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SUMMARY

Setting and Objective: Current anti-tuberculosis (TB) formulations necessitate uninterrupted
treatment to cure TB, but are characterised by sub-optimal adherence, jeopardising therapeutic
efficacy. Long-acting injectable (LAI) formulations or implants could address these associated
issues. This study aimed to use physiologically-based pharmacokinetic (PBPK) modelling to
simulate potential LAI administration strategies for four anti-TB agents - isoniazid, rifapentine,
bedaquiline and delamanid in adults for latent TB (LTBI) treatment.

Design: PBPK models were developed and qualified against available clinical data by integrating
drug physicochemical properties, /n vitro and population pharmacokinetic data into a mechanistic
description of drug distribution. Combinations of optimal dose and release rates were simulated
such that the plasma concentrations were maintained over the epidemiological cut-off or minimum
inhibitory concentration for the dosing interval.

Results: The PBPK model identified 1500 mg of delamanid and 250 mg of rifapentine as
sufficient doses for monthly intramuscular (IM) administration, if a formulation or device can
deliver the required release kinetics ranging from 0.001 — 0.0025 h™1 and 0.0015 — 0.0025 h~1
respectively. Bedaquiline and isoniazid would require weekly to biweekly IM dosing.

Conclusion: These findings identify the theoretical doses and release rates of LAl anti-TB
formulations. Such a strategy could ease the problem of sub-optimal adherence provided the
associated technological complexities are addressed for LTBI treatment.
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1. INTRODUCTION

Tuberculosis (TB) remains a global pandemic and is one of the top ten leading causes of
death worldwide, however early diagnosis and anti-TB therapy have saved over 49 million
lives between 2000 and 2015.1 Individuals with latent TB infection (LTBI) along with
immunosuppression, including neonates, infants, elderly and patients co-infected with HIV
are at higher risk of developing active TB infection.? Progression of LTBI to active TB is 12
to 20 times higher in HIV-infected persons than in those who are HIV-uninfected.3

Treatment for LTBI is with isoniazid alone, rifampin alone or isoniazid in combination with
rifampin or rifapentine.* Regimens vary in duration from 3 to 9 months, while dosing
frequency varies from daily to weekly administration. Patients co-infected with HIV may
experience higher rates of adverse effects, and co-treatment is complicated by drug-drug
interactions with antiretrovirals.® Suboptimal adherence and low completion rates have been
reported in patients with LTBI due to numerous factors.® Although directly observed therapy
has success rates > 80%/, DOTS (Directly Observed Therapy, Short-course) requires
patients to be physically present during therapy which is resource intensive and an additional
burden to patients. By the year 2050, the target of one TB case per million individuals
(currently 1280 per million, a reduction by a factor of thousand) can be achieved only if
higher numbers of patients infected with both latent and active TB could be succesfully
treated.8

In low- and middle-income countries, studies show that poor adherence is a major obstacle
to TB treatment success and simplification of the administration of anti-TB drugs is essential
to address these problems.? Existing drugs could be reformulated or loaded into drug-
delivery implants to achieve long-acting (LA) exposure, thus simplifying therapy.1°
Reducing the frequency of administration decreases pill fatigue, thus improving patient
adherence and achieving higher treatment completion rates. Long-acting injectable (LAI)
nanoformulations represent a valuable technological platform to address the problem of sub-
optimal adherence, reducing the overall amount of drug used and simplifying DOTS. In
several therapeutic areas — antipsychotics, contraceptives, antiretrovirals -- characterised by
the need for chronic dosing, LAI formulations have been successfully introduced, motivated
by their multiple advantages over conventional oral administration strategies.11

Physiologically-based pharmacokinetic (PBPK) modelling is a mathematical representation
of drug pharmacokinetics (PK) in humans with potential application in multiple drug/
formulation development and clinical scenarios. PBPK modelling is a bottom-up approach
that collates various allometric and anthropometric equations to describe concurrent
physiological processes affecting drug disposition, in addition to key PK processes —
absorption, distribution, metabolism and elimination (ADME). PBPK modelling
incorporates the anatomy and physiology of humans, drug physiochemical parameters, /n
vitro data such as apparent gastrointestinal and cellular permeability, intrinsic clearance, and
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population PK data such as apparent clearance to predict drug concentrations over time
through the simulation of ADME processes.1?

