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The prevalence of lung disease due to infections with nontuberculous mycobacteria

(NTM) has been increasing and surpassed tuberculosis (TB) in some countries. Treatment

outcomes are often unsatisfactory, highlighting an urgent need for new anti-NTM

medications. Although NTM in general do not respond well to TB specific drugs, the

similarities between NTM and Mycobacterium tuberculosis at the molecular and cell

structural level suggest that compound libraries active against TB could be leveraged

for NTM drug discovery. Here we tested this hypothesis. The Pathogen Box from

the Medicines for Malaria Venture (MMV) is a collection of 400 diverse drug-like

compounds, among which 129 are known to be active against M. tuberculosis.

By screening this compound collection against two NTM species, Mycobacterium

abscessus and Mycobacterium avium, we showed that indeed the hit rates for NTM

among TB active compounds is significantly higher compared to compounds that are

not active against TB. MIC/dose response confirmation identified 10 top hits. Bactericidal

activity determination demonstrated attractive potency for a subset of the confirmed

hits. In vivo pharmacokinetic profiling showed that some of the compounds present

reasonable starting points for medicinal chemistry programs. Three of the top hits were

oxazolidinones, suggesting the potential for repositioning this class of protein synthesis

inhibitors to replace linezolid which suffers from low potency. Two hits were inhibitors of

the trehalose monomycolate transporter MmpL3, suggesting that this transmembrane

protein may be an attractive target for NTM. Other hits are predicted to target a range of

functions, including cell division (FtsZ), DNA gyrase (GyrB), dihydrofolate reductase, RNA

polymerase and ABC transporters. In conclusion, our study showed that screening TB

active compounds for activity against NTM resulted in high hit rates, suggesting that this

may be an attractive approach to kick start NTM drug discovery projects. In addition, the

work identified a series of novel high value NTM hits with associated candidate targets

which can be followed up in hit-to-lead projects for the discovery of new NTM antibiotics.
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INTRODUCTION

Nontuberculous mycobacteria (NTM)—relatives of the
tuberculosis (TB) causative agent Mycobacterium tuberculosis,
have recently emerged as a new threat to humans (Griffith and
Aksamit, 2016; Stout et al., 2016). These bacteria can cause a
wide range of illnesses, including TB-like pulmonary disease,
which are difficult to cure (Griffith et al., 2007; Griffith, 2010).
Therapeutic regimens for NTM infections vary widely, but in
general involve a macrolide (clarithromycin or azithromycin)-
basedmultidrug regimen for at least 12–24months (Griffith et al.,
2007; Brown-Elliott et al., 2012). Even so, treatment outcomes
are often disappointing especially for Mycobacterium abscessus
where inducible resistance to macrolides mediated by erm(41)
gene is frequently found (Nash et al., 2009; Griffith, 2011; Jarand
et al., 2011). To make things worse, a recent study demonstrated
person-to-person transmission of M. abscessus among cystic
fibrosis patients (Bryant et al., 2016), overturning the general
belief that NTM infections are always independently acquired by
individuals through environmental sources (Falkinham, 2009).

In comparison with TB, the NTM drug pipeline is remarkably
empty, calling for an urgent need to develop anti-NTM drugs
(Griffith and Aksamit, 2016; Raju et al., 2016). The fact that
NTM are in general resistant to most anti-tubercular drugs
suggests a drug susceptibility profile distinct fromM. tuberculosis
(Pang et al., 2015; Cowman et al., 2016). However, previous
genome studies showed that NTM species e.g., M. abscessus
and M. avium share considerable sequence similarities with M.
tuberculosis (Li et al., 2005; Ripoll et al., 2009). M. abscessus
has also been shown to possess conserved molecular strategies
for host adaptation and persistence with M. tuberculosis, as
described in a recent transcriptome study (Miranda-CasoLuengo
et al., 2016). These similarities between NTM andM. tuberculosis
suggest that advances made in TB research over the past decade
in terms of both understanding the biology and the generation of
chemical matter, may be leveraged for NTM drug discovery (Raju
et al., 2016). So far, only one report has used a library of TB active
compounds for an NTM screen and successfully identified one
promising anti-NTM lead (Dupont et al., 2016). Here, we aimed
at testing the hypothesis that screening TB actives would yield
high hit rates for NTM and therefore could be considered as an
attractive strategy for NTM drug discovery.

The Pathogen Box R© library1 established by the Medicines
for Malaria Venture (MMV) consists of 400 drug-like molecules
with activity against various neglected diseases. The compounds
have been tested for cytotoxicity and values are within levels
considered acceptable for an initial drug discovery program. 129
of the library molecules (including 13 reference compounds)
have been shown to be active against M. tuberculosis, while the
remaining 271 are active against other pathogens, including for
instance Cryptosporidium and kinetoplastids1. This provided an
opportunity to compare directly the hit rates for NTM between
TB active and “non-TB active”2 compound collections. In this

1http://www.pathogenbox.org/
2“non-TB active compounds”: Pathogen Box compounds that have not been

previously reported to be active against TB.

study, we employed two clinically significant NTM species—
M. abscessus [representative of rapidly growing NTM; causing
incurable lung disease (Griffith, 2011)] and M. avium [slowly
growing NTM; most commonly isolated species associated with
pulmonary NTM disease (Stout et al., 2016)], and screened the
Pathogen Box library against both species.

