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Background.  Ethionamide is used to treat multidrug-resistant tuberculosis (MDR-TB). The antimicrobial pharmacokinet-
ics/pharmacodynamics, the contribution of ethionamide to the multidrug regimen, and events that lead to acquired drug resist-
ance (ADR) are unclear.

Methods. 'We performed a multidose hollow fiber system model of tuberculosis (HFS-TB) study to identify the 0-24 hour
area under the concentration-time curve (AUC_ ,,) to minimum inhibitory concentration (MIC) ratios that achieved maximal kill
and ADR suppression, defined as target exposures. Ethionamide-resistant isolates underwent whole-genome and targeted Sanger
sequencing. We utilized Monte Carlo experiments (MCEs) to identify ethionamide doses that would achieve the target exposures in
10000 patients with pulmonary tuberculosis. We also identified predictors of time-to-sputum conversion in Tanzanian patients on
ethionamide- and levofloxacin-based regimens using multivariate adaptive regression splines (MARS).

Results. An AUC_,,/MIC >56.2 was identified as the target exposure in the HFS-TB. Early efflux pump induction to ethion-
amide monotherapy led to simultaneous ethambutol and isoniazid ADR, which abrogated microbial kill of an isoniazid-ethambu-
tol-ethionamide regimen. Genome sequencing of isolates that arose during ethionamide monotherapy revealed mutations in both
ethA and embA. In MCEs, 20 mg/kg/day achieved the AUC_, /MIC >56.2 in >95% of patients, provided the Sensititre assay MIC
was <2.5 mg/L. In the clinic, MARS revealed that ethionamide Sensititre MIC had linear negative relationships with time-to-sputum

conversion until an MIC of 2.5 mg/L, above which patients with MDR-TB failed combination therapy.

Conclusions.
ethionamide exposures led to efflux pump-mediated ADR.
Keywords.

Ethionamide is an important contributor to MDR-TB treatment regimens, at Sensititre MIC <2.5 mg/L. Suboptimal

efflux pumps; hollow fiber system model; artificial intelligence; MIC vs clinical outcome; tuberculous meningitis.

Ethionamide is used in both the long and shorter forms of
multidrug-resistant (MDR) tuberculosis treatment, together
with first- and second-line agents [1]. Ethionamide is admin-
istered at a dose of 15-20 mg/kg/day, usually as 2 to 3 divided
doses; there are no pharmacokinetics/pharmacodynam-
ics (PK/PD) studies to support this dose choice. Moreover,
there is still considerable debate as to what exactly ethio-
namide adds to an MDR tuberculosis regimen with such
highly active agents such as fluoroquinolones. There are 2
possible approaches to identify the contribution of ethio-
namide to the MDR tuberculosis regimens: preclinical PK/
PD studies or a clinical study indicating that ethionamide
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resistance is associated with worse outcomes [2-4]. Here,
we performed PK/PD studies for ethionamide in the hollow
fiber system model of tuberculosis (HFS-TB), a model with
good clinical predictive accuracy [5-8]. Results were used to
identify a dose of ethionamide that could achieve the identi-
fied optimal exposures in patients. In parallel, we also used
machine-learning algorithms to identify the most important
predictors of outcome in Tanzanian patients on an ethion-
amide-containing World Health Organization (WHO)-based
regimen.

