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Supplemental Methods

Study design

This translational platform is designed to understand the PK/PD relationships of TB drugs
in murine TB model and extrapolate the findings to predict the clinical outcomes of phase 2a
studies (Figure 1). Ten drugs were included: bedaquiline (BDQ), delamanid (DLM), ethambutol
(EMB), isoniazid (INH), linezolid (LZD), moxifloxacin (MXF), pretomanid (PMD), pyrazinamide
(PZA), rifampin (RIF), and rifapentine (RPT). A baseline model using the preclinical data in
murine TB model was established previously to quantitate the inhibitory effect of the adaptive
immune response on bacterial growth, and a net drug effect can therefore be quantified to establish
the PK/PD relationships for the experimental regimens in mice. It was assumed at the free drug
concentration level in blood, the PK/PD relationships of TB drugs are comparable between mice
and humans. As such, with simulated PK concentrations in humans, the corresponding drug effect
of TB drugs in humans can be predicted using the same PK/PD relationships as in mice, as well as

the clinical outcome of TB monotherapy regimens in phase 2a trials.

Database

The sources for all data involved in the translational platform development are listed in
Table S1. Preclinical plasma PK concentrations and lung CFU counts as PD data of BDQ, DLM,
EMB, INH, LZD, MXF, PMD, PZA, RIF and RPT were collected from published and unpublished
studies or digitized from published studies using Plot Digitizer

(http:/plotdigitizer.sourceforge.net/). Subacute infection data was used for all drugs except EMB,

RPT and LZD for which data from the subacute infection model were not available. Clinical PK

data were simulated using published human population PK models or models developed internally.
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CFU counts in sputum samples for the nine drugs were collected or digitized from published

clinical studies.

Model development

All analyses were conducted using NONMEM (version 7.4). Perl speaks NONMEM (PsN,
4.8.1), R (version 4.1.3) statistical program, and the xpose4 and tidyverse R packages were utilized
for model diagnostics and data visualization. The first-order conditional estimation with
interaction method (FOCE+I) was used. Mouse PK and PK/PD models were developed and
selected based on graphical (goodness of fit plots), statistical (significant change in objective
function value), and simulation-based diagnostics (visual predictive checks).

Mouse PK models for all drugs except EMB for which no PK data was available,were
developed by fitting the plasma concentration data to one- or two-compartment structural models
with first-order absorption and linear or nonlinear (Michaelis-Menten) clearance. Saturable
bioavailability was also tested. Additive, proportional, and combination residual error models were
tested to describe the error in the observed data (Figure S1). An EMB mouse PK model was utilized
from literature to simulate EMB PK!.

Mouse PK/PD models were developed by incorporating drug effects into a bacterial
infection model that describes the infection of M. tuberculosis in BALB/c mice (Eq. S1 &Eq. S2).
Parameters of the bacterial infection model were re-estimated based on the control data for each
drug, to fit the untreated bacterial burden over time for their respective experiment and reliably
quantify the drug efficacy separate from the natural infection dynamic (Table S2)?. The inhibitory
effect of the adaptive immune response during the treatment period was investigated with certain
assumptions. Plasma concentration was used as the independent variable to describe the treatment

response for all mouse PD studies except that of PZA using cumulative AUC in acute and sub-
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acute infection model studies due to the time-varying PZA effect being dependent upon the pH of
the microenvironment in the phagosomal compartment during the early treatment period which is,
itself, a function of the time (Concpz, X dt).

PK/PD relationships for drug effect were optimized by fitting the log-transformed mouse
PD data to linear, nonlinear, log-linear, Emax and sigmoidal functions. A delay effect was added to
optimize the relationship between plasma exposures, time and treatment response (Eq. S3 & S4,
Figure S2). An additive error model was used to describe residual error for the mouse PK/PD
models. Visual predictive checks (VPCs) of 1000 simulations indicated that the observed data were
consistently within the 95% prediction interval of the simulated plasma concentrations and
bacterial numbers in the final PK and PK/PD models used for translation for each drug (Figure

S2).

d—B—Kngx<1— KBXBYB)x(1—KTX—”T) —K;xB  EqS1

dac BYB+BVE TV T+EYT
dB _ KBXBYB KTXtyT )
Ky x B x (1 ngwv:a) (1-755) —KaxB—EFFxB  Eq.52

B: bacterial number

t: incubation time since inoculation

K, : bacterial growth rate

K, bacterial natural death rate

Kg: bacterial number-dependent maximal adaptive immune effect

Bs: bacterial number that results in half of Ky

yg: Steepness of bacterial number-dependent immune effect relationship
Ky : incubation time-dependent maximal adaptive immune effect

