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Chapter 4
Abstract

Background: Site-of-action concentrations for bedaquiline and pretomanid from
tuberculosis patients are unavailable. The objective of this work was to predict
bedaquiline and pretomanid site-of-action exposures using a translational minimal
physiologically-based pharmacokinetic (mPBPK) approach to understand the
probability of target attainment (PTA).

Methods: A general translational mPBPK framework for the prediction of lung
and lung lesion exposure was developed and validated using pyrazinamide site-
of-action data from mice and humans. We then implemented the framework for
bedaquiline and pretomanid. Simulations were conducted to predict site-of-action
exposures following standard bedaquiline and pretomanid, and bedaquiline QD
dosing. Probabilities of average concentrations within lesions and lungs greater
than the minimum bactericidal concentration for non-replicating (MBC,,) and
replicating (MBC,) bacteria were calculated. Effects of patient-specific differences
on target attainment were evaluated.

Results: The translational modeling approach was successful in predicting
pyrazinamide lung concentrations from mice to patients. We predicted that
94% and 53% of patients would attain bedaquiline C_ -lesion>MBC,, during the
extensive phase of bedaquiline standard (2 weeks) and QD (8 weeks) dosing,
respectively. Less than 5% of patients were predicted to achieve C_ -lesion>MBC,,
during the continuation phase of bedaquiline or pretomanid treatment. More than
80% of patients were predicted to achieve C_ -lung>MBC, for all simulated dosing
regimens of bedaquiline and pretomanid.

Conclusions: The translational mPBPK model predicted that the standard

bedaquiline continuation phase and standard pretomanid dosing may not achieve
optimal exposures to eradicate non-replicating bacteria in most patients.
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Introduction

Tuberculosis (TB) continues to be a global health challenge. Rifampin and isoniazid
are two key first-line antibiotics against Mycobacterium tuberculosis (Mtb). Increasing
levels and frequency of resistance against rifampin and isoniazid over time
necessitated the discovery of new anti-TB antibiotics'. Within the last decade, two
promising second-line antibiotics, bedaquiline and pretomanid, were developed
as a result of increased efforts to tackle drug-resistant TB%3. A combination
regimen containing bedaquiline, pretomanid, and linezolid showed Mtb clearance
as measured by negative culture status in 90% of patients with drug-resistant
TB after 6-months of therapy*. BPaL is now recommended for the treatment of
rifampin-resistant TB and multidrug-resistant TB patients".

Drug exposures at the site-of-action, within lungs, and especially within cavitary
lesions, are correlated with bactericidal and sterilizing activities against Mtb.
Anaerobic conditions within the necrotic region of the lesion microenvironment,
caseum, provide a survival niche for nonreplicating but persistent Mtb®. Inadequate
exposures within cavitary lesions can lead to resistance development. Measuring
drug PKwithin the lungs and lesions of TB patients usually requires invasive methods
to obtain samples and therefore is not readily possible. Preclinical animal models
have traditionally been used to evaluate drug penetration at sites of action. These
results require accounting for interspecies differences in physiological, pathological,
and drug-specific aspects to translate to the patients®. Newer methods, such as, PET-
imaging methods are increasingly being implemented to measure drug penetration
at the site-of-action following intravenous administration of radiolabeled drugs to
measure the relative fraction of drug penetration at the site-of-action’. A key benefit
of this method is that it can be performed in the patients and as such can allow
evaluations of tissue-specific PK with patient-specific covariates.

In-silico approaches allow the incorporation of available data for the development
of predictive models for optimal decision-making. Population pharmacokinetics
(PopPK) modeling approaches have been previously applied to quantify the
relationship between plasma and lesion PK for several first-line and second-line
TB antibiotics; however, this approach can only be applied when sites of action
measurements are available from the patients®®. Minimal physiologically-based
pharmacokinetics (mMPBPK) models are well suited for translational predictions
of the relationship between drugs’ PK in blood plasma and at sites of action and.
Such models can account for known species-related differences and incorporate
patient covariates and expected interindividual variability and uncertainty in the
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parameter estimate to allow population simulations. The probability of target
attainment (PTA) can then be predicted by defining target attainment to the
desired breakpoint based on experimental data®. In general, several experimental
methods exist to understand drug exposures at site-of-action. These methods
should be used in combination with in-silico approaches to rationally predict overall
treatment response in the TB patients.

Bedaquiline and its primary metabolite M2 exposures at the current standard
dosing regimen (400 mg once daily (QD) for 14 days followed by 200 mg three times
a week) have the potential for safety concerns related to QTc interval prolongation
and hepatic adverse events'®'2, Alternative QD dosing (200 mg QD for 8 weeks
followed by 100 mg QD) of bedaquiline is of interest to increase patient adherence
to obtain optimal efficacy'. Pretomanid has overall acceptable clinical safety
profiles; however, pretomanid combination with bedaquiline and linezolid can
have additive effects leading to an increased potential of certain adverse effects™.
As such, understanding drug exposures within the systemic circulation and at
sites of action is crucial to evaluate combination treatment strategies to ensure
the attainment of adequate exposures to maximize efficacy, avoid resistance
development, and minimize safety issues.

The main objective of this work was to predict bedaquiline and pretomanid lung- and
lesion- exposures in TB patients to understand the probability of target attainment
and the impact of patient covariates, body weight and cavity size, on PTA. To this
end, we developed and validated a translational mPBPK modeling approach that
allowed to predict bedaquiline and pretomanid PK at standard and alternative QD
dosing and calculation of PTA in lungs and lesions using preclinical data.

