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Delamanid Coadministered with Antiretroviral Drugs or
Antituberculosis Drugs Shows No Clinically Relevant Drug-Drug
Interactions in Healthy Subjects
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Delamanid is a medicinal product approved for treatment of multidrug-resistant tuberculosis. Three studies were conducted to
evaluate the potential drug-drug interactions between delamanid and antiretroviral drugs, including ritonavir, a strong inhibi-
tor of CYP3A4, and selected anti-TB drugs, including rifampin, a strong inducer of cytochrome P450 (CYP) isozymes. Multiple-
dose studies were conducted in parallel groups of healthy subjects. Plasma samples were analyzed for delamanid, delamanid me-
tabolite, and coadministered drug concentrations, and pharmacokinetic (PK) parameters were determined. The magnitude of
the interaction was assessed by the ratio of the geometric means and 90% confidence intervals. Coadministration of delamanid
with tenofovir or efavirenz did not affect the PK characteristics of delamanid. Coadministration of Kaletra (lopinavir/ritonavir)
with delamanid resulted in an approximately 25% higher delamanid area under the concentration-time curve from time 0 to the
end of the dosing interval (AUCrt). Tenofovir, efavirenz, lopinavir, and ritonavir exposure were not affected by delamanid. Coad-
ministration of delamanid with the TB drugs (ethambutol plus Rifater [rifampin, pyrazinamide, and isoniazid]) resulted in
lower delamanid exposures (47 and 42% for the AUCT and C,,, [maximum concentration of a drug in plasma] values, respec-
tively), as well as decreased exposure of three primary metabolites (approximately 30 to 50% lower AUC~ values). Delamanid did
not affect rifampin, pyrazinamide, and isoniazid exposure; the ethambutol AUCT and C,,,,, values were about 25% higher with
delamanid coadministration. The lack of clinically significant drug-drug interactions between delamanid and selected antiretro-
viral agents (including the strong CYP inhibitor ritonavir) and a combination of anti-TB drugs was demonstrated. Although
there was a decrease in the delamanid concentrations when coadministered with ethambutol plus Rifater, this is likely related to

decreased delamanid absorption and not to CYP induction.

Multidrug-resistant tuberculosis (MDR-TB), or tuberculosis
resistant to two first-line drugs, isoniazid and rifampin, has
emerged over the past 3 decades to greatly complicate efforts to
control the disease. Current estimates are that approximately
480,000 cases of MDR-TB occur annually, or more than 5% of the
nearly 9.6 million people estimated to develop TB each year (1, 2).
MDR-TB is difficult to treat and usually requires four to six med-
ications, including the more toxic and less potent second-line
drugs administered for up to 2 years. In addition, treatment is
further complicated among MDR-TB patients with HIV coinfec-
tion. These patients require additional treatment with antiretro-
viral medications to have a better chance at survival (3).
Delamanid is an anti-TB agent from the nitro-dihydro-imida-
zole class of compounds that inhibits mycolic acid synthesis in the
Mycobacterium tuberculosis cell wall. In preclinical development,
delamanid showed potent in vitro and in vivo activity against both
drug-susceptible and drug-resistant strains of M. tuberculosis (4).
In clinical development, delamanid showed measurable activity in
early bactericidal trials in drug-susceptible TB patients (5). In
MDR-TB patients, treatment with delamanid in combination
with an optimized background regimen for 2 months significantly
improved 2-month sputum culture conversion by approximately
50% compared to treatment with a placebo plus an optimized
background regimen (6). In addition, in a longer-term observa-
tional study, delamanid plus an optimized background regimen
treatment for =6 months was associated with higher favorable
treatment outcomes compared to =2 months of treatment
(74.5% versus 55%, P < 0.001) (7) and significantly lower mor-
tality (12.0% versus 2.9%, P = 0.001) (8). Based on these results,
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delamanid was approved in the European Union, Japan, and the
Republic of Korea in 2014 for the treatment of pulmonary
MDR-TB in adult patients. The recommend dose of delamanid is
100 mg bid to be taken with food.

In the combined treatment of TB patients and MDR-TB pa-
tients coinfected with HIV, the risk of clinically significant drug-
drug interactions increases, especially when considering the num-
ber of commonly coadministered anti-TB and antiretroviral
medications that are either inducers or inhibitors of CYP, includ-
ing newer anti-TB drugs such as bedaquiline and PA-824 (9, 10).
Among the commonly coadministered drugs, rifampin (11) is a
strong inducer of CYP450 isozymes, efavirenz (12) has been
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shown to be a moderate inducer of CYP3A4, and ritonavir (13) is
a strong inhibitor of CYP3A. The metabolism of isoniazid is me-
diated by N-acetyltransferase, which undergoes genetic polymor-
phism, leading to extensive and poor metabolizer phenotypes
(14). Delamanid is primarily metabolized by albumin to DM-
6705; the metabolism of DM-6705 to other metabolites is thought
to involve pathways mediated by CYP (15). Although there are
drugs that are partially metabolized by albumin, the metabolism
as a primary pathway of drugs by albumin is unique. Therefore,
although clinically relevant drug-drug interactions with inhibitors
and inducers of CYP isoenzymes were not expected with dela-
manid, interactions due to some CYP involvement could not be
ruled out.

We report here the results using two broad categories of med-
ications evaluated for potential drug-drug interactions in the dela-
manid development program: first-line anti-TB drugs (including
the strong CYP3A4 and other CYP450 isoenzymes inducer rifam-
pin) and antiretroviral drugs used in HIV-infected patients (in-
cluding the moderate CYP3A4 inducer efavirenz) and the strong
CYP3A4 inhibitor ritonavir.

MATERIALS AND METHODS

Study design. All studies were performed in accordance with Title 21 of
the US Code of Federal Regulations Part 50 and Part 56 and in compliance
with the International Conference on Harmonization-Good Clinical
Practice (16), the sponsor’s standard operating procedures, and ethical
principles for the protection of human research subjects that have their
origins in the Declaration of Helsinki. The study protocols, amendments,
and informed consent forms were reviewed and approved by the govern-
ing institutional review board of each investigational center prior to start-
ing the study. Written informed consent was obtained from all subjects
before any study-related procedures were performed.

