& frontiers | Research Topics

Pharmacology of
Infectious diseases:
World tuberculosis day
2022

Edited by
Johannes Alffenaar, Sebastian G. Wicha and
Shashikant Srivastava

Published in
Frontiers in Pharmacology



https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/research-topics/35370/pharmacology-of-infectious-diseases-world-tuberculosis-day-2022
https://www.frontiersin.org/research-topics/35370/pharmacology-of-infectious-diseases-world-tuberculosis-day-2022
https://www.frontiersin.org/research-topics/35370/pharmacology-of-infectious-diseases-world-tuberculosis-day-2022
https://www.frontiersin.org/research-topics/35370/pharmacology-of-infectious-diseases-world-tuberculosis-day-2022

& frontiers | Research Topics

FRONTIERS EBOOK COPYRIGHT STATEMENT

The copyright in the text of individual
articles in this ebook is the property
of their respective authors or their
respective institutions or funders.
The copyright in graphics and images
within each article may be subject

to copyright of other parties. In both
cases this is subject to a license
granted to Frontiers.

The compilation of articles constituting
this ebook is the property of Frontiers.

Each article within this ebook, and the
ebook itself, are published under the
most recent version of the Creative
Commons CC-BY licence. The version
current at the date of publication of
this ebook is CC-BY 4.0. If the CC-BY
licence is updated, the licence granted
by Frontiers is automatically updated
to the new version.

When exercising any right under

the CC-BY licence, Frontiers must be
attributed as the original publisher
of the article or ebook, as applicable.

Authors have the responsibility of
ensuring that any graphics or other
materials which are the property of
others may be included in the CC-BY
licence, but this should be checked
before relying on the CC-BY licence
to reproduce those materials. Any
copyright notices relating to those
materials must be complied with.

Copyright and source
acknowledgement notices may not
be removed and must be displayed
in any copy, derivative work or partial
copy which includes the elements

in question.

All copyright, and all rights therein,
are protected by national and
international copyright laws. The
above represents a summary only.
For further information please read
Frontiers’ Conditions for Website Use
and Copyright Statement, and the
applicable CC-BY licence.

ISSN 1664-8714
ISBN 978-2-8325-2830-3
DOI10.3389/978-2-8325-2830-3

Frontiers in Pharmacology

June 2023

About Frontiers

Frontiers is more than just an open access publisher of scholarly articles: it is
a pioneering approach to the world of academia, radically improving the way
scholarly research is managed. The grand vision of Frontiers is a world where
all people have an equal opportunity to seek, share and generate knowledge.
Frontiers provides immediate and permanent online open access to all its
publications, but this alone is not enough to realize our grand goals.

Frontiers journal series

The Frontiers journal series is a multi-tier and interdisciplinary set of open-
access, online journals, promising a paradigm shift from the current review,
selection and dissemination processes in academic publishing. All Frontiers
journals are driven by researchers for researchers; therefore, they constitute
a service to the scholarly community. At the same time, the Frontiers journal
series operates on a revolutionary invention, the tiered publishing system,
initially addressing specific communities of scholars, and gradually climbing
up to broader public understanding, thus serving the interests of the lay
society, too.

Dedication to quality

Each Frontiers article is a landmark of the highest quality, thanks to genuinely
collaborative interactions between authors and review editors, who include
some of the world's best academicians. Research must be certified by peers
before entering a stream of knowledge that may eventually reach the public
- and shape society; therefore, Frontiers only applies the most rigorous

and unbiased reviews. Frontiers revolutionizes research publishing by freely
delivering the most outstanding research, evaluated with no bias from both
the academic and social point of view. By applying the most advanced
information technologies, Frontiers is catapulting scholarly publishing into

a new generation.

What are Frontiers Research Topics?

Frontiers Research Topics are very popular trademarks of the Frontiers
Jjournals series: they are collections of at least ten articles, all centered

on a particular subject. With their unique mix of varied contributions from
Original Research to Review Articles, Frontiers Research Topics unify the
most influential researchers, the latest key findings and historical advances
in a hot research area.

Find out more on how to host your own Frontiers Research Topic or
contribute to one as an author by contacting the Frontiers editorial office:
frontiersin.org/about/contact

1 frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/
https://www.frontiersin.org/about/contact
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

& frontiers | Research Topics June 2023

Pharmacology of infectious

diseases: World tuberculosis day
2022

Topic editors

Johannes Alffenaar — The University of Sydney, Australia
Sebastian G. Wicha — University of Hamburg, Germany
Shashikant Srivastava — University of Texas at Tyler, United States

Citation

Alffenaar, J., Wicha, S. G., Srivastava, S., eds. (2023). Pharmacology of infectious
diseases: World tuberculosis day 2022. Lausanne: Frontiers Media SA.

doi: 10.3389/978-2-8325-2830-3

Frontiers in Pharmacology 2 frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/
http://doi.org/10.3389/978-2-8325-2830-3

& frontiers | Research Topics

Table of
contents

Frontiers in Pharmacology

05

08

19

31

81

94

104

114

126

June 2023

Editorial: Pharmacology of infectious diseases: world
tuberculosis day 2022

Shashikant Srivastava, Johannes W. Alffenaar and Sebastian G. Wicha

Safety and effectiveness of all-oral and injectable-containing,
bedaquiline-based long treatment regimen for pre-XDR
tuberculosis in Vietham

Thi Mai Phuong Nguyen, Binh Hoa Nguyen, Thi Thanh Thuy Hoang,
Hoang Anh Nguyen, Dinh Hoa Vu, Mai Hoa Nguyen,

Bao Ngoc Nguyen, Tom Decroo and Viet Nhung Nguyen

Minocycline intra-bacterial pharmacokinetic hysteresis as a
basis for pharmacologic memory and a backbone for
once-a-week pan-tuberculosis therapy

Devyani Deshpande, Shashikant Srivastava,

Jotam Garaimunashe Pasipanodya and Tawanda Gumbo

Synthetic approaches to potent heterocyclic inhibitors of
tuberculosis: A decade review
Upala Dasmahapatra and Kaushik Chanda

Pharmacokinetics and pharmacodynamics of
anti-tuberculosis drugs: An evaluation of in vitro, in vivo
methodologies and human studies

Jan-Willem C. Alffenaar, Jurriaan E. M. de Steenwinkel,

Andreas H. Diacon, Ulrika S. H. Simonsson, Shashikant Srivastava and
Sebastian G. Wicha

Cerebrospinal fluid concentrations of fluoroquinolones and
carbapenems in tuberculosis meningitis

Nicole F. Maranchick, Mohammad H. Alshaer, Alison G. C. Smith,
Teona Avaliani, Mariam Gujabidze, Tinatin Bakuradze,

Shorena Sabanadze, Zaza Avaliani, Maia Kipiani, Charles A. Peloquin
and Russell R. Kempker

Pharmacokinetic analysis of linezolid for multidrug resistant
tuberculosis at a tertiary care centre in Mumbai, India

Juan Eduardo Resendiz-Galvan, Prerna R. Arora,

Mahmoud Tareq Abdelwahab, Zarir F. Udwadia, Camilla Rodrigues,
Amita Gupta, Paolo Denti, Tester F. Ashavaid and Jeffrey A. Tornheim

Population pharmacokinetics and dose evaluations of
linezolid in the treatment of multidrug-resistant tuberculosis
Haoyue Zhang, Yuying He, Lina Davies Forsman, Jakob Paues,

Jim Werngren, Katarina Niward, Thomas Schén, Judith Bruchfeld,
Jan-Willem Alffenaar and Yi Hu

Clofazimine for the treatment of tuberculosis
Jacob A. M. Stadler, Gary Maartens, Graeme Meintjes and
Sean Wasserman

3 frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/

& frontiers | Research Topics June 2023

144 Combined quantitative tuberculosis biomarker model for
time-to-positivity and colony forming unit to support
tuberculosis drug development
Rami Ayoun Alsoud, Robin J. Svensson, Elin M. Svensson,
Stephen H. Gillespie, Martin J. Boeree, Andreas H. Diacon,
Rodney Dawson, Rob E. Aarnoutse and Ulrika S. H. Simonsson on
behalf of the PanACEA consortium

156  Population pharmacokinetics and model-based dosing
evaluation of bedaquiline in multidrug-resistant tuberculosis
patients
Ge Shao, Ziwei Bao, Lina Davies Forsman, Jakob Paues,

Jim Werngren, Katarina Niward, Thomas Schén, Judith Bruchfeld,
Jan-Willem Alffenaar and Yi Hu

168  Standards for model-based early bactericidal activity analysis
and sample size determination in tuberculosis drug
development
Laurynas Mockeliunas, Alan Faraj, Rob C. van Wijk, Caryn M. Upton,
Gerben van den Hoogen, Andreas H. Diacon and
Ulrika S. H. Simonsson

186 A model-based approach for a practical dosing strategy for
the short, intensive treatment regimen for paediatric
tuberculous meningitis
Roeland E. Wasmann, Tiziana Masini, Kerri Viney, Sabine Verkuijl,
Annemieke Brands, Anneke C. Hesseling, Helen Mcllleron,

Paolo Denti and Kelly E. Dooley

196  Development of a population pharmacokinetic model of
pyrazinamide to guide personalized therapy: impacts of
geriatric and diabetes mellitus on clearance
Ryunha Kim, Rannissa Puspita Jayanti, Hongyeul Lee, Hyun-Kuk Kim,
Jiyeon Kang, I-Nae Park, Jehun Kim, Jee Youn Oh, Hyung Woo Kim,
Heayon Lee, Jong-Lyul Ghim, Sangzin Ahn, Nguyen Phuoc Long,
Yong-Soon Cho, Jae-Gook Shin and On behalf of the cPMTb

Frontiers in Pharmacology 4 frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/

a' frontiers ‘ Frontiers in Pharmacology

’ @ Check for updates

OPEN ACCESS

EDITED AND REVIEWED BY
Hendrik W. Van Veen,
University of Cambridge, United Kingdom

*CORRESPONDENCE
Shashikant Srivastava,
Shashi.kant@uthct.edu

RECEIVED 02 June 2023
accepTED 07 June 2023
PUBLISHED 13 June 2023

CITATION

Srivastava S, Alffenaar JW and Wicha SG
(2023), Editorial: Pharmacology of
infectious diseases: world tuberculosis
day 2022.

Front. Pharmacol. 14:1233347.

doi: 10.3389/fphar.2023.1233347

COPYRIGHT
© 2023 Srivastava, Alffenaar and Wicha.
This is an open-access article distributed
under the terms of the Creative
Commons Attribution License (CC BY).
The use, distribution or reproduction in
other forums is permitted, provided the
original author(s) and the copyright
owner(s) are credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

Frontiers in Pharmacology

TvpPE Editorial
PUBLISHED 13 June 2023
Dol 10.3389/fphar.2023.1233347

Editorial: Pharmacology of
Infectious diseases: world
tuberculosis day 2022

Shashikant Srivastava®?3*, Johannes W. Alffenaar*>® and
Sebastian G. Wicha’

'Department of Medicine, School of Medicine, University of Texas at Tyler, Tyler, TX, United States,
2Department of Cellular and Molecular Biology, University of Texas Health Science Center at Tyler, Tyler,
TX, United States, *Center for Biomedical Research, University of Texas Health Science Centre at Tyler,
Tyler, TX, United States, *Sydney Institute for Infectious Diseases, The University of Sydney, Sydney, NSW,
Australia, °Faculty of Medicine and Health, School of Pharmacy, The University of Sydney, Sydney, NSW,
Australia, *Westmead Hospital, Sydney, NSW, Australia, "Department of Clinical Pharmacy, Institute of
Pharmacy, University of Hamburg, Hamburg, Germany

KEYWORDS

pharmacology, infectious diseases, tuberculosis, drug discovery, modeling

Editorial on the Research Topic
Pharmacology of infectious diseases: world tuberculosis day 2022

Robert Koch discovered Mycobacterium tuberculosis (Mtb), the causative agent of
tuberculosis (TB), in 1882 (Koch, 1882). Significant progress has been made since then
to treat TB and now we have treatment regimens with a four-month duration for drug-
susceptible TB (Gillespie et al., 2014) and the possibility that the therapy duration can further
be shortened (Gumbo et al,, 2022). However, the emergence of drug resistance during
therapy remains a major challenge and continuous efforts are needed to develop new drugs,
regimens, and biomarkers for therapy outcomes. The series of articles in this Research Topic
of “Frontiers in Pharmacology” provides an insight into the pharmacokinetics/
pharmacodynamics (PK/PD) of anti-tuberculosis drugs, various mathematical and
computer-aided simulation models on the PK/PD as well methods to use Mycobacteria
Growth Indicator Tube (MGIT) derived time-to-positive (TTP) as a biomarker for
therapeutic outcome.

The first review article, by Alffenaar et al. discusses in vitro, in vivo, and human studies,
the factors to consider in a study design, the importance of uniform reporting including
microbiological and clinical outcome assessments, and modeling approaches to link the PK/
PD and other output from these studies. Regarding the in vitro studies examining the efficacy
of drugs against Mtb, the authors discussed the importance of determining the MIC using
various methods, time-kill kinetic studies at static concentrations, and how a dynamic hollow
fiber system of tuberculosis (HFS-TB) can be used not only to determine the drug exposure
for Mtb kill and resistance suppression but also to investigate different metabolic populations
of Mtb. Regarding the animal studies, Alffenaar et al. discussed the effect of routes of
infection, PK in blood versus at the site of infection, PD read-outs (CFU and TTP),
biomarkers and use of the in vivo systems to evaluate the differences in treatment in
terms of sterilization on infection, relapse, and death. The review also discusses the human
PKPD with a focus on early bactericidal activity (EBA) studies and proposed the inclusion of
PK and therapeutic drug monitoring (TDM) in clinical trials. An overview of the in silico
modeling and computer-aided clinical trial simulation to link in vitro, in vivo, and human
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studies were also included to discuss how the modeling approach
can bridge the translation of pre-clinical findings to clinical settings.

The second review article in the series, by Stadler et al. is on
clofazimine that was introduced in the clinics due to the reported
in vitro anti-TB activity but without the PK and safety evaluation.
Interestingly, while clofazimine lacks the EBA, is synergistic with
many first- and second-line drugs. This review summarizes the
clinical studies on the safety and efficacy outcomes of clofazimine-
containing regimens as well as a comprehensive list of recently
completed and ongoing clinical trials to investigate the efficacy of
clofazimine against both drug-susceptible and drug-resistant forms
of TB. Stadler et al. literature review also provides a rationale for
with
antimycobacterial activity as well as better PK and tolerability
profile, to add to the armament of anti-TB drugs.

developing novel clofazimine analogs improved

Linezolid is one of the core drugs now included in the
multidrug-resistant (MDR)-TB treatment regimen, including the
BPaLM regimen recommended by the World_Health Organizaton
(2022). Zhang et al. performed a prospective multi-center cohort
study including 168 participants with MDR-TB for clinical
validation of the linezolid exposure target identified in the HFS-
TB (Srivastava et al., 2017). The authors used a population PK model
for linezolid and used classification and regression tree analyses
(CART) to identify the ratio of 0-24 h area under the concentration-
time curve (AUC;,4) to the minimal inhibitory concentration
(MIC) associated with successful treatment outcome. The authors
analyzed a total of 1,008 linezolid plasma concentrations using a
two-compartment model with first-order absorption and
elimination to identify AUC, ,4/MIC of >125 as the threshold
for successful treatment outcome, close to the threshold
identified in the HFS-TB as an AUC,_,4,/MIC of 119 (Srivastava
et al,, 2017). The time to culture conversion in patients with AUC,_
24/MIC >125 was also similar to the HFS-TB predicted 2-month
threshold. The authors concluded that with the standard 600 mg
once daily dose of linezolid, the probability of target attainment was
100% up to the MIC <0.25 mg/L. Thus, Zhang et al. study provides
crucial clinical evidence that preclinical models, such as HFS-TB,
combined with mathematical modeling and clinical trial simulations
can accurately predict clinical outcomes.

The second study on linezolid by Resendiz-Galvan et al.
compared the therapeutic outcomes and adverse events between
linezolid 600 mg versus 300 mg daily dose in patients with MDR-TB
treated at a tertiary care hospital in Mumbai, India. Intensive or
sparse blood sampling was performed for the PK analysis in
183 study participants. The authors concluded that the likelihood
of failing to achieve the optimal exposure target with linezolid
300 mg once daily dose was 21%, whereas the probability of
target attainment (PTA) of 600mg daily dose was >90%.
However, there was a higher likelihood of exceeding toxicity
thresholds with a 600 mg dose (31%) versus the 300 mg daily
dose (9.6%). The findings of Resendiz-Galvan et al. also highlight
another aspect of personalized medicine, i.e., therapeutic drug
monitoring (TDM) to individualize linezolid dosing to improve
the treatment efficacy while balancing the risk of drug-induced
toxicity for the treatment of MDR-TB (Nahid et al., 2019; Alffenaar
et al.,, 2022).

Bedaquiline is included in the treatment regimen for MDR-TB.
However, measurement of bedaquiline plasma concentrations could
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be tricky, thus information on drug exposure to associate with
treatment outcome is limited. The study by Shao et al. performed
population PK modeling, using a three-compartment model, to
evaluate the WHO-recommended 400 mg once daily dose for
14 days followed by 200 mg three times a week after 2-4 weeks of
treatment. The model was developed using 1,205 bedaquiline
plasma concentrations from 55 patients and showed a wide
concentration range between 0.04 mg/L to 5.96 mg/L. The model
validation cohort included 159 patients. Patients on bedaquiline
treatment achieving an AUC,_,4/MIC >175.5 were predicted to have
a higher probability of culture conversion after two-months of
therapy. The study also reported that in 13 patients bedaquiline
was either discontinued or a dose reduction was required due to
moderate and serious QT prolongation.

To exert the antimicrobial effect, penetration of the drugs at the
site of infection is an important factor when selecting the drugs in a
combination regimen (Dheda et al., 2018). TB meningitis is difficult
to treat as many of the drugs do not penetrate the central nervous
system. Maranchick et al. evaluated the cerebrospinal fluid (CSF)
concentrations of fluoroquinolones and carbapenems in patients
The
ofloxacin,

with TB meningitis. authors evaluated levofloxacin,

moxifloxacin, imipenem, and meropenem
concentrations in 22 patients treated for TB meningitis, among
them only eight were confirmed cases, highlighting the difficulty of
establishing a diagnosis in central nervous system TB. The
levofloxacin CSF/serum ratio at 2-6 h sampling time points was
0.41-0.63, respectively. For moxifloxacin, the adjusted CSF/serum
ratios at 2-6 h sampling time points were 0.44-0.62, respectively.
While Maranchick et al. study evaluated only two time points, a
previous study with intensive PK sampling reported that
moxifloxacin C,,,x in the CSF was observed after 4hrs of drug
administration, and the mean plasma to CSF AUC ratio for total
concentrations was 0.82 (range 0.70-0.94). Therefore, the observed
difference between the two studies could be the timepoint of
sampling. This also highlights the importance of performing full
PK instead of sparse sampling for drugs, where toxicity could be a
concern, to calculate the actual drug exposure and dose adjustments
as needed. Regarding the carbapenems, among the 76 CSF samples,
the authors reported that drug concentration was below the limit of
detection in 79% of samples. In summary, the findings of
Maranchick et al. reinforce the use of fluoroquinolones in TB
meningitis, but questions carbapenem’s utility in the treatment of
TB meningitis.

Continuing the search for drugs with penetration at disease-
specific anatomic sites, the study by Deshpande et al. used the HFS-
TB to determine the potential role of minocycline in the treatment of
TB. The same study also tested several combinations of minocycline
with  tedizolid,
intrapulmonary PK of each drug. In addition, Deshpande et al.

moxifloxacin, and rifampin  mimicking
explored the possibility of an intermittent regimen by combining
minocycline with tedizolid. Notably, the authors determined the
intra-bacterial minocycline PK as a potential explanation for the
effectiveness of the proposed once-a-week regimen. The authors
proposed a hypothesis of “system hysteresis” as the basic mechanism
of minocycline’s extended efficacy against intracellular Mtb and
termed it as “pharmacologic memory” allowing intermittent dosing
of minocycline. The authors found that in the HFS-TB, the
minocycline-containing once-a-week combination regimen was as
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effective as daily therapy. Clinical validation of these findings is
warranted.

While the development of new drugs and combination regimens
is needed to further shorten both drug-susceptible and MDR-TB,
identifying new methods to determine the drug efficacy is equally
important to expedite the process. The study by Mockeliunas et al.
describes a pharmacometric model-based approach that could be
used in the clinical trials designed to determine the early bactericidal
activity of the drugs. The authors used an estimate of MGIT-
generated TTP slope, variability in TTP slope, impact of
covariates, and drug PKs to link all these covariates with efficacy.
The seven-step approach of this paper that employed the expertise of
microbiologists, ~clinicians, and pharmacometricians could
potentially be used to evaluate the EBA of monotherapies as well
as combination regimens.

The culture of Mtb takes many weeks to grow. Therefore,
alternative methods and biomarkers that can be used to measure
the changes in the bacterial burden upon drug treatment are needed.
The study by Alsoud et al. describes the role of TTP and CFU to
develop a biomarker for TB drug development and to establish the
efficacy of drugs in EBA studies. To develop a quantitative
biomarker model for TTP and CFU to inform future EBA
studies, paired TTP and CFU data from 83 patients with
uncomplicated pulmonary TB receiving rifampicin monotherapy
(dose range 10-40 mg/kg) was included. These patients were from
the HIGHRIF1 study (Boeree et al., 2015). While the proposed PK-
CFU-TTP model was able to identify the relationship between CFU
and TTP, the data on the bacterial growth phase, and the difference
in the growth rate of different Mtb metabolic subpopulations
including nonreplicating persisters was not estimated. Further,
the authors caution against extrapolation of their findings outside
the range (10-40 mg/kg) as well as consideration of bacterial
susceptibly and treatment duration when using such a modeling
approach.

Finally, the study by Wasmann et al. addresses the treatment
approach in special populations. This study describes the methods to
develop a new dosing strategy to facilitate short-course regimens for
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Background: The World health organization (WHO) recently recommended
standardized all-oral shorter regimens for rifampicin resistant Tuberculosis (RR-
TB). For highly resistant Tuberculosis patients such as pre-XDR-TB: RR-TB plus
additional resistance to fluoroquinolones (FQ), the 6-9-months bedaquiline
(bedaquiline)-based regimens or BDQ-based long regimens are
recommended. The role of second-line injectable (SLI) drugs in the
treatment of drug resistant TB is restricted because of safety concerns.
Nevertheless, it is not well-known how all-oral long regimens (BDQ-long)
perform compared to SLI-containing long regimens (BDQ/SLI-long) in terms
of safety and effectiveness among patients with highly resistant TB.

Method: A prospective observational cohort of patients with RR-TB additionally
resistant to fluoroquinolones and/or second-line injectable, treated with either
BDQ-long or BDQ/SLI-long regimens according to the guidance of the
National Tuberculosis Program of Vietnam, enrolled between December
2015 and June 2017.

Results: Of 99 patients enrolled, 42 (42%) patients were treated with BDQ-
long and 57 (57%) with BDQ/SLI-long. More than 85% of patients were
previously exposed to both FQ and SLI. FQ and SLI resistance were
confirmed in 28 (67%) and 41 (98%) in the BDQ-long cohort and 48 (84%)
and 17 (30%) in the BDQ/SLI-long cohort, respectively. Treatment success
was achieved among 29 (69%) and 46 (81%) patients on the BDQ-long and
BDQ/SLI-long regimen, respectively (p = 0.2). For both regimens, median
time to first smear/culture sputum conversion was 2 months. All patients
experienced at least one adverse event (AE) and 85% of them had at least one
severe Adverse events. The median time to a first severe adverse event was
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2 months. Among patients treated with BDQ-long a higher proportion of
patients had three QT-prolonging drugs in the regimen (26.2% versus 7.0%;
p = 0.009). The severe prolonged QTcF was observed in 22 (52.4%) and 22
(38.6%) patients on BDQ-long and BDQ/SLI-long, respectively. Overall, 30
(30%) patients had to either temporary or permanently discontinued or more
TB drugs due to AEs.

Conclusion: Treatment success was similar for both all-oral and SLI-containing
BDQ-based long regimens in highly resistant TB patients. Both regimens had a
similar high frequency of AEs. For both BDQ-long and BDQ/SLI-long regimens
active AEs monitoring is essential.

KEYWORDS

pre-XDR TB treatment, all oral regimen, injectable secondline drug, QT prolongation,

bedaquline

Introduction

Tuberculosis (TB) remains one of the most frequent,
transmissible, life-threatening diseases globally, with high
mortality and morbidity. Furthermore, the emergence of
rifampicin resistant TB (RR-TB) has threatened global efforts
in ending the disease. Treatment of RR-TB, especially in patients
with more advanced resistance patterns such as pre-extensively
drug-resistant tuberculosis (pre-XDR-TB) had poor outcomes
until the recent introduction of bedaquiline (Abubakar et al.,
2021). According to 2020 World Health Organization (WHO)’s
global TB report, about 57% of patients with RR-TB were
successfully treated and, compared to 47% of patients with
pre-XDR-TB (World Health Organization, 2020). Vietnam is
one of 30 high TB burden countries in the world, with high rates
of RR-TB. In 2019, there were an estimated 170,000 new TB and
8,400 new RR-TB cases (World Health Organization, 2020). The
prevalence of FQ resistance among patients with RR-TB was
16,7% (Nhung et al., 2015).

Over the last decade, WHO has issued a number of new
guidelines for the management of RR-TB in order to improve the
outcome and tolerability of RR-TB treatment regimens (World
Health Organization, 2013; World Health Organization, 2014;
World Health Organization, 2015; World Health Organization,
2016a; World Health Organization, 2016b; World Health
Organization, 2020; Mirzayev et al, 2021; World Health
Organization, 2022). RR-TB treatment regimens
recommended by WHO have evolved from long (more than
18 months) injectable-containing regimens to shorter all-oral
regimens (using bedaquiline [BDQ] instead of the injectable
drugs). The most recent guidelines recommend the use of
either 9-11-months all-oral BDQ-based regimen or a novel
6-9-months treatment regimen, which includes BDQ and a
new drug, pretomanid (World Health Organization, 2022).
For pre-XDR-TB patients, the novel 6-9 -month BPaL (BDQ,
pretomanid and linezolid) regimen showed to be effective in a
one-arm trial (Conradie et al., 2020) and has been recommended
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by WHO in the updated guidelines (World Health Organization,
2022). However, patients who were previously exposed to any
component of BPaL are not eligible for this regimen.
Additionally, given that pretomanid is not yet available in
most settings, BDQ-based long regimens are recommended
for these highly resistant patients (World Health
Organization, 2020).

Since BDQ was introduced as a new and highly potential
anti-TB drug (World Health Organization, 2013) a number of
studies have been conducted to assess the outcomes of BDQ-
based regimens for the treatment of drug-resistant TB. The
majority of these studies were about RR-TB treatment while
some focused-on smaller cohorts of pre-XDR-TB patients
(Hatami et al., 2022). Overall, BDQ-containing regimens
showed high culture conversion and treatment success rate
among drug-resistant TB patients (Hatami et al., 2022). In its
2020 consolidated guidelines, WHO recommended the use of
BDQ as a core drug in all-oral regimens to optimize treatment
outcomes and minimize the toxicity of injectable agents
(World Health Organization, 2020). However, in patients
with more advanced resistance patterns (pre-XDR-TB), the
choice of effective drugs is limited. Second-line injectables
(SLIs) might still be an option as companion drugs to support
and protect BDQ in the regimen (van Deun et al,, 2018).
Moreover, in drug-resistant TB patients with limited
treatment options, the exclusion of injectable drugs may
lead to a combination of drugs with a similar toxicity
profile, for example when multiple QT prolonging drugs,
such as fluoroquinolones, clofazimine, and bedaquiline, are
used in the same regimen (Brust et al., 2021; Hughes et al.,
2022). A number of previous studies described the
effectiveness of BDQ-based regimens, with or without SLIs,
but only treatment outcomes were assessed (Hatami et al,
2022). How all-oral long regimens (BDQ-long) perform
compared to SLI-containing long regimens (BDQ/SLI-long)
in terms of safety was less well described. To our best
knowledge, no comparison has been made between all-oral
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BDQ-based and injectable-containing BDQ-based regimens
in terms of both safety and effectiveness.

In Vietnam, in addition to standardized regimens for RR-TB
patients, individualized long regimens were indicated for patients
with pre-XDR-TB and patients who did not tolerate one ore
more components of the standardized RR-TB regimen. This
study aimed to describe the effectiveness and safety of
individualized BDQ based long regimens with and without
SLI drug on pre-XDR-TB patients.

Methods
Study design

This prospective observational cohort study invovled pre-
XDR-TB patients treated with BDQ-based long regimen in
three sites including Ha Noi, Ho Chi Minh city and Can Tho
between December 2015 and June 2017 under the treatment
guidance  of of
Vietnam (NTP).

National =~ Tuberculosis ~ Program

Setting and study population

Vietnam is a high TB and RR-TB burden country. In 2016,
there were an estimated 126,000 new TB and 5,500 new RR-TB
cases nationally, of which, only 2,450 RR-TB cases were enrolled
on treatment. This study included RR-TB patients over 18 years
of age, who had TB additionally resistant to either FQ (pre-XDR-
TB) or SLI or both. Exclusion criteria included being at risk of
cardiovascular complications (QTcF >500 ms), having end-stage
of liver or renal diseases, being pregnant, or being a nursing
mother.

RR-TB and pre-XDR-TB management

Xpert MTB/RIF (Cepheid Inc, Sunnyvale, CA, United States )
was used for the diagnosis of RR-TB. Once diagnosed, RR-TB
patients were screened for resistance to FQ by either genotypic
(GenoType Hain MTBDRsl (Nehren, Germany); second-line line
probe assay) or phenotypic drug susceptibility testing (DST). In
addition, other drugs resistance including firstline drugs such as
ethambutol,
amikacin, capreomycin and kanamycin, were also assessed at

isoniazid, streptomycin, and SLIs including
baseline. After assessing eligibility, patients were registered and
started on either the BDQ-long or BDQ/SLI-long treatment
following WHO

Management of Drug resistant TB guidelines. In Vietnam,

regimen, and national Programmatic
when this study was conducted, there were no short,
standardized treatment options for pre-XDR-TB and/or SLI-

resistant RR-TB. Such patients were put on individualized long
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regimens without new drugs (BDQ, delamanid or pretomanid).
Only at our three study sites, BDQ-based long regimens were
available. Based on the patients’ treatment history and DST
profile, the National Clinical Committee decided whether to
put patients on the BDQ-long or BDQ/SLI-long regimen. In
most cases, the patients were put on the BDQ-long regimen if
their DST results showed resistance to secondline injectables.
Nevertheless, 17/57 patients with initial resistance to one SLI but
susceptible to another SLIs on phenotypic DST, were treated with
the SLI (kanamycin or capreomycin) for which susceptibility had
been shown (BDQ/SLI-long). For both groups, the total
treatment duration was 20 months. SLI were provided during
8 months in injectable-containing regimen group. BDQ was used
in 24 weeks. In case bacteriological and clinical response to
treatment was poor, the use of BDQ was prolonged with an
additional 4-8 weeks, following the decision of the National
Clinical Committee. Patients were followed up monthly
during treatment (clinical examination, smear, liquid culture
BACTEC MGIT 960, chest Xray and other tests). ECG
monitoring was three times per week during the first 2 weeks,
once per week in the following 2 weeks and then monthly until
the end of treatment (see Supplementary Table S1 for a detailed
monitoring schedule). Patients were hospitalized during the first
1-2 months, then discharged for ambulatory management at
district or commune levels. Adverse events (AEs) were
managed and reported monthly following the cohort event
monitoring (CEM) protocol as part of a prospective,
observational, cohort study of AEs (Bao Ngoc et al, 2021;
World Health Organization, 2012).

Study variables and definition

Exposure variables included patient age, sex, body mass
index, resistance profile, previous TB drugs exposure, HIV
and other co-morbidity status, and treatment regimen.
Monthly sputum smear and culture results were used to
determine the month of conversion. Based on WHO and
national guidelines, treatment outcomes were grouped as
favorable (cured or treatment completed) and unfavorable
(treatment failure, died, or lost-to-follow-up [LTFU]). For the
safety analysis, all abnormal clinical symptoms and test results
were recorded and reported during treatment using CEM
reports. Grading of AEs was based on the “Table of Grading
the Severity of Adult and Pediatric Adverse Events, version 2.0”
(November 2014) of the U.S National Institute of Allergy and
Infectious disease (US Department of Health and Human
Services et al., 2014). Grade 3 and 4 adverse events were
reported as severe AEs. Serious AEs (SAEs) included any
death, hospitalization, life-threatening AE, permanently
disability or any grade 4 AEs. Severe prolonged QTcF was
defined as QTcF >500 ms or an increase of 60 ms compared
to the baseline QTcF value. To assess potential drug-drug
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TABLE 1 Patient characteristics by regimen.

Patient
characteristics

Age (year)
Body mass index (kg/m?)

Follow-up time (months)

Male

Resistance to any SLID
Resistance to FQ
Previous SLID treatment
Previous FQ treatment
Asthenia

Smoking

Alcohol dependence
Co-morbidities

At least one co-morbidity
Diabetes

Peptic ulcer

Hepatitis
Osteoarthritis

Anemia

COPD

HIV infection

Renal failure

Initial Treatment Regimens
Secondline injectables
Kanamycin
Capreomycin
Bedaquiline
Levofloxacin
Linezolid

Clofazimine
Cycloserin
Pyrazinamide
Prothionamide
P-aminosalicyclic acid
Ethambutol

High dose Isoniazid

Total (N = 99)

Mean

43.5
18.4
17.4

71
58
76
86
85
23

43

MW U U N o

57
34
23
99
16
58
86
24
90
51
34
14
5

Potential QT prolongation drug—drug interactions

LFX_CFZ_BDQ
LFX_BDQ
CFZ_BDQ
Microbiology
Positive AFB

Positive culture

15
19
88

60
76

SD

(13.9)
(3.3)
(4.9)
(%)
(71,7)
(58.6)
(76.8)
(86.7)
(86.9)
(23,2)
(12.1)
(5.1)

(43.4)
(222)
9.1)
(7.1)
(5.1)
(5.1)
(5.1)
(3.0)
(2.0)

(57.6)
(34.3)
(232)
(100.0)
(162)
(58.6)
(86.9)
(242)
(90.9)
(51.5)
(34.3)
(14.1)
(5.1)
(152)

(19.2)
(88.9)

(60.6)
(76.8)

BDQ-long (n = 42)

Mean SD
428 (10.7)
18.3 (3.0)
16.7 (5.3)
n (%)
29 (69.0)
41 (97.6)
28 (66.7)
37 (88.1)
36 (85.7)
12 (28.6)
5 (11.9)
2 (4.8)
17 40.5
10 (23.8)
2 (4.8)
4 (9.5)
1 (2.4)
2 (4.8)
1 (2.4)
2 (4.8)
1 (2.4)
0 (0.0)
0 (0.0)
0 (0.0)
12 (100.0)
10 (23.8)
36 (85.7)
41 (97.6)
8 (19.0)
40 (95.2)
21 (50.0)
20 (47.6)
6 (14.3)
0 (0.0)
11 (26.2)
12 (28.6)
41 (97.6)
25 (59.5)
30 (71.4)

10.3389/fphar.2022.1023704

BDQ/SLI-long
(n =57)

Mean

44.0
18.4
17.8
n

42
17
48
49
49

26

[ T I

57
34
23
57

22
45
16
50
30
14

47

35
46

SD

(15.9)
(3.6)
4.7)
(%)
(73.7)
(29.8)*
(84.2)
(86.0)
(86.6)
(19.3)
(12.3)
(5.3)

45.6
(21.1)
(13.5)
(5.3)
(7.0)
(5:3)
(7.0)
(1.8)
(1.8)

(100.0)
(59.6)
(40.4)
(100.0)
(105)
(38.6)
(78.9)
(28.1)
(87.7)
(52.6)
(24.6)
(14.0)
(8.8)

(7.0)
(12.3)
(82.5)

(61.4)
(80.7)

p value

0.673
0.828
0.292

0.613
<0.001
0.041
0.756
0.972
0.280
0.955
1.000

0.610
0.744
0.294
0.453
0.392
1.000
0.392
0.573
1.000

NA
NA
NA
NA
0.076
<0.001
0.007
0.301
0.294
0.796
0.017
0.972
0.070

0.009
0.042
0.022

0.850
0.280

SD, standard deviation; SLI, second-line injectable; FQ, fluoroquinolone; COPD, chronic obstructive pulmonary disease; HIV, human immunodeficiency virus; WHO, world health
organization; BDQ, bedaquiline; LFX, levofloxacin; CFZ, clofazimine; AFB, Acid-fast bacillus.
*17/57 patients with initial resistance to one SLI, but susceptible to another SLI, were treated with the SLI, for which susceptibility had been shown.
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with positive microbiology.

TABLE 2 Treatment outcome of BDQ-based regimens in the treatment of pre-XDR-TB.

BDQ-long (N = 42)

n (%)
Favorable outcome 29 (69.0)
Cured 24 (57.1)
Completed 5 (11.9)
Unfavorable outcome 13 (31.0)
Failure 1 (2.4)
Lost to follow up 8 (19.0)
Death 4 9.5)

interactions that can cause QT prolongation we counted the
number of drugs included in each of the regimens that were also
listed on the CredibleMeds’ QT drugs list (Woosley et al., 2022).

Data collection and analyses

Pre-designed paper forms were developed to collect data from
the patient’s medical records, including baseline patient information
form; monthly clinical and bacteriological follow-up forms; and
CEM forms. Then, the data collected was entered in the Microsoft
Access 2013 database for further analysis. Frequencies and
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BDQ/SLI—long Total (N = 99)

(N =57)

n (%) n (%)
46 (80.7) 75 (75.8)
38 (66.7) 62 (62.6)
8 (14.0) 13 (13.1)
11 (19.3) 24 (24.2)
1 (1.8) 2 (2.0)
7 (12.3) 15 (15.2)
3 (5.3) 7 (7.1)

proportions were used to summarise categorical variables;
medians and interquartile ranges were used to summarise
continuous variables. The chi-square test was used to assess
associations between exposure and outcome variables, a
multivariable regression model was used to find predictors of
having an unfavorable outcome. We used Kaplan Meier curves
to visualize the probability of events (time to the first severe adverse
event, time to drug discontinuation and time to sputum smear/
culture conversion) during treatment. The Log-rank test was
conducted to compare the time-to-event between different
groups. A p-value less than 0.05 was considered statistically

significant. Data analyses were performed using software R 3.4.4.
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TABLE 3 Number of patients with severe AE by regimen.

Total (N = 99)

n (%)
At least one severe AE 84 (84.8)
At least two severe AE 51 (51.5)
At least three severe AE 22 (22.2)
Heart rate disorders (prolonged QTcF) 44 (44.4)
Metabolic disorders 32 (32.3)
Hyperglycemia 18 (18.2)
Hypoglycemia 4 (4)
Hyperuricemia 15 (15.2)
Liver and biliary disorders 27 (27.3)
Increased direct bilirubin 23 (23.2)
Hepatitis 11 (11.1)
Electrolyte disturbances 18 (18.2)
Hypocalcemia 6 (6.1)
Hypomagnesemia 4 (4)
Hyperkalemia 2 2)
Hypokalemia 8 (8.1)
Hematologic disorders 10 (10.1)
Gastrointestinal disorders 6 (6.1)
Vision disorders 6 (6.1)
Renal disorders (increased creatinine) 4 (4)
Hearing disorders 3 3)
Psychiatric disorders 2 2)
Any neurological disorders 2 (2.0)
Central nervous system disorders 1 (1)
Peripheral neuropathy 1 (1)
Muscoloskeletal disorders (arthralgia) 1 (1)
Anaphylactic reactions 1 (1)

10.3389/fphar.2022.1023704

BDQ-long BDQ/SLI-long p value
(N =42) (N =57)

n (%) n (%)

36 (85.7) 48 (84.2) 0.841
18 (42.9) 33 (57.9) 0.139
10 (23.8) 12 (21.1) 0.740
22 (52.4) 22 (38.6) 0.172
12 (28.6) 20 (35.1) 0.493
8 (19) 10 (17.5) 0.842
2 (4.8) 2 (3.5) 1.000
5 (11.9) 10 (17.5) 0.238
13 (31.0) 14 (24.6) 0.480
10 (23.8) 13 (22.8) 0.920
6 (14.3) 5 (8.8) 0.520
8 (19.0) 10 (17.5) 0.841
2 (4.8) 4 (7) 0.700
2 (4.8) 2 (3.5) 1.000
1 (2.4) 1 (1.8) 1.000
4 (9.5) 4 ) 1.000
6 (14.3) 4 7) 0.315
3 (7.1) 3 (5.3) 1.000
3 (7.1) 3 (5.3) 1.000
0 (0.0) 4 (7) 0.135
0 (0.0) 3 (5.3) 0.260
0 (0.0) 2 (3.5) 0.506
0 (0.0) 2 (3.5) 0.506
0 (0.0) 1 (1.8) 1.000
0 (0.0) 1 (1.8) 1.000
0 (0.0) 1 (1.8) 1.000
0 (0.0) 1 (1.8) 1.000

AE, adverse event; AST, aspartate aminotransferase; ALT, alanine aminotransferase; QTcF, QT, interval corrected for heart rate using Fridericia’s formula.

Ethics approval
Ethical approval of this study was obtained from the
Independent Ethic Committee of the Ministry of Health and

National Lung hospital in Vietnam. Written informed consent
was obtained from all studied patients.

Results
Patient characteristics

Baseline characteristics of 99 eligible patients are shown in
Table 1. Of those, 42 (42.4%) were on the BDQ-long and 57 (57.6%)

Frontiers in Pharmacology

were on the BDQ/SLI-long regimens, respectively. The mean age of
patients was 43.5 years. More than two thirds were male. In both
groups, the initial treatment regimen contained a median of 5
(interquartile range [IQR] = 5-6) anti TB drugs. Overall, 76 (76.8%)
patients had confirmed resistance to FQ (pre-XDR-TB), with 66.7%
in the BDQ-long and 84.2% in the BDQ/SLI-long regimen group,
respectively. The majority of patients were exposed previously to FQ
(86.9%) and SLI (86.7%). A baseline positive culture was recorded in
71.4% of patients (n = 30) treated with BDQ-long and 80.7% of
patients (n = 47) treated with the BDQ/SLI-long regimen.

Eleven (26.2%) patients in all-oral regimen group had the
combination of BDQ with both levofloxacin (LFX) and
clofazimine (CFZ) in the regimen while only 4 (7.0%) of
patients in the other group had BDQ plus both drugs (p = 0.009).
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FIGURE 2
Kaplan-Meier plot for time to the first severe adverse event.

Treatment outcome

Bacteriological response was assessed in 76 patients with a
positive culture sputum at baseline. Culture conversion at
2 months was achieved in 18 of 30 (60.0%) patients on BDQ-
long and 30 of 46 (65.2%) patients on BDQ/SLI-long (p = 0.5).
After 6 months of treatment, 86.7% (n = 26) and 95.7% (n = 44)
patients culture converted in the BDQ-long and BDQ/SLI-long
cohort (Figure 1). Treatment success was achieved among 29
(69.0%) and 46 (80.7%) patients of the BDQ-long and BDQ/SLI-
long cohort (Table 2). The proportion with a favorable outcome
was not significantly different between the 2 treatment groups
(p = 0.2). No predictors having significant association with the
favorable/unfavorable outcomes were found.

Adverse events

All 99 (100%) patients experienced at least one AE (grade
1-4) during their treatment, with a median of 7 (IQR: 5-10) AEs
per patients. The proportion of patients having at least one severe
AE (grade 3-4) was 85.7% (36/42) in the BDQ-long and 84.2%
(48/57) in the BDQ/SLI-long cohort (Table 3). QT prolongation,
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metabolic disorders (hyper/hypoglycemia, hyperuricemia), liver
function disorder, and electrolyte abnormalities were the most
common severe AEs. There was no significant difference between
the 2 regimens in relation to these abnormalities. Severe
prolonged QTcF (defined as QTcF >500 ms or an increase of
60 ms compared to baseline) appeared in 44 (44.4%) patients. It
occured in 22 (52.4%) patients treated with BDQ-long and 22
(38.6%) patients treated with the BDQ/SLI-long regimen. About
half of patients with a first severe AE experienced it during the
first 2 months of treatment (Figure 2). Serious AEs (SAE) were
observed in 16 (38%) and 28 (49%) of those on BDQ-long and
BDQ/SLI-long, respectively (p = 0.28) (Supplementary Table S2).

Overall, 30 (30.3%) patients had to either temporary or
permanently discontinue one or more TB drugs due to AE.
Of group A drugs, linezolid (LZD) was discontinued most often:
in 14.5% (11/76) patients having this drug in their regimen,
compared to 7.1% (7/99) for bedaquiline and 3% (3/99) for
fluroquinolone. Other drugs which were temporarily or
permanently stopped in more than 13% of patients included
ethambutol (14.3%, 2/14), SLI (14%, 8/57), cycloserine (13.5%, 5/
37), p-aminosalysilic acid (13.3%, 6/45), and prothionamide
(13.2%, 7/53) (Table 4). Regarding dose adjustment, 7 patients
needed to reduce the dose of SLI because of electrolyte
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TABLE 4 Consequences of adverse events.

10.3389/fphar.2022.1023704

Reasons for permanent discontinuation

Prolonged QTcF (n = 1), Gastrointestinal disorders (n = 1), Hepatitis (n = 1)
Prolonged QTcF (n = 1), Visual impairment (n = 2), Hepatitis (n = 1)

Prolonged QTcF (n = 1), Visual impairment (n = 2)

Central nervous system disorders (n = 1), Psychiatric disorders (n = 1), Anaphylactic

Increased AST (n = 1), Gastrointestinal disorders (n = 1), Arthralgia (n = 1), Hepatitis (n =

2), Increased ALT (n = 1)

Increased AST (n = 1), Gastrointestinal disorders (n = 2), Psychiatric disorders (n = 1),

Hepatitis (n = 1), Increased ALT (n = 1)

Temporary Permanent

or

permanent

n (%) n (%)
Group A
BDQ (n = 99) 7 (7.1) 3 (3.0)
FQ (n = 21) 1 (4.8) 0 (0.0) No
LZD (n = 76) 11 (14.5) 4 (5.3)
Group B
CFZ (n = 94) 10 (10.6) 2 (2.1)
CS (n = 37) 5 (13.5) 2 (5.4)

reactions (n = 1)

Group C
PZA (n = 92) 6 (6.5) 4 (4.3)
PTO (n = 53) 7 (13.2) 4 (7.5)
PAS (n = 45) 6 (13.3) 3 (6.7)
EMB (n = 14) 2 (14.3) 1 (7.1)
hINH (n = 12) 0 (0.0) 0 (0.0) No
SLI (n = 57) 8 (14.0) 3 (5.3)

Gastrointestinal disorders (n = 2), Arthralgia (n = 1), Hepatitis (n = 1)

Gastrointestinal disorders (n = 1)

Hypokalemia (n = 1), Increased creatinine (n = 2), Peripheral neuropathy (n = 1),

Hypomagnesemia (n = 1)

BDQ, bedaquiline; FQ, fluoroquinolone; LZD, linezolid; CFZ, clofazimine; CS, cycloserin; PZA, pyrazinamide; PTO, prothionamide; PAS, acid para-aminosalicylic; EMB, ethambutol; hINH, high

dose isoniazid; SLI, second line injectable; AST, aspartate aminotransferase; ALT, alanine aminotransferase; QTcF, QT, interval corrected for heart rate using Fridericia’s formula.

disturbances, increased creatinine and amylase, while the dose of
LZD was reduced in 2 patients with hematologic disorders.

No difference in terms of time to severe AE was observed
between the two cohorts. Figure 3 shows the time to drug
interruption (either temporarily or permanently) of both
regimens, in the first 6 months of treatment: 6 (14.3%)
patients in the BDQ-long group had to stop drugs due to AE
compared to 15 (26.3%) on BDQ/SLI-long (p = 0.76). Median
time to drug interruption in BDQ-long group was 6.4 months
(IQR: 0.2-10.5) while it was 1 month (IQR: 0.2-5.5) in the other
group (p = 0.09).

Discussion

This cohort study of BDQ-based long regimens did not only
assess the overall safety and effectiveness of BDQ-based long
regimens among pre-XDR-TB patients but also determined the
effect of regimen choice (BDQ-long or BDQ/SLI-long) on the QT
prolongation effect, timing of having a severe AEs, drug
discontinuation and time to conversion. To our best
knowledge, this was the first comparison which has been
made between all-oral and injectable-containing BDQ-based
regimens in terms of both effectiveness and safety.

Frontiers in Pharmacology

Regarding effectiveness assessment, compared to the
globally reported 47% treatment success among patients
treated for pre-XDR-TB (World Health Organization, 2020),
BDQ-based long treatment regimens in this study showed high
effectiveness among patients with highly resistant TB.
Treatment success was similar for both BDQ-long and BDQ/
SLI-long regimens. Overall, 76% success rate for BDQ-based
long regimens among highly resistant TB was comparable with
findings different settings (Barvaliya et al., 2020; Hatami et al.,
2022; Ndjeka et al., 2018). In comparison with the reported
treatment success rate of 47% among pre-XDR-TB patients in
the program in Vietnam at the same period (Annual NTP
report, 2019), the outcomes for BDQ-based long regimens
reported in this study were superior. BDQ-based treatment
should be used in all patients with highly resistant TB. The
proportion with a favorable outcome was not significantly
different between the BDQ-long and BDQ/SLI-long groups.
Our sample size was not big enough to detect relatively small
differences.

The reason that WHO recommends to restrict the use of SLI
drugs in drug resistant TB was the concern about its high risk of
ototoxicity and nephrotoxicity (Buziashvili et al., 2019; Shibeshi
et al, 2019). Nevertherless, with an active drug safety monitoring
system (aDSM), the early detection and management of AEs could
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Time to temporary or permanent drug discontinuation by regimen.

mitigate eventual grave long-term consequences (World Health
Organization, 2012; WHO, 2015). Taking into account the
modest number of effective drugs left for pre-XDR-TB patients,
SLI may still have a role to play, as long as its toxicity were
adequately monitored. SLI can protect effective core drugs (such
as BDQ, FQ) during the initial treatment period (van Deun et al.,
2018), and prevent acquired resistance. Our sample was too small to
assess this rare but important treatment outcome.

Both all-oral and SLI-containing BDQ-based long regimens
had a similar high frequency of AEs as the proportion of patients
having at least one severe AEs (grade 3-4) were 85.7% in BDQ-
long and 84.2% in BDQ/SLI-long regimen. There was no
significant difference between the two groups in terms of severe
and serious QT prolongation. However, this AE tended to be more
frequent in the BDQ-long group (52.4% with severe QT
prolongation) in comparison with 38.6% in the BDQ/SLI-long
group. This might be due to the difference in number of drugs with
QT prolonging effect, as a significantly higher proportion of
patients on BDQ-long had 3 QT prolonging drugs in the
regimen, as the result of not using SLI in all-oral regimen. The
combination of 3 anti-TB drugs with risk of QT prolongation
(LEX_CFZ_BDQ) (Woosley et al., 2022) appeared in 26.2% (n =
11) of patients in the BDQ-long group, but only in 7.0% (n = 4) of
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0.009). When
constructing pre-XDR-TB regimens, it is essential to consider

patients in the BDQ/SLI-long group (p =

the effectiveness and safety of not only a single drug but also
the combination of drugs. Other drugs than SLI can also cause
severe AE (Borisov etal., 2019; Khan et al., 2022). Of WHO’s group
A drugs, LZD was discontinued in 14.5% of patients having this
drug in their regimen more often than other group A drugs (BDQ,
LFX). The use of LZD increased significantly, as a substitute for
SLI and also as component of recently recommended RR-TB and
pre-XDR-TB treatment regimens (BPaLM and BPal) (World
Health Organization, 2022). Subsequently, AEs and SAEs
to be drug, specifically
hematological and neurological AE, will also increase (Borisov
etal, 2019; Sotgiu et al., 2012). Hence, even though all-oral BDQ-
based long regimens can prevent toxicity due to injectable agents,

known caused by this more

active AE monitoring is still essential for these regimens.

There was no significant difference between BDQ-long and
BDQ/SLI-long regimens groups in terms of time to severe AEs/SAEs
and time to drug discontinuation. However, the BDQ/SLI-long
regimen tended to have earlier drug interruption than BDQ-long
regimen group. Median time to drug interruption in BDQ/SLI-long
group was 1 month (IQR: 0.2-5.5) while it was 6.4 months (IQR:
0.2-10.5) in the other group (p = 0.09). Active drug safety
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monitoring using the CEM protocol resulted in an early
detectionand informed the management of adverse effects that
occured during treatment. Our previous study revealed that the
risk of SLI related nephrotoxicity was associated with SLI dosing
(Bao Ngoc et al,, 2021). Therefore, the optimization of the dose of
SLI should be considered to minimize the risk of toxicity. For LZD,
neurological toxicity (peripheral and optic neuropathy) was usually
seen after several months of use, median 5 months in the study by
(Narita et al., 2007), thus, this drug could be considered for a limited
time only, during the early treatment phase when high bactericidal
activity is mostly required (van Deun et al,, 2018).

We acknowledge that this study has its own strengths and
limitations. One of the strengths was the use of the CEM
protocol to prospectively record and report the AEs of patients
during their entire treatment course, s (World Health
Organization, 2012). Therefore, the safety information of
all treatment regimens was well-captured, even for mild to
moderate AEs, which were often under-reported by other
studied 2019). The
prospective design also led to comprehensive monitoring

reporting AEs (Borisov et al,
and rigorous data collection and cleaning. The limitation of
our study was the relatively small sample size. Differences
between the two regimens may have remained undetected.
Moreover, multivariate analysis was not appropriate, and

confounders could not be controlled for.

Conclusion

Treatment success was similar for both all-oral and SLI-
containing BDQ-based long regimens in patients with highly
resistant TB. Both regimens had a similar high frequency of AEs.
For both BDQ-long and BDQ/SLI-long regimens, active AEs
monitoring is essential.
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Minocycline intra-bacterial
pharmacokinetic hysteresis as a
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and a backbone for once-a-week
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and Clinical Sciences Department, Praedicare Inc, Dallas, TX, United States, “Hollow Fiber System and
Experimental Therapeutics Laboratories, Praedicare Inc., Dallas, TX, United States

Background: There is need for shorter duration regimens for the treatment of
tuberculosis, that can treat patients regardless of multidrug resistance status
(pan-tuberculosis).

Methods: We combined minocycline with tedizolid, moxifloxacin, and rifampin, in
the hollow fiber system model of tuberculosis and mimicked each drugs’
intrapulmonary pharmacokinetics for 28days. Minocycline-tedizolid was
administered either as a once-a-week or a daily regimen. In order to explore a
possible explanation for effectiveness of the once-a-week regimen, we measured
systemic and intra-bacterial minocycline pharmacokinetics. Standard daily therapy
(rifampin, isoniazid, pyrazinamide) was the comparator. We then calculated y or kill
slopes for each regimen and ranked the regimens by time-to-extinction predicted
in patients.

Results: The steepest yf and shortest time-to-extinction of entire bacterial
population was with daily minocycline-rifampin combination. There was no
difference in y between the minocycline-tedizolid once-a-week versus the daily
therapy (p = 0.85). Standard therapy was predicted to cure 88% of patients, while
minocycline-rifampin would cure 98% of patients. Minocycline concentrations fell
below minimum inhibitory concentration after 2 days of once-weekly dosing
schedule. The shape of minocycline intra-bacterial concentration-time curve
differed from the extracellular pharmacokinetic system and lagged by several
days, consistent with system hysteresis. Hysteresis explained the persistent
microbial killing after hollow fiber system model of tuberculosis concentrations
dropped below the minimum inhibitory concentration.

Conclusion: Minocycline could form a backbone of a shorter duration once-a-
week pan-tuberculosis regimen. We propose a new concept of post-antibiotic
microbial killing, distinct from post-antibiotic effect. We propose system
hysteresis as the basis for the novel concept of pharmacologic memory,
which allows intermittent dosing.
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Introduction

The scourge of tuberculosis (TB) has been exacerbated by the
emergence of multidrug-resistant TB (MDR-TB) and extensively
drug-resistant TB (XDR-TB) (Dheda et al, 2017). Therapy for
MDR-TB has a success rate of about 50%, while that for XDR-TB
is about 20%, and patients with XDR-TB often die within 10-month
(Dheda et al., 2017). The recently approved regimen of bedaquiline,
pretomanid and linezolid cures greater than 85% of patients with
drug-resistant TB when therapy is administered over 6-month
(WHO, 2022). However, the adverse side-effect profile is high such
that this combination regimen is recommended for highly resistant
TB with no other treatment option (Conradie et al., 2020). Therefore,
there is an urgent need to find drugs that could be immediately used to
treat these unfortunate patients safely and effectively.

There are several possible approaches to improve the therapeutic
outcomes of the treatment regimens, including 1) repurposing old
drugs used for other indications and found to be effective against
Mycobacterium tuberculosis (Mtb), and 2) develop new specific anti-TB
drugs that are safe and effective, among others. While both strategies
are commonly used; the latter strategy requires several years to decades
before a drug and resultant combination regimen(s) can be used in the
clinic. With the repurposing strategy, p-lactam/B-lactamase inhibitors,
minocycline and its congener tigecycline, and new oxazolidinones such
as tedizolid, have been found to be highly effective anti-TB drugs
(Ramon-Garcia et al., 2016; Deshpande et al., 2017; Deshpande et al,
2018b; Srivastava et al., 2018b; Deshpande et al., 2019a; Deshpande
et al., 2019b; Srivastava et al., 2020b; Srivastava et al., 2021a; Srivastava
et al, 2021b). Minocycline kills both extracellular and intracellular
bacilli directly, and the optimal dose for MDR-TB was identified as
7mg/kg (Deshpande et al, 2019b). In addition, minocycline
demonstrated dose-dependent anti-inflammatory activity, including
inhibition of sonic hedgehog-patched-gli signaling, which has
implications for improving lung remodeling (Deshpande et al,
2019b). Here, we performed pharmacokinetics-pharmacodynamics
(PK/PD) studies using the hollow fiber system model of TB (HFS-
TB) to determine if minocycline can be used as the backbone of the
once-a-week combination regimen (Alffenaar et al., 2020). Microbial
kill rates with different experimental regimens were calculated using y ,
slopes (Gumbo et al., 2004; Magombedze et al.,, 2018; Srivastava et al.,
2019; Magombedze et al., 2021; Gumbo et al., 2022).

Methods
Materials and bacterial strains

Mtb reference laboratory strains, the virulent strain and
attenuated virulence strain that were cultured from the Mtb
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H37 parent strain isolated from a patient in 1905, and designated
Mtb H37Ra (ATCC#25177) and H37Rv (ATCC# 27294), were
used in the studies (Steenken and Gardner, 1946). Mtb were
grown to logarithmic phase (log-phase) growth in Middlebrook
7H9 broth plus 10% oleic acid, albumin, dextrose, and catalase
(OADC) (herein called “broth”) under 5% CO, at 37°C for 4 days
before each experiment. All study drugs were purchased from
Sigma-Aldrich except moxifloxacin, which was purchased from
the hospital pharmacy. Hollow fiber cartridges were obtained
from FiberCell systems. Mycobacterial Growth Indicator Tube
(MGIT) liquid culture systems and supplies were purchased from
Becton Dickinson.

Comparison of combination regimens in
the hollow fiber system model of
tuberculosis

The HFS-TB has been described in detail in the past in a
number of our previous publications (Deshpande et al., 2017;
Deshpande et al., 2018b; Srivastava et al., 2018b; Deshpande et al.,
2019a; Deshpande et al, 2019b; Srivastava et al, 2020b;
Srivastava et al., 2021a; Srivastava et al., 2021b). We utilized
log-phase growth extracellular bacilli in the HFS-TB studies
instead of intracellular bacilli to eliminate the prolonged
persistence of drugs inside infected macrophages and to
eliminate the pro-apoptotic effect of minocycline which we
have shown elsewhere as a mechanism of Mtb kill
(Deshpande et al., 2019b). There were two HFS-TB studies
performed.

The first HES-TB study was performed to determine if the
different combinations of minocycline could be used as a
backbone of a once-a-week regimen. We inoculated 20 ml log-
phase growth Mtb H37Ra cultures into the peripheral
compartment of the HFS-TB units, after which the systems
were treated once daily with one of several experimental
regimens over a 28-day study period. There were two HFS-TB
replicates per regimen as follows: 1) isoniazid (300 mg/day) plus
rifampin (600 mg/day), 2) isoniazid plus rifampin plus
pyrazinamide (1.5 g/day) [standard regimen], 3) minocycline
(7 mg/kg/day)  plus rifampin, 4), minocycline plus
moxifloxacin (800 mg/day), 5) minocycline plus tedizolid
(200 mg/day), 6) minocycline plus tedizolid once-a-week, 7)
non-treated  controls. = We  utilized  intrapulmonary
pharmacokinetics (PKs) of minocycline and tedizolid at a
half-life of 13h, and a pulmonary-to-serum free drug AUC
ratio of 3.8 for minocycline and 4.0 for tedizolid (Naline
et al,, 1991; Housman et al,, 2012; Flanagan S. D. et al., 2014).

Minocycline was administered at a weekly (168 h) AUC/MIC
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ratio of 440 and tedizolid at 1,800. Isoniazid and rifampin doses
were at a 3 h half-life, pyrazinamide half-life was set to 12 h, and
moxifloxacin half-life at 6 h (Gumbo et al., 2004; Srivastava et al.,
2011). The central compartment of each HFS-TB unit was
sampled at pre-determined timepoints for drug concentration
measurements, whereas the peripheral compartment was
sampled for enumeration of the bacterial burden either using
the solid agar (Middlebrook 7H10 supplemented with 10%
OADC) culture method or by inoculating the MGIT tubes to
the (TTP) as the
pharmacodynamic measure.

The second HFS-TB study was performed to identify intra-
bacterial concentrations (henceforth shortened to “bacterial

record time-to-positive second

PKs”) of minocycline versus microbial kill using Mtb H37Rv
to explain prolonged bacterial kill with minocycline. After
inoculation of 20 ml of bacterial cultures, minocycline and
tedizolid were administered as a single bolus at t = 0.
Simultaneous  central ~ compartment and  peripheral
compartment sampling were performed at Oh (pre-dose)
followed by 1, 6, 24, 48, 72, 96, 120, 144 and 168 h post-
dosing for measurement of extracellular drug concentration
as well as bacterial PKs. For the intra-bacterial drug
1 mL the

peripheral compartment was added to dolphin tubes pre-

concentration measurement, sample from
as we have described
(Gumbo et 2007).

Centrifugation was performed at 13,000 rpm for 5 min

filled with silicone oil mixture,
elsewhere, at a ratio of 1:1 al,,
following which the bacterial pellet was collected in 70%
acetone. Additionally, to ensure there was no degradation of
drugs from acetone, we spiked three sets of samples with a
known amount of three different minocycline concentrations
and added either 70% acetone or broth, to which we blinded the
team of researchers responsible to measure the drug
concentrations. Acetone was allowed to evaporate prior to
measurement of intra-bacillary drug concentrations using the
assay described in our previous publications (Srivastava et al.,
2011; Srivastava et al., 2018b; Deshpande et al., 2019b). The
samples from the peripheral compartment of each HFS-TB unit
were also inoculated into MGIT tubes to record the TTP as the
second pharmacodynamic measure.

Pharmacokinetic analyses

Compartmental PK analyses of drug concentrations were
performed using ADAPT software from Biomedical Simulations
Resource (BMSR) at the University of Southern California
(D’Argenio et al,, 2009). For the concentration of minocycline
inside Mtb, we assumed an Mtb bacillus volume of 8.4 um” based
on the bionumbers details - (http://bionumbers.hms.harvard.
edu/bionumber.aspx?id=101691). The bacterial burden of Mtb
at each sampling point was factored in while calculating the total
bacterial volume at each time point.
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Pharmacodynamic analyses using y-
slopes

Previously we have published a system of ordinary differential
Egs. 1,2, that were applied to both patients sputa and the HFS-TB
readouts, allowing us to map back-and-forth between HFS-TB and
patients using morphisms and extinction mathematics (Gumbo
et al, 2004; Magombedze et al., 2018; Srivastava et al., 2019;
Magombedze et al., 2021). The equations are:

dBf BS+Bf
—dt = (l—ef)rfo<1— Kmax )—nyf, (1)
dB, B, + B;
=(1- B){1-———]-1y.B;. 2
g = (Lmedrs ( Ko ) VB 2

where, By is CFU/mL of fast replicating bacteria, B, is
semidormant/non-replicating [slow] bacteria CFU/mL, t is
time, r¢ and ry model the rate of replication of the fast and
slow replicating bacteria, K,y is bacteria-carrying capacity, y,
and y; are the antibiotic regimen kill slopes for slow and fast
replicating bacteria respectively. Here, we used fast replicating
bacteria in the HFS-TB, and thus applied Eq. 1 for comparisons
of regimens. All model parameter estimates were calculated
directly from HFS-TB CFU/mL and TTP versus time data;
none were fixed based on prior work. We then mapped these
to patients, using the translation factor derived and described
elsewhere (Magombedze et al., 2018).

Monte-Carlo experiments (MCE) for dose
selection to use in once-a-week regimen

Since PK variability and resultant drug concentrations, drug
penetration into lung lesions, PK/PD parameters, and MICs
explain most of the variance in therapy outcomes in TB
patients, modeling for dose selection should take into account
PK and MIC variability (Pasipanodya et al., 2013; Gumbo et al.,
2014a; Gumbo et al., 2014b; Chigutsa et al., 2015; Deshpande
et al, 2018a; Dheda et al, 2018). We performed MCE using
ADAPT 5 software, with steps detailed in the past, to identify the
once-a-week minocycline and tedizolid dose that would achieve
the PK/PD exposures achieved by each of these drugs in the dual
therapy regimen (Gumbo et al., 2004; Pasipanodya and Gumbo,
2011). For the domain of input, we utilized the minocycline PK
parameter estimates from the MINOS study in which patients
received a dose of 10 mg/kg daily, and from two other separate
studies that also identified similar PK parameters but at lower
doses (Welling et al., 1975; Yamamoto et al., 1999; Fagan et al,,
2010). For minocycline, we assumed an oral absorption of 100%,
and a lung-to-serum penetration ratio of 3.8 based on prior
studies (Naline et al., 1991). The MIC distribution used was that
we identified with clinical strains in the past (Deshpande et al.,
2019b). For tedizolid, we used PK parameter estimates from the
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TABLE 1 Drug exposures of antibiotics achieved in the HFS-TB units.

Cumulative weekly AUCy_;¢s

[mg*h/L]
Minocycline daily 204.2
Minocycline once weekly 219
Tedizolid daily 1,353
Tedizolid once weekly 904.4

Isoniazid daily
Rifampin daily
Moxifloxacin daily

Pyrazinamide daily

study of Flanagan et al., and a free drug lung-serum AUC ratio of
4 (Housman et al., 2012; Flanagan S. et al., 2014; Srivastava et al.,
2018b). We used the tedizolid MIC distribution identified by
Vera-Cabrera et al (Vera-Cabrera et al., 2006). We examined the
tedizolid doses of 350, 700 mg, 1,000mg, and 1,400 mg
administered as a single dose once a week. Target exposures
were those achieved in the HFS-TB shown in Table 1.

Results
Minimum inhibitory concentration
The MIC of drugs against H37Rv were as following: isoniazid

12.5 mg/L,
minocycline 2 mg/L, moxifloxacin 0.25 mg/L, and tedizolid

0.06 mg/L, rifampin 0.125 mg/L, pyrazinamide

0.25mg/L, similar to those reported in prior publications
(Srivastava et al., 2011; Srivastava et al., 2020a). The MICs
isoniazid 0.06 mg/L,
rifimpin  0.06 mg/L, pyrazinamide 25mg/L, minocycline
0.5 mg/L, moxifloxacin 0.125mg/L, and tedizolid 0.25 mg/L,
as has been reported in our prior publications (Srivastava
et al., 2018a; Deshpande et al., 2018¢; Deshpande et al., 2019b).

against H37Ra were as following:

Hollow fiber system model of tuberculosis
results

show the
concentration-time profile of drugs achieved in the HFS-TB,
with Table 1 listing the AUCs achieved by each of the drug based
on concentration measurements in the HFS-TB units. Table 2

Figure 1A and Supplementary Figure S1

compares the intended versus achieved peak concentrations
(Ciax) in the HFS-TB and demonstrates the accuracy of HFS-
TB in achieving the intended drug concentrations. The C,,,, and
AUC:s were in the range achieved by standard dose rifampin and
isoniazid, and high dose pyrazinamide and moxifloxacin, inside
TB lesions (Pasipanodya et al., 2013; Dheda et al., 2018; Ordonez
et al., 2020). Minocycline concentrations in the HFS-TB fell
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AUC 24 [mg*h/L] AUC34/MIC
29.14 58.28

31.29 62.58

193.3 386.6

129.2 258.4

32.43 518.88

10.04 160.64

108.3 1,442.4

1,371 54.84

below MIC after 48 h of drug administration when given as a
To the
concentrations in the HFS-TB treated with the once-a-week
schedule were below the MIC between day 3-7 (with once-a-
week dosing schedule).

once-a-week  regimen. reiterate, minocycline

Figure 2A shows the time-kill curves for log;o cfu/mL, which is
the traditional method of bacterial burden quantification that
allowed us to compare results presented here with our previous
HFS-TB studies. Minocycline-rifampin and rifampin-isoniazid
regimen treated HFS-TB units had negative cultures by day 7,
whereas all other regimens showed negative cultures by the study
day 14. Figure 2B shows the time-kill curves by each regimen in the
HEFS-TB, using MGIT derived TTP readouts; the lower the bacterial
burden the higher the TTP. In our MGIT assay, the time-in protocol
was set to 56 days (compared to 42-day used in the clinical
microbiology laboratories) after which the samples were recorded
as negative for bacterial growth. Based on TTP readout, therapy
duration (time) to negative cultures was 21 days for minocycline-
rifampin, isoniazid-rifampin, and standard therapy, while remaining
regimens took one more week to achieve negative culture.

Regimen ranking using y-slopes

The use of y-slopes offers the advantage of integrating both
cfu/mL values and TTP readouts into one equation, and the
approach is agnostic of kill pattern, and thus can be used to
rank regimens by y; (speed of kill), or time-to-extinction (shortest
duration of therapy), or proportion of patients expected to be
cured for all time points (Gumbo et al., 2022). The y ¢ slopes of
each regimen in the HFS-TB are shown in Figure 3 and Table 3.
We utilize standard therapy outcomes for model validation and
quality control and Table 2 shows that the y, and time-to-
extinction was similar to that observed in the HFS-TB in the
past (Magombedze et al., 2018), and the prediction that 88% (95%
credible intervals: 80%-94%) of patients would be cured at all time
points is virtually identical to clinical observations. This means that
both the HFS-TB experiments and the modeling performed
according to specifications and standard operating procedures.
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Pharmacokinetics of minocycline and tedizolid in dual therapy. The symbols are mean concentrations, error bars are standard deviation, and

shaded areas are pharmacokinetic (PK) model predicted concentrations. The blue line is PK-model predicted for daily therapy, while the salmon
colored line is PK-model predicted for once a week therapy. (A) Concentration-time profile for the once-a-week minocycline doses compared to
daily doses demonstrated that minocycline concentration declined below the MIC by 48 h (28.57% of the once-a-week dosing interval) for the

once-a-week dosing schedule but stayed above the MIC for 100% of 168 h with daily dose. (B) Concentration-time profile for the companion once-
a-week tedizolid doses versus daily dose demonstrates that the tedizolid peak concentration could not reach 7 times that of the daily dose due to
solubility issues, which means that the once-a-week regimen was prejudiced compared to daily therapy since the daily therapy schedule achieved a
49.6% higher cumulative AUC per week than once-a-week regimen.

