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Impact of Lopinavir-Ritonavir or Nevirapine on Bedaquiline
Exposures and Potential Implications for Patients with Tuberculosis-
HIV Coinfection
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Concomitant treatment of tuberculosis (TB) and HIV is reccommended and improves outcomes. Bedaquiline is a novel drug for
the treatment of multidrug-resistant (MDR) TB; combined use with antiretroviral drugs, nevirapine, or ritonavir-boosted lopi-
navir (LPV/r) is anticipated, but no clinical data from coinfected patients are available. Plasma concentrations of bedaquiline
and its M2 metabolite after single doses were obtained from interaction studies with nevirapine or LPV/r in healthy volunteers.
The antiretrovirals’ effects on bedaquiline and M2 pharmacokinetics were assessed by nonlinear mixed-effects modeling. Poten-
tial dose adjustments were evaluated with simulations. No significant effects of nevirapine on bedaquiline pharmacokinetics
were identified. LPV/r decreased bedaquiline and M2 clearances to 35% (relative standard error [RSE], 9.2%) and 58% (RSE,
8.4%), respectively, of those without comedication. As almost 3-fold (bedaquiline) and 2-fold (M2) increases in exposures during
chronic treatment with LPV/r are expected, dose adjustments are suggested for evaluation. Efficacious, safe bedaquiline dosing
for MDR-TB patients receiving antiretrovirals is important. Modeling results suggest that bedaquiline can be coadministered
with nevirapine without dose adjustments. The predicted elevation of bedaquiline and M2 levels during LPV/r coadministration
may be a safety concern, and careful monitoring is recommended. Further data are being collected in coinfected patients to de-
termine whether dose adjustments are needed. (These studies have been registered at ClinicalTrials.gov under registration num-

bers NCT00828529 [study C110] and NCT00910806 [study C117].)

f the 8.6 million people who developed tuberculosis (TB) in

2012, 1.1 million (13%) were also infected with HIV (1).
Early initiation of antiretroviral therapy (ART) during TB therapy
substantially reduces TB-related morbidity and mortality rates for
coinfected patients (2, 3), and the World Health Organization
recommends that ART be started as soon as possible but within 8
weeks after the initiation of TB therapy (4). Simultaneously, the
global emergence and increased dissemination of multidrug-re-
sistant (MDR) and extensively drug-resistant (XDR) TB have in-
creased the need for novel anti-TB drugs with new mechanisms of
action. Data from Eastern Europe indicate that multidrug resis-
tance is approximately twice as common among patients with TB
who have HIV, compared with patients without HIV (5), and a
South African study found that 100% of patients with XDR-TB
who were tested had HIV infections (6). Ensuring access to novel
anti-TB compounds and determining safe and efficacious doses
for coinfected patients must be priorities (7).

The diarylquinoline bedaquiline (BDQ) (previously called
TMC207) was recently approved for the treatment of MDR-TB
and XDR-TB by the U.S. Food and Drug Administration (FDA)
and the European Medicines Agency. The mechanism of action is
novel and involves the inhibition of mycobacterial ATP synthase,
leading to disrupted energy metabolism (8, 9). Phase II trials
showed that BDQ significantly decreased the time to sputum cul-
ture conversion and increased the proportion of patients with
negative culture results after 6 months of treatment, when added
to a regimen of other anti-TB drugs (10, 11). This treatment ben-
efit was sustained at the end of the 120-week trial (12). The expo-
sure-response relationship for BDQ is poorly characterized, but a
recent study of early bactericidal activity detected a linear increase
in bactericidal activity with increasing doses over 14 days of treat-
ment (13). The main safety issue for BDQ is moderate QT prolon-
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gation; in addition, an unexplained increase in late deaths, com-
pared to the placebo group, was observed in one phase II study in
which all patients also received standard MDR-TB treatment,
which resulted in a black-box warning in the U.S. label (12, 14). In
general, however, BDQ is better tolerated than other second-line
TB drugs, the majority of which produce clinically significant and
often treatment-limiting side effects (15). The current standard
dosing regimen for BDQ is 2 weeks of 400 mg given daily, followed
by 22 weeks of 200 mg administered three times per week. BDQ is
extensively distributed to the tissues and has a multiphasic elimi-
nation pattern with a long terminal half-life (4 to 5 months) (16,
17). It is mainly metabolized by the cytochrome P450 (CYP) en-
zyme CYP3A4 to a N-monodesmethyl metabolite, M2 (38). The
activity of M2 against Mycobacterium tuberculosis is 3- to 6-fold
weaker than the activity of BDQ, and there is concern that the
metabolite may have a higher risk of toxicity (39). M2, though,
circulates at much lower concentrations than the parent drug in
humans. M2 is further primarily demethylated to the M3 metab-
olite, likely also by CYP3A4 (11, 18).