In this present study, the LA potential of isoniazid and rifapentine - drugs used in LTBI
treatment and novel agents active against MDR-TB - bedaquiline and delamanid were
chosen due to their favourable characteristics for LA formulations. The aim of this study was
to simulate the LA administration of select anti-TB drugs — bedaquiline, delamanid,
isoniazid and rifapentine to assess their potential use in a modified 4-weekly intramuscular
(IM) regimen for treatment of LTBI.

2. METHODS

A previously published compartmental whole-body PBPK model was used to evaluate the
LA potential of anti-TB drugs.1® Simbiology® v.4.3.1., a product of MATLAB® v.8.2
(MathWorks, Natick, MA, USA 2013) was used as a platform for the design of the PBPK
models. Movement of drug from the blood circulation into tissues was blood-flow limited,
with instant drug distribution in tissues and organs. For orally-administered drug
simulations, no drug reabsorption from the large intestine was assumed. One hundred
simulated healthy male adults (n=3) aged 18-60 years were included in each test group.
Ethical approval was not required for this study since the data is computer generated.

2.1 PBPK Model

Age (18-60 years) and weight (40-100 kg) of the virtual individuals were defined initially
and other key characteristics such as body mass index (BMI), body surface area (BSA),
height (1.5-2.0 m), organ and tissue weights, and volumes and blood flow rates were
computed using appropriate anthropometric equations available from the literature.13
Absorption rate, log P, pKa, protein binding, blood-to-plasma ratio and plasma clearance
were obtained from various literature sources (as shown in Table 1). For the current
simulations, healthy volunteers were selected as the population of interest as they are more
likely to represent patients with LTBI, and also considering that potential future dose finding
studies for LAI formulations will be conducted in this population. An additional
compartment representing the IM depot with first-order release kinetics was introduced to
describe the drug release from the IM depot to the surrounding blood capillaries, as
described in our previous publication.13

2.2 Model qualification

PBPK models for all the four drugs were constructed using the parameters mentioned in
Table 1. The models were assumed to be qualified if the mean simulated PK parameters
Cmax (maximum plasma concentration), Cyqugh (trough plasma concentration) and AUC
(area under the curve) were within 50% of the mean observed clinical value.

Steady-state PK values were collected from the literature where available and, if not
available, single-dose PK data was used for PBPK model qualification. Model validation
was performed against 10, 30, 100, 300, 450 and 700 mg single dose oral clinical
formulation of bedaquiline.14 The PBPK qualification of delamanid was performed at
steady-state with 100 mg thrice daily, 150 mg twice daily and 300 mg once daily oral
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formulations.1® Clearance of isoniazid varies with acetylator status, determined by NAT2
genotype. Hence pharmacokinetics of 300 mg single dose in intermediate acetylators, 300,
600 and 900 mg single dose in rapid acetylators were used for the validation of the PBPK
model.18 The rifapentine PBPK model was qualified by comparing predictions with oral
doses of 5, 10, 15 and 20 mg/kg at steady-state.1’ The assumptions used and visual
predictive checks for model qualification are described in the appendix.

2.3 Dose and release rate optimisation

Various combinations of dose and release rates were evaluated and the trough concentrations
were recorded on the 28! day from the start of the IM administration. For all the
simulations, six different release rates — 0.0005, 0.001, 0.0015, 0.002, 0.0025 and 0.003 h~1
were used. The variability in release rate was assumed to be + 10% from the mean reported
value. A maximum dose of 2000 mg was considered for a single IM injection.
Epidemiological cut-off (ECOFF) value is the minimum inhibitory concentration (MIC)
value identifying the upper limit for the wild-type population.18 The ECOFF value for each
drug, if available, was used as the target trough concentrations in the simulations. If ECOFF
values were not available, MIC or critical concentration (CC) values were used. The
reported target trough concentrations are adjusted for protein binding. The reported ECOFF
value for bedaquiline and delamanid were 1.6 mg/L and 0.04 mg/L respectively.1® The CC
of high-level isoniazid resistance (0.125 mg/L) was chosen as the target concentration.1?
Thrice the MIC value of rifapentine was chosen as the target concentration to include wild-
type TB.20 For a dosing interval, the minimum dose at a particular release rate maintaining
plasma concentrations over the target concentrations was considered as the optimal release
rate. A combination of different doses and release rates were simulated to support sustained
exposure such that the plasma concentrations in at least 95 out of 100 virtual individuals
(n=3) exceeded the target concentration for the entire dose interval (4 weeks).

