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ABSTRACT Administration of tuberculosis preventive therapy (TPT) to individuals with
latent tuberculosis infection is an important facet of global tuberculosis control. The use
of long-acting injectable (LAI) drug formulations may simplify and shorten regimens for
this indication. Rifapentine and rifabutin have antituberculosis activity and physiochemi-
cal properties suitable for LAI formulation, but there are limited data available for deter-
mining the target exposure profiles required for efficacy in TPT regimens. The objective
of this study was to determine exposure-activity profiles of rifapentine and rifabutin to
inform development of LAI formulations for TPT. We used a validated paucibacillary
mouse model of TPT in combination with dynamic oral dosing of both drugs to simu-
late and understand exposure-activity relationships to inform posology for future LAI
formulations. This work identified several LAI-like exposure profiles of rifapentine and
rifabutin that, if achieved by LAI formulations, could be efficacious as TPT regimens and
thus can serve as experimentally determined targets for novel LAI formulations of these
drugs. We present novel methodology to understand the exposure-response relation-
ship and inform the value proposition for investment in development of LAI formula-
tions that have utility beyond latent tuberculosis infection.

KEYWORDS Mycobacterium tuberculosis, latent tuberculosis, rifapentine, rifabutin,
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Tuberculosis (TB) is a major cause of morbidity and mortality worldwide. Control of TB
is complicated for many reasons, including that the causative agent, Mycobacterium tu-

berculosis, can establish latency, referred to as latent TB infection (LTBI), which can persist
throughout a person’s lifetime. Thus, people with LTBI are at risk for bacterial reactivation
and development of active TB disease, which is associated with individual morbidity and
mortality and also facilitates community transmission of M. tuberculosis. Fortunately, treat-
ment for LTBI exists, termed TB preventive therapy (TPT) because it prevents the transition
from latent infection to active disease. Up to one-quarter of the global population are esti-
mated to have LTBI, and appropriate administration of TPT is an essential component of
the World Health Organization (WHO) End TB Strategy (1, 2).

Currently, there are five WHO-recommended TPT regimens for treatment of LTBI: (i) 6 to
9 months of daily isoniazid, (ii) 4 months of daily rifampin, (iii) 3 months of daily isoniazid
plus rifampin, (iv) 3 months of weekly isoniazid plus rifapentine, and (v) 1 month of daily iso-
niazid plus rifapentine (1HP) (3). Although highly efficacious when treatment is completed,
TPT is woefully underutilized. Among people with LTBI, it is estimated that only about 31%
start TPT and 19% complete treatment (4). Unsurprisingly, treatment completion rates are
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inversely correlated with the duration of the TPT regimen, with the shorter regimens associ-
ated with the highest completion rates (3). Therefore, further shortening of TPT regimens
could improve treatment completion rates. If development can be successfully accom-
plished, long-acting injectable (LAI) TPT offers the opportunity for a single administration at
the point of care, ensuring adherence and treatment completion and simplifying program-
matic rollout.

Interest in the development of LAI formulations for treatment of LTBI has grown in
recent years. The suitability of drugs for formulation as an LAI depends on certain physio-
chemical and pharmacokinetic (PK) properties, including low water solubility to prevent
rapid release of the drug, low systemic clearance to enable sufficient concentrations to be
achieved, and high potency to ensure that target exposures are more easily reached and
can be maintained for a protracted period of time. Swindells et al. recently summarized
these properties among existing anti-TB drugs and found that for drugs used in the currently
recommended TPT regimens, isoniazid and rifampin do not have properties amenable to
LAI formulation, while rifapentine is a promising candidate (5). In addition, Rajoli et al. used
physiologically based PK (PBPK) modeling to simulate potential LAI administration strategies
for several anti-TB drugs, including rifapentine (6). This work identified a rifapentine exposure
profile predicted to be both achievable with an LAI formulation and efficacious against LTBI.
The efficacy prediction was based on maintaining plasma rifapentine levels above a speci-
fied target concentration of 0.18 mg/mL. This target concentration was defined as three
times higher than a previously published MIC of rifapentine for M. tuberculosis but requires
additional empirical validation (6, 7).

The physiochemical properties of another rifamycin antibiotic, rifabutin, appear
even more favorable than rifapentine for LAI formulation (5, 8). Although only cur-
rently indicated for prevention and treatment of nontuberculous mycobacterial dis-
ease (9, 10), rifabutin has demonstrated potent anti-TB activity in preclinical models,
including preclinical models of TPT (11–15), and has been used off label for prevention
and treatment of TB (reviewed in reference 16). The suitability of rifabutin as a long-
acting formulation is highlighted in a recent publication by Kim et al., which described
the development of long-acting biodegradable in situ-forming implants of rifabutin
(13). Dosing of one such formulation maintained plasma rifabutin concentrations
above a target of 0.064 mg/mL for up to 18 weeks postinjection and exhibited robust
activity in preclinical mouse models of TB treatment and infection prevention (i.e., pre-
exposure prophylaxis). This target concentration was the epidemiological cutoff
(ECOFF) from a previously reported MIC distribution of rifabutin against wild-type
strains of M. tuberculosis (17, 18). However, because there were no recoverable CFU,
the relationship between rifabutin plasma concentrations and activity could not be
more precisely defined.

During development and preclinical evaluation of LAI formulations, selection of
appropriate drug exposure profiles is critical for gauging therapeutic potential.
However, there is a paucity of data regarding drug exposures required for efficacy
in TPT, especially when considering the unique concentration-time profiles associ-
ated with a highly intermittent or single-shot LAI-based therapy compared to
repeated daily or even weekly oral dosing. The objective of this project was to gen-
erate in vivo PK and pharmacodynamic (PD) data for rifapentine and rifabutin to
inform LAI formulation development of these drugs for use in TPT. We designed
orally dosed regimens of rifapentine and rifabutin to produce specific plasma expo-
sure profiles in BALB/c mice, and we evaluated the bactericidal activity of these
regimens in a validated paucibacillary mouse model of TPT, a model that success-
fully predicted the efficacy of the 1HP TPT regimen in humans (19–21) and is the
basis for translational PK/PD modeling of rifapentine activity in TPT regimens (22).
The series of PK and PK/PD experiments described here provides a rich, experimen-
tally determined evidence base for selection of target exposure profiles, which can
help guide the development of LAI formulations of rifapentine and rifabutin for
LTBI.
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RESULTS
In vitro activity of rifamycins against M. tuberculosis H37Rv. We first determined

the MIC and minimum bactericidal concentration (MBC) of rifapentine and rifabutin for our
lab stock of M. tuberculosis H37Rv, with rifampin included as a comparator. As expected,
the MIC rank order was rifampin (0.125 to 0.25 mg/mL) . rifapentine (0.0625 mg/mL) .
rifabutin (0.0156 mg/mL). The observed MIC for rifapentine aligned with the MIC used in
the modeling work by Rajoli et al. (6). For each rifamycin, the visual MIC and the MBC were
the same concentration, and based on CFU counts, the concentration that inhibited bacte-
rial growth was at least one twofold dilution lower than the visual MIC (Table S1 in the sup-
plemental material).

Plasma exposure profiles of low-dose oral rifapentine and rifabutin in unin-
fected BALB/c mice. Previous modeling work by Rajoli et al. used rifapentine at 0.18 mg/
mL, or 3 times the MIC (3� MIC), as a target trough plasma concentration against which to
measure predicted LAI rifapentine exposures (6). Thus, we were interested in evaluating in
vivo exposure-activity relationships at mouse plasma concentrations around 3� MIC for
both rifapentine and rifabutin. For both rifamycins, available oral PK data in mice were
based on doses that yielded much higher plasma drug concentrations (11, 20, 23–25). To
establish dose-exposure profiles within a relatively lower dosing range, we conducted pilot
PK studies with rifapentine and rifabutin in uninfected BALB/c mice. The PK parameters of
both drugs in female mice are presented in Table 1, with PK profile data for both drugs
being adequately described with a one-compartment PK disposition model with first-order
absorption input. For rifapentine, the maximum observed plasma concentration (Cmax) and
the area under the plasma concentration versus time curve from 0 to 24 h postdose
(AUC0–24) exhibited approximate dose linearity (Fig. S1A), with both parameters about 1.5
to 1.6 times higher on day 10 than on day 0. While apparent clearance and plasma half-life
remained relatively constant across the dose levels, the apparent volume of distribution
and the absorption rate constant (Ka) decreased with increasing rifapentine dose. For rifa-
butin, the Cmax and AUC0–24 also exhibited approximate dose linearity (Fig. S1B), and these
parameters remained relatively stable from day 0 to day 10 of dosing (Table 1). Compared
to rifapentine, rifabutin apparent clearance was much higher for all doses, and the plasma
half-life was much shorter; apparent volume of distribution and Ka were also much higher,
with the volume remaining relatively stable and Ka nominally decreasing with increasing
dose but indicating very rapid absorption at all dose levels. For both rifapentine and rifabu-
tin, no significant differences were observed for any of the PK parameters determined in
male mice (Table S2). All individual mouse PK data are provided in Data Set S1. The

TABLE 1 PK parameters associated with oral dosing of rifapentine and rifabutin in uninfected female BALB/c mice