Nevirapine (NVP), a nonnucleoside reverse transcriptase in-
hibitor, and ritonavir-boosted lopinavir (LPV/r), a protease in-
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hibitor, are widely used antiretroviral (ARV) drugs, and each has
an impact on enzymes involved in BDQ metabolism. NVP is an
inducer of CYP3A4 (19), while ritonavir is a potent inhibitor (20,
21) and possibly simultaneously an inducer (22, 23) of CYP3A4;
therefore, drug-drug interactions (DDIs) when these drugs are
coadministered with BDQ are expected. Noncompartmental
analysis (NCA) based on data from the same studies as used in this
work and quantifying drug exposure over 2 weeks after single
doses of BDQ detected only moderate changes in a comparison of
administration of BDQ alone versus BDQ in combination with
steady-state NVP or LPV/r (17). The U.S. label therefore allows
concomitant treatment (14) but warns that bedaquiline should be
used with caution when coadministered with LPV/r, and only if
the benefits outweigh the risks, and it reminds providers that clin-
ical data from patients taking these drugs together are not yet
available. Previous modeling work demonstrated that an NCA of
single-dose data underestimated the inductive effect of efavirenz
on BDQ pharmacokinetics (PK) during continuous efavirenz co-
administration (18). The objectives of this work were to guide the
safe and efficacious use of BDQ for patients with MDR-TB/HIV
coinfections by presenting model-based estimates of the impact of
ART on the PK of BDQ and M2 during continuous administra-
tion and to provide suggestions for potential dose adjustments to
evaluate in this population.

MATERIALS AND METHODS

Population. Participants in study C110 (registered at ClinicalTrials.gov
under registration number NCT00828529) were HIV-seronegative
healthy volunteers. Other entry criteria included age of 18 to 55 years,
body mass index (BMI) of 18 to 32 kg/m? and smoking less than 10
cigarettes per day. Women of childbearing potential, individuals with TB,
HIV-1, or HIV-2, and individuals with a history of substance abuse were
excluded. Participants in study C117 (registered at ClinicalTrials.gov un-
der registration number NCT00910806) had HIV-1 infections and were
ART naive, with a medical indication to start ART with NVP plus two
nucleoside reverse transcriptase inhibitors (NRTIs). Included partici-
pants were 18 to 65 years of age, had BMI values of 18 to 30 kg/m?, and had
documented HIV-1 infections but no history of ART. Women of child-
bearing potential, individuals with active AIDS-defining illnesses or TB,
and individuals with a history of substance abuse could not participate.
Subjects previously enrolled in trials involving BDQ were ineligible to
participate in study C110 or study C117. The trials were conducted in
accordance with good clinical practice standards and local ethics legisla-
tion.