Methods

A general translational mPBPK framework including lung and lesion was first
developed and was validated using available lung PK data in mice and humans for
pyrazinamide. The framework was then implemented for the development and
assessments of bedaquiline and pretomanid models. Simulations were conducted
to predict site-of-action exposures at standard bedaquiline and pretomanid dosing,
and an alternative bedaquiline dosing. Then, the simulations were compared
against critical concentration estimates to evaluate the effects of body weight
and cavity size on lesion PTA.
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General modeling approach
mPBPK model structure

The model development for all drugs was based on a general mPBPK structural
model containing central and lung compartments'. The mPBPK models were
parameterized using species-specific physiological parameters, such as body weight,
cardiac output, lung and other tissue volumes, and volume of blood in systemic
circulation®™. Drug-specific parameters, such as blood-to-plasma ratio and plasma
protein binding were obtained from the literature. Other drug-specific parameter
estimates, such as absorption rates, partition coefficients, and apparent clearance
(CL) were estimated using the data from PK studies in mice (S4.1). Additional structural
components were evaluated in a stepwise manner as suggested by the available data
and prior knowledge. For instance, plasma concentrations of the primary metabolite
of bedaquiline, M2, are of importance due to its relevance to safety concerns'®",
Therefore, mechanistic representation of metabolism of bedaquiline to M2 was
described using a liver compartment represented by the well-stirred liver model.
Although in vitro and mice experimental studies have demonstrated lower anti-Mtb
activity of M2 compared to bedaquiline, its site-of-action exposures can be useful
to evaluate its overall impact on bacterial load in TB patients using PK-PD models;
therefore, M2 lungs and lesion compartments were included in the model and the
relevant parameters were estimated using mice M2 lung and lesion data. Different
absorption models, i.e., multiple-site absorption, transit compartment absorption
model, and dose-dependent bioavailability were evaluated.

Drug uptake in lung lesions and uninvolved lungs was described using the effect
compartment structural model as described previously'®. Rates of drug transport
between systemic circulation and lesions and uninvolved lungs compartments
were described by blood flow rates to these compartments calculated based on the
approximate lesion and total lung volumes. The volume of lesions and uninvolved
lungs were calculated based on the mean total lesion volume reported in the
literature for cavitary TB patients and species-specific total lung volumes'.

d/dt(Ci) = ki x (Cbld x Ri — Ci)
ki =Qc/Vi
Vi = Vlung x VFi

Here, i represents compartments, i.e., lesion or uninvolved lungs; Ci represents
drug concentration in the respective compartment; Cbld is drug concentration in
systemic circulation; ki is the transfer rate constant to the respective compartment;
Ri is penetration ratio for the respective compartment; Qc is cardiac output;
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Vlung is the total volume of lungs; VFi is the fractional volume of the respective
compartment; and Vi is the volume of the respective compartment. Mean volume
of lesions (VF,) was assumed 0.0216 calculated based on the mean total lesion
volume, approximately 14 mL, reported in the literature for cavitary TB patients°.
VF, was calculated as 1-VF,.

Translation of the mpbpk models to tb patients

The mice mPBPK models developed using mice data were scaled to TB patients
considering physiological differences between the species. Physiological
parameters such as cardiac output and volumes of compartments for humans
were obtained from the literature’. Drug-specific parameter, CL, was scaled from
mice to humans using a previously known allometric exponent 0.75 for CL?'. For
the absorption rate parameter, ka, plasma PK predictions using the models scaling
using allometric exponent of -0.25 and models without any scaling were compared
with the observed data for each drug prior to selecting whether or not to scale ka
from mice to humans. The same estimated partition coefficients and penetration
ratios for each drug and compartment from mice were assumed for TB patients.
To simulate a standard TB population, body weights for 500 virtual patients were
sampled from the body weight distribution from clinical trial data (54.1). Cavity
presence or absence was also sampled from observed distribution from the
clinical trials dataset. For virtual patients with a cavity, cavity size was simulated
considering normal distribution using reported mean and standard deviation of
total lesion volume in cavitary TB patients™. Log-normally distributed IIV of 25-40%
was added in the relevant parameters. To account for uncertainty in the parameter
estimates, 50 trials with the estimated RSE were simulated for each of the 500
virtual patients. All parameters for both mice and humans, including variability
and RSE, are presented in Table 4.1.

Evaluation of the modeling approach using pyrazinamide data

An external evaluation of the predictability of our overall approach was
performed using pyrazinamide plasma, lungs, and lesions PK data from mice
and TB patients22,23. Therefore, preclinical mice data for pyrazinamide were
digitized from the literature and were used in the pyrazinamide mPBPK model
development22. Next, pyrazinamide clinical studies data were compiled from the
literature23 and the Platform for Aggregation of Clinical TB Studies (TB-PACTS;
https://c-path.org/programs/tb-pacts/). Simulated lesion and uninvolved lungs PK
profiles of pyrazinamide were compared against available observed data in TB
patients23 (S4.1).
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Bedaquiline and pretomanid model development and
assessment

Bedaquiline and pretomanid model development was conducted using PK data
from mice. PK data from plasma, liver, and lung including both lung lesions
and uninvolved lungs of mice for bedaquiline and its primary metabolite M2
were extracted from literature???4, Plasma PK data from mice treated with oral
pretomanid were also digitized?®. PK concentrations from PET imaging of plasma,
lung lesions, and uninvolved lungs of mice that were administered a single
intravenous dose of radioactive 18F-pretomanid were also digitized?. The PK
concentrations obtained using the PET imaging were represented as relative
units (i.e., % of injected dose per mL (%ID/mL)); therefore, relevant doses were
set to 100% in the analysis dataset. Model development was performed using
the mPBPK generic structure as described above. Evaluations of additional drug-
specific components were guided by data and the parameters were estimated
using a model fitting to mice data. Model development and final model selection
were guided by objective function value (OFV), the goodness of fit (predictions vs.
observed) plots, physiological plausibility of parameter estimates, and precision
(RSE) of the estimates.

Assessment of bedaquiline and pretomanid mice to human translated models was
conducted using PK data from TB patients. Individual level PK, body weight, and
cavity presentation data from various clinical studies were retrieved from the TB-
PACTS database. Data from relevant dose levels and clinical studies were compiled
for bedaquiline and pretomanid. Simulated plasma PK profiles for bedaquiline and
pretomanid in TB patients were compared against observed data to evaluate the
translated mPBPK model performance in TB patients. No lesion or uninvolved lungs
PK data were available from human subjects for bedaquiline or pretomanid. Local
sensitivity analysis was conducted to evaluate the impact of the parameters on
steady-state plasma drug exposure was examined by introducing 10% variation in
the parameters one at a time and running the simulations for 50 times.
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Pharmacokinetics and target attainment predictions of
bedaquiline and pretomanid at the site of action