(i) Study 1. Study 1 was a phase 1, randomized, double-blind, placebo-
controlled, drug-drug interaction study following multiple once daily oral
doses in three parallel groups of clinic-confined healthy subjects receiving
either (i) delamanid, (ii) ethambutol plus Rifater (ethambutol-Rifater), or
(iii) delamanid plus ethambutol-Rifater. Rifater is a combination tablet of
rifampin, isoniazid, and pyrazinamide. The study was conducted at PPD
Development, LP, in Austin, TX.

(ii) Study 2. Study 2 was a phase 1, randomized, open-label, oral mul-
tiple-dose drug interaction study in seven parallel groups of clinic-con-
fined healthy subjects. Delamanid (twice-daily dosing), tenofovir, efa-
virenz, or Kaletra (lopinavir/ritonavir) were administered alone, and
delamanid was also coadministered with tenofovir, efavirenz, or Kaletra
for 14 days. The study was conducted at PPD Development, LP, in
Austin, TX. The efavirenz arms (alone and with delamanid) were dis-
continued midstudy due to adverse events (AEs) and a revised design
tested in study 3.

(iii) Study 3. Study 3 was a phase 1, randomized, open-label, modified
sequential, oral multiple-dose drug interaction study in two parallel
groups of clinic-confined healthy subjects. Subjects were administered
either efavirenz for 10 days (group 1) or delamanid twice daily for 7 days,
followed by delamanid twice daily plus efavirenz for 10 days (group 2).
The study was conducted at Covance Clinical Research Unit in Evans-
ville, IN.

Subjects. All subjects enrolled in each study underwent a medical
evaluation prior to the initiation of study treatment. These assessments
included a review of relevant medical history and concomitant medica-
tions, physical examination, vital signs, body weight and height, 12-lead
electrocardiogram (ECGs), and clinical laboratory tests. The subjects were
evaluated to assure they met the inclusion and exclusion criteria listed
below.

(i) Study 1. Healthy male or female subjects between 18 and 45 years of
age, who weighed =55 kg and had a body mass index (BMI) between 19
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and 32 kg/m?, were surgically sterile or willing to remain abstinent or to
practice double-barrier forms of birth control and were able to provide
written informed consent. Subjects were in good health, as determined by
medical history, physical examination, ECG, serum/urine biochemistry,
hematology, and serology tests. The main exclusion criteria were (i) clin-
ically significant abnormalities in blood pressure, heart rate, and ECG
reading (including QTc > 450 ms), (ii) a history of any significant drug
allergy or a known or suspected drug hypersensitivity to any of the drugs
being studied, (iii) use of tobacco products or having had daily exposure
to second-hand smoke within 2 months prior to the screening visit, (iv)
use of any prescription, over-the-counter, or herbal medication, or vita-
min supplements within 14 days prior to dosing, or antibiotics within 30
days prior to dosing, (v) history of a positive urine alcohol test and/or
urine drug screen for substances of abuse at screening or upon admission
to the study center, (vi) consumption of alcohol and/or food and bever-
ages containing methylxanthines, grapefruit, grapefruit juice, Seville or-
anges, or Seville orange juice within 72 h prior to dosing, (vii) being
unable to consume the standard meal, (viii) having taken an investiga-
tional drug or donated blood or plasma within 30 days of dosing, (ix) a
history of or current hepatitis or AIDS or being a carrier of HBsAg and/or
anti-HCV or HIV antibodies, or (x) a history of prior exposure to dela-
manid.

(ii) Study 2. Study 2 was similar to study 1, except there was no min-
imum weight requirement, subjects were to have a BMI = 15 and = 32
kg/mz, subjects had to be HIV negative, and subjects were excluded if
either their QTcF or QT¢B interval was over 430 ms in male subjects or
over 450 ms in female subjects. In addition, previous illicit drug consump-
tion, a medical history of psychiatric illness, or a diagnosis or significant
symptoms of psychiatric illness were added as exclusion criteria, and a
mental/neuropsychiatric status examination was also part of the sched-
uled assessments after the efavirenz treatment arms were discontinued.

(iii) Study 3. Study 3 was similar to study 1, except there was no
minimum weight requirement, subjects were to have a BMI of =18 and
=32 kg/m?, subjects were to be HIV negative, and subjects were excluded
if their QTcF interval was over 450 ms in male subjects or over 470 ms in
female subjects. As in study 2, previous illicit drug consumption, a med-
ical history of psychiatric illness, or a diagnosis or significant symptoms of
psychiatric illness were exclusion criteria, and a mental/neuropsychiatric
status examination was also part of the scheduled assessments.

Treatment and dosing regimens. (i) Study 1. Delamanid and placebo
tablets were manufactured by Otsuka Pharmaceutical Co., Ltd. (Japan).
Ethambutol was supplied as commercially packaged Myambutol tablets
(X-Gen Pharmaceuticals, Big Flats, NY) in strengths of 100 and 400 mg.
Rifater was provided as commercially packaged tablets (Sanofi-Aventis,
Bridgewater, NJ) that contained 120 mg of rifampin, 50 mg of isoniazid,
and 300 mg of pyrazinamide per tablet. Pyridoxine was supplied as a
commercially packaged generic drug product with 25 mg of pyridoxine
per tablet (VersaPharm, Inc., Marietta, GA).

Subjects were treated once daily for 15 days (days 1 through 15) with
delamanid and ethambutol-Rifater, with delamanid and placebo for
ethambutol-Rifater, or with placebo for delamanid and ethambutol-Ri-
fater. The administration of ethambutol-Rifater was continued for an
additional 4 days (days 16 through 19). The dose of delamanid was 200 mg
(four 50-mg tablets), the dose of ethambutol was 1100 mg (two 400-mg
tablets and three 100-mg tablets), and the dose of Rifater was 720 mg of
rifampin, 300 mg of isoniazid, and 1,800 mg of pyrazinamide (six tablets).
In addition, subjects received 25 mg of pyridoxine once daily on days 1
through 19 as prophylaxis against the development of peripheral neurop-
athy from isoniazid administration. Labeling for ethambutol (17) and
Rifater (18) indicates that food decreases bioavailability. Therefore,
ethambutol and Rifater (or placebo) were administered on an empty
stomach, 1 h before a standard breakfast. One hour after administration of
ethambutol-Rifater, subjects consumed a standard breakfast within 20
min. Dosing with delamanid (19) (or placebo) followed the meal and was
administered within 30 min of beginning the standard breakfast. All doses
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were administered from a cup with a closed lid to prevent subjects from
inspecting the tablets and were given orally with 240 ml of room temper-
ature still water.