MATERIALS AND METHODS

Compound Library and Chemicals
For the primary screen, 10 mM stock solutions of 400 Pathogen
Box compounds were provided by Medicines for Malaria
Venture. For dose response assays, fresh powder for 10 hits were
resupplied and each compound was dissolved in 90% DMSO to
prepare 10 mM stocks. Clarithromycin and rifampicin (Sigma
Aldrich) were dissolved in 90% DMSO and filter sterilized with
0.2µm PTFE membrane filters (Acrodisc, PALL). The final
concentration of DMSO in each assay well was always lower than
1%. Tolerance of mycobacteria for 1% DMSO was tested and this
concentration of solvent did not affect growth of bacteria (data
not shown).

Bacterial Strains and Culture Conditions
Mycobacterium abscessus Bamboo was isolated from the
sputum of a patient with amyotrophic lateral sclerosis and
bronchiectasis and was provided byWei Chang Huang, Taichung
Veterans General Hospital, Taichung, Taiwan. Whole genome
sequencing showed that the strain belongs toM. abscessus subsp.
abscessus and harbors an inactive, clarithromycin sensitive,
erm(41) C28 sequevar (Yee et al., 2017). M. avium 11 was
isolated from the bone marrow of a patient with acquired
immunodeficiency syndrome with disseminated infection and
was provided by Jung-Yien Chien and Po-Ren Hsueh, National
Taiwan University Hospital, Taipei. Whole genome sequencing
showed that the strain belongs to M. avium subsp. hominissuis
(Yee et al., in press). M. tuberculosis H37Rv (ATCC 27294)
was purchased from the American Type Culture Collection,
Manassas, VA. All mycobacteria were cultivated in complete
Middlebrook 7H9 medium (BD Difco) supplemented with 0.2%
glycerol (Fisher Scientific), 0.05% Tween 80 (Sigma), and 10%
Middlebrook albumin-dextrose-catalase (BD Difco) at 37◦C
with 15 rpm agitation. Mycobacterium abscessus Bamboo and
Mycobacterium avium 11 solid cultures were grown on complete
Middlebrook 7H10 supplemented with 0.5% glycerol and 10%
Middlebrook oleic acid-albumin-dextrose-catalase (BD Difco)
at 37◦C.

Single Point Growth Inhibition Screening
Assay
The screening assay was carried out as described previously (Aziz
et al., 2017). Mid-log phase bacterial cultures were diluted to
OD600 = 0.1 or 107 CFU/mL. The bacterial suspension was
then dispensed into 96 well plates (Corning Costar #CLS3599)
containing compounds to give a final volume of 200µL
per well with a final OD600 of 0.05 and final compound
concentration of 20µM. The plates were sealed with Breathe-
Easy sealing membrane (Sigma-Aldrich) and placed in airtight
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boxes containing wet paper towels and incubated at 37◦C with
shaking at 110 rpm for 3 days for M. abscessus or 4 days for
M. avium. Growth was determined by measuring OD600 using an
InfiniteM200 Pro plate reader (Tecan) aftermanual resuspension
of the bacteria in the wells. Percentage growth inhibition was
calculated for each well using the untreated control cultures on
the same plate as reference. Clarithromycin was used as positive
control in each plate. The screen was carried out in two biological
replicates. The standard deviations for the data points (% growth
inhibition) generated for each compound was±10%.

Dose-Response Growth Inhibition and
Bactericidal Assay
Hits were reconfirmed in a dose response assay employing the
broth microdilution method as described previously (Aziz et al.,
2017). Briefly, the hit compounds were 2-fold serial diluted
from 100 to 0.4µM. Mid-log phase cultures were diluted and
dispensed into 96 well plates (final starting inoculum: OD600 =

0.05; final compound concentrations: 50–0.2µM; final volume:
200µL per well). The plates were incubated as mentioned above.
For M. tuberculosis, the plate cultures were grown for 7 days.
MIC50 and MIC90 were determined as the concentration that
inhibits 50% or 90% of bacterial growth, respectively. Rifampicin
was used as the positive control for M. tuberculosis while
clarithromycin was used forM. abscessus andM. avium.

Bactericidal activities of the reconfirmed hits were determined
for M. abscessus and M. avium by exposing 107 CFU/mL to
their respective MIC90 concentration for 3 or 4 days at 37◦C,
respectively. The treated cultures were then serial diluted and the
appropriate dilutions were plated on 7H10 agar and incubated
at 37◦C. CFU were enumerated after 3 days of incubation for
M. abscessus and 7 days of incubation for M. avium. Fold kill
was calculated by comparing CFU after drug treatment with the
starting inoculum.