Ethionamide is a prodrug that is activated by the Baeyer-
Villiger monooxygenase EthA (encoded by Rv3854c), which is
regulated by the transcriptional repressor EthR. EthA and EthR
mutations are associated with ethionamide resistance. Once
activated, both ethionamide and its structural analogue isonia-
zid kill Mtb by inhibiting the molecular target InhA; mutations
lead to simultaneous resistance to either drug, so that each
can generate resistance to the other [9]. Large proportions of
isoniazid-resistant (approximately 30%) MDR tuberculosis
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(>62%) and extensively drug-resistant tuberculosis (>92%) iso-
lates carry inhA promoter mutations, and most carry catalase
peroxidase (katG) mutations so that simultaneous resistance
is common. The hazard ratios for relapse were 4.3 with katG
mutations and 8.7 with inhA promoter mutations [10-12]. The
shorter-form WHO regimen is dependent on high-dose isoni-
azid and ethionamide to overcome “low-level” isoniazid resist-
ance conferred by the inhA mutations. The benefit of high-dose
isoniazid and ethionamide with higher ethionamide minimum
inhibitory concentrations (MICs) is unclear; indeed, ethion-
amide MICs are often not determined in treatment programs.
On the other hand, while efflux pump induction leads to simul-
taneous resistance between isoniazid and ethambutol, the role
of efflux pumps in ethionamide resistance is unknown [13-15].
Therefore, we sought to determine if exposure to ethionamide
confers cross-resistance, or at least cross-tolerance, to isonia-
zid and ethambutol. This would help determine if it is wise
to use these drugs in companion with ethionamide in MDR-

tuberculosis regimens.

METHODS

Materials, Organisms, and Reagents

Mtb H37Ra (American Type Culture Collection 25177) was uti-
lized for the HFS-TB experiments as described elsewhere [16].
Ethionamide was purchased from Sigma Aldrich (St. Louis,
MO). Ethionamide-d3 (internal standard) was purchased from
Santa Cruz Biotechnology (Dallas, TX). Hollow fiber cartridges
were purchased from FiberCell (Frederick, MD). We utilized
the BACTEC MGIT 960 Mycobacterial Growth Indicator Tube
(Mycobacterial Growth Indicator Tube; Franklin Lakes, NJ)
system to monitor time to positivity (TTP).

MICs and Screening for Exposure Effect of Ethionamide Against Mth
MICs for the laboratory strain were identified using the MGIT
and microbroth assays as described elsewhere [17]. We also
examined MICs using the MYCOTB Sensititre assay, per man-
ufacturer’s instructions. Next, we coincubated Mtb with static
concentrations of ethionamide (0, 1, 2, 4, 8, 16, 32, 64, and
128 mg/L) for 7 days in test tubes and 12-well plates as described
elsewhere [17, 18].

HFS Tuberculosis Ethionamide Study, Whole-genome Sequencing, and
PK-PD Modeling

HFS-TB growth conditions for log-phase growth Mtb for
ethionamide, were as described in the introduction articles
and elsewhere [19-23]. Ethionamide treatment was infused via
computerized syringe pumps over a 2-hour period to mimic
time to maximum concentration encountered in patients and
0-24 hour area under the concentration time curve (AUC_,,)
to MIC (AUC,,/MIC) exposures of 0, 2.1, 4.2, 9.2, 17.9, 32.4,
and 74.4, for a total duration of 35 days [24]. Ethionamide

concentrations in each system were programmed to decline
at a half-life of 3 hours. The central compartment was sam-
pled at 0, 2, 4, 6, 9, 11, and 23.5 hours after the day 28 dose
for ethionamide concentrations, which was measured using
assays described in the Supplemental Methods. The periph-
eral compartment was sampled on days 0, 1, 2, 7, 14, 21, and
28 for quantification of total bacterial burden using both TTP
and colony-forming unit (CFU) counts on Middlebrook 7H10
agar plus 10% oleic acid-dextrose-catalase (OADC) [17, 20,
25]. Ethionamide-resistant CFUs, defined as growth on agar
supplemented with 5 times the ethionamide MIC alone or in
the presence of the efflux pump blocker verapamil, were also
captured.