Data. Data were obtained from two DDI studies sponsored by Tibotec
(now known as Janssen), one with BDQ and LPV/r (study C110) and one
with BDQ and NVP (study C117). Study C110 was a crossover study with
sequence randomization, wherein two doses of 400 mg BDQ were given 4
weeks apart; administration of LPV/r at 400/100 mg twice daily was
started 10 days before either the first or second BDQ dose. Study C117 was
a single-sequence study including two 400-mg BDQ doses; administra-
tion of NVP at standard doses (200 mg once daily for 2 weeks, followed by
200 mg twice daily) was started prior to the second BDQ dose; participants
received at least 4 weeks of the twice-daily dosing prior to the second BDQ
dose. PK samples were collected before and 1, 2, 3, 4, 5, 6, 8, 12, 24, 48, 72,
120, 168, 216, 264, and 336 h after each BDQ dose in both studies. Plasma
concentrations of BDQ and M2 were determined using a validated liquid
chromatography-tandem mass spectrometry (LC-MS/MS) method with
a lower limit of quantification of 1.00 ng/ml (24). The assay was validated
according to FDA guidelines and met the acceptance criteria for accuracy
and precision specified therein. ARV trough concentrations were assessed
on several occasions.
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Nonlinear mixed-effects modeling. The population PK of BDQ and
M2 were described by nonlinear mixed-effects models containing struc-
tural components (fixed effects) and stochastic components (random ef-
fects). The random effects included one part assigned to specific parame-
ters (i.e., between-subject variability [BSV] and between-occasion
variability [BOV]) and the other part assigned to observations (i.e., resid-
ual variability). The BSV and BOV were assumed to follow log-normal
distributions, and the two BDQ doses were regarded as separate occasions.
A correlation between the residual errors for BDQ and M2 was included in
the estimations. The model development started from a previously pub-
lished population PK model (18), and data from the two current studies
were fitted separately. All disposition parameters were estimated as rela-
tive to the bioavailability. To render the model formally identifiable, the
portion of BDQ metabolized to M2 was assumed to be constant, and
parameters for M2 were estimated relative to this fraction. Allometric
scaling of disposition parameters with body weight as the size descriptor
and fixed coefficients (0.75 for clearance [CL] and 1 for volume of distri-
bution) was applied. The impacts of LPV/r (inhibition) were assumed to
start immediately upon initiation of administration and to vanish within
1 day after the last LPV/r dose, while the impacts of NVP (induction) were
assumed to start after 2 weeks of twice-daily administration. The effects of
LPV/r or NVP coadministration on the bioavailability and CL of BDQ and
M2 were evaluated. In addition, BSV correlations were estimated for in-
teraction effects and CLs. Average trough concentrations of the ARVs
were evaluated as a covariate of the interaction effects. The model selec-
tion was based on maximum likelihood statistics (5% significance level)
and goodness-of-fit plots, including prediction- and variability-corrected
visual predictive checks (1,000 replicated simulations) (25).

Software. The analysis and simulations were performed in NONMEM
7.2 with the first-order conditional estimation method, including eta-
epsilon interaction (26). Perl-speaks-NONMEM functionalities aided the
development work (27), and Xpose 4 was used for graphical evaluation
(28). Pirana was utilized as a link between the aforementioned software
and the computation cluster and for creation of documentation (29).

Impact of interactions. The predicted impact of ART on BDQ PK
during continuous coadministration was assessed by comparison of the
average steady-state concentrations (Cg,.), as follows: C .. =
(F-dose)/(CL-1) where F is the bioavailability and T is the dosing interval.
Assuming the same BDQ dosing strategy, relative C; .., comparing co-
administration (denoted ART) to no coadministration, is given as follows:
relative C; vo = Cis ava(arty Css.avg = (CL/F)/ [CL(sgry/Fartyl- The same
equations can be used analogously in calculations for M2.

Simulations of alternative dosing. When a significant interaction ef-
fect was found, alternative regimens to achieve BDQ exposures similar to
those achieved when BDQ was given alone (i.e., without interaction) were
evaluated with stochastic simulations. Three different clinical scenarios
were hypothesized, i.e., the patient is newly diagnosed with TB, has known
HIV, and is already established on ART (scenario 1), the patient is newly
diagnosed with both TB and HIV and has a CD4™ cell count of <50
cells/mm? (scenario 2), or the patient is newly diagnosed with TB and HIV
and has a CD4" cell count of >50 cells/mm? (scenario 3). The recom-
mendations from the Panel on Antiretroviral Guidelines for Adults and
Adolescents, Department of Health and Human Services, are to start ART
within 2 weeks after the initiation of TB treatment in scenario 2 and as
early as possible but 4 to 8 weeks after the initiation of TB treatment in
scenario 3  (http://aidsinfo.nih.gov/contentfiles/lvguidelines/Adultand
AdolescentGL.pdf). The simulations represent one clinical trial including
143 MDR-TB patients and demographic characteristics mimicking the
population of a published phase II study (12). The results were evaluated
as the weekly average concentration (C,,,), maximal concentration
(Cinax)> and minimal concentration (C,;,) values for BDQ and M2,
and the alternative BDQ regimens were compared with the standard
regimen without and with concomitant ART.
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TABLE 1 Summary of demographic information for studies C110 and
C117¢