TABLE 2 Intended versus HFS-TB measured peak concentration of
each drug in the regimen.

Drug Intended C,,,, (mg/L) Measured C,,, (mg/L)
Isoniazid 6.8 475 £0.29

Rifampin 3 1.88 + 0.45

Pyrazinamide 54 83.31 + 6.07

Moxifloxacin 8.4 7.28 +0.79

Minocycline 2.6 2.67 £ 041

Tedizolid 2.6 2.37 £ 0.64

Figure 3 and Table 3 show that the minocycline-rifampin
combination regimen was ranked top by y, time-to-extinction,
and the predicted proportion of patients cured at all time points.
Moreover, the y; of the daily and once-a-week minocycline-
tedizolid combination overlapped (p = 0.85), as did time-to-
extinction and proportion of patients cured. In other words, the
pharmacodynamic effects of daily therapy and once a week therapy
with minocycline-tedizolid were similar. Since the minocycline-
tedizolid combination had the lowest y  of all (slowest kill speed),
but the once-a-week regimen was as good as the daily, it meant that
the once-a-week regimen must continue to kill Mtb long after the
drug concentrations fell below the MIC.

Minocycline intra-bacterial PKs and
pharmacologic memory

To understand why minocycline continues to kill 4 days
after drug concentrations declined below the MIC in the HFS-
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TB, we investigated the possibility of longer persistence of
drug inside bacteria as a possible explanation. We treated
log-phase growth Mtb H37Rv with a single bolus of
tedizolid, HFS-TB, at
deliberately shorter half-life for minocycline, and measured

minocycline and in triplicate
HES-TB external compartment concentrations daily over
7 days. Figure 4A shows the results of the model derived
versus measured extracellular minocycline concentrations
in the HFS-TB. The minocycline clearance rate in the HFS-
TB was 0.035 + 0L/h with a volume of 0.320 + 0.004 L
and a half-life of 6.34 + 0.852 h. The minocycline bacterial
PKs were those shown in Figure 4B. Figure 4B shows that while
there was a bolus given to the HFS-TB the time to peak
concentration inside Mtb was 96 h, followed by a decline,
such that the shape of the minocycline concentration-versus-
time decline inside Mtb was different from that in the
HFS-TB. This system
hysteresis (Ewing, 1882; Mayergoyz, 2003), which led to
minocycline concentrations persisting inside Mtb for at least

extracellular is consistent with

4-day after the drug concentration declined below limits of
detection in extracellular fluid in the HFS-TB. The mass-charge
ratio, by the LC-MS/MS assay, on each day demonstrated that it
was the intact minocycline molecule that persisted inside the
Mtb and not its metabolites. Figure 4C shows the corresponding
TTPs during the 7-day HFS-TB study. The TTP in non-treated
controls stayed relatively constant in the 7 days Figure 4C
demonstrated continued microbial kill beyond day 2 (i.e,
progressively increasing TTPs), during the time period of
2-7 days when minocycline concentration persisted inside
the bacteria but had fallen below detection in the HFS-TB
extracellular fluid.
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Comparisons of dual therapy regimens to standard triple
therapy. Symbols are mean and error bars are standard deviation.
(A) Using cfu/mL readouts, minocycline-rifampin and isoniazid-
rifampin fell below the lower limits of detection by day 7, and

by this metric would be the highest ranked. The kill pattern was not
necessarily exponential decline and differed between the
regimens. (B) TTP, with negative culture call at 56 days, had a wider
dynamic range and shows that cultures only became negative on
day 21 for all regimens, except for minocycline-tedizolid daily and
once-a-week regimens which achieved that on day 28.

Target attainment probability with clinical
doses

Next, we performed a 10,000 virtual patient MCE to identify
the once-a-week doses of minocycline and tedizolid that would
achieve a minocycline AUC, 143/MIC of 438 and a tedizolid
AUC.16s/MIC of 1808.4, for use in patients with TB. We
implemented the MCE in ADAPT 5 software: for the domain
of input, we utilized the PK parameter estimates and variability of
minocycline and tedizolid shown in Table 4 based on several PK
studies from the literature and the lung penetration ratios of each
drug published elsewhere (Naline et al., 1991; Yamamoto et al,,
1999; Gumbo et al., 2004; Fagan et al., 2010; Pasipanodya and
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FIGURE 3

Mycobacterium tuberculosis trajectories and y, in HFS-TB
treated. (A) The modeled cfu/mL versus observed cfu/mL using
ordinary differential equation #1 for all data points are shown, as a
diagnostic. The model was a very good fit. (B) Shaded areas

are 95% credible intervals. Many of the y; overlapped, but the most
steep (deepest gray) was the minocycline-rifampin combination
regimen. In the non-treated HFS-TB, bacteria grew.

Gumbo, 2011). The PK parameter outputs of the 10,000-patient
MCE (Table 4) for each drug demonstrate that our simulation
experiment accurately recapitulated parameters encountered in
the clinic. Figure 5A shows the performance of different once-a-
week minocycline doses, starting with 5 mg/kg of minocycline,
across a range of minocycline MIC in clinical isolates
(Deshpande et al., 2019b). Figure 5B shows that after
the MIC distribution, the
minocycline dose would be 30 mg/kg once-a-week, which will

summation over optimal
achieve the target exposure in ~90% of the patients. For tedizolid,
Table the PK parameters in the
10,000 5C the

performance of each once-a-week tedizolid dose over the MIC

4 also summarizes

simulated TB patients. Figure shows

distribution range reported by Vera-Cabrera et al. Vera-Cabrera
et al. (2006). The summation based on that MIC distribution
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TABLE 3 ODE derived parameters of y; and time-to-extinction in the HFS-TB, and proportion of patients expected to be cured.

Rank Regimen Data points Mean negative Median time-to-extinction Mean proportion
y¢ logyo cfu/ml/day in days cured all
(95% CI) (95% CrI) time points

(95%CI)

1 Minocycline-rifampin*/** 14 0.34 (0.25-0.43) 20.24 (10.68-70.76) 0.98 (0.93-1.00)

2 Standard Therapy* 14 0.34 (0.25-0.44) 19 (4.36-105) 0.88 (0.80-0.94)

3 Minocycline-moxifloxacin 14 0.26 (0.17-0.34) 62.94 (22.33-483.07) 0.53 (0.43-0.63)

4 Isoniazid-rifampin 14 0.25 (0.15-0.35) 29.18 (12.78-148.99) 0.92 (0.84-0.96)

5 Minocycline-tedizolid daily 14 0.20 (0.10-0.30) 29.96 (13.59-156.89) 0.82 (0.73-0.89)

5 Minocycline-tedizolid weekly 14 0.19 (0.13-0.21) 43.39 (25.44-129.81) 100

*p = 0.038 compared to minocycline-tedizolid daily and **p = 0.003 compared to minocycline-tedizolid weekly.

represents the proportion of patients who would achieve the
tedizolid exposure in the lung, that was achieved with the once-a-
week tedizolid regimen in the HFS-TB (Figure 5D). The tedizolid
optimal once-a-week dose was identified as 1,050 mg, which is
less than the cumulative amount of 200 mg/day standard dose
(i.e, 1,400 mg/week) of that drug for the week.

Discussion

The present study reports several important findings with
regards to the different drug combinations of two- and three-
drug regimens for TB. First, we found that daily minocycline
dual-drug combinations with rifampin was highly effective and
the
pyrazinamide. The combination of minocycline and rifampin

equaled three-drug regimen of isoniazid-rifampin-
is already being employed in the treatment of leprosy and has
been shown to be synergistic for the treatment of Staphylococcus
infections (Zinner et al., 1981; Segreti et al., 1989). In addition,
the minocycline derivative omadacycline when combined with
rifapentine also demonstrated excellent synergy against
Mpycobacterium kansasii (Singh et al, 2022). Our HFS-TB
findings suggest that the minocycline-rifampin combination
could also be useful in TB patients, although it will not work
with MDR-TB. Moxifloxacin dual therapy was also effective and
could be useful in MDR-TB patients, especially if a third drug is
added. A potential combination of minocycline-moxifloxacin
with the delamanid- OPC-167832 combination which we have
noted to be synergistic elsewhere could be explored to shorten
therapy duration (Gumbo et al., 2022).

On the other hand, while tedizolid-minocycline had the
lowest Vs minocycline, tedizolid, and moxifloxacin, and
rifapentine share certain properties that make pairing them
with minocycline advantageous. Replacement of rifampin
with rifapentine could also take advantage of the remarkable
minocycline-rifapentine effect (Singh et al, 2022). First,
high  free
lesions,

these anti-microbials agents achieve

lungs,

drug

concentrations in lung bone, and
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cerebrospinal fluid, which are the most common sites of TB
(Housman et al., 2012; Dheda et al., 2018; Rifat et al., 2018).
Second, their long half-lifes could allow for intermittent
dosing for the treatment of TB. Third, the PK/PD driver for
these pharmacophores in the treatment of TB is AUC/MIC
(Gumbo et al., 2007; Pasipanodya et al., 2013; Chigutsa et al.,
2015; Swaminathan et al.,, 2016; Srivastava et al., 2017;
Srivastava et al., 2018b; Deshpande et al., 2018¢; Deshpande
et al, 2019a; Deshpande et al., 2019b). While the current
log-phase growth Mtb,
elsewhere we have shown that some of these drugs also have

studies were performed with

excellent sterilizing effect even as intermittent therapy
2018b). Based the
considerations, if cumulative weekly doses of each drug

(Srivastava et al., on foregoing
could be tolerated, combinations would be as effective as once-
daily therapy (Srivastava et al., 2018b; Deshpande et al., 2019a;
Deshpande et al., 2019b). Indeed, in the case of tedizolid and for
all oxazolidinones, the more intermittent the administration
the safer it could be, since trough concentrations and time-
above certain threshold concentrations have been associated
with mitochondrial toxicity (Pea et al., 2012; Flanagan et al,
2015; Song et al.,, 2015). Addition of a third drug with a long
half-life, say OPC-167832 (Hariguchi et al., 2020), could make
minocycline-tedizolid-OPC-167832 a highly effective once-a-week
regimen with potential to shorten therapy duration. This has major
implications for TB programs in the treatment of drug-susceptible,
MDR-TB, and XDR-TB. A once-a-week triple drug regimen could
dramatically reduce the use of resources by healthcare programs
(CDC, 2020).

The possibility of a once-a-week dosing concept led us to ask
two related fundamental pharmacology questions. First, can
antibiotics continue killing after they are gone from the
system? If so, why do such antibiotics continue working after
they are gone? Post antibiotic exposure effects are defined as the
period of suppression or delay of growth after a short exposure of
micro-organisms to antibiotic (Mouton et al., 2005). Common
parameters include post antibiotic effect (PAE), sub-MIC effect,
post antibiotic sub-MIC effects (PAE SME), which are all are
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FIGURE 4

Measurement of intra-bacterial minocycline concentrations.

(A) Extracellular minocycline concentrations following once-a-
week dosing against Mtb fell below MIC after 48 h similar to the
first HFS-TB experiment. (B) Intra-bacterial (inside Mtb)
minocycline concentrations persisted above MIC well beyond
48 h, and the concentration-time curve lagged by 4 days behind
extra-bacterial pharmacokinetics. (C) There were three replicate
HFS-TB units treated with a single bolus dose of tedizolid and
minocycline, at a half-life of 12 h. In parallel with measuring the
intra-bacterial concentrations, we also quantified the bacterial
burden using TTP in days. The figure shows continued microbial
kill even after the minocycline extracellular concentrations
dropped below the MIC in extracellular HFS-TB compartment by
48 h, which was however, parallel to the intra-Mtb concentrations.

measured as the time (hours or days) it takes to grow
1.0 log;o CFU/mL (Mouton et al., 2005). The concept of a
PAE is actually as old as the beginning of the antibiotic
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chemotherapy, though the idea received more systematic
impetus when Bill Craig was setting the basis of PK/PD, some
40 years ago (Eagle and Musselman, 1949; McDonald et al., 1977;
Vogelman et al., 1988; Craig et al., 1991). Here, we found that
long after a bolus of minocycline and the drug was eliminated
from the HFS-TB PK system, the drug persisted inside Mtb for
many days and continued killing the bacteria for an additional 5-
day, in two separate experiments. Thus, we documented
continued microbial kill after falling below MIC and detection
limits. We propose this as a separate PK/PD parameter from
PAEs, post antibiotic microbial killing (PAMK). PAMK is
defined as the time (in hours) of continued microbial kill
(here quantitively measured as persistently negative y) after
drug falls below the MIC.

The second fundamental question follows from the
definition of PAMK: why would such antibiotics continue
microbial kill after they are gone? In the case of PAE, the
standard explanation has been that antibiotics have a good
PAE because of the time it takes for an organism to recover
from the effects of an antibiotic and resume normal growth
after the brief exposure. Since the most profound PAE was
encountered with bacterial protein and nucleic acid synthesis
inhibitors, one popular mechanistic explanation has been that
inhibition of DNA and protein synthesis upon antibiotic
exposure continue for several hours following antibiotic
removal, delaying growth, until DNA synthesis resumes at
a much later time, also called a “hit-and-run” scenario (Guan
et al.,, 1992; Odenholt et al.,, 2001; Svensson et al., 2002).
However for PAMK, there is persistent microbial kill as if
antibiotic is still around. For minocycline the bacterial PKs
were consistent with system hysteresis. The concept of
hysteresis was first described in electromagnetism by Ewing
in 1882 (Ewing, 1882), but mathematical formalism was
achieved only recently by Mayergoyz (2003). Hysteresis is
when a system (bacterial PKs in this case) lags the input (HFS-
TB PK system) but is dependent on that history of input. Here,
we found that the PAMK paralleled the system hysteresis.
Therefore, we would like to propose the concept of
“pharmacologic memory” arising from system hysteresis.
By definition, a memory system requires that the
dependent variable should retain information at a later
time after the input is gone. In basic information theory,
Claude Shannon assumed that memory is finite, and that the
output would depend on both the history and present state of
the system (Shannon, 1997). In our case, the dependent
variable is bacterial PK, while the finite input is the
extracellular HFS-TB PK system or even the bolus. The
minocycline bacterial PK differed from the HFS-TB PK
profile, consistent with a dynamic lag and thus system in
hysteresis or memory. To our knowledge, this is the first time
that bacterial concentrations have been measured when
exposed to an external dynamic concentration profile
instead of static concentrations: the HFS-TB PKs. On the
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TABLE 4 Pharmacokinetic parameter input and output in Monte Carlo experiments.

Subroutine PRIOR (clinical studies)

10.3389/fphar.2022.1024608

10,000 simulated TB patients

Mean Standard deviation
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Absorption constant (hr™") 3.00 0.40
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Total clearance (L/hr) 6.69 2.0
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Absorption constant (hr™") 1.99 3.86
1.0 \ 1.0
_09 X
S0 3
g o 0.8
£ £
§07 -+ 90% of patients 307
2 5
e 0.6 3 06
§05 e 5mgkg £os
5 04 <= 10 mg/kg =
2 £+ 20 mg/kg S04
203 © 30 mg/kg |
é ~+ 40 mg/kg S 03
go2 5 02
Q
01 £ o1
0.0
025 05 1 2 4 8 16 e
Minocycline minimum inhibitory concentration (mg/L)
1.0.%\ 1.0
09> S 009
e s
go08 I 0.8
£ £
0.7 307
g 3
506 306
2
s 0.51 ... 90% of patients é 0.5
§0,4 & 350mg é 0.4
£0.31 = 700 mg s 0.3
8 S
&~
g 0.24 <+ 1050 mg s 0.2
0.1{ < 1400mg Lo
0.0 0.0
0.03125 0.0625 0.125 0.25 0.5 1
Tedizolid minimum inhibitory concentration (mg/L)
FIGURE 5

1050 1400

Tedizolid dose (mg) once a week

Performance of once-a-week minocycline and tedizolid doses in 10,000 virtual patients with tuberculosis. All data points show the proportion

of 10,000 patients treated with a dose and dosing schedule who would achieve or exceed the target AUC/MIC exposure associated with optimal
effect. 95% confidence intervals were very tight and virtually overlapped with prediction (not shown in the figure). (A) The target attainment
probability (TAP) for minocycline doses administered once-a-week with the increasing MIC. The TAP of 90% was achieved at doses >30 mg/kg

up to MIC of 8 mg/L, beyond which the TAP declines indicating that 8 mg/L would be the susceptibility breakpoint for once-a-week dosing. (B) The
figure shows proportion of 10,000 TB patients achieving the weekly target minocycline cumulative exposure with the different weekly doses. The
dose of 30 mg/kg, just shy of the 90% target, was determined as the optimal dose for clinical use. (C) The target attainment probability (TAP) for
different doses of tedizolid administered weekly with increasing MICs. The TAP with the lowest dose falls below 90% at MIC >0.03125 mg/L,
however, for larger doses than 700 mg, the TAP of 90% was achieved up to MIC of 0.125 mg/L. (D) The figure shows proportion of 10,000 TB patients
achieving the weekly target tedizolid cumulative exposure with the different weekly doses. The dose of 1,050 mg achieved the 90% target and was

proposed as the optimal dose.
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flip side, it is unclear is PK system hysteresis could have a
deleterious effect on the patient. Regarding minocycline
adverse events in patients, and the fact that the
minocycline concentrations in patient’s circulatory system
will decrease below detection for 60% of dosing interval
with once-a-week dosing, while persistent in the bacteria,
suggests there would be fewer side effects to the patient.
However, the effect of bacterial PK system hysteresis on
emergence of antimicrobial resistance are unclear, and this
will require further urgent study.

There are some limitations to our HFS-TB studies. First, we
examined only two laboratory strains in our study. The findings
could differ in clinical isolates with varying MICs. Elsewhere we
have shown widespread susceptibility of MDR-TB and XDR-TB
clinical strains to minocycline and tedizolid (Srivastava et al.,
2018b; Deshpande et al., 2019b). Therefore, the effect is not likely
limited to laboratory strains only. Second, the tolerability of
30 mg/kg/week of minocycline and 1,050 mg tedizolid that we
found to be effective as once-a-week therapy is yet unclear. In the
MINOS study with 41 stroke patients who received the highest
minocycline dose of 10 mg/kg/day for 3 days (30 mg/kg/week)
was well-tolerated and achieved a serum half-life of 24 h (Fagan
etal, 2010). Additionally, a recent study demonstrated that there
was rapid reversal of tedizolid toxic effects upon discontinuous
administration and that an intermittent dosing schedule led to
lower tedizolid toxicity (Milosevic et al., 2018). Therefore, a once-
a-week regimen is expected to have lower or no toxicity.
Nevertheless, these higher doses need to have their safety
examined and compared to daily therapy in the clinical setting.

In summary, we found that the best drugs to combine with
minocycline for TB were rifampin and moxifloxacin. Second,
once-a-week minocycline plus tedizolid regimen was as effective
as a daily regimen in the HFS-TB. Third, we measured bacterial
PKs in the face of extracellular dynamic PKs and identified system
hysteresis. We propose this drug persistence inside Mtb and system
hysteresis as a basis for a concept of pharmacologic memory.
Fourth, we propose the PK/PD concept of PAMK, which could be
explained by bacterial PK system hysteresis.
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Synthetic approaches to potent
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tuberculosis: A decade review
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Tuberculosis (TB) continues to be a significant global health concern with about
1.5 million deaths annually. Despite efforts to develop more efficient vaccines,
reliable diagnostics, and chemotherapeutics, tuberculosis has become a
concern to world health due to HIV, the rapid growth of bacteria that are
resistant to treatment, and the recently introduced COVID-19 pandemic. As is
well known, advances in synthetic organic chemistry have historically enabled
the production of important life-saving medications that have had a
tremendous impact on patients’ lives and health all over the world. Small-
molecule research as a novel chemical entity for a specific disease target offers
in-depth knowledge and potential therapeutic targets. In this viewpoint, we
concentrated on the synthesis of a number of heterocycles reported in the
previous decade and the screening of their inhibitory action against diverse
strains of Mycobacterium tuberculosis. These findings offer specific details on
the structure-based activity of several heterocyclic scaffolds backed by their
in vitro tests as a promising class of antitubercular medicines, which will be
further useful to build effective treatments to prevent this terrible illness.

KEYWORDS

tuberculosis, heterocycles, synthesis, in vitro, Mycobacterium tuberculosis, docking

Introduction

The year 2020 gave us glimpses of what happens in reality when untreatable neglected
infectious diseases spread freely. There are several issues such as healthcare, hospital
saturation, mammoth lethality, economic burden, and political mistrust that
accompanied this huge global pandemic (Yamey et al, 2017; Global Preparedness
Monitoring Board, 2019). But to our knowledge, COVID-19 is not the only infectious
disease with an epidemic potential. Tuberculosis (TB) is one of the most lethal infectious
diseases that man has ever encountered. Since ancient times, tuberculosis has plagued the
world, and a tuberculosis diagnosis was regarded as a death sentence. Tuberculosis (TB)

Abbreviations: WHO, World Health Organization; HIV, human immunodeficiency virus; FDA, Food and
Drug Administration; INH, isoniazid; MIC, minimum inhibitory concentration; SAR, structure—activity
relationship; M.tb, Mycobacterium tuberculosis; RIF, rifampicin; ICsq, inhibitory concentration; LDsg,
lethal dose; CCsp, cytotoxic concentration; DNA, deoxyribonucleic acid; and ATP, adenosine
triphosphate.
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FIGURE 1

(A) Recent Discovery of Anti-Tubercular Drugs. (B) Evolution of Anti-Tubercular Drugs Containing Heterocyclic Moieties.
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CuCl, (0.1 mol equiv)

P TMS Sodium ascorbate (0.2 mol equiv) (o) N=N,
R = CH3CN/ H,0 (4/1),80°C, 1h R <~ N_R2
o + R2\/N3
R Then 2,9-diMe-1, 1.0-Phen ) (0] yield 30-40%
(0.2 mol equiv)
1 2 80°C, 20 h 3 .
Consecutive steps ) CuCl, (0.1 mol equiv) )
Method A Sodium ascorbate (0.2 mol equiv)
Two steps CH3CN/ H,0 (4/1)
Method B Cul (0.1 mol equiv)
2,9-diMe-1,10-Phen (0.2 mol equiv)
CH3CN, reflux
TMS
R =
+ R2 N3
o ~~
Ry
1 2
Selected examples
i N:N\ \/© i N:N\ \/©
= N ~ N
(e} MeO 0]
3a € 3b
MIC: 50 pg/mL MIC: 2.5 pug/mL
o N=N
- O
0]
0 MeO
Cl
3c 3d
MIC: 2.5 pg/mL MIC: >32 ug/mL

SCHEME 1

Synthesis of a,p-diketotriazoles from both TMS-ynones and azides via the click pathway.

can be caused by multiple Mycobacterium tuberculosis (M.tb)
complexes such as Mycobacterium pinnipedii, Mycobacterium
microti, Mycobacterium  canettii, Mycobacterium  bovis,
Mpycobacterium africanum, and Mycobacterium caprae (Furin
et al, 2019; Torres Ortiz et al, 2021). The occurrence of
multidrug and a wide range of drug-resistant strains of
Mpycobacterium tuberculosis (M.tb) is a growing concern that
needs to be addressed (Zumla et al, 2013). Unlike other
microorganisms, Mycobacterium tuberculosis has infected
approximately 1.7 billion people around the world, accounting
for more than 20% of the global population. This infectious
disease, which is classified as a pandemic, sickens nearly

10 million people each year. According to WHO findings,
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tuberculosis (TB) nearly claimed the lives of 1.5 million
people in 2020 (World Health Organization, 2021a). Due to
the COVID-19 pandemic, there was a reduced access to its
diagnosis, treatment, and the providing of essential services.
Due to this, it has caused the mortality of already affected
people and, simultaneously, it was spread among other
healthy individuals. Tuberculosis mostly affects the lungs,
which can spread from person to person through air, and
active pulmonary TB patients are the main source of
infection. Despite the fact that a large proportion of infected
people may clear the latent infection with time, tuberculosis is
one of the World Health Organization’s top 10 causes of death
(Holzheimer et al., 2021; World Health Organization, 2020; Fu
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CN Method A
/ NiCl,.6H,0
NG THF/MeOH (3/1)
O tBUOK (1.5 eq) NaBH,, rt
’ tBUOH, 84% Method B
Zn powder,
e} AcOH, reflux
4 -
=0
70 O Method C
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SCHEME 2
Synthesis of succinimides by multiple methods.

et al, 2021). One year is the typical treatment time for
antitubercular drugs against drug-susceptible tuberculosis,
whereas treatment for drug-resistant tuberculosis can take
years. In both cases, a lengthy course of antibiotics is
required, and adherence is essential for success (Gandhi et al.,
2010). The bacterium is mostly shielded from other immune
reactions while gaining access to host resources, and after
antibiotic treatment, it frequently enters a dormant state
inside the human host (Kiran et al., 2016). With the advent of
HIV, the situation indirectly increased the severity of the disease;
1.3 million deaths were reported in 2020 among HIV-negative
cases with additional deaths of 2.1 million in HIV-positive
people. A total of 9.9 million cases were reported in 2020.
South-East Asia and Africa are mostly prone to this disease
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with an account for 85% of total TB deaths in 2020. This trend
was observed at all levels: global, regional, and country. The
pandemic has inverted years of improvement and research on TB
due to the feebleness of governing authorities in its diagnosis. It is
estimated that TB would have caused an enormous number of
deaths worldwide after the COVID-19 pandemic in 2020
(Ryckman et al., 2022). It affects people of all ages. However,
men are more affected than women and children. Tuberculosis
co-infected with HIV is more reported in the African region
(World Health Organization, 2021b; Moyo et al., 2022).
Globally, the brighter part in tuberculosis elimination is that
countries like the United States and European region have low
incidence, whereas countries like India, China, and Indonesia
constitute a major part of affected cases. For its treatment, the
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FIGURE 2

Docking binding of 6b with InhA. Reproduced from Baltas et al,, 2013, with permission from Elsevier, Copyright 2013.
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SCHEME 3
Microwave-assisted synthesis of phenylindoles.
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SCHEME 4
Microwave-assisted synthesis of arysulfonamide derivatives.
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SAR for 2-phenylindoles.
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SAR for arylsulfonamides.

WHO divided drug-resistant TB into five categories. While many
people have latent TB infections that are asymptomatic, active
pulmonary TB patients are the main source of infection since it
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SCHEME 5
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primarily affects the lungs and can spread from person to person
through air.

Extensive research on tuberculosis involved many routes to
find a potent molecule for its treatment. Many efforts have been
made in recent years to develop an effective TB drug pipeline
with currently positive results (Evans and Mizrahi, 2018; Libardo
et al., 2018; Conradie et al., 2020). Several heterocyclic molecules
(Yan and Ma, 2012), peptides (Usmani et al., 2018), and natural
products (Igarashi et al, 2017) are also evaluated in drug
discovery programs as antitubercular agents. Both medicinal
chemistry targets and pharmaceuticals that are now on the
market typically use heterocyclic scaffolds as their chemical
building blocks. The extreme predominance of oxygen, sulfur,
and particularly nitrogen-containing rings in pharmacological
compounds is clear. Considering that heterocycles are the
fundamental components of a variety of natural compounds,
medicinal chemistry studies frequently center on mimicking
similar structural patterns. Heterocyclic molecules are both
biologically active and toxic, depending on various reasons
such as concentration, metabolites formed, and half-life of the
moiety. The major reason that controls all of the factors is
molecular weight. Although the concentration of the lead
molecule during biological studies can be tuned, a number of

.’Ar/hét

CeII IL

EtOH Reflux
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yield: 85-95%

20c 20d

% Inhibition (250 pg/mL): 84% % Inhibition (250 pg/mL):

48%

Cellulose-supported ionic liquid-catalyzed synthesis of pyrazole-based pyrido[2,3-d]pyrimidine-diones.
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Plausible mechanistic pathway for the synthesis of pyrido[2,3-d]pyrimidine-diones.
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SCHEME 7
Synthesis of compound 22 from 4H to 1,2,4-triazole-3thiole
by catalytic conjugate addition.

metabolites formed after phase-I and phase-II need to be checked
at the desk (Bramhankar and Jaiswal, 1995).

The latest advancements in organic chemistry and strategic
route reconnaissance, which are strongly supported by novel
synthetic techniques, catalysis, machine learning, and high-
throughput experimental technologies, are also thought to be
significant for drug development. Within the framework of the
research carried out by our group for the development of novel
heterocyclic scaffolds (Rao and Chanda, 2022; Panchangam et al.,
2021; Padmaja et al., 2019; Panchangam et al., 2019), we discuss
various available heterocyclic moieties and drug candidates
identified by a target-based approach against tuberculosis
diseases. We go in depth on many synthetic techniques that
start with distinct synthetic sequences and the ensuing

Frontiers in Pharmacology

antitubercular activity in this article. Last but not least,
combining all synthetic modifications and antitubercular
activity will provide essential solutions to the current
difficulties in discovering novel antitubercular drugs and will
also support knowledge about the current status of antitubercular
drug discovery. This review study will also help medicinal and
synthetic chemists work together to speed up the development of
new antitubercular drugs.

Synthesis and antitubercular activity
of heterocyclic moieties

Streptomycin, the first anti-TB drug found after penicillin,
was developed in 1943 using Streptomyces griseus. Isoniazid,
pyrazinamide, cycloserine, ethionamide, and rifampin are the
most popular heterocyclic molecules developed until early
1960 as anti-TB drugs (Figure 1) (Chauhan et al., 2010). The
treatment for TB has not changed much since then, and long-
term use of these drugs is associated with substantial toxic side
effects and treatment resistance. On 28th December 2012, the
FDA approval of bedaquiline, that is, the first antituberculosis
drug to be licensed in more than 40 years, was an important step
in this direction. Subsequently, in 2014, delamanid was approved
by the European Medicines Agency (EMA), and recently,
pretomanid was approved by FDA strictly for use in
combination with bedaquiline and linezolid to treat severe
drug-resistant tuberculosis (Ryan and Lo, 2014; Keam, 2019;
Lubanyana et al., 2020; Guo et al., 2021; Aono et al,, 2022).
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SCHEME 8

Lithium perchlorate catalyzed synthetic route to C—N Michael adducts.

This year, Fernandes et al. have extensively reviewed the in

vivo efficacy of antitubercular drug candidates against
Mpycobacterium tuberculosis. The report covered only those
molecules that entered into clinical trials in the last 6 years
(Fernandes et al., 2022). Compared to the recent report in
2022 (Fernandes et al., 2022), where there were no synthetic
methodologies described, we have made an effort to highlight the
most noteworthy examples of heterocyclic moieties reported in
the last decade, highlighting various strategies to develop
potential novel compounds with antitubercular properties. The
action of hybrid compounds

potential  antitubercular
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quantitative yield

O \ O \
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26a 26b
% Inhibition (50 uM): 20% % Inhibition (50 uM): 16%
MIC: 8.2 uM MIC: 31.2 yM
ICs0: >100 ICs0: >100

incorporating isoniazid with various heterocyclic scaffolds, on
the other hand, was an intriguing finding in recent studies (Reis
et al.,, 2019; Johansen et al., 2021; Alcaraz et al., 2022).

In 2013, Baltas et al reported the synthesis of a,p-
diketotriazoles and investigated the potential biological activity
against Mycobacterium tuberculosis (Menendez et al.,, 2013).
According to Scheme 1, TMS-ynones 1 and azide derivatives
2 were reacted together to produce a,B-ketotriazoles in the
presence of CuCl, and sodium ascorbate using a CH;CN-H,O
mixture as solvent. Subsequently, a,B-diketotriazole derivatives
3 were synthesized by two slightly different protocols. o,p-
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SCHEME 9

Synthesis of compound 30 and compound 32 by catalytic
conjugate addition using N-substituted maleimides.

FIGURE 5

Predicted binding pattern of 24a. Dark gray represents
R-enantiomer and light gray represents S-enantiomer.
Reproduced from Matviiuk et al,, 2014a, with permission from
Elsevier, Copyright 2014.

diketotriazole derivatives 3 were synthesized from the a-
ketotriazoles using Cul or CuCl, under reflux conditions and
CH;CN-H,0 mixture as solvent at 80°C for 1 h followed by the
addition of 2,9-dimethyl-1,10-phenanthroline at the same
temperature for 20h (method A). The one-pot method B
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(two-step processes) was performed by TMS deprotection,
followed by a 1,3-dipolar cycloaddition reaction between azide
2 and deprotected ynone 1 at 80°C using the CH3;CN-H,O
mixture as solvent. Finally, the a,p-diketotriazole derivatives
3 were obtained in moderate to excellent yields by the
addition of Cul and 2,9-diMe-1,10-Phen under reflux
conditions (Menendez et al., 2011; Menendez et al., 2012). On
the most researched H37Rv strains of M. tuberculosis with a
smooth colony shape, all produced a-ketotriazoles, and the
corresponding a,f-diketotriazoles have been examined by their
minimum inhibitory concentration (MIC). The attenuated
tubercle bacillus M. tb H37Ra is closely linked to the virulent
kind tb H37Rv. The
Mycobacterium tuberculosis H37Ra and H37Rv’s membranes

strain = M. differences between
and carrier proteins may have an impact on how effective an
antibiotic treatment is. Predominantly, among the synthesized
library, compounds 3b and 3¢ have shown 2.5 ug/ml MIC value
with no cytotoxicity toward the HCT116 and GM637 human
cells.

The same group further developed 3-(9H-fluoren-9-yl)
pyrrolidine-2,5-dione derivatives by three different pathways
(methods A, B, and C) and evaluated their efficacies against
M. tuberculosis in the same year (Matviiuk et al, 2013). In
method A, the
succinonitrile under basic conditions resulting in 3-(9H-
fluoren-9-ylidene)pyrrolidine-2,5-dione  followed by the
reduction of the double bond using NiCl, and NaBH,,
which led to the formation of compound 6 with 40% yield,

fluorenone 4 was condensed with

whereas in method B, zinc powder and acetic acid were used
under reflux conditions to gave a yield of 97% of compound 6
(Lopez-Rodriguez et al., 1999; Ballini et al., 2003; Cheng et al.,
2008). Compound 8 was prepared by reacting maleic
anhydride and fluorene at 200°C followed by basification
with ammonium hydroxide at 190°C resulting in the
formation of compound 6 with a 73% yield in method C
(Scheme 2) (Bergmann and Orchin, 1949). Compound 6a
strongly inhibited the growth of M. tuberculosis with an MIC
value of 2 ug/ml toward H37Rv strain of M. tb. On other hand,
compound 6b having a 3,5-dichloromethyl substituent on
nitrogen atom exhibited good inhibition with 8 pg/ml and
was further chosen for molecular docking studies for being the
best InhA inhibitor among the synthesized derivatives
(Figure 2).

Like the GEQ inhibitor, compound 6b binds to InhA’s
binding pocket following the same pattern. Hydrogen bonding
with the residue of Tyrl158 is predominantly conserved, while
other binding site residues (Met161 and Phe149) showed minor
deviations.

In 2014, Chatterji and co-workers demonstrated the
synthetic route to 2-phenylindole along with arylsulfonamide
and studied their potency against M. tuberculosis (Naik et al.,
2014). Aniline derivative 9 was reacted with phenacyl bromide in
the presence of N,N'-dimethyl aniline under microwave
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SCHEME 10
Synthesis of octahydrobenzo[jlphenanthridinediones via epoxy bridge ring opening.
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SCHEME 11
Synthetic route to zolpidem analogs via saponification
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SCHEME 12
Multistep synthesis of polyhydroquinoline derivatives.

conditions for 20 min at 140°C, resulting in compound 10
(phenylindole), as depicted in Scheme 3. Compound 10 was
also synthesized using another protocol, in which aniline
derivative 9 was reacted with phenacyl bromide in the
presence of xylene, DMA at 150°C for 12 h (Mahboobi et al.,
2008; Amblard et al., 2013). Subsequently, 3-alkyl pyrrolidine
reacted with compound 10 in the presence of ZnCl, and ethanol

Frontiers in Pharmacology

% Inhibition (250 pg/mL): 95%

42

% Inhibition (250 pg/mL): 91% % Inhibition (250 pg/mL): 88%

at ambient temperature for 3 h to produce the corresponding
phenylindole derivative 11 with excellent yield.

Furthermore, arylsufonamides were synthesized from the
NHBOC protected 4-aminopiperidine 12 using microwave
irradiation. The NHBOC-protected 4-aminopiperidine 12
was reacted with pyridine methyl halide using K,COs; as
base in DMF solvent at ambient temperature for 5h. Next,
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SCHEME 14
Synthetic route to TMC207 analogs using the Mannich base.
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SCHEME 15
Synthetic route to bisquinoline derivatives using the Mannich base.

the BOC deprotection was performed in dioxane containing
HCI solution at room temperature to obtain compound 14.
Subsequently, the NH-sulfonylation of compound 14 was
executed in DMF solution using bromo-substituted sulfonyl
chloride at room temperature for 3 h. Compound 15 was then
reacted with pyrazoles using (1R,2R)-(-)-1,2-diaminocyclo-
hexane and Cul as catalyst in dioxane solution under
microwave conditions for 30min to obtain the final
compound 16 (Scheme 4).

For the 2-phenylindole scaffold, a robust SAR was
constructed, which resulted in lead-like structures with good
physicochemical attributes. The chemical optimization of 2-

phenylindoles has been illustrated; 2-phenylindole was broadly
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yield: 40-82%
62

62c
MIC: 1.56 uM

62d
MIC: 0.70 uM

divided into ring A, ring B, and ring C, as depicted in Figure 3.
The impact of various groups on ring A also showed that
electron-donating substituents such as methyl, methoxy, and
isopropyl were allowed at the C-7 position, and ring C is a
nonessential part.

Similarly, SAR of arylsulfonamide also suggested
(Figure 4) that the presence of ring B is essential, whereas
The

investigation showed that the alteration of the pyrazole

the presence of pyrazole ring A is not essential.

moiety (ring A) to oxazole did not change the potency of
the compounds as antitubercular agents. It was also found that
ring C’s substitution was tolerated, with the indication of

necessity of ring D, that is, 4-pyridine. Testing of the

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1021216

Dasmahapatra and Chanda

10.3389/fphar.2022.1021216

FIGURE 6

(A) Binding mode of TMC207; (B) Binding mode of 62C. Reproduced from Kalia et al., 2015, with permission from Royal Society of Chemistry,

Copyright 2015.

synthesized 2-phenylindoles showed the antimicrobial
property to H37Rv strain with ~5-10 ratios of MBC to
MIC, whereas the arylsulfonamides displayed ~1-2 ratios
the synthesized phenylindoles,
compounds 11b and 11c showed strong potency with an
MIC value of 3.1 uM. The MIC values for synthesized

arylsulfonamides 16a and 16b on the other hand were

for same. Among the

6.3 and 12.5 uM, respectively.

Further, in the same year, Raval et al. accomplished the
synthesis of pyrazole-fused pyrido[2,3-d]pyrimidine-dione
derivatives and evaluated their biological properties (Satasia
et al., 2014). Pyrazole-fused pyrido[2,3-d]pyrimidine-dione
derivatives 20 were synthesized by the reaction of aldehyde
17, aminopyrazoles 18, and 1,3-dimethylbarbituric acid 19 in
the presence of cell-IL as catalyst in ethanol solvent under
reflux conditions and resulted in excellent yields (Scheme 5).
The synthesis of cellulose-based ionic liquids (cell-ILs) was
reported by the same group (Satasia et al., 2013). The solvents
were found to have a significant influence on the synthesis of
this particular series of compounds. Among the solvents
DMSO, methanol, ethanol, water,
DMF, and THF, the best results were obtained in ethanol
solvent in terms of influencing the reaction and isolating the
the
synthesis of pyrido[2,3-d]pyrimidine-diones is depicted in

such as acetonitrile,

targeted compound. A plausible mechanism for
Scheme 6. An attempt to perform the reaction without
catalyst resulted in a very poor yield of the product. To
evaluate the biological activities of this compound against
the H37Rv strain of M. tuberculosis, in vitro antitubercular
tests were performed using isoniazid and rifampicin drugs as
the standard drugs. Primary screening was executed using the
conventional method, that is, Lowenstein-Jensen medium, at
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250 and 100 pg/ml, in which compound 20a unveiled 91%
inhibition at a concentration of 250 pug/ml and 88% inhibition
at a concentration of 100 ug/ml.

Subsequently, Baltas and co-workers reported different
methods of synthesizing 3-heteroaryl-substituted pyrrolidine-
2,5-diones by catalytic Michael reaction and estimated their
inhibition against Mycobacterium tuberculosis (Matviiuk et al.,
2014a). Conjugated Michael addition is a well-studied tool to
prepare peptide analogs, antibiotics, and pharmaceutical
intermediates along with drugs (Kumagai et al., 2003; Bartoli
et al, 2006; Shrestha et al, 2012). Compound 21 with
encompassing ambident nucleophile was reacted with
maleimide by conjugated Michael addition using a catalytic
amount of aluminum chloride to generate compound 22 with
high yields by method A, as depicted in Scheme 7. In another
process (method B), Michael addition was performed using a
catalytic amount of lithium perchlorate and dioxane at room
temperature with good yield, as shown in Scheme 8. With
method C, to carry out Michael addition between bulky
heterocycles and nitrogen-substituted maleimides, various
chloride,

and bismuth trichloride.

titanium
The
screening results indicated that C-C conjugated addition was

catalysts were used including zinc

tetrachloride, tin chloride,
produced in better yields with anhydrous AICl; as catalyst,
whereas C-N conjugated addition was performed in a better
way with a catalytic amount of LiClO, (Scheme 9). The
synthesized moieties were tested for in vitro efficacies as an
inhibitor of InhA at 50 uM and the MIC values toward M.
Tuberculosis H37Rv strain. GEQ, triclosan, and isoniazid were
used as standards for the comparative study toward the H37Rv
inhibitor. Among all tested derivatives, compounds 24a and 24b
demonstrated the finest activity on InhA protein with 52% and
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Multistep synthetic route to PDST.
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SCHEME 17

% Inhibition (50 uM): 87%

77b
MIC: 21.3 uM
% Inhibition (50 uM): 28%

77c
MIC: 1.4 uM
% Inhibition (50 uM): 15%

Synthetic route to pyrrolidinone and pyrrolidine derivatives via reduction followed by acylation.

56% inhibition, respectively, at 50 uM. To understand the
binding pattern of pyrrolidine-2,5-dione-substituted analogs
compared to known nanomolar inhibitors, molecular docking
was carried out. R and S enantiomers of compound 24a along
with GEQ were docked inside the InhA binding site with the help
of the calculated algorithm and procedure.

Docking (Figure 5) was accomplished with consideration of
11 amino acid residues from the lateral chain, along with a
number of cofactor NAD*-like traits inside the binding pocket
of protein; 0.6 A° was the value of RMSD between
crystallographic conformation and the best mode of GEQ
docking. From the docking studies and the data of
crystallography, it was seen that compound 24a can be put
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into the active site by a different geometry. Surprisingly,
compound 26a produced high inhibition while another
derivative 26b showed a reduced activity. Among all of the
isoquinoline derivatives, compounds 26a and 26b with phenyl
and benzyl substituents showed higher inhibition, that is, 20%
and 16%, respectively.

In the same year, Huygen and group reported
1,2,3,4,8,9,10,11-octahydrobenzo[j]phenanthridine-7,12-
diones as an inhibitor against Mycobacterium tuberculosis
(Cappoen et al., 2014). Condensation of compound 33 with
compound 34 using 10 mol% of boron trifluoride and diethyl
ether at 0°C and room temperature for 2 h followed by the
addition of ammonia in methanol at room temperature
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FIGURE 7

Binding mode of 77a with InhA; (A) (R)-enantiomer and (B) (S)-enantiomer. Reproduced from Matviiuk et al,, 2016, with permission from
Elsevier, Copyright 2016.
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SCHEME 18
One-pot synthesis of 1-((6-phenylimidazo [2,1-b][1,3,4]thiadiazol-5-yl)methylene)-2-(4-phenylthiazol-2-yl)hydrazine derivatives.

obtained resulted in compound 35, as shown in Scheme 10. luminescent H37Rv strain of M. tuberculosis (Forge et al.,
Several derivatives of compound 35 were produced with good 2012; Cappoen et al., 2013; Claes et al., 2013). Antitubercular
yield, and antimicrobial activities were tested against property of these compounds were studied via the depletion of
Frontiers in Pharmacology frontiersin.org
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SCHEME 19
Plausible mechanism for the formation of 1-((6-phenylimidazo [2,1-b][1,3,4]thiadiazol-5-yl)methylene)-2-(4-phenylthiazol-2-yl)hydrazine
derivatives.

emitted luminescence by an exposure to compound culture.
Additionally, the toxicity of these analogs was checked toward
the macrophage model of eukaryotic J774 A.1 cells, as these are
the main host for tuberculosis infection. Acute toxic
concentration (ICsg) of these compounds was divided by
corresponding MIC values to achieve the selectivity index.
Compound 35a demonstrated higher activity (MIC =
0.59 uM) and significantly low toxicity (ICsq = 51.35 ug/ml),
developing a suitable SI of 87.03. For epoxy-bridged
molecule 35b, the MIC value was reported at 7.21 uM along
with a ICsy value of 53.23 ug/ml, resulting in 7.38 SI
value. Both 35c¢ and 35d showed extraordinary MIC values
of 0.22 and 0.26 uM, respectively. But due to better ICs
values, 35d resulted in the most favorable SI value, that is,
191.38.

Miller et al. in 2015 reported the potency of different

antitubercular agents toward M. tb Hj;,Rv strain and
FIGURE 8 substantial drug-resistant M. tb strains (Moraski et al,
Binding mode of 82d with InhA. Reproduced from

Ramprasad et al.,, 2016, with permission from Royal Society of
Chemistry, Copyright 2016. zolpidem analogs to discover the patterns that impact the

2016). As depicted in Scheme 11, the group synthesized 4-

biological function. All analogs were converted to form amide
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*f)

yield: 72%
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84d
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Synthesis of 2-(quinolin-4-yloxy)acetamide derivatives via O-alkylation reactions.

bond between the analogous carboxylic acid and amines. As
per the anticipation, these rationally designed isomers
indicated enhancement contrasted to zolpidem. With an
MIC value of 0.004 uM, compound 39a appeared to be the
most potent one. It showed almost similar activity as
rifampicin, which is a well-known first-line drug for
tuberculosis treatment with an MIC value of 0.1 uM (Cohn
et al., 1990). All compounds with insufficient hydrogen bond
donors demonstrated weak activity. Considering the effect of
stereochemistry, it was found that (R)-enantiomer had three
times better activity than (S)-enantiomer. As a control, PA-
824 was used to screen all molecules for M. tb-
resistant strains (Tover et al, 2000). Surprisingly,
compound 39a showed significant activity with MIC value *
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0.03 uM against the most common clinical strains. In vitro
toxicity testing indicated no significant toxicity to Vero cells
(Lilienkampf et al., 2009) or PC-3. However, some of the
compounds showed moderate toxicity in the HeLa cell line.

In the subsequent year, Karad and his group established a
multistep protocol for the synthesis of a fluorinated 5-
aryloxypyrazole nucleus through the cyclocondensation
reaction, followed by the investigation of its antitubercular
property (Karad et al, 2015). As depicted in Scheme 12,
compound 40 and aromatic phenol 41 were refluxed in
DMF using K,COj; as a base to afford the desired product
42. Hydrazinoketone 45 was synthesized under aqueous
conditions by the reaction of compounds 43 and 44 at
room temperature for 6 h. Finally, targeted moiety 48 was
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SCHEME 21
Multistep synthesis of pyrazole-containing pyrazoline derivatives
obtained by refluxing compounds 42 and 45 via synthesis of polyhydroquinoline derivatives is depicted in
cyclocondensation reaction in the presence of malonitrile Scheme 13. In vitro studies of antitubercular activity of the
46 and piperdine 47. A plausible mechanism for the synthesized compounds were performed toward the H37Rv
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SCHEME 22
Multistep synthesis of imidazol4,5-c-]pyridine derivatives.

strain using Lowenstein-Jensen medium, where rifampicin
and isoniazid were taken as standard drugs. Compounds
48a, 48b, and 48c possessed intense activity with 94%, 95%,
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and 91% inhibition, respectively, at 250 pug/ml. Further
interesting facts were obtained when the cytotoxicity was
checked for these molecules in the cellular level by the

frontiersin.org
52


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1021216

Dasmahapatra and Chanda

108
quantitative yield

Selected examples:

NooH
X N\(/N
O S\/z
106a NO2
MIC: 2.4 uM
TC50: 20 HM
SCHEME 23

Synthetic route to nitazoxanide derivatives via amide bond formation.
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115 quantitative yield 14
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FIGURE 9
SAR study of bedaquinoline.
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bioassay test of S. pombe cells. Variation in the concentration
of different types of substituent has a significant effect on the
toxicity level. Compound 48b appeared to be most toxic,
whereas compounds 48a and 48c are comparatively less toxic.

In the same year, Kalia et al. reported the synthesis of
conformationally constrained and bisquinoline analogs of
TMC207 and investigated their antitubercular activity (Kalia
et al,, 2015). Constricted analogs of TMC207 were prepared
using benzyl quinoline anion with proper cyclic ketone analogs of
the Mannich base as reported earlier (Guillemont et al., 2011). A
diastereomeric combination of two conformationally restricted
diarylquinolines 54 with five-, six-, and seven-membered rings
were synthesized by treating the freshly produced Mannich base

51 with anion 53 (Scheme 14). Subsequently, the bisquinoline
analogs of TMC207 were achieved by the reaction of the relevant
Mannich bases with the dialkoxybisquinoline anions, which were
produced by the treatment of several alkoxides with

\/
s
X\ ()
OH
N" o

118
yield: 59-99%

118b 118c
MIC: 0.20 pug/mL MIC: 0.71 pg/mL
ICs0: ND 1C50: 6.9 UM

SCHEME 25

Synthetic route to diarylquinoline derivatives via a condensation reaction.
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SCHEME 26

Microwave-assisted synthesis of isoindoline-1,3-dione-4-aminoquinolines (substitution of C-4/C-5 secondary amine).

An that the
Baylis-Hillman adducts to produce quinoline derivatives

dichlorobisquinolines. earlier work used
served as the model to obtain compound 60, which further
reacted with sodium alkoxide under reflux conditions to
produce bisalkoxyquinolines 61 (Pathak et al., 2007). In the
last step, deprotonation of compound 61 at -78°C, followed
by the addition of the Mannich base, led to the formation of
compound 62 (Scheme 15). For evaluation of TMC207 analogs as
antitubercular agents, BACTEC assay was used on H37Rv M. tb
strain. It has been found that compound 54a has the lowest MIC
value of 12.1 uM, whereas compound 54b demonstrated a value
of 12.5uM. A comparison study indicated that bisquinoline
analogs of TMC207 have much higher activity than the

conformationally constrained molecules.
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There were six compounds with MIC values under 2 uM
among the bisquinoline analogs, including compounds 62a and
62b (MIC: 0.39 uM). The methoxy group on the second
quinoline ring of these molecules appears to be an important
factor in their activity. Later on, the cytotoxicity of these
compounds was determined toward the macrophages derived
from the mouse bone marrow and also toward the Vero cells.
Docking studies highlighted the crucial role of both hydrophobic
and electrostatic interactions for the stabilization of these
moieties to bind into the active site of ATP synthase enzyme,
resulting in potent enzyme inhibition (Figure 6).

In 2016, Thore et al. reported the synthesis of hybrid triazoles
and evaluated their potency as dual inhibitors of growth and
efflux inhibition in M. tuberculosis (Dixit et al., 2016). Over the
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Synthetic route of C-5-substituted isoindoline-1,3-dione connected with 4-aminoquinolines via an amide spacer.

activity enhances at
longer alkyl chain length

Cl

induction of secondary amine
enhanced the anti-mycrobial activities

FIGURE 10
SAR study of isoindoline-1,3-dione-4-aminoquinolines.

years, fused and linked triazoles have emerged as a popular
antitubercular agent (Shiradkar et al., 2007a; Shiradkar et al,,
2007b; Gill et al., 2008; Jadhav et al., 2009). As presented in
Scheme 16, hydrazine compound 63 reacted with bromoacetic
acid followed by the Boc protection led to the formation of
compound 65. In the next step, the addition of benzyl bromide to
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compound 65 afforded the protected triazole 66. Subsequently,
compound 67 was treated with 2,4- dichlorobenzaldehyde to
achieve intermediate 68, which further reacted with compound
66 and produced triazolyl-chalocones 69. Cyclization of the
triazolyl-chalocones ~ with  hydroxylamine followed by
deprotection of amino and thio functionalities resulted in the
formation of targeted PDST derivatives. The potency of these
hybrid molecules as growth and efflux inhibitor (TB-GEI) toward
M. smegmatis mc (b) and H37Rv strains was determined. It was
observed that compounds 73a, 73b, 73c, and 73d showed
promising MIC values of 2, 1, 4, and 2 pg/ml, respectively.
Later, the potency of these hybrid molecules to inhibit efflux
of ethyl bromide from Mycobacterium smegmatis mc (b) cells was
tested via real-time fluorometry. Compounds 73a and 73b were
found to be harmless toward human macrophages with ICs,
values 87.9 and 122.4 pg/ml, respectively. It was found that some
of the synthesized compounds were toxic with ICs, value as low
as 5.5 pg/ml. Moreover, compound 73a demonstrated good
synergistic action with RIF and INH, whereas it failed to
exhibit potency in the case of EtBr.

In the same year, Baltas et al. synthesized pyrrolidinone and
pyrrolidine derivatives as the Mpycobacterium tuberculosis
inhibitor (Matviiuk et al., 2016). As depicted in Scheme 17,
the succinimide moiety in compound 6 was reduced via BHs.
Me,S was used to generate compounds pyrrolidinone 74 and
pyrrolidine 75 in the ratio of 1:1 mixture, followed by the
acylation reaction using benzoyl chloride (Matviiuk et al,
2014b).
compounds toward H37Rv strain, inhibition assay tests were
performed at 50 uM. The result indicated that compound 77a has
the best inhibition (87%) toward InhA enzyme, which is selected

To determine the potency of all synthesized
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FIGURE 12

M. tb membrane potential disruption at pH 6.8 by benzothiadiazole analogs. Reproduced from Smith et al., 2019, with permission from Royal

Society of Chemistry, Copyright 2019.

for docking studies. It is observed from the docking studies that
GEQ and compound 77a (R and S enantiomers) can adopt a
similar conformations and interactions in the active site of InhA
(Figure 7) (Chollet et al., 2015). Furthermore, compounds 76a
and 77b showed medium activities against tuberculosis with MIC
values of 10.3 and 21.3 uM, respectively. However, the MIC value
of 77¢ (1.4 uM) led to further testing against IC2 clinical isolate,
which is well resistant toward first- and second-line tuberculosis
drugs. According to in vitro data, compound 77a showed less
inhibition than GEQ, and the findings from the docking studies
also suggest weaker interaction than GEQ.

Dalimba and co-workers in 2016 reported the one-pot
synthesis of thiazole-imidazo [2,1-b] [1,3,4]thiadiazole hybrids
and investigated their inhibitory action toward tuberculosis
2016). the
intermediate, which was synthesized by the reaction of

(Ramprasad et al., Compound 79 is key
thiosemicarbazone 78 with ketone in the presence of acetyl
chloride. In the presence of ethanol, compound 79 was
treated with substituted phenacyl bromide at 80-85°C for 24 h
to produce compound 80, which underwent Vilsmeier-Haack
formylation to achieve intermediate 81. In the last step, treatment
of intermediate 81 with substituted phenacyl bromide and
thiosemicarbazide 78 in the presence of [Bmim]Br-ethanol

mixture furnished different analogs of the final product 82
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(Scheme 18) (Alegaon et al., 2012; Ramprasad et al,, 2015). A
plausible mechanism for the synthesis of 1-((6-phenylimidazo
[2,1-b][1,3,4]thiadiazol-5-yl)methylene)-2-(4-phenylthiazol-2-

yDhydrazine derivatives 82 is depicted in Scheme 19. The
synthesized moieties were screened against H37Rv strain of
M.
antimicrobial activity. Among all of the compounds, 82c¢ is

tb using the agar dilution process to determine the

the most active compound with an MIC value of 6.03 uM,
which is better than some of the antitubercular drugs such as
ethambutol and ciprofloxacin. However, compounds 82a and
82b exhibited moderate activity with MIC values 13.94 and
12.72 uM, respectively. It is interesting to note that all
trifluoromethyl derivatives have lower MIC values than the
corresponding methyl analogs. Furthermore, promising
molecules were docked inside (Figure 8) the active site of the
InhA enzyme, and the docking score was observed to
be —8.89 kcalmol™', with hydrogen bond interactions along
with n-m stacking. The in vitro cytotoxicity of the synthesized
compounds was examined against NIH/3t3 mouse embryonic
fibroblast cell lines using the MTT assay. This study revealed that
none of the compounds with significant activity were toxic
toward normal cells (Gundersen et al., 2002).

Subsequently, Machado and group reported the activity of 2-

(quinolin-4-yloxy) acetamides toward drug-resistant and drug-
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SCHEME 28
Multistep synthesis of pyrazole bearing derivatives.

susceptible strains of M. tb (Pissinate et al., 2016). As depicted in
Scheme 20, compound 84 was synthesized by the O-alkylation
reactions of compound 83 with 2-bromo-N-arylacetamides using
K,COj; as base in DMF solution at 25°C for 16 h. Moreover, N-
alkylation of compound 85 with bromo acetamides under the same
reaction conditions led to the formation of compound 86 with high
chemoselectivity. The whole-cell assay test was performed with the
synthesized molecules to evaluate the activities toward H37Rv
strain of M. tb using isoniazid as standard drug. The result showed
that compound 84d has an exceptional activity with the MIC value
as low as 0.15 pM, which is better than those of most first-line
antitubercular drugs. Similarly, compounds 84a, 84b, and 84c also
have significant activity with 0.48, 0.88, and 0.44 uM MIC values,
respectively. All of the synthesized acetamide derivatives showed
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Pl (CCso/MIC): 40

132¢ F 132d
MIC: 0.5 uM MIC: 0.0092 uM
CCsp: 64 pM CCsp: 12.6 pM

Pl (CCso/MIC): 128 P| (CCs/MIC): 1362

potency toward drug resistant clinical strain with same activity in
infected macrophages. The potential compounds were subjected to
evaluation of cardiac toxicity in zebrafish (Selderslaghs et al., 2009)
and found to be safe at 1 and 5 uM of the embryos.

In the same year, Isloor et al. reported the synthesis of 1'-(4-
chlorophenyl) pyrazole bearing 3,5-disubstituted pyrazoline analogs
and investigated their antitubercular activities (Harikrishna et al.,
2016). Compound 87 is a basic pyrazole skeleton, which can be
easily achieved by the Vilsmeier-Haack reaction, leading to
excellent vyields (Harikrishna et al, 2015). As presented in
Scheme 21, pyrazole 87 was treated with 5-acetyl-2,3-
dihydrobenzofuran using NaOH as base in methanolic solution
at room temperature for 3 h to furnish compound 88, which upon
further treatment with hydrazine hydrate for an additional 3 h in
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SCHEME 29
One-pot synthesis of 2,4,5-trisubstituted imidazoles.

ethanolic solvent afforded the final product 89. Similarly,
compounds 90 and 92 were formed when pyrazole 87 was
treated with 5-acetyl-2-methylfuran and monoacetyl biphenyl,
respectively, under the same reaction conditions. The synthesized
compounds demonstrated a range of MIC values from 50 to
1.56 pg/ml toward H37Rv strain of M. tb. Compound 93a
exhibited an MIC value of 1.56 pg/ml, which is better than that
of the first-line antitubercular drug streptomycin, whereas
compound 93b has the same MIC value as that of streptomycin,
that is, 6.25ug/ml. Subsequently, compounds 89a and 89b
exhibited moderate activity with 12.5 and 25 ug/ml MIC values,
respectively. An in vitro cytotoxicity study was performed with the
potential molecules using HeLa cells. After primary screening of the
toxicity studies, compounds 83a and 93b appeared to be the best
potent molecule with minimum cytotoxicity.

Prashanth et al
derivatives and evaluated their antimicrobial activity (Madaiah

synthesized imidazo[4,5-c]pyridine

et al., 2016). The synthesis of the desired compound involved a
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series of reactions initiating from the chlorination of 2,6-
dichloropyridine 94 in the presence of trifluoroacetic acid,
H,0, and POCI;, In the next step, treatment of compound 95
with methylamine resulted in the mixture of isomers 96 and 97.
The nitration of compound 97 was performed to afford
compound 98, which upon reaction with sulfuric acid for 12 h
at room temperature formed 99. In the next step, compound 100
was obtained by the reduction of compound 99 using iron
powder and ammonium chloride. The imidazole ring of
compound 101 was formed by reacting triethyl orthoformate
and compound 100 in refluxing ethanol. Furthermore, Buchwald
coupling was carried out to achieve the C-N bond formation
leading to the synthesis of intermediate 102. Finally, the amine
group in compound 102 was reacted with SOCI, in the presence
of sodium hydride to afford the final compound 104 (Scheme
22). All derivatives were screened for their antitubercular activity
toward H37Rv strain of M. tb by the agar dilution method.
Compounds 104a, 104b, and 104c with an MIC value of 6.25 uM
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136¢

FIGURE 13

136d

(A) Molecular docking of 136a with MabA protein. (B) Molecular docking of 136b with MabA protein. (C) Molecular docking of 136c with MabA
protein. (D) Molecular docking of 136d with MabA protein. Reproduced from Raghu et al.,, 2020, with permission from American Chemical Society,

Copyright 2020.

expressed more potency than popular anti-TB drug ethambutol
(MIC: 7.64 uM). However, compound 104d has an 0.25 uM MIC
value, which is more dominant than isoniazid (MIC: 0.36 uM).
The findings suggest that imidazopyridine derivatives might be a
promising lead contender against tuberculosis that merit further
investigation.

In 2017, Parish et al. evaluated the in vitro activities of unique
(NTZ)
tuberculosis with their structure-activity relationship (SAR)
(Odingo et al., 2017). In this work, compound 105 was used
to regulate the systematic antitubercular SAR study. A total of
56 NTZ (Dubreuil et al., 1996; White, 2004) derivatives were
prepared via different pathways using amide bond coupling. As

nitazoxanide derivatives toward Mycobacterium

depicted in Scheme 23, treatment of activated acids with
aminothiazole 105 afforded compound 106 via amide bond
of with
aminothiazole 105 produced compound 107 in the presence
of base and THF. On other hand, sulfonyl chloride was used to
form sulfonamide derivative 108. Compound 105 undergoes

formation.  Similarly,  reaction isocyanate
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reductive alkylation reaction in the presence of aldehyde and
trifluoroacetic acid to form compound 109. Minimum inhibitory
concentration of compound 106a was 2.4uM, whereas
compounds 106b and 106¢ have values of around 5.5-5.6 uM
toward H37Rv strain of M. tb. Toxic concentration (TCs,) values
of the synthesized molecules suggested no significant toxicity.
Furthermore, the same group accomplished the improved
synthesis of phenoxyalkylbenzimidazoles and investigated their
potential as the tuberculosis inhibitor to target QcrB
(Chandrasekera et al, 2017). Several alkyl derivatives of
benzimidazoles were synthesized, as depicted in Scheme 24.
112 was the
condensation of 1,2- diaminobenzene derivatives 110 with

Benzimidazole intermediate formed by
propionic acid 111. In the next step, the alkylation of
intermediate 112 in the presence of dibromoalkane formed N-
(bromoalkyl)-benzimidazole 113, which further reacted with
the

corresponding benzimidazole alkylamines, alkylethers, and

anilines, phenols, and thiophenols to form

alkylthioethers, respectively. From the SAR study, it was
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SCHEME 30
One step synthesis of thieno [3,2-d]lpyrimidin-4-amines.

observed that the substitution with 4-methyl did not affect the
activity, whereas the substitution with 4-methoxy reduced the
activity by four times. Four derivatives 115a, 115b, 115c¢, and
115d have selectivity index greater than 200 with MIC values
of 0.061, 0.067, 0.35, and 0.070 uM, respectively, toward
H37Rv-LP. The cytotoxicity result against the kidney cell
line of African green monkey demonstrated that addition
of one methyl group in compound 115b and two methyl
groups in 115d caused a higher increase in toxicity than
115a. Several synthesized derivatives have better activity
inside macrophages in comparison with liquid culture
(Chandrasekera et al., 2015).

Denny et al. in the subsequent year synthesized 6-cyano
derivatives of bedaquiline as a safe inhibitor of tuberculosis
(Tong et al,, 2017). The SAR study of almost 200 derivatives
was performed to check the significance of four different
regions A, B, C, and D for antitubercular activity toward
the M. smegmatis strain (Figure 9) (Guillemont et al,
2011). The ICqyy of the six-substituted compounds were
within a two-fold range in comparison with the lead
compound. Most of the compounds were assessed as RS
and SR diastereomers, whereas few molecules were formed
as pure R and S enantiomers.

The major diarylquinoline compounds were synthesized by
condensation of the proper A/B and C/D units. The C/D unit was
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ICs0 (with Q203): 24.4 uyM
IC50 (without Q203): >100 pM

achieved using relevant acetophenones in a one-step Mannich
reaction (Scheme 25). Compounds 118a, 118b, 118¢, and 118d
demonstrated extraordinary MIC values of 0.09, 0.20, 0.71,
0.94 pg/ml, respectively, determined by MABA assay.

In 2019,
substitutedisoindoline-1,3-dione-4-aminoquinolines
their
cytotoxicity (Rani et al,, 2019). Stepwise microwave-promoted

Kumar and  co-authors  synthesized
and
evaluated antimycobacterial properties along with
synthesis was performed under optimized conditions to achieve
the derivatives of aminoquinolines. Fluoro-phthalic anhydride
119 was treated with 4-aminoquinoline-diamines 120 in the
presence of N-methylpyrrolidin-2-one to form compound 121.
The addition of secondary amine to compound 121 under
microwave irradiation achieved the targeted moiety 122
(Scheme 26). Subsequently, N-(7- chloroquinolin- 4- yl)
diamine and compound 123 undergo amide coupling with the
help of EDC-HOBt to afford molecule 124 at room temperature.
Furthermore, the addition of different amines to compound 124
led to the formation of desired C-5-substituted isoindoline-1,2-
dione connected with 4-aminoquinolines 125 through an amide
spacer (Scheme 27).
Antimicrobial properties of the synthesized compounds were
assayed against mc (b)6230 strain of M. tb. To analyze the
the

secondary amine functionality at C4/C5 location and the

structure-activity  relationship, isoindoline-1,3-dione

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1021216

Dasmahapatra and Chanda

H
N O EDC.HCI, HOBt
R 7 on R-NH,,
DIPEA, DMF,
rt, 60-72h
139
EDC.HCI, H
HoBt _ F N o]
R-NH,,
DIPEA, DMF,
rt, 60-72 h F
H
F N 0 |
Y
OH H
L CDI, NH,OH, F N
DMF p
141 r, 16 h
F
143
yield: 98%

Selected examples:
Br H 0
)«
HN

140a
MIC: 0.62 uM
ICso: 39.9 uM
SI: 64

SCHEME 31
Synthesis of indole-2-carboxamides via amide coupling.
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Synthesis of BTO with BTZ043 side chain with reduction reoxidation chemistry.

distance between two pharmacophores were carefully changed. It
was observed that the activity was dependent on the type of the
linker present between two pharmacophores (Figure 10).
However, increase in the alkyl chain length (n = 4, n = 6) and
the induction of the morpholine ring resulted in the
improvement of activity indicating a 6.25 uM MIC value of
compounds 122a, 122b, and 122¢ with lesser cytotoxicity.
Parish and his group in 2019 reported the membrane
potential disruption of M. tb by imidazobenzathiazole analogs
(Figure 11) (Smith et al,
potential toward human liver cells in HepG2 was performed

2019). Mensuration of membrane

by the conventional method where 50,000 cells were plated per

well in 96-well plates. However, minimum bactericidal
concentration (MBC) was assessed at different pH values, that
is, 4.5, 5.6, and 6.8, by fluorescence at different wavelengths.

M.tb membrane potential disruption was measured at
neutral pH by benzothiazole analogs (Figure 12). The results
did not suggest any correlation between the HepG2 IC5, value
and membrane potential disruption (Huang, 2002). A slight
increase in activity was noticed at pH 5.6 for the disruption of
M. tb membrane potential with higher degree of separation. The
perspective of benzothiazole analogs appeared favorable, ruling
out the membrane potential disruption for both cytotoxicity and
antitubercular activity.

In the following year, Poce et al. described the effect of
pyrazole-containing moieties on M. tb by the inhibition of
mycobacterium membrane protein large 3, that is, MmpL3
(Poce et al.,, 2019). The treatment of diethyloxalate 127 with
ketones in accordance with lithium bis(trimethylsilyl)-amide
formed lithium salt 128, which further underwent cyclization
with relevant hydrazines to produce desired pyrazoles 129.
Pyrazole-3-carbaldehyde 131 was achieved by the conversion
of ethyl esters 129 in two steps, as depicted in Scheme 28.

Afterward, the reductive amination of 131 with the help of
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NaBH(CH;COO)j; in the presence of suitable amine resulted in
the formation of pyrazole derivatives 132. The SAR study was
accomplished on a sequence of 1,3,5-trisusbstituted pyrazoles
only to find out the significant effect of cyclic amine at the 3-
position. Compound 132d, which has a silicon atom, resulted
in an increase of the activity (MIC: 0.00925 uM). Moreover, the
genome sequencing results stipulated MmpL3 as a feasible
target, confirming the high potential of MmpL3 inhibitors
for development in tuberculosis drug discovery (La Rosa

et al., 2012).
In 2020, Prasanth and group accomplished the synthesis of
2,4,5- trisubstituted imidazole derivatives by one-pot

methodology employing 4-nitrostyrene and 4-(trifluoromethyl)
benzene diazonium salt in the presence of PtO, and OsO, as
catalyst (Scheme 29) (Raghu et al., 2020). The pharmacological
study indicated significant in vitro antitubercular property of
compounds 136a, 136b, 136¢, and 136d, revealing MIC values of
2.15, 2.78, 5.75, and 1.36 pM, respectively, toward H37Rv strain
of M. tb. Very less cytotoxicity was observed with a range of
151.18-437.21 uM ICs values for Vero cells.

Moreover, MabA being the key enzyme in biosynthesis of
mycolic acid, which is the substantial cell envelop of M. tb’s
long-chain fatty acid, was selected as an operating site for the
docking study. The anticipated binding free energies in kcal/
mol were used to determine the molecular docking scores, as
presented in Figure 13. The docking scores of 136a, 136b, 136¢,
and 136d with 1UZN were 8.5, 8.4, 8.1, and 8.9 kcal/mol,
respectively.

Moraski et al. generated the structure-guided thieno([3,2-d]
pyrimidine-4-amine and investigated its potency as bd oxidase
inhibitors of M. tb (Hopfner et al., 2021). Nucleophilic aromatic
substitution (SyAr)
chlorothieno [3,2-d] pyridine and amines at 100°C in the

reaction was implemented with 4-

presence of base, as depicted in Scheme 30 (Neri et al., 2020).