Beginning on day 28, each of the ethambutol-treated
HFS-TB units was also treated with isoniazid and ethambutol
at concentration-time profiles achieved by daily 10 mg/kg
of isoniazid and 25 mg/kg of ethambutol for 7 days. HFS-TB
units were sampled as described above for drug concentra-
tions after the day 28 triple dose, while the peripheral com-
partment was sampled for bacterial cultures on days 28, 30,
and 35 for estimation of Mtb burden, as well as for colonies
resistant to ethambutol (3 x MIC), isoniazid (3 x MIC), and
ethionamide. Ethionamide-resistant colonies underwent
whole-genome sequencing as described elsewhere, and muta-
tions were confirmed using Sanger sequencing [17, 26, 27].
0—24/
MIC and microbial kill and resistance was modeled as out-

The relationship between PK/PD exposures such as AUC

lined in the accompanying introduction article, and the EC,;
(exposure associated with 80% of maximal kill) was calculated
as the target exposure [19].

Monte Carlo Experiments

The rationale and steps for Monte Carlo experiments (MCEs)
are detailed in the introduction article [19]. We utilized the
ethionamide population pharmacokinetic parameters and
variance by Zhu et al (Table 1) [28]. We also utilized the pub-
lished spreadsheets of Donald and Seifert [29] as well as those
of Hughes and Smith [30] of ethionamide cerebrospinal fluid
(CSF) concentration-time profiles to identify CSF population
pharmacokinetic parameter estimates using ADAPT, which
we then used for tuberculous meningitis MCEs. Conte et al
have identified an epithelial lining fluid-to-serum ratio of 8.7,
which we used for pulmonary tuberculosis MCEs [31]. We
examined doses of ethionamide at 10, 15, 20, 25, and 30 mg/kg
per day for the probability to achieve or exceed the EC, (target
exposure) in the lung or CSF of 10000 tuberculosis patients at
each dose. For MIC distribution, we used the results of Huang
et al [32]. We also examined the performance of each dose
using the MIC distribution from Tanzanian patients based
on the MYCOTB Sensititre assay (described below). For each
MIC method, we calculated the PK/PD target exposure using
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Table 1. Ethionamide Pharmacokinetic Parameters and Variances

Domain of Input

US Food and Drug Administration

10000 Simulated Patients Ethionamide Label Information®

Pharmacokinetic Parameter (Mean + SD) [2, 3] (Mean + SD) (Mean = SD)

Clearance, L/h/kg 1.88 +2.26 192 + 1.56

Volume, L/kg 3.95 + 1.20 3.93+2.12 (93.5 + 19.2)°

Absorption constant, hour 0.25 +0.10 0.25 £ 0.32

0-24 hour area under the concentration-time curve, 714 +5.21 767 + 1.69
mg*h/L for 250 mg

Peak, mg/L for 250 mg 142 + 1.46 2.16 + 0.61

Abbreviation: SD, standard deviation.
“https://www.accessdata.fda.gov/drugsatfda_docs/label/2006/013026s0241bl.pdf.

®Data not published in milligrams per kilogram, and patient weight not published.

the MIC identified with the particular MIC assay in our lab-
oratory strain.

Machine Learning Analyses of Tanzanian Patients With MDR Tuberculosis
Multivariate adaptive regression spline (MARS) models, which
are artificial intelligence algorithms that we have used previously
to identify high-order interaction and nonlinear relationships,
were used to identify predictors of time-to-sputum conversion
in 41 MDR tuberculosis patients [33-39]. The patients were
treated at Kibongoto Infectious Diseases Hospital in Tanzania
between May 2013 and August 2015. Further description of the
patient cohort and details on the MARS modeling are provided
in the Supplemental Methods.

RESULTS

Ethionamide Microbial Kill of Extracellular Mth

The ethionamide MIC of the laboratory strain used for HFS-TB
experiments was 1 mg/L based on the MGIT assay and 2.5 mg/L
based on the Sensititre assay. Examination of static ethion-
amide concentrations coincubated with log-phase growth Mtb
revealed a maximal kill (E__ ) of 1.94 + 0.12 log | CFU/mL and
. (EC,) of 2.64 £ 0.36
times MIC (? = 0.95). For intracellular Mtb, the same concen-
trations achieved an E__ of 2.88 + 0.26 log,, CFU/mL and an
EC,, of 1.01 £ 0.15 times MIC (r* = 0.90), which is better than
for extracellular effect.