Tso: bacterial number that results half of Ky
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yr: steepness of time-dependent immune effect relationship

EFF: bacterial killing rate

dAdelay _ % (é _

dt — Adelay V. Adelay) EQ- S3
1

Adelay: the delayed concentration level associated with drug effect

Kaelay: the delay rate of the plasma concentration associated with drug effect

Y
_ Adelay X Emax

- Y Y
ECSO + Adelay

EFF Eq.S4

Ewax: the maximal level of drug effect
ECso: the delayed concentration that results in half of the maximal drug effect

y: the steepness of the relationship between the delayed plasma concentration and drug effect

Clinical PK models were implemented from either published models or developed in
NONMEM based on either internal clinical data or extracted literature data (Table S1). Single and
multi-compartment PK models were tested for drugs modeled. Linear and nonlinear clearance,
absorption and bioavailability were also tested when appropriate. Additive, proportional and

combination residual error models were tested for the best fit.

Translational model development for EBA prediction

The outcome of clinical EBA studies was predicted by translating the mouse exposure-
response relationships to TB patients. Either average patient covariates or no covariates were
included for simulating human PK exposures for each drug. The outcomes of EBA studies were
predicted by simulating the CFU counts in the sputum of TB patients based on the translatable
PK/PD relationships identified in the mouse efficacy studies. Drug dose was as specified in the

5
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EBA publication, where weight-based dosing was multiplied by the median weight in the studied
population and rounded based on available formulations. In the untreated control arm, typically
minimal changes occur during the first two days of study (1-8). As such, the net CFU count change
rate (K. ) during the first two days of study was considered to be 0 and the changes in CFU counts

were only driven by the drug effect (Eq. S5).

% = Knee XB—EFFXB  Eq.S5

Ker: the net rate of change in bacterial number in the sputum of TB patients

EBA values were calculated as the daily change of CFU counts over specific days with
treatment for ten drugs individually. A thousand simulations for predicting clinical studies were

conducted for each drug.

Supplemental Results

Mouse PK and PK/PD Model Development

Mouse PK models of nine out of the ten TB drugs, including BDQ, DLM, INH, LZD,
MXF, PMD, PZA, RIF and RPT, were developed using plasma concentration data individually,
among which partial data for DLM were digitized from a published study (3 mg/kg)’>. EMB PK
was simulated using a published mouse PK model!. Either a one-compartment or two-
compartment structural model with first-order absorption and linear or non-linear clearance was
used to describe the mouse PK data for each drug (Supplementary Figure S1, Table 1) (Eq. S6-
S11). Saturable bioavailability was incorporated for PMD and RIF PK models (Eq. S12).

First-order Absorption model:
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dA,
W:—KaXAl EqS6

A1 is the amount of drug in the gastrointestinal tract absorbed into the systemic circulation
K. is the first-order absorption rate of the drug

t is the time after the dos

One-compartment PK model:

dA,
?:KaxAl_KexAz Eq.S7

Az is the amount of drug in the central compartment

K. is the elimination rate of the drug from the central compartment

Two-compartment PK model:

%zl( XA — K, XA —ng +2><A Eq.S8
dt a 1 e 2 v, 2 v, 3 q.

dd; @ Q
e XA, —~xA; Eq.S9
de v, Ty s B

As is the amount of drug in the peripheral compartment
Q is the intercompartmental clearance

V1 is the volume of the central compartment

V2 is the volume of the peripheral compartment
Linear clearance:

_cL

K =
e Vv

Eq.510

CL is the clearance, which is defined as the volume of plasma completely cleared of a drug per unit time

Non-linear clearance:
Eq.S511
Viax is the maximal clearance, which is defined as the maximal volume of plasma completely cleared of a drug per

unit time

K is the concentration of drug that results in half of the maximal clearance
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CLinis the ratio between Vmax and Km.
Saturable bioavailability:

FDIFX(Dose—Doseref)

F=1

Eq.S512

Dose—Doseyer+FDso

F: the extent of drug absorbed from oral dosing compartment into systemic compartment
Fpir: the maximum difference in bioavailability from 100% (bound between 0% and 100%,)
Doserer: the reference dose that has 100% bioavailability