Predictions of bedaquiline and pretomanid exposures in the lesions and uninvolved
lungs were performed for 500 virtual humans using the body weight and cavity
volume distributions from TB patients using the final translated mPBPK models
(Table 4.1). Bedaquiline simulations included currently approved oral dosing of
400 mg QD for 14 days followed by 200 mg three times a week. The alternative
bedaquiline dosing regimen included in the simulations was 200 mg QD for 8 weeks
followed by 100 mg QD. Pretomanid simulations included oral dosing of 200 mg QD.
Plots of the predicted lesion and uninvolved lungs PK and drug exposure matrices
were prepared. Next, predicted bedaquiline and pretomanid concentrations and
exposures at the site-of-action following either standard or alternative bedaquiline
or standard pretomanid dosing were compared against critical concentration
estimates based on in vitro experiments obtained from the literature. The range for
bedaquiline and pretomanid minimum inhibitory concentrations (MIC) for MDR-TB
strains, minimal bactericidal concentrations for replicating bacteria (MBC,), and
minimal bactericidal concentrations for non-replicating bacteria (MBC,) were
obtained from the literature (Table 4.1)>2” Plots of predicted PK exposures within
lesions and lungs were plotted and compared against the MDR-TB MIC range,
MBC,, and MBC,, for both drugs. Attainment of target exposures in the lesions
was defined as average daily PK exposure within lesions (C_,-lesion) greater than
MBC,, to ensure bactericidal activity against persisting, non-replicating bacteria.
Body weight and cavity size from the virtual patient population were binned and
PTA was calculated for each bin.

Software

All analyses were conducted in R (R for Windows, v4.1, https://www.r-project.org/)
using RStudio (RStudio, v1-554, www.rstudio.com/). Data management and plotting
were performed using the tidyverse package. Parameter optimization and model
simulations were conducted using nlmixr and RxODE packages. Final model codes
are provided in the supplementary materials (54.2).
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Figure 4.1 Final Model Structures, (A) Bedaquiline, (B) Pretomanid. The mPBPK models for bedaquiline
and pretomanid contain the relevant compartments, including lung and lung lesions. Blood, liver, lungs, and
lung lesions are represented by their volumes and the rest of the body is lumped into tissue compartment(s).
Compartments are connected with each other by blood flows. CL=plasma clearance, DoseF=dose-dependent
bioavailability, Eh=hepatic extraction ratio, F1=bioavailability of depot1, kal=absorption rate from depot1,
ka2=absorption rate from depot2, Kp=partition coefficient for tissue compartments, Qh=blood flow to liver,
Qle=blood flow rate to lung lesions, Qt=blood flow to tissues, QUL=blood flow rate to unaffected lungs,
Rle=penetration ratio for lung lesion, RUL=penetration ratio for unaffected lungs, Vblood=volume of blood
reservoir, Vliver=volume of liver, Vtissues=volume of tissue compartment.
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Results

Evaluation of the modeling approach using pyrazinamide data

The pyrazinamide mPBPK model was first developed using mice PK data to evaluate
the predictability of our translational mPBPK approach. Pyrazinamide plasma, lung
lesion, and uninvolved lungs PK data from mice were best described by the mPBPK
structural model with first-order absorption and first-order elimination (S4.3). The
addition of a tissue compartment and evaluations of other absorption models did
not improve the model fit. The parameters describing plasma PK were estimated
with good precision (RSE < 20%). The parameters R and R  were associated
with an RSE of 52% and 102%, respectively (Table 4.1). The scaled mPBPK model
appropriately described pyrazinamide plasma, lung lesions, and uninvolved lungs
concentrations at steady-state from TB patients using allometric exponents of
-0.25for ka and 0.75 for CL (Table 4.1, Figure 4.1). Overall, the pyrazinamide model
predictions showed good agreement with the observed data from mice and TB
patients suggesting the reliability of our translational mPBPK approach for other
TB antibiotics.

Figure 4.2 Evaluation of the modeling approach using Pyrazinamide PK profiles in TB patients.
Pyrazinamide model predictions showed good agreement with the observed data from TB patients
suggesting the reliability of our mPBPK framework for other TB antibiotics. Pyrazinamide 1500 mg
oral dosing was simulated and compared against observed data from plasma, lungs, and lesions of TB
patients?*2°2° accessed through TB-Pacts. Both observed and simulations for lung and lesion represent
one dosing cycle at steady-state. Blue points=observed data, solid grey line=median of the simulations,
shaded grey area=95% prediction interval (Pl) of the simulations.
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Table 4.1 Parameter estimates of Bedaquiline, Pretomanid, and Pyrazinamide mPBPK models

Parameter Estimate

Parameter (Units) Description %RSE Source
Mice Humans

Physiological

Qc (L/hr) Cardiac output 0.839 312 (for 70 kg)

Qh (fraction of Qc)  Blood flow to liver 0.161 0.227

Vliv (fraction of Volume of liver 0.0549 0.0549 15

body weight)

Vbl (fraction of Volume of blood reservoir 0.077 0.077

body weight)

Bedaquiline

fup (%) Unbound fraction 0.1 0.1 3

BP Blood-to-plasma ratio 1 1 - 3

ka1 (1/hr) Absorption rate from 1.3 1.3 37.8
depot1

ka2 (1/hr) Absorption rate from 0.00501 0.00501 9.13
depot2

CLint (L/hr) Intrinsic clearance 1.21 60.3 16.7

KpT Partition coefficient for 4.45 4.45 15.3
tissue compartments

CLM2 (L/hr) Clearance for M2 0.0119 45.9 13.6

KpTM2 Partition coefficient for 9.54 9.54 18.4
tissue compartments for M2

R, Penetration ratio for lung 1 1 10.7
lesion Estimated

R, Penetration ratio for 10.2 10.2 10.9
uninvolved lungs

R M2 Penetration ratio for lung 88.4 88.4 5.72
lesion for M2

R, M2 Penetration ratio for 88.8 88.8 5.53
uninvolved lungs for M2

frc Fraction going through fast 0.609 0.609 11.9
absorption (depot1)

IV for ka1, ka2, Lognormally distributed - 40 -

CLint, CLM2, KpT, random variability in

and KpTM2 (%) bedaquiline parameters for
human simulations

MBC,, Minimum bactericidal = 17760 =
concentration for non- 2
replicating bacteria (ng/mL)

MBC, Minimum bactericidal - 5500 -
concentration for replicating 5
bacteria (ng/mL)

MIC Range Minimum inhibitory = 60-250 = .

concentration range (ng/mL)
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Parameter Estimate