the concentration mediating 50% of E

HFS-TB Pharmacokinetics and Pharmacodynamics

Ethionamide pharmacokinetic parameters were a clearance
of 0.06 + 0.00 L/h, volume of 0.24 + 0.02 L, and a half-life of
3.04 £ 0.39 hours. Thus, the variability between HFS-TB units
was low, indicating minimum technical variability. Figure 1A
shows the model predicted vs observed concentrations in the
HFS-TB units. Figure 1B-1H show the CFU/mL vs time curves
of the [i] total bacterial population, [ii] ethionamide-resistant
subpopulation, and [iii] ethionamide-resistant subpopulation

in the presence of ethionamide plus verapamil (efflux pump
inhibitor) for each AUC/MIC. In nontreated controls the
percentage of the ethionamide-resistant subpopulation was
unchanged and stayed below 1% throughout the 28 days. In
Figure 1C-1G the intermediate exposures amplified the pro-
portion of the ethionamide-resistant subpopulation, which was
mostly efflux-pump driven in the beginning but was explained
by another mechanism by day 28. Sequencing of ethion-
amide-resistant isolates picked from ethionamide-treated
HFS-TB units on day 28 revealed an ethA 394G>T (Glul32*)
mutation. In addition, 1 resistant isolate also had an Alal5Pro
embA mutation (captured from ethambutol-resistance plates),
even though the systems had not been exposed to etham-
butol as of yet. There were no katG or inhA or ethR promoter
or embB mutations. In Figure 1H, the highest ethionamide
exposure killed drug-susceptible and drug-resistant subpopu-
lations in parallel and thus totally suppressed emergence of the
drug-resistant subpopulation.

On day 28, there were sizeable ethambutol- and isoniazid-re-
sistant subpopulations in HFS-TB not yet exposed to etham-
butol and isoniazid, with the typical inverted “U” shape vs
ethionamide AUC/MIC shown in Figure 2A [22]. The mean kill
rates (ie, slopes of log, / CFU/mL vs time) on treatment with the
triple drug combination of ethionamide, isoniazid, and etham-
butol on days 28-35 are shown in Figure 2B and demonstrate
that there was no effective kill. If slopes were examined for each
HFS-TB unit, none of the slopes in triple drug-treated systems
differed from the nontreated HFS-TB slope, confirming ear-
lier results. Similar results were obtained when TTP was used
as the bacterial burden readout (Figure 2C). Thus, the prior
treatment with ethionamide had made the entire Mtb popu-
lation refractory or tolerant to the isoniazid-ethambutol ther-
apy, even though the cultures had no katG or inhA mutations
(Figure 2D). Thus, ethionamide monotherapy led to phenotypic
resistance to both isoniazid and ethambutol, mostly via efflux
pump induction.
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Figure 1.  Ethionamide pharmacokinetics and time-kill curves in the hollow fiber system model of tuberculosis (HFS-TB). (A) Observed extracellular concentration time-pro-
file in HFS-TB (symbols) against model-derived curves (shaded lines) show that intended concentrations were achieved. The slope of observed vs model-predicted concentra-