RESULTS

Screening TB Active Compounds against
NTM Results in Significantly Higher Hit
Rates as Compared to Screening Non-TB
Active Compounds
A primary screen was performed using 20µM final drug
concentration for all 400 Pathogen Box compounds against
two clinical strains, M. abscessus Bamboo and M. avium 11.
Compounds which exhibited equal or more than 80% growth
inhibition were defined as hits. As shown in Figure 1A, the single
point screen resulted in 13 M. abscessus hits, all of which were
TB actives except one cryptosporidiosis-active compound. This
corresponds to a 9.3% hit rate for the 129 TB actives and a hit
rate of 0.4% for the 271 non-TB actives. 33 M. avium hits were
also identified from the initial screen (Figure 1B), out of which
29 were TB actives. This corresponds to a 22.5% hit rate for
TB actives and a 1.5% hit rate for non-TB actives. These results
show that for both M. abscessus and M. avium the hit rate was
significantly higher for TB actives as compared to non-TB active
compounds (Figure 2). In accordance with previous reports

(Nessar et al., 2012; van Ingen et al., 2012; Pang et al., 2015)
these results also demonstrates the high intrinsic resistance ofM.
abscessus to a variety of drugs: the hit number of M. abscessus
was only half to one-third of that of M. avium. Interestingly, the
majority of theM. abscessus hits were also active againstM. avium
(Figure 2).

Among the primary hits, nine compounds were double
hits, i.e., they were active against both M. abscessus and M.
avium. Consistent with literature, all reference compounds,
namely bedaquiline (MMV689758), levofloxacin (MMV687798)
and linezolid (MMV687803), expected to have activity against
both M. abscessus and M. avium indeed showed activity
(Supplementary Figure S1; Rastogi et al., 1996; Brown-Elliott
et al., 2003; Pang et al., 2017). In addition, expected M.
avium-specific hits included streptomycin (MMV688994),
rifampicin (MMV688775), clofazimine (MMV687800),
mefloquine (MMV000014) and delamanid (MMV688262)
(Supplementary Figure S1). The former two antibiotics are
currently recommended for treatment of M. avium complex
lung disease (Griffith et al., 2007), whereas the latter three have
been shown to be active on M. avium (Bermudez et al., 1999;
Ferro et al., 2016; Krieger et al., 2016) but their potential roles in
treatment have not yet been established.

Several Pathogen Box Hits Exhibit
Attractive Bactericidal Potency against
NTM
With the aim of identifying broad spectrum antimycobacterial
compounds, six double hits (excluding the three reference
compounds) were selected and fresh solids were used to
confirm these hits. Keeping in mind the limited treatment
options for the notoriously difficult-to-treat M. abscessus, four
potent “M. abscessus-specific” hits were also included in the hit
confirmation. Confirmation of hits was carried out by performing
a dose response assay to determine the minimum inhibitory
concentration (MIC) against three strains,M. tuberculosisH37Rv,
M. abscessus Bamboo and M. avium 11. In Table 1, we report
MIC50 and MIC90 which are the concentrations that inhibit 50
or 90% of growth, respectively, as compared to the untreated
control. Clarithromycin is added in Table 1 as a positive control:
MIC data for clarithromycin are consistent with earlier reports
(Heifets et al., 1992; Bastian et al., 2011). Table 1 also shows
that our M. tuberculosis MIC90 data were consistent with the
respective MIC data reported previously by MMV (website
http://www.pathogenbox.org/).

Our results show that all primary hits were confirmed.
These hits belong to a variety of chemical classes including
oxazolidinones, indolecarboxamides, and benzimidazoles
(Table 1, Figure 3). Two out of the 10 hits, MMV688756
(sutezolid), and MMV688327 (radezolid), are drugs under
clinical development for treatment of TB or other infections
(Pandit et al., 2012), but neither of these two oxazolidinones have
been reported for their anti-NTM properties before.

To further assess the potential of these hits we determined the
cidal activity of each compound at its MIC90 againstM. abscessus
and M. avium. Table 1 shows that several of the hits displayed
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FIGURE 1 | Primary screen: compound—growth inhibition scatter plot for (A) M. abscessus and (B) M. avium. A total of 400 compounds from the Pathogen Box

were screened for growth inhibition at 20µM against M. abscessus and M. avium. Out of the 400 test compounds, 129 are TB actives (shown in yellow) and 271 are

non-TB actives (shown in blue). Drug free controls are shown in green and positive drug controls (Clarithromycin) are shown in red. Average % growth inhibition of

duplicate data points for each compound is shown. Compounds with equal to—or more than—80% growth inhibition activity (above the black dashed line) were

defined as hits.

FIGURE 2 | Venn diagrams comparing the number of hits against M.

abscessus and M. avium within (A) TB active and (B) non-TB active library

compounds. (A) Out of 129 compounds active against M. tuberculosis (TB

actives), 12 were active against M. abscessus and 29 were active against

M. avium. (B) Among 271 non-TB actives, 1 compound was active against

M. abscessus and 4 were active against M. avium. The hit active against

M. abscessus also showed activity against M. avium.

in addition to low growth inhibitory concentrations, attractive
cidal activities. The lack of bactericidal antibiotics in the currently
available treatment regimens has been proposed to be one of
the reasons for the poor therapeutic outcomes of NTM diseases
(Griffith, 2014; Maurer et al., 2014). Thus, a significant cidal
activity at MIC90 is an attractive property. The concentration
required for clarithromycin, the cornerstone in current NTM
therapy, to reduce CFU 10-fold is up to 100 times higher than
its MIC90 for M. abscessus (Aziz et al., 2017) and up to 64 times
higher than its MIC90 forM. avium (Heifets et al., 1992).