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1021216

Dasmahapatra and Chanda

10.3389/fphar.2022.1021216

o 0
H
(0]
o -NL OH
HaN- Ry < N [POCI3, DMF, /j\/\ p'pe”d'"e Ho > ¢ N-R
< ~ 1
R KOAc, EtoH, Rz N° R 80 °C pyridine, 90 OC =N
80 °C 12-24 h Rz
150 2-24 h 151 152 153
(0]
( 0
= g
NBSH, Et;N HO ~NR, CH3SO,NH,, I?]CC //S‘HN _
THE, 45 °C . N DMAP, 0-45°C O -
15 h 2 16-48 h R2 N 1
154 155
PPhg, THF/H,0
07 = HO — N — o
N-R NaBH4, MeOH N—R PPh3, D|AD, 3 N R 60 °C H N
R X\ 1 25 °C R \N’ 1 NaN3, H2804, DCM R \N 1 23 h ~ /N-R»]
2 52 - 2 0°C- 25 °C 2 Ry N
156 24h 157 158
? CD|, CD',
—S—NH, | DIPEA DCM, 0 DIPEA, DCM,
I DCE _ﬁ_NHz DCE
5 25-90 °C 25-90 °C
48 h
- o 1 o 0 48 h
| 8
JHNT 07 N\== S.
Z7HN” THN _—
~ /N—R'I O N—
Ry N N R1
R;,” N
160 quantitative yield 159
Selected examples:
cl
)
NS
N= H C|©-N’N\
AN T \S/
o I
155a 159a o
MIC: 4.7 uM MIC: 1.56 uM

SCHEME 33
Multistep synthesis of 1,3-diarylpyrazolyl-acylsulfonamides.

Thirteen synthesized analogs were screened in a whole-cell ATP
cyt-bd assay.
circumstances with and without the addition of Q203 in the
H37Rv-M.tb strain and the clinical isolate NO0145-M.tb.
the BCG utilized for the
identification of any common cyt-bd inhibitor. The result
shows that H37Rv-M.tb strain has overexpressed cyt-bd in
comparison with the clinical isolate. Weak potency of the

The test was performed under replicating

Subsequently, strain ~ was

Frontiers in Pharmacology

64

synthesized molecules was increased by functionalizing the
para position of the Ph group, making compound 138c the
most potent one. This class of synthetically accessible
compounds is one of the rare published examples which can
successfully inhibit the cyt-bd in mycobacteria.

Gunosewoyo et al. synthesized indole-2-carboxamides as
inhibitor of Mycobacterium tuberculosis in 2021 (Alsayed

et al, 2021). To produce N-rimantadine indoleamides 140,

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1021216

Dasmahapatra and Chanda

|l CN
Br

. ;

2

165

10.3389/fphar.2022.1021216

N

0
O N//¥$i—o
| Q )

N~,\]'N )
N/_\—SrO O

153 ) N(CH,CH,0H);
DMF, K,CO4 THF, ZnBr, Xo toluene, 4 h
17 h 16 h

164

quantitaive yield N\/’

161 162
/
o)
SCHEME 34

Three-step synthetic pathway to tetrazole-appended ether derived organosilane and organosilatrane.

FIGURE 15
Binding pattern of 165 with InhA. Reproduced from Singh et al.,
2022, with permission from Royal Society of Chemistry, Copyright 2022.

amide coupling of compound 139 was performed in accordance
with DIPEA, EDC HCl, and HOBt. Subsequently, compound 142
was synthesized from 4,6- difluoroindole-2-carboxylic acid 141
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via amide coupling with appropriate amine. Likewise, the
reaction of 141 with 1,1'—carbonyldiimidazole resulted in the
formation of N-acylimidazole intermediate, which upon in situ
with the
corresponding amide 143 via a nucleophilic substitution

treatment ammonium  hydroxide achieved
reaction. Finally, targeted moiety 144 was synthesized by the
reaction of benzoyl chloride derivatives with compound 143 in
pyridine (Scheme 31). Compounds 140a and 140b exhibited the
MIC values of 0.62 and 0.32 uM, respectively, for H37Rv strain.
An increase in efficacy with high lipophilic groups was noted,
whereas 5-methoxy derivatives indicated two times reduced
activity compared to 4-methoxy derivatives in the SAR study.
The high lipophilic character of the preceding series resulted in
diffusion via the lipid-rich bilayer of M. tuberculosis by
their possible interaction with MmpL3 to enhance the anti-TB
activity.

In the docking study, as depicted in Figure 14, the
S3 hydrophobic site was embedded in the indole moiety,
whereas the rimantadine nucleus was inserted in the
hydrophobic bulky S5 subsite. On the other hand, the amide
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NH was accommodated in the hydrophilic S4 subsite. The same
binding pattern of compounds 140a and 140b and the
MmpL3 inhibitor ICA38

stipulated  potency through
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disruption of Asp-Tyr pairs, which is the major player for
proton dislocation. These findings suggest that indoleamides
can be considered a new class of antitubercular agents.
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Synthesis of azides via click reaction.

Miller and his research group reported the formation of
hybrid-induced Meisenheimer’s complex reflecting the efficacy
as an antituberculosis agent in the subsequent year (Liu et al.,
2021). BTO analog 148 resembles BTZ043 due to the
incorporation of an identical piperidine acetal unit. It was
prepared according to previously reported synthetic protocols,
which involved the nucleophilic aromatic substitution reaction as
a key step followed by cyclization (Kozikowski et al., 2007).
Treatment of NaBD, with compound 148 followed by oxidation
generated the deuterium-incorporated starting material (Scheme
32). The intermediates can act as precursors toward the
indispensable nitroso moiety, which forms covalent adducts to
inhibit DprEl enzyme. Evaluation of the effects of compounds
was assessed by metabolic labeling of H37Rv strain of M. tb. The
findings suggested the necessity of the incorporation of highly
electron deficient substituents to facilitate the molecular
recognition by target enzyme (Liu et al, 2019). These
compounds have the ability to form the Meisenheimer
complex quickly by reacting with hybrids. Interestingly,
radiolabeled lipid demonstrated DprEl-related activity during
agglomeration of trehalose monomycolates and trehalose
dimycolates, and this is due to the scarcity of arabinan chains
acting mycolates attachment sites in the mycobacterial cell wall
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MIC: 1.56 pg/mL

(Landge et al, 2015). The result indicates that further
needed to broaden the
development of potent nitro-substituted antitubercular drugs.
In the same year, Chibale et al. reported the ability of 1,3-
diarylpyrazolyl-acylsulfonamides to target cell wall biosynthesis
of M. tuberculosis (Khonde et al., 2021). Several targeted
compounds have been synthesized via a series of reactions, as

investigation is scope for the

depicted in Scheme 33. The mode of action of synthesized
derivatives was assessed to check the inhibitory actions toward
various strains of tuberculosis. PiniB-LUX bioluminescence assay
(Naran et al., 2016) revealed disruption of cell wall biosynthesis
by modulating the expression of iniBAC operon. This was
additionally confirmed by the transcriptional profile study,
which indicated the upregulation in the genes that are
involved in cell wall biosynthesis. In vivo studies indicated the
moderate inhibition of intracellular replication of tuberculosis in
lungs, whereas the in vitro studies specified the adequate stability
along with significant plasma protein binding. Compounds 155a
and 159a showed notable MIC values of 4.7 and 1.56 uM,
respectively, with considerable cytotoxicity.

During that year, Singh et al. accomplished the tetrazole
coalesced organosilane as enoyl ACP reductase inhibitor for
Mycobacterium tuberculosis (Singh et al, 2022). Tetrazole
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SCHEME 37
Multistep synthesis of fluorine bearing benzoxazinyl-oxazolidinones.

conjoined molecules were synthesized via three-step process
using 3-azidopropyltriethoxysilane 163 in the presence of
catalytic ZnBr,, as shown in Scheme 34.

The docking study of the molecules indicated the successful
binding at the active site of the InhA enzyme with hydrogen bond
interactions and pi-pi interactions. The various types of
interaction lead to binding energy as good as —7.82 kcal mol™
with a 0.00 RMSD value, as depicted in Figure 15.

Choi et al. synthesized the pyrazolopyrimidines and assessed
its potential as ATP synthesis inhibitors of tuberculosis (Choi
et al., 2022). Pyrazolo[3,4-B]-pyrimidinone 168 and pyrazolo
[1,5-a]-pyrimidinone 170 were transformed to the relevant
chlorides 169 and 171, respectively, in the presence of
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phosphorus oxychloride at 110°C. The desired products
173
pyrimidine 174 were produced by the Buchwald- Hartwig

pyrazolo[3,4-B]-pyrimidine and  pyrazolo[1,5-a]-
amination reaction, as depicted in Scheme 35 (Tantry et al,
2016). Pyrazolo[3,4-B]-pyrimidine 173 and pyrazolo [1,5-a]-
pyrimidines 174 were tested against both replicating aerobic
(MABA) and nonreplicating anerobic (LORA) cultures of
Mpycobacterium tuberculosis. The findings suggest that both
the analogs demonstrated medium activity with MICy, values
of ~8ug/ml against MABA and ~11 ug/ml against LORA
which

cure multidrug-resistant

bacterial cultures. is a well-known
inhibitor of ATP

tuberculosis, was used as a standard inhibitor in this work.

Bedaquiline,

synthase to
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FIGURE 16
SAR study of the target compound.

Further mammalian cell toxicity study in the epithelial kidney
cells of green monkey displayed that both compounds 173 and
174 have 11-12 ug/ml ICs, values. Moderate activity with low
cytotoxicity makes them potential candidates for the ATP
synthesis inhibitor of Mycobacterium tuberculosis.

Kantevari and co-authors accomplished the synthesis of
dibenzo[b,d]thiophene, dibenzo|[b,d]furan, and
N-methylcarbazole clubbed 1,2,3-triazoles and evaluated their
efficacy as the tuberculosis inhibitor (Patpi et al., 2012); 1,3-
dipolar cycloaddition reaction between azides 175 and alkynes
led to the formation of desired clubbed triazole moieties in the
click pathway. Several derivatives of 176 were synthesized by

OH OH
| X CH;COOH AN
DCC, DMAP |
(0] O
toluene, reflux
5-6 h
180 181

Selected examples:

182a
MIC: 4 ug/mL

SCHEME 38

10.3389/fphar.2022.1021216

incorporating different heteroatoms as Z groups, that is, S, O, and
N-Me, to accomplish the targeted dibenzo[b,d]thiophene,
dibenzo [b,d]furan and N-methylcarbazole-clubbed 1,2,3-
triazoles (Scheme 36). Both 176a and 176¢ demonstrated
significant inhibition with a 1.56 ug/ml MIC value toward
H37Rv (ATCC 27294) strain. The cytotoxicity of the
dominant compounds was judged using four different cell
lines, that is, A549 (adenocarcinomic human lung epithelial
cell), DU145 (human prostate cancer), HeLa (human cervical
SK-N-SH
neuroblastoma) via MTT assay to obtain SI values ranging
from 55 to 255. Several derivatives had MIC values less than
6.25 pg/ml, which is a value proposed by the global program for

carcinoma cells), and (human

epithelial

the invention of novel antituberculosis drugs as an absolute
maximum for evaluating novel M. tb therapies.

Huang et al reported the fluorine incorporated
benzoxazinyl-oxazolidinone derivatives to treat multidrug-
resistant tuberculosis (Zhao et al., 2017). The addition of
cyclopropanecarbonyl chloride to compound 177 in the
presence of triethylamine formed compound 178 at room
temperature. Similarly, compound 179 was formed by the
addition of 2-bromoethanol to compound 177 at an elevated
temperature of 100°C using triethylamine as base (Scheme 37). A
small flexible hydrophilic group appeared to be favorable for
antitubercular action from the SAR study. 2-Hydroxyacetyl and
2-hydroxyethyl groups in A section and the acetylamino group in
C section were chosen as optimal fragments. They helped
investigate the effect of fluorine on the benzene ring and
double bond in the tetrahydropyridine ring, as presented in
Figure 16. The influence of these three different sections on

the cytotoxicity and potency was thoroughly studied in this work.

0o R-CHO OH O
iperidine
PRI N R
ethanol |
O 2-5h o "0
60 °C

182 yield: 77-83%

182b
MIC: 4 ug/mL

Piperidine catalyzed synthetic path to 3-cinnamoyl-4-hydroxy-6-methyl-2H-pyran-2-one anagrams.
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SCHEME 39
Multistep synthetic route to cinnoline nucleoside.
Few compounds were chosen to examine the potential anti- tuberculosis cell walls are supposed to contain small polyketide
DR-TB activity due to their strong potency toward H37Rv strain molecules, which can regulate permeability. 2-Pyrone

and outstanding selectivity index values. I vitro potency against
the 16892 strain was found to be very satisfying in most of the
tested compounds. The compound’s effectiveness against the
16802 strain (XDR-TB) was equally encouraging, and it can be
now promoted to the next round of clinical trial.

In search of a new antituberculosis agent, Yousuf and his
team synthesized and established an in vitro assessment of
substituted  3-cinnamoyl-4-hydroxy-pyran-2-one ~ (CHP)
toward M. tb (Bhat et al., 2018). As depicted in Scheme 38, 4-
hydroxy-6-methyl-pyran-2-one 180 was refluxed with acetic acid
using DCC and DMAP in toluene to achieve the 3-acetyl-4-
hydroxy-6-methyl-pyran-2-one 181. Compound 181 was then
further reacted with suitable aldehydes in the presence of
piperidine to afford the desired CHP 182. The MIC value of
4 pg/ml was found in two compounds, that is, 182a and 182b,
M.
tuberculosis. These MIC values are close to those found in the
standard antitubercular drugs EMB, STR, and LVX, suggesting
that these two compounds need further investigation. M.

indicating excellent antituberculosis activity —against

Frontiers in Pharmacology

polyketides, a diverse class of secondary metabolites that play
critical roles in M. tuberculosis, may be responsible for this
significant antituberculosis activity (Saxena et al, 2003;
Gokulan et al., 2013).

In the subsequent year, conformationally strained cinnoline
nucleosides were reported by Aldrich and his group as
tuberculosis siderophore biosynthesis inhibitors (Dawadi et al.,
2018). Anthranilic acid methyl ester 183 underwent Claisen-like
condensation with the dianion of N-Boc methyl sulfonamide to
achieve [-ketosulfonamide compound 184, which upon
diazotization in a mixture of AcOH-H,O-THF solvent led to
the formation of cinnoline-4-one-3-sulfonamide 185. In the next
step, a regioselective Mitsunobu coupling reaction of compound
185 with bis-Boc adenosine 186 led to the formation of 187.
Deprotection of compound 187 by aqueous TFA afforded the
desired cinnoline nucleoside 188 (Scheme 39). A [**P]PP;-ATP
exchange assay with salicylic acid and ATP at physiologically
relevant supersaturation concentrations was used to evaluate the
inhibition of recombinant MbtA by the synthesized compounds
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FIGURE 17

Growth sensitivity of M. tb in GAST medium supplemented

with salicylate at 0, 0.2, 0.78, 3.1, and 12.5 uM. Reproduced from
Dawadi et al., 2018, with permission from American Chemical
Society, Copyright 2018.

10.3389/fphar.2022.1021216

(Somu et al., 2006). According to the Morrison equation, the
apparent inhibition constant of tight-binding inhibitors was
determined by fitting the concentration-response plot to the
Morrison equation (appK;).

Glycerol-alanine-salt (GAS) medium was used to test the
whole-cell activity of H37Rv strain of M.
Biochemical data supported the design strategy by showing
that the MICs required to inhibit 99.999% of bacterial growth
ranged from 2.3to 4.7 uM, as depicted in Figure 17.

Lu
oxazolidinone for treating multidrug-resistant tuberculosis

tuberculosis.

et al reported the conformationally strained
with improved safety and efficacy profiles (Zhao et al., 2020).
Reaction of compound 189 with tosyl chloride resulted in the
formation of intermediate 190, which further underwent
substitution

nucleophilic in the presence of potassium

phthalimide to obtain moiety 191. In the next step,
compound 191 was transformed to intermediate 192 by the
addition of methylamine in methanol. Furthermore, acetylation
reaction of intermediate 192 led to the formation of 193, which
was transformed into corresponding sulfoxide 194 by the
addition of NalO, in methanol (Scheme 40). Compound 193
and its sulfoxide metabolite 194 were tested against drug-

resistant M. tuberculosis strains using sutezolid and linezolid

0
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Multistep synthesis of constrained oxazolidinones.
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SCHEME 41
Synthesis of target metabolites via reduction.

as standard, based on their strong efficacy against H37Rv, modest
MPS inhibition, and good microsome stability. The findings
indicated that the potency of 193 is much higher than that of
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194, sutezolid, and linezolid. The MIC value of 193 is 4-10-fold
higher in the linezolid-resistant, that is, L-R strain than in the
H37Rv strain. These findings suggest that compound 193 is likely
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(A) Structure of AC2P20, (B) dose dependence of M. tb growth inhibition with the treatment of AC2P20 at 5.7 and 7.0 pH and exhibition of
4.3 UM ECsq after a treatment that lasted for 6 days, (C) treatment of 20 uM AC2P20 with M. tb for 5 days in a time-dependent way, and (D) treatment
of AC2P20 with M. tb for 7 days at 5.7 pH in a dose-dependent way. Reproduced from Dechow et al., 2021, with permission from Royal Society of

Chemistry, Copyright 2021.

to bind to the same location as other oxazolidinones. Several
in vitro ADME experiments were run on compound 193 to learn
more about its drug ability. In hepatocytes from several species,
compound 193 demonstrated high metabolic stability. The
CYP450 enzymes CYP1A2, CYP2D6, CYP2C9, CYP2C19, and
CYP3A4 were also examined with compound 193. The ICs,
values against all of these CYP450 isoforms were all greater than
45 uM, which indicates that they have a low risk of drug-drug
interactions.

In 2021, Yu Lu and coworkers accomplished the synthesis of
benzothiopyranone derivatives, containing amide and ester
groups as promising leads toward tuberculosis (Li et al,
2021). Compound 195 was synthesized according to the
previously reported synthetic procedures (Li et al, 2019).
Treatment of substituted cyclohexylmethylene piperazine 196
with compound 195 in the presence of isopropanol at 70°C to
form compound 197 via an y addition elimination strategy. By
reducing the nitro group in compound 197 with the help of Pd/C
and NaH,PO,, hydroxylamine derivative 198 was formed. On
the other hand, Raney nickel hydrogenation was performed to
transform the nitro group of compound 197 into corresponding
amine 199 (Scheme 41). Representative compounds were
evaluated against two XDR-TB clinical isolates based on their
efficacy against M. tuberculosis H37Rv strain. Compounds 197a
and 197b with an ester motif displayed potent activity against
these strains. Furthermore, 197¢, 197d, and 197e compounds
containing a sulfonate motif showed very significant efficacy
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against drug-susceptible and drug-resistant tuberculosis. The
SAR study indicated that the involvement of small five-
membered aromatic heterocycles, that is, furan and thiophene,
increased the potency of the molecules.

Abramovitch et al. in 2021 established that AC2P20 (N-1,3-
benzothiazol-2-yl-2-[(4,6- dioxo-5-phenyl-1,4,5,6-
tetrahydropyrimidin-2-yl)thio] killing
Mpycobacterium tuberculosis at acidic pH through the depletion of
free thiols (Dechow et al., 2021). Two M. tuberculosis strains,
Erdman and CDCl1551 and M. smegmatis mc (b)155 strains,
were employed in all investigations. The lethal mechanisms
suggested that AC2P36 and AC2P20 depleted free thiol pools
and increased intracellular ROS. Also, it has been found that
AC2P20 depletes fewer free thiols than AC2P36, despite the fact
that it causes more intracellular ROS to accumulate. While both of
them seemed to target M. tb free thiols, it is possible that the
processes they follow are distinct from one another. Figure 18

is selective in

demonstrated the no-effect-on-time dependence killing when
neutral conditions were employed, whereas at pH 5.7, 100-fold
reduction was indicated in comparison with DMSO control as far as
viability is concerned. Phenyl-dioxypyrimidine release may also
target the tb  physiological
mechanism, which may explain the larger ROS rise that was

secondary undiscovered M.

reported in comparison to AC2P36.

In light of this recent research, thiol homeostasis as an
alternate method to eliminate M. tb at acidic pH has been
further validated. Auranofin and other chemotypes that work
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Synthetic route to 2,5,6-trisubstituted benzimidazoles via amide bond formation.
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FIGURE 19
(A) Structures of celecoxib 205, (B) Structure of quinacrine 206, and (C) Structure of carvedilol 207.
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Binding pattern of compound 208 with PrpR protein of Mycobacterium tuberculosis.
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FIGURE 21

Molecular docking visualization and its binding pattern of compound 209. (A) Binding of compound 209 at the central cavity. (B) 2D depiction

and nature of binding interaction involved.

in an indirect manner are usually most promising. Compounds
similar to AC2P20 or AC2P36 could, however, be developed into
prodrugs that are activated by a M. tb-specific enzyme in order to
selectively release the thiol-reactive warhead within the bacterial
cell. Furthermore, isolating the resistant mutants was not possible
for AC2P20 and AC2P36.

Ojima et al. accomplished the synthesis of 2,5,6-
trisubstituted benzimidazole moieties and assessed their
antitubercular activity by targeting Mtb-FtsZ (Haranahalli
et al.,, 2021). As depicted in Scheme 42, compound 200 was
reacted with secondary amine in the presence of DIPEA to
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form intermediate 201. In the next step, acylation of
intermediate 201 produced 202, which further underwent
reduction followed by cyclization in the presence of
SnCl,.H,O to form 2,5,6-trisubstituted benzimidazoles 203
(Kumar et al., 2011; Awasthi et al., 2013). In the last step,
acylation of compound 203 achieved the desired moiety 204.
The initial SAR analysis of this library revealed a preference
for substituents with cyclopentyl, pent-3-yl, isopropyl, and
benzyl groups in their second positions. In the initial
screening, none of the compounds with a phenyl or 2-furyl
substituent in position 2 had significant activity. When tested
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with the resynthesized compound, one compound showed
poor inhibition activity of cell growth (MIC >10 ug/ml),
despite one hit with a thien-2-yl substituent at position 2.
According to these findings, at position 2, a Sp3 hybridized
carbon is preferred over a Sp2 carbon. Some of the synthesized
compounds exhibited exceptional MIC values toward H37Rv
strain such as 0.78 and 0.625 pg/ml for 204b and 204d,
respectively.

Cheng et al. reported the virtual screening of nonbenzofuran
inhibitors against Mycobacterium tuberculosis Pks13-TE for anti-TB
phenotypic discovery based on their structures (Zhao et al., 2021). It
seemed that only celecoxib 205 and quinacrine 206 showed
inhibitory ~effects against M. tuberculosis strain H37Ra
(Figure 19). Pksl13-TE soaked with Taml6 is the optimum
structure to undertake virtual screening, according to previous
studies. Tam16 significantly impairs mycolic acid’s ability to bind
to the active site and exert its inhibitory effect. This was the first
investigation to use Pks13-TE for in silico studies based on Glide-SP
docking. In vitro antimicrobial phenotypic activity tests were also
performed to look for novel antitubercular drugs using innovative
scaffolds to overcome the restriction of the benzofuran core.
Antituberculosis activity with an MIC value of 32 ug/ml was seen
in the mild antituberculosis compound carvedilol 207, whereas the
remaining hit compounds had an MIC value of 64 pg/ml. To screen
the FDA database for antitubercular medicines, a dependable
structure-based digital screening method was developed. Three
long-established ~ medications,  carvedilol,  celecoxib, and
quinacrine, were found to have antitubercular action, comparable
stability, and binding mechanisms with co-crystal ligand Tam16,
which was supported by the simulation data. Excellent druggability
and low toxicity of these compounds can be useful for promoting the
development of antitubercular agents in future.

In 2021, of

biheterocyclic molecules to target tuberculosis through a

our group identified a unique class
computational study (Rajasekhar et al, 2021). In this
of
the
Mycobacterium tuberculosis protein PrpR, as shown in

regard, we have designed around 20 molecules

substituted  benzimidazolyl triazoles to target
Figure 20.

It is interesting to observe that in regulating the activity of
PrpR protein of Mycobacterium tuberculosis, a 4Fe4S cluster
binding site and CoA binding site play key roles (Tang et al.,
2019). For PrpR to display its role in the methyl citrate cycle
(MCC), which involves the elimination of propionyl-CoA a
cholesterol degradation product from the system well, there
are numerous transcription factors required to be activated.
Our understanding is that the designed molecules could
inhibit the PrpR protein by ruling out the binding of CoA
to its active site, which is further synchronized by the [4Fe4S]
clusters binding in the neighboring chain. The mentioned
procedure resulted in the several structural deformations that
might play an important role in influencing the functions of
MCC. We have performed the AutoDock Vina and Glide
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module for the molecular docking investigation of designed
compounds. Based on the Prime-MM/GBSA and the QikProp
module, the binding energies and physiochemical properties
of the designed molecules were evaluated, respectively.
Additionally, a machine learning-based algorithm was used
to rank the aforementioned compounds by predicting and
evaluating the inhibitory effects of scaffolds. Subsequently,
one compound 208 was then subjected to molecular dynamics
simulation study to validate the binding characteristics of
compounds against PrpR of Mycobacterium tuberculosis.
This year also we have designed and computationally
the property of substituted
thiazolidines, a prominent five-membered N-S heterocycles

evaluated antitubercular
targeting the PrpR protein of Mycobacterium tuberculosis
(Rajasekhar et al., 2022).

We have performed the AutoDock Vina and Glide module
for the molecular docking investigation of all 17 designed
compounds. Based on the Prime-MM/GBSA and the ADMET
study, the binding energies and physiochemical properties of
the designed molecules were evaluated, and it was found
that exhibits  better
compared to standard drug isoniazid. MD simulation

compound 209 binding scores
studies of 20 ns validate the structural modifications and
dependability of the binding affinities of the top-hit

compound 209.

Conclusion

Pharmaceutical companies have recently faced several
roadblocks owing to an enhanced focus on complicated
diseases without knowing their biology, followed by a highly
competitive landscape from emerging new infectious diseases
along with the pricing pressures from patients and buyers. At this
juncture, drug discovery scientists along with highly motivated
synthetic organic chemists can change the complete scenario by
selecting the relevant targets for human diseases and identifying
the molecules along with their most feasible synthetic routes.
Furthermore, by investing huge resources in synthetic chemistry
and chemical technology field, we can advance the area to a
position of exploration of chemical moieties in an unimpeded
way. Furthermore, it is to be noted that the tremendous progress
made in this field of antitubercular drug discovery until now has
been possible because of a close coordination between the
industry and academia in the last few years. Despite great
efforts, only a small number of the hundred powerful
compounds found as anti-TB medications were able to enter
the clinical stage. There have only been three new medications for
tuberculosis in the past 50 years. This may be a result of the
difficulties in discovering therapeutic candidates that are both
effective and benign, have an appropriate PK profile, and can
treat multidrug-resistant TB using innovative mechanisms. The
synthetic routes described in this review article for the synthesis
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of antitubercular drug candidates will pave the way for inventing
new medicines for the betterment of patient lives throughout the
world in the future (Figure 21).
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There has been an increased interest in pharmacokinetics and
pharmacodynamics  (PKPD) of anti-tuberculosis drugs. A better
understanding of the relationship between drug exposure, antimicrobial kill
and acquired drug resistance is essential not only to optimize current treatment
regimens but also to design appropriately dosed regimens with new anti-
tuberculosis drugs. Although the interest in PKPD has resulted in an
increased number of studies, the actual bench-to-bedside translation is
somewhat limited. One of the reasons could be differences in
methodologies and outcome assessments that makes it difficult to compare
the studies. In this paper we summarize most relevant in vitro, in vivo, in silico
and human PKPD studies performed to optimize the drug dose and regimens
for treatment of tuberculosis. The in vitro assessment focuses on MIC
determination, static time-kill kinetics, and dynamic hollow fibre infection
models to investigate acquisition of resistance and killing of Mycobacterium
tuberculosis populations in various metabolic states. The in vivo assessment
focuses on the various animal models, routes of infection, PK at the site of
infection, PD read-outs, biomarkers and differences in treatment outcome
evaluation (relapse and death). For human PKPD we focus on early bactericidal
activity studies and inclusion of PK and therapeutic drug monitoring in clinical
trials. Modelling and simulation approaches that are used to evaluate and link
the different data types will be discussed. We also describe the concept of
different studies, study design, importance of uniform reporting including
microbiological and clinical outcome assessments, and modelling
approaches. We aim to encourage researchers to consider methods of
assessing and reporting PKPD of anti-tuberculosis drugs when designing
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studies. This will improve appropriate comparison between studies and
accelerate the progress in the field.

KEYWORDS

tuberculosis, pharmacokinetics, pharmacodynamics, modeling and simulation, dose
optimization, anti-TB drugs

1 Introduction

After diagnosis, providing each tuberculosis (TB) patient with
the right drugs at the right dose for the right duration in the right
combination is important to effectively reduce transmission, prevent
relapse and control the risk of development of drug resistance
(Alffenaar et al, 2022). Following other fields in infectious
diseases there has been an increased interest in pharmacokinetics
and pharmacodynamics (PKPD) of anti-tuberculosis drugs. A better
understanding of the relationship between drug exposure and
antimicrobial kill and acquired drug resistance is essential not
only to optimize current standard of care regimen but also to
design more appropriate dosing regimens for new and
repurposed drugs with anti-tuberculosis activity (Peloquin and
Davies, 2021). PKPD studies can help to determine which drug
exposure indices is best associated with antimicrobial kill as well as
suppression of resistance development during the course of therapy.
As for any antimicrobial drugs the drug exposure indices associated
with the response of Mycobacterium tuberculosis to the drug are the
area under the unbound drug concentration-time curve over the
minimal inhibitory concentration (fAUC/MIC), the maximum
concentration over the MIC (C,,/MIC) and the time the
unbound drug concentration exceeds the MIC (%fT > MIC).
There is a broad range in PKPD studies which are ideally
complementary in providing relevant data to optimize the drug
dose and regimens for treatment of TB.

In vitro studies are focused on MIC determination, static
time-kill kinetics and/or dynamic models that allow to mimic a
pharmacokinetic profile in vitro such as the hollow fibre infection
model (Gumbo and Alffenaar, 2018). These models can include
various metabolic populations and strains of Mycobacterium
tuberculosis (Goossens et al., 2021). Besides assisting in drug
development they are able to mimic specific real-life conditions
to explore effects on treatment response and acquired drug
resistance (Srivastava et al., 2011a). In vivo studies able to
reflect the pathophysiological conditions of the TB infections
study the effect of different drug dosages—exposure on treatment
outcome including relapse and drug resistance. Human PKPD is
characterized in phase 2a early bactericidal activity (EBA) studies
and should be part of Phase 2b-3 studies to further refine the
understanding of the exposure-response relationship (Martson
et al, 2021). In addition to clinical trials, studies under
operational research conditions are relevant to capture drug
dosing, exposure, and treatment response under programmatic
care (Alffenaar et al, 2020). Modelling and simulation
approaches are very helpful to 1) evaluate the population PK
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of a TB drug in a population of interest, 2) characterize the
exposure-response relationship of TB drugs, 3) elucidate
exposure-safety profiles, and 4) can link the data from pre-
clinical and clinical studies to better understand the drug
exposure effect relationship (Martson et al., 2020).

Although the interest in PKPD has resulted in an increased
number of PKPD studies, the actual bench-to-bedside translation
is somewhat limited. Firstly, current regimens have by necessity
been developed using “trial and error” approaches. This resulted
in practically relevant treatment regimens that have stood the test
of time but did not create data that would assist in validating
today’s new preclinical methods that must await further large
trials in humans that will determine the value of the predictions
made. Secondly, differences in methodologies and outcome
assessments make it difficult to compare the studies and link
preclinical finding to patient outcomes, which are further
complicated by organizational gaps that preclude consequent
utilization of pre-clinical data to optimally inform clinical trials.
For instance, preclinical combination experiments are carried out
with different combination partner drugs than those that are
used in clinical trials. Thirdly, costs of phase 3 clinical trials as
well as uptake of trials results in guidelines and subsequent
implementation in practice challenge the stakeholders’ capacity.

To improve the synthesis of PKPD information from
preclinical and clinical PKPD studies this review aims to
describe the concept of different studies, optimized study
design considering drug properties and study aims,
importance of uniform reporting including microbiological
and clinical outcome assessment, and possible modelling
The

assessing and reporting PK/PD parameters of anti-tuberculosis

parameters. information on uniformed methods of

drugs should accelerate the translation to clinical practice.

2 Materials and methods

A non-systematic review of English literature was performed
in PubMed and Web of Science. Keywords included in vivo,
in  vitro, early bactericidal

activity, pharmacokinetics,

pharmacodynamics, tuberculosis, murine model,
pharmacometrics, limited sampling. Information retrieved was
summarized to describe the concept of different studies and
recommendations were provided on optimized study design
considering drug properties and study aims, importance of
uniform reporting including microbiological and clinical

outcome assessment, and possible modelling parameters.
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3 In vitro pharmacokinetics/
pharmacodynamics

Understanding the antimicrobial activity spectrum of the
drug is the first key step in preclinical PKPD. Using wide
concentration range MIC experiments are performed for
which broth micro-dilution is most commonly used and
recommended method (Wayne, 2018). By using a broad
variety of clinical strains, gathered from around the world, a
view on the MIC distribution is obtained. The next step involves
the determination of the efficacy and potency of the extent of the
drug by performing time-kill kinetic studies, either at static
concentrations in the test-tubes or fluctuating concentrations
using dynamic models. (de Steenwinkel et al., 2010) In the static
time-kill (STK) studies the drug concentration remains fixed over
time and the bacterial response are measured in terms change on
the optical density (OD ag00) and/or colony forming units (CFU).
The STK studies are commonly performed using the actively
replicating logarithmic phase bacteria in cultures and based on
the extent of kill drugs are commonly classified as bactericidal or
bacteriostatic (Wald-Dickler et al., 2018).

However, in a lung lesion, M. tuberculosis can be present
under different metabolic states (Mitchison, 1979), such as
actively replicating extracellular bacteria, intracellular
bacteria inside the macrophage, slowly replicating bacteria
under acidic condition in the caseum, or non-replicating
persisters for which the exact location is hard to determine.
Since in the STK studies the drug concentrations do not
change over time as it is expected in vivo, dynamic models
had to be developed to allow for drug concentrations to be
actively changed over time. One such dynamic model is the
hollow fibre model system of tuberculosis (HFS-TB) (Gumbo
et al., 2004; Gumbo et al., 2005; Gumbo et al., 2007a; Gumbo
et al.,, 2007b; Srivastava and Gumbo, 2012). The HFS-TB
consist of a cartridge housing multiple hollow fiber
capillary tubes with pore size such that bacteria cannot
cross the membranes. This creates two compartments in
the cartridge; an intra-capillary compartment through
which drug and nutrients in the media flows across the
membrane, and an extra-capillary compartment where the
bacteria come into contact with drug containing media. The
drug is infused into the central compartment of the HFS-TB
via programable syringe pump, and the time-to-maximum
concentration (T,,,,) can be varied to mimic human-like PK
as well as the dosing frequency. Further, the fresh media is
continuously infused into the systems using peristaltic pumps
and at the same time the media coming out of the cartridge is
pumped out using a second set of peristaltic pumps. The
dilution rate, using the peristaltic pumps, determines the half-
life of the drug in the HFS-TB. Multiple half-lives of the drugs
in a combination regimen can be achieved in the HFS-TB, by
adjusting the parameters on the programable syringe pumps
(Srivastava et al., 2011b; Deshpande et al., 2016). Another
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dynamic model was developed making use of a central
compartment containing a liquid bacteria culture. In the
model developed by Vaddady et al. (2010), new medium
and/or drug in increasing concentration is added to the
central compartment while removing the medium with the
drugs is performed via a filter leaving the bacteria in place. In
both models a sampling port is available to monitor bacterial
count and drug concentration over 24 h to validate the
concentration-time profile of the drugs in the central
the cells
intracellular metabolic population), as well as intrabacterial

compartment, inside (in case of studying
drug concentrations (Vaddady et al., 2010; Deshpande et al,,
2019b). Thus, the dynamic models offer an advantage over the
STK experiments in terms of precise control of drug
concentration-time profiles to which M. tuberculosis is
exposed as well as longer study duration, this permits to
study development of drug resistance during the therapy.
However, the dynamic models are limited by relatively low
through-put and often unavailable human PK data to set the
model parameters correctly.

Given that physical barriers to drug penetration to the
anatomical sites (Dheda et al, 2018) and physiological
conditions (e.g., pH; attributed to activity of pyrazinamide
(McDERMOTT and TOMPSETT, 1954) and
contradicted (Gumbo et al., 2009; Srivastava et al., 2016b;
Lanoix et al,, 2016) can affect the efficacy of the drug, the
HES-TB can also be used the PKPD relationship against
different M. tuberculosis metabolic populations (Gumbo et al.,
2009; Srivastava et al., 2011b; Srivastava et al., 2016b; Srivastava
et al, 2021b; Ruth et al., 2022). Moreover, it is the non-protein

bound (free) drug concentration that exerts the antimicrobial

recently

effect. Although highly protein bound drugs may have low
unbound concentrations in plasma, accumulation of these
drugs at the site of infection as well as intracellularly results
in concentrations which are high enough to kill M. tuberculosis.
(Srivastava et al., 2020) The HFS-TB offers a controlled
environment where the hollow fiber membrane material can
be changed as per the drugs physicochemical properties and the
protein content in the media can be adjusted to minimize the
drug binding. Thus, the concentration used in each HFS-TB
experiments represent the free drug concentrations. This means
that after appropriate adjustments even highly protein bound
drugs like bedaquiline can be successfully studied in the HFS-TB.

Finally, to determine the optimal clinical dose to achieve
the HFS-TB PK/PD parameter optimized drug exposure and
determine the susceptibility breakpoint, in silico Monte-Carlo
clinical trial simulations are used (D’Argenio and Schumitzky,
1997; D’Argenio et al., 2009). A systemic analysis of the
published HFS-TB studies concluded that this dynamic
model in combination with in silico simulations could
predict the clinical outcomes of dose optimization and
target attainment in combination regimens fairly accurately
(Cavaleri and Manolis, 2015; Chilukuri et al., 2015) and these
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TABLE 1 HFS-TB derived drug exposure target and susceptibility breakpoint MIC of drugs with antimycobacterial activity.

Drug PK/PD target
Amikacin Crnax/MIC >10.13
Cefazolin %T > MIC = 46.76
Cefdinir AUC ,4/MIC = 578.86
Ceftriaxone %T > MIC = 68
Cycloserine %T > MIC = 30
Delamanid AUC_,/MIC = 195
Ertapenem %T > MIC >40
Ethambutol Cinax/MIC >0.51
Ethionamide AUC ,4/MIC >56.2
Faropenem %T > MIC >62

Gatifloxacin AUC. »4/MIC >184

Isoniazid AUC.,/MIC >567
Levofloxacin AUC, ,/MIC >146
Linezolid AUCq.4/MIC >119
Minocycline AUCy.,4/MIC = 71.58
Moxifloxacin AUC ,4/MIC >56
Penicillin %T > MIC >65
Pyrazinamide AUC, ,4/MIC >209
Rifampin AUC, 4/MIC >1,360
Tedizolid AUC,._4/MIC >200

Thioridazine AUC,.,,/MIC = 50.53
AUCy 24/MIC >42.3

AUC) 24/MIC = 2,954

Tigecycline

Vancomycin

Susceptibility

References

breakpoint (mg/L)

Srivastava et al. (2016a)

1-2 Srivastava et al. (2021c)
Srivastava et al. (2021d)
Srivastava et al. (2020)
Deshpande et al. (2018a)
Mallikaarjun et al. (2021)
2 van Rijn et al. (2017)
4 Srivastava et al. (2010)
2.5 Deshpande et al. (2018¢)
Deshpande et al. (2016)
0.5 Deshpande et al. (2018d)
0.0312 Gumbo et al. (2007c)
0.5 Deshpande et al. (2018b)
2 Srivastava et al. (2017)
8 Deshpande et al. (2019b)
1 Gumbo et al. (2004)
Deshpande et al. (2018e)
50 Gumbo et al. (2009)
0.0625 (Gumbo et al., 2007a; Gumbo, 2010)
0.5 Srivastava et al. (2018)

Musuka et al. (2013)
Deshpande et al. (2019a)

Srivastava et al. (2021a)

Drugs are arranged in alphabetical order. MIC, minimum inhibitory concentration; Cmax, peak concentration; AUC, area under the concentration-time curve; %T > MIC, percentage of

time drug concentration persist above MIC.

findings were also included in the recently published WHO
technical report (World Health Organization, 2018) as well as
clinical standard for tuberculosis (Alffenaar et al., 2022). In
summary (Table 1), dynamic pre-clinical models are useful in
the tuberculosis drug development space with the ability to
inform future clinical trial design by providing PKPD based
proof-of-concept for developing drugs as a single agent or in
combination where each drug dose is selected to achieve the
pharmacodynamic target (C,,,,/MIC, AUC/MIC, %T > MIC)
of the drugs in the regimen. In addition, data from static and
dynamic hollow-fibre infection models can be used to develop
model-based PKPD relationships linked to human population
PK models to support dose selection for first-in-man studies
and/or selection of optimized drug combinations. (Wicha
et al.,, 2018)

4 In vivo pharmacokinetics/
pharmacodynamics

In vivo studies can be performed in sequentially or
simultaneously with in vitro studies. A reasonable strategy
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that considers animal welfare, minimizes complexity and
saves cost is to move only compounds with good in vitro
activity further to in vivo studies (Nuermberger, 2017).
Relapse studies in mice, requiring sacrificing the animals are
often performed later while in vivo PKPD with biomarkers can
be run in parallel with in vitro studies (Margaryan et al., 2022).
The complexity and costs of in vivo studies are the main reason
to continue only with the compounds that show good activity in
the in vitro analysis. The in vivo models range from the high-
throughput, low-cost zebrafish, via the medium-throughput,
medium cost mice, to the very low-throughput and expensive
non-humane primates (Williams and Orme, 2016). Within this
proposal for standardization of methodology, we have chosen
only to address the murine models of the TB and the possible
role they can play within the PK/PD evaluation. This is done,
because the more rudimental in vivo models such as the
different
exposure results, but the limited duration of the experiments

(embryo) zebrafish can provide steady state
and the completely different PK, makes these models
complementary to the mouse TB models (Ali et al, 2011)
but not the ideal model for PKPD analysis, which is the

focus of this overview.
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First of all, it should be clear that mice and man are very
different and that PKPD findings in mice should consider the
transitional value in the preclinical drug-development. Within
murine models of TB, we can study the PKPD relationship and
assess the dose- or time dependent nature of the PKPD
relationship trough dose fractionation studies. Essential in
these that the drug
concentration, preferably at the site of infection, is considered.

studies is besides dose, actual

Measuring the concentration of the (parent drug) compound and
the
bioanalytical methods, the contribution of PKPD parameters

(active) metabolites, via a chromatography based
can be made.

Preclinical murine TB models come in many different forms.
The route of infection (e.g, intravenous, inhalation, or
instillation) (de Steenwinkel et al., 2011), the inoculum size
(de Steenwinkel et al, 2011), the mycobacterial strain used
(Mourik et al, 2017), the pathology of TB in the specific
model (Nuermberger, 2017), the treatment-free period before
starting therapy and the mouse strain used, are all features that
can be changed and tweaked to provide different models. There is
no such thing as ‘the best murine TB model’, all models come
with their own advantages and disadvantages. Thus, it seems
reasonable to combine a set of preclinical models to inform the
design of clinical trials. Broadly speaking there are acute, chronic
and latent murine TB models to assess the effect of a treatment
regimen. Acute models are informative on EBA and PKPD
relationship, whereas the more chronic models assess the
efficacy of therapy (prevention of relapse). Models for latent
TB fall outside the scope of this paper (Zhang et al., 2011).

Regarding the PD (effect side) of the PKPD relationship,
there are different outcome parameters that can be used.
Traditionally, the number of colony forming units (CFU) are
counted to the determine the mycobacterial load at specific that
time-points and used as a biomarker to assess the PD in different
organs. PD can also be assessed by time-to-positivity (TTP)
measurement, using liquid cultures and automated hourly
detection of growth or molecular load determination targeting
rRNA, as read-out (de Knegt et al., 2017). Irrespectively of the
method used to determine the PD or the type of animal model
used, determination of the PK is essential to assess the PK/PD
and thus the ability link the different phases of drug-
development.

In order to conduct an adequate PKPD analysis using the in
vivo experimental data, there should be gained insight in the
exposure of the parent compound and the different metabolites
and subsequently the contribution to the effect of these
should be assessed. Although
metabolites has been tested in vitro experiments, the in vivo

metabolites activity  of
studies add additional information as in these studies activity of
metabolites is included by nature. Given the different mode of
action of the different compounds, the different metabolic states
within which the different Mycobacteria are and the different
immunological reactions to this infection, the diversity and
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complexity of these in vivo models are one step closer to that
of TB patients. Bundling of the information of the different in
vivo models in a model-based analysis is essential to strengthen
the translational value of the different in vivo models (Margaryan
et al., 2022; Mudde et al., 2022). In addition, the different animal
models contribute with different information with respect to
bactericidal and sterilizing drug efficacy.

Ideally, the outcomes of PKPD in vivo TB studies are
informative in the way that human efficacy can be predicted
for different drugs and regimens using model-based approaches
for PKPD where information from human PK studies is linked to
pre-clinical information about PKPD relationships and drug
combinations (Wicha et al., 2018; Susanto et al., 2020; Mudde
et al., 2022). This phase of the pipeline forms an essential
biological bottleneck to the of
compounds or regimens to be entering the clinical development.

increase success rate

5 In human pharmacokinetics/
pharmacodynamics: Early
bactericidal activity

Early bactericidal activity (EBA) studies have been
conducted since the landmark publication of Jindani et al.
(1980), who tested a multitude of then available single agents
and combinations over the first 14 days of treatment in small
numbers of patients (Jindani et al, 1980). This study
established EBA, defined as the fall in colony forming units
(CFU) per ml of sputum over time, as a new method to
quantify early drug effects. It also provided new insights
into the clinical use of agents. Isoniazid (INH), for
instance, was clearly the strongest drug in the first 2 days
of treatment. Any treatment containing INH reduced the
bacterial burden by 95% in 2 days, thereby lowering the
risk of transmission (Mitchison, 2000). Its strong 2-day
EBA is believed to make INH a good protector of
companion drugs from acquisition of resistance because it
can quickly eradicate any fast-growing mutants escaping
control by other agents in a regimen (Mitchison, 2000).

It is generally accepted that patients with active pulmonary
TB harbor a spectrum of bacterial phenotypes ranging from
metabolically very active, fast growing, extracellular bacteria
expectorated in sputum to more dormant, intracellular
bacteria situated within granulomatous lesions. This requires
different antibiotics with complementary characteristics to be
part of a successful treatment regimen that can kill all these
phenotypes (Dartois and Rubin, 2022). In the absence of the
preclinical tools that we have available today, it was speculated at
the time that strong 2-day activity would predestine a drug for
killing mainly active, extracellular bacteria in the early stages of
treatment, while other agents with more notable late EBA, such
as rifampicin and pyrazinamide, would be sterilizing and
contribute to curing patients (Mitchison, 2000).
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The role of 14-day EBA studies in the clinical evaluation of
novel antibiotics today is to determine whether a drug is active in
humans, and to establish relationships between dose, drug
exposure and bactericidal activity in small groups of patients
(Diacon and Donald, 2014). EBA studies also give an early
indication of safety and tolerability of new drugs and allow an
indication of the combined effect of drugs given together.
Fourteen days of monotherapy has been shown not to cause
clinically relevant resistance (Kayigire et al, 2017). Extended
EBA studies with strong combinations are limited by the reduced
availability of viable bacteria for drug effect quantification. Even
though all agents of our current first-line standard treatment
regimens have significant 14-day activity it is not clear if and how
EBA studies can predict the efficacy of combination regimens, at
least not with the current standard biomarkers CFU and TTP.

Quantification of viable bacteria by CFU counting is hazardous,
laborious, costly and relatively slow. Besides the recent introduction
of TTP in liquid media, which is easier to standardize and more
sensitive than CFU (Diacon et al,, 2012b), a range of novel, not
culture-based biomarkers are currently under investigation to better
understand early drug effects (Heyckendorf et al., 2022). Analysis of
EBA trials has historically been very diverse and not standardized,
which has made it difficult to compare study results. Today, linking
dosage, PK and PD data from multiple biomarkers creates an
abundance of data and requires innovative analysis techniques.

Accordingly, a novel, model-based analysis methodology for
EBA trials has recently been developed. Traditionally EBA was
assessed as the observed difference in log;o CFU per ml of sputum
between two study days (Jindani et al, 1980). Most commonly
reported are 0-2-, 2-14- and 0-14-day intervals (Chan et al., 1992;
Jindani et al., 1980; Sirgel et al., 1993). With liquid cultures, EBA is
expressed as an increase in TTP over the same intervals (Diacon
et al, 2012a). TTP is nowadays the preferred primary variable for
EBA, with CFU as the secondary variable. Although CFU and TTP
are highly correlated (Diacon et al., 2012b), EBA assessed with TTP
can be followed for longer than with CFU. This is due to CFU only
quantifying multiplying bacteria whereas TTP is thought to, in
addition, capture the metabolism of non-growing bacteria and
having a lower limit of detection.

Human studies are costly and thus missing information on an
individual level through contamination or drop-out of patients can
critically reduce the available information for calculating EBA from
groups as small as 12-15 patients. Non-linear mixed effects
modeling, in contrast, uses data pooled from all subjects, enabling
all observations to contribute to the mathematical model. Missing
information can be optimally handled. An innovative, standardized
and model-based analysis methodology for analyzing EBA trials,
accounting for known co-variates, has recently been developed and
was used in the analysis of the EBA trial by De Jager (de Jager et al,,
2022). From the model, predicted EBA intervals can be predicted,
both on an individual level and population level but this is seen as a
post hoc step in the approach. Instead, treatment differences for an
EBA design with different regimens are evaluated on the model
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parameter TTP slope which is the parameter that describes the
decline in TTP over time. The TTP slope can take on any function
where a mono-exponential decline is the simplest. In order to assess
the difference between two regimens, the model with no difference in
TTP slope is compared for statistical difference to a model where
there is a difference in slope between two regimen arms. This can be
done for two arms or several arms. In addition to a point estimate in
TTP, an imprecision in the EBA difference is obtained. The TTP
model approach is therefore also suitable for assessment of efficacy in
longer studies, for example seamless and adaptive Phase 2B/C studies
where an early and informed decision is needed for potentially
dropping arms in a study.

The standardized EBA modeling approach is also suitable for a
PKPD approach where a PK summary variable such as AUC or
Cinax 1S used as a covariate. If there is high between-patient variability
in PK, patients might be exposed to the same drug concentration
even if they were given different doses or they may be exposed to
different drug concentrations while receiving the same dose.
Neglecting to collect PK data for such a drug in an EBA study
may result in no difference in EBA if only the dose instead of drug
exposure is used to evaluate differences in EBA. (Diacon et al., 2011).

Optimization of dosage for a single drug has been done for
rifampicin where different monotherapy doses were studied over a
14-day period in order to determine the PK and assess EBA (Boeree
et al., 2017; Svensson et al., 2018a; Svensson et al., 2018b). The dose
optimization was mainly driven by the lack of PKPD evaluation of
rifampicin during the clinical drug development. (van Ingen et al.,
2011) However, EBA studies with regimens in addition to
monotherapy arms, rather than only monotherapies are
warranted in order to speed up clinical trial development as they
are able to demonstrate synergistic effect between drugs which
would otherwise go unnoticed (Diacon et al, 2012a). As such,
the dose optimization and clinical trial prediction using
preclinical information should rely on model-informed drug
discovery and development (MID3) methods (Marshall et al., 2016).

6 Clinical pharmacokinetics/
pharmacodynamics and therapeutic
drug monitoring

In addition to the EBA studies there are several studies where
PK/PD is used to answer specific questions related to drug exposure
and treatment response. Clinical observations often provide the
rationale for these studies and relate to treatment problems like slow
response, relapse and acquired resistance. As in the clinical setting
the source of these problems can be multifactorial, thus the design of
a study needs to accommodate for all the potential sources that may
contribute to the problem. When evaluating response to treatment
low drug concentrations, drug resistance, non-adherence, and poor
clinical condition and co-morbidities of the patient at the start of
treatment all can explain the slow response (Alffenaar et al., 2022).
Confounding factors can either be listed as exclusion criteria or can
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be appropriately quantified and documented to be included in the
analysis of the study. Studies can be of observational nature
explaining a specific outcome based on PK/PD or can be
interventional of nature. In the latter one, dose optimization
measures like dose escalation are studied and linked to the
treatment outcome. In preparing both types of studies it is
important to make use of available PK/PD data in conjunction
with relevant clinical and microbiological information to guide a
sample size calculation (Martson et al., 2020).

When and how PK should be assessed is guided by the
hypothesis of the study or clinical question in routine care. For
example, early assessment of PK is important when time to sputum
culture conversion is assessed but also when studying acquired
resistance. When the bacterial load is high, and bacteria are actively
replicating there is a higher chance of development of resistance. In
routine care, therapeutic drug monitoring (TDM) is used to assess
the drug exposure and adjust the dose in individual patients.

TDM is a strategy that allows for dose individualization based
on the measurement of drug concentrations in order to improve the
efficacy of the treatment. The procedure includes identification of a
patient that potentially benefits from TDM, collection of the
appropriate timed samples to estimate the drug exposure, sample
analysis, reporting and interpretation of the result, subsequent action
which can be dose increase, decrease or decision to maintain the
dose the same. Appropriate follow-up TDM needs to be scheduled
to evaluate if the dose change has resulted in achieving the
predefined target concentration. As the intention of TDM is to
intervene where needed, the TDM cycle needs to be completed in a
time manner. In TDM, the PK/PD index is compared to an
established target where the dose can be increased if the PK/PD
index is lower than the target or increased if the PK/PD index is
higher than the target. (Alffenaar et al,, 2022) From a traditional
TDM point of view a sample collected 2 h and 6 h after drug intake
are the relevant measures of drug exposure. (Alsultan and Peloquin,
2014) Using a sample collected 2rh after drug intake as surrogate for
Crnax is not sufficient as several studies have demonstrated that the
time the C,,,.x is achieved has a range of several hours (Sturkenboom
et al., 2016). For example, the observed median T, for rifampicin
was 2.2 h, ranging from 0.4 h to 5.7 h, underpinning that multiple
samples are required to capture the C,,,x (Sturkenboom et al.,, 2015).

Model-informed precision dosing (MIPD) is an approach where
information from a population pharmacokinetic (POPPK) or
physiology-based pharmacokinetic (PBPK) model in combination
with individually observed plasma drug concentrations is utilized to
forecast the dose that leads to the most optimal exposure in an
individual patient (Darwich et al,, 2017; Wicha et al., 2021) Further,
MIPD can incorporate not only PK but also efficacy and safety aspects
in the individual dose prediction, i.e. predict the dose given not only a
POPPK or PBPK model, but also given PKPD models. When MIPD
is used to perform TDM the drug exposure measures like AUC, C,,.x
and C,;, are relevant to calculate AUC/MIC, C,,,,,/MIC and %T >
MIC. To be able to calculate these appropriate sampling schedules
have to be designed. For the assessment of the AUC multiple samples
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are required. To adequately calculate an AUC using non-
compartmental analysis 6-8 samples are required during the
dosing interval (Gillespie, 1991; Gabrielsson and Weiner, 2012).
Using a MIPD approach, flexible and different sampling schemes
can be used and different exposure indicines (AUC, Cy,y drug
When using population PK models in
combination with a limited sampling strategy, 1-3 samples result

concentration).

in adequate accuracy of the AUC calculation (Sturkenboom et al,
2021). It is especially useful for drugs that exhibits large variability in
exposure between occasions where it correctly can handle the
between-occasion variability in exposure (Svensson et al, 2019a;
Keutzer and Simonsson, 2020a). The MIPD approach can also be
incorporated into mobile health solutions (Keutzer and Simonsson,
2020b; Keutzer et al,, 2020).

The opportunities in routine care to assess the PD are often
limited as bacteriological read outs are collected less frequently as in
EBA studies. PD include sputum smear and sputum culture. In high
incidence setting sputum is performed at start of treatment, after
2 months and close to the end of treatment. If sputum culture is
performed, it is often limited to start of treatment and occasionally
during treatment when suboptimal treatment is suspected. This
limits the opportunity to assess the effect of differences in drug
exposure on treatment response. The most frequently used PD
endpoints are sputum culture conversion after 2 months of
treatment (drug susceptible TB), and 6 months of treatment (drug
resistant TB). Time to sputum conversion is relevant as it presents the
same data more continuously than the fixed time points. When using
the TTP, the bacterial load can be accounted for as well. The end of
treatment is used to quantify treatment outcome (cure, failure,
relapse, death, lost to follow-up). Subsequently the PK/PD
parameter, taking into account drug exposure and pathogen
susceptibility, are then correlated with the outcome measures. The
simplest analysis includes the analysis of differences in treatment
response between the different quartiles of drug exposures. Due to the
limited sample size a statistically significant difference between the
first and fourth quartile is often considered a proof of principle. More
sophisticated regression methods like classification and regression
tree analysis (CART) allow for the determination of thresholds
associated with better (or worse) treatment outcomes (Zheng
et al, 2021, 2022). It is important to account for differences in
patient characteristics as earlier work identified a hard-to-treat
patient phenotype which showed substantial lower cure rate and
which may require longer treatment time compared to the easy to
treat patients (Imperial et al,, 2018).

Implementing TDM or MIPD poses significant challenges for
programmatic care as measurements of drug concentrations need to
be made available in a timely manner (Alffenaar et al., 2020). Multi-
analyte assays are likely to be the most cost-effective approach when
LC-MS/MS is used (Veringa et al, 2016; Kuhlin et al, 2019).
However, as LC-MS/MS is not readily available in most high
burdened settings alternative assessments can be of value. Dried
blood spots are typically more stable and easier to transport to a
central laboratory (Vu et al, 2011), but don’t solve the long turn-
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around time. More recently point-of-care tests using saliva (Alffenaar
etal, 2021; Kim et al,, 2021) or urine (Szipszky et al., 2021) have been
developed to measure the drug exposure. When using targets from
HFS-TB it is important that protein binding as well as drug
susceptibility testing procedures are taking into account as MIC
results may differ based on medium used. (Alffenaar et al., 2022)
Likewise, when using saliva or urine are used for TDM targets in
these alternative matrices need to be established or they need to
reflect the corresponding plasma/serum target using a correction
factor. For example, if the concentration in saliva is 80% of the plasma
concentration the target concentration is 80% of the plasma target
concentration or the saliva concentration needs to be multiplied by
1.25 to reflect the corresponding plasma concentration.

7 Modeling and simulation

Modelling and simulations are frequently used in the

preclinical and clinical development, evaluation and
optimization of therapeutic regimens and dosing schedules
(Marshall et al., 2016; Wilkins et al., 2022).

Firstly, modelling approaches are used to characterize the PK of
a TB drug in a population of interest. Thereby, pharmacometric
approaches are increasingly used compared to conventional
methods (two-stage approach, non-compartmental analysis) as
they come with several advantages: pharmacometric models can
handle sparse and/or imbalanced data. Thereby even PK data
generated in routine TB care can be leveraged (van der Laan
et al, 2021; Tietjen et al, 2022). Moreover, pharmacometric
models allow to separate PK variability into different sources
(e.g, within-patient, between patient, between dosing occasion,
efc,,). Separation of PK variability, and in particular knowledge
about potentialinter-occasion variability is key when the models
should be used to calculate personalized doses using model-
informed precision dosing, e.g, as shown for rifampicin by
Keutzer et al. (Keutzer and Simonsson, 2020a). Likewise, patient
covariates can be tested if they explain (parts of) the observed
variability in PK. Pharmacometric models including patient
covariates can be exploited for simulations. For TB, such
approaches have specifically facilitated the evaluation of TB
dosing regimens in children, where the impact of body weight
and organ maturation is included (Zvada et al, 2014). Also,
pharmacometric models have an important role in the evaluation
of drug interactions, e.g., with anti-retroviral drugs (van der Laan
et al,, 2021) in the co-treatment of HIV and TB.

Secondly, modelling approaches are used to characterize the
exposure-response relationship of TB drugs (Wilkins et al., 2022).
For this purpose, traditionally CFU or TTP are utilised, but
biomarkers such as the molecular bacterial load (MBL) are also
considered (Honeyborne et al., 2011). Modelling approaches have
proven useful to define the links between different biomarkers, e.g.
for MBL and TTP in liquid culture (Svensson et al, 2019b).

Exposure-response analyses are challenging in TB since TB drugs
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are only used as monotherapy in dose-ranging EBA studies for a
short duration up to 2 weeks (Te Brake et al., 2021). Phase 2b/c trials
typically place novel TB drugs into a combination treatment, which
makes exposure-response analyses challenging. Moreover, the
relationship between relapse and the biomarkers that are
detectable only in the early phase of treatment is not conclusively
understood. Non-etheless, for example for bedaquiline, using an
integrative pharmacometric model that characterized the population
PK as well as comprised a time-to-event model to characterize the
TTP, Svensson et al. successfully described bedaquilines” exposure-
response relationship in data from a phase 2b trial (Svensson and
Karlsson, 2017). Modelling of previously acquired clinical data could
also help to streamline the design of future phase 2b studies. For
example, Gewitz et al. (2021) analysed data from two phase 2b
studies on rifapentine. The authors did not only describe the
but also
performed a sensitivity analysis, which revealed that significant

exposure-response of rifapentine in these data,
exposure-response and covariate relationships could be detected
using truncated TTP data as early as 6 weeks from start of treatment,
suggesting alternative phase 2b designs.

In case of safety concerns, pharmacometric models can quantify
relationships between a variable that quantifies the side effect and PK.
For example, Tanneau et al. (2021) investigated the link between the
QTec interval, transaminase levels and bedaquiline exposure in phase
2b clinical data. The of the bedaquiline
M2 concentrations were found to be responsible for the drug-

concentrations

related QTc increase, whereas no exposure-safety relationship was
found with transaminase levels despite previous reports of higher
levels in patients treated with bedaquiline. In another very illustrative
example, Imperial et al. (2022) developed a pharmacometric model
based on the Nix-TB trial (NCT02333799) including the
toxicodynamics of linezolid. The authors identified links between
linezolid exposure and the frequency of thrombocytopenia,
neuropathy and anaemia and defined practical markers to guide
dose adjustments in the treatment course.

Thirdly, modelling approaches are by no means limited to
clinical data and are increasingly used to quantitatively
characterize data stemming from pre-clinical TB studies.
Indeed, in particular in vitro studies using time-kill curve
studies, or the hollow-fiber infection model allow for a
detailed characterisation of the PK/PD of TB drugs alone and
in combination. For example, Clewe et al. (2016) developed the
multi-state TB pharmacometric (MTP) model to quantify the
effect of rifampicin on fast-, slow- or non-growing mycobacteria.
Coupled to PK data and accounting for system-specific variables,
the MTP could be used to predict across different preclinical
systems up to EBA studies for rifampicin (Wicha et al., 2018),
and/or isoniazid (Susanto et al., 2020) in addition to describing
semi-mechanistic PKPD relationships in humans (Svensson and
Simonsson, 2016; Faraj et al., 2020). Also, the study by Kim et al.
(2022) defined the effect of clofazimine in combination with
pretomanid, bedaquiline or linezolid against various growth
states of TB and profiled their potential for synergistic
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TABLE 2 Key aspects of PKPD studies.

10.3389/fphar.2022.1063453

Study Study design TB Participants PK PD Application
In vitro  Intracellular H37Ra H37Rv  cells Sampling of system (multiple) ~CFU *Define PKPD parameters for
Extracellular Fjlinical optimal kill, prevention of resistance
isolates
In vivo Balb/c animals 1 sample/animal, different CFU *Define PKPD parameters for cure,
C3Heb/Fej time points different animals prevention of resistance, relapse
EBA Selected TB patients with  Clinical patients Full PK curve CFU, TTP Confirm activity in humans,
drug susceptible TB isolates Daily for 14 days confirm PKPD relationship, define
dose for phase 2b
Phase Selected TB patients with ~ Clinical patients Limited samples in all Culture conversion,  Define dose for regulatory approval
2/3 drug susceptible or drug isolates participants, Full PK curve in  treatment outcome
resistant TB subset of the patients
TDM Clinical practice Clinical patients Ranging van limited samples  Successful treatment  Define subpopulations, situations
isolates to full PK curve of individual where standard dose is likely not

patients effective or toxic

TB, tuberculosis; PK, pharmacokinetics; PD, pharmacodynamics; CFU, colony forming units; TTP, time to positivity; TDM, therapeutic drug monitoring; *The MIC of the strain used in the

in vitro/in vivo study should be determined before each experiment as well as the MIC of the clinical strains to determine if the given clinical dose could achieve the PK/PD exposure target in

patients.

interactions. Modelling approaches can also provide quantitative
insights into data originating from mouse models (Chen et al.,
2017; Wagh et al,, 2021). For example, for spectinamide 1810,
modelling helped to characterize the PK/PD indices of this new
drug candidate and a model accounting for the post-antibiotic
effect was developed, which might help to select adequate dosing
regimens for future efficacy studies (Wagh et al, 2021). In
addition, correlation between treatment length and treatment
outcome is an important aspect of in vivo studies (Mudde et al.,
2022), which is required to efficiently estimate a regimens’
treatment-shortening potential. Mourik et al. (2018) developed
a new design for in vivo relapse studies together with a
pharmacometric approach for prediction of probability of cure
given different treatment lengths of regimens (Pieterman et al.,
2021; Mudde et al., 2022).

In summary, modelling approaches to characterize PK are
already  highly the
characterization of the PK/PD needs to be tailored to the
research question and system of interest. Non-etheless,

standardized whereas model-based

modelling and simulations provides the opportunity to
integrate data along the drug development pathway (Bartelink
et al., 2017; Wicha et al., 2018; Radtke et al., 2021), which may
help to better understand the PK/PD from a quantitative
perspective and bridge the translation from pre-clinical to
clinical research.

8 Conclusion

In this review we provided an overview of pre-clinical and
clinical methods to assess the PKPD of anti-TB drugs (Table 2). By
in-depth discussion of design of in vitro, in vivo, and human studies
and subsequent strategies to appropriately integrate the data from
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these studies using mathematical models, we contribute to debate
how to accelerate the translation of findings to clinical practice. In
vitro static time-kill experiment and dynamic models are to be used
for early identification of PKPD relationships and favorable drug
regimens. Similarly, simple in vivo models (zebra fish) can be used
for drug screening studies while rodent models can help to
understand PKPD relationships of the drugs in relation to
treatment outcome and relapse. Results from adequate in vitro
and in vivo studies can help to guide dose selection for 14-day
EBA studies. These studies will determine drug activity and PKPD
relationships and safety in humans. Further confirmation of PKPD
in large scale phase 3 studies will help to create a better
understanding of variability in drug exposure and implications
for treatment outcome and hence can contribute to further dose
optimization in subpopulations or personalized dosing via TDM or
MIPD. Modelling and simulations provide the opportunity to
integrate data from in vitro, in vivo and clinical studies, which
contributes to a better understanding of the PKPD of a drug and has
the opportunity to accelerate the clinical development pathway.
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Background: Tuberculosis meningitis (TBM) is the most lethal form of TB. It is
difficult to treat in part due to poor or uncertain drug penetration into the
central nervous system (CNS). To help fill this knowledge gap, we evaluated the
cerebrospinal fluid (CSF) concentrations of fluoroquinolones and carbapenems
in patients being treated for TBM.

Methods: Serial serum and CSF samples were collected from hospitalized
patients being treated for TBM. CSF was collected from routine lumbar
punctures between alternating timepoints of 2 and 6h after drug
administration to capture early and late CSF penetration. Rich serum
sampling was collected after drug administration on day 28 for non-
compartmental analysis.

Results: Among 22 patients treated for TBM (8 with confirmed disease), there
was high use of fluoroquinolones (levofloxacin, 21; moxifloxacin, 10; ofloxacin,
6) and carbapenems (imipenem, 11; meropenem, 6). Median CSF total
concentrations of levofloxacin at 2 and 6 h were 1.34 mg/L and 3.36 mg/L
with adjusted CSF/serum ratios of 0.41 and 0.63, respectively. For moxifloxacin,
the median CSF total concentrations at 2 and 6 h were 0.78 mg/L and 1.02 mg/L
with adjusted CSF/serum ratios of 0.44 and 0.62. Serum and CSF
concentrations of moxifloxacin were not affected by rifampin use. Among
the 76 CSF samples measured for carbapenem concentrations, 79% were
undetectable or below the limit of detection.

Conclusion: Fluoroquinolones demonstrated high CSF penetration indicating
their potential usefulness for the treatment of TBM. Carbapenems had lower
than expected CSF concentrations.
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Introduction

Tuberculosis (TB) is an infectious disease caused by
Mycobacterium tuberculosis (Mtb) and remains a major cause
of mortality globally. In 2020, approximately 10 million people
developed active disease and there were 1.5 million deaths,
representing the first annual increase in deaths since 2005
(World Health Organization, 2021). While the lungs are the
major site of TB infection, extrapulmonary disease can affect
virtually all other body sites. Extrapulmonary TB accounts for
approximately 15%-20% of all cases and the most severe
manifestation is tuberculosis meningitis (TBM) (Sharma et al,
2021). TBM can be devastating, leading to substantial
and high
mortality (Bartzatt, 2011). Mortality rates during treatment for
TBM are 20%-69%, with higher rates seen in cohorts of patients
with drug resistant TB (Christensen et al., 2011; Dheda et al,,
2017).

A major challenge in the treatment of TBM is drug delivery to

neurological impairments, paralysis, seizures,

the site of disease. Central nervous system (CNS) penetration of
first-line TB medications including rifampin and ethambutol can
be suboptimal at standard dosages, seldom exceeding minimal
inhibitory concentrations (MIC) (Donald, 2010). This is
especially a concern following resolution of meningeal
inflammation (Thwaites et al., 2013; Roos, 2000). Second-line
medications including fluoroquinolones appear to have
improved penetration across the blood brain barrier, making
them appealing antibiotics for the treatment of TBM (Litjens
et al, 2020). Fluoroquinolones, such as levofloxacin and
moxifloxacin, may be implemented into both short term and
long-term regimens (Ghimire et al, 2019). Among the
fluoroquinolones, moxifloxacin appears to have the highest
in vitro activity against Mtb. However, concentrations may be
most susceptible to reduction if administered with rifampin,
compromising treatment efficacy (Nijland et 2007;
2012).  While of

fluoroquinolones appears to be adequate in bacterial CNS

al.,
Ramachandran et al, penetration
infections, additional data regarding penetration specifically in
the treatment of TBM is needed.

Carbapenems are extended-spectrum beta-lactams with
broad antimicrobial activity, including activity against Mtb
(Jaganath et al., 2016). They are utilized for both multidrug-
resistant and extensively drug-resistant TB, even though
published data supporting their use is limited. To improve
activity against Mtb, carbapenems are often administered with
clavulanic acid, which blocks class A beta-lactamases (van Rijn
et al, 2019). Data regarding imipenem and meropenem
penetration into the CSF suggests adequate exposure to
eradicate most pathogens, especially in the presence of CNS
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inflammation (Zhanel et al., 2007; Craig, 1997). However, data is
limited regarding the CNS penetration of carbapenems in TBM
(Jaganath et al., 2016).

To further understand the exposure of fluoroquinolones and
carbapenems in TBM, our objective was to describe and compare
serum and CSF concentrations of fluoroquinolones (levofloxacin,
moxifloxacin, and ofloxacin) and carbapenems (imipenem and

meropenem) among persons treated for TBM.