tions was 1.03 + 0.02 (r* = 0.99), which means there was minimal bias. (8) On day 0, the total bacterial population was 5.42 log, , colony-forming units/mL and Mtb grew in
the absence of ethionamide treatment. Without any ethionamide exposure, the % of the ethionamide-resistant to the total Mtb population was <1% throughout the study.
(C) The lowest exposure examined held the bacterial burden constant throughout the duration of the experiment. The size of the ethionamide-resistant subpopulation was
smaller in the presence of verapamil for the first 3 weeks, which means that most of the drug-resistant subpopulation was accounted for by efflux pumps. However, on day
28, the entire subpopulation was accounted for by a mechanism other than efflux pumps. (D-G) Across the intermediate exposures, the microbial kill plateaued within the
first 2 weeks; the efflux pump—driven resistance pattern was similar to that of the lowest exposure. (H) In the highest ethionamide exposure, all ethionamide-resistant and
susceptible subpopulations were killed in parallel, including efflux pump—mediated resistance, demonstrating that ethambutol efflux pump induction is a saturable process.
Abbreviations: AUC, area under the concentration time curve; MIC, minimum inhibitory concentration.
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Figure 2. Ethionamide exposure and cross-resistance to isoniazid and ethambutol. (4) The isoniazid- and ethambutol-resistant subpopulations vs ethionamide area under
the concentration time curve/minimum inhibitory concentration (AUC/MIC) best fit the quadratic equation model for acquired resistance on day 28 with an r? similar to that of
the ethionamide-resistant subpopulation, even though the hollow fiber system model of tuberculosis (HFS-TB) units had not yet been treated with isoniazid and ethambutol.
(B) The exposures achieved in all HFS-tuberculosis were isoniazid AUC,,,/MIC of 480 and an ethambutol peak/MIC of 3.5, in addition to ethionamide. The kill slopes for the
triple drug-treated HFS-TB were -0.196 + 0.116 log, ; colony-forming units (CFU)/mL/day (? = 0.742) and did not significantly deviate from zero (P = .339) compared to the
slope of 0.081 + 0.015 (? = 0.968) in nontreated HFS-tuberculosis, which also did not deviate from zero (P=.115). (C) A similar pattern is observed using time to positivity
(TTP) as a measure of Mtb burden. The slopes of nontreated vs triple drug treated were not significantly different from each other by TTP (P=.154), and the slopes did not
differ significantly from zero. (D) The overlap of the total population with the isoniazid- and/or ethambutol-resistant log,, CFU/mL values that was seen means that the total
bacterial burden on day 28 to day 35 was mostly constituted of drug-resistant subpopulations. Abbreviations: AUC, area under the concentration time curve; MIC, minimum
inhibitory concentration; TTP, time to positivity.