Study C110 Study C117
Characteristic (LPV/r DDI) (NVP DDI)
No. of subjects 16 16
Median wt (range) (kg) 75 (65-103) 55 (48-71)
Median age (range) (yr) 25.5 (20-54) 30 (22-51)
No. male/no. female 15/1 10/6
No. black/no. white/no. mixed race 6/10/0 8/0/8
No. HIV-1 seropositive 0 16

@ LPV/r, ritonavir-boosted lopinavir; NVP, nevirapine; DDI, drug-drug interaction.

RESULTS

Data. Sixteen individuals were included in each study. Their de-
mographic information is summarized in Table 1. In total, 532 PK
samples for each of BDQ and M2 were available from study C110;
20 samples for M2 were found to be below the limit of quantifica-
tion (BLQ). In study C117, the total number of available samples
was 528 for each compound; 1 and 33 samples were BLQ for BDQ
and M2, respectively. Since the fraction of samples BLQ was so low
for both BDQ and M2, these samples were omitted from the mod-
eling analyses.

Nonlinear mixed-effects modeling. The previously developed
structural model, including absorption through an estimated
number of transit compartments, with three distribution com-
partments for BDQ and two for M2, was found to fit the data from
both studies well (Fig. 1). Estimates of key parameters (CLs and
interaction effects) are presented in Table 2; all parameter esti-
mates with precision are presented in Table S1 in the supplemen-
tal material. NVP was not found to have a significant effect on
BDQ bioavailability, and the effects on CL were small, i.e., changes
to 91.5% (relative standard error [RSE], 5.9%) and 105% (RSE,
10.3%) of BDQ and M2 CL values without comedication, respec-
tively. LPV/r was found to decrease the CL of both BDQ and M2
substantially, to 35% (RSE, 9.2%) and 58% (RSE, 8.4%) of CL
values without comedication, respectively. The values for BSV in
the decreases were 35% (RSE, 17%) and 12% (RSE, 73%), respec-
tively. The BSV values for the interaction effects for BDQ and M2
were 100% correlated but were not significantly correlated with
the BSV in the CL of BDQ or M2. Parameterizing the interaction
effect on bioavailability instead of CL resulted in a worse fit. Al-
lowing effects on both CL and bioavailability simultaneously did
not markedly improve the fit to the data; therefore, the model with
the effect on CL only was selected as the final model. Using an
average trough concentration of LPV or ritonavir for each indi-
vidual as a covariate for the interaction effect did not significantly
improve the fit.

Impact of interactions. The model predicts that concomitant
administration of LPV/r will cause close to 3- and 2-fold increases
in C; 4 values for BDQ and M2, respectively. NVP is predicted to
have little impact, increasing BDQ C .., by 9% and decreasing
M2 C 4 by 5%. The predicted effects of ART, quantified as rel-
ative Cy ., are provided in Table 3.

Simulations of alternative dosing. No dose adjustments were
evaluated for NVP. Lower doses were evaluated for LPV/r, and the
suggested alternative regimens for the three clinical scenarios are
listed in Table 4. For scenario 1, 300 mg once daily for 2 weeks
followed by 100 mg thrice weekly (alternative 2) was the regimen
that provided weekly C,.,, C,,..» and C,;, values most similar to
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FIG 1 Prediction- and variability-corrected visual predictive check of study
C117 (upper) and study C110 (lower), showing the 5th, 50th, and 95th per-
centiles (lines) of observed data (dots) (sampling points were before and 1, 2,
3,4,5,6,8,12,24,48,72,120, 168, 216, 264, and 336 h after the dose) and the
95% confidence intervals (shaded areas) of the same percentiles of bedaquiline
and M2 data simulated from the model.
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TABLE 2 Summary of estimates of key parameters reflecting effects of
ritonavir-boosted lopinavir, nevirapine, or efavirenz on population
pharmacokinetics of bedaquiline and its M2 metabolite”
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TABLE 3 Impact of continuous ART coadministration on BDQ and M2
pharmacokinetics quantified by relative average steady-state
concentrations and relative standard errors”

Study C110  Study C117  Published model”