Materials and methods
Setting and participants

This prospective study enrolled participants at the National
Center for Tuberculosis and Lung Diseases (NCTLD) in Thbilisi,
Georgia. The NCTLD includes an inpatient ward for patients
with TBM and directly observed therapy clinics for ambulatory
care. Study participants were selected from a larger prospective
cohort evaluating clinical outcomes among persons treated for
TBM (Smith et al., 2021). Written formal consent was obtained
from all study participants. The study was approved by the
institutional ~review boards of the NCTLD (IRB#
IORG0009467), the University of Florida, Gainesville, FL,
United States, and Emory University, Atlanta, GA, United States.

All patients underwent a lumbar puncture and CSF diagnostic
testing, including acid-fast bacilli (AFB) staining, molecular testing
with Xpert® MTB/RIF assay (Cepheid, United States) and AFB
culture on a Lowenstein-Jensen solid and Mycobacterial Growth
Indicator Tube liquid media. To identify drug resistance to rifampin
and isoniazid, a Geno'fype® MTBDRplus (Hain-Lifescience,
Germany) assay was performed on positive cultures. Serial
lumbar punctures were performed at 7, 14, 28 days, and then
monthly after treatment initiation per standard of care. With
regards to treatment and dosing, WHO guidance was followed
and treatment regimens were based on the Georgian National TB
Program 2015 guidelines, as outlined previously (Smith et al., 2021).
Both levofloxacin and moxifloxacin were given by mouth
(levofloxacin dose was either 750 mg or 1000mg, moxifloxacin
400 mg or 1000 mg). Ofloxacin was administered as 800 mg
intravenously every 12h. Meropenem and imipenem were
administered intravenously as 1000 mg every 12h. Multiple
participants received more than one study drug of interest from
the same class, but not concurrently. All participants received
multidrug regimens for TBM, although only fluoroquinolones
and carbapenems were analyzed in the present study (Smith
et al,, 2021). For MDR-TBM, regimens were chosen based upon
Georgian National TB guidelines, and patients received regimens
including carbapenems, injectable agents (such as amikacin),
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FIGURE 1

Carbapenem and fluoroquinolone CSF and serum
concentrations over time from diagnosis. *The x-axis indicates the
time in days from the start of any anti-tuberculosis treatment.
Boxes indicate the median and interquartile range of the
samples.
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linezolid, and novel/repurposed anti-TBM agents such as
clofazimine, delamanid, and bedaquiline (Smith et al, 2021).
Additionally, all participants received adjunctive dexamethasone
therapy for 6-8weeks. Participants were hospitalized for
treatment until clinical improvement such that they could be
treated in an outpatient setting (Smith et al, 2021; Kempker
et al, 2022).

Drug sample collection and quantification

Participants enrolled in the pharmacokinetic (PK) study had
both serum and CSF samples collected at baseline and at
approximately 7, 14, and 28 days following initiation of
treatment. Monthly samples were subsequently collected
during hospitalization for up to 112 days. Participants had
two- and 6-h samples collected following drug administration
from both serum and CSF. The CSF sampling was alternated
between two- and 6-h concentrations to assess for early and
delayed penetration. Rich serum sampling for non-
compartmental analysis (NCA) was performed at 28 days, and
the collection timepoints were 0, 2, 4, 8, 12, and 24 h after drug
administration with slight variations for persons receiving
bedaquiline (0, 2, 6, 12, 24, 48, 72 h) and delamanid (0, 1, 2,
4, 6,8 and 12 h). Following serum and CSF collection, samples
were centrifuged then stored at —80°C at the NCTLD until
shipping to the Infectious Disease Pharmacokinetic Laboratory
(IDPL) at the University of Florida, with the cold chain
remaining intact throughout. Total drug concentrations were
quantified using validated liquid chromatography tandem mass
spectrometry assays. Serum curve was used for the serum
samples, while artificial CSF curve was used for CSF samples
to match CSF matrix. The plasma and CSF detection ranges for
levofloxacin, moxifloxacin, and ofloxacin were 0.2-15 mg/L and
2-100 mg/L for meropenem and imipenem. Intra- and inter-
batch precision and accuracy were <10%. Samples below the limit
of quantification (BLQ) were assigned a value of “0” for analysis.

Data management

NCA was performed using Phoenix WinNonlin (Certara,
v8.3) to determine maximum serum concentration (C,,,y), time
to maximum concentration (T,,.), elimination rate constant
(K,), half-life (t;,,) and area under the concentration-time curve
over 24h (AUCq,4). Serum protein binding rates for
levofloxacin  (31%), moxifloxacin (40%), ofloxacin (32%),
imipenem (20%), and meropenem (2%) were obtained from
previously published literature and used to estimate free
serum drug concentrations (Craig, 1997), (Lamp et al., 1992;
Janssen Pharmaceuticals and Inc, 1996; Pickerill et al., 2000;
Ortho-McNeil-Janssen Pharmaceuticals and Inc, 2008; Bolon,
2009; Salmon-Rousseau et al., 2020). We assumed there was no
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protein binding in the CSF (i.e., 100% free drug) (Bonati et al,
1982; de Lange, 2013). To assess CSF penetration, a ratio of CSF
to serum concentrations was calculated for matching time points
for participants. Adjusted CSF to serum ratios were calculated to
account for serum protein binding. Samples BLQ or zero were
excluded in the ratio calculations.

Continuous data were presented as median and interquartile
range, and categorical data as count and percentage. Student
t-tests were used to assess for differences in drug concentrations
at 2 and 6 h, differences in the CSF to serum ratios between 2 and
6 h, and compare CSF concentrations from baseline over the
duration of therapy to the final drawn sample for each drug at
two and 6-h timepoints. JMP Pro v16.1 (JMP, Cary, NC,
United States) was used for statistical analysis.

Results

Twenty-two participants were enrolled in the PK study, all of
whom received a fluoroquinolone and/or carbapenem. Over half
(55%) of enrolled patients were female and the median (IQR) age
was 38 (29.3-47.8) years. Additional information regarding
baseline demographics, comorbidities, and relevant clinical
measures including CSF composition are included in Tables 1,
2. Of note, CSF white blood cell count declined over the first
28 days of treatment (Table 2). Trends in fluoroquinolone and
carbapenem CSF and serum concentrations after diagnosis of
TBM can be visualized in (Figure 1).

Fluoroquinolones

A total of 21 participants received levofloxacin during their
treatment, resulting in 45 matching CSF and serum samples at
2h and 38at 6h (Table 3). Median (IQR) total serum
concentrations for levofloxacin at 2 and 6h were 7.36 mg/L
(2.83-11.21) and 7.68 mg/L (5.75-10.11), while total CSF
concentrations at 2 and 6 h were 1.34 mg/L (0.91-1.98) and
3.36 mg/L (2.43-4.03). Cy,ax concentrations through NCA were
11.62 mg/L (8.64-13.12), with a Ty,.x of 4 h (Table 4). Median
CSF to serum ratios adjusted for protein binding were higher at
six versus 2 h (0.63 vs 0.41, p = 0.05). Following TBM diagnosis,
levofloxacin CSF concentrations increased significantly from
baseline at both 2h (p = 0.02) and 6 h (p = 0.002) (Table 5).

Ten participants received moxifloxacin during treatment, 6
(60%) following a change in therapy from levofloxacin. There were
10 and six matching CSF and serum samples at 2 and 6h,
respectively. Median (IQR) total serum concentrations at 2 and
6 h were 2.74 mg/L (1.65-4.84) and 1.91 mg/L (1.56-3.28), while
median total CSF concentrations at 2 and 6h were 0.78 mg/L
(0.63-1.40) and 1.02mg/L (0.78-1.06) (Table 3). Cpax
concentrations through NCA were 4.04 mg/L (2.78-5.34), with
a T, of 2h (Table 4). Median CSF to serum concentrations
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adjusted for protein binding increased from 2 to 6 h (0.44 vs 0.62,
p = 0.05). Following TBM diagnosis and treatment initiation,
moxifloxacin in CSF trended towards increased concentrations,
but this was not statistically significant Among the participants
receiving moxifloxacin, seven received concomitant rifampin, yet
no difference in moxifloxacin serum AUC,_,, were seen between
patients receiving rifampin versus those not receiving rifampin
(3286 vs 3338 Hr'mg/L, p = 1.00). Additionally, CSF
concentrations were not significantly different between patients
receiving rifampin versus not receiving rifampin at 2h (0.78 vs.
0.67 mg/L, p = 0.78) or 6 h (1.02 vs 0.72 mg/L, p = 0.72).

Five participants received ofloxacin, with four matched CSF
to serum samples at 2 h and three at 6 h. Median (IQR) total
serum concentrations at 2 and 6 h were 9.47 mg/L (8.67-13.36)
and 5.40 mg/L (4.43-6.75), while total CSF concentrations at
2 and 6 h were 2.22 mg/L (0.93-3.11) and 3.20 mg/L (2.17-3.69)
(Table 3). Median C,, concentrations through NCA were
9.47 mg/L (8.67-13.36), with a T,.x 2h (Table 4). Median
CSF to serum concentrations adjusted for protein binding
were higher at 6h versus 2h (0.76 vs 037, p = 0.03)
(Table 3). Ofloxacin CSF concentrations at 2h increased
significantly from baseline (p = 0.04) whereas concentrations
at the 6-h time-point did not (p = 0.28) (Table 5).

Carbapenems

There were 11 participants who received imipenem resulting
in three matched CSF to serum samples at 2 h and two at 6 h. For
meropenem, six participants with six matched CSF to serum
samples at 2h and one matched sample at 6 h were available.
With the exception of 2-h serum samples, a substantial number of
samples were undetectable or BLQ (<2 mg/L) for both serum and
CSF (Table 6). 12/15 (80%) of meropenem total serum
concentrations at 6 h were undetectable or BLQ in addition to
6/12 (50%) and 5/9 (56%) meropenem total CSF concentrations at
2 and 6 h 39/43 (91%) imipenem total serum concentrations at 6 h
were undetectable or BLQ in addition to 28/32 (88%) and 21/23
(91%) total CSF concentrations at 2 and 6h, respectively.
Meropenem had more detectable levels in the CSF than imipenem.

Discussion

Our findings demonstrate a high CSF penetration of
fluoroquinolone antibiotics and provide support for their
consideration in the treatment of TBM. In particular, the CSF
concentrations of levofloxacin were high and above the Mtb
susceptibility cutoff in most samples tested, supporting its ability
to achieve effective concentrations in TBM. Our study also
provides novel data on the CSF concentrations of antibiotics
over time which unexpectedly trended higher with the
fluoroquinolones inflammation,

despite  decreasing CSF
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TABLE 1 Participant demographics, clinical characteristics, and clinical outcomes (n = 22).

Characteristic

n (%), or median (IQR)

Male 10 (45%)

Age, years 38 (29.3-47.8)
BMI, kg/m? 245 (22.2-26.5)
HIV Positive* 1 (5%)

Chronic Hepatitis C* 3 (14%)

Prior TB treatment 7 (47%)

IVDU 2 (9%)
Clinical Characteristics

Baseline GCS 15 (9-15)

TB Meningitis Confirmation 8 (36%)

TB Treatment Category

Susceptible 16 (72.7%)
MDR-TB defined clinically® 3 (13.6%)
MDR-TB confirmed with culture 3 (13.6%)
Clinical Outcomes at End of the Study

Treatment Completed 21 (95%)
Treatment Failure 1 (5%)
Seizures Reported with Carbapenems 0 (0%)

HIV, human immunodeficiency virus; CSF, cerebral spinal fluid; TB, tuberculosis; IVDU, intravenous drug use; GCS, glascow coma scale; MDR-TB, multidrug resistant TB (resistance to at

least both isoniazid and rifampicin).

#One patient received Atripla” (efavirenz, emtricitabine, tenofovir disoproxil) during TBM treatment, with minimal impact on study medications expected.

¥No patients received hepatitis C medications simultaneously with TB treatment.

§Among patients with clinically confirmed MDR-TB, one had a known MDR-TB contact and two previously received TB treatment.

TABLE 2 Cerebrospinal fluid analysis*.

Timepoint (Days) WBC (cells/pL)

Lymphocyte %

Neutrophil % Total protein (mg/dl)

0 133 (143) 92 (9.5) 5 (4.8) 99 (66)
7 86.5 (192.5) 90 (13) 4(5) 66 (33)
14 71 (45) 86 (32) 3(9) 33 (33)
28 33 (23) 70 (94) 05 (2) 33 (27)
56 38 (39) 69.5 (94.3) 0(11.3) 33 (33)
84 44 (28) 92.5 (20.8) 25 (4.5) 49.5 (57.8)
112 32 (20.5) 88 (51) 23) 66 (66)

*Data represented as Median (IQR). WBC, white blood count.

data  that
concentrations can be obtained during treatment. While
current clinical trial data have not shown an ability of
fluoroquinolones to improve outcomes among patients treated
drug-susceptible TBM, study provides key
pharmacokinetic data for their continued study in clinical

providing continued  moderate-high  CSF

for our
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trials and use in drug-resistant TBM (Heemskerk et al., 2016;
Huynh et al,, 2022). To the contrary, our study revealed that the
carbapenems did not achieve adequate concentrations in our
patient cohort, questioning their utility for patients with TBM.

All fluoroquinolones in our study had median serum C,ax
values within normal ranges (8-12 mg/L for levofloxacin and
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ofloxacin, 3-5 mg/L for moxifloxacin) indicating typical systemic
exposure (Alsultan and Peloquin, 2014). Our finding of
increasing CSF concentrations from 2 to 6h demonstrates
delayed penetration which has important implications. In the
case of levofloxacin, this delay may have been in part from
delayed oral absorption as median serum concentrations
increased from 2 to 6h. These findings suggest clinical
sampling of fluoroquinolone serum and CSF concentrations
may be optimized by including both early and late samples.
Due to their moderate lipophilic and protein bound nature in
conjunction with relatively low molecular mass (Nau et al., 2010;
Nau et al., 1994), fluoroquinolones enter CSF more completely
than other antibiotics, with an estimated CSF concentration of
approximately 20-80% of peak serum levels (Andes and Craig,
1999; Wilkinson et al., 2017). Our data support these published
estimates, with median levofloxacin CSF concentrations ~41% of
total serum concentrations at 2 h and —63% at 6 h, and ofloxacin
reaching —37% and —75% of total serum concentrations at 2 and
6h post dose, respectively. Fluoroquinolone bacterial killing
depends on concentration (both C,,, and AUC), with a
proposed C,,./MIC ratio target of >8-10 in TB (Turnidge,
1999; Berning, 2001; Levison and Levison, 2009). Although we
were unable to calculate CSF C,,,,/MIC or AUC,_,,/MIC for this
population, fluoroquinolones in our study achieved
concentrations within expected ranges, suggesting potential
attainment of targets. Assuming susceptible MICs of 1 mg/L
for ofloxacin and 0.5 mg/L for levofloxacin and moxifloxacin,
levofloxacin may have the best potential to achieve PK/PD targets
given our findings (Angeby et al., 2010). In addition, we found
that levofloxacin CSF concentrations increased from baseline at
both two and 6-h timepoints, supporting previous research that
fluoroquinolones may adequately penetrate into the CNS
regardless of inflammation (Andes and Craig, 1999; Wilkinson
et al,, 2017). The increase in CSF concentrations over time may
be the result of drug accumulation and changes in the
inflammatory state/blood brain Dbarrier. These findings
improve confidence that patients receiving fluoroquinolones
for TBM can continue to have CSF drug exposure throughout
therapy. Interestingly, while coadministration of moxifloxacin
with rifampin has been associated with a reduction of
moxifloxacin concentrations by approximately 26%-32% due
to rifampin’s induction of cytochrome P450 enzymes, the present
study did not find any statistically significant differences in
moxifloxacin exposure (Nijland et al., 2007).

Although carbapenems have shown efficacy in bacterial
meningitis and against Mtb in vitro and in vivo animal
models (Chambers et al.,, 1995; Hugonnet et al., 2009; Veziris
et al,, 2011; Kaushik et al., 2015), this study found lower than
expected CSF concentrations. While meropenem and imipenem
had similar PK profiles to previous literature, median serum
Cmax concentrations were below previously reported ranges
after a 1-g dose (60-70 mg/L for imipenem and 50-60 mg/L
for meropenem) (Zhanel et al, 2007). CSF penetration of
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TABLE 4 Pharmacokinetic parameters for fluoroquir

and carbap in participants*.

Dose (mg) Cinax (mg/L) Half-life (hr) AUCq 24 (Hr*mg/L)
Levofloxacin (1 = 20) 750 11.62 (8.64-13.12) 4 (2-5.5) 0.15 (0.12-0.20) 4.79 (3.54-5.97) 94.85 (84.70-127.26)
Moxifloxacin (n = 5) 400 4.04 (2.78-5.34) 2 (1.5-3) 0.14 (0.08-0.16) 4.95 (4.31-8.93) 33.86 (22.21-44.57)
Ofloxacin (n = 7) 800 9.47 (8.67-13.36) 2(2-2) 0.17 (0.12-0.20) 412 (3.52-5.71) 122.4 (101.98-155.68)
Imipenem (7 = 11) 1000 20.8 (7.41-37.43) 1.5 (0.5-2) 0.68 (0.50-1.09) 1.02 (0.64-1.40) 65.80 (39.78-144.00)
Meropenem (n = 6) 1000 16.44 (10.00-25.46) 2 (2-2) 0.37 (0.21-0.73) 1.03 (0.95-3.36) 22.91 (0-136.14)

*Data represented as Median (IQR). Some participants had multiple instances of rich sampling, which are included as part of n. C,,,,x, maximum concentration of drug; Ty, time to achieve
maximum drug concentration in serum; K., elimination rate constant; AUC_,4, area under the concentration time curve from 0 to 24 h.

TABLE 5 Analysis of increased CSF concentrations and days on treatment for fluoroquinolones.

Days on treatment

CSF concentration Parameter estimate p-value
Levofloxacin 2-Hour 0.02 0.02%
6-Hour 0.04 0.002*
Moxifloxacin 2-Hour —0.0008 0.90
6-Hour 0.002 0.39
Ofloxacin 2-Hour 0.28 0.04*
6-Hour - -

*Indicates significant value, <0.05. CSF, cerebrospinal fluid. Ofloxacin CSF concentrations at 6 h did not have enough time points to assess concentration over time.

imipenem and meropenem in previously published literature 2016). Notably, while rate of seizures in patients receiving
ranged from —16 to 41% of serum for imipenem and —11% for intravenous imipenem for bacterial meningitis has been
meropenem (Andes and Craig, 1999). In the present study, the reported as high as 33% (Wong et al, 1991), the safety
majority of imipenem and meropenem CSF concentrations were margin is considered to be higher for meropenem (Norrby,
either undetectable or BLQ. One potential contributor to our 1996). It is promising that in this study, none of the
unexpected low CSF concentrations is that beta lactams may participants experienced seizures.
diffuse from the central nervous compartments to the blood There are limitations to this study, including a relatively
during meningitis due to an increase in CSF pH, facilitating small sample size of 22 patients. Also, due to the descriptive
excretion of beta lactams (Nau et al., 2010; Thea and Barza, nature of the study, the impact of co-administered medications,
1989). However, data suggests that brain tissue concentrations of renal function, and hepatic function were not controlled for in
meropenem may be sufficient, even in non-inflamed brain tissue the analysis. However, expected impact is minimal. While we
(Hosmann et al., 2021). Techniques such as cerebral assumed the CSF samples with undetectable imipenem and
microdialysis or innovative molecular imaging methods are meropenem concentrations were due to poor CSF penetration,
needed for a better understanding of the CNS penetration of we could not rule out other causes. The effect of carbapenem
carbapenems in the setting of infections such as TBM (Tucker instability both before and after sample collection could not be
et al., 2018) (Brunner et al., 2004). assessed and may have contributed to the low CSF and serum
While increased penetration of antimicrobials into the CNS concentrations, even though samples were rapidly stored
is desired for treatment of TBM, this may be associated with at —80°C to help minimize degradation. For example,
increased risk of CNS-related adverse effects. Previous literature imipenem tested in conjunction with cilastatin only remained
has described adverse CNS effects for fluoroquinolones and 90% stable for 2h at 37°C or 3h at 25°C, demonstrating its
carbapenems, potentially due to interferences with gamma- unstable nature prior to sample freezing (Viaene et al., 2002).
aminobutyric acid receptors (Akahane et al, 1989; Wong With storage at temperatures below -20°C, the data on
et al, 1991; Hikida et al, 1993; Domagala, 1994; Sunagawa carbapenem stability is inconclusive (Gravallese et al, 1984;
et al., 1995; Walton et al., 1997; Kushner et al., 2001; Owens Myers and Blumer, 1984; Garcia-Capdevila et al, 1997).
and Ambrose, 2005; Mehlhorn and Brown, 2007; Kalita et al., Previous literature suggests that meropenem undergoes
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100


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1048653

Maranchick et al.

adjusted CSF/
concentration

Median
serum

Median CSF/
concentration

Number of
matching
samples
(excluding
BLQ and 0)

concentration
(median, IQR)

Serum drug
(mcg/ml)

Serum drug
concentrations

Serum
samples

=
o
=]
©
—
i
o
(7]
v
c
o
v

CSF drug
concentrations

CSF
samples

Participants

Time from
administration
to sample
collection, h

TABLE 6 Carbapenem serum and cerebrospinal fluid concentrations.
Drug

Frontiers in Pharmacology

S | @9
o ) “
T 79
) = e} @
R T B
ele e S
T
a N [} =
1 N = g
=] — S o
© T
= n a
T 79
o o sl I~
o 3=z ¢
cle e S
T
o — n S
£ 2|z =
S — = S
i) ~ © ~+
=
x 3
S &
s i
— I
@& o
Q <
w &) ~ S
T Q T
) o N o
“ =3 ~ =4
© S] — S
o ~
— o) o —
N « o 0
n -+ Q —
)
~ ~ “@ F
) ) o
T T | w2
ele|le e
S S S} S
% —
Q ) © n
N ] 3]
« I — o
— —
— =) © ©
~ © ~ ©
e £
S 8
S a,
2 1)
g 5
E =

*CSF, cerebrospinal fluid; IQR, interquartile range; BLQ, below limit of quantification.

101

10.3389/fphar.2022.1048653

degradation, even at —20°C, so it is possible unintentional
degradation may have occurred during our sample collection,
storage, or shipping processes (Gijsen et al., 2021). In addition to
these limitations, CSF to serum ratios and PK/PD targets that can
improve clinical outcomes in patients with TBM were not
ascertained in this study. While these targets are not known,
nor their effects on clinical outcomes, it is promising that 21/22
(95%) of participants in our study were able to complete therapy
and only 1/22 (5%) had treatment failure. Also, the impact of co-
administered medications, renal function, and hepatic function
on drug concentrations was not assessed. Finally, the protein
content and drug protein binding in CSF are not well established
and the assumption of 0% protein binding in the CSF is based on
limited data (Bonati et al., 1982; Nau et al., 2010).

In summary, we described fluoroquinolone and carbapenem
penetration into the CSF in a cohort of patients treated for TBM.
Our study is unique in that serial CSF concentrations were
collected at 2 and 6h over the first few months of TBM
treatment, allowing for assessment of delayed penetration. We
found that fluoroquinolones showed CSF penetration peaking
after serum concentrations, potentially increasing over the
duration of treatment. Carbapenems had lower than expected
CSF concentrations, with the majority of samples undetectable or
BLQ in the CSF while detectable in serum. These findings
warrant further exploration with techniques such as cerebral
microdialysis to see how carbapenem brain tissue concentrations
compare to plasma and CSF concentrations.
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Linezolid is an oxazolidinone used to treat multidrug-resistant tuberculosis
(MDR-TB), including in the recently-endorsed shorter 6-month treatment
regimens. Due to its narrow therapeutic index, linezolid is often either dose-
adjusted or discontinued due to intolerance or toxicity during treatment, and
the optimal balance between linezolid efficacy and toxicity remains unclear.
India carries a significant burden of MDR-TB cases in the world, but limited
information on the pharmacokinetics of linezolid and minimum inhibitory
concentration (MIC) distribution is available from Indian MDR-TB patients.
We enrolled participants from a tertiary care centre in Mumbai, India, treated
for MDR-TB and receiving linezolid daily doses of 600 or 300 mg.
Pharmacokinetic visits were scheduled between 1 and 15 months after
treatment initiation to undergo intensive or sparse blood sampling. Linezolid
concentration versus time data were analysed using non-linear mixed-effects
modelling, with simulations to evaluate doses for different scenarios. We
enrolled 183 participants (121 females), with a median age of 26 years
(interquartile range [IQR] 21-35), weight 55.0 kg (IQR 45.6-65.8), and fat-
free mass 38.7kg (IQR 32.7-46.0). Linezolid pharmacokinetics was best
described by a one-compartment model with first-order elimination
allometrically scaled by fat-free mass and transit compartment absorption.
The typical clearance value was 3.81 L/h. Simulations predicted that treatment
with 300 mg daily achieves a high probability of target attainment (PTA) when
linezolid MIC was <0.25mg/L (61.5% of participant samples tested), while
600 mg daily would be required if MIC were 0.5mg/L (29% of samples).
While linezolid 300 mg daily is predicted to achieve effective targets for the
majority of adults with MDR-TB, it failed to achieve the therapeutic target for
21% participants. A dose of 600 mg had a PTA >90% for all susceptible samples,
but with a higher likelihood of exceeding toxicity thresholds (31% vs 9.6%).
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These data suggest potential benefit to individualized dosing taking host and
microbial characteristics into account to improve the likelihood of treatment
efficacy while minimizing risk of toxicity from linezolid for the treatment of
MDR-TB. Further prospective evaluation in different clinical settings is urgently
needed to inform safety and efficacy of these lower doses.

KEYWORDS

MDR-TB (multidrug resistant-TB), linezolid (LZD), pharmacokinetics,

NONMEM

modelling, pharmacometrics

Introduction

Multidrug-resistant TB (MDR-TB), defined as tuberculosis
caused by Mycobacterium tuberculosis (Mtb) isolates resistant to
isoniazid and rifampicin, remains a major public health threat.
According to the World Health Organization (WHO), India
faces one of the highest global burdens of both TB (26%) (World
Health Organization, 2020a) and MDR-TB (27%). (World
Health Organization, 2020a). Linezolid, an oxazolidinone with
demonstrated activity against Mtb, is recommended as one of the
primary drugs for treatment of MDR-TB in shorter and longer
regimens. (Schecter et al, 2010; World Health Organization,
2020b).

Linezolid has a rapid and extensive absorption after oral
administration with high bioavailability (~100%). (Qin et al.,
2022). Approximately 30% is excreted unchanged through the
kidneys, with non-renal clearance accounting for 65% of total
clearance, resulting in a terminal half-life of 3.5-7 h. (Macgowan,
2003; Stalker and Jungbluth, 2003). Linezolid works by binding
the Mtb 23S ribosomal subunit and preventing protein synthesis,
(Livermore, 2003), but, unfortunately, it also affects the human
mitochondrial 16 S rRNA subunit leading to mitochondrial
toxicity, causing dose reductions or interruptions of intended
linezolid treatment course. (Wasserman et al., 2016; Conradie
et al, 2020). The significant toxicity profile and ongoing
uncertainty about optimal linezolid dosing for MDR-TB
confounds clinical efforts to balance efficacy, resistance
suppression, and adverse events. (Wasserman et al, 2016).
Previous studies have proposed a minimum concentration
(Cmin) threshold of 2mg/L as a marker of adverse effects
related to mitochondrial toxicity from linezolid. (Song et al.,
2015).

The most widely-used linezolid dose for MDR-TB supported
by trial evidence is 600 mg daily, (Conradie et al., 2022), but this
frequently is reduced to 300 mg daily because of toxicity, which
may fail to achieve the therapeutic target for Mtb. (Maartens and
Benson, 2015). Previous studies suggest that efficacy is driven by
the ratio of the area under the curve of unbound linezolid divided
by minimal inhibitory concentration (fAUC/MIC), with a target
ratio of >100 likely reach an appropriate exposure and minimize
(Bolhuis 2018).
pharmacokinetic (PK) models are paramount to ensuring that

toxicity. et al, Population-specific

patients receive the best-possible dosing to achieve the efficacy
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target. Previous population PK studies of linezolid for MDR-TB
have been performed in patients in South Africa, (Garcia-Prats
et al,, 2019; Abdelwahab et al., 2021; Padmapriyadarsini et al.,
2022), Italy, (Tietjen et al., 2022), Brazil, (Alghamdi et al., 2020),
United States, (Alghamdi et al.,, 2020), and China, (Zhou et al,,
2022), but despite the global burden, there are limited population
PK data from India. Given possible differences in comorbidities,
diet,
characteristics, we sought to better understand the PK of

coadministered  drugs, and other unmeasured
linezolid in an Indian population. Our study developed a
population PK model using linezolid blood levels collected
through a cohort study of Indian adolescents and adults with
MDR-TB and explored the probability of target attainment

(PTA) with daily linezolid treatment at doses of 600 and 300 mg.

Material and methods
Study population

Data were collected through a prospective observational
study of adolescents and adults treated for MDR-TB at a
tertiary care centre in Mumbai, India that has been described
elsewhere. (Udwadia et al., 2019; Tornheim et al, 2020;
Tornheim et al., 2022). Briefly, treatment-naive individuals
were enrolled from October 2015-January 2022 at the start of
drug susceptibility testing-based personalized 24-month

informed by WHO and national
guidelines at a private sector hospital. (World Health
Organization, 2020b; Ministry of Health & Family Welfare

Government of India, 2021). Participants were followed

treatment regimens,

longitudinally with clinical characteristics, laboratory and
imaging results, side effects, and treatment outcomes recorded
throughout participation. Adult participants provided written
informed consent prior to enrolment and 15-18-year-old
participants provided written informed assent with written
informed consent for participation provided by their legal
guardians. For participants treated with linezolid, an initial
dose of 600 mg daily was prescribed, but was reduced to
300 mg daily for those with linezolid-associated toxicity
(either peripheral anaemia with
haemoglobin <10 g/dl, thrombocytopenia <100,000/uL, or
leukopenia with <1,000 neutrophils/pl). Participants at higher

neuropathy,

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1081123

Resendiz-Galvan et al.

risk of toxicity due to malnutrition, underweight, or neuropathy-
associated comorbidities like diabetes and alcohol use were
started at lower doses of 300mg daily. This study was
approved by the institutional review boards at the P.D.
Hinduja National Hospital and Medical Research Centre
(“Hinduja Hospital”, IRB00012235) and the Johns Hopkins
University School of Medicine (IRB00076738, IRB00012235).

Data collection

Study participants provided blood samples for PK analysis at
1, 2, 6, and 12 months after the treatment initiation, with blood
samples collected before and 2 h after observed daily linezolid
doses. A random subset of participants provided additional
consent for collection of intensive PK sampling at the first or
second month time points, with blood collection before and 1, 2,
4, 6, and 8 h after observed daily linezolid doses. Due to the
COVID-19 pandemic and associated rescheduling of participant
visits, sparse sampling was accepted through the 15th month of
MDR-TB treatment and intensive sampling was accepted
through the fourth month of MDR-TB treatment.

Isolates collected from participants with culture-positive
MDR-TB submitted
concentration (MIC) testing using custom Sensititre plates

were for minimum inhibitory
manufactured by ThermoFisher. Isolates were cultured on
Lowenstein—Jensen media and evaluated weekly by laboratory
staff until late-log phase growth, at which time they were agitated
in saline tween before inoculation into Sensititre plates by a
Thermo Scientific AIM autoinoculator. Isolates were tested at
linezolid concentrations of 0.12, 0.25, 0.5, 1, 2, 4, and 8 mg/L,
which were quality-controlled using two drug-free control wells
on each plate and parallel testing of the H37Rv laboratory strain
on an identical plate with each batch to confirm expected results.
Plates were read using a mirror box on 10-, 14-, 21-, and 28-day
following inoculation by two independent readers to ensure
concordance, with the final value selected as the first date
with adequate growth in both wells. When the two readers
reported discordant values,
adjudicated the final result.

Linezolid concentrations were measured at the Hinduja

a third independent reader

Hospital laboratory. Blood samples were collected without
anticoagulants and centrifugated at 3,000 rpm for 10 min.
Serum was then collected, aliquoted, and stored at -80°C until
analysis, depending on laboratory schedule. Quantification
employed a commercially available enzyme immunoassay
(ARK™
instructions with a calibration range of 0.75-30 mg/L, limit of
quantification (LOQ) of 0.75 mg/L, limit of detection (LOD) of
0.071 mg/L, with
concentrations >30 mg/L were assayed by dilution with the

Linezolid Assay) according to manufacturer’s

and  tri-level  controls.  Samples
corresponding zero calibrator and estimated using the dilution

factor.
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Model building and analysis

Linezolid serum concentration-versus-time data were
analysed using the non-linear mixed-effect model software
NONMEM v7.4 (ICON Development Solutions, Hanover,
MD, United States) (Beal et al.,, 2013) and the algorithm first-
order conditional estimation with e-n interaction (FOCE
INTER). Graphical diagnostics, managing and organization of
the models were handled using Perl-speaks-NONMEM, Xpose4
(Jonsson and Karlsson, 1998) embedded in R, and Pirana
(Certara, Princeton, NJ, United States), (Keizer et al., 2013),
respectively.

The overall strategy for model development started with
only intensively sampled data. Once the model satisfactorily
described the intensively sampled data, the sparse sampling
data were added for parameter reassessment and additional
covariate testing using the complete dataset. One- and two-
compartments disposition models, linear and non-linear
elimination kinetics, first-order absorption (with and without
lag), and transit compartments (Savic et al, 2007) were
investigated to determine the best structural model. Random
effects were included as between-subject variability (BSV) on all
disposition parameters
(BOV)
parameters,

and between-occasion variability
1993) for
lognormal

(Karlsson and Sheiner, absorption

assuming a distribution. Non-
observed doses and pre-dose concentrations were considered
independent occasions from observed doses (during sample
Residual

unexplained variability (RUV) was modelled testing both

collection) and subsequent concentrations.
additive and proportional components, with the additive
component bound to >20% of the LOQ. All concentration
values above the LOD, including those below the LOQ
(BLQ),
measured, similar to the published “all data” method.
(Keizer et al., 2015). Concentrations below the LOD (BLD)
were censored by the laboratory, and incorporated in the model
by adapting the M6 method. (Beal, 2001). Briefly, BLD
concentrations were imputed as LOD/2 (0.0355 mg/L) and
the additive component of RUV was inflated by LOD/2 to

acknowledge the extra uncertainty and compensate for the

were included in the model as actual values

effect of imputation. If a series of consecutive BLD
concentrations was present, only one value was included in
the model, the last one if in the absorption phase and the first
BLD

concentrations were excluded for parameter estimation and

one in the elimination phase, while additional

retained for simulation-based diagnostics.

Allometric  scaling was evaluated on disposition

parameters using total body weight and fat-free mass
(FFM). and Holford, 2008).
covariates included in model assessments were age, serum

(Anderson Continuous

creatinine, Cockcroft-Gault creatinine clearance estimates,

(Cockeroft and Gault, 1976), and days on linezolid treatment.
Categorical covariates assessed included participant sex and
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TABLE 1 Characteristics of the study population.

Variable (units)

Intensive sampling n = 48

Sparse sampling n = 182

Age (years) 26 (21-32) 26 (21-35)

Females (n) 32 (66.7) 121 (66.5)

Weight (kg) 56.0 (46.0-66.1) 54.8 (45.4-65.8)

Height (m) 1.58 (1.51-1.66) 1.59 (1.53-1.68)

39.5 (33.1-46.5) 385 (32.7-45.8)

Fat-free mass (kg)

Serum creatinine (mg/L)
HIV positive (n)

“Data presented as median (interquartile range) or number (percent).

0.7 (0.6-0.8)

2 (42)

0.70 (0.6-0.8)

3 (1.6)

No significant differences were identified between the two sampling groups for categorical or continuous covariates evaluated with the Fisher’s exact test (Sprent 2011) and the Wilcoxon

signed rank test, respectively.

additional drugs prescribed. Differences in covariate
distributions between participants with intensive and
sparse data were evaluated by the Fisher’s exact and
Wilcoxon signed rank tests for categorical and continuous
variables, respectively, with p < 0.05 considered to indicate
between-group differences. Covariate relationships were
screened and evaluated based on physiological plausibility
and improvement in model diagnostics (including goodness
of fit plots and visual predictive checks) using a stepwise
approach. Forward inclusion of covariates required
NONMEM objective function value (AOFV) reduction
of >3.84 for inclusion of one degree of freedom (p < 0.05),
followed by backward elimination with a AOFV>6.63 (p <
0.01) for retention of one degree of freedom. Uncertainty in
final model parameter estimates was quantified using the
sampling importance resampling method. (Dosne et al,
2017).

Simulations

Monte Carlo simulations were performed using final model
parameter estimates to evaluate the PTA defined as the
percentage of simulated individuals above the exposure
targets. A minimum concentration (C,;,) > 2mg/L was
employed as the threshold for increased risk of mitochondrial
toxicity. (Song et al, 2015). The
pharmacokinetic-pharmacodynamic ~ (PK-PD) index for
efficacy to estimate the PTA was fAUC) ,4/MIC>100.
(Bolhuis et al., 2018). The fAUC was estimated considering
an unbound fraction of 70%. (Qin et al., 2022). Exposure was

and haematological

estimated with doses of 300 and 600 mg once daily using an in
silico population created by repetition of demographic
characteristics from participants with drug-susceptible or
MDR-TB from previous studies. (Diacon et al., 2007; Wilkins
et al., 2008; Pepper et al., 2010; Chigutsa et al., 2011; McIlleron
et al., 2012; Smythe, 2016; Chirehwa et al., 2019).
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Results
Demographics and clinical profile

Data were available for 183 participants, 121 of whom were
female, with median age of 26 years (interquartile range, IQR:
21-35), weight 55 kg (IQR: 45-66), and FFM 39 kg (IQR: 33-46),
respectively. Five participants were HIV positive. In addition to
linezolid, susceptibility-guided multidrug MDR-TB treatment
regimens taken at the time of PK sampling. These included
coadministration of moxifloxacin (91% of participants),
cycloserine (86%), clofazimine (81%), pyrazinamide (44%),
ethambutol (39%), kanamycin (27%), para-aminosalicylic acid
(27%), bedaquiline (25%), and ethionamide (23%). Table 1 shows
the study population’s baseline characteristics, which were not
significantly different between participants with intensive and
sparse sampling data.

Intensive and sparse blood sampling was performed in
48 participants from 1 to 4 months and from 1 to 15 months
after treatment initiation, respectively. Intensive sampling was
most frequently performed at 2 months (36 participants, 75%),
followed by 1 month (9 participants, 19%) after treatment
This total of 1,181
measurements, 288 from intensive and 893 from sparse
sampling, and included 74 BLQ and 123 BLD values.
Treatment duration and the schedule of the PK visits for each

initiation. comprised a linezolid

participant is demonstrated in Figure 1. Most participants were
initially prescribed 600 mg daily, but a large proportion (75%)
were dose-reduced to 300 mg daily due to toxicity by the time of
intensive PK (Figure 1). This represents a median time to dose
reduction of 69 days (IQR: 63-74). Most PK visits assessed doses
of 300 mg (89, 50.3%) or 600 mg daily (86, 48.6%), while a
minority (2 visits) assessed linezolid at 300 mg dosed every
other day. Of 166 cultured isolates, 11 (6.5%) demonstrated
MICs above the critical concentration of 1mg/L. Among
susceptible isolates, we found five to have an MIC of 1 mg/L
(3% of all samples), 48 to have an MIC of 0.5 mg/L (29%), 61 to

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1081123

Resendiz-Galvan et al.

10.3389/fphar.2022.1081123

Linezolid level testing among participants being treated for
MDR-TB by dose and sampling collection strategy

[ 1] L]

Linezolid Dose

600mg Daily
300mg Daily
300mg Alt Days

Intensive PK
Sparse PK

FIGURE 1

o
¥

Days after Study Enrolment
Each bar represents a single participant's linezolid treatment duration

Duration of linezolid treatment. Each horizontal line represents a single participant, with the colour coding denoting the dose of linezolid
prescribed over that time period. Most participants were treated for 24-month, though dose adjustments frequently occurred due to treatment-
associated toxicity. Filled circles indicate intensive sampling visits and open circles indicate sparse sampling visits.

o N
L Av

have an MIC of 0.25mg/L (36.5%), and 41 to have
MICs <0.25 mg/L (25%).

Population pharmacokinetic model

Linezolid PK was best described by a one-compartment
disposition model with first-order elimination and first-order
absorption including a chain of transit compartments. The final
PK parameters are presented in Table 2 and a visual predictive
check stratified by type of data (intensive and sparse sampling) in
Figure 2, showing an adequate interpretation of the observations
by the final model. Allometric scaling using FFM best described
the effect of body size (AOFV 15.6) on the disposition parameters
and provided a better fit than using total body weight (AOFV
8.57). The model estimated the typical PK parameters for a
participant with FFM 39.5 kg; clearance was 3.81 L/h and volume
of distribution 31.2 L. Creatinine clearance, serum creatinine,
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age, and coadministration of linezolid with other TB drugs did
not show statistically significant associations with model-derived
PK parameters. Pre-dose concentrations were observed to be
more variable and more poorly predicted than concentrations
measured after observed doses administered at the clinic. To
account for this larger variability, we tested the inclusion of a
factor increasing the between-occasion variability for all
absorption parameters following unobserved doses taken at
home. This significantly improved the model fit (AOFV =
36.7, 1 degree of freedom, p < 0.001).

Probability of target attainment
Considering a target of fAUC, ,4/MIC >100, the PTA for a
linezolid dose of 600 mg once daily was >99% against samples

with linezolid MICs <0.25 mg/L (61.5% of isolates tested in this
study), 97% for MIC = 0.5 mg/L (29% of isolates), 60% when
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TABLE 2 Final population pharmacokinetic parameters.

Parameter

Typical value (95% CI?)

10.3389/fphar.2022.1081123

Clearance (L/h)¢

Volume of distribution (L)¢

Variability® (95% CI?)

3.81 (3.41—4.25) BSV: 31.9 (23.4—42.4)

31.2 (29.3—33.4)

Absorption rate constant (1/h)

2.31 (1.89—4.32) BOV: 104 (82.0—108)

Mean transit time (h)

Number of transit compartments (n)

0.666 (0.481—0.884) BOV: 80.5 (62.7—105)

205 (12.7—34.9)

Bioavailability

Variability factor for unobserved doses? (-fold change)

1 FIXED BOV: 18.4 (10.1—24.4)

1.86 (1.44—1.15)

Proportional error (%)

Additive error (mg/L)

5.24 (3.54—6.97)

0.362 (0.271—0.473)

BSV, Between-subject variability; BOV, Between-occasion variability.

*Sampling importance resampling (SIR) was used to obtain the 95% Confidence interval (CI).

"The unobserved dose factor was considered for the administration of unobserved doses (e.g., doses taken at home on days prior to blood sampling) and consequently the impact on the pre-
dose concentration quantified with an extra parameter. This extra variability accounts for absorption rate constant, mean transit time, and bioavailability.

“Allometric scaling was used to estimate clearance and volume of distribution for the typical patient with a fat-free mass of 39.5 kg.

“9BSV, and BOV, were assumed to be log-normally distributed and reported as approximate (%CV).
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Visual predictive check from the final model. The solid and
dashed lines correspond to the fifth, 50th, and 95th percentiles
from the original observations (blue circles), while the shaded
areas represent the 95% confidence intervals for the same
percentiles of the model predictions. The left panel shows the
intensive data with sampling points from pre-dose up to 8 h post-
dose. The right panel shows the predictions for the sparse
observations at pre-dose and 2 h post-dose The bins for sampling
points are showed as vertical yellow lines on the x-axis.

MIC is 1 mg/L (3% of isolates), and <8% when MIC is > 1 mg/L
(6.5% of isolates). The PTA for linezolid at a dose of 300 mg once
daily was >97% for samples with linezolid MICs <0.25 mg/L, but
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only 60% for samples with MIC of 0.5 mg/L, 8% for samples with
MIC of 1 mg/L, and <1% for samples with MIC >1 mg/L
(Figure 3). When our model was applied to the total
population of study participants with the MIC results for their
own isolates, this corresponds to probabilities of 90% and 79%
that participants would achieve their expected target at doses of
600 and 300 mg daily, respectively. Regarding the toxicity
thresholds, 31% and 9.6% of the simulated patients exceeded a
Cumin of 2 mg/L with 600 and 300 mg, respectively.

Discussion

In this study, we describe the population PK of linezolid in a
cohort of Indian adults and adolescents treated for MDR-TB and
evaluate dosing strategies to balance treatment efficacy and
toxicity. We found that while 300 mg daily is expected to be
effective against strains with MICs 0.25 mg/L or lower, 600 mg
daily may be more appropriate for MIC levels of 0.5-1 mg/L,
albeit with a higher likelihood of treatment-associated toxicity.

Our PK model identified one-compartment disposition with
first-order elimination, and first-order absorption with transit
compartments. This is consistent with previous studies on
linezolid PK, which have primarily employed similar one-
compartment models for both drug-susceptible TB and MDR-
TB. (Alghamdi et al., 2020; Abdelwahab et al., 2021; Tietjen et al.,
2022). Other studies have reported two-compartment disposition
with Michaelis-Menten elimination when linezolid is dosed at
1,200 mg daily, (Imperial et al., 2022), or linezolid inhibiting its
own clearance with repeated administration. (Plock et al., 2007;
Mockeliunas et al., 2022). In our data, testing two-compartments
disposition and saturation did not improve model fit, possibly
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FIGURE 3

Probability of target attainment by dose and minimum

inhibitory concentration. Solid lines indicate the probability of
target attainment (PTA) on the primary y-axis (on left) based on
area under the curve of unbound linezolid divided by MIC
(FAUC/MIC), adjusting for the linezolid minimum inhibitory
concentration (MIC) on the X-axis. Lines indicate simulated doses
of 600 mg once daily (blue solid line) and 300 mg once daily
(orange solid line). The horizontal dashed green line indicates the
90% of attainment when fAUC/MIC >100. The dot-dashed line
indicates the distribution of linezolid MIC of Mycobacterium
tuberculosis isolates cultured from 166 study participants, with the
proportion of all tested isolates with each MIC indicated on the
secondary y-axis (on right). The shaded area under the dot-dashed
line indicates the proportion of tested samples with the
corresponding MIC (color indicates that of the lowest dose with
PTA >90% for that MIC).

due to differences in the sampling schedule and the fact that non-
linear kinetics may not be evident at the lower doses prescribed to
participants in our study. Due to the limitations of our overall
study design, it was not possible to meaningfully evaluate
autoinhibition, since that would require PK data from the first
days of linezolid administration.

linezolid PK in different

populations show different values of clearance. The typical

Interestingly, reports for
clearance estimated in our population, 3.81 L/h, is similar to
the clearance of 3.57 I/h reported in South African patients from
two separate clinical trials. (Abdelwahab et al., 2021). Higher
clearance has been reported in other publications. For example,
clearance was found to be 6.06 I/h in study participants from
Brazil and the USA, (Alghamdi et al., 2020), 7.69 I/h in an Italian
population, (Tietjen et al, 2022), and 4.591/h in a Chinese
population. (Zhou et al., 2022). While part of the difference
could be ascribed to the larger weight of the participants in the
other cohorts, who were slightly heavier than those in our study
and in South African studies, the difference persisted despite
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allometric scaling in our model. Other differences between
studies that could have accounted for the variability in the
parameters are the linezolid dose ranging from 300 to 600 mg
once or twice daily, and the prolonged time on treatment for
participants in this study. However, we did not find a significant
effect of these covariates in the final model. New evidence has
shown that linezolid is mainly metabolized to its inactive
metabolites in the liver through oxidation of the morpholine
ring by distinct isoforms CYP2]2, CYP4F2, and CYP1BI of the
Cytochrome P450 enzyme family. (Obach, 2022). This could also
contribute to differences in linezolid metabolism based on
differences in allele distribution frequencies between distinct
populations. However, the presence of polymorphisms on
these enzymes and their influence on linezolid metabolism
needs to be evaluated in future studies. Importantly, we found
high between-subject variability for clearance and between-
occasion variability for absorption process within the Indian
population studied in this cohort, suggesting a potential role for
therapeutic drug monitoring to optimize linezolid treatment,
though PK laboratory capacity is limited, particularly in high
incidence settings.

According to our simulations, 300 mg daily would achieve a
FSAUC/MIC =100 in at least 97% of the simulated individuals
when the MIC is < 0.25 mg/L, while a dose of 600 mg daily would
be more suitable for isolates with higher MICs. This dosing
suggestion is similar to the one published for the South African
cohort participants, (Abdelwahab et al., 2021), while higher doses
have been proposed in studies finding higher clearance values.
(Alghamdi et al., 2020; Mockeliunas et al., 2022). It is also
important to highlight that the MIC distribution may vary
between countries, and indeed we report lower MICs in this
study than reported in South Africa. (Abdelwahab et al., 2021).
From a toxicity perspective, our simulations suggest that 31% of
people receiving 600 mg daily would exceed the literature-
derived C,,, threshold of 2mg/L, (Song et al, 2015),
compared to 9.6% of those receiving 300 mg daily While more
data are needed to confirm the predictive value of this threshold
for clinical application, particularly as competing toxicity
thresholds are considered, (Wasserman et al., 2019a), the high
proportion of people affected at either dose and the large
between-subject variability we observed offers an argument in
support of individualized therapy that considers clinical features
such as fat-free mass and the extent of microbiological resistance
to better identify the 31% at risk of toxicity as well as to ensure
efficacy among those given lower or less frequent doses.

As TB control programs worldwide move to adopt linezolid-
based treatments for MDR-TB, (Padmapriyadarsini et al., 2022;
World Health Organization, 2022), it will be important to
recognize that despite evidence of resistance in high-burden
settings, (Tornheim et al, 2020), the majority of such
treatment is prescribed in the absence of susceptibility testing
for linezolid, let alone MIC testing. While infrequently discussed
in the literature and rarely tested in clinical practice, linezolid
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resistance is identified with increasing frequency in high-burden
settings where testing is performed. Previously considered to be
rare, (Bharadwaj, 2021), resistance was noted to affect 1% of
isolates tested in Mumbai, India in 2017, (Tornheim et al., 2017),
with more recent publications documenting resistance among
6.7%, (Tornheim et al., 2020), similar to rates documented in
China (6.9%). (Du et al., 2021). Among South African patients
with MDR-TB and treatment failure, linezolid resistance has
been reported among 33% of isolates. (Wasserman et al., 2019b).
Given the increasing prescription of linezolid in shorter regimens
with bedaquiline and pretomanid, with or without moxifloxacin,
(World Health Organization, 2022), increased vigilance for
emerging linezolid resistance is crucial to secure the success of
TB elimination programs. (Bharadwaj, 2021).

Because the efficacy target for linezolid is normalized to MIC,
improving local knowledge of drug resistance and MICs can help TB
providers determine the MIC distributions to target with different
linezolid dosing strategies, with or without assistance from PK
models such as this one. Given the WHO-endorsed critical
concentration of 1 mg/L, (World Health Organization, 2018), in
the absence of local MIC knowledge, a dose of 600 mg would ensure
a PTA >97% against MICs <0.5 mg/L, and which represented 90.5%
of isolates in this study. This finding supports the results of the
recently published ZeNIX trial demonstrating improved efficacy and
toxicity of a 600 mg daily dose compared to other dosing strategies.
(Conradie et al,, 2022). While the use of higher doses such as
1,200 mg daily in the NIX-TB study may increase drug exposure,
(Conradie et al., 2020), the high rates of toxicity-associated linezolid
dose reduction or treatment interruption during 6 months of
therapy (85%) leaves much room for improvement. Similarly, a
dose of 600 mg twice-daily achieves a target attainment of 100% in
simulation studies, but with >99% of the simulated individuals
exceeding the safety levels. (Millard et al., 2018).

Our study had several limitations. This relatively small, single-
site study may not be generalizable to non-Indian populations,
populations with different rates of comorbid diseases such as HIV,
diabetes, or malnutrition that affect absorption, children, or those
with drug-susceptible tuberculosis with different concomitant
treatments. Due to the small number of participants coinfected
with HIV, we could not assess drug-drug interactions with
antiretroviral therapy, which is an important factor that may
influence the treatment in people living with HIV. Given that the
majority of MDR-TB globally is not associated with HIV, however,
our data are relevant to a large proportion of global cases.
Additionally, model development was better informed by
intensive than sparse PK data, which is easier to obtain in
clinical settings, but is simultaneously less-informative because
of
observations within a dosing interval. For this reason, model

parameters estimation relies on a reduced number
building and assessment of PK parameters relied in an initial
stage only on the intensive data, which was available for only
26% of participants. Additionally, the pre-dose concentrations

from both intensive and sparse data were affected by larger
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variability than post-dose concentrations, likely due to self-
reported dosing history. We tried to mitigate the effect of this
uncertain information by allowing larger between-occasion
variability for absorption parameters and bioavailability in the
final model. As shown in the final visual predictive check, the
model prioritized intensive data, but still described sparse data
adequately. Finally, this non-interventional cohort study assessed
the extent to which participants achieved literature-derived efficacy
and toxicity targets. Future studies will need to evaluate the impact of
model-derived treatment decisions on improved treatment
outcomes and frequency of treatment-associated side effects.

Conclusion

To the best of our knowledge, this is the first PK model for
linezolid developed in a population of Indian patients with MDR-
TB. We report values of clearance similar to those reported in
South African patients. These results suggest that while linezolid
dosed at 300 mg daily may be effective against isolates with
MICs <0.25mg/L, a dose of 600 mg is more likely to achieve
the efficacy target for isolates with higher or unknown MICs and
improved the PTA from 60% to 97% against such isolates,
representing nearly a third of samples tested in this study. The
high variability in multiple important PK parameters demonstrates
a role for model-based, individualized therapy to optimize
linezolid exposure. Additional prospective studies are needed to
confirm these findings and evaluate their role in improving both
efficacy and toxicity thresholds in clinical settings.
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Sweden, °University of Sydney, Faculty of Medicine and Health, School of Pharmacy, Sydney, NSW,
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University of Sydney, Sydney, NSW, Australia

Background: The pharmacokinetic/pharmacodynamics (PK/PD) target derived
from the hollow-fiber system model for linezolid for treatment of the
multidrug-resistant  tuberculosis (MDR-TB) requires clinical validation.
Therefore, this study aimed to develop a population PK model for linezolid
when administered as part of a standardized treatment regimen, to identify the
PK/PD threshold associated with successful treatment outcomes and to
evaluate currently recommended linezolid doses.

Method: This prospective multi-center cohort study of participants with
laboratory-confirmed MDR-TB was conducted in five TB designated
hospitals. The population PK model for linezolid was built using nonlinear
mixed-effects modeling using data from 168 participants. Boosted
classification and regression tree analyses (CART) were used to identify the
ratio of 0- to 24-h area under the concentration-time curve (AUCq_o4n) to the
minimal inhibitory concentration (MIC) threshold using the BACTEC MGIT
960 method associated with successful treatment outcome and validated in
multivariate analysis using data from a different and prospective cohort of
159 participants with MDR-TB. Furthermore, based on the identified thresholds,
the recommended doses were evaluated by the probability of target attainment
(PTA) analysis.

Result: Linezolid plasma concentrations (1008 samples) from 168 subjects
treated with linezolid, were best described by a 2-compartment model with
first-order absorption and elimination. An AUCq_»4n/MIC > 125 was identified as
a threshold for successful treatment outcome. Median time to sputum culture
conversion between the group with AUCq_24,/MIC above and below 125 was

frontiersin.org
114


https://www.frontiersin.org/articles/10.3389/fphar.2022.1032674/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.1032674/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.1032674/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.1032674/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2022.1032674&domain=pdf&date_stamp=2023-01-09
mailto:yhu@fudan.edu.cn
mailto:yhu@fudan.edu.cn
https://doi.org/10.3389/fphar.2022.1032674
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2022.1032674

Zhang et al.

10.3389/fphar.2022.1032674

2 versus 24 months; adjusted hazard ratio (aHR), 21.7; 95% confidence interval
(Cl), (6.4, 72.8). The boosted CART-derived threshold and its relevance to the
final treatment outcome was comparable to the previously suggested target of
AUCq_24n/MIC (119) using MGIT MICs in a hollow fiber infection model. Based
on the threshold from the present study, at a standard linezolid dose of 600 mg
daily, PTA was simulated to achieve 100% at MGIT MICs of < .25 mg which
included the majority (81.1%) of isolates in the study.

Conclusion: We validated an AUCq_54,/MIC threshold which may serve as a
target for dose adjustment to improve efficacy of linezolid in a bedaquiline-
containing treatment. Linezolid exposures with the WHO-recommended dose
(600 mg daily) was sufficient for all the M. tb isolates with MIC < .25 mg/L.

KEYWORDS

linezolid, pharmacokinetics,

pharmacodynamics

1 Introduction

With the update of World Health Organization (WHO)
(MDR-TB)
guidelines in 2019, linezolid is included as one of the
important Group A agent (World Health, 2020). It is expected
that this will improve the 6-month sputum culture conversion

multidrug-resistant  tuberculosis treatment

rate as well as treatment outcome of MDR-TB treatment (Lee
et al., 2017; Ahmad et al.,, 2018; Singh et al., 2019; Padayatchi
et al.,, 2020).

Linezolid is a drug with a narrow therapeutic window which
requires close monitoring of participants to prevent toxicity
(Wasserman et al, 2016). In the MDR-TB treatment
recommendations issued in 2020 (World Health, 2020), the
WHO highlighted the urgent need to investigate linezolid
dose optimization and treatment duration in order to
minimize its toxicity. As linezolid drug concentrations are
highly variable (Wasserman et al, 2019), therapeutic drug
monitoring (TDM) is recommended to monitor the drug
exposure to facilitate dose individualization. Previous studies
have consistently shown that higher drug exposure of linezolid in
relation to in wvitro susceptibility of the Mycobacterium
tb) 2019) s
associated with improved TB treatment outcome (Pasipanodya
et al., 2013; Swaminathan et al,, 2016; Zheng et al.,, 2021).

The ratio of 0- to 24-h area under the concentration-time

tuberculosis (M. isolate (Heinrichs et al,

curve (AUC »45) to the minimal inhibitory concentration (MIC)
is generally used as the thresholds in TDM of TB treatment
(Sturkenboom et al., 2021). A study in a hollow fiber infection
model of tuberculosis found that optimal microbial kill for
linezolid was achieved at an AUC( ,4,/MIC ratio of 119
(Srivastava et al,, 2017). However, this target was identified
in vitro, using linezolid in monotherapy and only a single M.
tb strain H37Rv (ATCC 27294) with MIC identified using the
mycobacterial growth indicator tube (MGIT) assay (Becton
Dickinson, Franklin Lakes, NJ) (Srivastava et al., 2017). Thus,
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it is necessary to validate the clinical relevance of previously
reported target and to evaluate the sufficiency of the
recommended and commonly used doses of linezolid.
Therefore, the present study aimed to model the population
pharmacokinetics (PK) of linezolid when administered as part of
a standardized MDR-TB regimen, identify
pharmacokinetic/pharmacodynamics (PK/PD) threshold

associated with treatment outcome and to evaluate the current

treatment

dose of linezolid.

2 Method
2.1 Study design

Participants from two cohorts were included for this analysis.
The development cohort derived from a previously reported
study (Zheng et al, 2021), targeting the participants with
of MDR-TB from designated
hospitals in Jiangsu, Guizhou and Sichuan Province in China

bacteriological ~diagnosis
between January 2015 and December 2017. The validation cohort
enrolled participants from Sichuan, Jiangsu and Henan Province
based on the same inclusion criteria. Briefly, eligible participants
were > 18 years old and < 70 years old and diagnosed as MDR-
TB by GeneXpert MTB/RIF (Cepheid, Sunnyvale, CA) and M. tb
drug susceptible test. Participants were excluded if critically ill,
pregnant, infected with HIV, HBV or HCV, having received
treatment for MDR-TB for more than 1day, or refused to
participate.

The development cohort received linezolid-containing
regimen including bedaquiline, moxifloxacin or levofloxacin,
linezolid as well as the background regimen to complete a
full-oral The
standardized oral regimen of fluoroquinolones, bedaquiline,

regimen. validation  cohort received a
linezolid, clofazimine and cycloserine for 6 months, followed

by fluoroquinolones, linezolid, clofazimine and cycloserine for
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18 months (World Health, 2020). All participants were given
600 mg linezolid once daily, as recommended by the WHO
(World Health, 2020). The study was approved by the ethics
committee of the School of Public Health, Fudan University
(IRB#2015-08-0565) and written informed consent was obtained
from all subjects.

In both two study cohorts, the participant received the
inpatient treatment for the first 2 weeks after treatment
initiation, then followed by outpatient treatment. All study
participants were routinely examined monthly during the
intensive phase (the first 6 months) and once every 2 months
during the consolidation phase (the next 18 months). A
questionnaire was used to collect demographic data, while
medical and laboratory data were extracted from hospital
records.

2.2 Blood drug concentration
determination

In the development cohort, blood samples for drug
concentration analysis were collected prior to dose intake and
at 1, 2, 4, 6 and 8 h after dose intake after 2 weeks’ inpatient
treatment. According to the previously reported study (Kamp
etal, 2017), the limited sampling strategy (predose and 2 h after
dose intake) proven to have an accurate predication, comparable
to intensive sampling (root mean squared error of 6.07%, R* of
.98). Thus, in the validation cohort, limited sampling strategy
were applied at predose, 2 and 6 h after dose intake after 2 weeks’
TB treatment. Plasma concentrations were determined using a
validated high performance liquid chromatography tandem mass
spectrometry (HPLC-MS/MS) method. Linezolid concentrations
were measured using linezolid-d3 as the internal standard with
m/z of 338.01—296.04. The analytical range for linezolid was
.05-30 mg/L, with good linearity of R* > 99.53%. The inaccuracy
was within the range of 87.3%-108% for all concentrations and
the imprecision values were less than 11.5% over the entire range
of calibration standards.

2.3 Population pharmacokinetic modeling

To build the population PK model, data of 168 study
participants from a previously published study were included
(Zheng et al., 2021). The population PK model for linezolid was
built using the nonlinear mixed-effects method (Phoenix NLME,
version 8.0; Certara Inc., Princetoln, United States). One- and
two-compartment models with first-order eliminations were
used to fit the data. The residual-error models included
additive, proportional, and combined error models were
tested. After building the structural model, covariates were
added in a stepwise regression with forward inclusion
(AOFV>3.84, p <.05) and backward elimination (AOFV>6.64,
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p <.01). The final model was evaluated and validated using visual
predictive check (VPC) by simulating linezolid concentrations
for 1,000 participants from the original data set and the final
model. The population PK parameters in the validation cohort
were calculated by Bayes Estimation based on the established
population PK model.

2.4 Drug susceptibility testing

Sputum samples were collected at each visit and were sent to
the prefectural TB reference laboratory for the microbiological
The BACTEC MGIT 960 system
Dickinson, Franklin Lakes, NJ, United States) was used for
bacterial culture of the M. tb isolates, phenotypic drug
susceptibility testing and MIC determination for linezolid

examination. (Becton

(Springer et al., 2009). All suspension from the growth in the
plain MGIT medium were used within 3 days after found positive
in MGIT incubator. The growth control tube containing 1:
100 diluted bacterial suspension, was inoculated in the MGIT
960 instrument as well. The range of concentrations for MIC
testing was .06-1 mg/L for linezolid. The MIC was defined as the
lowest concentration of a drug that inhibited the bacterial
growth. M. tb H37Rv (ATCC 27294) was used as the
reference strain for the quality control.

2.5 Treatment outcome

The routine follow-up examinations and laboratory tests
were performed monthly during the intensive phase, and
every second month during the continuation phase of
standardized MDR-TB treatment. defined as
completed treatment and at least three consecutive, negative

Cure was

sputum cultures of M. tb, with at least 30 days in between
sampling. A successful treatment outcome was defined as
treatment completion or cure. An unsuccessful treatment
outcome included treatment failure, all-cause mortality, and
default during treatment or transfer out (World Health, 2013).

2.6 ldentification and validation of PK/PD
threshold of MDR-TB treatment outcome

The threshold was identified by relating the PK parameters to
the treatment outcomes using boosted classification and
regression tree analyses (CART). Boosted CART analysis was
performed using Salford Predictive Miner System software (San
Diego, CA, United States). Boosted CART analysis searched the
PK parameters including peak serum concentration (Cyax)s
trough concentration (Cyin), AUCq_24n, AUC 24n/MIC, Cppax/
AUC) 545 and the possible cutoff values to identify the best
predictor for classifying between participants with and without
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the studied outcome (i.e., time to sputum culture conversion and
successful treatment outcome) using Salford Predictive Miner
System software (San Diego, CA, United States). The association
between the boosted CART-derived threshold and treatment
outcomes was validated by Poisson regression model with
robust variance. COX proportional hazard regression model
was used for evaluating the relationship between the boosted
CART-derived threshold and time to sputum culture conversion.
The clinical significance of the identified threshold was also
validated by comparing to the previously reported threshold
(119) derived from a hollow fiber infection model using the
MGIT assay (Becton Dickinson, Franklin Lakes, NJ) (Srivastava
et al., 2017).

2.7 Dose regimen evaluation

The Monte Carlo simulation was performed using Phoenix
NLME (version 8.0; Certara Inc., Princeton, United States) as well.
The characteristic data of a specifically simulated population (n =
1000) needed in the model were duplicated from original
validation cohort to ensure its representativeness of the study
population. The WHO-recommended dose (600 mg daily) (World
Health, 2020), and the other previously proposed doses (300 mg,
900 mg, and 1200 mg daily) were evaluated by an analysis of the
probability of target attainment (PTA) in the simulated population
(Bolhuis et al,, 2018). The PTA was derived by calculating the
fraction of subjects who attained the PK/PD target or threshold at
different MICs in BACTEC MGIT 960 system. The studied MICs
included .06, .12, .25, .5, and 1 mg/L, where 1 mg/L of linezolid was
referred to as the critical concentration in MGIT system in the
Technical Report on critical concentrations for drug susceptibility
testing (World Health, 2018). The dose was defined as sufficient at
PTA values of > 90%.

2.8 Statistical analysis

Baseline characteristics were summarized using descriptive
statistics expressed as medians with interquartile ranges (IQR)
for continuous variables and proportions for categorical
variables. Chi-squared test analysis was performed for
categorical variables, while one-way analysis of variance or
Mann-Whitney U test were used for continuous variables. The
main microbiological outcome was time to sputum culture
conversion, defined as the time from treatment initiation to
sustained sputum culture conversion. The time to sputum
conversion was illustrated using the Kaplan-Meier method
and difference between comparison groups were assessed
using the log-rank test. Poisson regression model with robust
variance was used to assess the correlation between the
pharmacokinetic parameters and treatment outcomes. The

multivariate COX proportional hazard regression model was
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used to verify the correlation between the CART-derived
threshold and time to sputum culture conversion. The start
time for the survival analysis was the first date of treatment.
The endpoint of the observation was defined as the end of
treatment in the survival analysis. As treatment outcome is
influenced by multiple factors, we explored weight, BMI,
tobacco use, alcohol use, diabetes mellitus type 2 status,
albumin, cavity, baseline time to culture positivity and other
factors that may be potential confounders based on the previous
study (Madzgharashvili et al., 2021; Meregildo-Rodriguez et al.,
2022). The association between linezolid drug exposure and
treatment outcome were adjusted by the identified covariates
based on the univariate analysis. A p-value of <.05 was
considered statistically significant. IBM SPSS 20.0 (IBM Corp.,
Armonk, NY) was used to perform statistical description and
COX proportional hazard regression model analysis.

3 Result
3.1 Population characteristics

The study included a total of 327 study participants. Data of
168 participants was used for the development cohort and data of
159 participants for the validation cohort. There was no
significant difference between the two cohorts regarding the
baseline characteristics (Table 1).

3.2 Drug susceptibility

The median MIGT MICs of the clinical isolates were .25
(range .12-.5) mg/L for linezolid, with MIC < .25 mg/L for the
majority (81.1%) of the isolates. The H37Rv (ATCC 27294) as
reference had a MIC of .5 mg/L, comparable to that in WHO
report (World Health, 2018) (Figure 1). All strains were
susceptible to linezolid before initiating the treatment.

3.3 Population pharmacokinetic modeling
and parameter calculation

The linezolid concentrations in 1008 plasma samples from
168 subjects were best described by a 2-compartment model with
first-order absorption and elimination. An additive error model
was used to describe the unexplained residual variability for
linezolid. Apart from weight, diabetes type 2 independently
influenced linezolid CL and V4 and the inclusion of diabetes
type 2 resulted in a reduction of 38.49 points (p <.001) in OFV
and explained 3.6% between-subject variability in CL and .6%
between-subject variability in V4 (Table 2). The predicted
linezolid concentrations reached an acceptable agreement with
the observed concentrations, as shown in the goodness of fit and
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TABLE 1 Baseline demographic and clinical characteristics of participants in two studied cohorts.

Linezolid Development cohort (n = 168) Validation cohort (n = 159)
Median (IQR) or no. (%) Median (IQR) or no. (%)

Age, year 41 (33-45) 40 (29-54) 47
Bodyweight, kg 53 (47-66) 59 (53-64) 10
BMI 20 (18-23) 21 (18-22) 95
Male 125 (74.4) 103 (64.8) 08
Smoking 43 (25.6) 31 (19.5) 24
Alcohol consumption 40 (23.8) 28 (17.6) 12
Diabetes type 2 32 (19.0) 27 (17.0) 49

Abbreviations: IQR, inter quartile range.
A Chi-square test were used to identify the differences between groups for categorical variables, while one-way analysis of variance or Mann-Whitney U test were used for continuous
variables. The body mass index (BMI, kg/m*) was calculated through weight (kg) divided by square of height (m).

visual predictive check plots (Figure 2). The VPC for the entire
data set demonstrated a good prediction of the model (Figure 3).

Applying the population PK modeling, using the linezolid
120 115 (72.3%) concentration measured in the samples from the validation
cohort, the C,,i, was 2.0 (1.5-2.3) mg/L and the C,,x was
16.2 (14.8-18.8) mg/L. The AUC)_,4, was 108.3 (82.6-119.1)
mg h/L after an oral dose of 600 mg daily. The AUCg_»4,/MIC
values (median and IQR) were 428.3 (301.2-489.8). The C,,.x/

MIC values (median and IQR) were 64.0 (45.8-77.1) (Table 3).

100

80

3.4 Treatment management in validation

60 cohort

Percentage(%)

During the treatment, 27 of the study participants
experienced linezolid-induced toxicity presenting as cytopenia
(14, 8.8%), peripheral neuropathy (11, 6.9%) and optic neuritis
(9, 5.7%). Among 18 participants with the linezolid dose

40

20 reduction or temporary interruption due to severe adverse
events, all recovered and 17 participants were back to the
standard dosage and one participant continued with a reduced
dose of 300 mg daily until end of treatment.

At end of treatment, 149 (93.7%) succeeded in the treatment and

median time of sputum conversion was 3 (1, 5) months. Except for sex

0

0.06 0.12 0.25 0.5 1

Minimum inhibitory concentration(mg/L) and CXR-severity, there is no significant difference between the
participants with and without successful treatment in terms of

FIGURE 1

The distribution of minimum inhibitory concentration of
linezolid for Mycobacterium tuberculosis isolates. Note: The
BACTEC MGIT 960 system (Becton Dickinson, Franklin Lakes, NJ,
United States of America) was used for bacterial culture, P . . . .
phenotype drug susceptibility testing and MIC values. The H37Rv 35 Identlﬁcatlon and Valldatlon Of Cllnlcal'
(ATCC 27294) was used for reference to be inoculated with four Signiﬁca nt thresholds

batches of studied isolates as denoted. The MIC was defined as the
lowest concentration of a drug that inhibited the bacterial growth.
Abbreviations: MIC, minimum inhibitory concentration. PK parameters including Cyax, Cinine AUCq 241, AUCq 241/

sociodemographic characteristic and baseline disease status (Table 4).