DISCUSSION

To test the hypothesis that NTM hit rates may be high for
libraries of compounds that are active against M. tuberculosis,
we screened the Pathogen Box which comprises of 129 TB active
and 271 non-TB active compounds against two clinically relevant

NTM species, M. abscessus and M. avium. With a cut-off of

80% inhibition at 20µM, our primary screen yielded indeed
high hit rates of NTM actives (∼10% for M. abscessus and
∼20% for M. avium) among the 129 TB active compounds. In

comparison, the hit rates for non-TB active compounds were
15–25 fold lower. In TB drug discovery, hit rates for whole

cell screens using large (“random”) small molecule libraries
against M. tuberculosis are often below 1% (Ekins et al., 2013).

Similarly for NTM drug discovery, our recent screen of 2700
FDA approved drugs against M. abscessus resulted in ∼1%
hit rate (Aziz et al., 2017). Our results here suggest that

screening libraries of TB hits may be an effective approach for
generating the substrates for kick-starting NTM drug discovery
projects.

Mycobacterium abscessus has been shown to exhibit high level

of intrinsic resistance against a large number of antibiotics (van
Ingen et al., 2010; Cowman et al., 2016). Similarly, we observed

from our screen that M. abscessus has a lower hit rate when
compared to M. avium, consistent with the notion that this

pathogen is intrinsically more resistant to a broad spectrum of

compounds than both M. avium and M. tuberculosis. Numerous
mechanisms have been proposed for the natural resistance of

M. abscessus, including low cell envelope permeability, efflux
and intrabacterial drug metabolism (Ripoll et al., 2009; Nessar
et al., 2012; van Ingen et al., 2012; Aziz et al., 2017). From a
phylogenetic point of view, the rapid growerM. abscessus is more

distantly related to M. tuberculosis than the slow growing M.
avium (Mignard and Flandrois, 2008). Comparative genomics
studies also revealed that the M. abscessus genome not only

harbors less orthologues paired with M. tuberculosis than M.
avium (Prasanna and Mehra, 2013), but has acquired a large
reservoir of genes horizontally transferred from other soil or

water dwellers (Ripoll et al., 2009). An interesting trend suggested
by our results is that M. abscessus hits represent a subset of M.
avium hits, i.e., that M. abscessus hits appear to display broad

spectrum antimycobacterial activity (Figure 2). This suggests the
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TABLE 1 | Antimycobacterial activities (µM) of top NTM hits identified in the Pathogen Box screen.

Compound ID M. tuberculosis M. abscessus M. avium Chemical class* Possible target*

MIC50 MIC90 Reported

MICb
MIC50 MIC90 Fold kill at

MIC90

MIC50 MIC90 Fold kill at

MIC90

MMV688756 <0.2 1.2 1.2 4.2 25 NK 0.4 4 NK Oxazolidinone 23S rRNA

MMV688327a 0.5 2 0.3 3.8 13 NK 4 35 NK Oxazolidinone 23S rRNA

MMV688508 <0.2 0.3 0.4 2.2 12 NK 0.6 8 NK Oxazolidinone 23S rRNA

MMV687146 <0.2 <0.2 <0.024 0.8 2 100 3 9 NK Indolecarboxamide MmpL3

MMV688846a 0.2 0.6 0.4 0.7 1.5 10 20 >50 NK Piperidinol MmpL3

MMV687730 <0.2 <0.2 0.05 4 8.5 10 5 22 NK Benzimidazole FtsZ

MMV687812a <0.2 2.2 1.2 6 12∧ NK∧ 25 >50 NK Aminopyrazinamide GyrB

MMV675968 <0.2 4 ND 10.5 35 NK 0.2 3 NK Diaminopyrimidine DHFR

MMV688845 <0.2 1.7 1.2 1.5 7 10 0.6 3 NK Phenylalaninamide RNA polymerase

MMV688844a 0.2 2.8 0.4 4.5 11 100 2 6# NK# Piperidine ABC transporter

clarithromycin ND ND ND <0.2 0.5 NK <0.2 0.6 NK Macrolide 23S rRNA

a “M. abscessus-specific” hits according to primary screen cut-off.
b MIC in M. tuberculosis as reported by MMV (website http://www.pathogenbox.org/).
∧ MMV687812, for M. abscessus 80% growth inhibition was achieved at 12 µM, MIC90 could not be reached up to 50 µM.
# MMV688844, for M. avium 80% growth inhibition was achieved at 6 µM, MIC90 could not be reached up to 50 µM.
*See discussion section for references.

MIC50, MIC90 refers to the compound concentration that inhibits 50 and 90% of bacterial growth, respectively.

NK, “no kill,” i.e., CFU reduction < 10-fold at MIC90; ND, not determined.

feasibility of developing broad spectrum antimycobacterials to
address both NTM as well as TB disease.

