95% Crl)

78.47 (77.65-79.26)
90.06 (89.46-90.63)

Standard therapy
High-dose regimen

95.25 (94.82-95.65)
99.97 (99.67-98.23)

99.94 (99.87-99.97)
99.96 (99.9-99.98)

Abbreviation: Crl: credible interval.

achieve faster TTE. Figure 2D shows the median TTE of Mtb
in the HFS-TB with the experimental high-dose combination
regimen as 20 (95% CI, 17-30) days. Based on the morphism
transformation factor and Latin hypercube sampling, this was
transformed to a median TTE of 58 (95% CI, 21-111) days, or
about 15.9 weeks on the upper confidence bounds in patients.
This is moderately faster than the optimized standard therapy.
The proportion of patients cured with the optimized stand-
ard regimen vs the high-dose regimen at the end of 3, 4, and
6 months, calculated based on these HEFS-TB studies and mod-
eling, were as shown in Table 2. The table shows that taking the
lower 95% CI bounds, and 95% patient cutoff as acceptable pro-
portion of patients who have reached extinction (ie, worst case
scenario), the higher-dose regimen may be able to shorten ther-
apy to 4 months and the standard therapy regimen would stay
at 6 months, though most patients are actually cured already at
4 months with the standard regimen in this study.

DISCUSSION

In the present study, we show that a combination of high-dose
rifampin at least 3 times the standard dose, and a pyrazinamide
dose double the standard dose, and moxifloxacin at 800 mg
per day, was associated with faster sterilizing effect based on
kill rates achieved in the HFS-TB. Rifampin exposure is known
to be dose-related [18, 39], and improved clinical response has
been reported with doses up to 1200 mg [40]. Previously, using
the HFS-TB and clinical trial simulation, we identified moxi-
floxacin 800 mg/day as optimal dose for Mtb [15]. The faster
sterilizing effect meant that there was a possibility of shortening
the therapy duration to 4 months with the high-dose regimen,
supported by one recent clinical study suggesting that short-
ening of therapy duration may be achieved by using high-dose
rifampin and moxifloxacin [41].

With regard to possible toxicity, there was no significant
difference in the LDH levels with our 3D liver KUBES model
between the high-dose rifampin and pyrazinamide regimen
and optimized standard therapy. The rifampin dose we used was
3 times higher than the dose used in the RIFATOX study (An
international multicentre controlled clinical trial to evaluate the
toxicity of high dose rifampicin in the treatment of pulmom-
ary tuberculosis, ISRCTN55670677), which was not associated
with hepatotoxicity in the clinical trial. In addition, Boeree
et al recently reported that rifampin up to 35 mg/kg could be

administered safely [41]. However, none of the clinical stud-
ies added high-dose pyrazinamide to the high-dose rifampin,
so clinical studies to establish the safety of the 2 drugs at high
doses administered together are still to be conducted.

Our study has its own limitations. Perhaps the main lim-
itation is that we gave very high PK/PD exposures of isonia-
zid and rifampin in the standard regimen (Table 1), so the kill
slopes were faster than is usually encountered in HFS-TB on
this regimen [27]. As a result, on translation a higher propor-
tion of patients had negative TTEs by the fourth month than in
the usual standard therapy in patients after our transformation.
Indeed, patients on standard therapy with the drug exposures
equivalent to those in the HFS-TB have faster sterilizing effect
rates and time to negative sputum [38]. Second, in the steriliz-
ing activity HFS-TB studies, the semidormant Mtb growth rate
was higher than is usually encountered in the HFS-TB for steri-
lizing effect, which we have reported previously [30]. This could
affect the TTE of both the standard-therapy and high-dose reg-
imens. Nevertheless, the TTEs we identified are robust and fall
within the range identified on analyzing patients on standard
therapy in clinical trials. Thus, our modeling and simulations
still predicted a shorter duration of therapy with the high-dose
regimen despite this limitation.

In summary, rifampin, pyrazinamide, and moxifloxacin have
the potential to improve the efficacy of anti-TB treatment regi-
mens and to shorten the duration of therapy, provided the doses
are selected based on PK/PD studies and clinical trial simula-
tions utilizing the MIC distribution of the clinical strains. The
safety of increased doses needs to be validated in human clinical
trials.

Supplementary Data

Supplementary materials are available at Clinical Infectious Diseases online.
Consisting of data provided by the authors to benefit the reader, the posted
materials are not copyedited and are the sole responsibility of the authors,
so questions or comments should be addressed to the corresponding author.
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