FDso: the dose achieving half maximal reduction in bioavailability
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Figure S1 Visual predictive checks for final mouse PK models at representative doses.
All doses are in mg/kg and orally administered unless otherwise state
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Figure S2 Visual predictive checks for final mouse PD models at representative doses. All doses are in mg/kg and orally
administered.
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Figure S3 Comparison between human PK concentrations reached at clinical dose

levels (light grey), upper limits of drug concentrations within safety ranges (dark grey) and
concentration-response relationships for ten TB drugs. Upper limits of clinical dose levels
were defined as concentrations up to the Cnax. Lower limits of safety ranges were defined as the

Cmax of the maximum tolerated dose tested in humans.
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Figure S4 The immune component of the model-based translational platform is
essential for accurate prediction of early bactericidal activity. Comparison of prediction of
sputum CFU counts in TB patients during treatment with bedaquiline ( BDQ) and rifampin (RIF)
at multiple dose levels using PKPD relationships from mathematical models when immune effect
(imm) is accounted for and not accounted for.
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Table S1 Mouse and human PK and PD database of ten TB drugs.
Mouse PK
PK data BDQ DILM EMB INH LZD MXF PMD PZA RIF RPT
Observations 90 29 186 153 238 74 215 100 66 69
6,9, 12,18,
125,25, 253 101630, 50655 34 5% 100, 100,200, 25:53°0.54 722,100, 710,15,20, 5 o5
; . 100, 300, : . 162, 486 300, 600, 40, daily 7’
Doses (mg/kg) single  single 25, single 250,500 400 daily . : ) ol ‘ daily for 16
dose dose 1000 dose single dose for 32 days smgle dose; 900, single or 2 days
mg/kg 100 daily for 4 dose weeks
or 8 weeks
JHU and p, \ched
Data Source  JHU* published Jata! JHU®® JHU’ & TBA JHU? JHU JHU*? JHU7%10 JHU!?
data?
19
Protein (m()(;9§es data
binding(f, 1.0 1.0 12 1.0* 1.455 1314 (.986 1316 0.797 7 0.99 '8 }JHU 4.545 13:20 (422 21,22
Human/Mouse) unpublishe d)
*personal communication
Mouse PD
PD data BDQ DILM EMB INH LZD MXF PMD PZA RIF RPT
Animal Mouse Mouse Mouse Mouse Mouse Mouse Mouse Mouse Mouse Mouse
Observations 57 56 54 414 261 63 283 84 203 75
0'11’5%3§ L, 7'221’ }t03(2)0, 3,5,10,15, 2.5,5,
100, 200, P o 25,30, 37.5, 10,20,
Doses —12.5,25, 3 10.30,100 400, 800, >:13- 625 40,6072, 55 50 100 50,100 50.75,100, 40.80. 5. 10,20
(mg/kg) 50 10, 12.5, 100, 200,
1600 150, 300, 450, 160, 320,
25,30, 50, 300, 335, 600. 900 640
100 1000 ’
Treatment
duration 70 56 28 21-56 28 28-56 14-28 28-56 14-56 56
(days)

13
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JHU? and

;
Data Source  JHU*  published JHU JHU®? J},Fé A& JHU? JHU? JHU*®  JHU"?10  JHU!"
data’
Human PK
Drugs PK Structure Model Doses No. of Patients / References
Samples
3-cmt model with transit 400 mg p.o. daily for 14 days and 200 mg 27
BDQ absorption p.o. three times per week for 24 weeks 335/2,843
2-cmt with linear absorption . ”
DLM and saturable bioavailability 100, 200, 300, 400 mg p.o. daily for 14 days 744 /20,483
EMB 2-cmt with transit absorption 800, 1000, 1200, 1500 mg p.o. 5 days/week 189 /1,869 25
and clearance for >4 weeks
o 100, 225, 240, 300 and 400 mg p.o. daily, 5
INH i{)cs?t Efnrzﬁgeilgﬁggear days/week for 2 weeks; 200, 300 and 450 mg 235/2,352 26
P p.o.daily, 7 days/week for 1 week
L7D 2-cmt with non-linear 300 mg, 600 mg or 1200 mg p.o. for 6 104 / 497 27
clearance months
Mxp  2-omtwith transitabsorption 50 o o daily for 7 days 241856 2
and linear clearance
I-cmt model with transit
PMD absorpt%on aqd doge-de;pendent 200, 600, 1000, 1200 mg p.o. daily for 14 1,054 /17,725 29
absorption, bioavailability, and days
volume
) 1200, 1500 and 2000 mg p.o. daily, 5
PZA i;zgtaifom‘t’ii x&hcirsﬁance days/week for 2 weeks; 1000, 1500 and 2000 227 /3,092 30
P mg p.o. daily 7 days/week for 2 months
premt PR model (Saturable 19, 20, 25, 30, 35, or 40 mg/kg p.o. daily
RIF Y over 2 weeks 83/913 31

elimination, transit absorption
and auto-induction)