MIC and C,x/AUC 54, were significantly different between
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TABLE 2 Pharmacokinetic parameters of linezolid population pharmacokinetic model in development cohort.

Linezolid

Typical value of Population parameters

Ka (/h) 2.0 11.1
CL (L/h) 5.6 1.6
Va(L) 35.8 2.0
Q (L/h) 9 13.7
Vp(L) 58.6 132
Tlag(h) .6 8.4

Variation of parameters between individuals

CL (L/h) 21.6 14.6
Vd (%CV) 24.4 11.1
Tlag(%CV) — —
Covariate
6 (Bodyweight)-CL .75 —
6 (Bodyweight)-Vd 1.0 —
0 (Diabetes)-CL 1 10.5
6 (Diabetes)-Vd 5.0 11.1
6 (Age)-CL _ _
Additional residual (mg/L) 5 4.2

Proportion of residual (mg/L) — _

Abbreviations: CL, clearance; CV, coefficient of variation; Ka, absorption rate constant; V¢, volume of central compartment distribution; Q, Inter-compartment clearance; Vp, volume of
peripheral compartment; Tlag, lag time; V/F, apparent volume of distribution; RSD%, relative standard deviation.
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FIGURE 2
Goodness-of-fit plot for the final model. (A) Population predicted versus population observed concentrations; (B) Individual predicted versus
individual observed concentrations.

groups of successful and unsuccessful treatment (Table 3). By AUC) p/MIC  (125) was identified (Figure 4). The
relating PK/PD parameters to treatment outcome and time to proportion of study participants above the CART-derived
sputum culture conversion, the CART-derived threshold of threshold was 91.8% (146/159). The association between the
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Linezolid Concentration (mg/L)

Time after dose (h)

FIGURE 3

Visual predictive check plots of the final model for linezolid in

the development cohort. Note: The top, middle, and bottom solid
lines were the 95th,50th and 5th percentiles of the observed data,
respectively. The shaded areas from top to bottom were the

95% confidence interval for the 95th, 50th, and 5th percentile of
the simulated data. The dots were the observed concentrations.

CART-derived threshold and final treatment outcome was
validated by Poisson regression model with robust variance
(100% vs. 23.1%; adjusted RR, 4.3; 95%CI, 1.6-11.7). Also, the
CART-derived threshold was significantly associated with time
to sputum conversion (median time to sputum culture
conversion between the group with AUC, ,4,/MIC above and
below 125: 2 vs. 24 months; adjusted HR, 21.7; 95%CI, 6.4-72.8)
(Table 5). The association between the CART-derived threshold
and final treatment outcome/time to sputum culture conversion
was well comparable to the previously reported target of 119
(Srivastava et al., 2017) (Figure 5).

10.3389/fphar.2022.1032674

3.6 Dose regimen evaluation

Based on the CART-derived threshold, at a standard linezolid
dose of 600 mg daily, PTA was simulated to achieve 100% at
MGIT MICs of < .25 mg/L, while at 300 mg daily, commonly
used when adverse events happen, PTA attain above 90% at
MICs < .125mg/L and was 74.2% at MIC of .25mg/L.
Comparably, a dose of 900 mg daily had PTA exceeding 90%
(100%) at an MIC of .5 mg/L covering all isolates in our study. At
the critical concentration of 1 mg/L in MGIT which was not
found for any isolate in our study, 1200 mg daily failed to achieve
a PTA of > 90% (68.6%) at the AUCy ,4,/MIC ratio of 125. Only
dose up to 1400 mg had PTA exceeded 90% (93.1%) at MIC of
1 mg/L (Figure 6).

4 Discussion

Our results provide valuable insight into population PK and
its association with time to sputum culture conversion and
treatment outcome as well as the probability of target
attainment with current WHO recommended regimen in
participants with  MDR-TB in China. A linezolid PK/PD
threshold of AUC/MIC > 125, using MGIT MICs, was
associated with successful treatment outcome and may be
used for TDM.

We found that two-compartment model with an additive
error model best fitted the pharmacokinetic profiles of linezolid.
Previous studies reported a one-compartment model (Sotgiu
et al., 2012; Kamp et al, 2017; Lopez et al, 2019; Alghamdi
et al., 2020) to be adequate to describe the pharmacokinetic
profile of linezolid while our study found that a two-
compartment described data better compared to a one-
compartment model as demonstrated by an OFV decrease of
18. This can be explained by smaller sample sizes or collection of
fewer blood samples in the elimination phase of the drug.
Diabetes type 2 was found to be a major covariate explaining

TABLE 3 Pharmacokinetic parameters between groups with different treatment outcomes in validation cohort.

Pharmacokinetic parameters Total Successful treatment Unsuccessful treatment P-value®
Median (IQR) Median (IQR) Median (IQR)

Cinax (mg/L) 16.2 (14.8-18.8) 16.4 (15.2-18.9) 13.4 (12.4-15.0) <01

Cnin(mg/L) 2.0 (1.5-2.3) 2.0 (1.6-2.3) 12 (8, 1.3) <.001

AUC, 41, (mg h/L) 108.3 (82.6-119.1) 108.8 (87.1-120.6) 50.1 (48.0-56.4) <.001

AUC, 24n/MIC 428.3 (301.2-489.8) 434.6 (326.1-491.8) 100.1 (96.0-112.8) <.001

Cinax/MIC 64.0 (45.8-77.1) 64.7 (49.4-77.5) 26.8 (24.9-30.0) <.001

Abbreviations: IQR, inter quartile range; 95% CI, 95% confidence interval; peak serum concentration (Cyax); trough concentration (Cppiy); 0- to 24-h area under the concentration-time

curve (AUCy 24p); minimum inhibitory concentrations (MIC).

*Comparisons of Cpaxs Cininy AUCq_24n, AUC(_240/MIC, Cppax/ AUC 241 between successful treatment outcome group and unsuccessful treatment outcome groups were evaluated using

one-way analysis of variance or Mann-Whitney U test.
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TABLE 4 Socio-demographic features and baseline disease status between groups with different treatment outcomes in validation cohort.

Variables Successful treatment (n = 149) median Unsuccessful treatment (n = 10) median
(IQR) or no. (%) (IQR) or no. (%)
Socio-demographic characteristics
Age, year 40 (29.0, 53.5) 39 (30.3, 57.0) 80
Height, m 1.70 (1.65, 1.77) 1.65 (1.62, 1.78) 44
Bodyweight, kg 59 (53, 64) 59.5 (55.5, 69.0) 24
BMI 20.1 +2.99 21.7 + 329 58
Sex, male 100 (67.1%) 3 (30%) <.05
Baseline disease status
Diabetes type 2 26 (17.4) 1 (10.0) 1.00
Albumin, g/L 42 (40.8, 52.0) 42 (40.8, 52.0) 14
Clinical severity” 37 (24.8) 4 (40.0) 28
CXR severity 22 (14.8) 4 (40.0) <.05
Cavity 29 (19.5) 4 (40.0) 22
Baseline time to culture 13 (12.5, 15.0) 12 (10.0, 13.0) 15
positivity, day

*Comparisons of continuous variables between successful treatment outcome group and unsuccessful treatment outcome groups were evaluated using one-way analysis of variance or
Mann-Whitney U test. Categorical variables was performed using the Chi-square or Fisher’s exact test.

"Clinical severity was defined as the TB score >8 (Rudolf et al., 2013).

Study sample=159 patients
treatment outcome
Unsuccessful 10 (6.3%)
Successful 149 (93.7%)

Linezolid AUCo-24n/MIC<125
n=13
Unsuccessful 10 (77.0%)
Successful 3 (23.0%)

FIGURE 4

Identification of linezolid exposure/susceptibility threshold to differentiate the treatment outcome among 159 study participants in validation
cohort. Note: AUCq_4,/MIC of linezolid were examined in the boosted classification and regression tree analyses. Abbreviations: MIC, minimum
inhibitory concentration; AUC0-24 h, 0- to 24-h area under drug concentration-time curve.

inter-individual residual variability of clearance and distribution
volume for linezolid. Participants with diabetes type 2 commonly
take the risk of developing diabetic gastroparesis, thus may affect
the absorption of drugs. In previous studies (Singla et al., 2006),
TB participants with diabetes type 2 were found to have higher
probability of suboptimal drug exposure, which was explained by
malabsorption due to diabetic enteropathy or by increased BMI
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Linezolid AUC,4,/MIC>125
n=146
Unsuccessful 0 (0%)
Successful 146 (100.0%)

(Chang et al, 2011; Mtabho et al, 2019). The VPC results
indicated that the developed model was precise and could be
used for simulation purposes. Thus, we established a population
PK modeling suitable for TDM of linezolid during the MDR-TB
treatment.

We identified an association between linezolid exposure and

clinical treatment outcome of MDR-TB. Linezolid is a
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TABLE 5 Validation of CART-derived threshold in relation to the final treatment outcome and time to sputum culture conversion in the validation cohort.

Thresholds of AUC,.

Treatment outcome

Time to sputum culture conversion

24n/MIC
Successful RR EL Median (IQR) time to culture HR Adjusted HR
(%) conversion (month) (95%ClI) (95%Cl)°

<125 3(23.1) 1 1 24 (24, 24) 1 1

>125 146 (100) 43 43 2(1,4) 204 21.7 (6.4, 72.8)
(1.6,117) (1.6, 11.7) (6.3, 66.6)

<119 0 (0) 1 1 24 (24, 24) 1 1

>119° 149 (100) 9.9 9.9 2(1,4) 43.5 (6.0, 39.8 (5.4, 292.5)
(1.6, 63.8) = (1.6, 63.8) 316.6)

Abbreviations: AUCy_,4p: the 0- to 24-h area under drug concentration-time curve; MIC: minimum inhibitory concentration in BACTEC 960 MGIT; RR, relative risk; HR, hazard ratio.

CART: classification and regression tree analyses.

“The previously reported target of AUCy_4,/MIC 119 (Srivastava et al., 2017) was identified using the MGIT assay (Becton Dickinson, Franklin Lakes, NJ) to identify MIC in hollow fiber

infection model as the reference for comparison.

"The association between the boosted classification and regression tree analyses (CART)-derived threshold and treatment outcome was validated by Poisson regression model with robust
variance. COX proportional hazard regression model was used for evaluating the relationship between the boosted CART-derived threshold and time to sputum culture conversion.

Adjusted HR was calculated according to current area, age, sex; CXR severity.
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FIGURE 5

Time to culture conversion among the studied participants in
validation cohort with multidrug-resistant tuberculosis grouped by
the threshold in this study and previously reported target. Note:
AUCq_24n/MIC of 125 was derive from boosted classification

and regression tree analyses in the study. The previously reported
target of AUCq_24n/MIC 119 (Srivastava et al., 2017)was identified
using the MGIT assay (Becton Dickinson, Franklin Lakes, NJ) to
identify MIC in hollow fiber infection model as the reference for
comparison. Abbreviations: AUC0-24 h: 0- to 24-h area under the
concentration-time curve; MIC: minimum inhibitory
concentrations.

concentration-dependent drug and high drug exposure
contributes to treatment efficacy, albeit limited by adverse
events (Deshpande et al., 2016). As an oxazolidinone with
potent activity against M. tb, linezolid suppresses oxidative-
phosphorylation protein complexes 1, 3, 4, and 5 and ATP
production levels in a clearly exposure-dependent manner for
the once-daily (q24h) regimens (Brown et al, 2015). This
present study observed 27 of participants had linezolid-
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induced toxicity, some of which are thought to be associated
with mitochondrial disturbance. However, after dose reduction
or interruption, all recovered. Meanwhile, we did not find the
impact of mitochondrial toxicity on the treatment outcome,
probably due to the healthier participant included in the
present study compared to the previously published studies
(Brown et al, 2015; Song et al, 2015). In the present study,
AUC/MIC was identified to be related to the treatment outcome,
which is also demonstrated by previous studies (Alffenaar et al.,
2011; Sotgiu et al., 2015).

An AUC( 4,/MIC > 125, applying MGIT MICs was
identified by boosted CART as primary node to define the
successful treatment outcome of longer regimen in MDR-TB
participants among our study population. This threshold was
also observed to be strongly associated with the treatment
outcome and time to sputum culture conversion, which is
supported by the previously reported target for optimal
bactericidal activity of an AUC,_p4,/MIC >119 (Srivastava
et al, 2017). By confirming the clinical significance, this
threshold may be applied for dose adjustments in a
randomized controlled trial investigating TDM-derived doses
of linezolid vs. standard dose of linezolid for MDR-TB treatment
before applying it in the routine medical practice.

In the present study, currently recommended dose of
linezolid was observed to be effective at MIC < .25mg/L
which covered the majority of the isolates (81.1%). Based on
the identified threshold, 600 mg would have a PTA exceeding
90% at MIC < .25 mg/L in MGIT. The clinical efficacy of 600 mg
(MIC < .25mg/L)
Middlebrook 7H10 agar plates is also reported in previous
studies (Heinrichs et al., 2019; Alghamdi et al., 2020). In our
exploratory analysis, we found PTAs below 90% for 600 mg of
linezolid at MICs of .5 and in particular 1 mg/L. Of note, we

in

linezolid for susceptible isolates

found no isolate at a MIC of 1 mg/L in our study. Furthermore, it
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concentration-time curve; MIC, minimum inhibitory concentration.

should be noted that if individual TDM is considered at the
suggested targets, the technical MIC variability of + one MIC
dilution must be considered since this variability may affect the
individual PK/PD value significantly. When considering higher
dosing than 600 mg of linezolid daily, it should be noted that the
administration of 1200 mg daily in the Nix-TB study was
reported to achieve as high as 90% favorable outcome,
although with alarming high rates of severe adverse events in
the study participants (81% peripheral neuropathy and 48%
myelosuppression) (Conradie et al., 2020). Therefore, clinically
validated PK/PD thresholds and individual-based dose-guidance
by TDM are important tools for dose optimization to avoid
adverse events while ensuring treatment efficacy.

The strength of our study is that we developed population PK
models for linezolid based on a relatively large number of MDR-
TB participants with a standardized MDR-TB treatment regimen
in China, where similar studies have not been reported.
Additionally, the PK/PD threshold in this study was identified
by treatment outcome of a large clinical cohort population, which
can provide valuable and clinically-relevant support for the dose
adjustment of linezolid using TDM. Another strength is that this
study evaluated the validation of current WHO-recommended
dose for linezolid using simulations and demonstrated a high
target attainment (> 90%). Furthermore, the study provided the
important example to suggest that, to use the limited sampling
for monitoring in daily practice with population
pharmacokinetic model, would support AUC guided dosing.
Regarding linezolid monitoring in a clinical setting, current
recommendations include a trough concentration <2.5mg/L
(Wasserman et al, 2022) or < 2mg/L (Song et al, 2015)
relevant to linezolid-relevant adverse events as well as drug
thresholds of favorable

exposure/susceptibility predictive
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treatment outcome (e.g., 125 in present study). Their clinical
significances for the dosing adjustment will require the validation
from the randomized clinical trials.

This study is subject to some limitations. Firstly, as the study
participants required to be healthy enough to receive the whole
course of treatment, none die or experienced unmanageable
adverse events, which may restrict the representativeness of
the study findings to some degree. As repeated DST testing of
consecutive M. tb cultures was not performed, we were unable to
monitor the potential development of linezolid resistance during
treatment. However, since a high proportion of participants had
sputum cultured converted at 6 months’ treatment (77.4%), and
that resistance emergence against linezolid is extremely rarely
reported in the literature (Lee et al, 2017; Wasserman et al.,
2019), we regard the risk for undetected acquired drug resistance
to linezolid very low. Meanwhile, during the treatment, we
retrieved the data of treatment prognostics from the medical
records and we are unable to find the possible impact of
treatment-related factors (e.g., acquired resistance to linezolid)
on the treatment outcome. Additionally, the treatment outcome
may be influenced by baseline disease status, the association
between linezolid and treatment outcome has been adjusted for
age, sex, area, and CXR severity. The treatment outcome of
MDR-TB is the result of the complete treatment regimen. Hence,
the observed threshold concentrations associated with successful
treatment outcome need to be viewed in context of the provided
treatment and setting. Given the comparable results in the
development and the validation cohort, we feel confident that
results can likely be extrapolated to other settings in China.
However, the PK/PD threshold should be used with caution in
settings outside China. Additionally, the MIC distribution has
substantial influence on the PK/PD analyses and MIC
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determinations show technical variability within and between
different methods and laboratories. Thus, some our target may
need further validation before generalized to other populations
and MIC methods.

5 Conclusion

We reported an AUCy ,4,/MIC threshold of 125 associated
with clinical outcomes in the MDR-TB participant in China,
which may serve as a target for dose adjustment of linezolid to
improve treatment outcome. Linezolid exposures associated with
the WHO-recommended dose (600 mg daily) was sufficient in
our setting for the majority of MDR-TB isolates and sufficient for
all isolates with MGIT MIC<.25 mg/L.
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Shorter (6—9 months), fully oral regimens containing new and repurposed drugs are
now the first-choice option for the treatment of drug-resistant tuberculosis (DR-TB).
Clofazimine, long used in the treatment of leprosy, is one such repurposed drug that
has become a cornerstone of DR-TB treatment and ongoing trials are exploring
novel, shorter clofazimine-containing regimens for drug-resistant as well as drug-
susceptible tuberculosis. Clofazimine's repurposing was informed by evidence of
potent activity against DR-TB strains in vitro and in mice and a treatment-shortening
effect in DR-TB patients as part of a multidrug regimen. Clofazimine entered clinical
use in the 1950s without the rigorous safety and pharmacokinetic evaluation which is
part of modern drug development and current dosing is not evidence-based. Recent
studies have begun to characterize clofazimine's exposure-response relationship for
safety and efficacy in populations with TB. Despite being better tolerated than some
other second-line TB drugs, the extent and impact of adverse effects including skin
discolouration and cardiotoxicity are not well understood and together with
emergent resistance, may undermine clofazimine use in DR-TB programmes.
Furthermore, clofazimine's precise mechanism of action is not well established,
as is the genetic basis of clofazimine resistance. In this narrative review, we present an
overview of the evidence base underpinning the use and limitations of clofazimine as
an antituberculosis drug and discuss advances in the understanding of clofazimine
pharmacokinetics, toxicity, and resistance. The unusual pharmacokinetic properties
of clofazimine and how these relate to its putative mechanism of action,
antituberculosis  activity, dosing considerations and adverse effects are
highlighted. Finally, we discuss the development of novel riminophenazine
analogues as antituberculosis drugs.

KEYWORDS

clofazimine, riminophenazines, B663, tuberculosis, drug-resistant tuberculosis (DR-TB),
multidrug-resistant tuberculosis (MDR-TB)

Introduction

Globally, nearly half a million new cases of multidrug- and rifampicin-resistant
tuberculosis (MDR/RR-TB) are estimated to occur each year and this number is likely
to increase due to the disruption of tuberculosis control efforts by the coronavirus disease
(COVID) pandemic (World Health Organisation, 2021). For many years, treatment
options for drug-resistant tuberculosis (DR-TB) were limited and required an extended
treatment duration (>18 months) using drugs with high toxicity and limited efficacy,
including daily injections. The past decade has seen major developments in the DR-TB
treatment landscape with considerable progress toward shorter, safer and more effective
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TABLE 1 Clinical studies reporting efficacy and safety outcomes with r

Study

Mitnick,
2008
(Mitnick

et al., 2008)

Nle)%
type

Retrospective,
observational
cohort

Regimen

Individualized
background
regimen
consisting of >

5 of the following
drugs: EMB,
PZA, AMK, STR,
KNM, CPM,
CFX, OFX, LFX,
SFX, CYS, ETO,
PAS, CAC, CLM,
CFZ, RFB

Clofazimine
dose

200-300 mg/d

9

Regimen
duration

Variable -
individualized
based on
sputum culture
results
(median =
24.9 months)

contai

Target
population

MDR-TB and
XDR-TB

g clofazi

HIV
positive

1.4%
(9/651)

651

Number
receiving
clofazimine

447

Treatment
success

MDR-TB: 66.3%
(400/603) XDR-
TB: 60.4%
(29/48)

Treatment
failed

MDR-TB: 2.1%
(13/603) XDR-
TB: 10.4% (5/48)

Died

MDR-TB: 20.4
(123/603)
XDR-TB:
22.9% (11/48)

Lost to
follow-up

MDR-TB:
10.3% (62/
603) XDR-TB:
6.2% (3/48)

(without* bedaquiline and linezolid) in adult patients with drug-resistant tuberculosis.

Sputum
culture
conversion
rate

Median time: MDR-TB:
61 days XDR-TB:
90 days

Incidence
of skin
discolouration

N/R

Van Deun,
2010 (Van

Deun et al.,
2010)

Prospective,
observational
cohort

Six different
standardized
regimens used
sequentially in
consecutive
cohorts over the
study period.
Regimens
consisted of
different
combinations of
the following
drugs: GFX, OFX,
KMC, CFZ, EMB,
INH, PTO, PZA.
(The most
effective regimen
consisted of
KMC, GFX, CFZ,
EMB, INH, PZA,
PTO with CFZ +
GEFX given
throughout)

100 mg/d
(233 kg) 50 mg/d
(<33 kg)

9-15 months
(Most effective
regimen =

9 months)

MDR-TB

Not tested
(Reported as
“virtually
absent” in
local
population)

427

427 (Intensive
phase only: 184;
intensive and
continuation
phase: 243)

Overall: 78.3%
(334/427) Most

effective regimen:

87.9% (181/206)

Overall: 4.0%
(17/427) Most
effective
regimen: 0.5%
(1/206)

Overall: 7.7%
(33/427) Most
effective
regimen: 5.3%
(11/206)

Overall: 9.6%
(41/427) Most
effective
regimen: 5.8%
(12/206)

N/R

0%

Xu, 2012
(Xu et al.,
2012b)

Retrospective,
observational
cohort

Individualized
background
regimen
consisting of >

4 of the following
drugs including
CFZ: AMK, CAC,
AZM, CLM,
CPM, EMB, GFX,
LEX, MFX, OFX,
PNH, PAS, PTO,
PZA, INH, RPT,
RFB, STR, LZD

100 mg/d

Variable -
individualized
based on
sputum culture
results

MDR-TB and
XDR-TB

39

38% (15/39)

23% (9/39)

0%

10% (4/39)

Median time: 12 weeks
Proportion: 56.4% (22/
39) *Time frame not
specified

79.5% (31/39) 16/
31 required CFZ
dose adjustment or
interrupted due to
skin discolouration;
1 patient developed
depression
reportedly due to
skin discolouration

640°UISIB1UOIY

Aung, 2014
(Aung et al,,
2014)

Pr

Standardized

P
observational
cohort

regimen: GFX,
CFZ, EMB, PZA,
KNM, PTO, INH

100 mg/d
(233 kg) 50 mg/d
(<33 kg)

9-12 months

MDR-TB

Not tested
(Reported as
“virtually
absent” in

515

515

84.5% (435/515)

1.4% (7/515)

5.6% (29/515)

7.8% (40/515)

Proportion: 93% at
2 months

N/R

(Continued on following page)
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TABLE 1 (Continued) Clinical studies reporting efficacy and safety outcomes with regimens containing clofazimine (without* bedaquiline and linezolid) in adult patients with drug-resistant tuberculosis.

following drugs +

Country  Study Regimen Clofazimine Regimen Target HIV Number Treatment Treatment Lost to Sputum Incidence
type dose duration population  positive receiving success failed follow-up  culture of skin
clofazimine conversion discolouration
rate
local
population)
Padayatchi, South Africa | Retrospective, Individualized 200-300 mg/d Variable - XDR-TB CFZ group: 85 50 N/R N/R CFZ group: CFZ group: Median time: CFZ CFZ discontinued in
2014 observational background individualized 88.0% 36.0 Control 58% (29/50) group: 16.4 weeks 1 patient due to skin
(Padayatchi cohort regimen based on Control group: 54.3 Control group: ~ Control group: discolouration. *Skin
et al., 2014) consisting of a sputum culture group: N/R 11.9 weeks Culture reaction” reported in
combination of results. (Follow- 82.9% conversion rate through | 14% of those with
the following up limited to 6 months favoured CFZ | adverse event data
drugs + CFZ: 12 months after group: adjusted hazard available (n = 42).
PZA, CPM, ETO, treatment ratio = 2.54, 95% CI: Unclear if this refers
MFX, OFX, PAS, initiation.) 0.99-6.52 Proportion at to discolouration or
TRD, EMB, INH, 12 months: CFZ group: | other skin reactions
CAC, CLM, RIF 40% (20/50) Control
group: 28.6% (10/35)
Piubello, Niger Prospective, Standardized 100 mg/d 12-14 months MDR-TB 1.7% 65 65 89.2% (58/65) 0% 9.2% (6/65) 1.6% (1/65) Proportion: 93.8% at 3.1%
2014 observational regimen: GFX, (233 kg) 50 mg/d 4 months 100% at
(Piubello cohort CFZ, EMB, PZA, (<33 kg) 6 months
et al,, 2014) KNM, PTO, INH
Kuaban, Cameroon Prospective, Standardized 100 mg/d 12-14 months MDR-TB 20% 150 150 89.3% (134/150) 0.6% (1/150) 6.67% 3.33% (5/150) Proportion: 99.2% at N/R
2015 observational regimen: GFX, (10/150) 3 months
(Kuaban cohort CFZ, EMB, PZA,
et al,, 2015) KNM, PTO, INH
Tang, 2015 China Randomized Individualized 100 mg/d 21 months MDR-TB 0% 105 53 CFZ arm: 73.6% CFZ arm: 11.3% CFZ arm: CFZ arm: Point estimates of 94.3%
(Tang et al,, controlled trial background (39/53) Control (6/53) Control 7.5% (4/53) 7.5% (4/52) median time not
2015) regimen arm: 53.8% arm: 28.8% Control arm: Control arm: reported, but Kaplan-
consisting of > (28/52) (15/52) 7.7% (4/52) 9.6% (5/52) Meier analysis favoured
5 of the following CFZ arm (Log-rank p =
drugs + CFZ: 0.042)
PTO, PZA, MFX/
LFX/GFX, PAS,
CPM/AMK,
EMB, CLM
Dalcolmo, Brazil Retrospective, CFZ group 100 mg/d 18 months MDR-TB, pre- CFZ group: 2,542 1,446 CFZ arm: 60.9% CFZ arm: 5.4% CFZ arm: CFZ arm: N/R 50.2%
2017 observational (2000-2006): (=45 kg) 50 mg/d XDR-TB, 5.5% (880/1,446) (78/1,446) 23.7% (343/ 10.0% (144/
(Dalcolmo cohort AMK, OFX, (<45 kg) XDR-TB Control Control arm: Control arm: 1,446) Control 1,446) Control
et al, 2017) TRD, EMB, STR, group: 7.0% 64.6% (708/ 8.7% (95/1,096) arm: 13.0% arm: 13.8%
CFZ Control 1,096) (142/1,096) (151/1,096)
group (2006-
2010): AMK,
LFX, TRD, EMB,
STR, PZA
Trebucq, Multi- Prospective, KNM, MFX, N/R 9-11 months MDR-TB 19.9% 1,006 1,006 81.6% (821/ 5.9% (59/1,006) 7.8% (78/ 4.8% (48/ N/R N/R
2018 country observational EMB, PZA, PTO, 1,006) 1,006) 1,006)
(Trebucq (West and cohort INH, CFZ
et al., 2018) Central
Africa)
Wang, 2018 China Randomized Individualized 100 mg/d 36 months XDR-TB 0% 49 22 CFZ arm: 36.4% CFZ arm: 31.8% CFZ arm: CFZ arm: Median time: CFZ arm: | 22.7%
(Wang et al., controlled trial background (8/22) Control (7/22) Control 9.1% (2/22) 22.7% (5/22) 19.7 months Control
2018) regimen arm: 44.4% arm:29.6% (8/27) Control arm: Control arm: arm: 20.3 months
consisting of the (12/27) 11.1% (3/27) 14.8% (4/27)
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TABLE 1 (Continued) Clinical studies reporting efficacy and safety outcomes with regimens containing clofazimine (without* bedaquiline and linezolid) in adult patients with drug-resistant tuberculosis.

%

Country

Regimen

CFZ: CPM/AMK,
MEX/LEX, PZA,

Clofazimine
dose

Regimen
duration

Target
population

21\%
positive

Sample
size

Number
receiving

clofazimine

Treatment
success

Treatment
failed

Died

Lost to
follow-up

Sputum
culture
conversion
rate

Incidence
of skin
discolouration

EMB, PAS, PTO
Duan, 2019 China Randomized Individualized 100 mg/d 24 months MDR-TB 0% 140 66 CFZ arm: 65.1% CFZ arm: 13.6% CFZ arm: CFZ arm: Point estimates 12.1%
(Duan et al., controlled trial background (32/66) Control (9/66) Control 6.1% (4/66) 15.2% (10/66) median time not
2019) regimen arm: 47.3% arm: 32.4% Control arm: Control arm: reported, but Kaplan-
consisting of the (35/74) (24/74) 2.7% (2/74) 15.6% (13/74) Meier analysis
following drugs favoured CFZ arm
+ CFZ: CPM/ (Log-rank p = 0.031)
AMK, LFX,
PZA, EMB,
PAS, PTO, CAC
Nunn, 2019 Multi- Randomized Short regimen 100 mg/d Experimental MDR-TB 32.6% Efficacy Short regimen: Short regimen: Short regimen: Short regimen: | Short regimen: | Point estimates No reports of
(Nunn et al., country controlled trial (experimental): (233 kg) 50 mg/d arm (short mITT 245 Long 78.8% (193/245) 10.6% (26/245) 3.7% (9/245) 0.4% (1/245) median time not skin discolouration.
2019) (Africa and MEX, CFZ, (<33 kg) regimen): population: regimen: N/R Long regimen: Long regimen: Long regimen: | Long regimen: | reported, but survival Unclear if this was
Asia) EMB, PZA, 9-11 months 369 79.8% (99/124) 5.6% (7/124) 4.0% (5/124) 2.4% (3/124) analysis found no due to non-
KNM, INH, Control arm difference between occurrence or
PTO Long (long regimen): regimens, hazard because it was not
regimen 18-20 months ratio (95% CI): 1.16 viewed as an
(control): (0.93-1.45) adverse event
Individualised
as per local
standard of
care based on
‘WHO guidelines.
CFZ was part of
standard of care
in South Africa
only as an
optional drug
Du, 2020 China Randomized Experimental: N/R Experimental MDR-TB 0% 135 67 Experimental Experimental Experimental Experimental Point estimates 10.4%
(Du et al,, controlled trial | CPM, LFX, CFZ, arm: 12 months arm: 68.7% (46/ arm: 10.4% (7/ arm: 3% (2/67) | arm: 17.9% median time not
2020) PTO, PZA Control arm: 67) Control arm: 67) Control arm: Control arm: (12/67) reported, but Kaplan-
Control: CPM, 18 months 64.7% (44/68) 14.7 (10/68) 1.5% (1/68) Control arm: Meier analysis did not
EMB, CYS, LFX, 19.1% (13/68) find a significant
PTO, PZA difference between
arms. Proportion at
3 months: Experimental
arm: 68.7% Control
arm: 55.9%
Misra, 2020 South Africa | Prospective, Unspecified 100-300 mg/d N/R MDR-TB, pre- 77.2% 600 <200 mg/d: Overall: 46.5% N/R N/R N/R N/R N/R
(Misra et al., observational individualized XDR-TB, 169 > 200 mg/ 279/
2020) cohort background XDR-TB d: 431 600) <200 mg/d:
regimens 42.6% (72/

including CFZ.
Some received
regimens
containing BDQ
or LZD.

169) =200 mg/d:

48% (207/431)

Abbreviations: AMK, amikacin; AZM, azithromycin; BDQ, bedaquiline; CAC, co-amoxiclav; CPM, capreomycin; CFZ, clofazimine; CLM, clarithromycin; CYS, cycloserine; EMB, ethambutol; ETO, ethionamide; GFX, gatifloxacin; KNM, kanamycin; LFX, levofloxacin; LZD,
linezolid; MFX, moxifloxacin; OFX, ofloxacin; PNH, pasiniasid; PAS, p-aminosalicylic acid; PTO, prothionamide; PZA, pyrazinamide; INH, isoniazid; RPT, rifapentine; RFB, rifabutin; STR, streptomycin; TRD, terizidone; HIV, human immunodeficiency virus; mITT,
modified intention-to-treat; N/R, not reported; MDR-TB, multidrug-resistant tuberculosis; XDR-TB, extensively drug-resistant tuberculosis; CI, confidence interval; *This is true for the majority of studies, although some patients in the studies by Xu, 2012 and Misra, 2020

received BDQ, and/or LZD.
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FIGURE 1

Depiction of the putative mechanisms of action of clofazimine (CFZ) acting at the level of the mycobacterial cell membrane: (A) CFZ competes with
menaquinone (MQ) as a substrate of type 2 NADH dehydrogenase (NDH-2) in the first step of the mycobacterial electron transport chain (ETC). This draws
electrons away from the ETC, possibly reducing ATP production. Reduced CFZ produced in the process is spontaneously re-oxidized in the presence of
intracellular oxygen (O5), leading to the formation of intracellular reactive oxygen species (ROS); (B) Clofazimine leads to an increase in lysophospholipids

in a process mediated by phospholipase A, (PLA;) activity. Lysophospholipids inhibit potassium (K*) uptake and cause direct membrane destabilisation,

thereby also disrupting ATP production.

therapy through the use of new and repurposed drugs. The “BPaL/
M” regimen (a combination containing bedaquiline, pretomanid
and dose-optimised linezolid with or without moxifloxacin for 6- to
9-month duration) was recently recommended by the World
Health Organisation (WHO) as the first-choice option for the
treatment of MDR/RR-TB with or without additional resistance
to fluoroquinolones (World Health Organisation, 2022a). This
fully oral regimen is one of the most important milestones in
tuberculosis treatment of the past decade, finally bringing the
duration of treatment for DR-TB back down to that of standard
therapy for drug-susceptible tuberculosis (DS-TB).

Clofazimine, a repurposed anti-leprosy drug, is recommended
as a key drug in shorter as well as longer DR-TB regimens (World
Health Organisation, 2020). Though the “BPaL/M” regimen
excludes clofazimine, it remains an important drug option for
individualised DR-TB therapy and is being evaluated in ongoing
trials (summarised in Table 1) as a component of novel, shorter
regimens for both DR- and DS-TB. This review presents an
overview of the evidence underpinning the use and limitations
of clofazimine as an antituberculosis drug. The unusual
pharmacokinetic properties of clofazimine and how these relate
to its putative mechanism of action, antituberculosis activity,
dosing considerations and adverse effects are highlighted.
Finally, we discuss the development of novel riminophenazine
analogues as antituberculosis drugs.
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Search strategy

We performed a PubMed database search using the terms
“clofazimine,” “B663,” “riminophenazine,” “tuberculosis” and “drug-
resistant tuberculosis” with no restrictions, but only considered English
language articles for inclusion in this review. Studies with predominantly
paediatric populations (<15 years old) were excluded. Reference lists from
included publications were reviewed manually to identify any additional
relevant publications and data sources.

History

Clofazimine (formerly B663) was initially described in the mid-
1950s as the lead compound in a novel class of antibiotics, the
riminophenazines, that activity
comparable to that of isoniazid in animal studies (Barry et al.,
1957). Its discovery was part of a dedicated effort to develop new
antituberculosis drugs in the wake of the discovery of streptomycin,
para-aminosalicylic acid (PAS) and isoniazid. Clofazimine was

showed antituberculosis

derived from a compound called anilinoaposafranine which in
turn was synthesized from diploicin, originally extracted from a
lichen called Buellia canescens (Barry, 1946a; Barry, 1946b; Barry
et al., 1956a; Yawalkar and Vischer, 1979). In early studies in mice
and hamsters, clofazimine demonstrated impressive activity,
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including against isoniazid-resistant strains, without evidence of
major toxicity (Barry et al, 1957). More limited activity was
observed in subsequent guinea pig and primate models (Barry
and Conalty, 1965) and further development of clofazimine for the
treatment of tuberculosis was halted. These cross-species
discrepancies were later speculated to be due to differences in
drug absorption, protein binding or pathological manifestations
between species (Barry et al., 1960). By the early 1960s, the efficacy
of clofazimine against leprosy was demonstrated in human trials
1962) and

cornerstone of leprosy treatment and is still recommended by

(Browne and Hogerzeil, clofazimine became a
the WHO in standard anti-leprosy multidrug therapy today
(World Health Organisation, 2018a). Drug repurposing efforts
during the 1990s aimed at addressing the rise in DR-TB cases
revived interest in the antituberculosis activity of clofazimine
(Mehta et al., 1993; Jagannath et al., 1995; Reddy et al., 1996;
Adams et al.,, 1999). In 2010, an observational study conducted in
Bangladesh reported 87% treatment success in MDR/RR-TB
treated with a 9-11 months
gatifloxacin, an injectable aminoglycoside and clofazimine, with
other drugs (Van Deun et al., 2010). This was a substantial
over the 50%-60%
conventional longer (>18 months) injection-containing regimens

patients regimen containing

improvement success rate seen with
in programmatic settings at the time (Van Deun et al, 2010).
Further clinical studies supported the efficacy of the so-called
“Bangladesh regimen” in diverse settings, (Nunn et al, 2019;
Schwoebel et al, 2019),

demonstrated a treatment-shortening effect when clofazimine

while preclinical studies also
was added to both first- and second-line combination regimens
(Grosset et al., 2013; Tyagi et al., 2015; Lee et al., 2017). This led to
the widespread off-label use of clofazimine as part of both shorter
(<12 months) and longer (>18 months) DR-TB regimens. In 2018,
when the WHO revised its grouping of drugs for use in
individualised DR-TB regimens, clofazimine was re-classified
from a Group 5 agent (drugs with unclear significance) to a
Group B agent (drugs with second highest priority for use),
solidifying its role as a key drug in DR-TB therapy (World
2018b). In addition to leprosy and

tuberculosis treatment, clofazimine is also used in the treatment

Health Organisation,

of some non-tuberculous mycobacteria (Kim et al., 2021) and as an
anti-inflammatory agent in certain autoimmune conditions
(Arbiser and Moschella, 1995; Gurfinkel et al, 2009).
Clofazimine is also being explored for use against Gram-positive
bacteria, (Huygens et al., 2005), as an anti-parasitic, (Tuvshintulga
et al., 2016; Zhang et al., 2022a), anti-neoplastic (Ahmed et al.,
2019; Xu et al., 2020) and anti-viral agent (Zhang et al., 2022b).

Physicochemical and pharmacokinetic
properties

Clofazimine is a cationic, amphiphilic molecule (having both
hydrophilic and hydrophobic domains) with extremely high
lipophilicity and low aqueous solubility at physiological conditions
(Reddy et al., 1999). Its colour varies in a solution depending on the
pH, from orange-yellow in alkaline environments to deep red at
neutral to mildly acidic pH to violet and eventually colourless in
strongly acidic environments (O’Connor et al, 1995). These
contribute  to  the  unusual

physicochemical  properties
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pharmacokinetics (PK), putative mechanisms of action and adverse
effects of clofazimine.

Due to its extremely low aqueous solubility, orally administered
clofazimine in coarse crystalline form has low bioavailability with
considerable inter-individual variation in absorption kinetics (Barry
et al,, 1960; Vischer, 1969; Banerjee et al., 1974; Levy, 1974). For this
reason, the commercially available preparation (Lamprene”, Novartis
Pharmaceuticals Corporation) is provided as a micronized (ultra-fine
crystal) suspension in an oil-wax base, which improves absorption to
around 70% of the administered dose (Vischer, 1969; Yawalkar and
Vischer, 1979). Consistent with its high lipophilicity, intake with fatty
food improves absorption (Vischer, 1969; Schaad-Lanyi et al., 1987;
Nix et al.,, 2004). The mechanism by which clofazimine crosses from
the gastrointestinal tract into circulation is not established, but a
fraction is carried in micelles, reaching the systemic circulation via the
lymph, although this is not thought to be the primary mode of
absorption (Barry et al., 1960; O’Connor et al., 1995).

Once absorbed into the systemic circulation, distribution to
peripheral compartments occurs rapidly, followed by slow re-
equilibration to the central compartment (Schaad-Lanyi et al,
1987), leading to a slow rise in mean plasma concentration and a
low steady-state plateau (Schaad-Lanyi et al., 1987; Abdelwahab et al.,
2020). A recently published population PK model derived from DR-
TB patients demonstrated an extremely large volume of distribution
(10,500 L) and long elimination half-life of approximately 30 days, in
contrast to previously reported values of ~10 days (Schaad-Lanyi et al.,
1987) and ~70 days (Levy, 1974) based on observed data from older
studies in healthy volunteers and leprosy patients. At 100 mg daily, the
standard dose for tuberculosis, simulations from the population PK
model showed that steady-state plasma concentrations likely exceed
clofazimine’s minimum inhibitory concentration (MIC) for wild-type
Mpycobacterium tuberculosis of 0.25ug/mL but remain below the
critical concentration of 1ug/mL for resistant strains (World
Health Organistation, 2018). As clofazimine is highly protein
bound (Irwin et al, 2014; Swanson et al, 2015), the free
(unbound) drug fraction is expected to be well below the MIC.
One murine PK study suggested that clofazimine’s bactericidal
activity is determined by the time plasma concentrations are above
MIC (T > MIC) (Swanson et al., 2016), though this in vivo exposure-
activity relationship has not been confirmed in other studies. In mice
receiving clofazimine monotherapy, serum and tissue concentrations
were dose- and time-dependent, but bactericidal activity was dose-
independent at doses ranging from 6.25 mg/kg to 25 mg/kg (Swanson
et al., 2015). In contrast, when clofazimine was added to the standard
first-line DS-TB regimen in a mouse model, there was a linear dose-
response in terms of bactericidal activity (decline in lung bacterial
burden), although there was no difference in the time required to
achieve relapse-free cure with the addition of 12.5 mg/kg vs. 25 mg/kg
of clofazimine, suggesting the same efficacy can be achieved with the
2018).
concentrations with this dose range in mice are approximately

lower of the two doses (Ammerman et al, Serum
equivalent to that in humans with a 100 mg daily dose, though

some inconsistent results in human PK studies mean that
uncertainty about dose equivalence remains (Ammerman et al., 2018).

Clofazimine steady-state conditions are reached after several
months a consequence of its extended half-life. The use of loading
doses shortens time to steady-state, possibly achieving effective
concentrations more rapidly, but may increase toxicity related to

higher peak exposures. Simulations using the aforementioned
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TABLE 2 Ongoing and recently completed clinical trials evaluating clofazimine-c

Target
population;
sample size

Country

ing shorter regi

Study design and regimens

10.3389/fphar.2023.1100488

1s for drug-susceptible and -resistant tuberculosis.

Primary efficacy outcome

Drug-susceptible tuberculosis

NCT03474198 Phase DS-TB; 900 Multi-country Randomized, open-label, multi-arm, multi- Unfavourable clinical outcome 96 weeks after
(TRUNCATE-TB) 2/3 (180 per arm) (Asia) stage trial comparing four experimental randomisation

2-3 month regimens (one CFZ-containing)

versus 6-month standard of care for drug-

susceptible tuberculosis
NCT04311502 Phase 2 = DS-TB; 185 Multi-country Randomized, open-label trial comparing a 3- = Time to stable culture conversion in liquid
(CLO-FAST) month RPT/CFZ-containing regimen with media through 12 weeks

CFZ loading dose versus 6-month standard of

care for drug-susceptible tuberculosis
NCT05556746 Phase 2 | DS-TB; 156 South Africa, Randomized, open-label trial comparing an 8- = Time to stable culture conversion in liquid
(PRESCIENT) Haiti week regimen of BDQ, CFZ, PZA, and DLM | media through 8 weeks

with standard treatment for drug-susceptible
pulmonary tuberculosis

Drug-resistant tuberculosis

NCT04545788 Phase 2 = MDR/RR-TB; 200 China Randomized, open-label, multi-arm trial Sputum culture conversion and clinical
comparing two fully oral 9-11 month outcomes (not otherwise specified)
experimental regimens for rifampicin-resistant
tuberculosis versus standard of care
(9-11 months injectable-containing regimen.

(All regimens contain CFZ.)
NCT02589782 (TB-  Phase MDR/RR-TB, pre- South Africa, Randomised, open label, multi-arm phase II-ITT =~ Percentage of patients with an unfavourable
PRACTECAL) 2/3 XDR-TB; 552 Belarus, trial evaluating short regimens containing outcome (failure, death, recurrence, loss to
Uzbekistan BDQ and PA in combination with existing and = follow-up) at week 72 after randomisation
re-purposed anti-TB drugs (LZD, MFZ and
CFZ) for MDR-TB, irrespective of
fluoroquinolone resistance

NCT03828201 Phase 2 MDR/RR-TB; 220 Vietnam, Multicentre, randomized, partially blinded, Favourable clinical outcome (“treatment

(DRAMATIC) Philippines four-arm, phase 2 study examining the efficacy = success”) 76 weeks after randomisation
and safety of an all-oral regimen of BDQ, DLM,

LFX, LZD, and CFZ for 16, 24, 32 or 40 weeks

NCT04062201 Phase 3 | MDR/RR-TB, pre- South Africa Open-label, multi-centre, randomized Proportion of participants with a successful

(BEAT-TB) XDR-TB, XDR-TB; 402 controlled trial comparing a 6-month regimen = outcome at the end of treatment and at
of BDQ, DLM, LZD, LFX and CFZ versus the = week 76
local standard of care in South Africa
(9 months)

NCT03867136 (TB- | Phase 3 | MDR-TB; 354 China Multicentre, open-label, randomized Proportion of participants with a successful

TRUST) controlled trial comparing a short outcome 84 weeks after randomisation
(24-44 weeks) all-oral regimen consisting of
LFX, LZD, CYS and PZA and/or CFZ, guided
by PZA susceptibility testing, versus the WHO
standardized shorter regimen for MDR-TB
(36-44 weeks)

TB-TRUSTplus Phase 3 | pre-XDR; 200 China Multicentre, open-label trial evaluating a short = Proportion of participants with a successful

(NCT04717908) (24-44 weeks) all-oral regimen consisting of outcome 84 weeks after randomisation
BDQ, LZD, CYS, PZA and/or CFZ, guided by
PZA susceptibility testing

NCT05278988 Phase 2 | MDR-TB; 60 China Randomized, open-label trial comparing a Clinical outcomes at study end (18 months
shorter (6-9 months) all-oral regimen follow-up), not otherwise specified
containing BDQ, DLM, PZA and CFZ versus
the WHO standard of care for MDR-TB
(9-11 months)

NCT02754765 Phase 3 = MDR/RR-TB; 754 Multi-country Randomized, controlled, open-label, non- Proportion of participants with favourable

(endTB) inferiority, multi-country trial evaluating the = outcome at week 73 after randomisation

Frontiers in Pharmacology

efficacy and safety of five new, all-oral,
shortened regimens (three CFZ-containing)
for multidrug-resistant tuberculosis
(MDR-TB)

132

(Continued on following page)

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1100488

Stadler et al.

10.3389/fphar.2023.1100488

TABLE 2 (Continued) Ongoing and recently completed clinical trials evaluating clofazimine-containing shorter regimens for drug-susceptible and -resistant

tuberculosis.

Study design and regimens

Primary efficacy outcome

Target Country
population;
sample size
NCT03896685 Phase 3 | pre-XDR; 324 Multi-country
(endTB-Q)
NCT05306223 Phase 3 | MDR/RR-TB; 212 China
(PROSPECT)

Randomized, controlled, open-label, non-
inferiority, multi-country trial evaluating the
efficacy and safety of two new, all-oral,
shortened regimens for multidrug-resistant
tuberculosis (MDR-TB) with fluoroquinolone
resistance

Pragmatic, randomized, controlled trial
comparing two oral short regimens (both
containing CFZ) for MDR-TB.

Proportion of participants with favourable
outcome at Week 73 randomisation

Proportion of participants with favourable
outcome at the end of treatment (week 40)

Abbreviations: BDQ, bedaquiline; CFZ, clofazimine; CYS, cycloserine; DLM, delamanid; EMB, ethambutol; LFX, levofloxacin; LZD, linezolid; MFX, moxifloxacin; PA, pretomanid; PZA,
pyrazinamide; RPT, rifapentine; RFB, rifabutin; MDR-TB, multidrug-resistant tuberculosis; XDR-TB, extensively drug resistant tuberculosis; WHO, world health organisation.

population PK model predicted that a loading dose of 200 mg daily for
2-4 weeks, depending on body fat percentage, can shorten time to
steady-state by several weeks without increased risk of cardiotoxicity,
based on peak concentrations during the loading period not exceeding
those at steady-state, and assuming peak concentration correlates with
QT-interval prolongation (Abdelwahab et al., 2020). Using joint PK-
pharmacodynamic (PD) modelling, a follow-up study predicted that
the risk of significant QT-prolongation with a loading dose of 300 mg
daily for 2 weeks was no higher than with the standard dose of 100 mg
daily (Abdelwahab et al., 2021). Clinical safety of these clofazimine
dosing strategies is currently being evaluated in clinical trials. In two
separate studies, body fat percentage (which accounted for the
significant sex differences in plasma exposures) was identified as an
important determinant of clofazimine PK, suggesting an
individualized approach may be required for optimal clofazimine
dosing (Abdelwahab et al., 2020; Alghamdi et al., 2020).

In contrast to the low concentrations detected in plasma, massive
duration-dependent accumulation of clofazimine occurs in tissues,
particularly in adipose tissue and macrophage-rich organs such as the
spleen, liver, lungs, gut and lymph nodes (Mansfield, 1974; Baik et al.,
2013; Swanson et al.,, 2015). The mechanisms by which clofazimine
crosses cellular membranes and the selective intra-macrophage
accumulation are not fully understood, but an active transport
mechanism rather than via passive diffusion has been hypothesized
(O’Connor et al, 1995). PK studies in mice suggest that tissue
accumulation of clofazimine occurs in two phases: initially, the
highest concentrations are observed in fat, in keeping with passive,
concentration-dependent partitioning of a highly lipophilic molecule.
Later, drug concentrations in the liver, spleen, lungs and other
macrophage-rich organs greatly exceed concentrations in fat
(Vischer, 1969; Baik et al., 2013; Keswani et al., 2015). Biopsies of
these organs display crystal-like structures of sequestrated clofazimine
found exclusively inside macrophages (Baik and Rosania, 2011; Baik
et al,, 2013). These solid drug aggregates, known as crystal-like drug
inclusions (CLDI), contain a hydrochloride salt form of clofazimine
and are responsible for the blackish discolouration of macrophage-
rich internal organs (Baik and Rosania, 2012; Baik et al, 2013;
Murashov et al, 2018a). CLDI formation appears to be an
intracellular process related to the lysosomal microenvironment
inside macrophages (which have low pH and high chloride
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than extracellular

phagocytosis of drug crystals (Baik and Rosania, 2012; Baik et al.,

concentrations) rather precipitation and
2013). The tendency of clofazimine to concentrate inside macrophages
was recognized early on and was initially viewed as a favourable
characteristic, considered to be a form of targeted drug delivery for
intracellular pathogens such as M. tuberculosis and M. leprae (Conalty
et al., 1971). Currently, however, the activity of this large pool of
sequestrated drug inside macrophages is less clear. Since this stable,
intracellular drug pool in CLDI gets released during ex vivo
processing, the high concentrations of clofazimine measured in
homogenised tissue samples are likely misleading and may have
limited value in predicting the exposure-response relationship of
clofazimine. Studies of resected lung tissue from DR-TB patients
who underwent therapeutic lung resection following clofazimine
treatment demonstrated that clofazimine accumulates in the outer
cellular layers of granulomas and cavity walls, but penetrates
poorly into the acellular, necrotic centre of caseous lesions,
further
concentrations and drug activity (Prideaux et al., 2015; Strydom
et al., 2019). Notwithstanding these difficulties with interpreting
tissue concentrations, drug accumulation in macrophages and

complicating the relationship between tissue

specific tissues likely increases site-of-disease concentrations
thereby contributing to the efficacy of clofazimine.

The mechanisms involved in clofazimine in metabolism and
excretion are not fully established. The amount of clofazimine
excreted unchanged in the urine is negligible (Banerjee et al., 1974;
Levy, 1974). Three urinary metabolites of clofazimine, also present in
negligible concentrations, has been described (Feng et al., 1981; Feng
et al,, 1982). In contrast, a relatively large but variable proportion of
orally administered clofazimine can be recovered unchanged in the
faeces (Banerjee et al., 1974; Levy, 1974). It is unclear if faecal excretion
represents incomplete absorption from the gut or biliary excretion, as
high levels of clofazimine have been found in the bile and gall bladder
in an autopsy study (Mansfield, 1974). Small quantities of clofazimine
are also excreted in sweat, sputum, lacrimal fluid, sebum and
breastmilk (Vischer, 1969; Venkatesan et al., 1997; Novartis
Pharmaceuticals 2019). Clofazimine is
partially metabolised in the liver. An in vitro study using human

Corporation, at least

liver microsomes identified eight metabolites of clofazimine as well as
the enzymatic pathways involved in their formation, including the
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important cytochrome P450 isoenzymes CYP3A4/A5 and CYP1A2
(Howlader et al., 2022). In HepaRG cells, clofazimine was a weak
inducer of CYP3A4 at low concentrations, but inhibited CYP3A4 at
therapeutic concentrations, suggesting a degree of auto-induction and
the potential for clinically significant interactions with drugs
metabolized by CYP3A4 (Horita and Doi, 2014; Shimokawa et al.,
2015). However, one study among DR-TB patients did not find a
significant difference in clearance of bedaquiline (a CYP3A4 substrate)
or its M2 metabolite when co-administered with or without
(Maartens et al, 2018).
concentrations are not affected by co-administration with
rifampicin, a strong inducer of CYP3A4 (Mamidi et al, 1995),
while co-administration with isoniazid produces increased plasma

clofazimine Clofazimine tissue

and lung concentration but reduced concentrations in several other
tissues (Venkatesan et al., 2007; Lu et al., 2009). In light of the limited
evidence, current guidelines do not recommend dose adjustment of
clofazimine or specific companion drugs during co-administration.
The manufacturer’s package insert advises caution when using
clofazimine in patients with liver impairment but no need for dose
adjustment with mild to moderate renal impairment (Novartis
Pharmaceuticals Corporation, 2019), though published literature on
use in these scenarios could not be found.

Because of a tendency to accumulate in fatty tissue, clofazimine is
likely to equilibrate rapidly into brain tissue and may have therapeutic
potential for neurological TB. Clofazimine was undetectable in
cerebrospinal fluid (CSF) from patients with tuberculous meningitis
(TBM) (Kempker et al., 2022) and brain tissue in autopsy studies from
leprosy patients (Mansfield, 1974; Desikan and Balakrishnan, 1976).
This is likely a result of extensive protein binding with extremely low
concentrations of free drug equilibrating into the central nervous
system from plasma; clofazimine concentrations in this compartment
may be below the limit of detection of older assays and therefore may
not reflect a true absence of drug. Supporting this, time-dependent
tissue concentrations and widespread spatial distribution of
clofazimine were demonstrated by mass spectrometry imaging
throughout the brain in mice at a dose of 100 mg/kg (several-fold
the therapeutic dose for tuberculosis) (Baijnath et al., 2015). At the
same high dose, monotherapy with clofazimine but not linezolid was
able to completely prevent central nervous system dissemination of
M.tb after aerosol infection of mice (Baijnath et al., 2018). Case reports
exist of successful treatment of patients with drug-resistant TBM using
clofazimine in combination with other new and repurposed second-
line agents (Tucker et al., 2019).

Mechanism of action

Clofazimine’s exact mechanism of action against M. tuberculosis is
not completely understood, but its primary actions are thought to
occur at the level of cellular membranes, likely interfering with
membrane-associated physiological processes including cellular
respiration and ion transport (Cholo et al., 2017). This is depicted
in Figure 1. Barry et al. who originally described the antituberculosis
activity of clofazimine noted the redox properties of the compound
and proposed a mechanism of action whereby redox cycling of
clofazimine contributed to growth inhibition and cell death either
through the production of intracellular oxygen radicals or partial
inhibition of cellular respiration or a combination of these effects
(Barry et al, 1956b). A biochemical pathway supporting this
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hypothesis was later described whereby clofazimine competes with
menaquinone as substrate of the respiratory chain enzyme NDH-2,
acting as an artificial electron acceptor (Yano et al., 2011; Lechartier
and Cole, 2015), thereby shunting electrons away from the respiratory
chain and ultimately decreasing adenosine triphosphate (ATP)
production. It was also shown that the reduced clofazimine
produced through this process is spontaneously re-oxidized in the
presence of oxygen, leading to the formation of intracellular reactive
oxygen species (Yano et al., 2011). Initially thought to be an NDH-2-
dependent process (Yano et al., 2011), it has since been demonstrated
that the bactericidal activity of clofazimine in M. tuberculosis does not
require NDH-2 (Beites et al., 2019). Others have questioned whether
this redox mechanism is clofazimine’s primary mode of action and
have instead produced evidence, based on studies in Gram-positive
bacterial organisms, that the bactericidal activity of clofazimine is
related to stimulation of phospholipase A, activity and production of
toxic lysophospholipids which disrupt transmembrane potassium
transport (Van Rensburg et al, 1992; Steel et al, 1999). Other
proposed mechanisms

that may contribute to clofazimine’s

bactericidal action include i) direct, non-specific membrane
disruption (Oliva et al., 2004), ii) direct interference with bacterial
potassium uptake (De Bruyn et al., 1996; Steel et al., 1999), iii) selective
binding to mycobacterial DNA with blocking of template function
(Morrison and Marley, 1976a; Morrison and Marley, 1976b) and iv)
reversal of the inhibitory effects of certain mycobacterial proteins on
phagocyte activity (Wadee et al, 1988). In summary, clofazimine
appears to have multiple mechanisms of antimicrobial activity,
possibly with differential importance of specific mechanisms under
distinct physiological conditions (Lu et al., 2011; Cholo et al., 2017),
which may explain the lack of a single dominant, target-specific
genetic marker associated with clofazimine resistance (CRyPTIC

Consortium, 2022).

Clofazimine resistance

The selection of clofazimine-resistant M. tuberculosis isolates has
been demonstrated in vitro (Hartkoorn et al., 2014) and reported in
clinical isolates (Xu et al., 2017; Nimmo et al., 2020a). The MIC
distribution of clofazimine in mycobacterial growth indicator tube
(MGIT) culture systems ranges between 0.125 pg/mL-0.5 ug/mL for
pan-susceptible and 0.25 pg/mL-1 pg/mL for DR-TB strains (Ismail
etal., 2019), with a critical concentration of 1 pg/mL recommended by
the WHO (World Health Organistation, 2018). Reliable estimates of
the prevalence of clofazimine resistance are not available. In a large
multi-national data set of over 12,000 isolates compiled by the
CRyPTIC Consortium to study genotype-phenotype associations
(55% had resistance to at least one antituberculosis drug), the
prevalence of phenotypic clofazimine resistance was 4.4% overall
and 41% (59/142) in extensively drug-resistant isolates (XDR;
resistance to rifampicin, isoniazid, fluoroquinolones and another
WHO Group A drug ie. bedaquiline or linezolid) (Consortium,
2022). A recent Korean study of 122 MDR- and XDR-TB isolates
reported a 4% prevalence of phenotypic clofazimine resistance (Park
et al., 2022). Two studies from South Africa examined the presence of
(RAVs) in the Rv0678 gene
associated with phenotypic bedaquiline

resistance-associated  variants
(Rv0678 RAVs are
resistance and cross-resistance to clofazimine) in clinical DR-TB
isolates with varying exposure to clofazimine or bedaquiline
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(Nimmo et al., 2020a; Nimmo et al., 2020b). Rv0678 RAVs were
detected in 1.8% (7/391) and 5.4% (5/92) of pre-treatment isolates,
while treatment-emergent Rv0678 RAVs occurred in 2% (8/392) and
5.7% (5/87), respectively. Although these reports give some indication
of the frequency of clofazimine resistance observed in relatively large,
pooled sets of clinical DR-TB isolates, they do not represent accurate
prevalence estimates for the general DR-TB population or specific sub-
groups due to the heterogenous sampling methodology used. For
example, the sampling methodology for the CRyPTIC data set was
biased towards collecting resistant isolates with temporally and
geographically matched susceptibles wherever possible and differed
markedly between contributing sites/countries, while the country-
specific reports used pooled samples contributed by multiple primary
studies with diverse eligibility criteria conducted at specialized DR-TB
treatment centres.

Much uncertainty still exists regarding the genetic basis of
clofazimine resistance, though higher clofazimine MICs have been
associated with mutations in several genes including Rv0678, Rv 1979¢
and Rv2535c¢ (pepQ) (Zhang et al., 2015a; Almeida et al., 2016). The
report by the CRyPTIC Consortium evaluated genotype-phenotype
associations using whole genome sequencing and quantitative MIC
data for these and other resistance-associated genes (Rv3249c, Rv
1816, mmpL5, mmpS5, mmpL3), but concluded that no single gene or
small group of genes fully explains a substantial proportion of
clofazimine resistance, indicating that the significance of all these
genes needs further evaluation to clarify their potential role as
diagnostic markers (Consortium, 2022). The resistance mechanisms
involved appear not to be target-based with some genes associated
with MIC elevations of more than one drug (Consortium, 2022). In
this regard, bedaquiline cross-resistance is of particular concern and
appears to be largely due to mutations in Rv0678 (Nimmo et al,
2020a), although Rv 1979c and pepQ have also been associated with
low-level bedaquiline cross-resistance (Zhang et al.,, 2015a; Almeida
et al., 2016). Rv0678 is a transcriptional repressor of MmpL5 and
MmpS5 efflux pumps (Hartkoorn et al., 2014). Loss of function
mutations in this gene are associated with a 2- to 4-fold rise in
clofazimine MIC (Andries et al., 2014; Zhang et al, 2015a) and
confer cross-resistance to bedaquiline and azole antifungal drugs
(Hartkoorn et al, 2014), presumably due to over-expression of
these
intracellular

multi-substrate  efflux pumps leading to decreased

concentrations of these drugs. Although cross-
resistance can be selected for by exposure to any of these drugs
(Hartkoorn et al, 2014), bedaquiline resistance seems to more
strongly predict clofazimine cross-resistance than the converse. In
the multinational CRyPTIC data set, 52.4% of bedaquiline-resistant
isolates were also resistant to clofazimine, compared to only 10.6% of
clofazimine-resistant isolates having cross-resistance to bedaquiline
(Consortium, 2022). In another study, 100% (9/9) bedaquiline-
resistant isolates were found to also be resistant to clofazimine
with almost all of these (8/9) harbouring Rv0678 RAVs, but
only 30% (9/30) of clofazimine resistant isolates had bedaquiline
cross-resistance (Ismail et al., 2018). While these results may mean
that the bulk of clofazimine resistance currently is not due to
Rv0678 mutations, the that Rv0678-associated

bedaquiline resistance strongly predicts clofazimine resistance

observation

means this picture may change over time with increasing use of
bedaquiline. Adding to this concern is the long eminination half-
lives of both clofazimine and bedaquiline; treatment lapses with
regimens containing either of these drugs may expose remaining
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viable bacilli to low concentrations without companion drugs for
protracted periods, thereby creating a high-risk scenario for selection
of resistant and cross-resistant variants. For this reason, given their
key role in DR-TB treatment, surveillance capacity for both
bedaquiline and clofazimine resistance should be an important
pillar of the programmatic use of these drugs. No studies were
found that assessed the impact of baseline or treatment-emergent
clofazimine resistance on clinical or bacteriological outcomes in the
context of bedaquiline-containing multidrug regimens and this
warrants further study.

Activity against M. tuberculosis

In preclinical studies (in vitro, intracellular and different mouse
models), clofazimine monotherapy demonstrated bactericidal activity
against M. tuberculosis similar to that of rifampicin and isoniazid, and
importantly, this activity is preserved against strains resistant to these
two key first-line antituberculosis drugs (Jagannath et al., 1995; Reddy
etal,, 1996; Xu et al., 2012a). In mice, monotherapy with doses ranging
from 6.25 mg/kg-25 mg/kg does not display early bactericidal activity
(EBA; first 7-14 days of treatment) but dose-independent bactericidal
activity is evident with longer exposure (Swanson et al, 2015;
Ammerman et al., 2017). This lack of EBA has also been
demonstrated in a phase 1 trial in patients with tuberculosis
(Diacon et al., 2015). Due to the slow elimination of clofazimine,
antimicrobial activity is maintained for weeks after treatment
cessation, depending on the duration of administration, possibly
contributing to the treatment-shortening effect associated with its
use (Swanson et al,, 2015; Swanson et al., 2016). Clofazimine has
potent bactericidal activity against slowly-replicating persister forms
of M. tuberculosis using diffferent in vivo models and a streptomycin-
starved M. tuberculosis 18b strain infection model in mice (Cho et al.,
2007; Zhang et al.,, 2012a; Khan et al., 2019). The ability to target these
drug-tolerant subpopulations is another factor thought to play a role
in its treatment-shortening potential. In contrast, clofazimine has been
shown to have limited activity in the Kramnik mouse model that
exhibits human-like large, caseous granuloma formation in the lungs
(Irwin et al., 2014). Clofazimine was also found to be ineffective
in vitro against biofilm-encased, non-replicating M. tuberculosis
(Mothiba et al.,, 2015). Tt is unclear if this lack of activity is due to
a lack of drug penetration to the bacilli in these experimental
conditions or the dormant physiological state of the organism
under such hypoxic microenvironments. These findings highlight
the need for clofazimine to be used as part of combination
regimens able to target M. tuberculosis in the diverse infection sites
and physiological states present in the human host. Clofazimine
exhibits additive or synergistic activity with several first- and
second-line antituberculosis drugs and has been shown to shorten
the time required to achieve relapse-free cure in mice by several weeks
when added to both first- and second-line multidrug combinations
(Williams et al., 2012; Grosset et al., 2013; Zhang et al., 2015b; Lopez-
Gavin et al., 2015; Tyagi et al., 2015; Saini et al., 2019). In particular,
the combination of clofazimine, bedaquiline and pyrazinamide has
been consistently shown to be a synergistic and highly potent
combination in the mouse model (Tasneen et al., 2011; Williams
et al, 2012; Silva et al, 2016). A dose-optimized version of this
combination, either alone or combined with a fourth companion
drug shortens the time required to achieve relapse-free cure in mice by
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75%-80%, from 16 weeks to just 3—-4 weeks in Kramnik and BALB/c
mouse models (Lee et al., 2017; Lee et al., 2018; Clemens et al., 2019).
This regimen is currently being advanced into phase II clinical trials to
assess its treatment-shortening effect for patients with DS-TB.

In humans, randomized trials evaluating the additive effect of
clofazimine for DR-TB treatment are limited to four small-scale trials
(49-140 total participants), all conducted in China, that compared
clofazimine added to the local standard of care against the standard of
care alone (Tang et al., 2015; Wang et al., 2018; Duan et al., 2019; Du
et al., 2020). The standard of care regimens in all of these trials
consisted of long (=18 months), injectable-containing regimens that
excluded bedaquiline and other new or repurposed drugs. None of
these trials included HIV-positive patients, only one trial included
patients with XDR-TB and there was no follow-up to assess for relapse
or death after treatment completion. In the three trials involving only
MDR-TB patients (Tang et al., 2015; Duan et al., 2019; Du et al., 2020),
treatment success (the sum of the outcomes “treatment completed” or
“cured”) in the clofazimine arm ranged between 65.1% and 73.6% and
was significantly higher than the control arm in two of the trials. Time
to sputum culture conversion was also significantly shorter in the
clofazimine arms in these two trials (Tang et al., 2015; Duan et al,,
2019), while the other trial showed no difference (Du et al., 2020). The
trial in XDR patients did not find a significant difference between arms
for either treatment success (36.3% in the clofazimine group vs. 44.4%
in the control group) or time to sputum culture conversion (Wang
et al, 2018). In a meta-analysis, pooled results of these four trials
favoured the clofazimine group with a higher probability of treatment
success overall (relative risk (RR): 1.2, 95% confidence interval (CI):
1.0-1.4, p = 0.020) and a lower risk of treatment failure (RR: 0.5, 95%
CL: 0.5-0.6, p < 0.001), but no difference in mortality (Wang et al.,
2022). Key characteristics and results of randomized trials and
safety and
clofazimine-containing regimens (without the Group A drugs

observational studies evaluating the efficacy of
bedaqualine and linezolid) are summarised in Table 2. Though
most observational studies lacked clofazimine-free controls for
direct comparison, the treatment success rate in studies of shorter
regimens based on the one used by Van Deun et al. in Bangladesh (Van
Deun et al., 2010) ranged between 78.8% and 89.3% amongst MDR-TB
patients, despite the absence of bedaqualine or linezolid (Aung et al.,
2014; Piubello et al., 2014; Kuaban et al., 2015; Trebucq et al., 2018;
Nunn et al., 2019). Furthermore, in the original “Bangladesh study”
the group receiving clofazimine for the full duration of treatment
achieved 87% treatment success compared to 66% in those receiving
clofazimine during the intensive phase only (Van Deun et al., 2010). In
an individual patient data meta-analysis of observational studies
12,000 DR-TB patients

25 countries, 824 of whom received clofazimine, the use of

combining records of over from
clofazimine (compared to non-use) was associated with a higher
probability of treatment success in pooled analysis (adjusted risk
difference (aRD): 0.06, 95% CI: 0.01-0.10) and in the XDR-TB
subgroup, its use was associated with reduced mortality (aRD:
-0.18, 95% CI: -0.27 to -0.10), but not increased treatment

success (Ahmad et al., 2018).
Safety and tolerability

An important factor in the use of clofazimine for DR-TB
treatment is its favourable tolerability profile compared with other
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second-line antituberculosis drugs. Although serious gastrointestinal
complications have been reported in leprosy patients after prolonged,
high-dose clofazimine treatment (McDougall et al., 1980; Chong and
Ti, 1993; Singh et al., 2013), adverse events requiring interruption or
cessation of the drug are infrequently reported in the tuberculosis
treatment literature. (For leprosy, the WHO currently recommends a
dose of 50 mg daily plus 300 mg monthly for 6-12 months (World
Health Organisation, 2018c), though much higher doses and longer
durations have been used for leprosy in the past and for anti-
inflammatory indications e.g. 300 mg-400 mg daily to treat
erythema nodosum leprosum and pyoderma gangrenosum.)
(Yawalkar and Vischer, 1979; Arbiser and Moschella, 1995) The
most concerning and common adverse events attributed to
clofazimine are discolouration of the skin, gastrointestinal
disturbances and QT interval prolongation.