HFS-TB-derived Optimal Ethionamide Exposures Based on equation 2, total suppression of the resistant subpop-

The day 28 inhibitory sigmoid E model for total bacterial ~ ulation was at an AUC, /MIC of 42.
burden vs AUC__ /MIC was: .
0-24 Monte Carlo Experiments

Mtb (CFU Im L) —7.02—6.13% [ AUC, ,, / MIC]O‘M / Table 1 shows that MCEs accurately recapitulated ethionamide

(10.780‘84 +[AUC, ,, 1 MIC}”“); (1)
r* =0.87

where the EC, is an AUC_,,/MIC of 10.78 and the EC, is an
AUC,,,/MIC of 56.2. On the other hand, a 1.0 log , CFU/mL
kill compared to day 0, defined as cidal effect in PK/PD models
with other bacteria, was an AUC_, /MIC of 10. Similarly, based
on TTP, the EC_ was an AUC_, /MIC of 6.34 (1* = 0.997), not
significantly different from the CFU/mL readout.

The quadratic function model for AUC , /MIC vs ethion-
amide-resistant CFU/mL was:

Resistant Mtb (CFU /mL)=3.08—0.07*[AUC,_,, / MIC|

—146x107*[AUC, ,,/MIC[; (2)
r* =0.94

pharmacokinetics encountered in patients, including the AUC
,, and peak concentrations achieved with the dose of 20 mg/kg.
Figure 3A shows the target attainment probability (TAP) in
pulmonary tuberculosis at each MIC, based on the MGIT assay
MICs, while Figure 3B was based on agar dilution method
MICs; they show virtually the same TAP vs MIC. As would be
expected, the MIC at which TAP falls below 90% was the same
for each dose by either MIC method. However, the Sensititre
assay had different TAP vs MIC relationships (Figure 3C), with
higher proportions of patients achieving TAP >90% until an
MIC of 2.5 mg/L with the currently used doses and until an
MIC of 5.0 mg/L for the dose of 30 mg/kg. Figure 3D is a sum-
mation of how well each dose performed over the entire MIC
distribution; none of the doses tested achieved cumulative frac-
tion of response (CFR) in >90% of patients. If on the other hand
we used a proposed Sensititre MIC susceptibility breakpoint
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Figure 3. Monte Carlo simulation results for 10000 patients with pulmonary tuberculosis. Target attainment probability (TAP) is the proportion of 10000 patients who
achieve target exposure at a minimum inhibitory concentration (MIC). The TAP fell as the MIC rose. Since the type of MIC assay affects the MIC distribution, we examined
the TAP using 3 MIC assays. (A)For MGIT-based MICs from Taiwan isolates, the TAP for the standard dose of 15-20 mg/kg/day falls below 90% at an MIC of 1.0 mg/L, which
should be the clinical breakpoint for this dose. (B TAP using agar dilution—based MICs, which are the gold standard, was similar to that for MGIT based. (C)When we used the
Sensititre assay-based MIC for our laboratory strain to calculate target area under the concentration time curve (AUC)/MIC and the Sensititre-based MIC of clinical isolates,
the ethionamide 15-20 mg/kg/day dose achieved a TAP which fell below 90% at the MIC of 2.5 mg/L, which should be the proposed MIC clinical breakpoint at these doses.
At a dose of 30 mg/kg/day, the proposed clinical breakpoint MIC is 5 mg/L. (D) The cumulative fraction of response for different doses examined is a summation over all MICs.

Abbreviation: MIC, minimum inhibitory concentration.

<2.5 mg/L to triage patients who should be treated with ethion-
amide, then the doses of 20 mg/kg/day and 30 mg/kg/day would
achieve optimal exposures in >95% of patients.

As regards to tuberculous meningitis, our pharmacokinetic
modeling of data reported in the literature [31] revealed a serum
half-life of 1.06 + 1.23 hours, which was considerably shorter than
the CSF half-life of 3.96 hours in the patients. Figure 4A shows
the 10000-patient simulated concentration-time profiles superim-
posed on data observed in patients treated with 250 mg every 12
hours. The MCEs were performed to examine TAP for doses of
250 mg every 12 hours, 500 mg every 12 hours, and 1000 mg every
12 hours for the EC, target, with results shown in Figure 4B. We
also examined the probability of these doses achieving the CSF
AUC_, /MIC of 10, which mediates 1.0 log, CFU/mL, with results
shown in Figure 4C. The CFRs for those doses were as shown in
Figure 4D using the Sensititre-based MICs for both the EC, and
cidal effect target. None of the doses achieved a CFR >90%.

MARS Output for Pulmonary Sputum Time-to-Culture Conversion in
Tanzanian Patients

Among the 41 patients treated for MDR tuberculosis in Tanzania,
the MYCOTB Sensititre MIC distributions for 4 drugs were as