Drug
Dosea

(mg/kg)
Sampling
dayb

Tmax

(h after dose)c
Cmax

(mg/mL)c
AUC0–24

(mg·h/mL)c CL/F (L/h/kg) [% RSE]c V/F (L/kg) [% RSE]c Ka (h21) [% RSE]c t1/2 (h)c

Rifapentine 0.1 0 2 0.130 2.5 0.024 [3.9] 0.743 [5.3] 2.57 [21.0] 21.5
10 1 0.199 3.6

0.3 0 2 0.386 6.4 0.029 [3.0] 0.736 [4.7] 1.75 [13.5] 17.6
10 2 0.644 9.6

1 0 2 1.580 23.9 0.021 [4.7] 0.643 [6.9] 1.64 [6.9] 21.2
10 1 2.370 38.7

3 0 2 6.690 105.7 0.016 [4.4] 0.418 [7.0] 1.33 [17.4] 18.1
10 2 11.900 166.6

Rifabutin 0.3 0 0.5 0.053 0.4 0.674 [5.6] 7.360 [7.9] 49.10 [0.0] 7.6
10 1 0.041 0.3

1 0 1 0.140 1.0 1.040 [4.7] 7.490 [6.3] 16.40 [0.0] 5.0
10 0.5 0.105 0.8

3 0 1 0.325 2.7 1.170 [4.7] 8.670 [6.1] 8.48 [212.9] 5.1
10 0.5 0.348 2.4

aDrugs were administered once daily, 5 days per week (Monday to Friday).
bDay 0 indicates the first day of drug administration (i.e., the first dose).
cTmax, time point of maximum observed plasma concentration; Cmax, maximum observed plasma concentration; AUC0–24, area under the plasma concentration versus time
curve from 0 to 24 h postdose; CL/F, apparent clearance; V/F, apparent volume of distribution; Ka, absorption rate constant; t1/2, plasma half-life; % RSE, percent relative
standard error. All individual mouse PK data are provided in Data File S1 in the supplemental material.
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available data from this study were used to generate a PK model to guide regimen design
in the subsequent PK/PD study.

First PK/PD study of rifapentine and rifabutin at steady, LAI-relevant plasma
concentrations in the paucibacillary mouse model of TPT. To understand exposure-
activity relationships of rifapentine and rifabutin, we conducted a PK/PD study to evaluate
the in vivo bactericidal activity when drug exposures are maintained at steady, LAI-relevant
plasma concentrations. For rifapentine, we selected four target trough plasma concentra-
tions of interest for LAI formulations: 0.18 mg/mL (3� MIC), 0.6 mg/mL (the trough plasma
concentration predicted by Rajoli et al. 4 weeks after a single 750-mg intramuscular injec-
tion of a simulated rifapentine LAI with a nominal first-order release rate constant from the
injection site of 0.0015 h21 [6]), 3.5 mg/mL (the reported average plasma concentration of
rifapentine in humans taking the 3-month, once-weekly, oral high-dose isoniazid and rifa-
pentine TPT regimen [26]), and 2 mg/mL (a concentration selected to fill the exposure gap
between 0.6 and 3.5 mg/mL). For rifabutin, we selected two target trough plasma concen-
trations of interest, namely, 0.045 mg/mL (3� MIC) and 0.15 mg/mL (the reported average
plasma concentration in people receiving an oral, once daily 150-mg dose [27, 28]).

After determining the target plasma concentrations of interest, we used our PK model to
design oral dosing schemes (based on twice daily dosing) that were predicted to maintain rel-
atively stable mouse plasma trough concentrations above each predefined target concentra-
tion (Fig. S2A to F). Because the difference in predicted peak-to-trough plasma concentrations
between oral doses was relatively large for rifabutin, we designed two additional dosing
schemes to maintain average plasma concentrations at the predefined targets of 0.045 and
0.15 mg/mL (Fig. S2G and H). The dosing schemes predicted to achieve each plasma target
exposure are summarized in Table 2. The PKs and bactericidal activity of these eight regimens
were then evaluated in the paucibacillary mouse model of TPT, with once daily oral rifampin
included as a rifamycin positive-control regimen (see experiment scheme in Table S3).

For rifapentine, the observed trough plasma concentrations and profiles, in general,
agreed reasonably with PK model simulations based on the pilot PK study in unin-
fected mice, with the greatest discrepancy under the regimen with the lowest target
concentration of 0.18 mg/mL (Table 3; Fig. S3). Observed trough plasma concentrations
under these regimens aligned well with the target at the lower target trough concen-
trations of 0.18 and 0.6 mg/mL (Fig. S3A and B) but exceeded the targets more at the
higher targets of 2 and 3.5 mg/mL (Fig. S3C and D). This was, in part, due to the unavail-
ability (at the time of regimen design) of the day 10 pilot PK exposure data for inclusion in
the PK model fitting and parameter estimation. Had these data been available at the time

TABLE 2 Regimens for the first PK/PD study

Regimen descriptiona Oral dosing schemeb,c

Control regimens
Negative control Untreated
Positive control Rifampin 10 mg/kg QD

Rifapentine (RPT) test regimens
RPT target: Ctrough 0.18mg/mL RPT 0.075 mg/kg BID with 0.2 mg/kg loading dose
RPT target: Ctrough 0.6mg/mL RPT 0.25 mg/kg BID with 0.625 mg/kg loading dose
RPT target: Ctrough 2mg/mL RPT 0.75 mg/kg BID with 1.875 mg/kg loading dose
RPT target: Ctrough 3.5mg/mL RPT 1.25 mg/kg BID with 3.125 mg/kg loading dose

Rifabutin (RFB) test regimens
RFB target: Cave 0.045mg/mL RFB 0.75 mg/kg BID
RFB target: Ctrough 0.045mg/mL RFB 1.5 mg/kg BID
RFB target: Cave 0.15mg/mL RFB 2.5 mg/kg BID
RFB target: Ctrough 0.15mg/mL RFB 5.5 mg/kg BID

aCtrough indicates that the regimen was designed to maintain trough plasma concentrations at this target. Cave

indicates that the regimen was designed to maintain average plasma concentrations at this target.
bQD indicates once daily dosing; BID indicates twice daily dosing. All rifapentine regimens included a single
loading dose administered as the first dose on day 0 (the first day of treatment). All regimens were administered
7 days per week.

cThe full experiment scheme is presented in Table S3 in the supplemental material.

Rifapentine and Rifabutin for Latent Tuberculosis Antimicrobial Agents and Chemotherapy

July 2023 Volume 67 Issue 7 10.1128/aac.00481-23 4

https://journals.asm.org/journal/aac
https://doi.org/10.1128/aac.00481-23


of regimen design, somewhat lower twice daily maintenance doses for the higher targets
of 2 and 3.5 mg/mL would have been chosen. The rifapentine dosing schemes predicted
to achieve trough plasma concentrations of 0.18 and 0.6 mg/mL (with data-fitted trough
plasma concentrations of 0.17 and 0.54 mg/mL, respectively) did not exhibit any bacte-
ricidal activity during the 3 weeks of treatment (Fig. 1; Table S4). However, the dosing
schemes predicted to achieve the higher two plasma trough targets of 2 and 3.5 mg/
mL (with data-fitted trough plasma concentrations of 2.6 and 4.9 mg/mL, respectively)
were associated with significant bactericidal activity, with M. tuberculosis killing equiva-
lent to that of the rifampin positive-control regimen. Rifapentine activity was dose de-
pendent, and this relationship was also reflected in the modeled bacterial elimination
rate constant (knet) (Table 3; Fig. S4A). The relationship between knet and observed drug
exposures was similar (Fig. S4B and C).

TABLE 3 PK/PD parameters for rifapentine and rifabutin in the first PK/PD study

Treatment regimena

Pilot PK data/model
used for regimen
design/prediction

Target plasma
concn

Fitted plasma
concnb (mg/mL)

Modeled PD parametersc

[% RSE]

Cave Ctrough knet (wk21)
Initial log10

CFU/lung
Control regimens
Untreated NAd NAd NAd NAd 0.05 [124] 4.45 [3.30]
Rifampin 10 mg/kg QD NAd NAd NAd NAd 20.21 [32.88] 4.45 [3.90]

Rifapentine (RPT) regimens
RPT 0.075 mg/kg BID RPT 0.1 mg/kg Ctrough 0.18mg/mL 0.20 0.17 0.12 [56.71] 4.46 [3.81]
RPT 0.25 mg/kg BID RPT 0.3 mg/kg Ctrough 0.6mg/mL 0.63 0.54 0.07 [98.28] 4.44 [3.67]
RPT 0.75 mg/kg BID RPT 1 mg/kg Ctrough 2mg/mL 2.98 2.60 20.22 [29.30] 4.44 [3.63]
RPT 1.25 mg/kg BID RPT 1 mg/kg Ctrough 3.5mg/mL 5.60 4.90 20.28 [23.20] 4.45 [3.65]

Rifabutin (RFB) regimens
RFB 0.75 mg/kg BID RFB 1 mg/kg Cave 0.045mg/mL 0.09 0.04 20.09 [90.11] 4.46 [4.63]
RFB 1.5 mg/kg BID RFB 1 mg/kg Ctrough 0.045mg/mL 0.16 0.07 20.20 [39.48] 4.46 [4.34]
RFB 2.5 mg/kg BID RFB 3 mg/kg Cave 0.15mg/mL 0.24 0.12 20.30 [25.41] 4.45 [4.28]
RFB 5.5 mg/kg BID RFB 3 mg/kg Ctrough 0.15mg/mL 0.60 0.25 20.48 [15.86] 4.45 [4.30]

aRegimen descriptions are provided in Table 2. All individual mouse CFU and PK data are presented in Data File S2 in the supplemental material.
bThe average and trough plasma concentrations fitted to the observed data.
cknet indicates the bacterial elimination rate constant. Initial log10 CFU/lung indicates the estimated day 0 lung CFU counts determined by the PD model; % RSE, percent
relative standard error.
dNA, not applicable.