Reddish-brown or blackish skin discolouration is commonly
reported in patients receiving long-term clofazimine therapy for
tuberculosis (Xu et al., 2012b; Tang et al, 2015; Dalcolmo et al,
2017). More pronounced skin discolouration in sun-exposed areas is
reported, and phototoxicity is listed as a rare adverse effect in the
manufacturer’s prescribing information (Hastings et al., 1976;
Vischer, 1979;

Corporation, 2019). However, some larger studies reporting on

Yawalkar  and Novartis ~ Pharmaceuticals
skin discolouration do not seem to confirm this observation
(Browne, 1965; Schulz, 1971; Moore, 1983) and a definite link
between sun exposure and the severity of clofazimine-induced skin
discolouration is unconfirmed. Other skin symptoms frequently
reported with clofazimine include ichthyosis and pruritis (Moore,
1983; Xu et al, 2012b). Discolouration of conjunctivae, sclerae,
mucosa, urine, faeces and sweat has also been reported in leprosy
patients (Browne, 1965; Moore, 1983; Kumar et al., 1987). Incidence of
skin discolouration in tuberculosis patients varies widely, ranging
between 10% and 94% (Xu et al., 2012b; Tang et al.,, 2015; Dalcolmo
et al,, 2017; Wang et al., 2018; Duan et al,, 2019; Misra et al., 2019)
which may in part be explained by variation in constitutional skin
pigmentation between different study populations, differences in
treatment dose and duration, and the lack of a standardized
definition and objective measurement methodology of skin
discoloration. Two distinct discolouration phenomena have been
recognized: the first type is an early onset, more subtle and
generalized reddish discolouration while the second type occurs
later in therapy as dark brown or blackish hyperpigmentation that
is more localized and differentially affects the inflammatory lesions
found in leprosy patients (Browne, 1965; Levy and Randall, 1970; Job
et al., 1990; Bishnoi et al., 2019). Generalized, reddish discolouration
also occurs in mice exposed to clofazimine resulting from partitioning
of free clofazimine into subcutaneous fat and skin tissue, rather than
the hydrochloride salt form found within macrophages containing
CLDI (Murashov et al, 2018a). However, skin biopsies from
hyperpigmented inflammatory lesions in leprosy patients have
confirmed lesional infiltration by foamy macrophages containing
both clofazimine CLDI and ceroid lipofuscin pigment aggregates,
both of which can contribute to the characteristic darkening of
these lesions (Job et al., 1990; Bishnoi et al., 2019). The onset of
visible skin discolouration can become noticeable within days to weeks
and typically takes several months to resolve after treatment cessation,
but detailed time course data are limited (Browne, 1965; Moore, 1983).
Subjectively judged severity/intensity of skin and organ discoloration
has been reported to correlate with treatment dose and duration in
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animal studies (Swanson et al., 2015), but this has not been objectively
quantified or related to plasma drug concentrations. One retrospective
review of clofazimine toxicity among DR-TB patients in South Africa
did not find a statistically significant difference in the occurrence of
skin discolouration between different dose-weight categories (Misra
et al, 2019). Skin discolouration is not a frequent reason for
interruption or cessation of clofazimine therapy by treating
clinicians as the condition is largely considered a cosmetic rather
than toxicity problem (Moore, 1983; Dalcolmo et al., 2017). However,
in one study, patients described skin changes as “stigmatizing” (Ramu
and Iyer, 1976) and case reports of depression have been linked to skin
discolouration (Tang et al., 2015), illustrating the adverse impact it
may have on patients’ quality of life. In a recent trial conducted in
China evaluating alternative short all-oral regimens that factored in
drug affordability and patients’ willingness to tolerate skin
discolouration, more than 10% of patients opted out of clofazimine
treatment when given the option (Fu et al, 2021). These reports
suggest that clofazimine-induced skin discoloration may significantly
impact on quality of life and psychological wellbeing in some patients
or populations and may ultimately affect willingness to adhere to
treatment, if ignored.

As with skin, multiple reports exit of brownish discoloration with
crystalline deposits affecting the conjunctiva, cornea, and lacrimal
fluid of patients (Ohman and Wahlberg, 1975; Wilinder et al., 1976;
Négrel et al., 1984; Barot et al, 2011). Clofazimine’s package insert
includes a warning of associated dimness of vision, burning, and
itching of eyes (Novartis Pharmaceuticals Corporation, 2019), though
in many cases eye discolouration appears to be asymptomatic
(Walinder et al., 1976; Négrel et al., 1984). Clofazimine has also
been associated with retinal degeneration, though cytomegalovirus
could not be excluded as a possible contributing cause in these patients
with advanced HIV disease (Craythorn et al., 1986; Cunningham et al.,
1990). Ocular complications of clofazimine tend to be associated with
higher doses given for anti-inflammatory indications or during very
prolonged treatment in patients with leprosy (Walinder et al., 1976;
Négrel et al., 1984; Barot et al., 2011), and reports of eye complications
Like
discolouration, most eye changes improve over the course of

is rare in the tuberculosis treatment literature. skin
months once clofazimine is stopped (Walinder et al., 1976; Barot
et al., 2011).

Cardiac safety concerns associated with clofazimine are based on
several lines of evidence. A case report of torsade de pointes in a leprosy
patient which occurred after prolonged, high-dose clofazimine
treatment identified the drug as the most likely cause of the
arrhythmia after the exclusion of other causes (Choudhri et al,
1995). Clofazimine strongly inhibits hERG cardiac potassium
channels (Wallis, 2016), which results in QT-prolongation, with
potential for ventricular arrhythmias and sudden cardiac death
(Chen et al, 1999; Lehmann et al., 2018). Corrected QT-interval
(QTc) prolongation > 500 ms has been shown to correlate with an
increased risk of torsade de pointes (Li and Ramos, 2017). In a 14-day
EBA study in DS-TB patients, clofazimine monotherapy produced a
duration-dependent increase from baseline in corrected QT-interval
(AQTc) that was higher than in study arms not including any QT-
prolonging drugs (Diacon et al,, 2015). Though the QTc increase in
this study was modest (range: 16-20 ms), clofazimine exposure was
not yet at steady-state due to the short study duration. Using data from
the same study, modeling and simulation of the concentration-QTc

relationship predicted a mean QTc¢ increase at steady-state of 28.5 ms
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with a clofazimine dose of 100 mg daily, which is higher than the
values reported for the other commonly used QT-prolonging DR-TB
drugs moxifloxacin, bedaquiline and delamanid (Abdelwahab et al.,
2021). An important concern is a potential for additive cardiotoxicity
when clofazimine is co-administered with other QT-prolonging drugs,
as is the case in current WHO-recommended DR-TB regimens
(World Health Organisation, 2022b). In the EBA trial, an increase
from pretreatment baseline (AQTc¢) value > 60 ms was noted in 7% (1/
15) of patients receiving clofazimine alone and 27% (4/15) of patients
receiving clofazimine, bedaquiline and pretomanid combined (Diacon
et al., 2015). A phase 2 bedaquiline trial reported a mean maximum
change from baseline in QTc (AQTc¢,y) of 12.3 ms in those receiving
bedaquiline alone compared to 31.9 ms in those taking bedaquiline
plus clofazimine (Pym et al., 2016). In the STREAM-1 trial, the median
AQTcpax was 50 ms (IQR: 36-66) in the intervention arm containing
clofazimine plus high-dose moxifloxacin compared to 30 ms (IQR: 22-
41) in the control arm containing a fluoroquinolone without
clofazimine (Hughes et al, 2022). The rate at which a QTc >
500 ms occurred was also higher in the intervention than the
control arm (hazard ratio: 2.3, 95% CI: 1.0-5.3) and the proportion
of patients who developed a QTc > 500 ms was numerically higher in
those receiving clofazimine, although the difference was not
statistically significant (11% vs. 6.4%, p = 0.14). Four cases of
sudden death were reported in the trial, although only one in each
arm was attributed to tuberculosis treatment and not explicitly linked
to QT-prolongation. In the same trial, having a QTc of > 400 ms at
baseline was predictive for developing a QTc > 500 ms, while the per
kilogram dose of clofazimine and moxifloxacin was not (Hughes et al.,
2022). Optimised clofazimine dosing strategies, specifically the use of
loading doses, should take these cardiac safety concerns into
consideration. As discussed earlier, a PK-PD simulation showed
that a loading dose of 300 mg daily for 2 weeks may not increase
the risk of severe QT prolongation while reducing the time to steady
state (Abdelwahab et al.,, 2021). In this study the predicted proportion
with a AQTc increase >30 ms from baseline by the end of the loading
period was 31%, compared with 33% at steady-state with either the
standard 100 mg daily or loading dose regimen and the proportion
with an absolute QTc >450 ms was 3.4% at steady state with
strategy. these
electrocardiographic monitoring is recommended with clofazimine-

eitherdosing In view of findings, regular
containing regimens, especially when combined with other QT-
prolonging drugs.

Gastrointestinal upset (including anorexia, nausea and vomiting,
diarrhoea and abdominal pain) is frequently reported as a clofazimine-
related adverse event in the leprosy literature and is particularly linked
to the use of higher doses for anti-inflammatoryindications (Jopling,
1976). In some cases, abdominal pain was severe enough to warrant
laparotomy (Jopling, 1976; Chong and Ti, 1993; Sukpanichnant et al.,
2000). The causal role of clofazimine in these symptoms was based on
a temporal association between symptom onset and start of treatment,
the resolution of symptoms after decreasing or withdrawing the drug
and exclusion of other obvious causes for the symptoms (Jopling,
1976). With DR-TB treatment, gastrointestinal intolerance appears to
be less of an issue than with leprosy treatment, possibly due to the
lower doses used for tuberculosis. Gastrointestinal symptoms have
been reported with varying frequency in observational studies of
tuberculosis patients treated with clofazimine (Padayatchi et al.,
2014; Dalcolmo et al, 2017; Trebucq et al., 2018; Misra et al.,
2019), but causal inference is confounded by the co-administration
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of several other medications that can cause similar symptoms. The
incidence of gastrointestinal symptoms in controlled trials did not
differ significantly between those receiving and those not receiving
clofazimine (Tang et al., 2015; Duan et al,, 2019; Du et al.,, 2020).
Overall, gastrointestinal symptoms appear to be mostly mild, with no
reports of clofazimine being stopped due to gastrointestinal
intolerance during DR-TB treatment.

Long-term studies in leprosy patients have not found evidence of
clinically significant abnormalities in haematological, renal, hepatic or
pancreatic blood parameters (Hastings et al., 1976; Costa Queiroz
et al,, 2002). In the four Chinese randomized trials among DR-TB
patients (Tang et al,, 2015; Wang et al., 2018; Duan et al,, 2019; Du
et al, 2020), the rate of haematological abnormalities, renal
impairment and hepatic injury did not differ significantly between
study arms, except in one trial where liver function test abnormalities
were reported in 12% (8/66) of patients in the clofazimine group
compared with 3% (2/74) in the standard of care group (p = 0.046)
(Duan et al,, 2019). Taken together, clofazimine does not appear to
require routine laboratory investigations other than periodic
monitoring of liver function tests.

New developments

Much effort has been dedicated to developing clofazimine
derivatives with improved pharmacokinetic and toxicity profiles
by targeting less lipophilic compounds, anticipated to cause less
tissue accumulation and discolouration as well as improved oral
bioavailability (Jagannath et al., 1995; Reddy et al., 1996; van
Rensburg et al., 2000; Kamal et al., 2005; Lu et al., 2011; Zhang
et al., 2012b; Li et al., 2012; Liu et al., 2012; Zhang et al., 2014; Xu
etal., 2019; Bvumbi et al., 2021; Saravanan et al., 2021). An attempt
has also been made to alter the intrinsic colour, but this required
modifications to the phenazine core, which eliminated
antituberculosis activity (Liu et al., 2012). Of the hundreds of
analogues synthesized and screened, several have been identified
with equivalent or greater in vitro and animal model in vivo activity
against M. tuberculosis than clofazimine while reportedly also
producing less tissue discolouration and no other overt toxicity
(Jagannath et al., 1995; Reddy et al., 1996; van Rensburg et al., 2000;
Lu et al,, 2011; Zhang et al., 2012b; Liu et al., 2012). One novel
riminophenazine, TBI-166 (also called pyrifazimine), has advanced
to clinical evaluation (ChiCTR 1800018780, 2018; NCT04670120,
2020). TBI-166 demonstrated activity equivalent to clofazimine in
mice and produced less discolouration (Xu et al., 2019). Several
TBI-166-containing combination regimens have been evaluated
in vitro and mice demonstrating synergistic activity with the same
companion drugs as clofazimine (Zhang et al., 2019; Ding et al,,
2022). The combination of TBI-166 plus bedaquiline and
pyrazinamide has been identified as the most potent TBI-166
combination evaluated, showing sterilizing activity comparable
to the BPaL regimen in a mouse model (Ding et al., 2022). One
study evaluated Rv0678 mutations as a mechanism of TBI-166
resistance and found these caused a lower fold change in MIC for
TBI-166 than for both clofazimine and BDQ (Xu et al., 2019).
Spontaneous resistance to TBI-166 was reported in M. tuberculosis
wild-type strains, but the genetic basis for this has not been studied
(Xu et al.,, 2019). Another novel analogue was recently described
which maintained activity against a strain resistant to clofazimine,
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suggesting the possibility of a different mechanism of action (Zhao
et al,, 2022). In view of the riminophenazines’ unique mechanism
of action and synergistic activity with the combination of
bedaquiline and pyrazinamide, the prospect of a novel
riminophenazine analogue producing less skin discolouration
that has advanced to the clinical evaluation stage is exciting and
ongoing efforts to achieve this goal remain important.

Novel drug delivery strategies are another approach being pursued
to overcome some of the limiting properties of clofazimine.
Clofazimine can be encapsulated in liposomes, allowing for
parenteral administration, which is not possible with the free drug
due to its low aqueous solubility (Mehta et al, 1993). In murine
models, intravenously administered liposomal clofazimine increased
the maximum tolerated dose by 8-fold (Mehta, 1996). Intravenous
liposomal clofazimine at a dose of 50 mg/kg showed significantly
better in vivo therapeutic activity against M. tuberculosis than the
maximum tolerated dose of the free drug (Mehta, 1996; Adams et al.,
1999). Other strategies to improve bioavailability or enable parenteral
(both inhaled)
nanocrystalline suspensions and nanoparticle encapsulation of
clofazimine (Peters et al., 2000; Verma et al., 2013; Valetti et al.,
2017; Murashov et al., 2018b; Chen et al.,, 2018). In one study, twice

weekly inhaled clofazimine showed some efficacy against M.

administration intravenous  and include

tuberculosis in a mouse model (Verma et al., 2013) and in another
study, an intravenously administered formulation appeared to
completely circumvent skin discolouration (Murashov et al,
2018b). Nanoparticle-based targeted delivery of clofazimine aimed
at improving intra-macrophage activity (Pawde et al, 2020) and
central nervous system penetration (de Castro et al,, 2021) has also
been described. TBM is one of the specific clinical scenarios where
these optimised drug delivery strategies may theoretically be of value.
However, none of these strategies has advanced beyond the early
preclinical stage, likely due to their relative niche, albeit important,
applications.

Discussion

without  the
pharmacokinetic and safety evaluation which is part of modern drug

Clofazimine entered clinical use rigorous
development. It is hampered by extremely low aqueous solubility,
leading to erratic absorption and low plasma concentrations. It has a
very long elimination half-life and accumulates extensively in certain
tissues leading to skin discolouration and drug crystal deposition in
macrophages. However, due to its potent activity against M. tuberculosis
strains resistant to rifampicin and isoniazid, clofazimine has become
widely used in DR-TB treatment over the past decade. Despite its
apparent lack of early bactericidal activity, clofazimine contributes
synergistic sterilizing activity and treatment-shortening potential to
drug combination

Clofazimine’s mechanism of action appears to be multi-modal and is

several first- and second-line regimens.
likely related to its interaction with the mycobacterial respiratory chain
leading to a combination of intracellular pro-oxidative effects, and
disruption of cellular respiration and potassium uptake. Resistance to
clofazimine still appears to be relatively uncommon, but is driven to
some extent by cross-resistance with bedaquiline and is therefore likely
to increase with increasing use of bedaquiline and clofazimine in TB
programmes. For this reason, drug susceptibility testing is necessary for

patients with prior exposure to these drugs, and population-level
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surveillance should be undertaken in high-burden settings where these
drugs are used programmatically to monitor the emergence of
population-level resistance to these key drugs. Clofazimine-induced
skin discolouration is the most frequent adverse effect of the drug,
and though it is regarded as a cosmetic rather than a safety concern, it
can potentially lead to stigma and may have a profound impact on
psychological wellbeing and potentially pose a risk to treatment
adherence. The advancement of pyrifazimine, a less lipophilic
clofazimine analogue reportedly causing less skin discolouration, into
early-phase clinical testing is an encouraging prospect toward
improving the tolerability of riminophenazines. The QT prolonging
of clofazimine, causing QT prolongation,
combined with other QT prolonging drugs such as bedaquiline

especially when

and fluoroquinolones, areimportant, but infrequently result in
clinically significant events (Hewison et al., 2022) and need to
be weighed up against the risks associated with alternative drug
choices. Electrocardiographic monitoring is indicated when
clofazimine is combined with other QT-prolonging drugs.
Despite the body of evidence supporting its safety and efficacy
for DR-TB treatment and over a decade of used in many national
programmes, clofazimine is not yet registered for tuberculosis
treatment in several countries, still requiring off-label use and
creating a barrier to access in these jurisdictions.

As the incidence of drug-resistant tuberculosis rises and
resistance to new and repurposed drugs emerges, the value of
each antituberculosis drug class with a distinct mechanism of
action cannot be underestimated. For this reason, despite the
limitations of clofazimine, the riminophenazines remain
important, whether for individualized therapy in people with
difficult-to-treat DR-TB or potentially as a first-line agent as
part of a novel, shorter DS-TB or DR-TB regimens. In this
context, the development of novel riminophenazine analogues
with equivalent activity but an improved pharmacokinetic and
tolerability profile to eventually replace clofazimine will be highly
desirable and efforts toward their discovery and development for

clinical use should be a priority.
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Biomarkers are quantifiable characteristics of biological processes. In
Mycobacterium tuberculosis, common biomarkers used in clinical drug
development are colony forming unit (CFU) and time-to-positivity (TTP) from
sputum samples. This analysis aimed to develop a combined quantitative
tuberculosis biomarker model for CFU and TTP biomarkers for assessing drug
efficacy in early bactericidal activity studies. Daily CFU and TTP observations in
83 previously patients with uncomplicated pulmonary tuberculosis after 7 days of
different rifampicin monotherapy treatments (10-40 mg/kg) from the
HIGHRIF1 study were included in this analysis. The combined quantitative
tuberculosis  biomarker model employed the Multistate Tuberculosis
Pharmacometric model linked to a rifampicin pharmacokinetic model in order
to determine drug exposure-response relationships on three bacterial sub-states
using both the CFU and TTP data simultaneously. CFU was predicted from the MTP
model and TTP was predicted through a time-to-event approach from the TTP
model, which was linked to the MTP model through the transfer of all bacterial
sub-states in the MTP model to a one bacterial TTP model. The non-linear CFU-
TTP relationship over time was well predicted by the final model. The combined
quantitative tuberculosis biomarker model provides an efficient approach for
assessing drug efficacy informed by both CFU and TTP data in early
bactericidal activity studies and to describe the relationship between CFU and
TTP over time.
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1 Introduction

Tuberculosis (TB), a bacterial infection

Mpycobacterium tuberculosis (Mtb), is among the top causes of

caused by

death worldwide and the second leading cause of death due to
infection after COVID-19 (Global tuberculosis report 2022). New
antibiotics are urgently needed due to resistance development to
many existing drugs. In order to develop new antibiotics and
regimens, innovative tools are needed in early development
together with biomarkers which quantify the biological processes
as a response to drug efficacy.

In TB drug development, early bactericidal activity (EBA) in 2-
week treatment trials of TB patients are often the first assessment of
drug efficacy. Colony forming unit (CFU) and time-to-positivity
(TTP) are the two commonly used biomarkers in EBA studies but
also in longer Phase 2b trials. Traditionally, EBA has been assessed
using each of the two biomarkers where TTP often nowadays is the
primary endpoint (Diacon and Donald, 2014). TTP is quantified in
liquid media, often in mycobacterial growth indicator tube (MGIT).
With time, and as the bacteria grow within the MGIT system,
oxygen is depleted and carbon dioxide is produced, resulting in a
fluorescence signal where the time to achieve the positive signal is
defined as TTP. Whereas CFU only quantifies actively multiplying
bacteria on solid media, it has been shown that non-multiplying
bacteria can grow in liquid media (Dhillon et al, 2014), and is
thought to be the more sensitive of the two (Diacon et al., 2012). The
presence of non-multiplying bacteria at the end of treatment is the
cause of relapse, as they act as a pool from which multiplying
bacteria emerge to cause recurrent disease (Chao and Rubin, 2010).
Non-multiplying bacteria most likely exists in different forms in a
spectrum from truly non-multiplying to different states of
multiplying forms (Tuomanen, 1986; Coates and Hu, 2008).

A study on clinical sputum samples supplemented with
(rpfs) that
multiplying bacteria constitute the vast majority of the

resuscitation-promoting factors showed non-

bacterial population pre-treatment and that CFU, as a
biomarker of the multiplying bacteria, only quantifies a small
proportion of the total bacterial burden in patient samples
(Mukamolova et al., 2010). Bowness et al. (2015) studied the
relationship between CFU and TTP using data from patients on
rifampicin monotherapy through means of linear regression of
data per observation day and where the gradient of the regression
line and y-intercept of the TTP-CFU relationship increased as
treatment progressed. This resulted in two samples with identical
CFU readings having different TTPs if the samples were collected
at different times during treatment which was suggested to be due
to that TTP captures an additional sub-population that is not
captured in the CFU count.

The different bacterial states can be simplified theoretically
and mathematically as fast-, slow- and non-multiplying TB sub-
states which have been described by the semi-mechanistic
multistate tuberculosis pharmacometric (MTP) model (Clewe
et al., 2016). The MTP model was developed using CFU counts
from natural growth data of Mtb in an in vitro hypoxia system
together with the decline in CFU counts in response to treatment
in log and stationary phase cultures. The MTP model was since
successfully used to describe other in vitro systems (Chen et al.,
2018; Susanto et al., 2020), and was validated and used in in vivo
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settings (Chen et al., 2017; Clewe et al., 2020), and in clinical
settings (Svensson and Simonsson, 2016; Faraj et al., 2020a; Faraj
et al., 2020b) to predict the changes in the numbers of bacteria in
the different sub-states and subsequently CFU with and without
treatment. Likewise, time-to-event approaches for describing
drug efficacy using TTP biomarker data in clinical trials have
been developed (Chigutsa et al., 2013; Svensson and Karlsson,
2017; Svensson et al., 2018b).

In this work, we aimed to develop a combined quantitative TB
biomarker model using CFU and TTP biomarker data for assessing
drug efficacy in early bactericidal activity studies and to describe the
relationship between CFU and TTP over time.

2 Materials and methods
2.1 Patients and data

Clinical trial data was obtained from the PanACEA
HIGHRIF1 trial, an open-label phase 2a trial registered at
www.clinicaltrials.gov (NCT01392911) (Boeree et al., 2015).
The trial was approved by local Ethical Review Boards and by
the Medical Control Council of South Africa and was conducted
according to Good Clinical Practice. All patients provided
written informed consent before enrollment into the study.
Newly diagnosed, pulmonary TB patients, susceptible to
isoniazid and rifampicin were randomized to six cohorts
assigned to 10 (n = 8, reference arm), 20, 25, 30, 35, or 40
(n = 15/arm) mg/kg daily oral rifampicin monotherapy for the
first 7 days. The following seven days, therapy was supplemented
with isoniazid, pyrazinamide and ethambutol at standard doses.
Sputum samples were collected overnight over a 16-h interval on
two consecutive days at baseline and daily for one week. On each
day, two replicates from each sample were cultured on agar plates
to assess CFU over time, while two other replicates were cultured
in liquid media to determine the change in TTP over time. The
limit of quantification (LOQ) for log CFU was 1 mL™", while it
was 42 days for TTP samples. CFU samples below LOQ and TTP
samples above LOQ were considered negative. One positive
replicate was considered enough to include the sample in this
analysis regardless of the other replicate as long as the next
sample was positive.

In this analysis, data of daily sputum samples from a total of
83 patients on rifampicin monotherapy over the first week were
included in the analysis. Contaminated CFU (n = 22) and TTP
(n = 14) samples were excluded from the analysis. A total of
40 CFU samples were negative in that period and were removed
from the analysis. This is because in all but two individuals, the
negative samples were followed by positive CFU samples, and for
those two individuals, the negative samples took place on day
seven. A total of three negative TTP samples were excluded from
the analysis. There were only seven instances in the CFU data and
two in the TTP data when only one replicate was positive and the
other was negative. Accordingly, 681 and 727 samples of CFU
and TTP were included in the analysis, respectively. A
description of the data and patient characteristics are
summarized in Supplementary Tables S1, S2, respectively, in
the Supplementary Materials.
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2.2 Modelling strategy

In order to evaluate rifampicin exposure-response relationship
using CFU and TTP, a previously developed
pharmacokinetic (PK) model using the PK data from this study

rifampicin

was used (Svensson et al., 2018a). An individual pharmacokinetic
parameter (IPP) approach (Zhang et al., 2003) was used where the
individual PK model estimates were used as input for the exposure-
response analysis for the CFU and TTP data. Initially, the MTP
model (Clewe et al.,, 2016), developed to describe clinical CFU data
after rifampicin treatment (Svensson and Simonsson, 2016), was
used as a stand-alone model to describe only the CFU data.
Thereafter, the combined quantitative TB biomarker model was
developed by linking the MTP model to a TTP model. The TTP
model was based on a semi-mechanistic time-to-event model
previously developed using TTP data from the same clinical trial
(Svensson et al., 2018b).

The MTP model had a central role within the combined
quantitative TB biomarker model and acted as the link between
the CFU and TTP data. While the sum of the fast- and slow-
multiplying bacteria in the MTP model was used to predict CFU, the
sum of all bacterial sub-states in the MTP model at the end of each
sampling day, were transferred to the bacterial population in the
TTP model, which thereby initiated the 0-42-day TTP. The TTP
model related the mycobacterial growth in the liquid medium to the
probability of achieving a positive signal in the MGIT system using a
hazard model, treating the TTP observations as time-to-event data
(Svensson et al., 2018b). Both CFU and TTP data were
simultaneously analyzed to investigate the drug exposure-
response relationship on each of the mycobacterial sub-states
using the MTP model.

Once developed, the combined quantitative TB biomarker
model was applied to predict one biomarker using information
from the other. In order to predict the median tendency of TTP from
CFU, only the CFU data were used to derive the empirical Bayes
estimates (EBEs) of the final model. The opposite was applied when
predicting the median tendency of CFU using only TTP data to
derive the EBEs of the final model.

2.3 MTP model

The MTP model is a semi-mechanistic pharmacometric model,
which describes the different mycobacterial sub-states and allows for
the exploration of the exposure-response on those sub-states (Clewe
et al., 2016). It consists of three bacterial sub-states: Fast- (F), slow-
(S), and non-multiplying (N). The MTP model is represented by Eqs
1-3, in which time was defined as the time since infection.

F
fl_t:Growth'F'FG+kSF'S_kFS'F_kFN'F_FD'F (1)
as
EZkFS'F-FkNS'N—kSN'S—kSF'S—SD'S (2)
dN

WszN'S"'kFN'F_kNS'N_ND'N (3)

where Fg, Fp, Sp, and Np are the estimated drug effects as

inhibition of the fast-multiplying growth and killing of the fast-,
slow-, and non-multiplying sub-states, respectively. The transfer
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rates between the three different sub-states are described by kg, krs,
kpN, st, and kSN~

Only the fast-multiplying sub-state was assumed to grow, with
the growth limited by the system carrying capacity parameter
(Bmax). The growth of slow-multiplying sub-state was not
included, and the increase of slow-multiplying sub-state took
place through the transfer of bacteria from the fast-and non-
multiplying state (Clewe et al., 2016). The transfer rates between
the three different sub-states were fixed to the in vitro estimates
(Clewe et al., 2016), as it was not possible to estimate such system-
specific parameters separately from drug exposure-response
parameters using the current data of rifampicin treatment. In
addition, the transfer rate from the non-multiplying bacterial
sub-state to the fast-multiplying bacterial
considered negligible based on the previous publication (Clewe

sub-state  was

et al., 2016). Furthermore, the transfer rate from the fast-to the
slow-multiplying sub-states (kps) increased linearly with time. A
Gompertz growth function was chosen to describe the growth of the
fast-multiplying sub-state:

Growth = kg - log( B max ) (4)

F+S+N

where kg is the growth rate of the fast-multiplying bacterial sub-
state in the MTP model and B, is the system carrying capacity,
which defines the bacterial at start of treatment.

In this study, patients were assumed to be in the stationary phase
of the infection, which is characterized by stable bacterial counts
over time in untreated patients (Jindani et al., 1980). Patients were,
thus, assumed to start treatment 150 days after the TB infection, a
time-point at which the MTP model predicts a negligible change in
the bacterial population, and little to no growth is expected. As the
data was not sufficient to the estimate the acute bacterial growth
phase, the kg parameter was fixed to the in vitro estimate (Clewe
et al,, 2016). In addition, the initial conditions occurring 150 days
before baseline, i.e., at time of infection, were fixed to zero for the
non-multiplying stub-state and to 4.10 and 9,770 mL™" for the fast-
and slow-multiplying sub-states, respectively, based on the original
work and its clinical application (Clewe et al., 2016; Svensson and
Simonsson, 2016). On the other hand, the B ,,,, parameter was re-
estimated, along with its inter-individual variability (IIV), to account
for the different individual bacterial baselines without affecting the
relative amounts of the bacterial populations.

From the MTP model, the bacterial sub-states were transferred
to the TTP model, while CFU was predicted as the sum of only the
fast- and slow-multiplying sub-states using Eq 5.

logm CFU = logw (F + S) (5)
where log;o CFU is the logarithm of CFU at a specific time-point,

and F and S are the fast- and slow-multiplying sub-states,
respectively, at that same time-point.

2.4 TTP model

The TTP model was based on an earlier published TTP model
(Svensson et al., 2018b). The model describes the growth of the
bacterial liquid culture from patients’ sputum samples. The starting
bacterial load in the tube was evaluated in different ways such as a
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one subpopulation model and a three-subpopulation model
(i.e., MTP model structure). In addition, the use of a correction
factor (CF) that scaled down the ratio of the non-multiplying
bacteria to the total bacteria that is transferred from the MTP
model to the tube bacterial compartment was also evaluated
(F+S+ N -CF). The CF parameter was both estimated and
fixed to 17% (Faraj et al, 2020a). This is because it has been
previously shown that the ratio of the non-multiplying sub-state
to the total bacteria had to be scaled down to correctly predict the
clinical bacterial number using an MTP model developed using
in vitro data (Faraj et al., 2020a).

In the TTP model, another time scale was used, which was
time since inoculation in liquid media. The total bacteria in the
bacterial compartment were assumed to give rise to the signal in
the MGIT system, as it was expected that, once introduced into
the fresh media in the tube, the non-multiplying bacteria will re-
initiate protein synthesis (Hu et al., 1998) and contribute to the
total bacterial growth. A liquid culture-specific system carrying
capacity parameter (B, i) and a liquid culture-specific growth
rate constant (kg ), both controlling the growth of the bacterial
liquid culture, were estimated. This is because the bacterial
population is expected to grow differently in the MGIT
system, as a growth enhancing substance is added to the
MGIT liquid medium to reduce the detection time (Siddiqi
and Riisch-Gerdes, 2006). Different models of growth in the
liquid medium were evaluated, including exponential, logistic
and Gompertz growth functions.

Sputum samples undergo dilution and centrifugation steps
during processing that remove any antibiotics that might have
been present in the samples before being placed in the liquid
medium. Consequently, the TTP model did not include killing by
drug. Taking into consideration that post antibiotic effect (PAE)
might take place within the liquid culture, different lag-time models
in addition to time-varying growth rate in the liquid culture were
evaluated to describe a potential delay or change of bacterial growth
after different drug exposures. Furthermore, IIV, reflecting
variability in the bacterial metabolic activity, was explored for the
different liquid culture parameters.

As the TTP model describes time-to-event data, a hazard model,
which described the probability of achieving a positive signal in the
MGIT system, was employed, with right censoring occurring on day
42. At any given time-point in the liquid culture (), the hazard,
h(t;), was calculated and was equal to the total bacterial load
multiplied by a hazard scaler (HS) as:

h(tlc) = Blc (tlc) -HS (6)

where h(t;.) is the hazard at one time-point, By (t;.) is the total
bacterial liquid culture at that time-point, and HS is a scaling
parameter for the hazard.

The hazard at each time point was integrated to calculate a
cumulative hazard, H (t;.):

jh(fzc)dt )

0

H(tlc) =

where H (t;.) is the cumulative hazard at time in the liquid culture
and h(#;) is the hazard at that time-point.
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Finally, the survival, which describes the probability of not yet
observing a positive signal was:

S(t) =1 ®)

where S(#;.) is the survival at time in the liquid culture and H (#;.) is
the cumulative hazard at that time-point.

2.5 Exposure-response relationships

A previously developed rifampicin PK model by Svensson et al.
(2018a) was linked to the MTP model. Different exposure-response
relationships were evaluated on four different effect sites of the MTP
model in four steps using the combined quantitative TB biomarker
model and both CFU and TTP data. The different exposure response
relationships that were evaluated were on/off, linear, E,,., and
sigmoidal E ,u,y relationships. The four different effect sites that
were evaluated were inhibition of the growth of the fast-multiplying
sub-state (Fg) and killing of each of the fast- (Fp), slow (Sp), and
non-multiplying (Np) sub-states. The first step was to evaluate all
exposure-response relationships on all effect sites in a univariate
approach. The models were considered statistically significant at a
significance level of 5%, i.e., drop in objective function value (OFV)
of at least 3.84, for nested models with one additional parameter.
The second step involved evaluating the statistically significant
exposure-response models kept from the univariate evaluation of
each effect site in combinations of two, three, and then all four effects
sites, with at least a linear model on each site. The third step involved
re-evaluating the exposure-response relationship at each effect site,
and only statistically significant models were kept. The model with
the largest OFV drop was selected and evaluated in combination
with the model with the second highest significant drop until no
significant drop in OFV was observed. The fourth step involved
removing one exposure-response relationship from each effect site.
In this backward elimination step, a significance level of 1%, i.e.
6.63 OFV drop, was used. After applying the four steps, the model
with the final exposure-response relationship was obtained. IIV on
the different exposure-response parameters were also evaluated.

2.6 Software and model selection

The CFU and TTP data analyses were performed using
NONMEM 7.4.3 (Icon Development Solutions, Elliott City, MD,
United States) (Beal et al., 2018) with the Laplacian estimation
method. Data management and visualization were done in R
statistical software version 4.1.2 (R Foundation for Statistical
Computing, Vienna, Austria) (R Development Core Team, 2017).
PsN 5.0.0 (Lindbom et al., 2005) was used to run the models and
produce visual predictive checks (VPCs) used for model diagnostics
(Lindbom et al., 2005). Additional graphical assessments of results
were performed in xpose 4.7.2 (Keizer et al.,, 2013).

Model evaluation was based on parameter uncertainty and
scientific plausibility while they were visually assessed using
goodness-of-fit plots and VPCs. Nested models were evaluated
based on the OFV, using the likelihood ratio test at a 5%
significance level. For CFU, conventional VPCs, comparing
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FIGURE 1

Schematic representation of the final quantitative tuberculosis biomarker model, including the pharmacokinetic (PK) model (left), MTP model (lower

middle) and time-to-positivity (TTP) model (upper middle) using early bactericidal activity data of rifampicin in monotherapy in tuberculosis patients. CFU
and TTP observations are simultaneously informing the MTP and TTP models through the simultaneous fit of the model to the data. The MTP model is
represented by different bacterial sub-states; fast- (F), slow (S) and non-multiplying sub-state (N). The PK model s linked to the MTP model through

the different killing parameters. CFU is predicted from the MTP model as the sum of the F and S sub-states. The TTP model consists of one bacterial sub-
population model (B,c) which is the sum of the F, S, and N sub-states at the starting time in the liquid medium (t, = 0). The bacterial liquid culture at any
given time pointin the liquid medium [Bc (t)] was equal to the hazard h (t) multiplied by a hazard scaler (HS). The probability of a TTP sample without a
positive signal at time t,. was given by the survival [S(t,)] which was derived from the cumulative hazard [H (tc)]. Faso, relative bioavailability to 450 mg;
F max, maximal increase in relative bioavailability; EDsp, dose corresponding to half the F .. NN, number of transit compartments; k¢, transfer rate
between transit compartments; MTT, mean transit time; k,, absorption rate constant; kgyz, first-order enzyme degradation rate and zero-order enzyme
formation rate; E max, maximal increase in enzyme formation rate; ECso, concentration corresponding to 50% of E yax; Cp, plasma concentration; V max,
the maximal elimination rate; kpm, Cp at half of E yax; V, volume of distribution; kg, growth rate of the fast-multiplying state; B max, System carrying capacity
per mL™; kesin, time-dependent linear rate parameter describing transfer from fast-to slow-multiplying states; ks, first-order transfer rate from slow-to
fast-multiplying states; kgy, first-order transfer rate between fast- and non-multiplying states; ks, first-order transfer rate between slow- and non-
multiplying states; ks, first-order transfer rate between non- and slow-multiplying states; Bjc, total bacterial liquid culture; Bmax . System carrying
capacity per mL™in liquid media; kg, growth rate of the bacterial liquid culture; HS, hazard scaler; t, time since infection; t,, time in liquid culture. Solid

arrows represent mass transfer, while dashed arrows represent linking between models.

observed and simulated data stratified by dose group, were
produced. For TTP, posterior predictive checks (PPC) of the TTP
in days versus time since treatment, stratified by each dose group,
were used. Sampling importance resampling (SIR) was used to
obtain accurate parameter uncertainties (Dosne et al., 2016).

3 Results

The general structure of the final quantitative TB biomarker
model consisted of one PK model and two biomarker models: the
MTP and TTP models (Figure 1).

All MTP model parameters were fixed to the in vitro estimates
(Clewe et al, 2016), except for B,y which was estimated.
Estimating IIV on B ,,, was necessary to allow for the prediction
of the individual bacterial load at baseline. The MTP model
previously employed by Svensson and Simonsson (2016) to
describe clinical CFU data, was first applied to CFU data as a
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stand-alone model. The model described the CFU data well,
which provided a validation for using the MTP model in this work.

The TTP model comprised a one bacterial population that was
initialized as the sum of the fast-, slow-, and non-multiplying sub-
states in the MTP model at the sampling occasion. An MTP model
structure within the TTP model, representing all three sub-states in
the liquid medium with all transfer rates between the sub-states fixed
to the in vitro estimates, was also evaluated, in which the positive
signal in the MGIT system was driven by the sum of the fast-, slow-,
and non-multiplying sub-states. However, the TTP data did not
support the MTP model structure within the TTP model. Therefore,
a one bacterial liquid culture (Bj.) was explored and shown to
describe the data:

dBy,
dtlc

= Growthy, - B, 9)

where Growth. and By, are the liquid culture-specific growth and
total bacterial liquid culture, respectively.
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FIGURE 2

Visual predictive check of the final quantitative biomarker model describing colony forming unit (CFU) versus time since first dose and stratified on
rifampicin dose group. The solid and dashed lines are the median, 2.5th, and 97.5th percentiles of the observed data, respectively. The shaded areas are
the 95% confidence intervals of the 97.5th (blue), median (red), and 2.5th (blue) percentiles of the simulated data based on 1,000 simulations. Open circles

are the observations.

Adding a fixed CF parameter (CF = 17%) to correct for the
amount of the non-multiplying sub-state transferred from the MTP
model to the TTP compartment resulted in a higher OFV, while
estimating it did not improve the model fit to the data, and thus, the
CF parameter was not used. Instead, the total sum of all bacterial
sub-states (F + S + N) was transferred from the MTP model to the
liquid medium in the TTP model.

The liquid culture-specific growth was described by a
Gompertz growth model as it improved model fit compared to
logistic and exponential growth models. Estimating a liquid
culture-specific bacterial growth rate (kg;) was necessary and
resulted in a 314-point drop in OFV compared to using the fixed
in vitro kg parameter. This is in line with the expectation of the
different bacterial growth in the MGIT system due to the added
growth enhancing substance in the liquid medium (Siddiqi and
Riisch-Gerdes, 2006). Furthermore, a liquid culture-specific
Buax,ic» controlling the growth in the liquid medium, was
estimated and provided a significantly better fit to the data
with a 629 drop in OFV compared to using the in vitro Buy
parameter. A time-varying mycobacterial growth and a delayed
liquid culture growth did not statistically significantly decrease
the OFV. Eq.10 shows the Gompertz growth model in the TTP
model.
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B
Growthy, = kg - log<%’lc> (10)
Ic

where kg is the liquid culture growth rate, Bpajc is system
carrying capacity, and By, is the total bacterial liquid culture.

Using the MTP model approach, a linear effect described the
killing of the fast-multiplying sub-state, while an E 4. effect
described the killing of each of the slow- and non-multiplying
sub-states. No further significant OFV drop was seen when
evaluating more complex models, e.g., E ., for the killing of
the fast-multiplying sub-state or sigmoidal E ., model the
killing of either the slow- and non-multiplying sub-states.
Additionally, no statistically significant exposure-response
relation was found on the inhibition of growth of the fast-
multiplying sub-state. IIV was evaluated on all exposure-
response parameters but was not supported by the data. The
exposure-response relationships identified using both CFU and
TTP data were different compared to fitting the CFU stand-
alone model to the CFU data. While both models identified an
E ,ux relationship on the killing of the slow- and non-
multiplying sub-states, using only CFU data identified a
simpler on/off model for the inhibition of growth of the fast-
multiplying sub-state.
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FIGURE 3

Posterior predictive check of the final quantitative biomarker model describing median time-to-positivity (TTP) versus time since first dose and
stratified per rifampicin dose group. Solid lines represent the median time to positivity based on the observed data. Shaded areas are the 90% prediction

interval based on 1,000 simulations using the model.

The final combined quantitative TB biomarker model provided
a good fit to both the CFU and TTP data as seen in the VPC of CFU
versus time stratified by dose group (Figure 2) and the PPC of TTP
versus time (Figure 3), respectively. A Kaplan-Meier VPC of TTP
versus time in the liquid medium for different rifampicin doses and
treatment days is included in Supplementary Figure S1. The final
parameter estimates from the combined biomarker model is shown
in Table 1.

The final quantitative TB biomarker model was also able to
describe the median CFU-TTP relationship well (Figure 4). Deriving
the EBEs of the final model using data on either biomarker allowed
for the prediction of the median tendency of the other biomarker.
The final model was able to predict the median tendency of TTP
using only CFU data with an R” of 0.79 (Figure 5A). However, it was
difficult for the model to predict the median tendency of CFU using
only TTP data with high precision (R*> = 0.51; Figure 5B).

4 Discussion

This paper presents the development of a combined
quantitative TB biomarker model (Figure 1), consisting of a
PK-CFU-TTP model, to identify the relationship between CFU
and TTP based on data from patients with pulmonary TB on
10-40 mg/kg rifampicin monotherapy for seven days in an early
bactericidal activity (EBA) trial. The MTP model acted as the link
between the CFU and TTP data within the combined model
where CFU was the sum of the fast- and slow-multiplying sub-
states which varied over time due to drug effect, while the total
bacterial load predicted from the MTP model at the end of each
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day was the starting point for the level of bacteria in the TTP
model.

This work builds on the MTP concept of three different sub-
states; fast-, slow- and non-multiplying bacteria (Clewe et al,,
2016). The MTP model has been shown to describe the growth, in
the absence of treatment, and decline, in response to treatment, of
bacteria in the different sub-states and, subsequently, CFU, using
in vitro and clinical data (Clewe et al., 2016; Svensson and
Simonsson, 2016). Consequently, the MTP model has been
successfully applied to describe in vitro (Clewe et al., 2016;
Susanto et al., 2020), mouse (Chen et al., 2017), and clinical
data (Svensson and Simonsson, 2016; Faraj et al., 2020a; Faraj
et al., 2020b). In addition, the MTP model has been successfully
used to predict observations from early clinical studies using
clinical dose-response forecasting from pre-clinical in vitro
studies of rifampicin (Wicha et al., 2018; Susanto et al., 2020).
Furthermore, it has been shown that applying semi-mechanistic
modelling approaches, such as the MTP model, can increase the
power of phase Ila studies and reduce the number of patients
required to characterize drug exposure-response as compared to
traditional statistical methods, e.g., t-test or ANOVA, and
empirical approaches, e.g., mono- or bi-exponential models
(Svensson et al., 2017). Applying the MTP model approach for
representing bacterial burden presents a number of advantages,
as representing drug efficacy on different mycobacterial sub-
states is more mechanistically plausible, and it allows the
evaluation of the drug exposure-response relationships on
each of those populations separately, offering a mechanistic
interpretation of rifampicin’s effect on different bacterial sub-
states.
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TABLE 1 Final quantitative tuberculosis biomarker model parameter estimates.

10.3389/fphar.2023.1067295

Parameter Description Estimate® RSE%P
MTP model

kg (days™) Fast-multiplying bacterial growth rate 0.206 FIX -
krspin (days™) Time-dependent transfer rate from fast- to slow-multiplying state 0.00166 FIX -
ken (days™) Transfer rate from fast- to non-multiplying state 8.97-107 FIX -
ksp (days™) Transfer rate from slow- to fast-multiplying state 0.0145 FIX -
ksy (days™) Transfer rate from slow- to non-multiplying state 0.186 FIX -
kns (days™) Transfer rate from non- to slow-multiplying state 0.00123 FIX -

B ax (mL™) System carrying capacity 4.997-10* 5.27
Fy (mL") Initial bacterial number of fast-multiplying state 4.1 FIX -

So (mL") Initial bacterial number of slow-multiplying state 9770 FIX -
11V B ax (%) Inter-individual variability in B 834 12.1
& (CV%) Additive residual error on log scale 59.4 4.02
repl (CV%) Additive replicate error on log scale 19.1 24.1
TTP model

Binax jc (mL™) System carrying capacity per mL in liquid culture 1.62-10° 7.61
kg (day™) Mycobacterial growth rate in liquid culture 0.22 4.34
HS Hazard scaler 1.49-10°° 6.99
Exposure-response

FDy (L'mg".days™) Second-order fast-multiplying state death rate 16.5 333
SDg max (days™) Maximum achievable drug-induced slow-multiplying state kill rate 0.30 183
SDgcso (mgL") Concentration at 50% of SDg ,ax 249 36.5
NDg ynax (days™) Maximum achievable drug-induced non-multiplying state kill rate 1.93 10.8
NDgcsp (mg-L™) Concentration at 50% of NDg jax 4.83 30.5

“All fixed parameters in this model were obtained from Clewe et al. (2016), and applied in Svensson and Simonsson (2016).
"RSE, relative standard error reported on the approximate standard deviation scale obtained using sampling importance resampling (SIR) (Dosne et al., 2016).

The EBA of rifampicin was evaluated using all available CFU
and TTP data simultaneously, which further supported a strong
mechanistic approach when developing the work and assessing
the drug efficacy. Studies have shown that the combined use of
two biomarkers better ranked the efficacy between treatments
compared to using only one biomarker, as in the case of the
combined use of CFU and RS ratio (Dide-agossou et al., 2022).
Liquid media are known to be more sensitive in detecting the Mtb
populations than solid media but are more prone to
contamination (Cruciani et al., 2004; Diacon et al., 2012).
International guidelines, therefore, recommend the use of at
least one solid and one liquid medium to quantify the
bacterial load accurately (Behr et al, 2022). As such, the
simultaneous analysis of both CFU and TTP data in the
combined biomarker model provided more information about
the drug efficacy than only CFU, although this work only
evaluated one drug. The rifampicin PK model used (Svensson
et al, 2018a) accounted for the non-linearity in PK by a
concentration-dependent apparent clearance and a dose-
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dependent relative bioavailability. The model also accounted
for the decrease in rifampicin exposure with time by
employing an enzyme turnover model to incorporate
rifampicin’s auto-induction. The estimated exposure-response
relationships included a linear killing of the fast-multiplying sub-
state and a non-linear E ,,,, killing for both the slow- and non-
multiplying sub-states, with a higher predicted drug potency
towards the non-multiplying sub-state (Table 1). In the final
combined biomarker model, the precision in the rate of the
killing of the fast-multiplying sub-state (FDj) parameter was
low (Table 1). However, omitting the parameter from the model
led to an increase in OFV of 174 points, and a simpler on-off
model did not provide a good fit of the data. Further, omitting the
parameter led to a too low predicted decline in biomarker
response at day seven compared to keeping the parameter in
the model.

The MTP model applied in this work is in agreement with the
conclusions from Bowness et al. (2015) who also used data from the

same trial, in that TTP captures an additional bacterial population
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that is not detected by CFU. In this work, by allowing the transfer of
the sum of the bacterial sub-states in the MTP model to the TTP
model, we assumed that TTP can capture the non-multiplying sub-
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state as the extra bacterial population that CFU does not capture,
and by doing so the model is able to predict both CFU and TTP
adequately well. The relationship between CFU and TTP is non-
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linear with respect to time and in this model approach, the non-
linear relationship with time is predicted.

Earlier work has shown that the non-multiplying bacteria in
sputum is 17% of the in vitro levels, suggesting a difference in
phenotypic resistance, whereas no difference in multiplying
bacteria was found (Faraj et al, 2020a). In this work, we
explored the option to only allow for a percentage of the non-
multiplying bacteria to be transferred to the TTP bacterial
compartment from the MTP model but the data in this work
did not support it, and the total bacteria from the MTP model
seemed to well represent the bacterial population driving the TTP
signal. A semi-mechanistic time-to-event approach was
employed to describe the TTP observations in this work.
While an implementation of the full MTP model with three
bacterial compartments in the liquid medium was not
supported by the data, a one-bacterial compartment,
representing the total bacterial population in the liquid
medium, was sufficient and provided a satisfactory description
of the TTP data. Future work should aim at describing the
dynamics of the bacterial populations in liquid media.

A stand-alone TTP model has been previously used to assess
the exposure-response relationship of rifampicin using TTP data
from the same trial (Svensson et al., 2018b). The stand-alone TTP
model was not linked to a rifampicin PK model but instead used
rifampicin exposure as a covariate on the kill rate parameters. In
addition, other models have previously analyzed CFU and TTP
simultaneously using EBA data. Gausi et al. (2021) used both
biomarkers to describe isoniazid efficacy on a single bacterial
population for CFU and TTP in patients with drug-sensitive and
drug-resistant TB. Lyons used CFU and TTP to establish
pretomanid and bedaquiline exposure-response relationships
(Lyons, 2019; Lyons, 2022). This work builds upon the
work by wusing both CFU and TTP data

simultaneously combined to a rifampicin PK model to

previous

evaluate the exposure-response relationship of rifampicin on
three bacterial subpopulations using the MTP model, which
presents a more mechanistic approach of assessing the
exposure-response relationship. Inclusion of a non-multiplying
state may provide a deeper link between EBA and predictions of
long-term efficacy in TB drug development although this still
remains to be further investigated.

While CFU has been the gold standard biomarker in pre-
clinical studies and in TB diagnosis, TTP has been suggested as a
substitute to CFU in phase IIa EBA studies (Diacon et al., 2012).
As such, the combined quantitative TB biomarker model
developed in this work (Figure 1) can play a vital role in
predicting TTP from trials where only CFU was measured. In
addition, the combined quantitative TB biomarker model can be
used to predict typical TTP in the case of missing or
work, the
quantitative TB biomarker model was shown to be able to

contaminated samples. In this combined
predict the median tendency of the observed TTP using
7-day
rifampicin therapy of drug susceptible TB (Figure 5A). The

information on CFU with good precision after
model was less precise, however, in predicting the median
tendency of the observed CFU using only TTP data
(Figure 5B). This is because TTP was assumed to correspond
to a signal initiated by the growth of the whole bacterial
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population. Thus, it was difficult for the model to differentiate
between the different sub-states using TTP data in order to
predict CFU, which was assumed to be the sum of only the
fast- and slow-multiplying sub-states.

The combined quantitative TB biomarker model was
developed using data from seven-day rifampicin monotherapy
of drug susceptible TB (Boeree et al., 2015). As the clinical data
did not include information on the acute bacterial growth phase,
the growth of the different bacterial sub-states and the transfer
rates between them could not be estimated. Using in vitro
information compensates for this limitation, and thus, the
growth and transfer rate parameters were fixed from the
in vitro setting (Clewe et al., 2016). In this work, the model
assumed that the TTP signal is driven by the sum of the fast-,
While
implementations for which population drives the TTP signal

slow-, and non-multiplying population. several
have been explored, the whole bacterial population driving the
signal provided the best fit. The assumption that TTP can capture
all bacterial populations, however, might not be true, and re-
evaluation of the population driving the TTP signal might be
necessary when applying the model to other data.

It has been reported that the CFU-TTP relationship might
differ in certain cases of Mtb mutations (le Roux et al., 2021). As
the response to treatment is expected to differ between drug-
sensitive and drug-resistant Mtb strains (Bahuguna and Rawat,
2020), the model should be validated using data from treatment
of drug-resistant Mtb. Potential differences in CFU-TTP
relationship could be accounted for in the model to allow for
a mutation specific relationship. Further work should also
explore if the identified CFU-TTP relationship is drug-specific,
i.e., to apply the model to different EBA clinical trial datasets. It is
important to emphasize that the exposure-response relationships
always are drug-specific and are better characterized using both
biomarkers rather than either. Likewise, further work should also
evaluate whether the identified CFU-TTP relationship holds in
trials with durations longer than sevendays. Therefore,
extrapolation to other drugs and outside the dose range,
bacterial susceptibly and treatment duration should be done
with caution.

The combined rifampicin PK-linked quantitative TB biomarker
model was successfully developed using CFU and TTP data from a
phase ITa EBA trial. The model used data from both biomarkers to
evaluate rifampicin exposure-response relationship in an EBA trial.
The final model was able to describe the relationship between CFU
and TTP over time.
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Aims: Bedaquiline is now recommended to all patients in the treatment of
multidrug-resistant tuberculosis (MDR-TB) using standard dosing regimens. As
the ability to measure blood drug concentrations is very limited, little is known
about drug exposure and treatment outcome. Thus, this study aimed to model the
population pharmacokinetics as well as to evaluate the currently recommended
dosage.

Methodology: A bedaquiline population pharmacokinetic (PK) model was
developed based on samples collected from the development cohort before
and 1, 2, 3,4,5,6,8, 12, 18, and 24 h after drug intake on week 2 and week 4 of
treatment. In a prospective validation cohort of patients with MDR-TB, treated
with bedaquiline-containing standardized regimen, drug exposure was assessed
using the developed population PK model and thresholds were identified by
relating to 2-month and 6-month sputum culture conversion and final
treatment outcome using classification and regression tree analysis. In an
exploratory analysis by the probability of target attainment (PTA) analysis, we
evaluated the recommended dosage at different MIC levels by Middlebrook
7H11 agar dilution (7H11).

Results: Bedaquiline pharmacokinetic data from 55 patients with MDR-TB were
best described by a three-compartment model with dual zero-order input. Body
weight was a covariate of the clearance and the central volume of distribution,
albumin was a covariate of the clearance. In the validation cohort, we enrolled
159 patients with MDR-TB. The 7H11 MIC mode (range) of bedaquiline was
0.06 mg (0.008-0.25 mg/L). The study participants with AUCq_»4,/MIC above
175.5 had a higher probability of culture conversion after 2-month treatment
(adjusted relative risk, aRR:16.4; 95%Cl: 5.3-50.4). Similarly, those with AUCq_24n/
MIC above 118.2 had a higher probability of culture conversion after 6-month
treatment (aRR:20.1; 95%Cl: 2.9-139.4), and those with AUCq_24n/MIC above
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74.6 had a higher probability of successful treatment outcome (aRR:9.7; 95%Cl:
1.5-64.8). Based on the identified thresholds, simulations showed that the WHO
recommended dosage (400 mg once daily for 14 days followed by 200 mg thrice
weekly) resulted in PTA >90% for the majority of isolates (94%; MICs <0.125 mg/L).

Conclusion: We established a population PK model for bedaquiline in patients with
MDR-TB in China. Based on the thresholds and MIC distribution derived in a clinical
study, the recommended dosage of bedaquiline is sufficient for the treatment of

MDR-TB.

KEYWORDS

bedaquiline, multidrug-resistant tuberculosis, population pharmacokinetic modeling,
dosage evaluation, target attainment

1 Introduction

Multidrug-resistant tuberculosis (MDR-TB) is defined as
tuberculosis (TB) where Mycobacterium tuberculosis (Mtb) is
at least resistant to isoniazid and rifampicin. China is the
world’s second-highest TB burden country, with 84,200 new
TB cases and 17,528 MDR-TB cases in 2020 (World Health
Organization, 2021). The treatment is long and associated
with frequent adverse events, with a cure rate of MDR-TB as
low as 59% in 2018 (Olaru et al, 2016; World Health
Organization, 2021). Hence optimization of treatment is
needed to achieve END TB goals.

Bedaquiline is a diarylquinoline drug approved by the U.S. Food
and Drug Administration in 2012 and proved to significantly
increase the success rate of MDR-TB treatment (Lounis et al.,
2006; Diacon et al., 2012; Diacon et al., 2014; Healan et al., 2017;
Olayanju et al,, 2018; Li et al, 2019). Thus, bedaquiline is now
recommended by WHO to all patients with MDR-TB, unless
contraindicated (World Health Organization, 2019).

The drug concentrations and pharmacokinetics of anti-TB
drugs vary widely among TB patients (Pasipanodya et al., 2013;
McLeay et al., 2014). In the case of bedaquiline, drug exposure is
related to body weight, albumin, age, race and concomitant use of
rifampicin (McLeay et al., 2014; Van Heeswijk et al., 2014;
Svensson et al.,, 2016; Svensson and Karlsson, 2017). The drug
concentration of bedaquiline is important as activity has been
to be high
concentrations of bedaquiline were associated with a faster

found concentration-dependent, where the
decline in bacterial load in patients within 24 weeks (Tanneau
et al, 2020) and sputum culture conversion after 6-month
treatment (Zheng et al, 2021). Therefore, an optimal drug
exposure of bedaquiline is important to improve the MDR-TB
treatment.

Although there have been several studies to model the
(PK) of bedaquiline
and patients

population pharmacokinetics
healthy
multidrug-resistant TB (McLeay et al., 2014; Svensson et al,

among
subjects with drug-susceptible and
2016), the threshold for drug exposure associated with optimal
treatment outcome remains unknown. Therefore, the present
study aimed to build a population PK model of bedaquiline
among patients with MDR-TB, identify the threshold to predict
the treatment in a prospective cohort of patients with MDR-TB as
well as to evaluate the current doses by the probability of target

attainment (PTA) analysis.
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2 Methods
2.1 Study design and population

A multi-center prospective cohort study of patients with MDR-
TB was conducted in Guizhou, Henan, Jiangsu and Sichuan
Province in China between June 2016 to June 2019. The patients
were aged between 18 and 70 years, diagnosed with MDR-TB by
phenotypic drug susceptibility testing (DST), and had received a
bedaquiline-containing regimen. Patients with abnormal liver or
pregnancy, or
immunodeficiency virus, hepatitis B, or C virus were excluded.

kidney  function, infected with human

From the prospective cohort study, we included subjects with
rich sampling into a development cohort for pharmacological
modeling, while those with limited sampling and a standardized
WHO regimen were included into the validation cohort for
identifying the threshold predictive of treatment outcome.

The participants in the development cohort were treated with a
standardized bedaquiline-containing regimen for 6 months during
the intensive phase, including bedaquiline, moxifloxacin or
levofloxacin, linezolid as well as a background regimen to
complete a full-oral regimen as we reported previously (Zheng
et al, 2021), while those in validation cohorts received a
standardized WHO regimen for 6 months containing bedaquiline,
moxifloxacin, linezolid, clofazimine, and cycloserine. For both
cohorts, the dosage of bedaquiline was 400 mg once daily for the
first 2 weeks and 200 mg thrice weekly for the following 22 weeks,
and the regimen for the following 18 months during the
consolidation phase included at least 3 anti-TB drugs. Non-
adherence was defined as discontinued for more than 3 days.

All study participants were routinely examined monthly during
the intensive phase (the first 6 months) and once every 2 months
18 months). A
questionnaire was used to collect demographic data, while

during the consolidation phase (the next

medical and laboratory data were extracted from hospital records.

In the development cohort, blood plasma was sampled before
and 1,2, 3,4,5,6, 8,12, 18, and 24 h after drug intake on week 2 and
week 4 of treatment respectively, while in the validation cohort,
samples were collected predose and 2, 4 and 6 h after taking the drug
on week 4 of treatment as limited sampling strategy indicated that
the sparse concentrations performed well enough for simulation
(Supplementary Table S1), and the consistency between the
measured and predicted value of AUC,,4, was evaluated by
Bland-Altman analysis (Figure 1). After collection, the blood
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FIGURE 1

Bland-Altman plot of measured AUC versus predicted AUC values by Bayesian approach and limited sampling strategy (sampling time: 0, 2, 4, 6 h).

samples were centrifuged at 3,000 rpm for 10 min within 1 h, and
the upper plasma was loaded into cryovials and stored at —80°C.
Concentrations of bedaquiline were determined using high-
performance liquid chromatography (HPLC) with a calibration
curve ranging from 0.2 to 20 mg/L. The calibration curve was
linear (¥ = 0.9954) and accuracy and precision were between
91.3%-95.2%. The 5 samples of the development cohort were
below the lower limit of quantification (10 ng/mL) and their
assay results were ruled out from the analysis as a common way
(Beal, 2001).

Sputum samples were collected at each visit and were sent to the
prefectural TB reference laboratory for analysis. The bacterial
cultures and MIC determination at baseline were performed
using the Middlebrook 7HI11 agar dilution method at bedaquiline
concentration of 0.008-0.05 mg/L using serial two-fold dilution as
previously described (Lounis et al, 2016). The Middlebrook
7HI11 agar media (Becton Dickinson, Franklin Lakes, NJ,
United States) were prepared according to CLSI document M07-
A9 (Clinical and Laboratory Institute Standards, 2012). Quality
control was performed under conditions equivalent to those of
the experiment using Mtb strain H37Rv (ATCC 27294).

This study was carried out
recommendations of the Declaration of Helsinki (2000). The
protocol was approved by the ethics committee of the School of
Public Health, Fudan University (IRB#2015-08-0565). Written
informed consent was obtained from all participants.

in accordance with the

2.2 Population pharmacokinetic modeling

Based on the development cohort, a population PK model was
established using the non-linear mixed-effect method in Phoenix
NLME (version 8.0; Certara Inc, Princeton, NJ, United States). Since
bedaquiline has a unique dual zero-order input, we fixed the
absorption rate as 1,000 h' based on a published population PK
model (McLeay et al., 2014), resulting in the dose via the input
compartment describing an initial zero-order (rather than first-
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order) input. The duration of infusion into the depot compartment
(2.22 h), the duration of infusion into V./F (1.48 h) and the fraction
of dose into the depot compartment (58.5%) were also fixed from
this reference for a better fit.

Inter-subject variability was estimated by exponential model for
PK parameters as follows (Eq. 1):

0 = Ory x exp (1)

where 0; is the parameter estimation for the ith individual, Ot is the
typical value of the parameter estimation in the population, and ; is
the deviation from the population mean for the ith individual under
the assumption that n; are normally distributed with mean 0 and
variance «’. Furthermore, additive, proportional and combined-
error models were explored to estimate the residual error variability.

The structural models were formulated through the objective
function value (OFV), Akaike information criterion (AIC), and
model goodness-of-fit plot. The models with the lowest values of
OFV and AIC were regarded as superior. In the process of model
development, weight, age, sex, height, and albumin were included as
potential covariates to explain inter-individual pharmacokinetic
variations.

The effects of continuous covariates such as weight, age, height
and albumin were modeled using a power function after
normalization by the population median (Eq. 2):

cov;

Ocor
6,= 6y x|
COVimedian

Where covj is the covariate value for the ith individual, covy,edian
is the median value of the covariate. and 6., is the estimated
parameter describing the fixed effect of covariates on the PK
parameters.

For categorical covariates, such as sex, the effect was modeled as
follow (Eq. 3):

6, = Oy x (1 + cov; x ecov)
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Where cov; is a dummy variable that took on a value of 1 or 0.

The covariates selection was performed using stepwise
regression with forward inclusion (AOFV>3.84, p < 0.05) and
backward elimination (AOFV>6.64, p < 0.01). The covariates
were selected or excluded depending on the value changes of
OFV. The final model performance was authenticated by a visual
check (VPC). In the cohort, the
pharmacokinetic ~parameters calculated by Bayesian

predictive validation
were

approach on the population PK model above.

2.3 Clinical-significant thresholds
identification

The developed population PK model was applied for the
validation cohort to calculate the pharmacokinetic parameters
(Cimax>o Cnins AUCq.241) on week 4 of treatment. Combined with
the baseline 7H11 MICs of the clinical Mtb isolates, the ratios of
bedaquiline drug exposure/susceptibility (Cpax/MIC, Cyin/MIC,
AUC(_4n/MIC) were obtained. After that, the thresholds were
identified by relating the drug exposure and ratio of drug
exposure/susceptibility (Crax Cmins AUCo.24h Cinax/ MIC, Cinin/
MIC, AUC »4,/MIC) to the 2-month sputum culture conversion
as a marker of early treatment response, the 6-month culture
conversion previously reported to be predictive of treatment
outcome, and the successful treatment outcome, using the
classification and regression tree (CART) analysis. The “rpart”
package in R (version 4.1.2, R Foundation, Vienna, Austria) was
used to generate the CART models with the default values specified
in “rpart” (Atkinson and Therneau, 2000).

2.4 Dosage evaluation by probability of
target attainment analysis

Based on CART-derived thresholds, the probability of target
attainment was analyzed to evaluate the WHO recommended
regimen (400 mg once daily for 14 days followed by 200 mg
thrice weekly) (World Health Organization, 2020) as well as two
suggested regimens (200 mg once daily, and 200 mg once daily for
56 days followed by 100 mg once daily) (Salinger et al., 2019) within
a distribution of 7H11 MICs of 0.015, 0.03, 0.06, 0.125, 0.25, 0.5,
1 mg/L. Currently, 0.25mg/L is suggested as a provisionary
breakpoint for 7HI11 by EUCAST (European Committee for
Antimicrobial Susceptibility Testing, 2017). For each regimen,
1,000 patients were simulated based on the characteristics of the
studied population. For the WHO recommended regimen and
200 mg once daily, we calculated the AUC;,4, on week 4 of
treatment, while the AUCy ,4, of 200 mg once daily for 56 days
followed by 100 mg once daily was calculated on week 10 of
treatment.

2.5 Statistical analysis
For demographic data, continuous variables were expressed as

the interquartile range (IQR). The differences were compared using
a t-test for normally distributed variables and the Mann-Whitney U

Frontiers in Pharmacology

10.3389/fphar.2023.1022090

test for non-normally distributed. Dichotomous variables were
expressed as numbers and frequency (%). The differences were
compared using the chi-square test. For drug exposure and
susceptibility, pharmacokinetic parameters were expressed as
median with interquartile range, MIC values were expressed as
mode and range, and the Mann-Whitney U test was applied for
comparison.

For validation of thresholds and clinical outcomes, a modified
Poisson regression with robust standard errors was used to estimate
the association between the CART-derived thresholds and the
sputum conversion after 2 and 6 months’ treatment and
successful treatment outcome. The time to sputum culture
conversion was illustrated between patients above the CART-
derived thresholds and those below using Kaplan-Meier curves
and compared using the log rank test. The start point was the
treatment initiation. The endpoint was defined as the beginning of
consecutive two or more sputum culture conversions in the
BACTEC MGIT960 system. The observation time was defined as
the duration through start point until the endpoint. Censoring for
study participants occurred when there was no sputum conversion
observed throughout the whole MDR-TB treatment, death, or loss to
follow-up. A Cox proportional hazards model was used to estimate
the hazard ratio (HR). The association between thresholds and
treatment outcome was adjusted by age, sex, place of residency,
weight, adherence, and baseline time to liquid culture positivity as
the possible confounders.

Data analyses and plotting were performed using R (version
4.1.2, R Foundation, Vienna, Austria). Levels of significance were set
at 5% (a = 0.05), and a 95% confidence interval (CI) was calculated.

3 Results

3.1 Demographics and clinical
characteristics

Of the 55 study participants in the development cohort, 39
(70.9%) were male, and the median (IQR) age was 44 (34-53) years,
while among the 159 patients in the validation cohort, 107 (67.3%)
were male, and the median (IQR) age was 44 (29-54) years. The
demographic and clinical characteristics of subjects were
comparable between the two cohorts, except for weight and BMI
(Table 1). The bedaquiline mode MIC (range) of the validation
cohort, was 0.06 mg/L (0.008-0.25 mg/L). The majority of the MIC
distribution was below 0.125mg/L (93.7%; Figure 2). The
bedaquiline MIC QC range for H37Rv was 0.015-0.06 mg/L,
which was within QC range in the WHO report (World Health

Organization, 2018).

3.2 Population pharmacokinetic model

In the development cohort, five samples were below the lower
limit of quantification (10 ng/mL) and ruled out of the analysis. Of
the remained 1,205 bedaquiline concentrations from 55 subjects in
the range of 0.04-5.96 mg/L were obtained for population PK
modeling. Preliminary analysis of the base model showed the
OFVs of the three- and four-compartment model with dual
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TABLE 1 Baseline demographic and clinical characteristics of subjects.

Baseline characteristics

Development cohort (n = 55)

10.3389/fphar.2023.1022090

Validation cohort (n = 159)

Demographic data

Age, years (median, IQR) 44 (34,53)
Sex (female) (n, %) 16 (29.1)
Weight, kg (median, IQR) 67 (59,74)

Height, cm (median, IQR)
BMI, kg/m2 (median, IQR)

165 (158,173)
23.8 (20.6,26.0)

44 (29,54)

52 (32.7)

65 (59,71)

166 (161,172)
24.6 (22.0,28.7)

Clinical data

Albumin, g/L (median, IQR)

37.1 (32.0,40.6)

Diabetes Mellitus Type 2 (n, %) 9 (16.4)
Smoking (n, %) 6 (10.9)
Alcohol consumption (n, %) 5(9.1)
Clinical severity (n, %) 11 (20.0)
Chest X-ray severity (n, %) 9 (16.4)
Pulmonary cavity (n, %) 9 (16.4)
TTP, h (median, IQR) 12 (11,14)
Pre -XDR*® (n, %) 9 (16.4)

37.2 (32.4,41.6)
27 (17.0
31 (1955
28 (17.6
41 (25.8
26 (16.4
33 (20.8
13 (11,14)
13 (8.2)

)
)
)
)
)
)

BMI, body mass index; TTP, time to liquid culture positivity; Pre-XDR, pre-extensive drug resistance.

“Pre-XDR-TB, TB, caused by Mycobacterium tuberculosis strains that fulfill the definition of multidrug-resistant and rifampicin-resistant TB, with additional resistance to any fluoroquinolone.
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FIGURE 2
Mycobacterium tuberculosis
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minimum inhibitory concentration

distribution of bedaquiline among the participants in the validation

cohort.

zero-order input (to capture dual peaks observed during
absorption) were 763.6 and 758.0, respectively. Based on OFV,
AIC, and diagnostic plots, the plasma concentrations of the
best three-
compartment model with dual zero-order input. A proportional

development cohort were described by a
error model was used to evaluate the residual variability. The
pharmacokinetic parameters derived from the model included
apparent clearance (CL/F) = 3.57 L/h and apparent distribution
volume (V/F) =336.97 L (Table 2). Body weight and albumin were
included in the final model. The body weight affected the clearance
(CL) and the central volume of distribution (Vc), and the covariate
effects of body weight on the central volume of distribution and

clearance were fixed to 1 and 0.75, respectively, according to the
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principles of allometric scaling (Anderson and Holford, 2009). The
albumin affected the clearance (estimate (CV%) = 3.76 (14.2))
(Table 2) (AOFV = -33.1, p < 0.01). Age, sex, and height had no
significant effect on population PK parameters. The final model
with the two covariates was as follows (Eq. 4, 5):

. 1
V. / F (L) = 336.97 x (WZ;;"% x exp (1)

Weight\"” Albumin\’"
CL/F (L/h):3.57><< 67g ) x( 1 ) x exp (11,

Where 336.97 L and 3.57 L/h were the typical value of V/F and CL/F.
The median weight was 67 kg. The median albumin was 37.1 g/L, and
3.76 indicates the relationship between CL/F and albumin.