shown in Supplemental Figure S1. MARS identified 4 factors
predictive of time-to-sputum conversion, shown as basis func-
tions (BFs) in Table 2, which explained more than one third of
the variance in time-to-cure. A history of prior tuberculosis (BF )
had the highest variable importance score of 100%. Ethionamide
MIC (BF, and BF,) had an importance score of 78%, followed by
cavities on chest X-ray (BF, and BF,) and patient weight. BF, is a
simple hinge function “max (0, Prior tuberculosis episodes - 0),
which means that the value of the expression is zero unless there
is a history of prior tuberculosis, which history when present
leads to a worse outcome (negative coefficient of —2.154). BF, is
a composite BE, conditional on BF,, described by the hinge func-
tion “max (0, 2.5 — ethionamide MIC),” which means that there
is a linear relationship between time-to-sputum conversion and
ethionamide MIC. The negative coefficient of —1.49 in Table 2
means that as ethionamide MIC increases, time-to-sputum con-
version is longer until the hinge at an MIC of 2.5 mg/L, above
which the negative effect remains unchanged at the maximum
value. The receiver operating characteristics (ROCs) for the
predictions of time-to-sputum conversion in learn set was 84%,
and the cross-validated ROC (used to assess the reliability of the
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Figure 4. Target attainment in 10000 patients with tuberculous meningitis. (A/Population pharmacokinetics-based simulation of concentration-time profiles in the cerebral
spinal fluid vs that observed in patients shows that simulation-derived concentrations were similar to those seen in patients. (B) The target attainment probability (TAP) of
doses of 250~1000 mg twice a day for the exposure associated with 80% of maximal kill (EC,, target) was poor regardless of minimum inhibitory concentration (MIC). (C)For
the target of 1.0 log, , colony-forming units/mL kill (cidal effect), the TAP for 1000 mg twice a day was >30% up to an MIC of 2.5 mg/L. (D) For the 250 mg twice a day dose,
the cumulative fraction of response (CFR) was 0% for both the cidal effect and ECy targets. As regards to the 500-mg twice a day dose, the CFRs were 64% and 21% for
the cidal effect and ECy targets, respectively. The CFRs for the 1.0 log, kill did not improve much with the 1000-mg BID dose but went up substantially for the EC,; target.
Abbreviations: bid, twice daily; CSF, cerebrospinal fluid; EC,, exposure associated with 80% of maximal kill; MIC, minimum inhibitory concentration; PK, pharmacokinetic.

parameter estimates and robustness of the final model in a future
dataset) was 81%. The final linearized model for time-to-sputum
conversion (Y) in months was:

Y =3.836 —2.154 * BE, + 3.545* BE, —1.490
*BE, —3.023*BE, +0.676* BE, + 6.115* BE,

These results mean that ethionamide MIC (BF, and BF,) is a
major determinant of time-to-sputum conversion and shows a
stepwise increase in worse outcome with each increase in value of
MIC in the classic PK/PD fashion [40]. The result also means that
the worse outcomes as MIC increases are encountered even below
the threshold MIC value of 2.5 mg/L. Conversely, kanamycin and
cycloserine MICs were not identified as important predictors for

time-to-sputum conversion, which suggests less contribution of
these 2 drugs to the regimen in the MIC range investigated and is
a major surprise.

DISCUSSION

First, our PK/PD study demonstrates that ethionamide had
a maximal kill rate or slope of 0.21 log,, CFU/mL/day in the
HFS-TB, which is equivalent to isoniazid and ethambutol in
the same model [14, 16, 22, 34, 40]. Thus, ethionamide clearly
has a reasonable microbial kill rate. A major finding in the
Tanzanian clinical study was the identification of MIC as a
major determinant of time-to-sputum conversion by MARS.
That finding has 3 major implications. First, the MARS

Table 2. Multivariate Adaptive Regression Spline Model Output for Predictors Time-to-Sputum Conversion in 41 Patients

BF Number of Patients Affected, n (%) Coefficient
BF, = max (0, prior tuberculosis episodes - 0) 41 (100) -2.154
BF, = (data on ethionamide MIC present) 32 (78) 3.545
BF, = max (0, 2.5 - ethionamide MIC)* BF, 15 (37) -1.490
BF, = (data on chest X-ray cavities present) 29 (71) 0.676
BF, = max (0, chest X-ray cavities present — 1)* BF, 14 (34) -3.023
BF, = (data on weight present) 39 (95) 6.115

Abbreviations: BF, basis function; MIC, minimum inhibitory concentration.
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ranking of ethionamide MIC as a predictor of time-to-sputum
conversion is prima facie evidence that ethionamide plays a
major role in the MDR tuberculosis combination regimen that
included levofloxacin.

A second implication central to PK/PD theory, was the linear
relationship between time-to-sputum conversion and MIC up
to 2.5 mg/L, beyond which it had the same maximal deleteri-
ous effect [40]. This is reminiscent of a foundational rat model
of Pseudomonas aeruginosa PK/PD study that demonstrated
the central role of MIC in PK/PD exposure determination, dis-
cussed in detail in the introduction paper [19, 41]. Our study
shows that the role of MICs in determining outcomes is not
just a preclinical PK/PD phenomenon but is clearly of clinical
import [42]. A final important implication is the following cor-
ollary: increases in MIC are a sine qua non of increasing resist-
ance and the resistance breakpoints represent a concentration
above which there is uniform failure at that dose of drug used
[43, 44]. Conversely, cycloserine MICs were not important pre-
dictors of outcome consistent with HFS-TB and MCEs else-
where [45].