Parameter (Units) Description %RSE Source
Mice Humans
Pretomanid
BP Blood-to-plasma ratio 1.65 1.65 ®
ED50 (mg) Dose at which bioavailability 7.59 554 14.8 Mice
is 50% of the maximum estimated,
which was assumed 1 Humans*
ka (1/hr) Absorption rate 0.3 0.3 23.3
CL(L/hr) Apparent clearance 0.016 4.42 3.78
KpT Partition coefficient for 36.3 36.3 3.77
tissue compartment 1
FT1 Fraction going to tissue 0.97 0.97 9.72
compartment 1
KpT1 Partition coefficient for 0.483 0.483 14
tissue compartment 2 Estimated
R, Penetration ratio for lung 1.05 1.05 145
lesion
R, Penetration ratio for 175 175 13.8
uninvolved lungs
11V for ka, ED50, CL, Lognormally distributed - 40 -
KpT, and KpT2 (%) random variability in
pretomanid parameters for
human simulations
MBC,, Minimum bactericidal - 6300 -
concentration for non- &
replicating bacteria (ng/mL)
MBC, Minimum bactericidal - 20 -
concentration for replicating 3
bacteria (ng/mL)
MIC Range Minimum inhibitory = 8-4000 = B
concentration range (ng/mL)
Pyrazinamide
BP Blood-to-plasma ratio 0.79 0.79 - =
ka (1/hr) Absorption rate 0.30 0.05° 7.25
CL (L/hr) Apparent clearance 0.014 3.5 3.04
R, Penetration ratio for lung 1.37 1.37 52.2
lesion
R, Penetration ratio for 0.85 0.85 102 Estimated
uninvolved lungs
11V for ka and CL Lognormally distributed - 40 -

(%)

random variability in
pyrazinamide parameters
for human simulations (%)

2 allometrically scaled from mice to humans using exponent -0.25; Estimated residual errors in model
fitting to mice data were as following: combined bedaquiline plasma, liver, and M2 plasma = proportional
43 %; bedaquiline and M2 lesion and lungs = proportional 53%, pretomanid plasma= proportional 12 %,
pretomanid lesion = proportional 6% and additive 2.24 ng/mL, pretomanid lungs = proportional 12 % and
additive 0.239 ng/mL, pyrazinamide combined plasma, lungs, and lesion= proportional 35%. Residual
errors were not included in the human simulations.
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Model development and assessment for bedaquiline and
pretomanid

Bedaquiline and M2 PK data from plasma, liver, lung lesions, and uninvolved
lungs of Mtb infected mice was best described by the mPBPK structural model
containing parallel first-order two absorptions that are in alignment with prior
bedaquiline PopPK models, parent-metabolite well-stirred liver compartment,
tissue compartments for both bedaquiline and M2, first-order elimination of
M2, and lung lesion and uninvolved lungs compartments (Figure 4.1A). Other
components that were evaluated but did not provide improvements in the model
fitincluded only one first-order absorption, transit compartment absorption, and
saturable conversion of bedaquiline to M2. All parameters were estimated with
reasonable precision (RSE < 40%) (Table 4.1), and the model predictions showed
good agreement with the observed data in mice (Figure 4.3A, S4.4A).

Slight under-predictions of bedaquiline and over-predictions of M2 plasma
concentrations were noted when the mPBPK model was directly scaled from mice
to humans using only allometric scaling. This was assumed to be due to the species
difference between mice and humans in bedaquiline and M2 metabolism and
has been previously noted?#28. To account for this difference, calibration of two
parameters, intrinsic clearance (CLint) and clearance of M2 (CLM2) was performed
by fitting to median rich concentrations-time profiles from TB patients for one dose
group (400 mg on day1, 300 mg on day2, and 200 mg day3-14)*. The updated model
predicted both bedaquiline and M2 plasma concentrations time profiles well for
all dose groups in the dataset (Table 4.2, Figure 4.4). With a 10% or 50% variation
in parameter estimates, the mean sensitivity index was low (between -1 and 1) for
both bedaquiline and M2 with the exception of absorption rate of depot2 (ka2)
that showed high sensitivity for both bedaquiline and M2 plasma concentrations
(S4.6). Overall, this mPBPK model for bedaquiline and M2 was deemed reliable for
predictions of exposures at the site-of-action, within lung lesions, in TB patients.

Pretomanid oral absorption was best described by a first-order absorption
model with dose-dependent bioavailability. Transit compartment absorption was
evaluated but did not provide improvements in the model fits. Pretomanid plasma
PK after oral dosing, and F18-pretomanid plasma, lung lesion, and uninvolved lungs
PK after F18-pretomanid IV dosing were best described by the mPBPK structural
model with two tissue compartments and first-order elimination (Figure 4.2B).
All parameters were estimated with reasonable precision (RSE < 45%) except
that R, was estimated with RSE of 145% due to limited lesion PK data (Table 4.1).
Overall, the model predictions showed good agreement with the observed data
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from mice following either F18-pretomanid IV or pretomanid oral dosing (Figure
4.3B). Reasonable agreement between observed data and scaled-up human model
predictions was noticed for plasma PK data for pretomanid from TB patients,
although some underpredictions were noted at 1000 mg and 1200 mg doses (Table
4.2, Figure 4.4). With a 10% change in parameter estimates, the sensitivity for
key pretomanid PK parameters was relatively low (between -2.5 and 2.5) with the
exception of partition coefficient for tissue compartment 1 (kpT1) that showed
moderate sensitivity for pretomanid plasma concentrations. This further supported
the reliability of the model (S4.6). Overall, the mPBPK model for pretomanid was
deemed reliable for predictions of exposures at the site-of-action, within lung
lesions, following clinically-relevant doses in TB patients.

Figure 4.3 Predicted vs. observed PK profiles in mice, (A) Bedaquiline, (B) Pretomanid. The model
predictions for plasma, lung, and lesion bedaquiline and pretomanid agreed well with the observed data
for mice. Bedaquiline 25 mg/kg was administered orally?2. Pretomanid was administered orally at varying
doses between 18 mg/kg to 486 mg/kg?>2°. Radioactive 18F pretomanid was administered intravenously
and the % of the injected dose was measured in plasma, lungs, and lesions of mice. Blue points=observed
data, black line=model fit predictions, %ID= percent of injected dose, pretomanid concentrations for oral
dosing unit=ng/mL, 18F-pretomanid concentrations for IV dosing=%ID/mL.