FIG 1 Bactericidal activity in the first PK/PD study. The original study scheme included 6 weeks of
treatment, with bactericidal activity assessed at week 3 and week 6. However, the COVID-19-
related university shutdown necessitated ending this study 1.5 days after the week 3 time point;
UT, untreated; RIF, rifampin; RPT, rifapentine; RFB, rifabutin; QD, once daily; BID, twice daily. Drug
dose in mg/kg and frequency of administration are given below each drug abbreviation; see
regimen descriptions in Table 2. Each data point represents an individual mouse, and lines/error
bars represent the mean and standard deviation. The dotted horizontal line indicates the average
lung CFU count at the start of treatment (day 0). At each time point, lung CFU counts for all
treatment groups were compared against lung CFU counts in the RIF 10 QD positive-control
group by two-way ANOVA with a Dunnett’s multiple-comparison test. Individual mouse CFU data
and statistical analysis are provided in Data File S2 in the supplemental material.
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For rifabutin, the observed plasma concentrations across all regimens were slightly
higher than concentrations predicted from the pilot PK model but were otherwise gener-
ally in good agreement (Table 3; Fig. S5). The dosing scheme predicted to achieve a trough
plasma target concentration of 0.045 mg/mL (data-fitted trough concentration of 0.07 mg/
mL) had limited bactericidal activity (Fig. 1; Table S4). Other rifabutin dosing schemes were
associated with further dose-dependent bactericidal activity. The dosing schemes pre-
dicted to achieve either a target average plasma concentration of 0.045mg/mL or a trough
concentration of 0.15 mg/mL (with data-fitted average and trough plasma concentrations
of 0.09 and 0.25 mg/mL, respectively) exhibited bacterial killing equivalent to the rifampin
control regimen, and the dosing scheme predicted to achieve an average plasma target of
0.15 (data-fitted average concentration of 0.24 mg/mL) was associated with significantly
greater M. tuberculosis killing than the rifampin control. Across the regimens, there were
strong dose-dependent and exposure-dependent effects on bactericidal activity (Table 3;
Fig. S4D to F). For all regimens in this study, the PD model estimated that the bacterial
lung burden at the start of treatment was 4.44 to 4.46 log10 CFU/lung, which aligned with
the observed day 0 mean lung burden of 4.47 log10 CFU/lung.

Second PK/PD study with dynamic oral dosing of rifapentine and rifabutin to
simulate possible LAI exposure profiles in the paucibacillary mouse model of TPT.
Our hitherto collected PK/PD data, as well as predicted human PBPK parameters from
previous modeling work (6), were used to generate simulated LAI-like exposure profiles
of rifapentine and rifabutin expected to have bactericidal activity that could be
achieved using oral dosing with a dynamic, tapered dose regimen design. These pro-
files simulated the initial increase and then relatively slow decline of plasma drug con-
centrations that could occur following an intramuscular injection of an LAI formulation.
The profiles were designed to maintain trough plasma concentrations above prede-
fined target concentrations (0.6, 2, and 3.5 mg/mL for rifapentine and 0.045 and
0.15 mg/mL for rifabutin) by 4 weeks after each simulated LAI dose. For the rifapentine
target trough concentrations of 0.6 and 2 mg/mL, exposure profiles were also gener-
ated to simulate two LAI doses given 4 weeks apart. To test the bactericidal activity
associated with each exposure profile in the paucibacillary mouse model, orally dosed
regimens were designed to achieve each profile. To capture the dynamic nature of the
simulated LAI exposures over time, the oral rifamycin doses changed every 4 days. The
desired rifapentine and rifabutin simulated LAI exposure profiles and the simulated
plasma concentrations associated with each oral regimen are shown in Fig. S6 (rifapen-
tine) and Fig. S7A and B (rifabutin). The regimens are summarized in Table 4, with
detailed descriptions of the dosing provided in Table S5. The PKs and bactericidal ac-
tivity associated with each simulated LAI regimen was then evaluated in the pauciba-
cillary mouse model (see the experimental scheme in Table S6).

TABLE 4 Regimens for the second PK/PD study

Simulated LAI treatment regimena

Oral dosing regimenb for LAI simulation during the indicated treatment period:

wks 1 to 4 wks 5 to 8
Negative control Untreated Untreated
Positive control: 1HP INH 10 mg/kg QD1 RPT 10 mg/kg QD
RPT LAI target 0.6mg/mL, 1 dose RPT 0.75 mg/kg BID to 0.275 mg/kg BID RPT 0.24 mg/kg BID to 0.1 mg/kg BID
RPT LAI target 0.6mg/mL, 2 doses RPT 0.75 mg/kg BID to 0.275 mg/kg BID RPT 1 mg/kg BID to 0.375 mg/kg BID
RPT LAI target 2mg/mL, 1 dose RPT 1.6 mg/kg BID to 0.6 mg/kg BID RPT 0.5 mg/kg BID to 0.2 mg/kg BID
RPT LAI target 2mg/mL, 2 doses RPT 1.6 mg/kg BID to 0.6 mg/kg BID RPT 2.1 mg/kg BID to 0.8 mg/kg BID
RPT LAI target 3.5mg/mL, 1 dose RPT 2.4 mg/kg BID to 0.875 mg/kg BID RPT 0.8 mg/kg BID to 0.325 mg/kg BID
RFB LAI target 0.045mg/mL, 1 dose RFB 1.5 mg/kg BID to 0.6 mg/kg BID RFB 0.5 mg/kg BID to 0.2 mg/kg BID
RFB LAI target 0.15mg/mL, 1 dose RFB 5 mg/kg BID to 2.2 mg/kg BID RFB 2 mg/kg BID to 0.8 mg/kg BID
aThe positive control, 1HP, indicates 1 month (4 weeks) of isoniazid (INH) and rifapentine (RPT); RFB, rifabutin. Simulated long-acting injectable (LAI) regimens were
designed to maintain trough plasma concentrations above the indicated target for 4 weeks per simulated LAI dose.

bQD indicates once daily dosing; BID indicates twice daily dosing; all regimens were administered 7 days per week. For simulated LAI regimens, the dosing changed every
4 days. For regimens simulating one LAI dose, the dosing decreased continuously during all 8 weeks of treatment. For regimens simulating two LAI doses, the dosing
decreased during weeks 1 to 4 but then increased again at week 5, followed by a continuous decrease through week 8. The dosing range provided in the table represents
the starting and ending doses for weeks 1 to 4 and 5 to 8 of treatment. See Table S5 in the supplemental material for a full description of the dosing changes for each
simulated LAI regimen. The full experiment scheme is presented in Table S6.
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For the simulated LAI regimens of rifapentine, the exposure profiles fitted from the
observed data aligned well with the predicted exposures (Fig. 2; Table 5), although data-fit-
ted exposures trended slightly lower than predicted exposures both with increasing rifa-
pentine dose and increasing duration of administration. This is in keeping with known
autoinduction of clearance by rifamycins on this timescale of administration, which was
not captured in the shorter-duration pilot PK data and model from which these regimens
were designed. In fitting PK models to the study 2 plasma PK exposure profiles, the esti-
mated “induction factor” for time-dependent, percent daily (cumulative) increase in clear-
ance was approximately 11% per dosing day for both rifapentine and rifabutin under all
regimens (Table 5), leading to;1.7 times higher clearance by day 52 of the study than day
1. Our goal was to maintain trough plasma levels above the predetermined target concen-
trations for 4 weeks following each simulated LAI dose, and this was achieved or nearly
achieved for all regimens. All simulated rifapentine LAI regimens exhibited bactericidal ac-
tivity in mouse lungs, with clear dose-dependent killing effects (Fig. 3A; Table S7). A single
simulated LAI dose for all target concentrations was significantly bactericidal compared to
untreated mice at week 4 (P , 0.001 for all regimens), and the regimen with a plasma
trough concentration target of 3.5 mg/mL had equivalent killing as the 1HP control regi-
men at weeks 2 and 4 and a modest additional killing effect between weeks 4 and 8.
Additionally, two doses of the regimen with a plasma trough concentration target of 2mg/
mL achieved the same killing effect at week 8 as the 1HP control regimen did at week 4.