Second, emergence of acquired drug resistance (ADR) ter-
minated the microbial kill of ethionamide. The sequence of
events comprising early efflux pump induction initiated by sub-
therapeutic ethionamide therapy, with eventual emergence of
chromosomal mutations, conforms to our “antibiotic resistance
arrow of time” model [13, 14, 46, 47]. Given both the recep-
tor (efflux pump) and ligand (drug) promiscuity, efflux pumps
induced by one drug can transport out unrelated pharmacoph-
ores, while each drug can induce several efflux pumps [13, 14,
47-52]. This “tolerance” or “phenotypic resistance” buys time to
allow multiple rounds of replication by Mtb until chromosomal
mutations arise in genes encoding the specific drug’s target
protein. Here, we show for the first time with ethionamide that
this also promotes mutations in genes such as embA, encoding
resistance to structurally unrelated drugs such as ethambutol.
This is likely because the mutations arise in a stochastic fash-
ion throughout the genome. This phenomenon could explain
the relative discordance of phenotypic ethambutol resistance
and mutation in the resistance determining region of embB,
the region encompassed on commercially available line probe
assays, in comparison to other phenotypic/genotypic concord-
ance for other anti-tuberculosis drugs [53].

Third, we utilized MCE:s to identify ethionamide doses for
both pulmonary and meningeal tuberculosis. We propose that
the drug be administered on condition of MIC <2.5 mg/L by
Sensititre assay and 1.0 mg/L based on MGIT and agar dilution
methods. Thus, MIC knowledge is likely of clinical importance
not only in use of ethionamide but also accompanying drugs
such as isoniazid, ethambutol, gatifloxacin, and levofloxacin
[16, 19, 34-36, 43]. Under these conditions, an ethionamide
dose of 20 mg/kg/day achieved target exposures in >90% of
patients with pulmonary tuberculosis. We acknowledge that

these recommendations have significant clinical implications
when in many MDR tuberculosis endemic locations ethio-
namide susceptibility is not performed or is performed with
a single “critical concentration” based on the 1% proportion
method of susceptibility testing. We therefore anticipate the
importance of further field-oriented studies of the MYCOTB
version of the Sensititre plate or other MIC assays. Also, we
look forward to study of sequence-specific mutation in ethA
and ethR associated with quantitative change in ethionamide
MIC that may inform the best use of ethionamide in short-
er-course regimens for MDR tuberculosis that include isonia-
zid and ethambutol.

In the case of tuberculous meningitis, it was difficult to
achieve the EC | target, even with a dose of 1000 mg twice a
day. However, a cidal effect target was achievable. The idea is
that the bacterial burden in CSF is low, and thus it may not
be necessary to achieve the exposure target of ADR suppres-
sion. On the other hand, long-term outcomes in tuberculous
meningitis are still poor, as is the rate of severe neurological
sequelae [54]. Thus, it could be argued that high kill rates are
a premium.

There are some limitations and a notable strength to our
study. First, we used a single strain in our HFS-TB study. Use of
multiple strains is preferable. However, MCEs take into account
isolates with a wide range of MICs in calculating optimal dose
and thus partially offset this limitation. Second, the optimal
dose identified in MCEs will need to be validated in patients.
Last, the dataset utilized to predict microbiological outcomes
was small; however, we leveraged the versatility of machine
learning methods to identify meaningful patterns in the data. In
summary, ethionamide has an effect on Mtb that is comparable
to first-line agents such as isoniazid and ethambutol. Resistance
emerges via induction of efflux pumps at suboptimal doses.
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