(ii) Study 2. Delamanid tablets were manufactured by Otsuka Phar-
maceutical Co., Ltd. (Japan). Tenofovir was supplied as commercially
available Viread manufactured by Gilead Sciences, Inc. (Foster City, CA),
and lopinavir/ritonavir was supplied as commercially available Kaletra
manufactured by Abbott Laboratories (Abbott Park, IL). Subjects were
randomly assigned to receive one of the five following treatments for 14
days: 100 mg of delamanid (two 50-mg tablets) twice daily, 300 mg of
tenofovir (one 300-mg Viread tablet) once daily, 300 mg of tenofovir once
daily plus 100 mg of delamanid twice daily, 400 mg of lopinavir and 100
mg of ritonavir (two 200/50-mg Kaletra tablets) twice daily, or 400 mg of
lopinavir and 100 mg of ritonavir twice daily plus 100 mg of delamanid
twice daily. All doses were given orally with 240 ml of room temperature
still water. The once-daily dose or the morning dose of the twice-daily
regimens was given within 30 min of the start of a standard meal. The
evening dose of twice-daily regimens was given 12 h after the morning
dose and within 30 min after the start of a standard meal.

(iii) Study 3. Delamanid tablets were manufactured by Otsuka Phar-
maceutical Co., Ltd. (Japan). Efavirenz was supplied as commercially
available Sustiva manufactured by Bristol-Myers Squibb (USA). Subjects
were randomly assigned to receive one of the following two treatments:
group 1 received 600 mg of efavirenz (one 600-mg Sustiva tablet) once
daily for 10 days and group 2 received 100 mg of delamanid (two 50-mg
tablets) twice daily for 7 days, followed by 100 mg of delamanid twice daily
plus 600 mg of efavirenz once daily for 10 days, for a total of 18 days of
dosing. Consistent with labeling, the once-daily dose of efavirenz in both
groups was administered in the evening at about 8 p.m. on an empty
stomach (2 h after a standard meal and 2 h prior to a snack) (20). The first
dose of delamanid was the evening dose administered on day 1, and the
last delamanid dose was the evening dose administered on day 18. Each
evening dose of delamanid was administered at about 6 p.m., and each
morning dose of delamanid was administered at about 8 a.m.; all dela-
manid doses were given within 30 min of the start of a standard meal.

Safety assessments. Safety assessments performed in these studies
were consistent with well-monitored phase 1 healthy subject studies and
included physical examination, vital signs, 12-lead ECG readings, clinical
laboratory tests, and the collection of adverse events. Safety assessments
were also carried out at the end of the study treatment and follow-up
period (or early withdrawal for any reason). Additional safety assessments
were done whenever deemed appropriate by the investigator. In study 1,
visual acuity assessments were made on days 0, 7, and 15 (consistent with
labeling for ethambutol) (17), and ECG examinations were performed
over a 24-h period at the same time each day on days 0 and 15 to allow for
time-matched change from baseline analysis of potential QT prolonga-
tion effects.

Pharmacokinetic sampling. (i) Study 1. Blood draws for the determi-
nation of plasma delamanid and delamanid metabolite concentrations
were obtained predose on days 1, 10, 11, 12, 13, 14, and 15 and postdose at
1,2,3,4,5,6,8,12,24,48,72,96,and 120 h after the last dose of delamanid
or placebo on day 15. Blood draws for the determination of plasma
ethambutol, rifampin, pyrazinamide, and isoniazid concentrations were
obtained prior to the first dose of ethambutol-Rifater or placebo on day 1,
and 1.5 h postdose on days 10, 11, 12, 13, and 14, and on day 15 at the
following times: predose and then at 0.25, 0.5, 1, 1.5, 2.5, 3.5, 4.5, 5.5, 6.5,
7.5,9.5,13.5, and 24 h postdose.

(ii) Study 2. Blood draws for the determination of plasma delamanid
and delamanid metabolites, tenofovir, ritonavir, and lopinavir concentra-
tions were obtained predose on days 1, 12, and 13. On day 14, blood
samples were obtained predose and at 1, 2, 3, 4, 5, 6, 8, 12, 16, and 24 h
after the morning dose.

(iii) Study 3. For group 1, blood draws for the determination of plasma
efavirenz concentrations were obtained on predose days 1, 8, 9, and 10,
and at 1, 2, 3,4, 5, 6, 12, 16, and 24 h after the day 10 dose. For group 2,
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blood draws for the determination of plasma delamanid and delamanid
metabolite concentrations were obtained prior to the delamanid evening
doseondays 1,5,6,and 7and at 1,2, 3, 4,5, 6, 14, 18, and 24 h after the day
7 delamanid evening dose. On day 17, samples were obtained prior to the
evening dose and at 1,2, 3,4, 5, 6, 14, 18, and 24 h after the day 17 evening
dose. Blood draws for the determination of plasma efavirenz concentra-
tions were obtained prior to the delamanid evening dose on days 1 and 8
and prior to the efavirenz dose on days 15, 16, and 17. On day 17, samples
were also obtained at 1, 2, 3,4, 5, 6, 12, 16, and 24 h after the efavirenz dose.

Bioanalytical methods. Validated methods and the performance of
the assays are summarized below. Each validated method had adequate
linearity, sensitivity, precision, and accuracy to meet the objectives of
these three drug-drug interaction studies. No interference was observed
when delamanid and its metabolites were quantitated in the presence of
rifampin, 25-desacetylrifampicin, ethambutol, and isoniazid, as well as
when these analytes were quantitated in the presence of delamanid and all
its metabolites.