For the simulated LAI regimens of rifabutin, modeling of the drug exposures based on
the observed data was limited because rifabutin was undetectable in many of the 9-h and
24-h plasma samples (Fig. S7C and D). However, the available observed data indicate that
rifabutin plasma exposures aligned well with the predicted exposures for each regimen
(Table 5). Both rifabutin LAI regimens were associated with significant bactericidal activity
in the mouse model of TPT (Fig. 3B; Table S7). At week 4, the simulated LAI regimen based
on the week 4 plasma trough concentration target of 0.15 mg/mL was as bactericidal as
the 1HP control regimen at weeks 2 and 4. This rifabutin regimen continued to exert bacte-
ricidal activity up to week 8, resulting in a mean lung CFU count lower than that observed
at the completion of the 1HP regimen. Despite having no significant bactericidal activity
during the first 2 weeks of treatment, the simulated rifabutin LAI regimen based on the
week 4 plasma trough concentration target of 0.045 mg/mL exhibited potent bactericidal
activity between week 2 and week 8 of treatment.

Due to the relatively low bacterial burden at the start of treatment, selection of rifa-
mycin-resistant isolates was not expected in this study, and this expectation was con-
firmed. At week 8, all samples were evaluated for rifamycin resistance by directly plat-
ing a portion of the lung homogenates on agar containing 1 mg/mL rifampin. No
rifamycin resistance was detected in any sample (Data File S3).

DISCUSSION

In this project, we used oral dosing of rifapentine and rifabutin in a validated pauci-
bacillary mouse model of LTBI treatment to better understand the PK/PD relationships
driving their activity and to gain insights into efficacious exposure profiles to help
guide the development of LAI formulations of these drugs for TPT. For both rifamycins,
we identified 4- and 8-week exposure profiles that had equivalent bactericidal activity
to that of the 1HP control regimen in the mouse model. These data define exposure
profiles of rifapentine and rifabutin that, if achieved by LAI formulations, could be as
efficacious as existing TPT regimens. Thus, the presented data can serve as experimen-
tally determined targets for novel LAI formulations of these drugs.

A paucity of data exists to describe dose- or exposure-response relationships for
TPT regimens against which to benchmark the desired PK profiles of novel LAI formula-
tions. Furthermore, in the absence of an efficient, quantitative biomarker of clinical
response to TPT, it is currently exceedingly challenging to define meaningful PK/PD
relationships using clinical data. When Rajoli and colleagues used PBPK models to sim-
ulate LAI administration strategies of anti-TB drugs, they necessarily relied on in vitro
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FIG 2 (A to E) Simulated, observed, and modeled rifapentine PK data from the second PK/PD study. PK data for simulated LAI regimens
with targets of 0.6, 2, and 3.5 mg/mL are shown in A and B, C and D, and E, respectively. In each graph, the simulated exposure profile

(Continued on next page)
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characteristics to define target concentrations, such as 3� MIC for rifapentine, as is cus-
tomary in early medicine development (6). Model-based simulations indicated that a
250-mg LAI dose of rifapentine would generate peak plasma concentrations around
0.5 mg/mL and would maintain rifapentine concentrations above the 3� MIC target
concentration for at least 4 weeks postinjection. However, our data from the first PK/
PD study indicate that maintaining rifapentine trough plasma concentrations in vivo
between a trough of 0.17 mg/mL (around 3� MIC) and a peak of 0.22 mg/mL (Fig. S3A
in the supplemental material) or even between a trough of 0.54 mg/mL and a peak of
0.75 mg/mL (Fig. S3B) was not bactericidal in the paucibacillary mouse model of TPT
(Fig. 1; Table 3). By contrast, dosing regimens maintaining rifapentine plasma concen-
trations of approximately 2.6 to 3.75 mg/mL (Fig. S3C) and 4.9 to 7 mg/mL (Fig. S3D)
exerted increasing bactericidal activity. These findings are in line with prior evidence of
a linear concentration-response between 2 and 10 mg/mL and little effect of concen-
trations below 1 mg/mL (16� MIC) in this model (22). Based on these data, an LAI tar-
get concentration of 3� MIC is not appropriate for rifapentine, and little bactericidal
effect can be expected from concentrations below 16� MIC. However, in the case of
rifabutin, maintaining a plasma concentration between 0.07 mg/mL (4� MIC) and
0.25 mg/mL (16� MIC) was associated with significant bactericidal activity equivalent
to that of the rifampin 10 mg/kg positive-control regimen (Fig. 1; Table 3). Thus, de-
spite both being rifamycins, basing the plasma target concentration on the same mul-
tiple of the MIC (which was also the MBC) did not accurately predict in vivo bactericidal
activity. For rifapentine, our data suggest that cumulative AUC may align better with
the observed bactericidal activity in mice (Table 5); we did not have sufficient data
from the second PK/PD study to assess any relationship between rifabutin cumulative
AUC and bactericidal activity. The possibility of an AUC target should therefore be
investigated in future studies.

Our exposure-activity data for rifabutin align with those reported by Kim et al., who
found that a long-acting biodegradable in situ-forming implant of rifabutin that main-
tained plasma concentrations above 0.064 mg/mL, a reported ECOFF concentration
(17, 18) selected as a target for up to 18 weeks postinjection, exhibited potent anti-TB
activity in mouse models (13). The formulation developed by Kim et al. is therefore
especially promising given that our data suggest that far lower target concentrations
of rifabutin may be sufficient for efficacy in TPT regimens. Interestingly, Rajoli et al. also
used a reported ECOFF concentration of 1.6 mg/mL for bedaquiline as the desired tar-
get concentration against which to benchmark activity of simulated bedaquiline LAI
doses based on PBPK modeling (6, 29). In this case, the maximum predicted exposure
profile could not reach the target concentration, thus raising questions about the util-
ity of an LAI formulation of bedaquiline for TPT. The in vivo evaluation of an actual
bedaquiline LAI, an aqueous microsuspension developed by Janssen, demonstrated
that a single 160 mg/kg injection in mice resulted in a plasma exposure profile that
remained above the bedaquiline MIC (0.03 mg/mL) for up to 12 weeks postinjection
but was indeed well below the ECOFF concentration of 1.6 mg/mL (30). However, this
exposure profile was associated with good bactericidal activity, similar to that of rifam-
pin monotherapy in the paucibacillary mouse model of TPT. Thus, taking together our
findings along with those of previously published studies, it is clear that a standard, set
target concentration, such as 3� MIC or ECOFF, cannot be used across the board as ex-
posure targets for LAI formulations, but, instead, target exposure profiles need to
experimentally determined individually for each drug.

This raises the key question, how should target concentrations or exposure profiles
of LAI formulations be determined for TPT? The development of LAI formulations is a

FIG 2 Legend (Continued)
based on the regimen design is shown in blue, the target plasma concentrations are shown by the red line, the observed data points are
indicated by the open circles, and the modeled exposure profiles fitted to the observed data are shown in yellow. For the regimen with a
rifapentine LAI target of 0.6 mg/mL with two simulated doses (B), the 9-h PK data were omitted from the model fitting. Individual mouse PK
data are provided in Data File S3 in the supplemental material.
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long, difficult, and resource-intensive process. Therefore, knowledge of the necessary
exposure profiles required for efficacy is invaluable to guide LAI development efforts.
In this project, we present a novel approach to use oral dosing to simulate LAI expo-
sure and determine in vivo exposure-activity relationships. However, the PKs associated
with oral dosing, even when dosed in a manner to try to maintain stable plasma con-
centrations or to mimic the extended rise and fall of a simulated LAI exposure profile,
may not be directly comparable. The peaks and troughs associated with oral dosing
may affect drug activity in a way that steady drug release from an LAI depot may not
(and vice versa). Drug exposure may also be different in that the up- or downregula-
tion of gut and liver transporters can significantly impact the plasma concentration of
orally dosed drugs via both absorption/bioavailability and clearance mechanisms. For
example, in this study, rifapentine levels decreased in a dose- and time-dependent
manner compared to the simulated exposures (Fig. 2), consistent with this drug’s well-
documented autoinduction of clearance in humans and in mice (22). Some of the PK
issues specific to oral dosing could be mitigated by parenteral administration, but this
would not eliminate the peaks and troughs associated with daily or twice daily dosing
and would cause considerably more discomfort in the mice. Ultimately, only when an
LAI formulation is available will an understanding of how well these oral dosing
schemes align with exposure-activity relationships observed with actual LAI formula-
tions emerge. Thus, the data from this current study are not providing definitive tar-
gets but rather can be used to guide LAI formulation development for rifapentine and
rifabutin. Future studies with LAI formulations will be needed to confirm their validity.