Parameter (LPV/rDDI) (NVPDDI) (EFV DDI)
BDQ CL/F (liters/h) 3.09 (39.2) 3.34 (18.0)  2.96 (23.7)

(BSV [CV %])°
M2 CL/F/fm (liters/h) 14.6 (40.5)  16.0 (19.2) 12.3(18.8)

(BSV [CV %])°
Factor changed in BDQ 0.347 (34.6) 0915 (—)° 2.07 (20.6)

CL/F (BSV [CV %])
Factor change" in M2 0.578 (11.5)  1.05 (—)° 2.07 (28.2)

CL/F/fm (BSV [CV %])

“ BSV, between-subject variability; CV, coefficient of variation; DDI, drug-drug
interaction; BDQ, bedaquiline; M2, N-monodesmethyl metabolite; CL, clearance; F,
bioavailability; fin, fraction of BDQ metabolized to M2; EFV, efavirenz.

b See reference 18.

¢ For a typical subject weighing 70 kg.

4 With coadministration, compared to when bedaquiline is administered alone.

¢ —, not estimated.

those of the standard BDQ regimen without LPV/r coadministra-
tion. Figure 2 shows weekly C,,, values for the standard regimen
with and without LPV/r and for the dose-adjusted regimen (alter-
native 2). C,, and C,,,,, values at week 2 and week 24 of treatment
for all simulated alternative regimens in scenario 1 are presented
in Fig. S2 in the supplemental material. Regimens in scenarios 2
and 3 were evaluated in the same manner, and alternative dosing
regimens 4 and 6, respectively, were found to be best (results not

shown).

DISCUSSION

The clinical data and our modeling work show that BDQ and M2
exposure remains nearly unchanged when BDQ is administered
together with NVP. This is reassuring and gives patients coin-
fected with HIV and TB an important treatment option. It also
reveals that 3- and 2-fold elevated BDQ and M2 exposures, respec-
tively, are to be expected when BDQ is administered together with
LPV/r on a long-term basis, since LPV/r slows the metabolism of
BDQ and M2 substantially. The exposure-response relationships
for the efficacy and safety of BDQ and M2 are not established;
therefore, it is difficult to draw inferences regarding the clinical
effects of the interaction. However, the long-term safety of the
increased exposures to BDQ and M2 that are predicted by our
models has not been tested. It is possible that patients taking
LPV/r and BDQ concomitantly need a reduced dose of BDQ; this
needs to be proven clinically in patients with coinfections. From
model-based simulations, we estimate alternative dosing regi-
mens suitable for mitigating the impact of the interaction for fur-
ther evaluation in HIV/MDR-TB-coinfected patients.

Earlier analyses, which form the basis for the current recom-
mendations of the drug labeling, evaluated DDIs by comparing
exposure over 2 weeks following single doses of BDQ, using NCA.
Our modeling work advances the analysis through the develop-
ment of compartmental models based on the same data, which
enable predictions of the impact of the interactions on the total
exposure during continuous coadministration. This model-based
approach takes into account the long terminal half-life of BDQ
and the fact that only a fraction of the total exposure (quantified as
area under the concentration curve [AUC]) is captured over 2
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Relative Cy ., (%) (RSE [%])
ART BDQ M2
LPV/r 288 (9.3) 173 (8.4)
NVP 109 (5.9) 95.2 (10.3)

“ ART, antiretroviral therapy; RSE, relative standard error; BDQ, bedaquiline; M2,
N-monodesmethyl metabolite; LPV/r, ritonavir-boosted lopinavir; NVP, nevirapine.