(i) Study 1. Plasma samples were analyzed for delamanid and its
metabolites using a specific and validated high performance liquid
chromatography assay with a tandem mass spectrophotometric detec-
tion (i.e., liquid chromatography-tandem mass spectrometry [LC-MS/
MS]) method developed by Tandem Laboratories, Salt Lake City, UT
(21). Delamanid, its metabolites, and the internal standard (OPC-14714)
were extracted from plasma using protein precipitation, followed by in-
jection of the supernatant. The method was linear over the range between
1.00 and 500 ng/ml for delamanid and the metabolites, with calibration
curve coefficients of determination (r?) of =0.9868 for all analytes. For
each batch of samples processed, the calculated concentrations of at least
two-thirds of the quality control (QC) samples were within 15% of nom-
inal. At each QC concentration, the percent coefficient of variation
(%CV) values were within 8.6%, and the percent bias values were within
5.0%.

Plasma samples were analyzed for ethambutol concentration using a
specific and validated LC-MS/MS method by PRA International, The
Netherlands. Ethambutol and the deuterated internal standard (d4-
ethambutol) were extracted using protein precipitation, followed by in-
jection of the supernatant. The method was linear over am ethambutol
concentration range between 50.0 and 10,000 ng/ml, with calibration
curve regression coefficients (r) of =0.9989. For each batch of samples
processed, the calculated concentrations of at least two-thirds of the QC
samples were within 15% of nominal. At each QC concentration, the
%CYV values were within 9.4%, and the percent bias values were within
1.9%.

Plasma samples were analyzed for rifampin and its metabolite 25-
desacetyl rifampin concentration using a specific and validated high-pres-
sure liquid chromatography (HPLC) with UV detection method by Tan-
dem Laboratories. Rifampin, its metabolite, and the internal standard
(sulindac) were extracted from plasma using solid-phase extraction. The
method was linear over a range between 0.200 and 40.0 p.g/ml for rifam-
pin and between 0.100 and 5.00 pg/ml for the metabolite, with calibration
curve r = 0.9998. For each batch of samples processed, the calculated
concentrations of at least two-thirds of the QC samples were within 15%
of nominal. At each QC concentration, the %CV values were within 3.8%,
and the percent bias values were within 6.3% for both analytes.

Plasma samples were analyzed for isoniazid and pyrazinamide con-
centration using a specific and validated HPLC/UV method developed by
PRA International. Isoniazid, pyrazinamide, and the internal standard
(nicotinamide) were extracted from plasma using liquid-liquid extrac-
tion. The method was linear over a range between 0.0500 and 15.0 pg/ml
for isoniazid and between 0.500 and 100 pwg/ml for pyrazinamide, with
calibration curve r = 0.9995 for both analytes. For each batch of samples
processed, the calculated concentrations of at least two-thirds of the QC
samples were within 15% of nominal. At each QC concentration, the
%CYV values were within 3.6% for isoniazid and pyrazinamide, and the
percent bias values were within 2.3% for both analytes. The N-acetyl-

October 2016 Volume 60 Number 10


http://aac.asm.org

transferase (NAT2) genotype to support isoniazid metabolism inter-
pretation and the CYP2C9 genotype to assess delamanid metabolism
interpretation were determined by Gentris Clinical Genetics, Inc.
(Morrisville, NC).

(i) Study 2. Plasma samples were analyzed for delamanid and metab-
olite concentration using a specific and validated UPLC-MS/MS method
by Tandem Laboratories similar to that described for study 1 (21). Plasma
samples were analyzed for lopinavir and ritonavir concentration using a
specific and validated LC-MS/MS method by Tandem Laboratories. Lopi-
navir, ritonavir, and their deuterated internal standards were extracted
from plasma using solid-phase extraction, followed by injection of the
supernatant. The samples were quantitated against calibration standards
prepared in plasma and processed like the samples. The method was linear
over the range between 5.00 and 5,000 ng/ml for lopinavir and ritonavir,
with a calibration curve of r* = 0.9868 for both analytes. For each batch of
samples processed, the calculated concentrations of at least two-thirds of
the QC samples were within 15% of nominal. At each QC concentration,
the %CV values were within 4.5%, and the percent bias values were within
4.7% for both analytes.

Plasma samples were analyzed for tenofovir concentration using a
specific and validated LC-MS/MS method developed by Tandem Labora-
tories. The samples were quantitated against calibration standards pre-
pared in plasma and processed like the samples. The method was linear
over the range between 1.00 and 500 ng/ml tenofovir, with calibration
curve of r* = 0.9868. For each batch of samples processed, the calculated
concentrations of at least two-thirds of the QC samples were within 15%
of nominal. At each QC concentration, %CV values were within 14.3%,
and the percent bias values were within 10.3%.

(iii) Study 3. Plasma samples were analyzed for delamanid and its
metabolites concentration by Tandem Laboratories using the UPLC-
MS/MS method described for study 2, but only quantifying the three
primary metabolites: DM-6704, DM-6705, and DM-6706. Plasma sam-
ples were analyzed for efavirenz concentration using a specific and vali-
dated LC-MS/MS method (Tandem Laboratories). The method was lin-
ear over the range between 10.0 and 2000 ng/ml for efavirenz, with a
calibration curve of * = 0.9979. For each batch of samples processed, the
calculated concentrations of at least two-thirds of the QC samples were
within 15% of nominal. At each QC concentration, the %CV values were
within 5.8%, and the percent bias values were within 2.0%. The CYP2B6*
genotype was determined using the Affymetrix DMET Plus Array by Co-
vance Genomics Laboratory LLC, Seattle, WA.

Pharmacokinetic and statistical analysis. In all three studies, the con-
centration values below the quantitation limit were set to zero for the PK
parameter calculations and descriptive statistics. Actual blood sample
times were used for PK calculations, and the PK plasma concentration-
time data were analyzed using a noncompartmental method (22). Values
for C, . and T, ,, were determined directly from the observed data. The
AUC values were determined using the linear trapezoidal rule. AUC from
time 0 to the end of the dosing interval (AUCT) was estimated from data
after the last dose in these multiple-dose studies.