(A)

Bedaquiline Bedaquiline Bedaquiline Bedaquiline M2

Plasma Lesion Uninvolved Lungs| Liver Plasma

Concentration (ng/mL)

0 50 100 150 0 50 100 150 O 50 100 150 O 50 100 150 0 50 100 150
Time (h)
(B)

Pretomanid Oral 18F-Pretomanid IV 18F-Pretomanid IV 18F-Pretomanid [V

Plasma Plasma Lesion Uninvolved Lungs
1078

0 10 20 30 40 50 O 0 1 2 3

Concentrations (unit/mL)

—— 18 mg/kg -+ 162 mglkg
54 mg/kg —e— 486 mg/kg

88



Predictions of bedaquiline and pretomanid target attainment in lung lesions of tuberculosis patients using transla-
tional minimal physiologically based pharmacokinetic modeling

Figure 4.4 Predicted and observed plasma PK profiles in TB patients for Bedaquiline, M2, and
Pretomanid. The model predictions for plasma bedaquiline, M2, and pretomanid agreed well with the
observed data for TB patients from clinical trials at various doses?#°, Blue points=observed data, solid grey
line=median of the simulations, shaded grey area=95% prediction interval (Pl) of the simulations. Panel
titles represent bedaquiline or pretomanid doses in mg. Bedaquiline was administered as an increasing
daily dose, i.e., panel 1 represents a group that received 200 mg on day1 and 100 mg on day2 onwards.
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Pharmacokinetics and target attainment predictions of
bedaquiline and pretomanid at the site of action

The simulations suggested good penetration for both bedaquiline in lung lesions and
uninvolved lungs (Figure 4.5A). The predicted bedaquiline median (95% prediction
interval) lesion-to-plasma ratio was 11.0 (10.5-11.4) and uninvolved-lungs-to-plasma
was 10.2 (9.8-10.5). Bedaquiline lesions and uninvolved lungs concentrations were
predicted to remain above the MIC range observed for MDR-TB isolates at standard
dosing and alternative QD dosing?’. Bedaquiline lesion and uninvolved lungs
concentrations were predicted to be slightly above MBC_ for all virtual patients
throughout the treatment period during extensive phase of standard dosing and
alternative QD dosing (Figure 4.5A)>%. At standard bedaquiline dosing, a total of
94% of virtual patients were predicted to have Cavg-lesion > MBC, after extensive
dosing (400 mg QD) for the first 14 days of treatment, but <5% of virtual patients
were predicted to have Cavg-lesion > MBC,, throughout the continuation phase of
treatment when dosing was reduced to 200 mg three times a week. At alternative QD
bedaquiline dosing, a total of 86% of virtual patients were predicted to have Cavg-
lesion > MBC, , during extensive phase (200 mg QD) for the 8 weeks of treatment,
but <5% of virtual patients were predicted to have Cavg-lesion > MBC,, throughout
the continuation phase of treatment when dosing was reduced to 100 mg QD.
The simulations also suggested relatively similar M2 exposures at site-of-action
to those of bedaquiline (Figure 4.5). Simulated plasma M2 concentrations were
below reported M2 EC50 concentrations for QTcF prolongation for 83% of virtual
patients during extensive phase of standard bedaquiline treatment, and for all
virtual patients during continuation phase of standard bedaquiline and both phases
of alternative QD dosing (S4.4B). It should be noted that although the probability of
target attainment is higher with bedaquiline standard dosing during the extensive
phase, the period of extensive phase in standard dosing vs. alternative QD dosing
is shorter (2 vs. 8 weeks) which may have a large impact on overall efficacy. The
probability of Cavg-lesion >MBC, ,was predicted to increase with an increase in body
weight for both dosing scenarios (Figure 4.6). Cavity size was predicted to not affect
the attainment of average lesion concentrations above MBC,.

Pretomanid predicted median (95% prediction interval) lesion-to-plasma ratio was
2.6 (2.5-2.8) and uninvolved-lung-to-plasma ratio was 2.9 (2.7-3.1) (Figure 4.5B).
Predicted lesion concentrations after pretomanid 200 mg daily dosing were predicted
to remain above the pretomanid MIC range observed for MDR-TB isolates for 18%
of virtual patients™. Pretomanid lesions and uninvolved lungs concentrations were
predicted to remain well above (MBC,) for all patients. Less than 1% of patients were
predicted to have pretomanid Cavg-lesion> MBC,, (Figure 4.5B)".
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Table 4.2 Observed vs. predicted exposure comparison for Bedaquiline and Pretomanid at standard
dosing at steady-state.

Exposure Bedaquiline Bedaquiline Pretomanid

Metric 400 mg QD 200 mg Thrice a Week 200 mg QD

(mg/L) Observed % Predicted Observed? Predicted Observed ™  Predicted

Cavg, 2.696 (0.865)° 3.24(0.497) 0.584(0.197) 0.68(0.108) 1.26 (0.16) 1.06 (0.143)
1.371(0.529)°

Cmax_, 5.502(2.965)¢  6.29(1.45) 1.267(0.435) 1.57(0.404) 1.7 (0.29) 3.06 (0.61)
2.763(1.185)"

Cmin,_ 1.448 (0.437)2 1.07(0.322) 0.356(0.170) 0.174(0.062) 0.5(0.08) 0.149 (0.06)

0.728 (0.257)®

aDrug-susceptible TB patients, ® MDR-TB patients. All values are presented as mean (standard deviation)

Figure 4.5 Simulated PK profiles at sites of action in TB patients: (A) Bedaquiline standard and QD
dosing, and (B) Pretomanid. Bedaquiline standard dosing included 400 mg QD for 14 days followed by
200 mg three days a week. Bedaquiline QD dosing included 200 mg QD for 8 weeks followed by 100 mg
QD. Pretomanid dosing included 200 mg QD. The model predicted that lung and lesion concentrations of
bedaquiline and pretomanid would remain above MIC (for rifampin and/or isoniazid drug-resistant TB strains)
and MBCR at current clinically-relevant doses. Although it was predicted that 94% and 53% of patients would
achieve target exposures at standard and alternative QD bedaquiline dosing, respectively; it should be noted
that alternative QD dosing provides higher target attainment for a longer duration (2 vs. 8 weeks). M2 target
attainment was predicted to be slightly higher than those of bedaquiline. It should be noted that M2 MBC
and MICs were assumed the same as those of bedaquiline*'. MIC= minimum inhibitory concentrations, MDR=
multi-drug resistant tuberculosis, MBCR = minimum bactericidal concentrations for replicating bacteria,
MBCNR = minimum bactericidal concentrations for non-replicating bacteria. Blue or black lines=median of
the simulations, shaded blue or grey area=95% prediction interval (PI) of the simulations.
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Figure 4.6 Predicted probability of average Bedaquiline concentrations above MBCNR in TB patients
by body weight. Body weight was predicted to have an impact on lesion PTA. PTA was defined as Cavg-
lesion > MBC NR. MBCNR = minimum bactericidal concentrations for non-replicating bacteria. PTA were
calculated at steady-state for each dosing group.
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Discussion