weeks of observations, because of the long terminal elimination
phase. This fraction can be calculated from model predictions of
AUC,_33¢, and the individual CL/F values (giving total AUC
[AUC,,(]), and values were found to be on average 42% for BDQ
and 26% for M2 when BDQ was administered without interacting
drugs. The analysis of PK DDIs based on a fraction of the total
exposure is problematic for two reasons, i.e., the fraction captured
within a certain time frame changes with interactions that modify
the PK parameters, and the full impact on elimination is not cap-
tured when only part of the elimination is observed. It is therefore
not surprising that the NCA, quantifying the effects observed dur-
ing a limited time period after a single dose, and our model-based
analysis, quantifying the effects on primary PK parameters trans-
lated to steady-state conditions, generate different results (+22%
and +188% changes in BDQ exposure during LPV/r coadminis-
tration, respectively). Figure 3 shows predictions of individual
AUC,_356, and AUC; ¢ values for BDQ and M2 for the subjects in
study C110. The ratio of average model-predicted single-dose
AUC values over just 2 weeks (AUC,_334,) with and without
LPV/r was 1.25, well in line with the original NCA results. When
applying NCA to data generated by simulations (n = 1,000, with
the same dosing and sampling schedule as in the original study)
from the developed model, a change in BDQ exposure similar to
that reported earlier was obtained (+31% versus +22%), further
demonstrating the agreement with evaluation of the partial AUCs
alone.

Conclusions regarding the need for dose adjustments based on
the predicted impact on steady-state exposure may differ from
conclusions based on changes in exposure over 2 weeks after a
single dose. For coadministration with NVP, no significant
changes in BDQ and M2 C ,, values were predicted; therefore,
the standard regimen should be adequate. For coadministration
with LPV/r, however, dose adjustments may be needed. As men-
tioned previously, the lack of established exposure-response rela-
tionships for BDQ and M2 and the absence of dose-ranging trials
of >2-week duration at doses higher than the licensed doses make
it difficult to assess the clinical impact. Nonetheless, we regard the
188% and 73% increases in C,,, values predicted for BDQ and
M2, respectively, to be a potential safety concern, given the side
effect profile of the drug. The increases are large, compared to the
random variability observed in patients during week 24 of treat-
ment (study 208), where the C,,,, coefficient of variation (CV) for
BDQ was 33% and that for M2 was 35% (17). The results from the
simulations with alternative regimens demonstrate that simple
dose adjustments can mitigate the impact of LPV/r on BDQ expo-
sure in all three scenarios investigated. When a patient is already
established on LPV/r at the start of TB therapy, a dose decrease
from 400 mg to 300 mg during the first 2 weeks of therapy results
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TABLE 4 Alternative dosing regimens for bedaquiline coadministered with ritonavir-boosted lopinavir, as evaluated with simulations

Scenario Regimen Weeks 1 and 2 Weeks 3-24

0:no LPV/r* Standard 400 mg once daily 200 mg thrice weekly

1: LPV/r from start of TB treatment Standard 400 mg once daily 200 mg thrice weekly
Alternative 1 200 mg once daily 100 mg thrice weekly
Alternative 2% 300 mg once daily 100 mg thrice weekly
Alternative 3 300 mg once daily 100 mg twice weekly

2: LPV/r beginning in week 3 of TB treatment Standard 400 mg once daily 200 mg thrice weekly
Alternative 4" 400 mg once daily 100 mg thrice weekly

3: LPV/r beginning in week 5 of TB treatment

Alternative 5

Standard
Alternative 6°
Alternative 7

400 mg once daily

400 mg once daily
400 mg once daily
400 mg once daily

100 mg twice weekly

200 mg thrice weekly
200 mg thrice weekly for 2 wk, followed by 100 mg thrice weekly
200 mg thrice weekly for 2 wk, followed by 100 mg twice weekly

@ LPV/r, ritonavir-boosted lopinavir.
b Best alternative dosing strategy for this clinical scenario.

in estimated concentrations similar to those of patients not taking
LPV/r. One-half of the standard dose, 100 mg three times per week,
was appropriate in all three scenarios and is estimated to yield levels
close to standard levels during weeks 3 to 24 of TB treatment. Careful
evaluation in clinical trials of the suggested lower dose of BDQ for
patients with MDR-TB/HIV who are receiving ART containing
LPV/r is needed to confirm the model predictions.

If an adjusted BDQ regimen is administered, then coordina-
tion of TB and HIV care is crucial to make sure that the BDQ
regimen is changed back to standard dosing if HIV treatment is
altered and LPV/r administration is stopped. The inhibition by
ritonavir is commonly viewed to occur almost instantaneously
and to cease when the drug has been cleared (30). It has been
reported that the impact of high doses of ritonavir can last up to 48
h after the dose, despite the short half-life (3 to 5h) (31). Switching

back to standard dosing within 24 to 48 h after discontinuation of
LPV/r is likely to be appropriate.