Keeping in mind that oral dosing was used in this study, there are several interesting
observations worth noting. First, the observed bactericidal activity of rifabutin in the sec-
ond PK/PD study was strongest between week 4 and week 8 (Fig. 3B), when rifabutin
plasma concentrations fell below the target concentrations and were even undetectable at
many of the PK time points (Fig. S7). It is possible that plasma rifabutin concentrations
remained above the MIC (0.0156 mg/mL), as this was below the lower limit of quantifica-
tion (0.05mg/mL). However, as only one simulated LAI dose was tested in the rifabutin reg-
imens, the dosing steadily decreased over the 8 weeks of the study (Table 4), and therefore
it is surprising that the most potent bactericidal activity occurred during the latter phase of
rifabutin dosing. It should be noted that lung tissue (i.e., effect compartment) PKs were not
evaluated within our study and could provide a rational basis for these findings. Thus,

FIG 3 (A and B) Bactericidal activity of simulated LAI regimens with rifapentine (A) and rifabutin (B) in the second PK/
PD study; 1HP, control regimen (once daily isoniazid and rifapentine); RPT, rifapentine; RFB, rifabutin. For rifapentine
and rifabutin simulated LAI regimens, the target plasma concentration in mg/mL and the number of simulated doses
(� 1 or � 2) are given after each drug abbreviation; see regimen descriptions in Table 4. Data points represent the
mean, and error bars represent the standard deviation. Individual mouse CFU data and statistical analysis are provided
in Data File S3 in the supplemental material.
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these data add to the promise of rifabutin in the context of TPT but also highlight the
need for further PK/PD studies to better understand how this drug exerts its activity in vivo.

A second interesting observation was the nature of the bactericidal activity of rifapen-
tine in the second PK/PD study (Fig. 2A). We tested three oral rifapentine regimens that
simulated one LAI dose administered at day 0. For each of these regimens, dose-depend-
ent bactericidal activity was observed during the first 4 weeks, but between week 4 and
week 8, bactericidal activity seemed to stall or end for all doses. Incorporation of a second
simulated LAI dose at week 4 maintained bactericidal activity, also in a dose-dependent
manner. However, when examining plasma rifapentine concentrations, the PK/PD relation-
ships become less clear between week 4 and week 8. For example, in mice that received
one simulated LAI dose designed to reach a trough of 2 mg/mL at week 4, plasma rifapen-
tine concentrations fell from around 2 mg/mL to around 0.5 mg/mL between weeks 4 and
8 (Fig. 2C), and this was associated with stalled bactericidal activity (Fig. 3A). This same
plasma exposure range was achieved in mice receiving one simulated LAI dose designed
to reach a trough of 0.6mg/mL at week 4 (Fig. 2A) but in this case was associated with sig-
nificant bactericidal activity. Thus, an important question is whether this pattern of bacteri-
cidal activity is inherent to the overall exposure profile and could be expected when dos-
ing a real LAI formulation.

Overall, the use of dynamic oral dosing to mimic possible LAI exposures has revealed
remarkable PK/PD relationships and promising exposure profiles for both rifapentine and
rifabutin for treatment of LTBI. The data from this study support the development of LAI
formulations of each of these rifamycins for use in TPT regimens, and, if validated, this
approach may help accelerate development of LAIs by providing evidence-based targets
for preclinical studies in advance of or in parallel to initial formulation development.

MATERIALS ANDMETHODS
All in vitro and in vivo experiments were conducted at the Johns Hopkins University School of

Medicine. PK/PD analyses and modeling work were performed at the University of Liverpool.
Mycobacterial strains.M. bovis rBCG30 (originally provided by Marcus A. Horwitz from the University of

California, Los Angeles, School of Medicine) (31) and M. tuberculosis H37Rv (originally purchased from ATCC,
strain ATCC 27294) were each mouse passaged and frozen in aliquots.

Media. The standard liquid growth medium for both mycobacterial strains was Middlebrook 7H9 broth
supplemented with 10% (vol/vol) oleic acid-albumin-dextrose-catalase (OADC) enrichment, 0.5% (vol/vol) glyc-
erol, and 0.1% (vol/vol) Tween 80. MIC/MBC assay medium was Middlebrook 7H9 broth supplemented with
10% (vol/vol) OADC and 0.5% (vol/vol) glycerol without Tween 80. 7H11 agar supplemented with 10% (vol/
vol) OADC and 0.5% (vol/vol) glycerol was the solid medium base for all samples. Lung homogenates and their
cognate dilutions were cultured on 7H11 agar rendered selective for mycobacteria by the addition of 50 mg/
mL carbenicillin, 10 mg/mL polymyxin B, 20mg/mL trimethoprim, and 50mg/mL cycloheximide (32). Selective
7H11 agar was also supplemented with 0.4% (wt/vol) activated charcoal to detect and limit the effects of drug
carryover in lung homogenates (33, 34). To differentiateM. bovis rBCG30 and M. tuberculosis H37Rv CFU, selec-
tive 7H11 agar was further supplemented with either 40 mg/mL hygromycin B (selective for M. bovis rBCG30
but notM. tuberculosis) or 4mg/mL 2-thiophenecarboxylic acid hydrazide (TCH; selective forM. tuberculosis but
not M. bovis). Because TCH is adsorbed and rendered less active by activated charcoal (30), only hygromycin B
(at 40 mg/mL) was added to charcoal-containing selective 7H11 agar. Difco Middlebrook 7H9 broth powder,
Difco Mycobacteria 7H11 agar powder, and BBL Middlebrook OADC enrichment were obtained from Becton,
Dickinson and Company. Glycerol and Tween 80 were obtained from Fisher Scientific, and activated charcoal
was obtained from J. T. Baker. All selective drugs were obtained from Sigma-Aldrich/Millipore-Sigma.

Drug sourcing, formulations, and administration. Rifampin and isoniazid powders were purchased
from Millipore-Sigma. Rifapentine tablets (brand name Priftin, manufactured by Sanofi) were purchased from
the Johns Hopkins Hospital Pharmacy. Rifapentine and rifabutin powders were purchased from Biosynth. For
MIC/MBC assays, rifampin, rifapentine (powder), and rifabutin were dissolved in dimethyl sulfoxide (DMSO).
Rifampin was also dissolved in DMSO when added to agar for direct susceptibility testing of mouse lung ho-
mogenates. For administration to mice, rifampin, rifapentine (tablets), and rifabutin were formulated in 0.05%
(wt/vol) agarose in distilled water; isoniazid was dissolved in distilled water. All drugs were formulated to
deliver the indicated oral dose in a total volume of 0.2 mL, which was administered by gavage. Dosing by
milligram per kilogram was based on an average mouse body mass of 20 g.

MIC/MBC assays. The MIC/MBC of rifampin, rifapentine, and rifabutin for M. tuberculosis H37Rv was
determined by the broth macrodilution method. Frozen bacterial stocks were thawed and cultured in
liquid growth medium until an optical density at 600 nm (OD600) of 0.8 to 1 was achieved. Cultures were
then diluted 10-fold in assay medium such that the desired assay inoculum (around 5 log10 CFU/mL)
would be achieved by adding 100 mL of this bacterial suspension to each assay tube. Drug-containing
assay medium (2.4 mL) was dispensed into 14-mL round-bottom polystyrene tubes. Twofold concentra-
tions of each drug were evaluated at the following concentration ranges: rifampin, 0.0625 to 4 mg/mL;
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rifapentine, 0.01563 to 1 mg/mL; rifabutin, 0.00098 to 0.5 mg/mL. The final DMSO concentration was 4%
(vol/vol) in all samples (including the no drug control). After addition of the bacterial inoculum (100 mL),
samples were vortexed and incubated without agitation at 37°C for 14 days. Tenfold dilutions of the bac-
terial inoculum were prepared in phosphate-buffered saline (PBS) and cultured on nonselective 7H11
agar (500 mL per agar plate). On day 14, the visual MIC was defined as the lowest drug concentration
that prevented visible growth as assessed by the unaided eye. For all samples in which no visible growth
was evident on day 14 (i.e., samples at concentrations of $MIC) as well as for the sample at the concen-
tration just lower than the visual MIC, 10-fold dilutions were prepared in PBS and cultured on nonselec-
tive 7H11 agar (500 mL per agar plate). CFU values were counted after agar plates were incubated for 3
to 4 weeks at 37°C. The MBC was defined as the lowest drug concentration that decreased bacterial
counts$2 log10 CFU/mL (i.e., 99%) relative to the starting inoculum.

Mice. All procedures were approved by the Johns Hopkins University Animal Care and Use Committee.
Female or male adult BALB/c mice were purchased from Charles River Laboratories. Uninfected mice used for
PK studies were maintained in animal biosafety level 2 (ABSL-2) facilities, and infected mice used for PK/PD
studies were maintained in ABSL-3 facilities. All mice were housed in individually ventilated cages (up to five
mice per cage) with access to food and water ad libitum and with sterile shredded paper for bedding. Room
temperature was maintained at 22 to 24°C, and a 12-h light/12-h dark cycle was used. All mice were killed by
intentional isoflurane overdose by inhalation (drop method) followed by cervical dislocation.