PK calculations were performed with WinNonlin version 4.0 for study
1 and version 5.2 for studies 2 and 3 (Pharsight Corporation, Princeton,
NJ). Descriptive statistics for plasma concentrations by treatment and
time point and PK parameters by treatment were determined by using
S-Plus version 6.1 for studies 1 and 2 (Insightful Corporation, Palo Alto,
CA) and by SAS version 9.1.3 for study 3 (SAS, Cary, NC). For all studies,
the primary PK analysis variables were C,,,. and AUCr for delamanid and
coadministered drugs. Statistical analyses were performed using the log-
transformed data of C,,, and AUCrt. The magnitude of the drug-drug
interaction was assessed by computing the ratio of the geometric means
(GMR) of the drug in combination versus alone and the corresponding
90% confidence intervals (Cls) based on the log-transformed data. In
study 1, for delamanid, the ratio of delamanid and ethambutol plus the
fixed-dose combination of Rifater to delamanid alone was determined.
For ethambutol, the ratio of ethambutol-Rifater plus delamanid to
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ethambutol-Rifater alone was determined. Similar analyses were per-
formed for each additional drug in the regimen (rifampin, isoniazid, and
pyrazinamide). For studies 2 and 3, the magnitude of the drug-drug in-
teraction was assessed by computing the GMR and the corresponding
90% ClIs based on the log-transformed data similar to study 1.

The interpretation of the confidence intervals was based on the article
by Williams et al. (23), where four possible outcomes are possible: (i)
equivalence is documented (the 90% CIs are within the 0.8 to 1.25 limits),
(ii) equivalence is suggested (where one of the intervals is outside the
boundary, but the GMR is within the boundary), (iii) nonequivalence is
documented (the 90% ClIs are outside the boundaries), and (iv) non-
equivalence is suggested (where both the GMR and one of the intervals are
outside the boundary).

RESULTS

Subject population. Demographic characteristics of the healthy
subjects enrolled in the three drug-drug interaction studies are
shown in Table 1 by study and treatment group. Subjects were
mostly white (about 70% of the subjects enrolled), non-Hispanic
(50% to 93%), and male (50% to 67%), and they ranged in age
from 18 to 45 years. Overall, the healthy subject populations were
similar in the three studies.

Subject disposition. (i) Study 1. A total of 55 subjects were
randomized and received at least one dose of study drug and thus
were analyzed for safety: 14 in the delamanid plus placebo group,
22 in the delamanid and ethambutol-Rifater group, and 19 in the
placebo and ethambutol-Rifater group. Overall, 25/55 subjects
(45.5%) discontinued the study, 21/55 subjects (38.2%) due to
adverse events (AEs) and 4/55 (7.3%) due to investigator with-
drawal of the subject. Most of the subjects (19/21) who discontin-
ued due to an AE experienced a generalized rash after receiving the
first dose of ethambutol-Rifater and were discontinued prior to
receiving any delamanid or placebo for delamanid. The greater
than planned number of subjects, as well as the imbalance in the
number randomized per group, reflects the decision to replace 16
subjects who either withdrew due to a generalized rash (known to
be a tolerance issue with Rifater) (18) or who were withdrawn by
the investigator because of a suspected decrease in visual acuity,
which was shown on further investigation to be a false-positive
event. No AEs related to visual acuity changes were reported. No
clinically relevant changes in safety ECGs were noted over time for
subjects in any treatment group. The maximum time-matched
mean change from baseline in individually corrected QT intervals
(QTcI) was lower for the delamanid and ethambutol-Rifater
group compared to the delamanid plus placebo group (3.4 ms
versus 8.5 ms). Excluding the high incidence of generalized rash in
subjects treated with a single dose of ethambutol-Rifater observed
in this study, overall, multiple once-daily oral doses of 200 mg of
delamanid alone and in combination with ethambutol and rifam-
pin/isoniazid/pyrazinamide were well tolerated.

(ii) Study 2. A total of 89 subjects were randomized and re-
ceived at least one dose of study drug and thus were analyzed for
safety: 15 in the delamanid-only group, 5 in the efavirenz-only
group, 4 in the efavirenz plus delamanid group, 17 in the tenofo-
vir-only group, 18 in the tenofovir plus delamanid group, 14 in the
lopinavir/ritonavir-only group, and 16 in the lopinavir/ritonavir
plus delamanid group. All of these subjects were included in the
safety analysis. The original protocol had a treatment group re-
ceiving efavirenz (dosed in the morning) and another group re-
ceiving coadministered efavirenz (dosed in the morning) and
delamanid (dosed twice daily). Nine subjects were in these groups.
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Subjects receiving efavirenz alone or delamanid plus efavirenz ex-
perienced central nervous system (CNS)-related AEs. These CNS
events were likely due to administering efavirenz in the morning
and resulted in the cessation of dosing in these two treatment
arms, early discontinuation of subjects in the other treatment
arms in the study, and an amended protocol with five treatments
(reported here as study 2). The incidence of AEs among subjects
taking delamanid coadministered with the antiretroviral drugs
tenofovir and lopinavir/ritonavir was comparable to that in pa-
tients taking the antiretroviral drugs alone. Overall, the combina-
tions of delamanid with either tenofovir or with lopinavir and
ritonavir were well tolerated.

(iii) Study 3. As a result of the neuropsychiatric AEs observed
with the use of efavirenz plus delamanid in study 2, the two efa-
virenz arms were suspended, and a new study (Study 3) was de-
signed with enhanced safety features (including dosing efavirenz
in the evening on an empty stomach, consistent with labeling, and
exclusion of patients with a prior psychiatric or drug abuse prob-
lem) to further explore the potential for drug-drug interaction. A
total of 30 subjects were randomized and received at least one dose
of study drug and thus were analyzed for safety: 15 in the efa-
virenz-only group and 15 in the group receiving delamanid alone
for 7 days, followed by delamanid plus efavirenz for 10 days. Of the
30 subjects (86.7%), 26 completed the study. The administration
of efavirenz alone, delamanid alone, and delamanid plus efavirenz
were well tolerated, although the overall incidence of AEs was
higher during concomitant dosing compared to either medication
alone. While a higher rate of neuropsychiatric AEs (e.g., euphoric
mood and abnormal dreams) was observed with delamanid plus
efavirenz compared to either drug alone, no subject discontinued
the study because of neuropsychiatric events or had serious neu-
ropsychiatric AEs.

Pharmacokinetic results. The delamanid plasma concentra-
tion-versus-time profiles after multiple dosing for delamanid
alone or with each coadministered drug (by study) are shown in
Fig. 1. Key PK parameters for delamanid, the number of PK evalu-
able subjects, and statistical evaluations of potential drug-drug
interactions (by study) are presented in Table 2. PK parameters of
coadministered drugs and statistical evaluation of potential drug-
drug interactions (by study) are presented in Table 3.