Based on dose response determination we selected 10
top hits (6 double hits and 4 M. abscessus-specific hits) for
further characterization (Tables 1, 2, Figure 3). Most of the
top hits had a MIC < 10µM against either M. abscessus or M.
avium. Antibiotics recommended in current NTM treatment
(besides clarithromycin/azithromycin) include amikacin,
cefoxitin, imipenem and tigecycline for M. abscessus, and
rifampicin/rifabutin, ethambutol and streptomycin/amikacin
for M. avium (Griffith et al., 2007; Brown-Elliott et al., 2012).
However, most of these drugs exhibit a variable and in general
moderate growth inhibitory activity against NTM [e.g., MIC for
imipenem on M. abscessus is around 27µM (8mg/L) (Lavollay
et al., 2014)] with no or weak bactericidal activity (Maurer et al.,
2014).

Three of the 10 top hits are oxazolidinone derivatives
likely targeting the ribosome: sutezolid (MMV688756), radezolid
(MMV688327) and a synthesis intermediate of radezolid
(MMV688508). Linezolid, being the first FDA approved
oxazolidinone, has some activity against NTM but suffers from
low potency (MIC90 is 36µM for M. abscessus and 22µM for
M. avium) (Brown-Elliott et al., 2003; Cavusoglu et al., 2007;
Aziz et al., 2017). Despite its low potency, reports of successful
therapy employing multidrug regimens containing linezolid
indicate the clinical usefulness of this drug class for the treatment
of NTM disease (Nannini et al., 2002; Lee et al., 2010). The
identification of more potent oxazolidinone derivatives suggests
that repositioning of linezolid for the treatment of NTM lung
infections may be an attractive approach. It is interesting to note
that as in M. tuberculosis (Williams et al., 2009; Alffenaar et al.,
2011), sutezolid is also more active than linezolid. Furthermore,

activity of the oxazolidinones as well as the macrolides against
NTM suggest that protein synthesis is an attractive target for
NTM.

Two hits, MMV687146 (an indole-2-carboxamide) and
MMV688846 (a piperdinol), have been reported to target
the trehalose monomycolate transporter MmpL3 and disrupt
mycolic acid synthesis in mycobacteria (Lun et al., 2013;
Dupont et al., 2016). In recent years, with the discovery
of several new TB drug leads, such as SQ109, BM212
and AU1235, MmpL3 has become an attractive novel target
for tuberculosis (Li et al., 2016b). The M. tuberculosis
MmpL3 inhibitor SQ109 (Tahlan et al., 2012) has a MIC
of 4–16 mg/L (12–48µM) for M. abscessus and M. avium
(Sacksteder et al., 2012). Previously, anti-M. abscessus activity
of MMV688846 (also known as GSK1985270A or PIPD1)
has been demonstrated by Dupont et al. (2016). Here, by
reporting the excellent anti-M. abscessus activity of another
MmpL3 inhibitor (MMV687146) with a different scaffold, we
show that similar to M. tuberculosis, MmpL3 may be an
appealing target for M. abscessus due to its potential essentiality
in mycobacterial species (Li et al., 2016b). Nevertheless, both
MmpL3 inhibitors from our top hits are less active against
M. avium than M. tuberculosis and M. abscessus, suggesting
that there might be some natural polymorphisms in the M.
avium mmpL3 gene which are responsible for its higher intrinsic
resistance.

MMV687730 is a benzimidazole that has been reported to
inhibit the assembly of FtsZ in M. tuberculosis by enhancing the
GTPase activity and destabilizing FtsZ polymer (Kumar et al.,
2011; Li et al., 2016a). FtsZ is essential for growth in NTM species
(Dziadek et al., 2003), and hence represents a newNTM target for
therapeutic intervention.
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FIGURE 3 | Chemical structures of top NTM hits identified in the Pathogen Box screen.

TABLE 2 | Physicochemical and in vivo pharmacokinetic properties of top NTM hits identified in the Pathogen Box screena.

Compound ID MW cLogP Route/Dose

(mg/kg)

tmax (h) C0/Cmax

(ng/mL)

AUClast

(ng·h/mL)

AUCinf

(ng·h/mL)

Cl

(mL/min/kg)

Vss(L/kg) t1/2(h) %F

MMV688508 358.4 1.91 IV/1 NA 1310 156 156 280 1.59 0.0724 -

PO/5# 0.25 1.16 1.45 NR NA NR <1

MMV687146 298.4 4.85 IV/1 NA 2270 798 935 18.2 9.77 14.9 -

PO/5 0.75 245 456 483 NA 3.48 11

MMV688846 383.8 4.95 IV/1 NA 563 423 464 36.8 14.4 9.78 -

PO/5 1.5 3.19 18.1 27.5 NA 4.6 <1

MMV687730 384.5 5.00 IV/1 NA 444 108 125 166 15.9 3.34 -

PO/5 NC (BLQ at all time points) ND

MMV687812 534.5 2.35 IV/1 NA 265 381 801 20.8 49.6 30.5 -

PO/5 7 55.3 962 2450 NA 30.5 50

MMV675968 359.8 2.31 IV/1 NA 1080 897 900 18.7 1.31 1.03 -

PO/5 1 138 504 532 NA 1.7 11

MMV688845 435.5 3.23 IV/1 NA 716 171 174 96.3 4.5 1.28 -

PO/5 0.375 2.28 3.95 NR NA NR <1

MMV688844 424.9 3.83 IV/1 NA 116 164 167 102 11 1.6 -

PO/5 NC (BLQ at all time points) ND

a Data were obtained by MMV (http://www.pathogenbox.org/). DMPK experiments were carried out in Sprague Dawley Male rats (n = 2 animals), the mean PK parameters are shown