In this work, we developed translational mPBPK models for bedaquiline and
pretomanid containing lungs including cavitary lesions compartments using
physiological parameters describing blood flows and volumes of lesions and
uninvolved lungs. The mPBPK models adequately described plasma, lungs, and
lesion PK data from mice well. The translational mPBPK models adequately
described dose-ranging plasma PK data from TB patients. The mPBPK models
allowed predictions of bedaquiline and pretomanid exposures and target
attainment in the lungs and lesions of TB patients.

One of the concerns against the newer antibiotics, bedaquiline and pretomanid,
is the development of resistance®. A key mechanism of resistance development
against antibiotics includes a subpopulation of Mtb, persisters, developing
phenotypic tolerance against the drugs without genetic mutations. This process
is reversible; however, sub-optimal drug exposures within cavitary lesions where
persisters dwell, allow them to survive. This eventually allows Mtb strains to
develop genotypic mutation and allow replication of genetically resistant strains
against antibiotics®'. As such, it is crucial to optimize therapeutic strategies to
eliminate the non-replicating persistent Mtb population during the treatment
phase. Our mPBPK models can be combined with various types of experimental
in vitro and in vivo bacterial-kill dynamics and resistance development data to
construct mechanistic PK-PD models that can be used to further evaluate optimal
strategies against Mtb, especially against persisters within lesions32,

Our predictions suggested that PTA decrease with an increase in patients’ body
weight for both bedaquiline and pretomanid. The current dosing regimen for
bedaquiline is associated with safety risks of QTcF prolongation and hepatic
adverse events; therefore, an increase in bedaquiline dosing may not be a viable
approach for all patients. Further efficacy and safety evaluations of bodyweight-
based dose optimization for bedaquiline may be useful. The model also captured
the pharmacokinetics of the bedaquiline metabolite M2 within plasma and at site-
of-action. To further evaluate the contribution of M2 on Mtb clearance using the
developed mPBPK framework, M2-specific pharmacodynamic parameters such
as derived in an in vitro experiment would be required. Model-informed precision
dosing approaches can be employed to ensure maximum risk-benefit balance for
most patients considering totality of information334. The current dosing regimen
for pretomanid is considered safe. The mechanistic PK-PD model can be used
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to predict the effects of alternative dosing of pretomanid in combination with
bedaquiline and/or other antibiotics on clearance of persisting Mtb from lesion.

Previously, standard compartmental models combined with effect compartment
structural models or whole-body PBPK modeling combined with mechanistic
lung models have been developed for mostly first-line TB antibiotic®*3. Middle-
out approaches, such as mPBPK models, allow the balance between empirical
compartmental models and rigorous whole-body PBPK models3¢. Our mPBPK
model construct included standard physiological parameters, such as blood
flow rates and volume for lungs. A key component of our structural model is the
parameter describing flow rates to lesions that were calculated based on total
blood flow rates and volume fraction of cavitary lesion. As such, this approach
suggests a simple technique to evaluate the impact of cavitary lesion size on target
exposure attainment within lesions for anti-TB agents. Our simulations suggested
no significant impact of total lesion volume on PTA within lesions for bedaquiline
and pretomanid given other variability and uncertainty in the parameters that were
estimated using limited preclinical data. Additional model-based analyses using
our structural model and longitudinal PET-imaging data from lesions of varying
sizes from TB patients’ may allow further insights into understating the impact
of cavity size on bedaquiline and pretomanid target attainment within lesions to
further optimize treatment strategies.

In vitro experimental evaluations of MIC and MBC values for antimicrobials are
usually performed using free drug. As such, the role of plasma protein binding
may be important for in vitro - in vivo response comparisons if plasma drug
concentrations are used for predictions of response in vivo. Generally, only unbound
drug from the systemic circulation is available for diffusion into the tissues. Both
bound and unbound drug can penetrate the tissues via active transport; however,
as distribution equilibrium is achieved, unbound plasma and unbound tissue
concentrations reach equilibrium3”3. The previously described empirical model
structure for tissue penetration that was fitted to the observed lung and lesion
concentrations data allows estimation of lung and lesion distribution parameters
relative to plasma drug concentrations, and may empirically account for the
contributions of the plasma protein binding®8. Following drug penetration to the
lung tissue, the fraction of drug available to exert the effect depends on the tissue
content and drug physicochemical properties, such as lipophilicity, solubility, tissue
protein binding, and acidity®”28. Therefore, accounting for fraction unbound in
tissue for predictions of PK-PD relationship may be important®. In this work, we did
not directly correct site of action exposures for protein or tissue binding process
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as uncertainty exists in the overall impact of these parameters on the PK-PD
relationship for bedaquiline and pretomanid. Evaluations of these relationships
may be of interest in future studies.

Our mPBPK models were calibrated to mice PK data. The models were translated
to TB patients using allometric scaling and were compared and qualified against
dose-ranging plasma concentrations data from clinical studies. Although our
translational models provided reasonable agreement with the observed plasma
concentrations data for all three drugs, this work did not include evaluations of
best structural model fit to the clinical data or estimation of individual parameter
estimation. The sensitivity analysis identified the most sensitive parameters.
The future work may consider estimation of individual parameters using the
mPBPK model structure, including further evaluations of the role of the sensitive
parameters on exposure using clinical data. Mechanistic understanding included in
the mPBPK construct combined with Bayesian estimation using our final parameter
estimates as priors may provide thorough understanding of individual variability
and covariate-parameter relationships towards the goal of treatment optimization,
especially against persisting Mtb.