3. RESULTS

The validation of the four anti-TB drugs against clinical formulations is shown in Table 2.

3.1 Bedaquiline

The simulated PK parameters AUC and C,,x deviated less than 18% from the mean
reported values.14 A range of release rates were simulated for a single 2000 mg IM dose and
the optimal release rate was identified as 0.0015 h™! (Figure 1a). However, the maximum
Cirough Obtained was 0.17 mg/L — approximately ten times below the ECOFF value (Figure
2a, Table 3).

3.2 Delamanid

The mean simulated AUC, Ciax and Cyrough Values deviated from clinical data by less than
18%.15 Five different doses (1000 mg, 1250 mg, 1500 mg, 1750 mg and 2000 mg) were
simulated, each with six different release rates ranging from 0.0005 — 0.003 h1. Ctrough
values obtained for various dose and release rate combinations are shown in Figure 1b. A
Cirough 0f 0.044 mg/L at the end of a 4-weekly single IM dose at a dose of 1500 mg with a
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release rate between 0.001 — 0.0025 h~1 was determined as the optimal condition (Figure 1b,
Table 3). Therapeutic concentrations were obtained within 8 h after IM administration.

Isoniazid

The mean simulated AUC and Cyyax deviated from clinical values by a maximum of 30%.16
Clearance of slow acetylators was used initially to evaluate LAl pharmacokinetics. An IM
dose of 2000 mg was simulated at various release rates. The maximum target concentration
at the end of 4 weeks was achieved with a release rate of 0.0015 h~1 and gave a Ctrough Of
0.141 mg/L, with only 60 % of the simulated population over the CC (Figure 1c, 2c, Table 3)
indicating that the monthly formulation of isoniazid is not feasible, although biweekly
administration might be.

3.4 Rifapentine

The mean simulated AUC and Cyyax deviated from clinical values by less than 31%.17 IM
doses of 100 mg, 150 mg, 250 mg, 500 mg and 750 mg were simulated at varying release
rates (Figure 1d). An optimal dose of 250 mg with a release rate between 0.0015 — 0.0025 h
~1 resulted in a simulated Cirough OVer the target trough concentration (Figure 2d, Table 3)
with rifapentine plasma concentrations reaching targets within 10 h after IM administration.

4. DISCUSSION

The current study has evaluated the potential reformulation of existing oral anti-TB drugs —
bedaquiline, delamanid, isoniazid and rifapentine — into 4-weekly IM LAI formulations
using PBPK models. Bedaquiline and delamanid have potential utility for TB preventive
therapy and isoniazid and rifapentine are currently approved for this indication.2! Potential
use of these anti-TB agents as IM LAI formulations would be an attractive option for LTBI
treatment.

For the 4-weekly IM LAI predictions, it was observed that the optimal release rate was
0.0015 h=1 for all the four investigated drugs. Delamanid and rifapentine were identified as
potential LAI candidates with an optimal dose less than 2000 mg. For rifapentine, an
arbitrary Cyrougn, about three times higher than the MIC value, was chosen to include the
inhibition of wild-type TB strains. Rifapentine is characterised by a combination of
favourable ADME characteristics with low blood-to-plasma ratio (< 1), low plasma
clearance and high potency (0.06 mg/L). The predictions report that only 250 mg is needed
for a monthly LAI thus having the potential for a quarterly administration with less than
1000 mg. Delamanid is characterised by a lower ECOFF value (0.04 mg/L, 40 times lower
than bedaquiline), high log P value and blood-to-plasma ratio and relatively low clearance,
therefore having a more favourable profile for a monthly 1M injection.