in the table. IV formulation: 10% DMSO, 40% PEG 400 and 2% Tween 80 in Milli-Q water; PO formulation: 0.5% HPMC, 0.5% benzyl alcohol and 0.4% Tween 80 in Milli-Q water.

AUClast, area under the curve from time 0 to the last time point; AUCinf , area under the curve from time 0 extrapolated to infinite time; Vss, apparent volume of distribution at steady

state.

BLQ, below the limit of quantification (<1 ng/mL); NA, not applicable; ND, not determined; NC, not calculable; NR, not reportable due to inadequate elimination phase.
#Data for n = 1 animal.
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MMV687812 is an aminopyrazinamide which binds
specifically to mycobacterial GyrB at its ATPase domain
(Shirude et al., 2013). Previously, another GyrB inhibitor VXc-
486 (an aminobenzimidazole) has been shown to inhibit the
growth ofM. abscessus andM. avium (Locher et al., 2015). These
findings warrant further development of GyrB inhibitors for
NTM.

MMV675968, an anti-cryptosporidiosis compound that
inhibits dihydrofolate reductase in Pneumocystis carinii and
Toxoplasma gondii (Rosowsky et al., 1994), turned out to be also
active againstM. tuberculosis, in addition to NTM.

The two novel NTM actives MMV688845 (GSK1729177A)
and MMV688844 (TCMDC-143649) were originally identified
as non-cytotoxic M. tuberculosis hits in GSK whole cell screens
(Ballell et al., 2013; Rebollo-Lopez et al., 2015). Recently,
an analog of MMV688845 has been shown to target RNA
polymerase in M. tuberculosis via a binding site different from
rifampicin (Ebright et al., 2015; Lin et al., 2017). The TB drug
rifampicin itself has a very high MIC (37µM or higher) for M.
abscessus therefore it is not in use against this NTM pathogen
(Aziz et al., 2017). MMV688844 has been predicted, based
on in silico analyses, to target ABC transporters (Rv0194) in
M. tuberculosis (Rebollo-Lopez et al., 2015).

It is important to note that most of the possible targets
discussed in Table 1 are derived from work on M. tuberculosis
and need to be confirmed experimentally in NTM.

To assess the lead potential for the top NTM active hits,
physicochemical properties and in vivo (rat) pharmacokinetic
(PK) profiles were determined (http://www.pathogenbox.org/)
and are summarized in Table 2. Table 2 shows that almost
all hits displayed favorable molecular weight (< 500 g/mol)
and hydrophobicity (cLogP < 5) properties. For MMV688756
(sutezolid) and MMV688327 (radezolid) the pharmacokinetic
properties have been described previously (Lemaire et al., 2010;
Wallis et al., 2011; Moore et al., 2012). MMV687146, and
MMV675968 at a low dose of 5 mg/kg exhibit promising
plasma exposure following oral administration, relative to their
respective MICs against M. abscessus or M. avium. MMV688846
shows reasonable exposure at 1 mg/kg, suggesting that medicinal
chemistry efforts focusing on improving oral bioavailability
could result in successful lead generation. MMV687812 showed
favorable PK properties which could be leveraged with more
potent analogs. For all other hits, structure-activity-relationship
studies with a limited number of analogs can be performed to
determine whether adequate PK-PD targets can be achieved.
Taken together, the confirmed NTM hits identified in this
work constitute valuable starting points for medicinal chemistry
programs whereby potency and physiochemical properties can be
optimized to achieve appropriate PK-PD profiles.

In conclusion, our study showed that screening collections
of TB active compounds against NTM resulted in higher hit
rates as compared to screening “random” libraries of non-TB
active molecules. Thus, screening chemical matter generated for
TB drug discovery over the past decade represents an attractive
strategy for NTM drug discovery. In addition, screening the
Pathogen Box delivered a series of novel NTM hits with attractive
potencies, characterized in vivo pharmacokinetic properties and
associated candidate targets. Currently we are confirming activity
of the hits against a collection of clinical isolates (Aziz et al., 2017)
and are initiating a repositioning program for oxazolidinones
and hit-to-lead projects with concurrent target identification /
confirmation for the other top hits identified in this work.

AUTHOR CONTRIBUTIONS

TD conceived the project and designed the strategy. JL, MW, and
DA carried out the experiments. JL, MW, BL, and TD analyzed
the data and wrote the manuscript.