(i) Study 1. Delamanid concentrations reached steady state by
day 15, the last day of dosing, following 200-mg once-daily dosing
of delamanid alone or with ethambutol-Rifater. As expected,
given the long half-life of metabolites (19), delamanid metabolite
concentrations did not yet reach steady state with the 15-day du-
ration of the study. Based on the criteria of Williams et al., non-
equivalence of steady-state delamanid C,,,,, and AUCT was docu-
mented when coadministered with ethambutol-Rifater (C,,,,
geometric mean ratio [GMR] = 0.577 [90% CI = 0.492 to 0.676]
and AUCT GMR = 0.525 [90% CI = 0.439 to 0.628]) (Table 2).
The concentrations of the primary and most prevalent metabo-
lites of delamanid in this study (DM-6704, DM-6705, and DM-
6706) were also about 30 to 50% lower (based on the AUC) when
delamanid was coadministered with ethambutol-Rifater (Table 4).
The mean day 15 AUC ratio of metabolite DM-6704 to delamanid
and the ratio of metabolite DM-6705 to delamanid were similar
between treatments. This observation, coupled with the overall
lower concentrations of metabolites, suggests that induction of
CYP3A4 by rifampin does not play a major role in the observed
lower delamanid exposure with combination treatment and that
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FIG 1 Delamanid plasma concentration-time profiles alone or with coadmin-
istered drugs. DLM, delamanid; EFV, efavirenz; EMB, ethambutol; KAL, Kale-
tra (lopinavir/ritonavir); TDF, tenofovir.

reduced bioavailability of delamanid may occur when delamanid
is coadministered with ethambutol-Rifater under the conditions
of this study. CYP2C9 genotype had no effect on delamanid PK
(unpublished results).

With regard to ethambutol concentrations, following coad-
ministration of ethambutol-Rifater with delamanid, equivalence
was suggested (Table 3). After the coadministration of ethambu-
tol-Rifater with delamanid, equivalence was suggested for rifam-
pin and pyrazinamide exposures when compared to Rifater given
alone (Table 3). With regard to isoniazid, as expected, NAT2 ge-
notype had a profound effect on isoniazid exposure, with slow
acetylators having ~2-fold-higher isoniazid concentrations than
intermediate/rapid acetylators. Since the two groups were not
matched for genotype, the prospective statistical analysis for iso-
niazid AUCT was not interpretable. From visual inspection of in-
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TABLE 2 Delamanid pharmacokinetic parameters by treatment group and drug-drug interaction comparison”

Delamanid parameter estimate GMR (90% CI)

Study Treatment n Tonax (h) Conax (ng/ml) AUCT (ng-h/ml) Crnax AUCT
1 DLM + PLC 13 4.00 (4.00-8.00) 476 = 119 5,950 * 1,440

DLM + EMB + Rifater 8 4.06 (4.00-5.00) 270 = 38.9 3,110 = 706 0.577 (0.492-0.676) 0.525 (0.439-0.628)
2 DLM alone 11 4.00 (4.00—4.00) 617 = 135 4,700 = 733

DLM + TDF 13 4.00 (3.00-8.05) 518 = 114 4,510 £ 770 0.840 (0.714-0.989) 0.958 (0.835-1.099)

DLM + KAL 12 4.00 (3.00-5.00) 734 + 196 5,830 £ 1,660 1.177 (0.997-1.390) 1.216 (1.057-1.399)
3 DLM alone 14 4.00 (2.00-6.00) 391 (66.2) 4,382 £ 754

DLM + EFV 12 4.00 (0.00-6.02) 394 (72.9) 4,239 £ 775 0.995 (0.926-1.069) 0.968 (0.910-1.030)

“ DLM, delamanid; EFV, efavirenz; EMB, ethambutol; KAL, Kaletra (a combination tablet of ritonavir and lopinavir); n, total number of subjects enrolled in a treatment group; NA,
not applicable; PLC, placebo; Rifater, a combination tablet of rifampin, pyrazinamide, and isoniazid; TDF, tenofovir. The C,,,,, and AUCr data are presented as means * the

standard deviations; the T,
delamanid alone.

dividual AUCr values for slow acetylators compared to interme-
diate/rapid acetylators, delamanid had no effect on isoniazid PK
(Fig. 2).

(ii) Study 2. Delamanid concentrations reached steady-state by
day 14, the last day of dosing, following 100-mg twice-daily dosing
of delamanid alone or with either 300 mg of tenofovir once daily
or 400 mg of lopinavir plus 100 mg of ritonavir (Kaletra) twice
daily, as indicated by the individual day 12 through day 14 predose
delamanid plasma concentrations. Table 2 provides the summary
PK data and a statistical evaluation for delamanid. Equivalence in
the steady-state exposure of delamanid was documented when
coadministered with tenofovir. Equivalence was suggested for
delamanid exposure after lopinavir/ritonavir coadministration.
When coadministered with delamanid, equivalence was docu-
mented for steady-state exposure of lopinavir and suggested for
tenofovir and ritonavir (Table 3).

(iii) Study 3. Steady-state was reached for delamanid (7 days of
100-mg twice-daily dosing) and efavirenz (10 days of once-daily
600 mg dosing in the evening) concentrations as indicated by the
individual predose plasma concentrations. As shown in Table 2
and Fig. 1, efavirenz did not affect the steady-state exposure of
delamanid, and delamanid did not affect efavirenz plasma con-
centrations (Table 3). The efavirenz plasma exposure was in
agreement with CYP2B6* genotype (unpublished results).