The VPC showed most of the observed values were distributed
within the 95% ClIs of predicted corresponding quantiles, which
indicated the prediction of simulated data matched the observed
values (Figure 3).

3.3 Thresholds identification

The validation cohort included 159 MDR-TB cases with
636 person-time concentration observations in the range of
0.16-5.28 mg/L. All of them completed 24 months’ MDR-TB
treatment without death or loss of follow-up. During the
treatment, 13 patients experienced bedaquiline discontinuation or
dose reduction due to moderate and serious QT prolongation. As a
result, 11 of 13 recovered and 10 resumed the standard dose. With
the bedaquiline-containing regimen, 111 (69.8%) achieved sputum
culture conversion after 2 months’ treatment, and 123 (77.4%) after
6-month treatment. During the treatment follow-up period, a total
of 149 (93.7%) patients had sputum culture conversion with a
median time (IQR) to conversion of 2 (1, 4) months. Among the
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TABLE 2 Pharmacokinetics parameter estimations of the development cohort.

Parameter Estimate (RSE%) 95% Cl
Typical value parameter of population

CL/F (L/h) 3.57 (11.9) 2.73-4.40
VJ/F (L) 336.97 (12.6) 253.86-420.08
Vi /F (L) 2839.13 (46.3) 258.19-5420.06
CL,,/F (L/h) 2.97 (41.40) 0.56-5.39
Vpo/F (L) 1391.89 (37.41) 370.16-2413.63
CLy,,/F (L/h) 9.81 (18.86) 6.18-13.44
FR1 (%) 58.5 —
DURI (h) 222 —
DUR2 (h) 1.48 -

Tig (h) 1.00 (9.1) 0.82-1.18
Thag, ada () 2.76 (21.0) 1.62-3.90

Covariable effect

Weight effect on CL 0.75 —
Weight effect on V. 1 _
Albumin effect on CL 3.76 (14.2) 2.71-4.80
BSV

@V 0.38 (67.99) —
®°CL 1.33 (166.76) —

Residual variability

0’ add 0.23 (2.75) 0.22-0.24

Abbreviations: RSE%, relative standard error; CI, confidence interval; F, apparent bioavailability; BSV, between subject variability; CL/F, apparent clearance; V/F, apparent vol of distribution;
Vp1/F, apparent vol of distribution for the first peripheral compartment; CL,,;/F, Apparent clearance between V./F and V,,,/F; Vy,,/F, apparent vol of distribution for the second peripheral
compartment; CL,,,/F, Apparent clearance between V./F and V,,/F; FR1, fraction of dose into the depot compartment; DURI, duration of infusion into the depot compartment; Tiag ada>
Additional lag time prior to administration of the remaining dose into Vc/F; DUR2, Duration of infusion into Vc/F; ti,g, Lag time prior to absorption; The reference weight was 59 kg.

o

Concentration (mg/L)
H
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Concentration (mg/L)
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Time after first dose (h) Time after first dose (h) Time after first dose (h)

FIGURE 3

Visual predictive check of the final population pharmacokinetic model for bedaquiline. Observed bedaquiline concentration-time data and the visual
predictive check (VPC) of the final model on week 2 (A) and week 4 (B) of treatment in the development cohort and on week 4 (C) of treatment in the
validation cohort. The blue dots are the observed concentrations. The red solid lines are the 50th, 95th and fifth percentiles of the observed data. The
dashed line in the middle and the dashed lines on the upper and lower sides are the 50th, 95th and fifth percentiles of the simulated concentrations,

red and blue shaded areas are their model-predicted 95% Cls.

13 discontinued patients, 3 (23.0%) achieved sputum culture In the validation cohort, the median (IQR) AUC .4, was 31.7
conversion after 2 months’ and 6 months’ treatment, and 8  (13.9485) mgh/L, and the median (IQR) AUC ,4,/MIC was 557.8
(61.5%) at the end of treatment. (148.5,1059.9). A higher drug exposure on week 4 (Cya0 Cinins AUC) 24n),
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TABLE 3 Distribution of drug exposure and susceptibility among the participants with different treatment outcome in the validation cohort.
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MIC: minimum inhibitory concentration; C,,,: maximum drug concentration; Cpy;,: minimum drug concentration; AUC ,45: area under drug concentration-time curve. Pharmacokinetic parameters were expressed as median with interquartile range, MIC, values

were expressed as mode and range, and the Mann-Whitney U test was applied for comparison.
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especially for AUC ,41,, Was observed among the patients with sputum
conversion compared to those without, respectively, after 2 months’
(median AUCq 54,: 41.5 vs 11.4 mg-h/L), 6 months’ treatment (median
AUC) 241 384 vs 83 mgh/L), as well as with successful treatment
outcome (median AUC)p4n: 340 vs 24 mgh/L). The Middlebrook
7H11 MIC levels were also associated with sputum conversion at the
observation time points. The difference was observed to be even more
pronounced for AUC ,4,/MIC among patients with sputum conversion
compared to those without after 2 months’ (median AUC, 54,/MIC:
840.5 vs 112.3) and 6 months’ treatment (median AUC,, ,4,/MIC:795.9 vs
103.7), as well as for successful treatment outcome (median AUC 41/
MIC:613.0 vs 19.6) (Table 3; Figure 4).

Regarding thresholds predictive of treatment outcome, the
AUC) ,4n/MIC of 1755 was derived as the primary node to
differentiate sputum culture conversion after 2 months’ treatment,
with 118.2 for culture conversion after 6 months’ treatment and
74.6 for successful treatment outcome (Figure 5). Furthermore, the
study participants with AUCy_»4,/MIC above 175.5 had a higher
probability of culture conversion after 2 months’ treatment
compared with those below (adjusted relative risk, aRR:16.4; 95%
CI: 5.3-50.4). Similarly, those with AUC_»4,/MIC above 118.2 had a
higher probability of culture conversion after 6 months of treatment
(aRR:20.1; 95%CI: 2.9-139.4), and those with AUC_,4,/MIC above
74.6 had a higher probability of successful treatment outcome (aRR:
9.7; 95%CI: 1.5-64.8). This pattern was also seen for the association
between the CART-derived thresholds and time to sputum
conversion (Figure 6; Table 4).

3.4 Exploratory analysis of current dosages
in relation to Middlebrook 7H11 bedaquiline
MICs

Regarding the threshold related to sputum culture conversion
after 2 months’ and 6 months’ treatment and successful treatment
outcome, simulations showed that all regimens achieved a PTA of
above 90% at MICs <0.06 mg/L. At an MIC of 0.125 mg/L, the WHO
recommended dosage achieved 70.7% (2 months), 90.6% (6 months)
and 98.9% (24 months) attainment based on the CART-thresholds
related to different treatment outcomes, while 200 mg once daily was
simulated to achieve 79.3% (2 months), 94.8% (6 months) and 99.6%
(24 months) attainment. None of the studied regimens reached above
90% at MICs of 0.25 mg/L, 0.5 mg/L and 1 mg/L (Figure 7).

4 Discussion

In this study, we developed a bedaquiline population PK model in
patients with MDR-TB and identified the thresholds related to the
sputum conversion after 2months (AUCyu,/MIC = 175.5),
6 months’ treatment (AUCq ,4,/MIC = 118.2) as well as successful
treatment outcome (AUC(,4/MIC = 74.6). Furthermore, these
targets were obtained for the majority of the clinical isolates in our study.

Our results showed that the model to best describe the
pharmacokinetic data was a three-compartment model with dual
zero-order input, which is in agreement with a previously published
study (McLeay et al., 2014), indicating that bedaquiline is extensively
distributed in tissues and organs. The estimated mean CL value in our
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FIGURE 4

Distribution of bedaquiline exposure and susceptibility of Mycobacterium tuberculosis isolates respectively in participants with different treatment
outcomes in the validation cohort. MIC: minimum inhibitory concentration; Cp,ax: maximum drug concentration; C»: minimum drug concentration;
AUC_4n: area under drug concentration-time curve over the last 24 h dosing interval. Mann-Whitney U test was applied for comparison.

study of 3.57 L/h, was similar to the CL value of 2.78 L/h, in the
aforementioned study (McLeay et al., 2014), and the V/F of 336.97 L in
the present study was comparably higher than published studies
(McLeay et al, 2014; Svensson et al, 2016; Zhu et al, 2021). This
may be due to the higher weight (median: 67 vs. 59 kg) of our subjects
and using a standardized WHO regimen. In addition, the dual-zero
input model was used to describe absorption, as the estimates of V./F
can be highly influenced by absorption. The covariates of the final
model included body weight (affecting the CL and V/F) and albumin
(affecting the CL). The effect of albumin on PK disposition may be due
to the high protein bounding of bedaquiline in plasma (Van Heeswijk
et al, 2014).

We were able to validate the association between bedaquiline drug
exposure/susceptibility and treatment outcome. The drug exposure on
week 4 (AUC(.,4n) was generally higher in subjects with sputum

Frontiers in Pharmacology

163

conversion after 2 months’ and 6 months’ treatment as well as
subjects with the successful treatment outcome. The results support
that the bactericidal activity of bedaquiline is concentration-dependent,
as indicated by studies in a murine model of TB infection (Rouan et al.,
2012). This may suggest that drug susceptibility is also a major factor
influencing the treatment outcome, as previously reported (Liu et al.,
2021). Furthermore, we found the ratio of drug exposure/susceptibility
was most significantly associated with sputum culture conversion
(Table 4). This confirms that the AUC(_,4,/MIC is the main driver
of the bactericidal effect (Van Heeswijk et al, 2014), also in well
agreement with dose-fractionation experiments (Rouan et al., 2012).
Additionally, by relating to the treatment outcome, AUC; 54,/MIC
(175.5,118.2, 74.6) was selected as the primary node to best differentiate
the sputum culture conversion after 2 months” and 6 months’ treatment
as well as the successful treatment outcome. The dose simulation study
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Study cohort, n=159

2-month culture result:

Negative  111(69.8%)
Positive 48(30.2%)

AUC, 54,/MIC<175.5 AUC ,,,/MIC>175.5
n=51 n=108
2-month culture result: 2-month culture result:
Negative 3(5.9%) Negative 108(100.%)
Positive  48(94.1%) Positive 0(0%)

B
Study cohort, n=159
6-month culture result:
Negative  123(77.4%)
Positive 36(22.6%)
AUC ,4,/MIC< 118.2 AUC ,4,/MIC>118.2
n=26 n=133
6-month culture result: 6-month culture result:
Negative 1(3.8%) Negative 122(91.7%)
Positive  25(96.2%) Positive 11(8.3%)
J L
C

Study cohort, n=159
24-month culture result:
Negative  149(93.7%)
Positive 10(6.3%)

AUC,,,/MIC< 74.6 AUC, ,/MIC>74.6

n=10 n=149
24-month culture result: 24-month culture result:
Negative  1(10.0%) Negative 148(99.3%)
Positive  9(90.0%) Positive 1(0.7%)
FIGURE 5

Classification and Regression Tree analysis for the thresholds to
differentiate the 2-month, 6-month sputum conversion and
successful treatment outcome in the validation cohort. Classification
and Regression Tree analysis was applied to identify the

thresholds predictive of 2-month (A), 6-month (B) sputum conversion
and successful treatment outcome (C). AUCq_,4p: area under drug
concentration-time curve over the last 24-h dosing interval; MIC:
minimum inhibitory concentration.

of Salinger et al. indicates that the drug exposure remains stable through
4 weeks treatment until the end of treatment (Salinger et al., 2019). The
pharmacokinetic data on week 4 is capable enough of estimating the
drug exposure during the treatment with bedaquiline and thus the
derived thresholds can be used as markers to predicate the short-term
and long-term treatments (Kang and Lee, 2009).

In the present study, the current WHO dosage was observed to be
effective for most study participants. Based on the identified thresholds
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predictive of 6 months” sputum culture conversion and the successful
treatment outcome, the WHO recommended regimen was able to achieve
more than 90% target attainment at MICs <0.125 mg/L determined on
Middlebrook 7H11 agar media. The vast majority of the Mtb isolates
included in our study had MICs <0.125 mg/L (93.7%), which was similar
to previous studies (Kaniga et al,, 2016; Peretokina et al., 2020; Kaniga et al,,
2022). However, similar to these studies, our MIC distribution was wide
indicating poor reproducibility of individual MICs which was also
observed in a systematic review by the WHO (World Health
Organization, 2018). Additionally, it has been pointed out that it is
very difficult if possible to separate technically from biological
variability within the wild-type MIC distribution of any drug
(Kahlmeter and Turnidge, 2022). Taking these caveats into account,
our exploratory analysis showed that an MIC level close to the
suggested breakpoint for Middlebrook 7HI1 (>0.25mg/L), the
recommended dosage may need further consideration. As 200 mg once
daily has never been tested for longer than 8 weeks and that extensive
metabolite accumulation is expected, this is not a current option without
further studies. A previous study revealed that 200 mg once daily leads to a
higher drug exposure level on week 24 of treatment than the WHO
recommended regimen, while the highest metabolite M2 on week 24 of
treatment does not exceed 600 ng/mL (Salinger et al., 2019). An open-label
8-week clinical trial found that 200 mg once daily showed efficacy
comparable to the recommended regimen in the treatment of drug-
susceptible tuberculosis, and there was no significant difference in the
incidence of adverse events between the 200 mg once daily (3 out of
60 subjects had a QTc interval increase >60ms) and the WHO
recommended dosage (Tweed et al,, 2019). In addition, a PK modeling
study revealed that higher doses (the M2 concentration <1600 ng/mL) are
not expected to lead to a substantially higher risk of QT prolongation
(Tanneau et al,, 2021). These observations highlight that therapeutic drug
monitoring for bedaquiline would be beneficial in cases with high levels of
MICs; however, a standardized drug susceptibility testing is urgently
needed first, since the MIC of bedaquiline varies amply within and
between methodologies.

One of the strengths of our study was that the population PK model
was built based on a large number of sample points in real patients treated
for MDR-TB, and the visual predictive check indicated that the model
could be used for simulation purposes. Our study validated the
concentration dependence of bedaquiline (Rouan et al, 2012), and
further proposed the PK/PD thresholds relating to treatment
outcomes after different lengths of treatment. The CART-derived
threshold of 1755 related to sputum conversion after 2-month
treatment may be used to reach treatment efficacy for the short-
treatment regimen, while the ones of 1182 and 74.6 related to
sputum conversion after 6 months’ treatment and successful
treatment outcome respectively, may be used for dose adjustment for
long-term treatment. In an exploratory analysis, we found that the
current dosage was sufficient for most MDR-TB cases, and a dose
increase might be required for Mtb isolates with resistance
mechanisms to bedaquiline such as Rv0678 leading to MIC increases
close to the epidemiological cut-off value (e.g., MIC >0.25 mg/L).

This study has several limitations. The model is limited by the lack
of consideration of dynamic change during treatment in parameters
such as albumin and weight, which have been observed to affect the
population PK of bedaquiline (Svensson et al., 2016). Additionally, we
did not include M2 in the analysis, since it was reported to be more
likely to be the main driver for QT prolongation rather than the
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FIGURE 6

Survival analysis of months to sputum culture conversion grouped by the thresholds predictive of different treatment outcomes. The survival curves
were illustrated to present the months to sputum conversion and compared using log rank test between the participants above and below the thresholds
predictive of 2-/6- months sputum conversion and successful treatment outcome.

TABLE 4 Association between the thresholds and sputum culture conversion among the participants in the validation cohort.

Robust Poisson regression model

RR
(95%Cl)

Sputum culture

conversion (%) ch?

2-month threshold

aRR (95%

Cox proportional hazards regression model

HR
(95%Cl)

Median time (month) to culture
conversion (IQR)

aHR (95%
cl?

AUCy4n/MIC<175.5 59 1 1 14 (5,19) 1 1

(n =51)

AUC.,4n/MIC>175.5 100.0 17 (5.7-51) | 16.4 (5.3-50.4) 1(1,2) 27.3 29.4

(n = 108) (8.7-86.3) (9.1-95.1)
‘ 6-month threshold

AUC4n/MIC<118.2 38 1 1 18 (14,24) 1 1

(n = 26)

AUCq4n/MIC>118.2 91.7 238 20.1 2(1,2) 47.9 425

(n =133) (3.5-163.1) (2.9-139.4) (6.6-344.9) (5.9-308.9)
‘ 24-month threshold

AUC, ,4n/MIC<74.6 10 1 1 24 (24,24) 1 1

(n =10)

AUC.,4n/MIC>74.6 99.3 9.9 (1.5-63.8) = 9.7 (1.5-64.8) 2(1,3) 36.4 31.3

(n = 149) (5-265.8) (4.2-232.8)

RR: relative risk; CI: confidence interval; IQR: interquartile range; HR: hazard ratio.

*Adjusted according to age, sex, place of residency, weight, adherence and baseline time to liquid culture positivity. Non-adherence was defined as discontinued for more than 3 days.

treatment efficacy (Janssen Pharmaceutical, 2012; Svensson et al., 2016).
Due to the lack of sufficiently and clinically-validated targets for
bedaquiline, the thresholds for efficacy were based on the principle
that the recommended dosing regimen is appropriate from a safety and
efficacy perspective. There is a need to further investigate the efficacy in
the clinical trials to validate the targets. Additionally, as the study
participants were included in the analysis if they were alive and had
completed MDR-TB treatment throughout the whole course, this may
restrict the representativeness of the study findings to some degree.
Meanwhile, given the possible confounding from baseline disease status
and adherence, the association between drug exposure and treatment

Frontiers in Pharmacology

165

outcome was adjusted for age, sex, area and adherence. Moreover, the
PTA of studied regimens is calculated based on the threshold from drug
exposure on week 2 or week 10 of treatment, which may not fully
characterize the exposure throughout treatment. It also needs to be
considered that the variability for MIC testing is substantial and affects
target attainment. The results in this study are only valid for
Middlebrook 7H11, which is not suitable for clinical routine due to
a slow turn over time and complexity. Additionally, we did not account
for the interaction from the concomitant use of other TB drugs, which
may affect the pharmacokinetics of bedaquiline, like clofazimine
(Hartkoorn et al., 2014; Hu et al., 2016; Xu et al., 2017; Liu et al., 2021).
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FIGURE 7

The probability of target attainment among the study participant from the validation cohort against varying 7H11 minimal inhibitory concentrations
for bedaquiline. Probability of target attainment for bedaquiline taking the thresholds based on the 2-month, 6-month sputum conversion as well as
successful treatment outcome as targets. The dashed lines indicate the 90% probability of target attainment.

5 Conclusion

We established a population PK model for bedaquiline in
patients with MDR-TB in China. Based on the thresholds derived
in a clinical study, the WHO recommended dose (400 mg once
daily for 14 days followed by 200 mg thrice weekly) of
bedaquiline is sufficient for the treatment of the majority of
MDR-TB isolates.
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Background: A critical step in tuberculosis (TB) drug development is the Phase 2a
early bactericidal activity (EBA) study which informs if a new drug or treatment has
short-term activity in humans. The aim of this work was to present a standardized
pharmacometric model-based early bactericidal activity analysis workflow and
determine sample sizes needed to detect early bactericidal activity or a difference
between treatment arms.

Methods: Seven different steps were identified and developed for a standardized
pharmacometric model-based early bactericidal activity analysis approach. Non-
linear mixed effects modeling was applied and different scenarios were explored
for the sample size calculations. The sample sizes needed to detect early
bactericidal activity given different TTP slopes and associated variability was
assessed. In addition, the sample sizes needed to detect effect differences
between two treatments given the impact of different TTP slopes, variability in
TTP slope and effect differences were evaluated.

Results: The presented early bactericidal activity analysis approach incorporates
estimate of early bactericidal activity with uncertainty through the model-based
estimate of TTP slope, variability in TTP slope, impact of covariates and
pharmacokinetics on drug efficacy. Further it allows for treatment comparison
or dose optimization in Phase 2a. To detect early bactericidal activity with 80%
power and at a 5% significance level, 13 and 8 participants/arm were required for a
treatment with a TTP-EBAg.14 as low as 11 h when accounting for variability in
pharmacokinetics and when variability in TTP slope was 104% [coefficient of
variation (CV)] and 22%, respectively. Higher sample sizes are required for smaller
early bactericidal activity and when pharmacokinetics is not accounted for. Based
on sample size determinations to detect a difference between two groups, TTP
slope, variability in TTP slope and effect difference between two treatment arms
needs to be considered.

Conclusion: In conclusion, a robust standardized pharmacometric model-based
EBA analysis approach was established in close collaboration between
microbiologists, clinicians and pharmacometricians. The work illustrates the
importance of accounting for covariates and drug exposure in EBA analysis in
order to increase the power of detecting early bactericidal activity for a single
treatment arm as well as differences in EBA between treatments arms in Phase 2a
trials of TB drug development.
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1 Introduction

Mpycobacterium tuberculosis (Mtb) is the pathogenic bacteria
that causes tuberculosis (TB), one of the leading causes of death from
an infectious disease (World Health Organization, 2021). While
progress in TB treatment shortening has accelerated in recent years,
with the success of the Nix-TB trial showing that 6-month treatment
is possible for drug-resistant TB (Conradie et al., 2020) and drug-
susceptible TB treatment can be shortened to 4-month with
rifapentine-moxifloxacin regimen (Dorman et al, 2021), TB
remains a global problem. Many novel drugs are in the TB drug
development pipeline, promising a potential trove of new
medications in the future (Working Group on New TB Drugs,
2022).

One of the critical steps in TB drug development is a Phase 2a
early bactericidal activity (EBA) study. An EBA study is an
established method to provide clinical proof of concept for
antimicrobial drugs under investigation (Jindani et al, 1980;
Donald and Diacon, 2008; Food and Drug Administration, 2013;
European Medicines Agency, 2017). EBA studies investigate if a
drug is active in patients and represents a major milestone that
unlocks further investment for clinical development. Most of the
drugs active against Mtb show activity in EBA trials with very few
exceptions, e.g., clofazimine which has shown no EBA in vitro, in
vivo and patients but is believed to have an activity against persisting
bacteria (Ammerman et al., 2017; Faraj et al., 2020). In addition to
proof of concept, the EBA trials provide the opportunity to study
(PK)
Depending on the EBA trial design, the relationship between

safety, tolerability and pharmacokinetics in patients.
activity and dose can be studied as well as the activity of
different treatments can be compared which can guide further
clinical development. Usually, EBA studies are conducted in a
carefully controlled setting with a small number of patients per
group (12-15 participants) for up to 14 days, and include sputum
sample collection, PK sampling, and intensive safety assessments.

EBA is quantified by measurement of the viable mycobacterial
load in overnight-collected sputum samples over time using colony
forming units (CFU) of Mtb (measured in logl0 CFU/mL sputum)
and/or time-to-positivity (TTP) in liquid culture (measured in
hours). The correlation between changes in TTP and CFU varies
over time, which is due to that they likely reflect slightly different
processes (Diacon et al., 2012; Bowness et al.,, 2015; Ayoun Alsoud
et al,, 2022). CFU measures the quantity of viable mycobacteria
regardless of the speed of growth, while TTP measures the
consumption of critical ingredients in a closed liquid culture
system, which is influenced by both the quantity and metabolic
activity of the growing mycobacteria (Alffenaar et al., 2022). These
assays are inherently variable and should be performed with at least
two replicates, where overnight-collected sputum samples from each
day are subsequently divided to multiple replicates. In addition to
established culture-based biomarkers like CFU and TTP, new
biomarkers are

currently being developed, which could

complement or replace existing ones in the future. With all of
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the promising progress in the TB drug pipeline, it is critical to have a
robust and standardized approach to analyzing EBA trial data.

Approaches present for EBA analysis can be categorized into i)
traditional non-model-based EBA analysis, ii) traditional model-
based EBA analysis, and iii) pharmacometric model-based EBA
analysis. The first paper presenting an EBA trial and analysis was a
traditional non-model-based analysis presenting the results of a
14-day duration trial (Jindani et al., 1980). The differences in CFU,
expressed as log;o CFU between day 0 and day 2, day 2 and day 14,
as well as day 0 and day 14, were derived on the individual level. To
compare different treatments, the mean fall in CFU was calculated
using ANOVA. Since then, the traditional non-model-based EBA
analysis approach was extended to analyze both CFU and TTP
biomarkers (Eq. 1), where EBA (EBA; ;) is expressed as a
difference between the biomarker observations taken at the
second time point (Obs;,) and the observation taken at first
time point t; (Obs;,) divided by the time interval (t, minus t;)
(Jindani et al., 1980). This approach provides a model-free estimate
of EBA, which can later be used for the comparison of different
treatments.

Obs;, — Ob
EBAn*l’z = 75;: — tl Sty

(1)
Non-model-based EBA approach is frequently substituted by
the traditional model-based EBA approach. Here, EBA is estimated
using a function, i.e., linear, bi-linear, etc. (Eq. 2), as shown in the
paper by Jindani et al. (Jindani et al.,, 2003):
EBA, ,, = ft) - f(t) @)
t, =t

f (t) represents a fitted regression function to the biomarker
data, and f (t,) represents a biomarker value for day » derived using
a fitted function.

In the traditional model-based EBA analysis approach, data
from all timepoints is used to describe the change in biomarker
(CFU and/or TTP) over time using linear, bi-linear or multiple
linear regression models. In the case of a linear model, the biomarker
gradually changes over time with a constant slope value. In the case
of bi-linear regression, two distinct phases of change in load are
observable (Diacon et al., 2013).

An extension to the traditional model-based EBA analysis is
pharmacometric model-based analysis. A pharmacometric
approach is built on non-linear mixed-effects modeling.
Usually, these models are composed of structural, stochastic,
and covariate sub-models. The structural sub-model defines the
underlying change in the biomarker over time and consists of
parameters called fixed effects which represent the change in
biomarker over time in a “typical patient”. The stochastic sub-
model includes random effect parameters which describe inter-
individual variability (IIV) and residual unexplained variability
(RUV). 11V is related to between patient variability, and RUV is
due to variation in each observation from the model prediction
due to unexplained factors such as imprecision in the biomarker

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1150243

Mockeliunas et al.

10.3389/fphar.2023.1150243

PK exposure (h*mg/L)

1. Data exploratory analysis . 2. Base model development
%
~ o
% . oe .
Graphical and numerical exploration £ [y ¢, Base model development =
to tidy-up data and inform about the f‘.—_’ S using all data describing =
further model development E ° . structural and stochastic E
534 2 features
e e
Cd Time (days)
TTP replicate 1
3. Covariate model development 4. EBA detection
Treatment 1. EBA
Identification of significant Covariate: present Detection of £ Treatment 2: EBA
parameter-covariate = o EBA for each E ’
relationships o Shiic bt treatment
F Treatment 3: No EBA

Time (Gays) Time (days)
5. PK-PD modeling 6. Treatment comparison

5

S Treatment 1
Establishment of a relationship '; Treatment comparison =
between drug exposure and the o of different treatments o Treatment 2
treatment effect H =

O

Treatment 3

Time (days)

7. EBA reporting

reproducible automated approach

EBA reporting of graphical analysis, base and
covariate model development, EBA detection,
PKPD modeling and treatment comparison using a

FIGURE 1

Standardized pharmacometric model-based early bactericidal activity (EBA) analysis approach was established in close collaboration between
pharmacometricians, clinicians, microbiologists and data managers. In the pharmacometric model-based EBA analysis approach, the first step is to
perform data exploratory analysis to familiarize with the data and identify observations that could affect the analysis. In the next step, modeling is started
with a base model development, and this model is used in the covariate model building to identify statistically significant parameter-covariate
relationships. Afterwards, EBA detection is performed to identify treatments showing EBA. In the next step, if drug exposure information is available,
pharmacokinetic-pharmacodynamic (PK-PD) modeling should be performed. This is followed by treatment comparison if multiple treatments are
present in the study. In the last step, EBA reporting is done using an automated and reproducible approach to ensure consistency, and the predictions of

EBA on typical and individual levels are presented.

assay, sample collection and handling, and model
misspecification. The addition of a covariate sub-model
containing information about influential factors on variability
in data can reduce unexplained variability in the model and can
also lead to treatment optimization in sub-populations and
improved EBA characterization. In a pharmacometric model-
based analysis, drug exposure as a covariate is often considered
in the model to explain variability in response, which enables
clinical trial simulations using dosing regimens not used in the
trial. The pharmacometric model-based approach has been
applied to multiple Phase 2a trials in TB, including
rifampicin (Svensson and Simonsson, 2016), clofazimine
(Faraj et al., 2020) and meropenem-containing treatments
(De Jager et al, 2022). In addition,
pharmacokinetic-pharmacodynamic (PK-PD) approaches have

shown to have higher statistical power compared to other

model-based

analysis approaches (Svensson et al., 2017).
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The aim of this work was to present a standardized
pharmacometric model-based EBA analysis approach. In
addition, the aim was to perform sample size determinations for
detecting EBA or a difference between treatment groups by
employing a pharmacometric model-based EBA analysis approach.

2 Materials and methods

2.1 Standardized pharmacometric model-
based early bactericidal activity analysis
approach

In order to characterize a standardized pharmacometric model-
based EBA analysis approach, seven critical steps were identified;
exploratory data analysis, base model development, covariate
analysis, EBA detection, PK-PD modeling, treatment comparison
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and reporting (Figure 1). These steps are in line with the guidelines
from the United States Food and Drug Administration (FDA) and
the European Medicine Agency (EMA) for conducting and
reporting pharmacometric analysis (European Medicines Agency,
2008; Food and Drug Administration, 2022). Close collaboration is
required to facilitate an EBA analysis that supports decision making
in the clinical development of new TB drugs. This requires efficient,
smooth and optimal collaboration between the pharmacometricians
performing data analysis and modeling, clinicians responsible for
the clinical trial and patients, microbiologists analyzing the samples
and quantifying the bacterial burden, and data managers responsible
for data handling.

Below, each step of the standardized pharmacometric model-
based EBA approach is presented for the analysis of the biomarker
TTP. This approach is easily extendable to other EBA biomarkers
such as CFU but also to future biomarkers with longitudinal decline
or increase over time.

2.1.1 Simulated early bactericidal activity data

In order to visualize every step of the pharmacometric model-
based EBA modeling workflow, a 14-day EBA trial was simulated
using a simulation model composed of the final parameter
estimates from two previous TTP-EBA models based on two
meropenem-containing treatments (Supplementary Table SI)
from De Jager et al. (De Jager et al., 2022) and unpublished
data (ClinicalTrials.gov Identifier: NCT04629378). In total,
longitudinal TTP data in 30 participants, divided into two
different treatment arms (Arm A and B), were simulated. Four
different covariates were simulated; age, sex, cavity extent at
baseline and meropenem area under the concentration versus
time curve from time zero to infinity (AUC_,¢). Cavity extent at
baseline had three categories; no cavities, cavities <4 cm, and
cavities >4 cm. Five participants per each cavity category per
treatment were simulated. Meropenem AUC ;¢ at day 14 were
sampled from a normal distribution with a mean of 640 h mg/L
and a standard deviation of 86 hmg/L (unpublished data,
ClinicalTrials.gov Identifier: NCT04629378). No difference in
AUC. inr between the two treatment groups was assumed. Equal
distribution of sex was simulated in the trial (15 males,
15 females). Age distribution was simulated from a normal
truncated distribution with a mean of 33years, a lower
boundary of 18 years, an upper boundary of 60 years and a
standard deviation of 13 years. The covariate relationships
included in the simulations were cavity on TTP baseline and
AUC inr on TTP slope (Supplementary Table S1). One of the
arms (Arm A) were simulated to receive a meropenem containing
regimen consisting of 2 g meropenem, 500 mg amoxicillin and
125 mg clavulanate thrice daily on days 1-14 (De Jager et al,
2022). The second arm (Arm B) was simulated to receive a
treatment of 6g meropenem, 2000 mg amoxicillin, 62.5 mg
clavulanate and 400 mg bedaquiline once daily on days 1-14
(unpublished data, ClinicalTrials.gov Identifier: NCT04629378).
To resemble a realistic EBA study, a proportion of the simulated
observations were randomly assigned to the following status;
negative at day 42 (2%), missing (2%), contaminated (2%) and
not done (2%).

The simulation model consisted of a mono-exponential model
with the following structure:
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TTP = elmoro . g%mono'time (3)

where A is the intercept (TTP baseline), and « is the slope of the TTP
decline over time. A proportional error model was used with both
common and replicate-specific error terms for each replicate
(Supplementary Table S1).

2.1.2 Data exploratory analysis

Exploratory analysis of clinical trial data is the first step in model
development and it should be performed both graphically and
numerically (European Medicines Agency, 2008; Food and Drug
Administration, 2022). It should be performed before model
development commences and be reviewed by clinicians and
microbiologists responsible for the trial conduct and data
generated. Discussion around the outcomes of the graphical and
numerical exploratory analysis should lead to consensus on
exclusion of outlying observations or participants.

Collaborative expertise is vital for a good understanding of the
data as well as for adequate quality of the analysis. At this stage,
pharmacometricians together with clinicians identify observations
in the graphical and numerical analysis, which should be further
investigated and potentially excluded from further analysis.
Microbiologists investigate observations in question and provide
any additional information on the experiments, if available, which
could strengthen the grounds for data exclusion.

Graphically, it is important to identify extreme values that could
potentially interfere with the analysis, and help familiarize with the
data to facilitate model development. Replicate-versus-replicate
figures, displaying one replicate on the x-axis and the other
replicate on the y-axis, are expected to show a scatter around the
line of identity. Clear outlying datapoints should be reviewed
carefully. Biomarker-versus-biomarker plot (showing one
biomarker plotted versus another biomarker) can be created if
multiple biomarkers were used to evaluate the bacterial burden
over time, and datapoints outside of the scatter should be reviewed
carefully. Biomarker-over-time curves for the population, either as
scatter plots or based on summary statistics, will inform on the shape
of the bacterial burden over time, and which model functions to
evaluate. Individual bacterial burden over time, preferably with
adjacent panels for different biomarkers of comparison, can
support a review of the outlying datapoints from the replicate-
versus-replicate and/or biomarker-versus-biomarker figures. To
minimize bias, masking the group allocation and randomization
of individuals in graphs should be considered. In addition, baseline
bacterial burden can be shown stratified over covariates (boxplots
for categorical covariates, scatter plot for continuous covariates), as
well as a biomarker-over-time stratified over covariates
(categorization of continuous covariates), and this can inform on
the covariate relationships to test.

Numerically, the exploratory analysis should help with
familiarization with data and numeric comparison between
treatment groups. Summary statistics (median, interquartile
range, mean, standard deviation) of the bacterial burden will
provide initial estimates for baseline population parameters as
well as inter-individual and residual variance parameters.
Summary statistics on demographics and additional disease
biomarkers (e.g., imaging-based markers such as cavity extent)

can be used to check randomization processes as these variables
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should be similarly distributed across the study arms. These may
also suggest covariate relationships to include in the model
development strategy. Measures of exposure should also be
numerically explored overall and per arm through summary
statistics on secondary PK parameters such as area under the
curve (AUC), maximum concentration (C,,,,), and minimum
concentration (Cy,,). The proportion of missing data, either
because of the contaminated sample, no result from the assay,
sample not taken/performed, or other reasons, should be assessed
for unequal distribution across arms as this otherwise may bias
analysis outcomes. The number of censored observations, either
0 log;o CFU/mL sputum for CFU or the negative liquid culture at
day 42 for TTP are in general indicative of the presence of EBA and
favorable outcome.

2.1.3 Base model development

For the structural model, both mono- and bi-exponential
models should be evaluated for each biomarker; TTP (Egs. 4, 5
and CFU Egs. 6, 7).

TTPpreq = e . gimortime @

TTPpred = eAb, . e"‘bi'ﬁme + eBbi . eﬁbi‘”me (5)
L0g1gCFU pyeq = logg (e - g emontime) ©
Log1oCFU pyeq = loglo(eAb’ . g ourtime 4 By | e—ﬁbi‘time) -

where A,,,,,, and Ay, are the baseline for mono- and bi-exponential
models respectively, By, is the intercept for the second slope in a bi-
exponential model, om0, &i and f3; are the slopes of the curve.
Log; is the logarithm with base 10, e is the exponential function.
CFUpreq is the predicted CFU (expressed as log,o CFU/mL
sputum), TTPp.q is the predicted TTP (expressed as hours).
The magnitude of the CFU observations requires the data to be
modelled on the log scale where the range of TTP is smaller and
therefore indicates that the TTP data can be modelled on the
natural logarithm scale.

Generally, these models are sufficient to describe the data, but
more advanced non-linear models such as those including time-
dependent functions could be considered if model diagnostics for
the mono- and bi-exponential models show insufficient model
performance (De Jager et al., 2022). For CFU modeling, negative
slope(s) should be evaluated, while for TTP modeling positive
slope(s) are appropriate.

The stochastic model captures IIV and RUV IIV terms can be
evaluated on the population parameters (e.g., intercept, slope) as in
Eq. 8, resulting in a lognormal distribution with a lower bound of
zero.

Parameterindividual = TVpummeter -e (8)

where TV is the typical value and # is drawn from a normal
distribution with a mean of zero and standard deviation w. Other
distributions via transformations can be considered if the
diagnostics of the # distribution indicate it.

The RUV model should capture the residuals in a
homoscedastic manner across time and predictions. For log-
transformed data such as CFU, an additive residual error model
on the log-transformed scale is appropriate as it approximates a
proportional error model on the untransformed scale. For

untransformed data, an additive (Eq. 9), proportional (Eq. 10),
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or combination of additive and proportional error (Eq. 11) model
In the
measurements from the same sample, a RUV model with

should be evaluated. case of multiple replicate
combined and separate error terms can be utilized to quantify
both the shared part of the residual noise from the single sample as
well as the separate part of the residual noise from the assay
replicate (Eq. 12), or by quantifying the correlation of the level 2
(L2) random effect in non-linear mixed effects modeling

algorithms (Karlsson et al., 1995).

Y = IPRED +¢, 9)

Y =IPRED-(1+¢,) (10)
Y =IPRED-(1+¢,) +¢, (11)
Y = IPRED + ¢, + &, (12)

IF(REP.EQ2)Y =IPRED + ¢, + &

in which Y is the observation, IPRED is the individual prediction,
REP is the replicate (here numbered either 1 or 2), ¢, is the additive
error term, &, is the proportional error term, ¢, is the shared error
term, and ¢, and &; are the replicate-specific error terms, all of which
are randomly drawn from a normal distribution with mean 0 and
standard deviation o.

2.1.4 Covariate model development

An important step in the model-building process is to
The
overall goal with covariates is to describe and explain

identify significant parameter-covariate relationships.

observed between patient variability, which in turn will
support predicting EBA for relevant subpopulations but most
importantly, by explaining between patient variability, the power
to detect EBA or differentiate EBA between drugs or treatments,
will increase.

In the Phase 2a trial setting, a set of different covariates is
collected. A selected list of covariates should be identified based on
correlations plots of covariates and individual TTP slope in addition
to experience based on historical EBA trials. It is important to pay
attention to shrinkage when evaluating plots based on Bayes
estimates (Savic and Karlsson, 2009). Covariates which should be
evaluated on biomarker baseline (and additional intercepts) are; sex,
body mass index (BMI), HIV status, ethnicity and age. Covariates to
be evaluated on change in bacterial load over time (TTP and/or CFU
slope) are; sex, presence of cavity, grade of cavitation and initial
bacterial load. Additional covariates, like drug susceptibility,
presence of concomitant diseases/medications and others can be
evaluated, if data is available and there are grounds for the covariate
to be evaluated. For simplicity in this work, we only illustrate
graphical analysis and covariate analysis with sex, age and cavity
extent.

Covariate analysis can be performed using different methods.
One of the most common methods is stepwise covariate modeling
(SCM) (Lindbom et al., 2005). An inclusion criterion for covariates
of p < 0.05 followed by a backwards deletion criteria of p < 0.01 are
suggested to be used. Power functions of relationships between
evaluated.  Other
parametrizations of covariate relationships may be considered if

model parameter and covariates are
indicated by the data. Categorical covariate-parameter relationships
are implemented as a fractional difference to the most common

category.
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2.1.5 Early bactericidal activity detection

After the covariate model has been established, a formal
statistical testing of EBA can be done for each of the different
arms in the EBA trial, one by one. An exception could be for
control arms which usually have lower sample size than the
experimental arms. Typical parameters (excluding baseline
bacterial load) will be fixed to 0 and compared to a model
estimating the respective parameters, for each treatment one
by one in order to confirm EBA. Statistical significance, often
at a 5% significance level considering the degrees of freedom, is
tested using the likelihood ratio test between the models.
Treatment arms for which the TTP (or CFU) slope(s) are
statistically significant are considered to have confirmed EBA
at the sample size in the trial. Similar, treatment arms for which
the TTP (or CFU) slope(s) are statistically not significant are
considered to have no EBA at the sample size in the trial. For
treatment arms with no identified EBA, the TTP or CFU slope(s)
are fixed to zero in the further model development.

2.1.6 Pharmacokinetic-pharmacodynamic
modeling

PK-PD modeling allows for accounting for between patient
variability in drug exposure which may be a reason for difference
in EBA between patients. PK-PD modeling can be done by
connecting a population PK model to the EBA model and where
predicted concentration over time drives the PK-PD relationship
(Zhang et al., 2003). An alternative is to use predicted drug exposure
indices (AUC and/or C,,,y) as a covariate on the slope(s) in the EBA
model. AUC and C,,,, can be predicted from population PK model
or obtained from non-compartmental analysis (NCA) which can be
obtained if the PK sampling is rich and well designed. Different PK-
PD relationships on the different EBA slope(s) are evaluated such as
linear and non-linear relationships. If between-subject variability in
EBA slope(s) can be described by PK, this reduce the unexplained
between patient variability in EBA which thereby increases the
power to detect EBA.

After the PK-PD relationship was established, it can be
visualized by performing simulations using the final model,
i.e., by using sampling importance resampling (SIR) to derive the
uncertainty around the parameters, followed by using the output
from SIR in stochastic simulations and estimations to derive the
relationship on the typical individual level. In this case, only the
typical values are unfixed, and remaining parameters, like IIV and
RUV are fixed to zero.

2.1.7 Early bactericidal activity comparison

If multiple treatment arms are included in the EBA trial
design, arms that have shown statistically significant EBA, will
be taken forward to EBA comparison evaluation to support the
comparison of treatment arms. The final covariate EBA model is
used to evaluate differences in regimen efficacy. During the
evaluation of treatment efficacy, included IIVs, except IIV on
baseline bacterial load, will initially be fixed to zero. For
treatment arms with no EBA, the TTP slope will be zero.
Treatment arms that have shown EBA in the earlier step, are
initially defined as having the same TTP (and/or CFU) slope(s).
Firstly, univariate analysis is conducted where the slope of each
treatment arm is evaluated as different from the common slope
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of the other EBA confirmed arms. Thereafter, the treatment with
the highest significant difference in TTP slope compared to the
other arms in the univariate step, will be kept in the model. The
second highest statistically significant treatment arm TTP slope
will be added thereafter and statistically evaluated at a
significance level of 5%. This will be continued for all arms.
Arms where no difference in TTP slope can be shown will be
grouped together to the same slope and the final model will
predict the same EBA for these regimens. In the last step, IIV in
the different TTP (and/or CFU) slopes are re-evaluated. It is
important to note that EBA trials often are powered to only
detected EBA and not to identify differences between arms.
There might therefore not be sufficient power to detected
small differences between treatments given the commonly
used sample size for EBA trials.

2.1.8 Early bactericidal activity reporting

All sections mentioned above should be included in an analysis
report (European Medicines Agency, 2008; Food and Drug
Administration, 2022). RMarkdown is a powerful tool to
reproducibly compile reports on the graphical and numerical
exploratory analysis in pdf or word format that are readily
sharable with collaborators for review (Allaire et al., 2020; van
Wijk et al,, 2022). In addition to the sections presented above,
reports should also include final parameter estimates from the
model and typical and individual model-based predictions.
Model-based typical and individual CFU or TTP predictions over
time derived using individual Bayes estimates and converted to
EBA, ., (expressed as a difference in biomarker value between day
0 and day 2), EBA, 7, and EBA( 14 together with plots of predictions
can be used to compare the activity of the treatments that were
shown to have EBA, irrespective of the function applied to
describe data.

2.2 Sample size to detect early bactericidal
activity

Power is defined as the probability of rejecting the null
hypothesis correctly (Eq. 13):

Power =1- (13)

where f is the probability of type II error (i.e., false negative). In EBA
trials, the null hypothesis is most often defined as that the treatment
or drug has no EBA.

Monte-Carlo Mapped Power (MCMP) method is a model-
based approach to derive power curves for scenarios of interest
(Vong et al., 2012). MCMP method was used in this work to
calculate the power needed to detect EBA given different TTP
slopes and variability in TTP slope. MCMP contains two parts;
simulation and estimation, followed by power mapping (Vong
et al, 2012). In the simulation and estimation step, MCMP
simulates initially a large dataset. In this work,
2000 individuals were simulated with a full TTP-EBA model
including an EBA efficacy for the two treatments as well as an
EBA difference between the two treatments seen as two different
TTP slopes and a difference between the slopes (Supplementary
Table S2). In liquid culture experiments, the maximum
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Visualization of typical profiles and variability in time-to-positivity (TTP) over time for high [104% coefficient of variation (CV)] and low (22% CV) inter-
individual variability (IIV) in EBA. TTP-EBAq.14 is early bactericidal activity based on the difference in TTP between 0 and 14 days. Black lines represent the
typical individual and shaded areas show the variability in predicted TTP derived from 30 randomly sampled individuals (95% prediction interval). The

median baseline TTP was 1,008 h.

incubation period is 42 days, therefore simulated TTP values
greater than 42 days were censored at 42 days (1,008 h). This
large simulated dataset was re-estimated with the full and
reduced models. The reduced model was an TTP-EBA model
with a TTP-slope fixed to zero (i.e., no EBA). Individual objective
function values (iOFVs) from both the full and reduced models
were used to calculate the difference in iOFV for each individual
(AiOFV). AiOFVs were taken to the power mapping step, where
Monte Carlo sampling was performed, and the sum of AiOFVs
was derived multiple times (10,000 times) for each sample size.
Power at each sample size was derived based on the number of
Monte Carlo sampling instances where the sum of AiOFV was
greater than the critical x* value (for p < 0.05) divided by the total
number of Monte Carlo sampling instances performed. Power
was presented for up to 30 individuals in the trial scenarios. The
goal in every analysis was to reach 80% power at a 5% significance
level.

The sample sizes needed to detect EBA in relation to the
influence of various TTP slopes and IIV in TTP slope (low and
high IIV in TTP slope) was investigated. Explored IIV in TTP
slopes were 22% coefficient of variation (CV) for low IIV in TTP
slope, and 104% CV for high IIV in TTP slope. This was taken
from the earlier quantified IIV in TTP slope from the two trials
with meropenem presented in De Jager et al. (De Jager et al,
2022) and unpublished data (ClinicalTrials.gov Identifier:
NCT04629378). TTP slope values ranged from 0.0017 h/day
to 0.0628 h/day, corresponding to TTP-EBA, ;4 of 3h and
152 h, respectively. The different explored scenarios of TTP
slope (TTP-EBAg 14) and IIV in TTP slope are presented in
Supplementary Table S3. Visualization of typical profiles and
variability in TTP over time for high (104%) and low (22%) IIV
in TTP slope based on 30 simulated participants are shown in
Figure 2.
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2.3 Sample size to detect treatment effect
difference

To identify the sample sizes needed to detect a difference in
EBA between two treatments, the null hypothesis was that there is
no difference in EBA between the two treatments. In this work,
power for different sample sizes were evaluated for scenarios with
different EBA between two treatment groups. In addition, the
influence of different IIV in TTP slope on the power for different
sample sizes were explored. The MCMP approach described
above was used. Effect difference was defined as a percentage
increase in TTP slope between two treatments. Combinations of
different TTP slopes, IIV in TTP slope and difference in TTP
slope (from 25% to 200%) were investigated; TTP slope of
0.0628 h/day (TTP-EBAj ;4 of 152h) with low IIV in TTP
slope; TTP slope of 0.0628 h/day (TTP-EBA ;4 of 152 h) with
high ITV in TTP slope; TTP slope of 0.0174 h/day (TTP-EBA(_14
0f 30 h) with low IIV in TTP slope; and TTP slope 0of 0.0174 h/day
(TTP-EBAy_14 of 30 h) with high IIV in TTP slope. High IIV and
low IIV in TTP slope were defined as 104% and 22%, respectively
based on earlier reported variabilities in De Jager et al. (De Jager
et al,, 2022) and unpublished data (ClinicalTrials.gov Identifier:
NCT04629378). Created
Supplementary Table S4. Visualization of typical profiles of

scenarios are presented in
TTP over time for different effect differences are presented in
Figure 3.

To characterize the influence of ITV in TTP slope on the power
to detect EBA effect difference, TTP slope of 0.0628 h/day and
0.0174 h/day (TTP-EBA, 14 of 152 h and 30 h) were combined with
different magnitudes of IIV in TTP slope. The same EBA effect
difference of 50% was used in all scenarios and IV in TTP slope
spanned from high IV (104%) to low ITV (10%). Explored scenarios
are presented in Supplementary Table S5.
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Visualization of typical profiles of time-to-positivity (TTP) over time for different effect difference values. Effect difference is expressed as a
percentage increase in the TTP slope compared to the original value (red solid line). TTP values were right censored at 1,008 h (42 days).

2.4 Software

Data handling and visualization were performed using R
(v.4.0.3, R Foundation for Statistical Computing, Vienna, Austria)
(R Core Team, 2020) through the RStudio interface (RStudio Team,
2022). Simulations were performed using non-linear mixed-effects
modeling software  NONMEM (v.7.5.0, Icon Development
Solutions, Ellicott City, MD, United States) (Beal et al, 1989).
MCMP  were (v.5.3.0) (https://
uupharmacometrics.github.io/PsN/).

performed using PsN

3 Results

3.1 Standardized pharmacometric model-
based early bactericidal activity analysis
approach
In order to present each step of the standardized
pharmacometric model-based analysis approach for Phase 2a
EBA trials (Figure 1), each step was demonstrated using a
simulated example based on a model resembling meropenem-
containing treatments (Supplementary Table S1). The work is

illustrated for TTP but is applicable to CFU as well.

3.1.1 Exploratory data analysis

Before the modeling was started, data exploration to establish an
analysis dataset from the raw data should be performed. Firstly, data
summary tables were created based on the simulated data. The
simulated number of participants and covariate information per
treatment group and in total are presented in Supplementary Table
S6. Counts of non-positive and censored data at different timepoints
are presented in Supplementary Table S7.

Replicate-versus-replicate of the raw data was plotted and any
clear deviations from the identity line were further investigated
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(Figure 4). Additionally, biomarker versus time of TTP was plotted
to facilitate data comparison between the replicates and over time.
An example of an individual plot is shown in Figure 5 (for subject
8 only). Replicates are plotted next to each other to facilitate
comparison, while individual plots for all subjects are available in
Supplementary Figure S1.

All TTP samples with the status of contaminated, not done, or
no result were excluded from the model-based analysis. After
discussing the results with clinicians and microbiologists, only
samples with scientifically plausible TTP values were kept, and
any clear deviations that have potentially arisen due to the
experiment errors, unrecorded contamination, or other reasons
were removed from the analysis. In Figure 5 for example, the
negative sample at time zero is a clear outlier and was removed
from the analysis after consensus was reached with clinical,
microbiology, and analysis teams. All removed and omitted data
points should be summarized in the final report.

After the final analysis dataset was established, additional plots
were created showing the relationship between the baseline
biomarker and covariates, and biomarker over time and
covariates. Supplementary Figure S2 shows the TTP baseline
plots versus covariates present in the simulated dataset; sex, age
and cavity extent. In addition, plots of TTP over time versus cavity
extent, sex, age, PK drug exposure (AUC), and treatment. These
plots should be used to inform the modeling workflow by informing
about the potential function describing the change in the biomarker
well as

over time as about potential parameter-covariate

relationships.

3.1.2 Base model building

After the analysis dataset is established, a base model should be
developed. In this simulation based EBA example, the mono-
exponential function described the data well. IIV was supported
on baseline and TTP slope. The proportional error model was used
with both common and replicate-specific error terms for each
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FIGURE 4

Individual time-to-positivity (TTP) replicate 1 versus individual TTP replicate 2. Observations are expected to be as close to the identity line as
possible, and any clear deviations from the identity line should be investigated. Non-positive values are plotted in the figure axes and their symbol
represents the corresponding sample status. For example, if replicate 1 is non-positive, the symbol with the corresponding replicate 2 value is plotted on

the y-axis and vice versa.

replicate. Goodness-of-fit (GOF) plots evaluating the model fit are
presented in Supplementary Figures S3A-E. Visual predictive check
(VPC) plots stratified per treatment arm are presented in
Supplementary Figure S4, column a. Based on GOFs and VPCs
stratified on treatment, a satisfactory fit was achieved using a mono-
exponential function with IIV on baseline and slope, and the model
was carried forward to the covariate modeling.

3.1.3 Covariate model building

In the next step, covariate model building is performed. Age,
sex, and cavity extent were tested on both the TTP baseline
(intercept) and the TTP slope. Only one covariate was found to
be statistically significant after the forward inclusion and
backwards deletion step in the SCM. Decrease in TTP
baseline values was associated worsening cavity extent states,
and a separate TTP baseline was estimated for each category (p <
0.01). The highest TTP baseline was predicted when no cavities
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were present. VPCs stratified on cavity are presented in
Supplementary Figure S5.

3.1.4 Early bactericidal activity detection

After the covariate model is built, EBA detection can be
performed. Here, in this example, both treatment arms A and B
were shown to have EBA at a 5% significance level.

3.1.5 Pharmacokinetic-pharmacodynamic
modeling

All treatment arms that were shown to have EBA, were further
taken to build the PK-PD model, where a relationship between AUC
of meropenem and TTP slope was assessed. Linear, hockey-stick,
power and exponential covariate-parameter relationships were
evaluated on natural logarithm scale. Out of all assessed
parameterizations, the hockey-stick function had the biggest
change in objective function value (AOFV) (-49.866) but as one
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FIGURE 5

Individual biomarker over time plot. Both replicates 1 and 2 are plotted which can seem to overlap because of very comparable values. One
participant was selected to visualize the status of each sample. If a replicate value was non-positive, it was plotted in red (missing) or green (negative) on
the graph axes with the shape informing on the reason for its non-positive sample status. These symbols are plotted next to each other to facilitate
interpretation but belong to the same time point. Plots are based on the simulated data to visualize the standardized pharmacometric model-based

EBA analysis approach. Plots of individual biomarker over time for all individuals are available in Supplementary Figure S1.
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FIGURE 6

Prediction of individual time-to-positivity (TTP) over time based on Bayes estimates of the final model. Lines represent the predicted median with a
shaded area corresponding to the 95% prediction interval. Arm A resembling meropenem in 2 g meropenem thrice daily with 500 mg amoxicillin and
125 mg clavulanate thrice daily on days 1-14 (De Jager et al,, 2022). Arm B resembling meropenem in 6 g meropenem once daily with 2 X 1000 mg
amoxicillin and 62.5 mg clavulanate plus 400 mg bedaquiline once daily on days 1-14 (unpublished data, ClinicalTrials.gov Identifier:

NCT04629378).

of the
parameterization with second biggest AOFV (-45.463) was

parameters had very high uncertainty, a linear
selected, which resulted in an exponential relationship on normal
scale. Additionally, after meropenem AUC was incorporated as a
covariate on the TTP slope, IIV in TTP slope decreased from 49.7%
to 20.5%, explaining the PK related variability between subjects.
VPCs

Supplementary Figure Sé.

stratified on meropenem AUC are presented in
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3.1.6 Early bactericidal activity comparison

After PK-PD modeling, a treatment comparison can be
performed. In this work, treatment comparison between
simulated Arm A and Arm B was performed. Treatments were
shown to have statistically significantly different EBAs from each
other at a 5% significance level. Arm B was shown to have
3.7 times higher EBA compared to Arm A in this simulated
example.

frontiersin.org


http://ClinicalTrials.gov
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2023.1150243

Mockeliunas et al.

Arm A

8001

600

400 A

200 A

Arm B

8001

600

400 A

2001

500 600 700 800
AUC meropenem (h*mg/L)

Change in early bactericidal activity over 14 days in TTP (hours)

FIGURE 7

Established pharmacokinetic-pharmacodynamic (PK-PD)
relationship between area under the curve (AUC) of meropenem and
early bactericidal activity (EBA) based on time-to-positivity of

0-14 days (TTP-EBAg.14) for the typical individual with one or
several cavities <4 cm. The black line represents the median and the
shaded area represents the 95% confidence interval. 95% confidence
interval is derived from Sampling Importance Resampling (SIR)
method followed by Stochastic Simulation and Estimation (SSE) step
of 1,000 samples. Arm A resembling meropenem in 2 g meropenem
thrice daily with 500 mg amoxicillin and 125 mg clavulanate thrice
daily on days 1-14 (De Jager et al,, 2022). Arm B resembling
meropenem in 6 g meropenem once daily with 2 x 1000 mg
amoxicillin and 62.5 mg clavulanate plus 400 mg bedaquiline once
daily on days 1-14 (unpublished data, ClinicalTrials.gov Identifier:
NCT04629378).

3.1.7 Early bactericidal activity reporting

The final TTP-EBA model described the data well and the final
parameters are shown in Supplementary Table S8. The final TTP-
EBA model consisted of a mono-exponential model with IIV in
baseline (intercept) and TTP slope. Covariate relationships were
cavity extent on TTP baseline and AUC meropenem on TTP slope.
A proportional error model with both common and replicate-
specific error terms for each replicate was included in the final
model. GOF plots are presented in Supplementary Figure S3F-J,
stratified VPCs per treatment arm and prediction-corrected VPC are
available in Supplementary Figure S7 and Supplementary Figure S4
column b.

Both treatments based on simulated data for Arm A and Arm B
were shown to have statistically significant EBA (p < 0.05). In
addition, simulated Arm B was shown to have statistically
significantly higher TTP slope than simulated Arm A (3.7 times
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higher TTP slope). Predicted typical and individual model-based
EBA for 0-2, 0-7, and 0-14 days were derived. Prediction of
individual TTP over time using Bayes estimates of the final
model is shown in Figure 6. Predicted typical and individual
model-based EBA for 0-2, 0-7, and 0-14 days are presented in
Supplementary Tables S9, 10.

In addition, an exponential PK-PD relationship between the
meropenem AUC and TTP slope and thereby TTP-EBA, 14 was
established. In this simulated example, TTP increased by 0.44 h per
each 1 h mg/L meropenem AUC ;¢ on the natural logarithm scale
(Figure 7).

3.2 Sample size to detect early bactericidal
activity

To investigate the sample size needed to detect EBA, eight
different TTP  slopes  (0.0017h/day to  0.0628 h/day)
corresponding to TTP-EBAg 14 values ranging from 3h to 152h
were combined with low and high ITV in TTP slope (22% and 104%,
respectively). In total, 16 scenarios were explored (Supplementary
Table S3). Simulated typical profiles and corresponding variability
based on 30 individuals (expressed as a 95% prediction interval) are
visualized for both low and high variability in TTP slope (22% and
104%) and TTP-EBAg 4 values of 30 h (slope 0.0174 h/day) and
152 h (slope 0.0627 h/day) (Figure 2).

Sample sizes per arm needed to detect EBA with 80% power at a 5%
significance level are presented in Table 1 and power curves are presented
in Figure 8 for the difference scenarios. TTP-EBA 14 had to be equal to or
greater than 11 h, irrespective of IIV in TTP slope, to achieve 80% power
at a 5% significance level with 13 participants enrolled per treatment arm.
An increase in sample size, to 18 participants per arm, resulted in a study
having 80% power to detect EBA when TTP-EBA, ;4 was 7 h and high
IIV in TTP slope was present (104%). For a scenario with low IIV in TTP
slope (22%) 31 participants/arm were required to reach the same power.
If the TTP-EBA 14 was 3 h, 97 and 180 participants/arm for high ITV and
low IV, respectively, were required to achieve 80% power to detect TTP-
EBAp.14.

For treatments showing TTP-EBA( 14 of 30 h or less (typical
prediction), the power to detect the EBA given the same sample size,
was higher when IIV was larger. This trend was present for even
lower TTP-EBA,_14 values (Figure 8). The posthoc step of the Bayes
estimates of the IIV showed that the mean of the individual etas was
skewed towards large positive values of the TTP slope (Figure 9).
Due to this, when low EBA effect (TTP-EBA.;4 of 30 h or less) was
combined with high IIV in TTP slope, the probability of having a
significant EBA was higher compared to a scenario where low EBA
was combined with low IIV. Opposite effect was observed with high
EBA (TTP-EBA,_,4 of 152 h), as the distribution of individual TTP-
EBA, 14 values was narrower (Figure 9) and very few extremely low
TTP slope values were present.

3.3 Sample size to detect treatment effect
difference

To characterize the sample size needed to detect an effect
difference between two treatment groups, several different
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TABLE 1 Sample size per group needed to detect early bactericidal activity (EBA) with 80% power at a 5% significance level for various changes in time-to-
positivity between days 0 and 14 (TTP-EBA_,4) and inter-individual variability (I1V) in TTP slope. Power calculations were performed using a mono-exponential
model with various TTP-EBA, 4 values for both low and high IV in TTP slope. For each scenario, power calculations included a minimum of 3 patients.

N per treatment group

TTP-EBAo-142
Low IIV in TTP slope® High IIV in TTP slope®
30 he 3 3
25h 3 3
20 h 5 3
16 h 7 5
11h 13 8
7h 31 18
3h 180 97

“TTP-EBAg.14: typical change in TTP between day 0 and day 14 (expressed in hours).

*Low IIV in TTP slope was 22% coefficient of variation (unpublished data, ClinicalTrials.gov Identifier: NCT04629378).

High IIV in TTP slope was 104% coefficient of variation (De Jager et al., 2022).

ITTP-EBA,. 4 corresponding to treatment composed of 6 g meropenem once daily with 2 x 1,000 mg amoxicillin and 62.5 mg clavulanate plus 400 mg bedaquiline once daily on days 1-14

(unpublished data, ClinicalTrials.gov Identifier: NCT04629378).

“TTP-EBA,. 4 corresponding to treatment composed of 2 g meropenem thrice daily with 500 mg amoxicillin and 125 mg clavulanate thrice daily on days 1-14 (De Jager et al., 2022).

EBA: early bactericidal activity.
IIV: inter-individual variability expressed on coefficient of variation scale.
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FIGURE 8

The impact of change in time-to-positivity between days 0 and 14 (TTP-EBAg-14) on sample size per arm and power to detect early bactericidal
activity (EBA). Low and high inter-individual variability (IIV) in TTP slope are represented by 22% and 104% coefficient of variation (CV). The red dashed line

represents 80% power.

scenarios with various combinations of different TTP slope (TTP-
EBAg 14), IV in TTP slope and effect difference values were
explored (Supplementary Table S4). Simulated typical profiles for
the different effect differences are presented in Figure 3. Power
curves and a summary table presenting the number of participants
per group required to achieve 80% power are presented in Figure 10
and Table 2.

For low TTP-EBAg. 14 (30 h), high IIV in TTP slope and an
increased effect difference between the two arms of at least 175%,
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15 participants/arm were sufficient to detect a difference between
the two treatment groups with 80% power at a 5% significance
level (Table 2; Figure 10). At 30 participants/arm, the power
was >80% to detect an increased effect difference between the two
arms of at least 125%. To detect smaller increased -effect
differences (<100%), more participants were required. For an
increased effect difference of 25% at 80% power, more than
125 participants/arm were effect

needed to detect an

difference between the two arms.
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FIGURE 9

Distribution of individual simulated change in time-to-positivity between days 0 and 14 (TTP-EBAg_14) values for two TTP-EBA_14 values; 30 h and

152 h, for different magnitudes of inter-individual variability (IIV) in TTP slope. The blue color is low 11V in EBA (22% coefficient of variation [CV]), and the
green color is high IV in TTP slope (104%). To visualize the spread of values, 2000 individuals per scenario of IIV in TTP slope and TTP-EBAg.14 were
simulated, and the difference between TTP on day 0 and day 14 was calculated. The top panel of the plot shows the spread of individual TTP-EBAg_14
values over the TTP-EBAq.14 space. Black dashes represent individual medians. The bottom panels show density plots for the individual TTP-EBAg-14
values. A solid black line represents the median, and dashed lines represent the 2.5th and 97.5'" percentiles of 1IVs. The second peak in TTP-EBAg_14 of
152 h and high IV in TTP slope was related to TTP censoring at 1,008 h.

For high TTP-EBAy 14 (152h) and high IIV in TTP slope, 80%
power was only reached when the increased effect difference was at least
150% between the two arms and with 28 participants/arm. None of the
explored scenarios reached 80% power with 15 participants/arm or less.
To detect 125% increased effect difference, 31 participants/arm were
required. For even smaller increased effect differences of 100%, 75%,
and 25%, sample sizes of 50, 87 and >125 participants, respectively were
required at 80% power and for high TTP-EBA 14 (152 h) and high IIV
in TTP slope (Table 2).

At low TTP-EBAy.;, (30h) and low IIV in TTP slope, an
increased effect difference of 75% or greater was detected with
15 participants/arm for at least 80% power, while 20 participants/
arm were required to detect an increased effect difference of 50%.
Similar, 64 participants/arm were required to detect an increased
25% effect difference (Table 2; Figure 10).

For all effect differences, the highest power was seen for
scenarios with low IIV in TTP slope and high TTP-EBA, 4
(152h). Less than 15 participants/arm were required for
increased effect differences of <50%. To detect a 25% increased
effect difference between the two arms, 21 participants/arm were
sufficient to achieve 80% power at a 5% significance level. For other
scenarios, more participants were needed to differentiate between
the treatments at this effect difference level (Table 2; Figure 10).

To explore IIV in TTP slope on the power to detect an effect
difference between the two arms, a scenario with a 50% increase in
effect difference was used. IIV in TTP slope in the simulations
ranged from very low to very high IIV in TTP slope, 10% CV to
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104% CV (Supplementary Table S5). Power curves and
corresponding numbers of participants/arm needed to achieve
80% power are presented in Figure 11 and Table 3.

When TTP-EBA 14 was low (30 h), 90 participants/arm were
required to achieve 80% power to detect 50% increase in effect
difference between the two treatment groups with ITV in TTP slope
of 104%. With a decrease in ITV in TTP slope to 40%, the sample size
decreased to 28 participants/arm (Table 3). When IIV in TTP slope
was 10% and 50% increase in effect difference, 17 participants/arm
were required to reach 80% power for a low TTP-EBAg.14 (30 h).

For cases with high TTP-EBA, 14 (152 h) and IIV in TTP slope of
104%, 87 participants/arm were required to achieve 80% power to
detect an increase of 50% effect difference between the two treatment
groups. Decreasing the IIV in TTP slope to 40% resulted in a decreased
sample size of 17 participants/arm. Less than seven and three
participants/arm were required to achieve a power of 80% when IIV

in TTP slope was 22% or 10%, respectively (Table 3; Figure 11).

4 Discussion

This paper presents a standardized pharmacometric model-
based EBA analysis approach employing the expertise of
microbiologists,  clinicians and  pharmacometricians.  The
presented approach is composed of seven pivotal steps, which
allows for both model-based pharmacometric EBA detection and

treatment comparison in Phase 2a for TB drug development, and is
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FIGURE 10

The impact of effect difference on the sample size and power to detect a difference between two treatment groups. Low and high inter-individual
variability (V) in early bactericidal activity (EBA) are represented by 22% and 104% coefficient of variation, respectively. The red dashed line represents

80% power.

identical for evaluation of monotherapies as well as combination
regimen. Using the standardized approach, the treatment/drug
effect is evaluated through the TTP slope estimation together
with uncertainty. It allows for a rational estimation of EBA, as
both typical and individual predictions can be derived to perform
treatment comparisons, describing the PD response on both the
population and individual levels. These model-based predictions can
be further used to make the decision for the treatments to be tested
in the following phases supporting TB drug development.

The herein presented pharmacometric model-based EBA
analysis approach has many advantages over traditional analysis
approaches. It provides a robust way to account for covariates that
might be influential on TTP slope, and explain variability in EBA.

Frontiers in Pharmacology

Covariate analysis can be turned into an automated process, where
prespecified parameter-covariate relationships are tested, and a
higher p-value can be set for a backward deletion step of
covariates to protect from inflating type 1 error (Lindbom et al.,
2005). As IIV reflects the variability on the population level, the
application of covariate analysis which can reduce and explain
variability in efficacy, i.e.,, TTP slope is therefore central for
detecting treatment arm differences in EBA trial as the power
will increase compared to not accounting for IIV. In this
example, introducing drug exposure (meropenem AUC) as a
covariate on TTP slope decreased the IIV in TTP slope by 29%.
Using the standardized approach presented here, all factors
contributing to the power to detect EBA and treatment
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TABLE 2 Sample size per group in an early bactericidal activity (EBA) clinical trial needed to detect an effect difference between two treatment groups with 80%
power at a 5% significance level. Power calculations were performed using a mono-exponential time-to-positivity (TTP) model for different change in TTP between
days 0 and 14 (TTP-EBA,.14), inter-individual variability (I1V) in TTP slope, and increased effect difference values. For each scenario, power calculations included a

minimum of 3 patients.

Effect difference between two

TTP-EBAO-14 of 30 hours®

N per treatment group

TTP-EBAO-14 of 152 hou

treatments® . . . . . .
Low IIV in TTP High IV in TTP Low IIV in TTP High IV in TTP
slope? slope® slope? slope®

+25% 64 >125 21 >125
+50% 20 90 7 87
+75% 10 48 3 50
+100% 6 31 3 37
+125% 5 23 3 31
+150% 4 18 3 28
+175% 3 15 3 26
+200% 3 13 3 26

“Increase in TTP-EBA, 14 between two drugs.

PTTP-EBA, 14 corresponding to treatment composed of 2 g meropenem thrice daily with 500 mg amoxicillin and 125 mg clavulanate thrice daily on days 1-14 (De Jager et al., 2022).
“TTP-EBA,. 14 corresponding to treatment composed of 6 g meropenem once daily with 2 x 1,000 mg amoxicillin and 62.5 mg clavulanate plus 400 mg bedaquiline once daily on days 1-14

(unpublished data, ClinicalTrials.gov Identifier: NCT04629378).

9Low IIV in TTP slope was 22% coefficient of variation (unpublished data, ClinicalTrials.gov Identifier: NCT04629378).

“High IIV in TTP slope was 104% coefficient of variation (De Jager et al., 2022).
EBA: early bactericidal activity.
IIV: inter-individual variability expressed on coefficient of variation scale.
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FIGURE 11

The impact of inter-individual variability (IIV) in early bactericidal activity (EBA) on the sample size and power to detect a difference between two
treatment groups. The effect difference between the two treatment groups was set to 50%. The red dashed line represents 80% power.

differences between treatment arms can rationally be controlled for.
As variability plays a pivotal role in EBA detection and treatment
comparison, PK-PD model building is a critical step in the
model-based EBA  analysis
approach, as variability in PK translates into variability in PD,
and incorporation of PK information in the model can decrease

standardized ~ pharmacometric

Frontiers in Pharmacology

IV in efficacy. Population PK models can be used to derive
secondary PK parameters such as AUC, Cp,,x and Cyy, to drive
the PK-PD relationship as an alternative to use a PK-PD model
linked to a population PK model. As such, the incorporation of
secondary PK parameters into the EBA model may increase the
power to detect EBA, and to find a difference between treatment
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TABLE 3 Sample size per group in an early bactericidal activity (EBA) clinical trial needed to detect an effect difference between two treatment groups with 80%
power at a 5% significance level under different inter-individual variability (1IV) in time-to-positivity (TTP) slope. Power calculations were performed using a mono-
exponential model with an effect difference between two treatment groups of 50%, various changes in TTP between days 0 and 14 (TTP-EBA,.q4), and inter-
individual variability (IIV) in TTP slope. For each scenario, power calculations included a minimum of 3 patients.