PK studies. Uninfected 8- to 10 -week-old female (n = 84) and male (n = 48) BALB/c mice were used for
PK studies. Rifapentine was dosed at 3, 1, 0.3, and 0.1 mg/kg in female mice and at 3 and 0.3 mg/kg in male
mice. Rifabutin was dosed at 3, 1, and 0.3 mg/kg in female mice and at 3 and 0.3 mg/kg in male mice.
Rifabutin was not dosed at 0.1 mg/kg, as we expected plasma exposures would be below the lower limit of
quantification. Drugs were administered once daily with nine total doses administered (dosing Monday to
Friday during the first week and Monday to Thursday during the second week). Each dosing group included
12 mice. After the first dose (day 0) and the ninth dose (day 10), blood sampling was done by in-life mandibular
bleeding at 0 h (just before the daily dose, mice 1 to 3) and at the following time points after the daily dose: 0.5
h (mice 4 to 6), 1 h (mice 7 to 9), 2 h (mice 10 to 12), 4 h (mice 1 to 3), 6 h (mice 4 to 6), 9 h (mice 7 to 9), and
24 h (just before the next day’s dose, mice 10 to 12). Blood was collected into BD vacutainer plasma separation
tubes with lithium heparin, and plasma was separated by spinning at 15,000 � g for 10 min at room tempera-
ture. Plasma was transferred to 1.5-mL O-ring screw-cap tubes and stored at 280°C until analysis. Frozen sam-
ples were shipped to the Infectious Disease Pharmacokinetics Laboratory at the University of Florida College of
Pharmacy, where drug concentrations were measured by liquid chromatography-tandem mass spectrometry.
The lower limit of quantification for rifapentine and rifabutin was 0.10 and 0.05mg/mL, respectively.

PK/PD studies. Two PK/PD studies were conducted using the paucibacillary mouse model of TPT,
which has been previously described (19, 20, 30, 35). In this model, female BALB/c mice (6 to 8 weeks
old) are immunized by aerosol infection with M. bovis rBCG30. Six weeks later, mice are challenged with
a low-dose aerosol infection of M. tuberculosis H37Rv, and treatment is started 6 weeks after the chal-
lenge infection. All aerosol infections were performed using a Glas-Col full-size inhalation exposure sys-
tem. The bacterial suspensions used for each infection were prepared as described in Table S8 in the
supplemental material. For each infection run, 10 mL of the appropriate bacterial suspension was added
to the nebulizer per the manufacturer’s instructions. For the first PK/PD study, the aerosol infections
were performed as follows: immunization, one infection run with 120 mice; first M. tuberculosis challenge
infection, one infection run with 115 mice; second M. tuberculosis challenge infection, one infection run
with 120 mice (see study scheme in Table S3). For the second PK/PD study, the aerosol infections were
performed as follows: immunization, two infection runs with 70 and 69 mice; M. tuberculosis challenge
infection, two infection runs with 70 and 69 mice (see study scheme in Table S6).

In the first PK/PD study, the M. tuberculosis challenge infection implanted lower lung CFU counts than
anticipated, and one mouse killed the day after infection had no detectable M. tuberculosis. Thus, to ensure
that all mice were infected with M. tuberculosis, the mice were subjected to a second M. tuberculosis chal-
lenge infection. For logistical reasons, treatment was initiated 7 weeks after the second challenge infection.
Before the start of treatment, mice were randomized into 1 of the 10 regimens described in Table 2. Data
from the PK studies in uninfected mice were used to design rifapentine and rifabutin regimens that main-
tained plasma exposures around predetermined target concentrations. In all groups, treatment was adminis-
tered 7 days per week, and for twice a day (BID) regimens, the two daily doses were given 12 6 2 h apart.
Treatment was originally planned to be administered for 6 weeks, with CFU and PK time points after 3 and
6 weeks of treatment. However, the coronavirus disease 2019 (COVID-19)-related shutdown of Johns
Hopkins University necessitated ending the study 1.5 days after the week 3 time point. The original and final
schemes for this study, which ended up including 125 mice, are presented in Table S3. On day 0 and at
week 3, PK sampling time points for rifapentine-treated mice were 2, 9, and 24 h after the first daily dose,
and the sampling time points for rifabutin-treated mice were 1, 9, and 24 h after the first dose. The PK sam-
pling for week 3 was conducted 4 days before the sacrifice time point. Blood sampling, processing, and drug
measurements were performed as described above for the PK studies. Lung CFU data were determined as
previously described (30, 35), and the plating strategy and the dilutions used to determine the log10 CFU/
lung for each mouse are provided with the individual mouse data. All CFU/lung (x) data were log trans-
formed as log10 (x 1 1) before analysis. Differences in lung CFU counts relative to the positive-control regi-
men were determined using two-way analysis of variance (ANOVA) with a Dunnett’s multiple-comparison
test using GraphPad Prism software version 9.3.0. The lung CFU counts for rBCG30 are summarized in Table
S9. All individual mouse CFU and PK data and the statistical analysis of CFU are available in Data File S2.

The second PK/PD study followed the originally designed study scheme and included a total of 147
mice (Table S6). In this study, oral rifapentine and rifabutin regimens were designed to simulate the
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sharp rise and slow decline of drug exposures following an LAI dose. The regimens were designed to
maintain trough plasma concentrations above predetermined target concentrations for 4 weeks following
each simulated LAI dose. To achieve these dynamic exposure profiles, the oral dose was changed every 4 days
of treatment, as detailed in Table S5. These regimens were designed based on the cumulative PK data gener-
ated in this project and on the previously published modeling work for rifapentine (6). 1HP was used as the
positive-control regimen, with isoniazid (10 mg/kg) administered 1 h after rifapentine (10 mg/kg).
Mice were randomly assigned to a regimen before the start of treatment. In all groups, treatment was
administered 7 days per week, and for BID regimens, the two daily doses were given 12 6 2 h apart.
Mice were sacrificed to determine lung CFU counts after 2, 4, and 8 weeks of treatment. CFU were
determined as described for the first PK/PD study, and at week 8, lung homogenates were also plated
on selective 7H11 agar containing 1 mg/mL rifampin to assess rifamycin susceptibility at the end of
treatment. The plating strategy and the dilutions used to determine the log10 CFU/lung for each
mouse are provided with the individual mouse data. Differences in lung CFU counts across regimens
at each time point were determined by two-way ANOVA, full model with interaction term, and Tukey’s
multiple-comparison tests using GraphPad Prism software version 9.3.0. In mice that received a simu-
lated LAI regimen, PK sampling was performed at weeks 2, 4, 6, and 8 of dosing. Sampling was done
4 days before the sacrifice time point. In mice that received regimens with two simulated LAI doses,
there was an additional sampling time point at week 4 1 1 day to capture the increased exposures
associated with the simulated second LAI dose. Blood was collected, processed, and analyzed as
described for the first PK/PD study. The lung CFU counts for rBCG30 are summarized in Table S10. All
individual mouse CFU and PK data and the statistical analysis of CFU are available in Data File S3.

PK and PK/PD analyses. PK and PK/PD data analyses and simulations were performed in the R pro-
gramming environment (v 4.0.3) (36). Fitting of models to observed data made use of the Pracma library (37),
with parameter estimation by nonlinear regression using the “lsqnonlin” function for nonlinear least-squares
optimization, with an objective function weighted by 1/(predicted value)2. Data from all individual mice in
any given data set were treated as a naive pool (38) rather than using an average value at a given time point.
Both rifapentine and rifabutin plasma PK exposure data were adequately described with one-compartment
PK disposition models with 1st order absorption input, parameterized with apparent clearance (CL/F), appa-
rent volume of distribution (V/F), and first-order absorption rate constant (Ka). For study 2, simulated LAI-like
PK profiles achieved via oral dosing over 8 weeks, the apparent time-dependent effect of an increase in CL/F
over the time course was accounted for in the model by a factor for fractional (reported as percent) cumula-
tive increase in CL/F per dosing day. This method has been used previously (39), with the factor parameter
named here as “Ind_factor” due to autoinduction being the likely cause, and was implemented by the follow-
ing equation in the structural PK model:

CL=Fday;n ¼ CL=Fð Þday;1 � 11 “Ind Factor”ð Þðn21Þ
:

For time course profiles of bacterial load assessed by CFU count, the summary “net bacterial elimina-
tion” parameter “knet” (40) was estimated as the slope parameter of the modeled linear fitting though
the log10 transform of the CFU profile. R code scripts used for analyses are available upon request.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 2.6 MB.
SUPPLEMENTAL FILE 2, XLSX file, 0.1 MB.
SUPPLEMENTAL FILE 3, XLSX file, 0.1 MB.
SUPPLEMENTAL FILE 4, XLSX file, 0.1 MB.

ACKNOWLEDGMENTS
The authors thank Richard Chaisson, Director of the Johns Hopkins University Center for

Tuberculosis Research and Principal Investigator of the Hopkins Center for AIDS Research
(CFAR), for his great interest in and enthusiastic support for this project. This research was
funded by the National Institutes of Health (NIH) grant R61AI161809 and by a 2019
developmental grant from the Johns Hopkins University Center for AIDS Research, an NIH
funded program (1P30AI094189), which is supported by the following NIH Co-Funding and
Participating Institutes and Centers: NIAID, NCI, NICHD, NHLBI, NIDA, NIA, NIGMS, NIDDK,
and NIMHD. Pharmacokinetic modeling for rifapentine was supported by Unitaid project
LONGEVITY (2020-38-LONGEVITY). The content is solely the responsibility of the authors
and does not necessarily represent the official views of the funders.

REFERENCES
1. World Health Organization. 2021. Global tuberculosis report 2021. World

Health Organization, Geneva, Switzerland.
2. World Health Organization. 2015. The End TB Strategy. World Health Or-

ganization, Geneva, Switzerland.