DISCUSSION

Delamanid received regulatory approval in the European Union,
Japan, and the Republic of Korea for use as part of an appropriate

‘max data are presented as medians, with the minimum to maximum range in parentheses. GMR (90% CI) = delamanid plus concomitant drug to

combination drug regimen to treat pulmonary MDR-TB in
adults. During the development of delamanid, it was determined
that delamanid is primarily metabolized by plasma albumin (15)
to form DM-6705 and that delamanid is not metabolized by CYP
enzymes (4). Subsequently, the metabolism of DM-6705 is
thought to occur via three different pathways, some of which are
thought to be mediated by CYP3A4 (24). The in vitro data indi-
cated that the lack of involvement of CYP in the primary metab-
olism of delamanid may be advantageous with regard to potential
drug-drug interactions relative to other newer anti-TB agents.
However, prediction of in vivo interactions from in vitro data can
be misleading due to complex factors such as heterotropic effects,
partial inhibition, nonspecific protein binding, etc., that may bias
the extrapolation (25). Therefore, in vivo studies to confirm in
vitro predictions are important, and these three studies were con-
ducted to investigate whether the lack of CYP involvement in vitro
was reflected in a lack of in vivo drug-drug interaction.

The anti-TB drug combination of ethambutol-Rifater (isonia-
zid, rifampin, and pyrazinamide) with delamanid for 15 days in
study 1 resulted in about 45% lower exposure of delamanid. Con-
centrations of the four most prevalent metabolites of delamanid
(DM-6704, DM-6705, DM-6706, and DM-6722) were also about
30% and 50% lower relative to delamanid treatment alone (Fig.
3). The ratios of metabolite DM-6704 or metabolite DM-6705 to
delamanid were similar between treatments (unpublished re-
sults). These observations, coupled with the overall lower concen-
trations of metabolites, suggest that induction of CYP3A4 by ri-

TABLE 3 Pharmacokinetic parameters of coadministered drugs and drug-drug interaction comparison”

Coadministered drug Cna (ng/m1)

AUCTt (h-pg/ml)

(study no.) Without DLM (n)

With DLM ()

GMR (90% CI)

Without DLM (1)

WITH DLM (n)

GMR (90% CI)

Isoniazid (1)
Rifampin (1)
Pyrazinamide (1)
Ethambutol (1)
Tenofovir (2)
Lopinavir (2)
Ritonavir (2)
Efavirenz (3)

5.54 + 1.69 (9)
11.2 + 3.87 (9)
49.7 + 10.4 (9)
3.56 + 0.93 (9)
0.326 =+ 0.069 (12)
12.9 * 3.17 (11)
1.30 * 0.68 (11)
5.95 + 1.67 (14)

4.62 + 0.98 (8)
13.2 + 5.41 (8)
51.4 + 9.06 (8)
4.45 + 0.82 (8)
0.294 %+ 0.076 (13)
13.6 = 3.38 (12)
1.27 = 0.80 (12)
5.81 = 3.03 (12)

0.854 76-1.0 (0.679)
1.141 (0.775-1.677)
1.043 (0.876-1.243)
1.268 (1.046-1.538)
0.894 (0.768—1.040)
1.050 (0.880—1.254)
0.959 (0.657—1.399)
0.937 (0.754-1.165)

20.0 = 8.0 (9)
482 + 18.3 (9)
488 + 90.3 (9)
18.2 *3.21(9)
3.130 =+ 0.730 (12)
112 + 22.5 (11)
5.83 + 1.94 (11)
84.7 + 37.8 (14)

12.1 £ 6.9 (8)
55.9 + 28.6 (8)
533 + 141 (8)
224+ 4.77 (8)

2.850 = 0.644 (13)

118 * 33.0 (12)
6.20 + 2.94 (12)
83.1 = 57.8 (12)

0.588" (0.399-0.867)
1.071 (0.687-1.670)
1.074 (0.886-1.303)
1.226 (1.043-1.441)
0.914 (0.781-1.068)
1.036 (0.864-1.244)
1.031 (0.773-1.373)
0.937 (0.715-1.228)

“GMR (90% CI) = concomitant drug plus delamanid versus concomitant drug alone. DLM, delamanid. C,,,, and AUCT data are presented as means * the standard deviations.

90% CI, 90% confidence interval; 7, number of subjects.
 The GMR data presented for isoniazid are confounded by the NAT?2 genotype since the groups were not matched for slow and rapid acetylators (unpublished data).
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TABLE 4 Delamanid metabolite pharmacokinetic parameters with or without ethambutol-Rifater in study 1°

Mean = SD

DLM + PLC (n = 13)

DLM + EMB + Rifater (n = 8)

Treatment metabolite Chax (ng/ml) AUCT (ng-h/ml) Cax (ng/ml) AUCT (ng-h/ml)
DM-6704 63.5 = 23.4 1,290 * 477 327+ 14.2 667 * 262
DM-6705 553+ 13.6 1,140 = 311 40.7 £ 13.3 799 £ 227
DM-6706 451+ 174 937 * 351 22.0 =135 447 * 239
DM-6722 21.1 = 10.2 434 = 214 10.1 = 4.88 202 = 96.7

“ DLM, delamanid; EMB, ethambutol; #, number of subjects; PLC, placebo; Rifater, a combination tablet of rifampin, pyrazinamide, and isoniazid.

fampin does not play a major role in the observed lower
delamanid exposure with the combination treatment. Rifampin is
a potent inducer of cytochrome P450 isozymes, including
CYP3A4.If the lower delamanid concentrations with ethambutol-
Rifater treatment were due to the induction of CYP3A4, a signif-
icant increase in at least one of the metabolites should have been
observed. Since the metabolite concentrations were not higher
after coadministration with Rifater-ethambutol, the lower dela-
manid concentrations are likely due to decreased bioavailability of
delamanid rather than a change in intrinsic clearance, as would
occur after induction by rifampin. In addition, since delamanid
coadministered with efavirenz, a CYP3A inducer, did not result in
changes in delamanid exposure (study 3), the induction of
CYP3A4 is unlikely to have been a major factor for the lower
delamanid exposure. Also, considering the low solubility of dela-
manid, limited absorption of delamanid may have occurred when
a total of 15 tablets were ingested by the subjects (including dela-
manid and the other coadministered medications) within 1.5 h.
Induction of MDR1 transporters in the intestine by rifampin is
also unlikely since delamanid is neither a substrate of nor an in-
hibitor of MDR1 (19).