Bedaquiline is characterised by high octanol-water partition-coefficient (log P >5), high
blood-to-plasma ratio (>1), high protein binding (>99%) and relatively low clearance,
resulting in a long half-life that sustains higher plasma concentrations. However, the
predicted Cyrough could not achieve the high ECOFF value, even when a 2000 mg IM dose
was simulated. Loading dose prior to IM administration would nevertheless drop the plasma
concentrations significantly and would require at least a weekly 1M dose. Isoniazid plasma
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concentrations were below the high-level isoniazid resistance critical concentration in less
than 15 days after an IM dose of 2000 mg (Figure 2). Nevertheless, the predicted Cqugn
satisfied the defined CC of the low-level isoniazid resistance value of 0.0312 mg/L.19
Isoniazid is a water soluble hydrophilic compound with low log P (<0), low protein binding
value (<50%) and a lower volume of distribution, resulting in a sharper PK profile following
IM administration. Due to its high renal clearance, the resulting plasma concentrations are
lower than the CC, suggesting that isoniazid is not a suitable candidate for LA strategies.

These simulated dose and release rates could represent a theoretical guideline in the design
of IM LAI formulations. However the PBPK model is characterised by several limitations
that could affect the overall drug PK profile. Action of drug transporters at the IM depot
could not be captured due to the absence of relevant data. Active transport could have an
effect on drug release from the IM depot, and subsequent diffusion into the systemic
distribution could also affect the release profile. Evidence of granuloma formation at the
injection site as observed for paliperidone LAI could alter drug PK.22 Highly lipophilic
drugs concentrate in the lymphatic circulation preferentially to blood/plasma circulation,
resulting delay attaining maximum plasma concentrations and potentially altering Ctrough.23
Also, MIC of anti-TB drugs ranges between the MIC of the lowest known resistant strains
and the highest MIC of wild-type strains. This is the major limitation to identify appropriate
target concentrations as it complicates the pharmacokinetic —-pharmacodynamic relationship
(i.e. AUC/MIC, Cax /MIC or T>MIC).24 Standardised target concentrations are not
currently available for the treatment of LTBI and are likely to be very different from
active/MDR or XDR-TB. Consequently the identification of a suitable benchmark for the
simulated pharmacokinetics for LA administration represent a substantial challenge. The
selected approach aimed at achieving plasma concentrations > ECOFF (or 3 times the MIC)
for the entire dosing interval. Higher exposure limits could be taken into consideration
further limiting the applicability of LAI formulations for active TB treatment, however this
approach is more likely to be of value in LTBI treatment where shorter and simplified
therapies are needed for successful therapy.2> Additional investigation of the
pharmacodynamics of anti-TB agents represents an essential element to support a better
understanding of predictive parameters that correlates best with efficacy for LTBI treatment
and the target exposures necessary for optimal response. An additional barrier for potential
application of these regimens would be the administration of a combination of two anti-TB
agents defining challenges in terms of co-formulation, volume of injection and patient
acceptability.

The presented data represent a theoretical approach and the concept of LAI formulations
would be plausible provided formulation and technological complexities are addressed.
Providing self-administered IM injectables to infected individuals could help in TB
treatment in resource poor settings. Initially, stability assessment of anti-TB drug and
associated excipients in the interstitial fluid at body temperature for prolonged time period is
essential. Isoniazid is reported to be highly unstable in plasma which further marks this drug
unsuitable as an LAI formulation. The development of formulations with desirable
characteristics could be a challenge with existing technology. Anti-TB drugs are associated
with a number of side effects including nausea, vomiting, rash, peripheral neuropathy and
hepatotoxicity that could be less serious during oral than with parenteral administration.26
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High dose and prolonged contact of drug formulation at the site of injection could trigger
unwanted adverse reactions and discontinuation of an IM injection during therapy could
complicate administration. Drug-drug interactions are another important consideration,
especially in patients co-infected with HIV and receiving antiretroviral therapy.2” IM LAIs
could effectively address problems of suboptimal adherence and low completion rates and
pave the way for innovative administration strategies in the treatment of LTBI.