14
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1-cmt PK model (saturable 300, 450, 600, 750, 900, 1050, 1200, 1350,

RPT  bioavailability, transit 1500, 1650, 1800 mg p.o. once weekly up to 863 /4,388 32
absorption and auto-induction) twice daily for up to four months
Human EBA studies
Drugs Doses Baseline (logio CFU/mL) References
100, 200, 300 and 400 mg 6.302 (100 mg), 6.001 (200 mg), 6.071 (300 mg), 6.625 (400 mg) 33,34
(with 200, 400, 500, 700 mg loading
BDQ dose on first day and 100, 300, 400,
500 mg on second day, respectively)
25,100, 400 mg 6.66 (25 mg), 6.32 (100 mg), 6.82 (400 mg)
DLM 100, 200, 300 and 400 mg 7.06 (100 mg), 6.75 (200 mg), 6.72 (300 mg), 6.82 (400 mg) 33
EMB 15,25, and 50 mg/kg 6.92 36
INH 9,18.75,37.5, 75,150,300 and 600  6.491 (9 mg), 6.585 (18.75 mg), 7.169 (37.5 mg), 7.031 (75 mg), 37
mg 7.115 (150 mg), 6.504 (300 mg), 6.995 (600 mg)
LZD 600 mg QD, 600 mg BD 6.34 (600 mg QD), 6.44 (600 mg BD) 38
MXF 400 mg 6.19 §400 mg Johnson), 7.15 (400 mg Pletz), 7.23 (400 mg 3941
Gosling)
6.1 (50 mg), 5.8 (100 mg), 6 (150 mg), 6.1 (200 mg Diacon 2012),
PMD fl? 100, 150,200, 600, 1000, 1200 595 (00 mg Diacon 2010), 6.335 (600 mg), 6.309 (1000 mg), 243
& 6.057 (1200 mg)
PZA 1500, 2000 mg 5.56 (1500mg), 6.910 (2000mg) 36,44
4.88 (10 mg/kg), 4.00 (20 mg/kg), 5.39 (25 mg/kg), 4.58 (30 20
RIF 10, 20, 25, 30 and 35 mg/kg me/ke), 4.39 (35 me/ke)
RPT 300, 600, 900, 1200 mg N/A 4

*intravenous dosing

15
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Table S2 Final parameters for the bacterial infection model*® for each drug based on the control data.
Parameter BDQ DLM EMB INH LZD MXF PMD PZA RIF RPT
-1
K (day”) 0.509 0.370 1.11 0.512 0.845 0.461 0.423 0.512 0.512 0.509
(< 4 days)
-1
Ky (day) 1.2 0.88104 1.11 1.2168 | 1.50968 | 1.1055 1.1935 1.2168 1.2168 1.11
(> 4 days)
Kq (day™) 0.41 0.41 0.41 0.41 0.41 0.41 0.41 0.41 0.41 0.41
Ks (%) 23.695 28.511 20.3 24.174 39 27.478 68.937 24.174 24.174 23.695
Bso (logio CFU) | 6.9914 7.0241 7.86 7.0512 8.3385 6.9136 7.7610 7.0512 7.0512 6.9914
VB 2.3276 1.2316 0.203 2.1939 2.9 1.7883 | 0.20574 | 2.1939 2.1939 2.3276
Kt (%) 66.4 64.722 70.2 66.319 69.6 65.15 63.763 66.319 66.319 66.4
Tso (day) 19.308 19.725 17.4 19.33 17.5 19.602 18.816 19.33 19.33 19.308
YT 5.5277 5.7879 0.702 5.3599 5.13 5.5605 5.7651 5.3599 5.3599 5.5277

Bso = CFU counts to reach half of Kg, BDQ = bedaquiline, CFU = colony forming units, DLM = delamanid, EMB = ethambutol, INH
= isoniazid, Ky = bacterial growth rate, Kq = bacterial death rate, KB = bacterial inhibitory CFU-dependent adaptive immune effect,
K = bacterial inhibitory time-dependent adaptive immune effect, LZD = linezolid, MXF = moxifloxacin, PMD = pretomanid, PZA =
pyrazinamide, RIF = rifampin, RPT = rifapentine, Tso = time to reach half of maximal time covariate, ys = steepness of the CFU-

dependent adaptive immune effect curve, yt = steepness of the CFU-dependent adaptive immune effect curve

16
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