With the standard-dose BDQ regimen and concomitant LPV/r
administration, exposure to M2 is predicted to be lower than
without the comedication during the first half of treatment; dur-
ing the second half, however, average, maximal, and minimal con-
centrations are all predicted to be higher, as shown in Fig. 2. This
may be a concern, largely based on preclinical safety findings (11).
First, BDQ and M2 are both cationic amphiphilic drugs, and the
positively charged amino group at physiological pH leads to drug
accumulation inside cells. M2 is a stronger base and has been
predicted to be cytotoxic and to cause phospholipidosis at lower
concentrations than BDQ in vitro (32, 39). Phospholipidosis is a
reversible drug-induced storage disorder characterized by intra-
cellular accumulation of phospholipids and formation of lyso-
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FIG 2 Simulated weekly average concentration (C,,,) values (means and inte
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rquartile ranges) for BDQ (upper) and M2 (lower) when BDQ is administered at

standard doses alone, at standard doses with ritonavir-boosted lopinavir throughout treatment, and at recommended adjusted doses with ritonavir-boosted

lopinavir.
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observed AUC,,_55¢, values during the first dosing occasion for the 8 individ-
uals who then received bedaquiline alone and the 8 individuals who received
bedaquiline and LPV/r concomitantly.

T T
M2  M2+LPV/r

somal lamellar bodies. It is not thought to be directly toxic, and it
is reversible (33, 34). Second, BDQ and M2 inhibit cardiac hERG/
IKr potassium channels in vitro (11) and prolong the QT interval
in some subjects when used clinically (17). Caution in situations
in which M2 levels are expected to be elevated is therefore war-
ranted. If suggested dose adjustments are implemented, then the
M2 exposures are predicted to be lower than those seen among
patients taking standard-dose BDQ without LPV/r during the
whole course of treatment, since the estimated inhibition of M2
CL is smaller than that of BDQ CL.

Neither of the studies analyzed here contained observations of
the M3 metabolite that is formed from M2; therefore, no predic-
tions of the impact on M3 levels could be made. M3 is normally
present at concentrations thatare 1 order of magnitude lower than
those of M2, and the toxicity profile is not well studied. Our pre-
vious analysis of a DDI study with efavirenz showed that induc-
tion of CYP3A4 increased the M3 CL less than the BDQ and M2
CLs (18). Similarly, if the CL of M3 is affected less than the CLs of
BDQ and M2, this would lead to decreased M3 levels when BDQ is
administered together with LPV/r. This is a potential benefit, since
M3 is inactive against mycobacteria and may potentially induce
phospholipidosis (11).

These population PK models were developed based on data
from individuals who did not have MDR-TB, and PK in patients
with TB and/or HIV may differ. Differences could be caused by
altered levels of plasma proteins (BDQ is >99.99% bound [11],
and the concentration of plasma albumin is decreased in patients
with TB [35] or TB/HIV coinfections [36]), altered bioavailability
(37), or malnutrition. BDQ and M2 exposures were generally
lower in patients with MDR-TB than would be expected based on
data from healthy volunteers, and differences in bedaquiline CL
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and bioavailability have been shown (11, 24). Therefore, the mod-
el-predicted Ci,,, values should not be interpreted as being di-
rectly representative of the concentrations expected among pa-
tients with MDR-TB. However, there is no clear reason why the
mechanisms of the interactions would differ between the study
population and patients with TB and/or HIV, and the magnitude
of the interactions is likely to be similar in patients. The effects of
sex and race on these drug interactions could not be evaluated,
given the small sample size and limited diversity of the study par-
ticipants.

Using a model-based approach to analyze the results from two
clinical interaction studies, we determined that NVP has no im-
pact on BDQ PK, but substantial inhibitory effects of LPV/r were
identified. If BDQ at standard doses is administered continuously
with concomitant LPV/r administration, then close to 3-fold
higher BDQ exposures are expected, and careful safety monitor-
ing is highly recommended. The developed model was utilized to
suggest dose adjustments to mitigate the impact of LPV/r, recog-
nizing the importance of ensuring access to efficacious and safe
treatment with BDQ for MDR-TB/HIV-coinfected patients re-
ceiving ART.
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