Rifapentine and Rifabutin for Latent Tuberculosis Antimicrobial Agents and Chemotherapy

July 2023 Volume 67 Issue 7 10.1128/aac.00481-23 14

https://journals.asm.org/journal/aac
https://doi.org/10.1128/aac.00481-23


3. World Health Organization. 2020. WHO operational handbook on tuber-
culosis. Module 1: prevention: tuberculosis preventive treatment. World
Health Organization, Geneva, Switzerland.

4. Alsdurf H, Hill PC, Matteelli A, Getahun H, Menzies D. 2016. The cascade of
care in diagnosis and treatment of latent tuberculosis infection: a system-
atic review and meta-analysis. Lancet Infect Dis 16:1269–1278. https://doi
.org/10.1016/S1473-3099(16)30216-X.

5. Swindells S, Siccardi M, Barrett SE, Olsen DB, Grobler JA, Podany AT,
Nuermberger E, Kim P, Barry CE, Owen A, Hazuda D, Flexner C. 2018. Long-
acting formulations for the treatment of latent tuberculous infection: oppor-
tunities and challenges. Int J Tuber Lung Dis 22:125–132. https://doi.org/10
.5588/ijtld.17.0486.

6. Rajoli RKR, Podany AT, Moss DM, Swindells S, Flexner C, Owen A, Siccardi M.
2018. Modelling the long-acting administration of anti-tuberculosis agents
using PBPK: a proof of concept study. Int J Tuber Lung Dis 22:937–944. https://
doi.org/10.5588/ijtld.17.0515.

7. Dickinson JM, Mitchison DA. 1987. In vitro properties of rifapentine (MDL473)
relevant to its use in intermittent chemotherapy of tuberculosis. Tubercle 68:
113–118. https://doi.org/10.1016/0041-3879(87)90026-2.

8. Ammerman NC, Nuermberger EL, Owen A, Rannard SP, Meyers CF, Swindells
S. 2022. Potential impact of long-acting products on the control of tuberculo-
sis: preclinical advancements and translational tools in preventive treatment.
Clin Infect Dis 75:S510–S516. https://doi.org/10.1093/cid/ciac672.

9. Pfizer Laboratories Div Phizer Inc. 2021. Mycobutin (R) (rifabutin) capsules,
USP (FDA label). Pfizer, New York, NY.

10. European Medicines Agency (EMA), Human Medicines Division. 2022. Com-
mittee for OrphanMedicinal Products (COMP)minutes for themeeting on 12-
14 July 2022. EMA, Human Medicines Division, Amsterdam, The Netherlands.
https://www.ema.europa.eu/en/documents/minutes/minutes-comp-meeting
-12-14-july-2022_en.pdf.

11. Ji B, Truffot-Pernot C, Lacroix C, Raviglione MC, O'Brien RJ, Olliaro P,
Roscigno G, Grosset J. 1993. Effectiveness of rifampin, rifabutin, and rifa-
pentine for preventive therapy of tuberculosis in mice. Am Rev Respir Dis
148:1541–1546. https://doi.org/10.1164/ajrccm/148.6_Pt_1.1541.

12. Tasneen R, Garcia A, Converse PJ, Zimmerman MD, Dartois V, Kurbatova
E, Vernon AA, Carr W, Stout JE, Dooley KE, Nuermberger EL. 2022. Novel
regimens of bedaquiline-pyrazinamide combined with moxifloxacin, rifa-
butin, delamanid and/or OPC-167832 in murine tuberculosis models.
Antimicrob Agents Chemother 66:e0239821. https://doi.org/10.1128/aac
.02398-21.

13. Kim M, Johnson CE, Schmalstig AA, Annis A, Wessel SE, Van Horn B,
Schauer A, Exner AA, Stout JE, Wahl A, Braunstein M, Victor Garcia J,
Kovarova M. 2022. A long-acting formulation of rifabutin is effective for
prevention and treatment of Mycobacterium tuberculosis. Nat Commun
13:4455. https://doi.org/10.1038/s41467-022-32043-3.

14. Della Bruna C, Schioppacassi G, Ungheri D, Jabes D, Morvillo E, Sanfilippo
A. 1983. LM 427, a new spiropiperidylrifamycin: in vitro and in vivo studies.
J Antibiot (Tokyo) 36:1502–1506. https://doi.org/10.7164/antibiotics.36
.1502.

15. Jabes D, Della Bruna C, Rossi R, Olliaro P. 1994. Effectiveness of rifabutin
alone or in combination with isoniazid in preventive therapy of mouse tu-
berculosis. Antimicrob Agents Chemother 38:2346–2350. https://doi.org/
10.1128/AAC.38.10.2346.

16. Crabol Y, Catherinot E, Veziris N, Jullien V, Lortholary O. 2016. Rifabutin:
where do we stand in 2016? J Antimicrob Chemother 71:1759–1771.
https://doi.org/10.1093/jac/dkw024.

17. Ängeby K, Juréen P, Kahlmeter G, Hoffner SE, Schön T. 2012. Challenging
a dogma: antimicrobial susceptibility testing breakpoints for Mycobacte-
rium tuberculosis. Bull World Health Organ 90:693–698. https://doi.org/10
.2471/BLT.11.096644.

18. Schön T, Juréen P, Chryssanthou E, Giske CG, Sturegård E, Kahlmeter G,
Hoffner S, Ängeby KA. 2011. Wild-type distributions of seven oral second-
line drugs against Mycobacterium tuberculosis. Int J Tuber Lung Dis 15:
502–509. https://doi.org/10.5588/ijtld.10.0238.

19. Zhang T, Li SY, Williams KN, Andries K, Nuermberger EL. 2011. Short-
course chemotherapy with TMC207 and rifapentine in a murine model of
latent tuberculosis infection. Am J Respir Crit Care Med 184:732–737.
https://doi.org/10.1164/rccm.201103-0397OC.

20. Zhang T, Zhang M, Rosenthal IM, Grosset JH, Nuermberger EL. 2009.
Short-course therapy with daily rifapentine in a murine model of latent
tuberculosis infection. Am J Respir Crit Care Med 180:1151–1157. https://
doi.org/10.1164/rccm.200905-0795OC.

21. Swindells S, Ramchandani R, Gupta A, Benson CA, Leon-Cruz J, Mwelase N,
Jean Juste MA, Lama JR, Valencia J, Omoz-Oarhe A, Supparatpinyo K, Masheto

G, Mohapi L, da Silva Escada RO, Mawlana S, Banda P, Severe P, Hakim J,
Kanyama C, Langat D, Moran L, Andersen J, Fletcher CV, Nuermberger E,
Chaisson RE, Brief TB/A5279 Study Team. 2019. Onemonth of rifapentine plus
isoniazid to prevent HIV-related tuberculosis. N Engl J Med 380:1001–1011.
https://doi.org/10.1056/NEJMoa1806808.

22. Radtke KK, Ernest JP, Zhang N, Ammerman NC, Nuermberger E, Belknap
R, Boyd R, Sterling TR, Savic RM. 2021. Comparative efficacy of rifapentine
alone and in combination with isoniazid for latent tuberculosis infection:
a translational pharmacokinetic-pharmacodynamic modeling study. Anti-
microb Agents Chemother 65:e0170521. https://doi.org/10.1128/AAC
.01705-21.

23. Strolin Benedetti M, Pianezzola E, Brianceschi G, Jabes D, Della Bruna C,
Rocchetti M, Poggesi I. 1995. An investigation of the pharmacokinetics and
autoinduction of rifabutin metabolism inmice treated with 10 mg/kg/day six
times a week for 8 weeks. J Antimicrob Chemother 36:247–251. https://doi
.org/10.1093/jac/36.1.247.

24. Rosenthal IM, Williams K, Tyagi S, Vernon AA, Peloquin CA, Bishai WR, Grosset
JH, Nuermberger EL. 2005. Weekly moxifloxacin and rifapentine is more
active than the Denver regimen in murine tuberculosis. Am J Respir Crit Care
Med 172:1457–1462. https://doi.org/10.1164/rccm.200507-1072OC.

25. Rosenthal IM, Tasneen R, Peloquin CA, Zhang M, Almeida D, Mdluli KE,
Karakousis PC, Grosset JH, Nuermberger EL. 2012. Dose-ranging compari-
son of rifampin and rifapentine in two pathologically distinct murine
models of tuberculosis. Antimicrob Agents Chemother 56:4331–4340.
https://doi.org/10.1128/AAC.00912-12.

26. Weiner M, Savic RM, Kenzie WR, Wing D, Peloquin CA, Engle M, Bliven E,
Prihoda TJ, Gelfond JA, Scott NA, Abdel-Rahman SM, Kearns GL, Burman
WJ, Sterling TR, Villarino ME, Tuberculosis Trials Consortium PREVENT TB
Pharmacokinetic Group. 2014. Rifapentine pharmacokinetics and toler-
ability in children and adults treated once weekly with rifapentine and
isoniazid for latent tuberculosis infection. J Pediatric Infect Dis Soc 3:
132–145. https://doi.org/10.1093/jpids/pit077.