FUNDING

This research was supported by the Singapore Ministry
of Health’s National Medical Research Council under its
Translational Clinical Research Flagship grant NMRC/TCR/011-
NUHS/2014 and its Centre Grant “MINE,” Research Core
number 4, NMRC/CG/013/2013 to TD and is part of Singapore
Programme of Research Investigating New Approaches to
Treatment of Tuberculosis (SPRINT-TB; http://www.sprinttb.
org) led by Nick Paton. TD receives institutional core funding
from the Public Health Research Institute.

ACKNOWLEDGMENTS

We thank Veronique Dartois (Rutgers University) for discussion
and comments, and Paul Willis and Tim Wells (Medicines for
Malaria Venture) for discussion, providing the Pathogen Box
library for screening and for re-suppling hits. We are grateful
to Wei Chang Huang (Taichung Veterans General Hospital,
Taichung, Taiwan) for providing theM. abscessus Bamboo strain,
and to Jung-Yien Chien and Po-Ren Hsueh (National Taiwan
University Hospital, Taipei Taiwan) for providing the M. avium
11 strain.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: http://journal.frontiersin.org/article/10.3389/fmicb.
2017.01539/full#supplementary-material

REFERENCES

Alffenaar, J. W., van der Laan, T., Simons, S., van der Werf, T. S., van de Kasteele,

P. J., de Neeling, H., et al. (2011). Susceptibility of clinical Mycobacterium

tuberculosis isolates to a potentially less toxic derivate of linezolid, PNU-100480.

Antimicrob. Agents Chemother. 55, 1287–1289. doi: 10.1128/AAC.012

97-10

Aziz, D. B., Low, J. L., Wu, M. L., Gengenbacher, M., Teo, J. W., Dartois, V.,

et al. (2017). Rifabutin is active against Mycobacterium abscessus complex.

Antimicrob. Agents Chemother. 61:e00155-17. doi: 10.1128/AAC.00155-17

Frontiers in Microbiology | www.frontiersin.org 7 August 2017 | Volume 8 | Article 1539

http://www.pathogenbox.org/
http://www.sprinttb.org
http://www.sprinttb.org
http://journal.frontiersin.org/article/10.3389/fmicb.2017.01539/full#supplementary-material
https://doi.org/10.1128/AAC.01297-10
https://doi.org/10.1128/AAC.00155-17
http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive


Low et al. Pathogen Box Screen against NTM

Ballell, L., Bates, R. H., Young, R. J., Alvarez-Gomez, D., Alvarez-Ruiz,

E., Barroso, V., et al. (2013). Fueling open-source drug discovery: 177

small-molecule leads against tuberculosis. Chem. Med. Chem. 8, 313–321.

doi: 10.1002/cmdc.201200428

Bastian, S., Veziris, N., Roux, A. L., Brossier, F., Gaillard, J. L., Jarlier, V., et al.

(2011). Assessment of clarithromycin susceptibility in strains belonging to the

Mycobacterium abscessus group by erm(41) and rrl sequencing. Antimicrob.

Agents Chemother. 55, 775–781. doi: 10.1128/AAC.00861-10

Bermudez, L. E., Kolonoski, P., Wu, M., Aralar, P. A., Inderlied, C. B., and Young,

L. S. (1999). Mefloquine is active in vitro and in vivo against Mycobacterium

avium complex. Antimicrob. Agents Chemother. 43, 1870–1874.

Brown-Elliott, B. A., Crist, C. J., Mann, L. B., Wilson, R. W., and Wallace,

R. J. (2003). In Vitro activity of linezolid against slowly growing

nontuberculous mycobacteria. Antimicrob. Agents Chemother. 47, 1736–1738.

doi: 10.1128/AAC.47.5.1736-1738.2003

Brown-Elliott, B. A., Nash, K. A., and Wallace, R. J. Jr. (2012). Antimicrobial

susceptibility testing, drug resistance mechanisms, and therapy of infections

with nontuberculous mycobacteria. Clin. Microbiol. Rev. 25, 545–582.

doi: 10.1128/CMR.05030-11

Bryant, J. M., Grogono, D. M., Rodriguez-Rincon, D., Everall, I., Brown, K. P.,

Moreno, P., et al. (2016). Emergence and spread of a human-transmissible

multidrug-resistant nontuberculous mycobacterium. Science 354, 751–757.

doi: 10.1126/science.aaf8156

Cavusoglu, C., Soyler, I., and Akinci, P. (2007). Activities of linezolid against

nontuberculous mycobacteria. New Microbiol. 30, 411–414.

Cowman, S., Burns, K., Benson, S., Wilson, R., and Loebinger, M. R. (2016).

The antimicrobial susceptibility of non-tuberculous mycobacteria. J. Infect. 72,

324–331. doi: 10.1016/j.jinf.2015.12.007

Dupont, C., Viljoen, A., Dubar, F., Blaise, M., Bernut, A., Pawlik, A., et al. (2016). A

new piperidinol derivative targeting mycolic acid transport in Mycobacterium

abscessus.Mol. Microbiol. 101, 515–529. doi: 10.1111/mmi.13406

Dziadek, J., Rutherford, S. A., Madiraju, M. V., Atkinson, M. A., and

Rajagopalan, M. (2003). Conditional expression of Mycobacterium

smegmatis ftsZ, an essential cell division gene. Microbiology 149, 1593–1603.

doi: 10.1099/mic.0.26023-0

Ebright, R. H., Ebright, Y.W., Mandal, S., Wilde, R., and Li, S. (2015).Antibacterial

Agents: N(Alpha)-Aroyl-N-Aryl-Phenylalaninamides. International Publicatoin

Number WO 2015/120320 A1. Geneva: World Intellectual Property

Oraganization.