5. CONCLUSION

PBPK models were successfully qualified against selected oral clinical data for four anti-TB
drugs in adult population. These models were used for optimal dose and release rate
prediction to inform suitable monthly IM doses for the chosen anti-TB drugs. Delamanid
and rifapentine were suitable for a monthly administration however more frequent dosing
would be necessary for bedaquiline and isoniazid to have plasma concentrations over the
indicated target trough concentrations. Various drug specific characteristics influence
pharmacokinetic profiles and /in sifico modelling approach could effectively inform drug
formulation design for various routes of administration and also identify novel drugs for
anti-TB therapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Plasma trough concentrations of a) bedaquiline, b) delamanid, c) isoniazid and d) rifapentine
after the administration of a single intramuscular injection on day 28 for various doses and
release rates in adults. The red line represents the target trough concentration. The target
concentration for bedaquiline is beyond the indicated scale, therefore not visible on the
chart.
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Figure2.
Plasma concentrations of a single dose intramuscular long-acting anti-TB drugs with an

optimal release rate of 0.0015 h™1 in healthy adults. a) bedaquiline (2000 mg), b) delamanid
(1500 mg), c) isoniazid (2000 mg) and d) rifapentine (250 mg). The red line represents the
target trough concentration. The target concentrations for bedaquiline is beyond the
indicated scale, therefore not visible in the graph.
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Physicochemical properties, /n vitro and population pharmacokinetic data of anti-TB drugs

Table 1

Bedaquiline Delamanid I soniazid Rifapentine

log Po:w 6.37 %8 55329 -0.7% 403
pKa 13.61,8.91 %8 3.99% 1.823%0 7.17,7.013

. * * *

Blood-to-plasma ratio 4.04 3.92 0.80 0.56 2
Protein binding (%) 99.9%8 99.55 33 10% 97.73%1
0.729 £ 0.121 10.142 +0.042 0.028 =

Plasma clearance 0.04 +0.002 34 5 35 0.009 Y7
Absorption rate (h™1) 1.03+0.19 % $0.96 37 2.283 #0429
Vg (L/kg) 2.18 % 7.3215 02138 0.6917
Bioavailability (%) 81003 36 (25-47) 15 A100% 45 (40-50)%

Page 14

log Po:\w — Partition coefficient between octanol and water; pKa — logarithmic value of the dissociation constant; Vd — volume of distribution;

*
blood-to-plasma ratios were computed using equations from Paixao et al.40;

fComputed from the PBPK model; Plasma clearance values are given for adults and are represented as L/h/kg,

7 . .
Value provided is apparent clearance of slow acetylators,

§Computed from polar surface area and hydrogen bond donor values using the equation from Gertz et al.41,

#Computed from Caco-2 permeability using the equation from Gertz et al4l,

Bioavailability has been fixed to 100 in the population pharmacokinetic studies.

A bioavailabity between 40-50% was assumed based on the relative bioavailility of 70% for the oral formulation compared to oral formulation
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Table 3

Pharmacokinetic prediction of a single intramuscular injection of anti-TB agents at an optimal release rate of
0.0015 h~1 using a qualified PBPK model.

Drug Dose Crax Cirough AUC Target concentration
Bedaquiline 2000 0.39 +0.08 0.16 £0.03 177+36 1.6 (ECOFF) 18
Delamanid 1500 0.11+0.03 0.044 +0.011 50 £ 12 0.04 (ECOFF) 18
Isoniazid 2000 0.39%0.13 0.15+0.05 170 +56 0.125 (CC) 1°
Rifapentine 250 0.50 +0.06 021+0.02 232+21 0.18 (MIC*3) 20

PBPK - physiologically-based pharmacokinetic, dose is represented in mg, Cmax — maximum plasma concentration, Ctrough — trough plasma
concentration 4 weeks after administration, AUC — area under the plasma concentration curve. Cmax, Ctrough and target concentration are

expressed as mg/L, AUC is expressed as mg.h/L; ECOFF — epidemiological cut-off, CC — critical concentration, MIC — minimum inhibitory
concentration
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