A limitation of study 1 is the fact that a combination of many
drugs was given. A more direct evaluation of the potential for
interaction with a strong inducer of CYP3A4 would be to study
delamanid with a single agent-inducer, such as carbamazepine.
However, based on in vitro data and the efavirenz data, no signif-
icant interaction is expected. Of note, given delamanid’s currently

approved indication for the treatment of MDR-TB (19), it is not
expected to be used with the combination of isoniazid, rifampin,
pyrazinamide, and ethambutol, given the current World Health
Organization guidelines. However, if such a combination is to be
administered with delamanid, caution should be exercised given
the decrease in delamanid exposure when administered with the
combination. Another limitation is the wide confidence intervals
for some of the coadministered drugs, which reflect the relatively
limited number of subjects and a parallel-arm design, necessitated
by the relatively long half-life of delamanid’s metabolites. Study 1
also evaluated the potential effect of delamanid on the coadmin-
istered drugs. Delamanid did not meaningfully affect the plasma
exposure of coadministered anti-TB drugs isoniazid/rifampin/
pyrazinamide or ethambutol.

The antiretroviral drug tenofovir, when coadministered with
delamanid, did not affect delamanid or delamanid metabolite sys-
temic exposure in a clinically relevant manner (study 2). Tenofo-
vir is not metabolized by CYP450 isoenzymes, nor is it an inducer
or inhibitor of these enzymes. Tenofovir is renally eliminated as
unchanged drug by a combination of glomerular filtration and
active tubular secretion (26). The small changes seen when coad-
ministered with delamanid are not clinically relevant and are in
agreement with the expectation of a lack of interaction based on
the metabolic profile of tenofovir and delamanid.

The antiretroviral drug combination of lopinavir/ritonavir
(Kaletra), in which ritonavir is a known strong inhibitor of
CYP3A4, coadministered with delamanid, resulted in an approx-
imately 25% higher exposure of delamanid and metabolite DM-
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DM-6704
6000 - DM-6705
. DM-6706
TEl ® DM-6717
DM-6718
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— c DM-6721
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: : =
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FIG 2 Individual subject steady-state isoniazid AUCT grouped by acetylator
genotype after the administration of ethambutol-Rifater alone or with dela-
manid. DLM, delamanid; EMB, ethambutol.
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FIG 3 Mean AUCrt (day 15) of delamanid (OPC-67683) and metabolites with
or without coadministration of ethambutol-Rifater. DLM, delamanid; DM,
delamanid metabolite; EMB, ethambutol.
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6705 and an approximately 75% higher exposure of metabolite
DM-6704, while other metabolites were lower (study 2, unpub-
lished results). Lopinavir is neither an inhibitor nor an inducer of
CYP450 isozymes. Ritonavir is an inhibitor of cytochrome CYP3A
and CYP2D6 to a lesser extent. It also appears to induce CYP3A,
CYP1A2, CYP2C9, CYP2C19, and CYP2B6, as well as glucurono-
syltransferase. Given that ritonavir is a strong inhibitor of CYP3A,
if indeed CYP3A were an important pathway for the metabolism
of delamanid, there would have been a significant increase in dela-
manid concentrations. Although there was a small increase in
delamanid exposure, it was not clinically meaningful. Further, the
inconsistent pattern of metabolite changes, where some of them
increased and some decreased, supports the lack of significant
CYP3A involvement. Some involvement of CYP3A is possible, as
evidenced by the changes in both delamanid concentrations as
well as its metabolites.

Efavirenz is metabolized by CYP3A4 and CYP2B6 and is
known to inhibit in vitro CYP2C9, CYP2C19, and CYP3A4 at
therapeutic concentrations. In vivo, efavirenz is a moderate in-
ducer of CYP3A4, as well as CYP2B6, and 2C19 (20). In this trial
design, as in medical practice, efavirenz was given at night to re-
duce known AEs. Hence, PK profiles of efavirenz and delamanid
were measured after the evening dose and at steady state, namely,
after 10 days of efavirenz and after 7 days of delamanid adminis-
tration. Coadministration of delamanid with efavirenz did not
significantly affect delamanid exposure (study 3).

Thus, with regard to the interacting drugs, coadministration of
delamanid with tenofovir, lopinavir/ritonavir, or efavirenz did
not significantly affect the systemic exposure of these drugs. This is
particularly important since combinations of efavirenz, tenofovir,
and an additional NRTT are the first line of HIV therapy in many
countries where the MDR-TB/HIV coinfection rate is high. The
lack of significant CYP-related drug-drug interactions of dela-
manid in clinical studies is supported by in vitro metabolism data.
In vitro studies showed that metabolites of delamanid were mini-
mally quantifiable after incubation of delamanid with liver micro-
somes, indicating that delamanid is not metabolized by CYP en-
zymes and, additionally, that delamanid had neither stimulatory
nor inhibitory effects on CYP activities (4). In addition, in vitro
studies have shown that delamanid is not a substrate of the
human transporters MDR1, BCRP, OCT1, OATP1BI1, and
OATPI1B3 and that delamanid does not inhibit the major hu-
man transporters MDR1, BCRP, OAT1, OAT3, OCT1, OCT2,
OATP1B1, OATP1B3, and BSEP (19).

In consideration of other drugs for MDR-TB that could poten-
tially be administered with delamanid, there are several that are
currently being used, such as clofazimine, various fluoroquinolo-
nes, ethionamide, prothionamide, cycloserine, paraaminosalicylic
acid, polypeptides, aminoglycosides, high-dose isoniazid, and
pyrazinamide, which are eliminated by conjugation, acetylation,
metabolism by CYP450 isoenzymes, or renal excretion. In addi-
tion, other drugs, both new and in development, such as bedaqui-
line and PA-824, are substrates of and are metabolized by CYP3A
(9, 10). Given that delamanid is not a substrate, inhibitor, or in-
ducer of CYP450 isozymes and that it is not conjugated, acety-
lated, or excreted renally, clinically relevant metabolic interac-
tions with these drugs, if coadministered together, are unlikely.

The drug-drug interaction studies conducted with delamanid
show little effect on delamanid exposure due to induction or in-
hibition of CYP enzymes, which is in agreement with the in vitro
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data. The results of the studies with inducers of CYP3A4 (rifampin
and efavirenz) or inhibitors (ritonavir) indicated that CYP3A4
does not play a major role in delamanid’s metabolism, a finding in
agreement with the in vitro data. Also, delamanid has little poten-
tial for clinically significant CYP-related drug-drug interactions
and may be safely coadministered with other drugs whose metab-
olism is mediated via the CYP450 pathways.
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