Although the validation of our translational approach for predictions of lesion and
lung concentrations using pyrazinamide give confidence in the applied approach,
our model predictions for lesion and lung concentrations for bedaquiline and
pretomanid cannot be compared to observed data from TB patients as such data
are not available to date. Our models may be further validated or further developed
in the future when such data is available. In general, the current construct of mPBPK
models for bedaquiline and pretomanid are relevant for our primary objective,
i.e., to predict exposures in the lungs and lesions of TB patients using preclinical
data. Additionally, the good performance of our translational mPBPK approach
for pyrazinamide gives confidence that similar translational performance may be
expected for other drugs, such as, bedaquiline and pretomanid.

To conclude, we present the first translational mPBPK models for bedaquiline
and pretomanid allowing comprehensive predictions of lungs and lesions
exposures in patients. Both extensive and continuation phase of current standard
bedaquiline dosing were predicted to achieve target exposures within lungs and
cavitary lesions to elicit bactericidal activity against replicating bacteria; however,
only extensive phase treatment was predicted to achieve target exposures to
elicit minimum bactericidal activity against non-replicating bacteria. Standard
pretomanid dosing was predicted to achieve target exposures to elicit bactericidal
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activity against replicating bacteria but not against non-replicating bacteria for
most patients. These models can also be further developed to be combined with

pharmacodynamics, efficacy, or safety measures to optimize or individualize
combination treatment strategies.
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Supplementary Materials

S4.1. Summary of the time course data used for model development and validation

Drug Name

Study Details

Source

Model Development

Bedaquiline

Pretomanid

Pyrazinamide

Model Validation

Bedaquiline

Pretomanid

Pyrazinamide

Pyrazinamide

Bedaquiline concentrations from blood plasma and liver of mice
after a single oral dose of 25 mg/kg bedaquiline

Bedaquiline and M2 concentrations from blood plasma, lesion,
and uninvolved lungs of mice after a single oral dose of 25 mg/
kg bedaquiline

Pretomanid concentrations from blood serum of mice after
single oral doses of either 6-, 18-, 54-, 162-, or 486- mg/kg
pretomanid

F18-pretomanid plasma, lesion, and uninvolved lungs
concentrations were measured by PET imaging after IV dosing of
F18-pretomanid

Pyrazinamide concentrations from blood plasma, lesions, and
uninvolved lungs of mice after a single oral dose of 150 mg/kg
pyrazinamide

Bedaquiline and M2 concentrations from blood serum of
pulmonary TB patients after bedaquiline doses ranging between
100 mg - 700 mg.

Pretomanid serum concentrations from pulmonary TB patients
after pretomanid doses ranging between 50 mg - 1200 mg.

Pyrazinamide serum concentrations from pulmonary TB
patients after 1500 mg daily dosing of pretomanid

Pyrazinamide steady-state concentrations from lesions, and
uninvolved lungs of pulmonary TB patients
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S4.2. Final Model Codes for Bedaquiline and Pretomanid mPBPK.
BDQparams <- c(TVka1=1.3, TVka2=0.00501, TVCLint=60.3,
KpT=4.45, TVCLM2=45.9, KpTM2=18.4, Rles=11,

RUL=10.2, RlesM2=88.4, RULM2=88.8, TVfrc=0.609, fup=0.1)
BDQmod <- RxODE({

HHEHHHHHHH##AR#HS Drug-specific Parameters Estimated and Translated to

Humans

ka1=TVkal*exp(eta.kal);

ka2 =TVka2*exp(eta.ka2);

CLint=TVCLint*((BW/70)"0.75)*exp(eta.CLint) ;

CLM2=TVCLM2*((BW/70)70.75) *exp(eta.CLM2);

logit_frc =log(TVfrc/(1 - TVfrc)); 4

frc=(1/(1 + exp(-logit_frc))) ;

##H##HH#HH###HS Human System specific parameters ######## ##H####H#H#
#Cardiac output

Qc =312*(BW/70)70.75 ; # Cardiac output (Brown 1997 table 22; calculated based
on 5200 ml/min)

Qh =Qc*0.227 ; # Blood flow to liver as fraction of Qc (Brown1997 table 23)
Qt=Qc-Qh;

# Volumes

VLiv = 0.0257*BW ; # Volume of liver (L) (Brown1997 table 7)
VLu = 0.0076*BW ; # Volume of lungs (L) (Brown1997 table 7)
Dblv =0.0514 ; # Volume veins per kg BW (L/kg)

Dbla =0.0257 ; # Volume arteries per kg BW (L/kg)

Dbl = Dblv + Dbla ; # Volume blood resovior per kg BW (L/kg)
Vbl = DbI*BW ; # volume of blood resovioir (L)

Vt=BW - VLu - Vbl - VLiv ; # Residual body volume (L)

# Lesion volume calculation

# Median total lesion volume in cavitary TB patients = 14 mL (PMID: 34617068)
#14 mL=0.014 L represents ~2.16 % of total lung volume (total lung volume 0.532
Lin 70 kg human)

# Assume comparable extent of lesions in Mtb infected mice

# VLeF = 0.014/0.53 ; # Volume of lung lesions (fraction of lung volume)

VULF =1 - VLeF; # Volume of lung lesions (fraction of lung volume)

VLe = VLeF*VLu ; # Absolute volume of lesion (L)
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VUL =VLu - VLe ; # Volume of uninvolved lung (L)
QLe = Qc/VLe ; # Blood flow to lesion (1/hr)
QUL = Qc/VUL ; # Blood flow to uninvolved lungs (1/hr)

# Secondary parameters

Eh = (fup*CLint)/(Qh + (fup*CLint)) ;
Cbld = blood/Vbl ;

CbldM2 = M2blood/Vbl ;

HUHHH SR BB HHHH R B HHHH BB HHHHH ODEs ####HHHHHHHH B HHH
d/dt(depot1) = -kal*depot1 ; # Input

d/dt(depot2) = -ka2*depot2 ; # Input

d/dt(liver) = frc*ka1*depot1 + (1-frc)*ka2*depot2 - # Input
Qh*Eh*liver/VLiv - # conversion to M2