27. Blaschke TF, Skinner MH. 1996. The clinical pharmacokinetics of rifabutin.
Clin Infect Dis 22:S15–S22. https://doi.org/10.1093/clinids/22.Supplement
_1.S15.

28. Phillips MC, Wald-Dickler N, Loomis K, Luna BM, Spellberg B. 2020. Phar-
macology, dosing, and side effects of rifabutin as a possible therapy for
antibiotic-resistant Acinetobacter infections. Open Forum Infect Dis 7:
ofaa460. https://doi.org/10.1093/ofid/ofaa460.

29. Keller PM, Hömke R, Ritter C, Valsesia G, Bloemberg GV, Böttger EC. 2015.
Determination of MIC distribution and epidemiological cutoff values for
bedaquiline and delamanid inMycobacterium tuberculosis using the MGIT
960 system equipped with TB eXiST. Antimicrob Agents Chemother 59:
4352–4355. https://doi.org/10.1128/AAC.00614-15.

30. Kaushik A, Ammerman NC, Tyagi S, Saini V, Vervoort I, Lachau-Durand S,
Nuermberger E, Andries K. 2019. Activity of a long-acting injectable beda-
quiline formulation in a paucibacillary mouse model of latent tuberculo-
sis infection. Antimicrob Agents Chemother 63:e00007-19. https://doi
.org/10.1128/AAC.00007-19.

31. Horwitz MA, Harth G, Dillon BJ, Maslesa-Galic S. 2000. Recombinant bacillus
Calmette-Guerin (BCG) vaccines expressing the Mycobacterium tuberculosis
30-kDa major secretory protein induce greater protective immunity against
tuberculosis than conventional BCG vaccines in a highly susceptible animal
model. Proc Natl Acad Sci U S A 97:13853–13858. https://doi.org/10.1073/
pnas.250480397.

32. Mitchison DA, Allen BW, Carrol L, Dickinson JM, Aber VR. 1972. A selective
oleic acid albumin agar medium for tubercle bacilli. J Med Microbiol 5:
165–175. https://doi.org/10.1099/00222615-5-2-165.

33. Tasneen R, Li SY, Peloquin CA, Taylor D, Williams KN, Andries K, Mdluli KE,
Nuermberger EL. 2011. Sterilizing activity of novel TMC207- and PA-824-
containing regimens in a murine model of tuberculosis. Antimicrob
Agents Chemother 55:5485–5492. https://doi.org/10.1128/AAC.05293-11.

34. Saini V, Ammerman NC, Chang YS, Tasneen R, Chaisson RE, Jain S,
Nuermberger E, Grosset JH. 2019. Treatment-shortening effect of a novel reg-
imen combining clofazimine and high-dose rifapentine in pathologically dis-
tinct mouse models of tuberculosis. Antimicrob Agents Chemother 63:
e00388-19. https://doi.org/10.1128/AAC.00388-19.

35. Kaushik A, Ammerman NC, Tasneen R, Lachau-Durand S, Andries K,
Nuermberger E. 2022. Efficacy of long-acting bedaquiline regimens in a
mouse model of tuberculosis preventive therapy. Am J Respir Crit Care
Med 205:570–579. https://doi.org/10.1164/rccm.202012-4541OC.

36. R Core Team. 2020. R: a language and environment for statistical comput-
ing. R Foundation for Statistical Computing, Vienna, Austria. https://www
.R-project.org/.

Rifapentine and Rifabutin for Latent Tuberculosis Antimicrobial Agents and Chemotherapy

July 2023 Volume 67 Issue 7 10.1128/aac.00481-23 15

https://doi.org/10.1016/S1473-3099(16)30216-X
https://doi.org/10.1016/S1473-3099(16)30216-X
https://doi.org/10.5588/ijtld.17.0486
https://doi.org/10.5588/ijtld.17.0486
https://doi.org/10.5588/ijtld.17.0515
https://doi.org/10.5588/ijtld.17.0515
https://doi.org/10.1016/0041-3879(87)90026-2
https://doi.org/10.1093/cid/ciac672
https://www.ema.europa.eu/en/documents/minutes/minutes-comp-meeting-12-14-july-2022_en.pdf
https://www.ema.europa.eu/en/documents/minutes/minutes-comp-meeting-12-14-july-2022_en.pdf
https://doi.org/10.1164/ajrccm/148.6_Pt_1.1541
https://doi.org/10.1128/aac.02398-21
https://doi.org/10.1128/aac.02398-21
https://doi.org/10.1038/s41467-022-32043-3
https://doi.org/10.7164/antibiotics.36.1502
https://doi.org/10.7164/antibiotics.36.1502
https://doi.org/10.1128/AAC.38.10.2346
https://doi.org/10.1128/AAC.38.10.2346
https://doi.org/10.1093/jac/dkw024
https://doi.org/10.2471/BLT.11.096644
https://doi.org/10.2471/BLT.11.096644
https://doi.org/10.5588/ijtld.10.0238
https://doi.org/10.1164/rccm.201103-0397OC
https://doi.org/10.1164/rccm.200905-0795OC
https://doi.org/10.1164/rccm.200905-0795OC
https://doi.org/10.1056/NEJMoa1806808
https://doi.org/10.1128/AAC.01705-21
https://doi.org/10.1128/AAC.01705-21
https://doi.org/10.1093/jac/36.1.247
https://doi.org/10.1093/jac/36.1.247
https://doi.org/10.1164/rccm.200507-1072OC
https://doi.org/10.1128/AAC.00912-12
https://doi.org/10.1093/jpids/pit077
https://doi.org/10.1093/clinids/22.Supplement_1.S15
https://doi.org/10.1093/clinids/22.Supplement_1.S15
https://doi.org/10.1093/ofid/ofaa460
https://doi.org/10.1128/AAC.00614-15
https://doi.org/10.1128/AAC.00007-19
https://doi.org/10.1128/AAC.00007-19
https://doi.org/10.1073/pnas.250480397
https://doi.org/10.1073/pnas.250480397
https://doi.org/10.1099/00222615-5-2-165
https://doi.org/10.1128/AAC.05293-11
https://doi.org/10.1128/AAC.00388-19
https://doi.org/10.1164/rccm.202012-4541OC
https://www.R-project.org/
https://www.R-project.org/
https://journals.asm.org/journal/aac
https://doi.org/10.1128/aac.00481-23


37. Borchers HW. 2019. pracma: practical numerical math functions. R pack-
age version 2.2.9. https://CRAN.R-project.org/package=pracma.

38. Ette EI, Williams PJ. 2004. Population pharmacokinetics II: estimation meth-
ods. Ann Pharmacother 38:1907–1915. https://doi.org/10.1345/aph.1E259.

39. Wang Y, Zhong W, Salam A, Tarning J, Zhan Q, Huang JA, Weng H, Bai
C, Ren Y, Yamada K, Wang D, Guo Q, Fang Q, Tsutomu S, Zou X, Li H,
Gillesen A, Castle L, Chen C, Li H, Zhen J, Lu B, Duan J, Guo L, Jiang J,
Cao R, Fan G, Li J, Hayden FG, Wang C, Horby P, Cao B. 2020. Phase 2a,
open-label, dose-escalating, multi-center pharmacokinetic study of

favipiravir (T-705) in combination with oseltamivir in patients with
severe influenza. EBioMedicine 62:103125. https://doi.org/10.1016/j
.ebiom.2020.103125.

40. Hu Y, Pertinez H, Ortega-Muro F, Alameda-Martin L, Liu Y, Schipani A,
Davies G, Coates A. 2016. Investigation of elimination rate, persistent sub-
population removal, and relapse rates of Mycobacterium tuberculosis by
using combinations of first-line drugs in a modified Cornell mouse model.
Antimicrob Agents Chemother 60:4778–4785. https://doi.org/10.1128/
AAC.02548-15.

Rifapentine and Rifabutin for Latent Tuberculosis Antimicrobial Agents and Chemotherapy

July 2023 Volume 67 Issue 7 10.1128/aac.00481-23 16

https://CRAN.R-project.org/package=pracma
https://doi.org/10.1345/aph.1E259
https://doi.org/10.1016/j.ebiom.2020.103125
https://doi.org/10.1016/j.ebiom.2020.103125
https://doi.org/10.1128/AAC.02548-15
https://doi.org/10.1128/AAC.02548-15
https://journals.asm.org/journal/aac
https://doi.org/10.1128/aac.00481-23

	RESULTS
	In vitro activity of rifamycins against M. tuberculosis H37Rv.
	Plasma exposure profiles of low-dose oral rifapentine and rifabutin in uninfected BALB/c mice.
	First PK/PD study of rifapentine and rifabutin at steady, LAI-relevant plasma concentrations in the paucibacillary mouse model of TPT.
	Second PK/PD study with dynamic oral dosing of rifapentine and rifabutin to simulate possible LAI exposure profiles in the paucibacillary mouse model of TPT.

	DISCUSSION
	MATERIALS AND METHODS
	Mycobacterial strains.
	Media.
	Drug sourcing, formulations, and administration.
	MIC/MBC assays.
	Mice.
	PK studies.
	PK/PD studies.
	PK and PK/PD analyses.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