IV in TTP slope (%) N per treatment group

TTP-EBA.14 of 30 h* TTP-EBA14 Of 152 hP

22 20 7

40 28 17
60 44 33
80 63 54
104 90 87

“TTP-EBAg.14 corresponding to treatment composed of 2 g meropenem thrice daily with 500 mg amoxicillin and 125 mg clavulanate thrice daily on days 1-14 (De Jager et al., 2022).
PTTP-EBA,. 4 corresponding to treatment composed of 6 g meropenem once daily with 2 x 1,000 mg amoxicillin and 62.5 mg clavulanate plus 400 mg bedaquiline once daily on days 1-14
(unpublished data, ClinicalTrials.gov Identifier: NCT04629378).

EBA: early bactericidal activity.

CV: coefficient of variation.

IIV: inter-individual variability expressed on coefficient of variation scale.

groups by decreasing the variability in PD. Additionally, predominant persister efficacy, and this would further improve
information about factors influencing variation in EBA  drug development.
biomarkers could be employed for individualized treatment, if While the application of the standardized approach was
deemed beneficial. Another advantage of PK-PD modeling over  exemplified using TTP, the same approach can be used for CFU
traditional EBA analysis is that half maximal effective concentration  as well. In addition, this standardized approach is not limited to CFU
(ECsp) can be estimated with a smaller sample size. In the traditional ~ or TTP biomarkers and can be easily applied to others. Many novel
EBA modeling, dose would be driving the effect if several different  sputum-based biomarkers have been developed in recent years and
dose levels are given, thus, variability in PK will be attributed to  are currently in various stages of clinical validation and regulatory
variability in EBA and more participants would be required for  approval, and may provide a near real-time quantification of
estimating EBA. Further, in a design with only one dose level, =~ mycobacterial health and/or load, like the molecular bacterial
exposure cannot be attributed for in a traditional EBA analysis  load assay (MBLA) (Sabiiti et al., 2020), RNA synthesis ratio (RS
whereas in the pharmacometric model-based EBA analysis, between  ratio) (Walter et al.,, 2021), and the lipoarabinomannan enzyme-
patient variability in drug exposure can still be accounted for linked immunosorbent assay (LAM-ELISA) (Jones et al., 2022).
through a PK summary indice which reduces the IIV in TTP  Therefore, the approach can be extended to new biomarkers as most
slope and thereby leads to smaller sample sizes compared  of the steps would remain the same, and only the structural model
without accounting for between patient variability in drug exposure. ~ might be different. In addition, novel and more informative
The presented workflow is built on similar techniques for model ~ biomarkers that better captures efficacy on persistent bacteria will
development and evaluation as presented in the FDA and EMA  make an empirical model approach more informative.
guidelines for analysis and reporting (European Medicines Agency, In addition to providing a structured approach to EBA trial
2008; Food and Drug Administration, 2022). Koele et al. summarize  analysis, the models developed using this approach can be further
the different historical analysis methods presented in the literature  used in other clinical trial simulations and model-based sample size
for analyzing EBA trials and concluded that a standardized analysis ~ determinations. To exemplify this, models used to visualize the
method, accounting for different levels of variability in the data,  modeling workflow were used in MCMP to characterize the number
could aid the generalization of study results and facilitate  of participants needed to detect EBA and to detect a difference
comparison between drugs or treatments (Koele et al., 2023). between two treatment groups with a significance level of 5% and a
The presented standardized approach can be easily coupled with  target power of 80%. Using the presented approach, even extremely
other modeling approaches, like the multistate tuberculosis low EBA (TTP-EBA, ;4 of 11 h) 13 and 8 participants was sufficient
pharmacometric (MTP) model. In the MTP model, data is  to reach 80% power for low IIV in TTP slope (22%) and high IIV in
analyzed using a semi-mechanistic approach describing different ~ TTP slope (104%) scenarios (Figure 8), and less participants were
bacterial subpopulations (Clewe et al, 2016). This approach  required for treatments with stronger EBA (Table 1).
determined the contribution of clofazimine to TB treatment and Sample sizes to identify a treatment difference between two groups
its effect on persisters (Faraj et al., 2020), while it showed no EBA  were characterized in addition to detecting EBA. Here, it was observed
effect when analyzed using a hierarchical Bayesian non-linear mixed that for drugs with low IIV in TTP slope, irrespective of TTP-EBAg 14
effects regression model (Diacon et al.,, 2015). Incorporation of semi-  value, a sample size of 15 participants/arm were sufficient to detect a
mechanistic features would help establish EBA when empirical  difference in EBA with at least 80% power at a 5% significance level when
methods are not able to as for the situation for drugs with  the effect difference is at least 75% for TTP-EBA, 14 of 30 h or 50% for
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TTP-EBA 14 of 152 h (Table 2; Figure 10). For scenarios with high IIV
in TTP slope, larger sample sizes were required to ensure the same
power, as high IIV dilutes the intrinsic difference between the two
treatment arms (Table 2; Figure 10). This is seen in the results presented
in Figure 11, where the sample size needed to achieve 80% power
decreased with decreasing IV in TTP slope, indicating the importance of
decreasing IIV in TTP slope to increase the power where determination
of an effect difference is sought after. These results are in accordance with
other investigations, where the difference between arms was detected in
CFU but not in TTP, as ITV was higher in TTP compared to CFU (104%
CV versus 48% CV) (De Jager et al., 2022).

In a model-based analysis, preclinical data can be integrated to
inform about the expected EBA, which can be used to identify the
sample size needed to achieve the desired power. As shown in this
study, the standard set-up with 15 participants per arm might not be
suitable for all treatments and adjustments might be needed. While a
set-up with 15 participants is enough to detect even low TTP-EBA, 4
of 11 h, the trial might be underpowered to detect a difference between
two treatment groups. Due to this potential variability should be
considered when designing the trial. One way to decrease IIV is to
collect PK information in EBA studies and include this in the EBA
analysis in order to increase the power and keep the sample sizes on
the lower end. If no PK information is included in the EBA analysis,
higher sample size should be enrolled into EBA trials.

In this work, an unexpected relationship between IIV in TTP slope
and power to detect and/or compare the EBA of treatments was found.
The scenario with less spread out individual TTP slope values (low IV
in TTP slope) resulted in a lower probability of overlapping confidence
intervals between two arms, compared to high IIV in TTP slope. This
subsequently led to a higher power to detect an effect difference when
IIV in TTP slope was low, and the TTP slope itself had no impact here.
While these results are in accordance with results from EBA detection of
TTP-EBA, 14 152 h (TTP slope 0.0627 h/day), an opposite effect was
observed for low TTP slope values (0.0174 h/day and lower). Here, high
ITV in TTP slope resulted in smaller sample sizes compared to scenarios
with low ITV in TTP slope, as etas of IIV in TTP slope were skewed
towards large positive values of the TTP slope.

In conclusion, a robust standardized pharmacometric model-based
EBA analysis approach established in close collaboration between
microbiologists, clinicians, and pharmacometricians was presented.
The work illustrates the importance of accounting for covariates and
drug exposure in EBA analysis in order to increase the power of
detecting EBA for a single treatment arm as well as differences in EBA
between treatments arms in Phase 2a trials of TB drug development.
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Following infection with Mycobacterium tuberculosis, young children are at high
risk of developing severe forms of tuberculosis (TB) disease, including TB
meningitis (TBM), which is associated with significant morbidity and mortality.
In 2022, the World Health Organization (WHO) conditionally recommended that a
6-month treatment regimen composed of higher doses of isoniazid (H) and
rifampicin (R), with pyrazinamide (Z) and ethionamide (Eto) (6HRZEto), be used
as an alternative to the standard 12-month regimen (2HRZ-Ethambutol/10HR) in
children and adolescents with bacteriologically confirmed or clinically diagnosed
TBM. This regimen has been used in South Africa since 1985, in a complex dosing
scheme across weight bands using fixed-dose combinations (FDC) available
locally at the time. This paper describes the methodology used to develop a
new dosing strategy to facilitate implementation of the short TBM regimen based
on newer globally available drug formulations. Several dosing options were
simulated in a virtual representative population of children using population PK
modelling. The exposure target was in line with the TBM regimen implemented in
South Africa. The results were presented to a WHO convened expert meeting.
Given the difficulty to achieve simple dosing using the globally available RH 75/
50 mg FDC, the panel expressed the preference to target a slightly higher
rifampicin exposure while keeping isoniazid exposures in line with those used
in South Africa. This work informed the WHO operational handbook on the
management of TB in children and adolescents, in which dosing strategies for
children with TBM using the short TBM treatment regimen are provided.

KEYWORDS

WHO, NONMEM, paediatric dosing, rifampicin, rifampin, isoniazid, pyrazinamide,
ethionamide
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Introduction

Tuberculosis (TB) is a major global health problem with an
estimated 9.9 million people falling ill and 1.5 million deaths, in 2020
(World Health Organization, 2021). Following infection with
Mycobacterium tuberculosis, young children are particularly at
risk of developing severe forms of TB, including TB meningitis
(TBM), which is associated with significant morbidity and mortality
(mortality estimated at 19.3%) and high rates (36.7%) of
neurological sequelae among TBM survivors. Up to 15% of
children with TB are diagnosed with TBM with an estimated
100000 cases per year. Given the severity of this form of TB,
children are often hospitalized for diagnostic evaluation and
treatment (Schaaf et al., 2007; Chiang et al., 2014; Wilkinson
et al., 2017).

Early treatment with a combination of TB medicines and with
doses aimed to optimize efficacy, can be life-saving and can
potentially reduce neurological sequelae. However, data from
randomized controlled clinical trials to inform optimal treatment
regimens for TBM are lacking. Historically, the treatment of TBM in
adults and children has used similar medicines as for the treatment
of drug-susceptible pulmonary TB with the exception of replacing
ethambutol with streptomycin and extending treatment to
12 months (World Health Organization, 2010a). In 2010, the
World Health Organization (WHO) released a rapid advice
communication recommending a regimen of 12 months duration
for the treatment of TBM, consisting of isoniazid (H), rifampicin
(R), pyrazinamide (Z), and ethambutol (E) for 2 months, followed
by isoniazid and rifampicin for an additional 10 months (2HRZE/
10HR); the recommended drug doses were the same as those for the
treatment of pulmonary TB (i.e., HRZE 10/15/35/20 mg/kg daily)
(World Health Organization, 2010b).

Varying penetration of first-line drugs through the blood-brain
and the blood-cerebrospinal fluid (CSF) barriers in and a poor
understanding of pharmacokinetics at the site of action (including
the effect of protein binding) have historically made it difficult to
determine the composition of the ideal regimen and dosing strategy
to treat TBM. Indeed, while isoniazid and pyrazinamide show good
CSF penetration, this is not true for ethambutol and rifampicin:
ethambutol’s penetration into the CSF is poor, and rifampicin
concentrations observed in the CSF are 5%-10% compared to
those in plasma (Donald, 2010a; Donald, 2010b). For people with
TBM, concerns about low concentrations of ethambutol and
rifampicin at the site of disease have led clinicians to explore
alternative options to ethambutol and the use of higher doses of
rifampicin and isoniazid to achieve therapeutic concentrations in
the brain and CSF (Ruslami et al., 2013). Some small trials have
demonstrated benefits when using higher rifampicin dosages in
adults and children with TBM (Ruslami et al., 2013; Savic et al,,
2015; Svensson et al., 2020; Paradkar et al., 2022); larger, definitive
trials are underway.

In South Africa, for several decades, paediatricians have been
using a 6-month regimen with higher rifampicin and isoniazid doses
(compared to standard WHO recommended dosing for the
treatment of drug susceptible pulmonary TB) and replacing
ethambutol with ethionamide (Eto) (6HRZEto) to treat TBM
(Department of Health - Republic of South Africa, 2021). In
observational cohorts, favourable treatment outcomes and no
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relapses have been observed with this regimen in a subset of
patients who were followed up for 2years after completing
treatment (Donald et al, 1998). In one study, 95 children
received the 6-month regimen, and although mortality was high
(13 children died), the majority of children recovered. 14 In a
subsequent study in 184 children, the mortality rate was 3.8%
and although 5.6% of the children developed grade 3 or four
adverse events related to elevated liver enzymes, all were able to
restart the original regimen after liver enzymes normalised (van
Toorn et al,, 2014). This regimen, included in the South African
national tuberculosis guidelines, is administered using daily doses of
20 mg/kg for isoniazid, rifampicin, and ethionamide, and 40 mg/kg
for pyrazinamide.

A systematic review and meta-analysis was conducted to
compare the effectiveness of the short, intensive regimen used in
South Africa versus the WHO-recommended 12-month regimen to
inform a WHO guideline update (Sulis et al., 2022). The authors
report a treatment success (survival with or without sequelae) in 95%
(95%CI 74%-99%) of the participants in the 6-month regimen
versus 75% (95% CI: 69%-81%) in the 12-month regimen. Also
in terms of neurological sequelae among survivors the 6-month
regimen performed well with 36% (95% CI, 30%-43%) versus 66%
(95% CI, 55%-75%) in the 12-month regimen (Sulis et al,
2022). Based on this, in March 2022, WHO recommended, that
children and adolescents with bacteriologically confirmed or
clinically diagnosed TBM (without suspicion or evidence of
multi-drug resistant or rifampicin-resistant tuberculosis) could
receive the 6-month intensive regimen (6HRZEto) as an
alternative option to the 12-month regimen (2HRZE/10HR).
(World Health Organization, 2022a).

In South Africa, the 6-month regimen had been administered
using a dispersible fixed-dose combination (FDC) of RH 60/60 mg
and additional 500-mg pyrazinamide and 250-mg ethionamide
tablets as single-drug formulations. The dosing strategy for this
regimen in the South African national guideline contains 14 weight
bands between 3 and 25 kg, and some weight bands are dosed with
quartered or halved tablets (Department of Health - Republic of
South Africa, 2021). Moreover, the 1:1 isoniazid and rifampicin FDC
used in South Africa is not globally available. Therefore, after the
WHO recommendation was made, WHO aimed to develop a
strategy  that
exposures in line with the South African 6-month regimen using

simple-to-implement  dosing would achieve
globally available, child-friendly formulations.

Importantly, the dosing strategy aimed to achieve balanced
bands. This that

administering the same mg/kg dose in all children can be

exposure across weight acknowledges
detrimental, as it does not deliver similar exposures across
children. It is known that the dose-exposure relationship across
different weights and ages is non-linear due to the effects of
allometry and maturation (Anderson and Holford, 2008; Denti
et al, 2022a). This results in smaller children achieving lower
exposures when receiving the same mg/kg dose, unless they are
very young, with immature organ function, in which case the
exposures may be higher (Denti et al, 2022a). Since TBM is
highly fatal and causes significant morbidity in children, it is a
condition for which precise dosing is especially critical.

To seek advice on the most suitable dosing strategy for the newly

recommended 6-month intensive TBM regimen, WHO convened
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an expert consultation involving experts in clinical pharmacology,
well as TB
paediatricians and researchers. First, these experts reviewed the

pharmacokinetics, and pharmacodynamics, as
data collected in a meta-analysis to explore if 6HRZEto could be
used (Sulis et al,, 2022). After the advice that this regimen could
indeed be recommended by the WHO, a dosing table needed to be
created that took the globally available formulations into account.
The process of the expert consultations was reported previously
(World Health Organization, 2022b), while in this paper, we
describe the methods and processes used to establish the new
dosing guidance for the short, intensive TBM regimen, which
established
pharmacokinetic models. These simulations informed discussions

involved  running simulations  incorporating
around the best dosing strategy for the short, intensive TBM
regimen, which led to the WHO guidance currently included in

the operational handbook.

Methods

Pharmacokinetic models and Monte Carlo
simulations

Our goal was to estimate plasma drug exposures that are
achieved with different dosing strategies i.e., the original South
African regimen with old 1:1 RH formulations and alternatives
with currently available 3:2 RH formulations. We used previously
published pharmacokinetic models of rifampicin, isoniazid,
pyrazinamide, and ethionamide to simulate plasma drug
exposures, i.e., steady-state area under the time-concentration
curve over a 24-h dose interval (AUC, »4) (Nyberg et al., 2020;
Denti et al., 2022b). These models include the effect of body size
(either total body weight or fat-free mass) on clearance and volume
of distribution (i.e., allometric scaling with fixed exponents of
0.75 and 1 on clearance and volume of distribution, respectively)
and the effect of age on clearance (i.e., maturation) (Janmahasatian
et al,, 2005). The model for rifampicin also included the effect of
age on bioavailability—whereby younger children have a lower
bioavailability—and saturable hepatic elimination which helps
describe the dose-exposure non-linearity seen with higher doses
of rifampicin. The isoniazid model also included the effect of age
on bioavailability and, additionally, the N-acetyltransferase 2
(NAT2) acetylator status to account for slow acetylating
individuals having only half the clearance of fast acetylators
(Denti et al, 2022b). Finally, the model of ethionamide
included the drug-drug rifampicin  on
ethionamide clearance (Nyberg et al, 2020). All simulations
were performed using NONMEM (version 7.4.2) and Perl-
Speaks-NONMEM (version 4.8.8). R (version 4.1.2) was used
for pre- and post-processing of data.

interaction  of

We performed Monte Carlo simulations using a representative
virtual paediatric population of 160,000 children with a uniform
weight distribution between 3 and 35 kg (5,000 children per 1-kg
weight band), 50% female (Wasmann et al., 2021). This provided
plausible and coherent values of age, weight, height, and sex that are
covariates in the population PK models. The proportions of
NAT?2 acetylator status in the population, important for isoniazid
pharmacokinetics, were set to 44% slow, 42% intermediate, and 14%
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TABLE 1 Globally available formulations at the time of dosing table
development.

Child-friendly formulations Adult formulations

R/H 75/50 mg dispersible tablet® R/H 150/75 mg film-coated tablet

Pyrazinamide 150 mg dispersible tablet® = R/H 300/150 mg film-coated tablet
Ethionamide 125 mg dispersible tablet* = Isoniazid 300 mg uncoated tablet

R/H/Z 75/50/150 mg dispersible tablet Pyrazinamide 400 mg uncoated tablet

Isoniazid 100 mg dispersible tablet Pyrazinamide 500 mg uncoated tablet

Ethionamide 250 mg uncoated tablet

“The formulations in bold were the preferential formulations for the dosing tables.
Abbreviations: R, rifampicin; H, isoniazid; Z, pyrazinamide.

fast, as reported in a study across eight high-burden countries (Gausi
et al., 2021).

Pharmacokinetic target

Currently, there is no evidence of a pharmacokinetic-
pharmacodynamic target for paediatric TBM. With a lack of
evidence, the AUC, ,, in steady-state conditions is the most
robust index to compare exposures between two treatments. To
evaluate whether the proposed dosing regimens achieve the desired
exposure, we needed to define a target range within which the drug
levels were deemed acceptable. As a first step, since no PK data were
directly available from children receiving the South African 6-month
regimen, we used population PK modelling and the original South
African dosing guidelines to estimate the values of expected
exposure levels. In addition to the original regimen, we also
investigated rifampicin doses up to 30 mg/kg and isoniazid doses
between 15 and 20 mg/kg. For each scenario, we translated the
mg/kg dose to an exposure (AUCy_,4) by using the median of the
simulated exposures in the population over the whole weight range
(i.e., these were the exposures that are expected in the South African
6-month regimen). These targets were presented to and discussed by
an expert panel convened by WHO, who ultimately selected a target
range for each drug.

Dose selection

After selection of the target exposure range, we estimated the
dose for each 1-kg weight band and each drug with population
pharmacokinetic models, using a previously described method
(Svensson et al., 2018). We developed an MS Excel dosing tool
that would allow us and the expert panel to quickly visualise at a
glance the approximate target attainment in each 1-kg weight band
for each drug. The tool allows the user to select which formulations
will be used, choosing amongst the five available child-friendly
formulations and six adult formulations (shown in Table 1), and
the number of tablets to administer in each specific weight range.
With the tool, one can visualize how closely the selected dosing
approaches will reach a dose resulting in an exposure within target
exposures for each 1-kg weight band; additionally, there is a
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stratification for children under 3 months of age (with immature
metabolism). Colour codes in the dosing tool indicate whether the
exposure in the 1-kg band is expected to be within the range and, if
not, how far (in percent) it is above or below the target. In the
context of the advisory meeting, doses could be changed in the tool
to explore different dosing strategies. Once final dosing was agreed
upon, full simulations with the population pharmacokinetic models
were performed to predict exact exposures.

When adjusting the dosing with the tool to select the most
suitable regimen, several practical considerations were kept in mind.
In general, narrow weight bands, and as such more complexity, are
acceptable to attain a more precise dose given the serious nature of
the disease. However, we aimed to minimize the number of weight
bands to simplify dosing for a global audience. Children below
3 months of age have different pharmacokinetics due to immature
organs and were considered as a separate group to improve their
dose. To minimize drug manipulation, we aimed at implementing
the dosing with whole tablets, whenever acceptable in terms of
achieving the exposure target. When the use of half tablets was
necessary to deliver the required exposure, this was allowed,
especially since some of the formulations used have a functional
scoring line or can be administered as aliquots after being dispersed
in water. However, quartered tablets (used in the dosing strategy
implemented in South Africa) were avoided as they would
complicate administration and increase the chance of dosing

10.3389/fphar.2023.1055329

errors. Wherever possible, we aimed to use FDCs to reduce tablet
burden, in line with WHO’s recommendation to use FDCs over
single-drug formulations for the treatment of people with drug-
susceptible TB (World Health Organization, 2022c). However, the
proposed dosing strategy is implemented only by using the RH 75/
50 mg FDC, and not the RHZ 75/50/150 mg FDC, since the wrong
ratio between HR and Z in the latter would have required additional
top-ups of isoniazid and rifampicin, thus increasing tablet burden
and requiring the availability and stocking of multiple formulations,
some of which are not readily available in many settings. For similar
reasons, we refrained from using standalone isoniazid formulations
as a top-up.

Given the drug formulations that are widely available globally
(Table 1), we designed a dosing strategy using child-friendly
formulations for all children weighing between 3 and 35 kg. We
also prepared two alternative approaches for children above 25 kg
using adult formulations and either the 400 mg or the 500 mg
pyrazinamide tablet.

Results

The exposures predicted using the population pharmacokinetic
models applied to historic South African dosing guidelines (RH in 1:
1 formulation, weight bands as per 2011 guidance) are visualized in
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Area under the concentration-time curve over a 24-h dose interval (AUCq_»4p) after dosing children according to the South African dosing table. The
box represents the median and 25" and 75" percentile. The whiskers represent the 5" and 95" percentile.
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TABLE 2 Dosing table using child-friendly formulations for children from 3 to 35 kg. The red and white horizontal bands in the formulation’s column represent the weight bands receiving the same dose. The colours in the last
columns show if exposures are expected to be within (green) or outside the target range where yellow represents the percentage below the lower bound of the target range and purple represents the percentage above the
higher bound of the target range. Abbreviations: p, child-friendly formulation; R, rifampicin; H, isoniazid; Z, pyrazinamide; Eto, ethionamide.

Formulations Simulated exposure Difference from target range

Weight PRH pZ pPETO Tablet Rifampicin Isoniazid Pyrazinamide Ethionamide Rifampicin Isoniazid Pyrazinamide Ethionamide
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Figure 1 (Department of Health - Republic of South Africa, 2021).
Overall, the expected median exposures of all four drugs are
balanced over the whole weight range, except for children below
3 months of age. In these youngest children, exposures are higher
than for older children of similar weights, and this is especially
significant with pyrazinamide and ethionamide. The isoniazid
exposure is highly variable due to the impact of NAT2 acetylator
status.

Attaining exposures similar to those achieved historically with
the RH 60/60 formulation using the newer globally available
dispersible RH 75/50 mg FDC would require additional isoniazid
top-ups using fractions of a tablet, a dosing strategy judged by the
panel to be too complex and undesirable. As a compromise, one
could increase the rifampicin target exposure and lower the isoniazid
target exposure modestly. Exposures after doses up to 30 mg/kg
rifampicin and down to 15 mg/kg isoniazid were simulated and
presented to the expert panel. They approved of a compromise
aiming at 22.5-30 mg/kg rifampicin dose while keeping the
15-20 mg/kg.  For
ethionamide, a target dose of 32-44 mg/kg and 16-22 mg/kg,

isoniazid dose at pyrazinamide and
respectively, were deemed acceptable by the panel.

For each of the recommended dose ranges, we simulated the
exposure in children up to 25 kg and calculated the overall median
AUCq_4n. The median exposures achieved at the lower and upper
end of the dose range were used to define the target exposure range,
e.g., from 22.5 to 30 mg/kg and 15 and 20 mg/kg for rifampicin and
isoniazid, respectively. Exposure targets of 54.5-78.2, 47.6 to 59.4,
389 to 535, and 21.9-30.1 mgh/L were used for rifampicin,
isoniazid, pyrazinamide, and ethionamide, respectively. The
estimated doses per 1kg weight band and per drug to get an
exposure within the target range are included in the dosing tool,
which has been added to the Supplementary materials.

Three dosing strategies were recommended by the expert panel.
The first, using only child-friendly formulations, is shown in Table 2
and Figure 2. We used three child-friendly formulations: the
rifampicin/isoniazid 75/50 mg dispersible tablet, the 150 mg
pyrazinamide dispersible tablet, and the 125mg ethionamide
dispersible tablet. A total of twelve weight bands were necessary
for adequate dosing for the whole age and weight range, six of these
for children below 10 kg. Although the median exposure in most
1 kg bands falls within the range, there were specific challenges in
achieving exact targets for children below 3 months of age. Overall,
the tablet burden using this approach is high, especially in children
above 25 kg who will need to take 19 or more tablets daily.

The second and third dosing strategies employed adult
formulations. Using adult tablets in children above 25kg will
lower pill burden, but the drug ratio of rifampicin and isoniazid is
different (75/50 in child-friendly versus 150/75 in adult FDCs). As a
result, there is no strategy possible where both rifampicin and
isoniazid exposures are within the target range: either rifampicin
exposure is above, or isoniazid exposure is below the target range.
Since isoniazid dosing for TBM is already on the higher end of the
doses commonly recommended to treat drug susceptible TB and
given concerns about isoniazid’s related hepatotoxicity, the expert
panel opted to have isoniazid exposures slightly below the target
range. Two strategies using adult formulations are presented here: one
using the 400 mg pyrazinamide adult tablet (Table 3) and one with the
500 mg adult tablet, given that both are available to national TB
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programmes (Table 4). The use of adult tablets in children above 25 kg
can reduce the tablet burden to a maximum of 10 tablets per day.

Discussion

In this paper we describe how a practical dosing strategy for the
treatment of paediatric TBM with the 6-month regimen using
available child-friendly formulations was developed using
population pharmacokinetic modelling and simulation. In the
recommended dosing strategies, we aimed to find a compromise
between close alignment with the target drug exposures versus
practical considerations necessary for global implementation.
Narrow weight bands and split tablets for children below 10 kg
were necessary to avoid exposures outside the target range. For
children above 10 kg, it was possible to employ a simpler approach
and develop a dosing strategy with broader weight bands and, for the
majority, use only whole tablets. children below 4 kg and younger
than 3 months of age will receive a dose that will likely result in an
exposure that is modestly above the selected target range for
rifampicin, isoniazid and ethionamide and slightly below that for
pyrazinamide. On the other hand, it is expected that these children
will quickly grow and gain weight and move into higher weight
bands rapidly. Moreover, these children would most likely be
hospitalised and monitored for any possible toxicity.

The WHO convened a panel of global experts with expertise
in clinical pharmacology, clinical management of paediatric TB,
research, policy, community engagement, and programmatic
implementation. All simulations were presented to the panel
who considered efficacy, safety as well as implementation
considerations (such as availability of drug formulations and
feasibility of administration) before making their final dosing
WHO. The their
recommendations in light of current evidence and practices

recommendations  to panel  gave
regarding TBM, including the following considerations. i)
TBM has high mortality, and post-treatment neurologic
sequelae (which occur in about 53% of survivors) (Chiang
et al., 2014). ii) The safety of a given drug may be different in
ill, hospitalized children than in children receiving outpatient
treatment for non-severe forms of TB, but hospitalised children
are more closely monitored. iii) There are emerging data on the
efficacy and safety of drugs in adult TBM that may be informative
for paediatric TBM, especially for rifampicin, even at higher
doses than currently recommended (Ruslami et al., 2013; Savic
etal., 2015; Svensson et al., 2020). iv) We have good knowledge of
the developmental pharmacology of drugs used in RHZEto and
can use that information to achieve targets and reduce variability
in drug exposures across children of different ages and weights.
Final decisions regarding pharmacokinetic targets and dose
selection were made by the panel.

In this study, we endeavoured to match the exposures children
experienced when receiving the historic 6(HRZEto regimen in South
Africa. Whether or not those exposures are optimal for the
treatment of paediatric TBM is unknown. Practically speaking,
the use of the RH 75/50 mg FDC (rather than the RH 60/60 mg
FDC) means that a scenario where both drugs are dosed at 20 mg/kg
is no longer possible. As a compromise, in the recommended dosing
strategies rifampicin exposure is higher while isoniazid is lower,
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FIGURE 2

Area under the concentration-time curve over a 24-h dose interval (AUCq_54p,) after the WHO recommended dose for children with child-friendly
formulations. The box represents the median and 25" and 75" percentile. The whiskers represent the 5" and 95" percentile. The dashed blue lines

represent the target ranges.

compared to the historic South African dosing strategy. Some adult
studies suggest even higher exposures may be beneficial, and a small
trial among children suggests that neurocognitive outcomes may be
improved with higher rifampicin dosing (Paradkar et al., 2022). A
small, randomized trial in adult patients with TBM patients found
that mortality decreased from 65% to 35% in patients in which the
rifampicin dose was increased from 450 mg delivered orally to
600 mg  given higher  dose,
intravenously, resulted in a three-fold increase in rifampicin

intravenously.  The given
exposure (Ruslami et al, 2013). Furthermore, a model-based
study showed that a 30 mg/kg oral rifampicin dose in children
would be required for sufficient cerebrospinal fluid exposure and
reduction in mortality (Savic et al., 2015). Finally, in a meta-analysis
of randomized trials conducted among Indonesian adults with TBM,
the exposure of rifampicin was strongly associated with reductions
in mortality. Increasing the dose from 10 mg/kg to 30 mg/kg was
predicted to increase 6-month survival from 50% to 70% (Svensson
et al,, 2020). In terms of safety, the data in children on higher dose
rifampicin are limited. In adults, doses as high as 35-40 mg/kg
appear to be well tolerated and safe (Boeree et al., 2017; Seijger et al.,
2019). In children, a dose of 65-70 mg/kg was required to reach a
similar exposure seen in adults on 35 mg/kg while a 50 mg/kg dose
in these children given for a short time was well tolerated with no

Frontiers in Pharmacology

grade 3 or higher adverse events (Garcia-Prats et al., 2021). The data
from adult trials are also informative when developing dosing
strategies for children.

Treatment guidelines often recommend a mg per kg dose to treat
people with TB. However, the relative weight range in children is large,
for example, from 5 to 25 kg, there is a five-fold difference in body size
and the allometric effect of body size on drug clearance significantly
deviates from linearity in such a large range (Anderson and Holford,
2008). This means that when only considering body size, a child
weighing 5 kg will receive a 5 times lower dose than a child weighing
25 kg, but drug clearance in that child is only 3.3 times lower (Denti
et al., 2022a). When using an adult reference, the difference is even
larger. As a result, children can be significantly underdosed when
mg/kg dosing is used (Chabala et al., 2021; Garcia-Prats et al., 2021;
Denti et al,, 2022b). Furthermore, dosing children younger than
2years of age is even more challenging because of the rapid
maturation in organ function and fast growth, both of which
impact drug clearance and thus exposure. Finally, metabolizing
enzymes and drug excreting organs (i.e., kidneys) can mature at
different rates and as a result the doses of some drugs need to increase
rapidly when a child grows older while other drugs require a more
gradual dose increase (Lu and Rosenbaum, 2014). It is therefore
important that dose recommendations for children are no longer
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TABLE 3 Dosing table using adult formulations for children from 25 to 35 kg and the 400 mg pyrazinamide formulation. The red and white horizontal bands in the formulation’s column represent the weight bands receiving the
same dose. The colours in the last columns show if exposures are expected to be within (green) or outside the target range where yellow represents the percentage below the lower bound of the target range and purple
represents the percentage above the higher bound of the target range. Abbreviations: a, adult formulation; R, rifampicin; H, isoniazid; Z, pyrazinamide; Eto, ethionamide.

Formulations Simulated exposure Difference from target range

Weight aRH VA aETO Tablet Rifampicin Isoniazid Pyrazinamide Ethionamide Rifampicin Isoniazid Pyrazinamide Ethionamide
(%)) 150/75 400 250 burden (mg-h/L) (mg-h/L) (mg-h/L) (mg-h/L) (%) (%) (%) (%)
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TABLE 4 Dosing table using adult formulations for children from 25 to 35 kg and the 500 mg pyrazinamide formulation. The red and white horizontal bands in the formulation’s column represent the weight bands receiving the
same dose. The colours in the last columns show if exposures are expected to be within (green) or outside the target range where yellow represents the percentage below the lower bound of the target range and purple
represents the percentage above the higher bound of the target range. Abbreviations: a, adult formulation; R, rifampicin; H, isoniazid; Z, pyrazinamide; Eto, ethionamide.

Formulations Simulated exposure Difference from target range

Weight aRH VA aETO Tablet Rifampicin Isoniazid Pyrazinamide Ethionamide Rifampicin Isoniazid Pyrazinamide Ethionamide
(kg) 150/75 500 250 burden (mg-h/L) (mg-h/L) (mg-h/L) (mg-h/L) (%) (%) (%) (%)
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given as a mg per kg dose but include dosing tables and weight bands
that are drug-specific.

The available FDCs are designed for the treatment of drug-
susceptible TB using the standard doses recommended by WHO. The
drug doses for rifampicin and isoniazid in the short TBM regimen are
higher than those currently recommended for the treatment of drug-
susceptible TB, and as a result there is a high tablet burden. Ideally, this
would be solved by a formulation that contains higher doses of rifampicin
and isoniazid. In practice, physicians could lower the tablet burden by
using the child-friendly RHZ 75/50/150 mg FDC. However, this does
make administration more complicated since this would require a “top-
up” with the RH 75/50 mg FDC. For example, a 21 kg child could receive
five RHZ 75/50/150 mg dispersible tablets, two RH 75/50 dispersible
tablets and three 150 mg ethionamide dispersible tablets, reducing the
tablet burden from 15 to 10.

An easy-to-use dosing tool was developed in MS Excel that enables
users to design their own dosing strategy. The dosing tool bridges the gap
between pharmacokinetic models and implementation considerations, to
develop a dosing strategy for the short TBM regimen. The tool in the
supplementary materials can also be used by physicians to look at
alternative dosing strategies in case a recommended formulation is
not available or if the tablet burden is high and needs to be lowered.
However, it does have some inherent limitations. Because of the non-
linear relationships between dose and exposure in young children
(ie, below 2 years of age) and saturable hepatic metabolism of
rifampicin, the tool only provides an approximation of target
attainment. For a more reliable exposure prediction we therefore
simulated the dosing options in population models to confirm the
appropriateness of the chosen dosing strategy. A better solution would
be to have a browser-based platform (e.g, a Shiny application) that
simulates exposures in the background while the user can focus on the
formulations and weight bands.

The options from the process described in this paper were
presented to a panel who then provided advice on a dosing strategy
that enables the implementation of the short, intensive TBM
regimen at country level, with globally available formulations.

Conclusion

The development of dosing strategies should be informed by
efficacy, safety, data, as well as
implementation  considerations, availability of drug
formulations that are appropriate for the specific target population.

and  pharmacokinetics
such as

The combined effects of age and body size on drug exposures makes
exposure predictions in children more complex than in adults, and
straight mg/kg dosing that does not consider developmental
pharmacology can result in toxic or subtherapeutic concentrations,
especially for diseases in which precision dosing is essential. Here, we
used a modelling approach to identify doses of the four drugs that
comprise the newly WHO-recommended 6HRZEto regimen that
achieve target exposures in children across the age and weight
spectrum, taking into account available formulations, including
widely used FDCs. Additionally, we provide a dosing tool that
shows practitioners how to use either dispersible tablets or, for older
children, adult tablets to achieve treatment goals. Young children are
disproportionately at risk for TBM and its attendant high risk of
morbidity and mortality. While the optimal doses for children
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remain to be established, we now have the tools to deliver a highly
effective regimen to children globally (Sulis et al., 2022).
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Objectives: This study was performed to develop a population pharmacokinetic
model of pyrazinamide for Korean tuberculosis (TB) patients and to explore and
identify the influence of demographic and clinical factors, especially geriatric
diabetes mellitus (DM), on the pharmacokinetics (PK) of pyrazinamide (PZA).

Methods: PZA concentrations at random post-dose points, demographic
characteristics, and clinical information were collected in a multicenter
prospective TB cohort study from 18 hospitals in Korea. Data obtained from
610 TB patients were divided into training and test datasets at a 4:1 ratio. A
population PK model was developed using a nonlinear mixed-effects method.

Results: A one-compartment model with allometric scaling for body size effect
adequately described the PK of PZA. Geriatric patients with DM (age >70 years)
were identified as a significant covariate, increasing the apparent clearance of PZA
by 30% (geriatric patients with DM: 5.73 L/h; others: 4.50 L/h), thereby decreasing
the area under the concentration—time curve from 0 to 24 h by a similar degree
compared with other patients (geriatric patients with DM: 99.87 ug h/mL; others:
132.3 ugh/mL). Our model was externally evaluated using the test set and
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provided better predictive performance compared with the previously published

model.

Conclusion: The established population PK model sufficiently described the PK of
PZA in Korean TB patients. Our model will be useful in therapeutic drug monitoring
to provide dose optimization of PZA, particularly for geriatric patients with DM

and TB.

KEYWORDS

pyrazinamide, tuberculosis, geriatric, diabetes mellitus, population pharmacokinetics,
therapeutic drug monitoring

Introduction

In the era of the coronavirus disease 19 (COVID-19),
tuberculosis (TB) remains a deadly threat globally via single
infection and potential coinfection with COVID-19 (Petersen, Al-
Abri, Chakaya, Goletti, Parolina, Wejse, et al.). According to the
WHO Global TB report in 2021, there were 10 million TB cases
worldwide, with an estimated 1.5 million mortalities, representing
the first mortality increase in a decade (World Health Organization,
2020). Despite remarkable TB prevention and control policies,
Korea has the highest incidence rate of TB among Organisation
for Economic Co-operation and Development member countries,
with the number of patients imported from overseas continuing to
increase (Min et al., 2021). Therefore, for successful treatment of all
forms of TB, it is important to optimize the doses of currently used
drugs.

The intensive phase of TB treatment uses isoniazid, rifampicin,
ethambutol, and pyrazinamide (PZA) as the main components,
resulting in rapid improvement of clinical symptoms (Shin and
Kwon, 2015). Among the first-line anti-TB drugs, PZA has strong
bactericidal activity against Mycobacterium tuberculosis during the
early stages of treatment (Zhang and Mitchison, 2003). The area
under the concentration—time curve from 0 to 24 h (AUC,_,4) of
PZA is an important predictor of early culture conversion and good
bactericidal activity (Pasipanodya et al, 2013). Additionally,
maximum concentration (Cy,,,) of PZA ranging from 20—60 ug/
mL has been linked to the lower risk of treatment failure (Chideya
et al,, 2009; Pasipanodya et al., 2013). Considering the important
role of PZA in TB treatment, it is necessary to maintain the C,,,, of
the drug within this efficacy range for obtaining successful treatment
of TB.

Currently, the TB treatment guidelines follow body weight-
based dosing. In Korea, the recommended daily dose of PZA for
treatment of drug-susceptible TB is 20-30 mg/kg, with a maximum
dose of 2000 mg (Donald et al., 2012; WHO and Organization,
2017). Nonetheless, similar to other first-line anti-TB drugs, PZA
also exhibits wide pharmacokinetic (PK) variability in a population
(Wilkins et al., 2006; Zvada et al., 2014; Denti et al., 2015), which is
challenging during patient management (Devaleenal Daniel et al.,
2017). While overexposure to PZA has been shown to be strongly
(Younossian et al., 2005),

(Qureshi et al, 2007),
underexposure may lead to treatment failure and drug resistance
(Srivastava et al., 2011).

Previous studies have shown that the PZA concentration is

associated with liver damage

hyperuricemia, and arthralgia

influenced by many factors, including genetic polymorphisms, age,
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comorbidities, and body weight (Graham et al.,, 2006; Mcllleron
et al., 2006; Chideya et al., 2009). Vinnard et al. (2017) reported that
the clearance of PZA was 40% higher in males than in females, while
Wilkins et al. (2006) reported a higher volume of distribution in
males. Earlier reports also showed that the absorption of PZA was
reduced in HIV patients (Gurumurthy et al., 2004; McIlleron et al.,
2006; Vinnard et al, 2017). Many PK studies of PZA have been
performed, most of which were in children (Thee et al., 2011; Zvada
etal, 2014; Chabala et al., 2022). However, our understanding of the
characteristics of PK in the elderly population is limited. It is worth
noting that new TB patients aged 65 years or older accounted for
65% of the total new cases in Korea in 2020 (Cho, 2018). Elderly
individuals generally have a number of physiological changes that
may alter the PK of drugs, such as changes in liver and kidney
function, which are responsible for the metabolism and excretion of
2004; Klotz, 2009).
Furthermore, aging is closely associated with an increased risk of
comorbidities, particularly type 2 diabetes mellitus (DM) (Lin et al.,
2015; Park et al., 2019). DM has been widely reported to hamper
successful TB treatment (Baker et al., 2011; Yoon et al., 2017). DM
may reduce the exposure of PZA by increasing clearance through
enhancing the activity of xanthin oxidase (XO) (Alfarisi et al., 2018),
and has been linked to poor treatment outcomes (Alsultan et al.,

Pyrazinamide (Mangoni and Jackson,

2017). Therefore, the response should be monitored closely during
treatment in geriatric patients, especially those with DM.
Therapeutic drug monitoring (TDM) is useful for optimizing
drug therapy by providing a patient-tailored dose according to their
PK/pharmacodynamic (PD) results (Alsultan and Peloquin, 2014;
Daskapan et al., 2015). The application of TDM in clinical settings
has shifted to the concept of model-informed precision dosing
(MIPD) (Polasek et al., 2019; Jayanti et al., 2022). MIPD-based
TDM involves the use of population PK models and prospective
Bayesian forecasting to reduce the variability in treatment responses
and to optimize anti-TB drug therapy. Yet, MIPD based TDM is not
a common practice in high burden countries (Alffenaar et al., 2020).
Several factors such as socioeconomics, healthcare infrastructure,
and human resource capacity require further preparation before
TDM can be fully integrated into these settings (Ghimire et al., 2016;
Alffenaar et al., 2020). Additionally, population PK enables the use
of sparse sampling at random post-dose points, thus avoiding the
costly and laborious process of conventional TDM (Egelund et al.,
2011). However, consideration should be given to the match
between the characteristics of the representative population used
for model development and the population in which TDM will be
performed (Sturkenboom et al., 2021). Recent reports recommended
the development of population PK models based on a representative
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population to provide appropriate dosing recommendations (Lange
et al., 2020; Sturkenboom et al., 2021). Nonetheless, there have been
few reports of population PK models of PZA in Asian populations,
particularly in Korea. Here, we characterized and identified the
influences of demographic and clinical factors on the PK of PZA by
developing a population PK model, particularly for the elderly
population with DM. This model could be further used to
support precision therapy for TB by applying it to MIPD-
based TDM.

Materials and methods
Ethical approval

This study was performed in accordance with the tenets of the
Declaration of Helsinki and the guidelines of our institution. The
current study was part of a multicenter prospective observational
cohort study to develop personalized pharmacotherapy for TB
patients and was conducted in 18 hospitals in Korea. We
provided therapeutic drug monitoring procedure to the enrolled
patients; therefore, we have registered our study in clinicaltrial.gov
with the clinical trial number NCT05280886. Ethical approval was
obtained from the institutional review board of each clinical site
involved in the study. All patients provide written informed consent
to participate in the study.

Study data and population

Patients aged >18 years diagnosed with drug-susceptible TB and
receiving a PZA-based regimen for at least 2 weeks were enrolled in the
study. The enrolled patients received an oral daily dose of PZA in the
range of 20-30 mg/kg and rounded to the closest tablet size as prescribed
by the physician. All patients underwent sputum testing for
bacteriologically confirmed diagnosis, which included the use of
Xpert MTB/RIF testing capable of detecting M. tuberculosis and
resistance to rifampin simultaneously, culture test and/or acid-fast
bacilli (AFB) staining. The PZA dosing regimen followed the current
Korean guidelines for TB treatment. Patients who were nonadherent or
not in steady-state were excluded. The demographic characteristics of the
enrolled patients, anti-TB drug treatments, comorbidities, TB diagnosis,
co-medications, and laboratory testing results were collected.

Sampling strategy of PZA

Blood samples (5 mL) were randomly collected between 0 and
24 h after the last PZA administration and were stored in heparin
tubes. Typically, one sample was usually drawn from outpatients,
whereas at least two samples among pre-dose and 1, 2, and 5 h after
the last dose were drawn from inpatients. A portion of each 3-mL
blood sample was centrifuged at 2,000 g at 4°C for 10 min to obtain
plasma. The plasma was harvested within 2 h after blood sampling
and stored at a temperature below —70°C until used for drug
concentration measurements. The remaining 2 mL of each blood
sample was stored for genotyping related to the PK of other anti-TB
drugs used to treat the patients.
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Quantification of plasma PZA

The plasma concentration of PZA was measured using a
validated high-performance liquid chromatography-electrospray
ionization-tandem mass spectrometry method as described
previously by our group (Kim et al., 2015). The previous method
was modified and PZA currently used the group 2 method from the
published method. Briefly, the plasma samples were prepared by
protein precipitation using acetonitrile and were separated by
gradient elution on a reverse-phase dC18 column. Detection was
performed on the QTRAP 4000 mass spectrometer (Applied
Biosystems, Foster City, CA, United States) equipped with a
Turbolon-Spray source (Applied Biosystems). The calibration
range was 2.0-80.0 ug/mL with a correlation coefficient of 0.9988.
The lower limit of quantification (LLOQ) of PZA using this method
was 2.0 ug/mL. The coefficient of variation ranges of the validation
quality control samples were 5.2%-6.6% and 2.1%-5.44% for the
intraday and interday precisions, respectively. The intraday and
interday accuracy ranges were 93.3%-109.4% and 93.3%-109.4%,
respectively.

Population PK modeling and simulation

Population PK analysis was performed using NONMEM
software (version 7.4.1; ICON Development Solutions, Ellicott
City, MD, United States), and PK parameters were calculated
using first-order conditional estimation via e-n interaction. R
software (version 4.1.0; R Development Core Team, Vienna,
Austria) was used to analyze the data and generate graphs. The
PZA plasma concentrations below the LLOQ were imputed to half of
the LLOQ (1 pg/mL) according to Beal’s M5 method (Beal, 2001).
Nonadherent patients were excluded based on the low measured
concentrations of at least two anti-TB drugs used. The training and
test datasets were randomly separated from the total population at a
ratio of 4:1. Based on the first order absorption of the drug, the
possibility of an absorption delay was examined using several
different absorption models, i.e., lag-time model, sequential zero-
and first-order absorption models, and transit compartment model.
Interindividual variability (IIV) was assumed to follow a log-normal
distribution. Additive, proportional, and combined error models
were used to describe the residual error. After establishment of the
base model, a correlation matrix plot was generated to identify the
potential significant covariates. A likelihood ratio test was used for
inclusion of covariates. Covariates were applied to the model by
evaluating whether the objective function value (OFV) decreased
by > 3.84 with use of only one covariate in one PK parameter.
Covariates were tested by forward selection and backward
elimination. The most statistically significant covariates were
entered first, and then other covariates with p < 0.01 were added
sequentially.

Age, body weight, lean body weight, albumin, and total
bilirubin were included as continuous covariates. Meanwhile,
sex, fasting or food intake status, DM, liver disease, renal disease,
and geriatric (=60, =65, and >70 years) DM were investigated as
categorical covariates of PK parameters. The effects of
continuous covariates were explored using the power function
with the following equation:
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0,
Contcovy; !
ContCOVmediun

P=<6Tvx

where Oy represents the typical value of the PK parameter (P),
Contcoy; is the value of the continuous variable for the ith patient,
Contcov median is the median value for a continuous covariate, and 6,
is the exponent of the power function. On the other hand, the effects
of categorical variables were tested using a similar function:

P=0;, x (1+06;, xCat_Covi,;)

Following the previous equation, 0; represents the estimated
effect of the ith categorical covariate (when Cat_Cov;,; =0), and 0;,;
is the estimated effect of the i+1st categorical variable relative to 6;
(when Cat_Cov;;y = 1). Allometric scaling of either body weight or
lean body mass was applied to apparent clearance (CL/F) and central
volume of distribution (Vd/F) using fixed exponents of 0.75 and 1,
respectively (Anderson and Holford, 2008).

The base and final models were selected according to the
decrease in the OFV generated in the likelihood ratio test, the
goodness-of-fit plot, and the physiological plausibility of the
estimated parameters. The final model was internally validated
check and
robustness of the estimated PK, and parameters were evaluated

through prediction-corrected visual predictive
by nonparametric bootstrap analysis. The final model was
considered well validated when the mean values of the estimated
parameters fell within the 95% confidence interval (CI). External
validation was conducted using a test dataset that was not included
in the model development. The predicted concentrations were
compared with the observed concentrations using the population
or the individual PK parameters estimated using the Bayesian
method. The predictive performance of the final model was
evaluated by comparing the model prediction errors, such as
mean prediction error and absolute prediction error, with those
of previously published population PK models. The criteria of
previously published population PK model selection as follows:
1) similar model structure, and 2) the model established from
different ethnicities compared to the study population. The
external validation aims to compare and observe the final model
performance with the other published models from different
ethnicities when implemented in the same ethnicity with the
study population. The equations used to calculate the prediction
errors were as follows:

z (CPred - CObs)

MPE =
N

APE = Z(lCPred _COhsl)
N

Results
Population characteristics

A total of 613 patients were enrolled, and their plasma PZA
concentration measurements were used to establish the model. Each
patient contributed for one sampling point at random post dose
time. The study population had a median age of 54 years (range:
19-96 years), body weight of 60.8 kg (range: 28.8-95.3 kg), and lean
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body weight of 48.1 kg (range: 23.1-63.79 kg), and the proportion of
male patients was approximately 67%. In the total patient
population, 55 patients had DM, 15 had liver disease, and 26 had
renal disease (estimated glomerular filtration rate: <60 mL/min/
1.73 m%). In addition, 110 patients were older than 70 years. The
median body weight and lean body weight of this elderly population
were 55.5 kg (range: 28.8-81.0 kg) and 44.5 kg (23.14-58.77 kg),
respectively. Among the elderly population, 23 patients had DM,
11 had renal disease, and 2 had liver disease. The baseline patient
characteristics are presented in Table 1.

Development of a population PK model

with first-order

absorption-elimination with additive residual error adequately

A one-compartment model
described the PK of PZA in our population. IIV was evaluated in
terms of the CL/F, Vd/F, and absorption rate constant (Ka). While
IIV in both CL/F and Ka were estimated, the IIV in Vd/F was fixed to
stabilize the model and obtain minimization successful. The value
used to fix the ITV of Vd/F were obtained from the result of model
running prior to fixing the IIV value. Allometric scaling was
included for both the CL/F and Vd/F using lean body weight as
a predictor of body size. The inclusion of allometric scaling with lean
body weight into the base model was based on a significant reduction
in OFV (AOFV: 112.3) in comparison with using total body weight
(AOFV: 88.5). Several absorption models that were evaluated did not
improve model performance and thus were not included in further
analysis.

We evaluated the covariates of age, height, sex, feeding status,
AST, ALT, albumin, total bilirubin, DM, advanced age (260, >65,
and >70 years old), renal disease, and liver disease. However, none of
these covariates improved the OFV. Therefore, as most TB patients
in Korea are of advanced age, additional evaluation was performed
using combinations of age >60, =65, and =70 years with
comorbidities, such as DM, renal disease, and liver disease.
Among these covariate groups, only age >60, >65, and >70 years
combined with DM had a significant effect on the CL/F of PZA, in
which the combination of age >70 years with DM showed the largest
reduction of OFV by 151.3 points (p-value <0.001) and 2.2%
decreased in IIV. Given the demographic trend of aging in the
Korean population, the incorporation of a covariate representing
individuals aged 70 years or older with DM would be more relevant.
The CL/F value was estimated as 5.9 L/h for patients aged >70 years
old with DM and as 4.49 L/h for other patients. The estimated values
of Vd/F and Ka were 44.2 L and 1.49 h™', respectively. The estimated
PK parameters of PZA and the NONMEM code of final model are
shown in Table 2 and Supplementary File S1.

The basic goodness-of-fit plots showed that the observed and
predicted concentrations were evenly distributed around the line of
identity without trends, and most of the predicted concentrations
were distributed within two standard deviations. The structure and
residual error of the model were considered appropriate without any
significant bias (Figure 1). The predictive-corrected visual predictive
testing also indicated a good predictive capability of the model
(Figure 2). Furthermore, all other parameters showed shrinkage
below 30%, indicating that the model was not overparameterized. A
sparse and limited samples of PZA concentration in the absorption
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TABLE 1 Patient demographic characteristics.

Total (n = 613)° Training data (n = 488) Test data (n = 125)
Sex, n (%)
Male 415 (67.7) 325 (66.6) 90(72)
Female 198 (32.3) 163 (33.4) 35(28)
Feeding status, n (%)
Fasted 446 (72.75) 369 (75.6 77(61.6)
Fed 167 (24.25) 119 (24.4) 48 (38.4)
DM, n (%)°
Yes 84 (13.7) 55 (11.27) 29 (23.2)
No 529 (86.3) 433 (88.73) 96 (76.8)
eGFR, n (%)°
Less than 60 mL/min/1.73 m? 36 (5.87) 19 (3.9) 17 (13.6)
More than 60 mL/min/1.73 m? 577 (94.13) 469 (96.1) 108 (86.4)
Regimen, n (%)*
RHZE 512 (83.5) 419 (85.8) 93 (74.4)
RHZL 22 (3.6) 14 (2.9) 8 (6.4)
RZEM 21 (3.4) 16 (3.3) 5 (4.0)
RZEL 33 (5.4) 20 (4.1) 13 (10.4)
HZEL 10 (1.6) 8 (1.6) 2 (1.6)
Others 15 (2.4) 11 (2.3) 4(3.2)
Dose, n (%)
500 mg 4 (0.7) 3 (0.6) 1(0.8)
1,000 mg 80 (13.1) 55 (11.3) 25 (20.0)
1,200 mg 30 (4.9) 20 (4.1) 10 (8.0)
1,250 mg 30 (4.9) 20 (4.1) 10 (8.0)
1,500 mg 386 (63.0) 328 (67.2) 58 (46.4)
1,600 mg 69 (11.3) 49 (10.0) 20 (16.0)
2000 mg 8 (1.3) 7 (1.4) 1(0.8)
Age (y), median (range) 54.9 (19-96) 54.5 (19-96) 56.9 (19-87)
Body weight (kg), median (range) 61.03 (28.8-103.8) 60.8 (28.8-95.3) 58.81 (31.9-103.8)
Lean Body Weight (kg)
median (range) 48.34 (23.1-69.5) 48.1 (23.1-63.79) 46.5 (27.7-69.5)
Albumin (g/dL),—3.8-5.3 g/dL 4.16 (1.6-14.1) 4.2 (2.0-14.1) 4.04 (1.6-7.6)
AST (U/L),—13-33 U/L*¢ 29.5 (4.2-576) 27 (4.2-191) 32.6 (4.2-576)
ALT (U/L),—6-27 U/L* 22.1 (0.8-233) 19 (0.8-233) 25.3 (0.8-192)

“Continuous data are given as median (range) and categorical data are given as a number (%).

*DM, Diabetes Mellitus.
“eGFR, Estimated Glomerular Filtration Rate.

IR, rifampicin; H, isoniazid; Z, pyrazinamide; E, ethambutol; L, levofloxacin; M: moxifloxacin.

°AST, Aspartate transaminase.
fALT, Alanine transaminase.
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TABLE 2 PZA population PK parameter estimates for the final model and bootstrap results.

Parameters®

Fixed-effect parameters®

Typical value (%RSE) (% n-shrinkage)®

Bootstrap median  Results 95% CI¢

CL/F; elder patient (>70 years old) with DM = 0; x (1+ 0,),0, 0.32 (47.3) 0.36 0.1-0.9

CL/F (L/h); = 6,.,6, 449 (2.4) 4.56 435-4.8

VA/F (L) = 05,05 442 (2.7) 43.15 41.2-45.5

Ka (1/h) = 0,0, 149 (11.1) 1.41 1.14-1.84
Interindividual variability

w,; CL/F (%) 1 (60) (18) 1 09-1.5

ws; VA/F (%) 3 (FIX) (28.4) - -

w,; Ka (%) 100 (1) (32.7) 1 1
Residual variability

Additive 3.41 (14) 3.5 2.5-4.33

*CL/F, apparent clearance; Vd/F, apparent volume of distribution; Ka, absorption rate constant; w,, variance of interindividual variability.
9% RSE, relative standard error [(SE/mean) x 100%]; % n-shrinkage, n-shrinkage = (1-SD(n)/w) x 100%, where n are the between individual variation terms and w is the population model

estimate of the standard deviation in n.
“CI, confidence interval.

“¢Allometric scaling was applied to the CL/F and Vd/F data, and typical values reported here refer to the typical patient, with lean body weight of 48 kg.

phase might explain the shrinkage values for Ka (>30%). In addition,
parameter estimates obtained by bootstrapping analysis fell within
the 95% CI and showed concordance with the results of the final
model, reflecting the stability and reproducibility of the model.

External validation of the final model

External validation was conducted using the data from
125 patients from the test set. The calculated prediction error
and absolute prediction error values are shown in Table 3 and
visualized in Figure 3 as a comparison with other published
models. Our model showed that both the prediction error and
absolute prediction error were closer to zero with narrower Cls
compared with the other models. These findings indicated that
our model had higher accuracy and precision than those of these
previous models.

Bayesian estimation of PZA PK parameters

The estimated AUCy.,4 and C,,,, normalized to a dose of
1,200 mg, according to age group and DM as comorbidities are
shown in Figure 4. We divided the patients into four different
groups: age <70years with DM, age <70 years without DM,
age 270 years with DM, and age >70 years without DM, with the
sample size for each group was 32 patients, 344 patients, 23 patients
and 87 patients, respectively. The sample size and characteristics of
subgroup analysis and the concentration at 2 h post-dose among
groups are presented in Supplementary Files S2, S3. Using Bayesian
forecasting, the median estimated AUC, ,4 values were 123.2 ugh/
mL (interquartile range [IQR]: 120.5-132.4 pg h/mL), 131.1 pgh/
mL  (IQR:  122.3-131.1 ygh/mL),  99.87 ygh/mL  (IQR:

Frontiers in Pharmacology

138.4 pug h/mL (IQR:
130.3-159.6 ugh/mL), respectively. The C,., values were
21.86 ug/mL (IQR: 20.22-23.94 pg/mL), 23.88 pg/mL (IQR:
21.26-27.11 pg/mL), 21.28 ug/mL (IQR: 19.8-22.37 pg/mL), and
2592 ug/mL  (IQR:  22.62-30.6 ug/mL), respectively. These
findings indicated that the exposure to PZA in elderly patients
with DM would be significantly decreased due to the higher CL/F.
Furthermore, we found that DM increased the CL/F of PZA
regardless of age. In addition, in the absence of DM, the CL/F of
PZA tended to be decreased in the elderly population compared with
younger patients. Taking both covariates into account, advanced age
and the presence of DM greatly increased the CL/F of PZA.
Therefore, the higher CL/F of PZA may be affected by DM as a
comorbidity.

95.67-116.27 pg h/mL), and

Discussion

To our knowledge, there have been few studies regarding the
interaction effect between advanced age and comorbidities in TB. As
half of the new cases of TB in Korea were identified in elderly patients,
there were concerns about the interaction effect of comorbidities and
age that may alter the PK of anti-TB drugs, resulting in a poor
treatment outcome or risk of adverse drug reactions. In this study, a
PZA population PK model was developed to investigate the effects of
age and other crucial clinical characteristics of Korean TB patients.
Our structural model with  first-order
absorption-elimination and additive residual error described the

one-compartment

PK of PZA well. Our model was consistent with other models
reported previously (Alsultan et al.,, 2017; Vinnard et al.,, 2017; Gao
et al,, 2021). Allometric scaling was incorporated into the CL/F and
Vd/F with regard to lean body weight and improved the goodness-of-
fit of the model. The CL/F of PZA estimated in this study was
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consistent with those of previous studies in South African TB patients
reported by Rockwood et al. (2016) (CL/F: 4.17 L/h), Mugabo and
Mulubwa (2019) (CL/F: 4.28 L/h), and Alsultan et al. (2017) (CL/F:
5.06 L/h).

Although direct comparison between our study and those
mentioned studies were not suitable due to different body size
descriptors used in the model, the incorporation of allometric
scaling marked the similarity of model structure. The median
total body weight and lean body weight value of our study were
almost similar with Alsultan et al. (2017) and Rockwood et al.
(2016), respectively. Additionally, both our study and Mugabo and
Mulubwa (2019) study has high density of body weight distribution
between 50—70kg. Thus, it may possibly contribute to the
concordance of CL/F estimates. Our model also showed better
predictive performance compared with the model of Vinnard
et al. (2017), Gao et al. (2021), and Alsultan et al. (2017) in
external validation using a dataset from Korean TB patients.

Frontiers in Pharmacology

Thus, our results suggest that an ethnicity-specific population PK
model should be utilized for TDM applications.

In addition to lean body weight, geriatric DM contributed to the
IIV in the PZA concentration. We found that age, in terms of elderly
patients (>70 years old), and DM had an explanatory effect on the
ITV in the CL/F of PZA in Korean TB patients using a mixed-effects
model. This significant effect of advanced age with DM on the CL/F
of PZA was distinguished from previous population PK studies
(Otalvaro et al.,, 2021; Sturkenboom et al., 2021). In the subgroup
analysis, we found that both younger and older patients with DM
tended to have a 32% increase in CL/F compared with those without
DM. Even so, the findings were statistically significant only for older
patients with DM compared with the other patients. Therefore, our
findings suggested an interaction between age and DM that may
notably increase the CL/F of PZA. Previous studies also suggested
that age may significantly affect the PK of PZA (Hagiwara et al,
2019; Kwon et al., 2020; Rousset et al., 2021). Although the identified
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Prediction-corrected visual predictive checks. The black dots represent the observed PZA concentrations. The dash blue, red, and blue lines
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95% confidence interval of the simulated PZA concentrations based on the final model.

TABLE 3 Prediction errors calculated by population prediction and individual prediction with external validation.

Population prediction Individual prediction

MPE? (95% CI)°

APE* (95% ClI)

MPE (95% Cl)

APE (95% ClI)

Vinnard et al. (2017)

Gao et al. (2021)

—17.338 (—44.175-4.87)

-3.306 (-35.61-1 3.65)

17.419 (0.142-44.157)

6.429 (0.027-35.61)

-11.678 (-33.591-3.623)

—0.853 (-21.389-10.072)

11.833 (0.024-33.591)

2.978 (0.011-21.389)

Alsultan et al. (2017)

Final Model

—5.507 (-22.150-14.194)

-0.253 (-26.714-14.894)

5.288 (0.011-22.156)

4.908 (0.028-26.741)

0.175 (-15.082-12.641)

~0.590 (~21.389-12.641)

3.845 (0.026-15.08)

2.65 (0.039-15.264)

*MPE, Mean Prediction Error.
CI, Confidence Interval.
“APE, Absolute Prediction Error.

covariate showed statistically significant, it may not be clinically
important due to small decrease of IIV value.

Despite that, several studies have linked DM to a poor TB
outcome and an increased risk of TB infection (Kornfeld et al., 2016;
Degner et al., 2017; Kumar et al,, 2017). It has been speculated that
DM may reduce PZA exposure in patients (Kumar et al., 2017;
Alfarisi et al,, 2018). PZA is a prodrug and is metabolized to 5-
hydroxypyrazinoic acid, mainly by XO, in the liver (Lacroix et al.,
1989; Hussain et al., 2021). DM results in significantly elevated
plasma and liver XO levels in animals with type 1 DM (Matsumoto
et al., 2003), and patients with type 2 DM show increased activation
of XO (Lietal,, 2018; Azenabor et al., 2019). Based on these findings,
we speculated that DM-induced elevation of XO may have
contributed to a decrease in the PZA concentration (Alfarisi
et al, 2018). Additionally, there are some evidence to suggest
that DM can affect the absorption of anti-TB drugs (Nijland

Frontiers in Pharmacology

et al., 2006; Medellin-Garibay et al., 2015). DM may alter the
expression and activity of certain transporters in the intestines
that are involved in drug absorption (Dash et al, 2015),
potentially leading to changes in the absorption phase of anti-TB
drugs (Nawa et al.,, 2011). Most of the studies reported that DM
alters the absorption of rifampicin (RIF) through lower gastric acid
produced by hyperglycemic condition (Nijland et al., 2006), and
alteration of P-glycoprotein expression and activity (Dash et al,
2015). Nonetheless, the alteration of PZA absorption phase due to
DM remains uncertain. Different with RIF as the substrate of
P-glycoprotein (Huerta-Garcia et al, 2019), it is worth noting
that PZA is not recognized as substrates of P-glycoprotein
(Alfarisi et al., 2018).

Controlling DM in elderly patients is challenging (Yakaryilmaz
and Ozturk, 2017; Leung et al., 2018). The physiological changes in
the elderly, characterized by insufficient insulin secretion, changes in
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FIGURE 3

External validation and model comparison. Box and whisker plots representing prediction errors and absolute prediction errors calculated by
population prediction and individual prediction in external validation. (A) Prediction errors computed by population prediction of the tested models. (B)
Absolute prediction errors computed by population prediction of the tested models. (C) Prediction errors computed by the individual prediction of the
tested models. (D) Absolute prediction errors computed by the individual prediction of the tested models. Different colored closed circles represent

the prediction errors or absolute prediction errors for individual patients in the external validation dataset. Horizontal lines represent the medians, with the
top and bottom of the boxes representing the first and third quartiles (interquartile range [IQRI), respectively, and whiskers representing extreme data
within 1.5X IQR. The tested models were from Alsultan et al., 2017 (Petersen, Al-Abri, Chakaya, Goletti, Parolina, Wejse, et al.), Vinnard et al., 2017 (World
Health Organization, 2020), Gao et al,, 2021 (Min et al., 2021), and the final model of the present study.
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body composition, and increased insulin resistance due to age-
related sarcopenia, would increase the blood glucose level
(hyperglycemia) (Yakaryilmaz and Ozturk, 2017; Mesinovic et al.,
2019). This impaired glucose metabolism exacerbates the effects of
DM. Therefore, elderly patients tend to have more severe effects
from DM compared with the general population (Gates and Walker,
2014). Hyperglycemia activates endothelial XO, and a previous
preliminary clinical study showed that blood XO was activated at
high glucose concentrations (Kuppusamy et al., 2005). In fact, the
hemoglobin Alc (HbAlc) concentration was reported to be
significantly higher in elderly than younger subjects, as a result of
the shortened life span of red blood cells due to aging (Masuch et al.,
2019). The HbAlc concentration is usually used to diagnose DM in
clinical settings and further reflects the blood glucose level in
patients (Chehregosha et al., 2019). Earlier reports suggested that
a high HbAlc concentration may increase the risk of DM
complications (Sherwani et al., 2016; Lee et al., 2021). Therefore,
the effects of DM on the PK of PZA may be exacerbated in elderly
compared with younger patients with DM.

The effects of DM on the PK of anti-TB drugs are not well
understood. Nonetheless, it was reported that the risk of treatment
failure is higher in patients with TB and DM (Burhan et al, 2013;
Degner et al., 2017). Even though the PK/PD target of PZA efficacy has
been reported as AUC/MIC >8.42, the measurement of individual MIC
was rarely determined in the clinical practice (Zheng et al, 2021).
Furthermore, the extrapolation of this AUC/MIC target to the other
region should be cautiously used, since the susceptibility pattern of M.
tuberculosis may differ from region to region. Thus, the efficacy targets
of AUCy,4 > 363 pgh/mL and/or C,x > 30 pg/mL of PZA were
commonly used to adjust the dose due to its association with good
treatment outcomes (Alsultan and Peloquin, 2014; Sturkenboom et al,,
2021). Taking these criteria into account, none of the patients in our
study population achieved the target AUC, »4. However, 14% of the
total subjects achieved the target C,,,. As PZA is widely known for its
rapid and excellent sterilizing effect, our results suggested that a higher
dose of PZA is needed in DM patients, particularly in those of advanced
age. It has long been suggested that a higher dose of PZA is required in
TB patients, but studies have been performed mostly in younger adult
TB patients (Pasipanodya and Gumbo, 2010; Alsultan et al., 2017;
Chirehwa et al., 2017). As the hepatotoxicity and hyperuricemia of PZA
would likely be more severe in elderly patients (Kwon et al., 2020),
further controlled clinical trials, thorough evaluation of exposure of
other anti-TB drugs used in the regimen, and caution with regard to
dose adjustment are required to justify our suggestion. Among the few
PK data related to PZA in the elderly reported to date, the results of the
present study provide additional important insights into the changes in
the PK of PZA in elderly patients with DM compared with other
groups.

This study had several limitations. First, we collected only one
sample from each outpatient in this prospective cohort study, which
may have limited the precision of individual PK predictions, such as
Cinax and AUC, ,4. However, this was a compromise to reduce the
length of hospital stay of the patients. It is recommended to use a
dense sampling strategy that includes at least two sampling points in
order to obtain more accurate individual PK estimates. Due to our
sampling strategy, the C,,, values presented are calculated and
predicted based on the developed model; therefore, have risk of
incorrect estimation. Cautious interpretation of the C,,, values
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should be carried out when applying it into clinical practice. Second,
it was assumed that the patients took their prescription drugs on a
regular basis, so the exact timing of repeat dosing was not known
prior to the sampling date. Third, the effects of co-administration of
other anti-TB drugs were not considered during PK evaluation.
However, the interactions among anti-TB drugs remain unclear, and
even if there is interaction, it most likely may be clinically
unsignificant. Fourth, our population PK model and the PK
characteristics described were based on Korean TB data and may
vary according to ethnicity and/or patient characteristics.

Conclusion

Using the randomized post-dose point approach, the established
model adequately described the PK of PZA in Korean TB patients and
showed good performance. In addition to body weight, our model
identified geriatric (=70 years) DM as an important covariate for the
CL/F of PZA. We found that the geriatric DM population had a higher
CL/F of PZA and lower exposure of PZA compared with other patients.
The population PK model that we developed can be further used to
optimize TB treatment via MIPD-based TDM implementation.
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