Qh*(1-Eh)*liver/VLiv + # outflow to blood

Qh*blood/Vbl ; # inflow from blood

d/dt(blood) = Qh*(1-Eh)*liver/VLiv - # absorption

Qh*blood/Vbl + # outflow to liver

tissue*Qt/(Vt*KpT) - blood*Qt/Vbl ; # in and out of tissues
d/dt(tissue) = blood*Qt/Vbl - tissue*Qt/(Vt*KpT) ;

d/dt(M2blood) = Qh*Eh*liver/VLiv - CLM2*M2blood/Vbl +
M2tissue*Qt/(Vt*KpTM2) - M2blood*Qt/Vbl ; # in and out of tissues
d/dt(M2tissue) = M2blood*Qt/Vbl - M2tissue*Qt/(Vt*KpTM2) ;
##+#Lesion and uninvolved lungs ODEs

d/dt(Cles) = QLe*(Cbld*Rles - Cles) ;

d/dt(CUlung) = QUL*(CbId*RUL - CUlung) ;

d/dt(ClesM2) = QLe*(CbldM2*RlesM2 - ClesM2) ;

d/dt(CUlungM2) = QUL*(CbIdM2*RULM?2 - CUlungM?2) ;

HH SRR SH RS HHE Outputs #EHSFSH AR HHHH#H#H
C_plasma_bdq = (blood/Vbl)*1000 ; #ng/mL
C_liver_bdq = (liver/VLiv)*1000 ; #ng/mL ;
C_plasma_m2 = (M2blood/Vbl)*1000 ; #ng/mL ;
C_lesion_bdq = (Cles)*1000 ; #ng/mL ;
C_uninvolvedL_bdq = (CUlung)*1000 ; #ng/mL ;
C_lesion_m2 = (ClesM2)*1000 ; #ng/mL ;
C_uninvolvedL_m2 = (CUlungM2)*1000 ; #ng/mL ;

)
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PTMparams <- ¢(
TVka=0.3,
TVCL=4.42,
TVED50=554,
TVKpT=36.24,
TVKpT1=0.48,
Rles=1.6,
RUL=1.76)

PTMmod <- RxODE({

#HH#EH#HHHHHHH###H##H#H# Drug-specific Parameters Estimated and Translated to

Humans ###### ###H#H##H#HHH# 4
ka=TVka*exp(eta.ka);

CL=TVCL*exp(eta.CL)*(BW/70)"0.75 ;

KpT = TVKpT*exp(eta.KpT) ;

KpT1 = TVKpT1*exp(eta.KpT1);

ED50 = TVED50 ; #*exp(eta.ED50) ;

FT1=0.975;

BP = 1.65;

#H## S S #HH###H#E Human System specific parameters ################
#Cardiac output

Qc =312*(BW/70)70.75 ; # Cardiac output (Brown 1997 table 22; calculated based
on 5200 ml/min)

Qt=Qc*(1-FT1);

Qt1 = Qc*FT1;

# Volumes

VLu = 0.0076*BW ; # Volume of lungs (L) (Brown1997 table 7)
Dblv =0.0514 ; # Volume veins per kg BW (L/kg)

Dbla = 0.0257 ; # Volume arteries per kg BW (L/kg)

Dbl = Dblv + Dbla ; # Volume blood resovior per kg BW (L/kg)
Vbl = DbI*BW ; # volume of blood resovioir (L)

Vt_tot = BW - VLu - Vbl ; # Residual body volume (L)

Vt = Vt_tot*(1 - FT1);

Vt1 = Vt_tot*FT1;

103



Chapter 4

# Lesion volume calculation

# Median total lesion volume in cavitary TB patients = 14 mL (PMID: 34617068)
#14 mL =0.014 L represents ~2.16 % of total lung volume (total lung volume 0.532
Lin 70 kg human)

# Assume comparable extent of lesions in Mtb infected mice

# VLeF = 0.014/0.53 ; # Volume of lung lesions (fraction of lung volume)

VULF = 1 - VLeF; # Volume of lung lesions (fraction of lung volume)

VLe = VLeF*VLu ; # Absolute volume of lesion (L)

VUL = VLu - VLe ; # Volume of uninvolved lung (L)

QLe = Qc/VLe; # Blood flow to lesion (1/hr)

QUL = Qc/VUL; # Blood flow to uninvolved lungs (1/hr)

Cbld = blood/Vbl;

HUHHHHH BB HHHHHH R B R R H BB HHHHH ODEs ####HHHH##H#HHBHH#H
d/dt(depot) = -ka*depot ;

Fmax=1;

doseln = Fmax*dose/(1 + (dose/ED50)) ;

f(depot) = doseln/dose ;

d/dt(blood) =ka*depot - CL*blood/Vbl + tissue*Qt/(Vt*KpT) - blood*Qt/Vbl +
tissue1*Qt1/(Vt1*KpT1) - blood*Qt1/Vbl ;

d/dt(tissue) = blood*Qt/Vbl - tissue*Qt/(Vt*KpT) ;

d/dt(tissuel) = blood*Qt1/Vbl - tissue1*Qt1/(Vt1*KpT1) ;

##+#Lesion and uninvolved lungs ODEs

d/dt(Cles) = QLe*(Cbld*Rles - Cles) ;

d/dt(CUlung) = QUL*(CbId*RUL - CUlung) ;

HHHHHHHRHHHHHSFE OUtpUts H#H#HHHHHHHARHHH1H
C_plasma = (Cbld/BP)*1000 ; #ng/mL

C_lesion = (Cles)*1000 ; #ng/mL

C_Ulung = (CUlung)*1000 ; #ng/mL})
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S4.3. Pyrazinamide mPBPK model in mice. (A) Model structure, (B) Model fit. blue points=observed data,
black line=model fit predictions.
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S4.4. Time course of Bedaquiline Metabolite, M2, concentrations, (A) Plasma, lungs, and lesion observed
vs. model predictions in mice, (B) Plasma in TB patients. The model predictions for bedaquiline well with
the observed data for mice and TB patients from clinical trials at clinically-relevant doses. Bedaquiline was
administered orally as 25 mg/kg in mice and 400 mg on day1, 300 mg on day2, and 100 mg QD on day3
onwards in patients®. Red horizontal line refers to half-maximal M2 concentrations for QTcF prolongation®.
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S4.5. Predicted and observed plasma steady-states PK pProfiles in TB patients for Bedaquiline, M2, and
Pretomanid. Blue points=observed data, solid grey line=median of the simulations, shaded grey area=95%
confidence interval (Cl) of the simulations. Panel titles represent bedaquiline or pretomanid doses in mg.
Bedaquiline was administered as an increasing daily dose, i.e., panel 1 represents a group that received
200 mg on day1 and 100 mg on day2 onwards.
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