Ekins, S., Reynolds, R. C., Franzblau, S. G., Wan, B., Freundlich, J. S., and Bunin,

B. A. (2013). Enhancing hit identification in Mycobacterium tuberculosis drug

discovery using validated dual-event Bayesian models. PLoS ONE 8:e63240.

doi: 10.1371/journal.pone.0063240

Falkinham, J. O. III. (2009). Surrounded by mycobacteria: nontuberculous

mycobacteria in the human environment. J. Appl. Microbiol. 107, 356–367.

doi: 10.1111/j.1365-2672.2009.04161.x

Ferro, B. E., Meletiadis, J., Wattenberg, M., de Jong, A., van Soolingen,

D., Mouton, J. W., et al. (2016). Clofazimine prevents the regrowth of

Mycobacterium abscessus and Mycobacterium avium type strains exposed to

amikacin and clarithromycin. Antimicrob. Agents Chemother. 60, 1097–1105.

doi: 10.1128/AAC.02615-15

Griffith, D. E. (2010). Nontuberculous mycobacterial lung disease. Curr. Opin.

Infect. Dis. 23, 185–190. doi: 10.1097/QCO.0b013e328336ead6

Griffith, D. E. (2011). The talkingMycobacterium abscessus blues. Clin. Infect. Dis.

52, 572–574. doi: 10.1093/cid/ciq252

Griffith, D. E. (2014). Mycobacterium abscessus subsp abscessus lung disease:

‘trouble ahead, trouble behind..’. F1000Prime Rep. 6:107. doi: 10.12703/P6-107

Griffith, D. E., Aksamit, T., Brown-Elliott, B. A., Catanzaro, A., Daley, C., Gordin,

F., et al. (2007). An official ATS/IDSA statement: diagnosis, treatment, and

prevention of nontuberculous mycobacterial diseases. Am. J. Respir. Crit. Care

Med. 175, 367–416. doi: 10.1164/rccm.200604-571ST

Griffith, D. E., and Aksamit, T. R. (2016). Understanding nontuberculous

mycobacterial lung disease: it’s been a long time coming. F1000Res. 5:2797.

doi: 10.12688/f1000research.9272.1

Heifets, L. B., Lindholm-Levy, P. J., and Comstock, R. D. (1992).

Clarithromycin minimal inhibitory and bactericidal concentrations

against Mycobacterium avium. Am. Rev. Respir. Dis.145(4 Pt 1), 856–858.

doi: 10.1164/ajrccm/145.4_Pt_1.856

Jarand, J., Levin, A., Zhang, L., Huitt, G., Mitchell, J. D., and Daley, C. L.

(2011). Clinical and microbiologic outcomes in patients receiving treatment

for Mycobacterium abscessus pulmonary disease. Clin. Infect. Dis. 52, 565–571.

doi: 10.1093/cid/ciq237

Krieger, D., Schonfeld, N., Vesenbeckh, S., Bettermann, G., Bauer, T. T., Russmann,

H., et al. (2016). Is delamanid a potential agent in the treatment of diseases

caused by Mycobacterium avium-intracellulare? Eur. Respir. J. 48, 1803–1804.

doi: 10.1183/13993003.01420-2016

Kumar, K., Awasthi, D., Lee, S. Y., Zanardi, I., Ruzsicska, B., Knudson, S., et al.

(2011). Novel trisubstituted benzimidazoles, targeting Mtb FtsZ, as a new

class of antitubercular agents. J. Med. Chem. 54, 374–381. doi: 10.1021/jm10

12006

Lavollay, M., Dubee, V., Heym, B., Herrmann, J. L., Gaillard, J. L., Gutmann,

L., et al. (2014). In vitro activity of cefoxitin and imipenem against

Mycobacterium abscessus complex. Clin. Microbiol. Infect. 20, O297–O300.

doi: 10.1111/1469-0691.12405

Lee, R. A., Rom, W. N., and Addrizzo-Harris, D. J. (2010). The use of linezolid

and nebulized amikacin in a case of Mycobacterium chelonae/Mycobacterium

abscessus pulmonary disease. Chest 138, 86A. doi: 10.1378/chest.10760

Lemaire, S., Tulkens, P. M., and Van Bambeke, F. (2010). Cellular

pharmacokinetics of the novel biaryloxazolidinone radezolid in phagocytic

cells: studies with macrophages and polymorphonuclear neutrophils.

Antimicrob. Agents Chemother. 54, 2540–2548. doi: 10.1128/AAC.01723-09

Li, D., Chi, B., Wang, W.-W., Gao, J.-M., and Wan, J. (2016a). Exploring the

possible binding mode of trisubstituted benzimidazoles analogues in silico

for novel drug designtargeting Mtb FtsZ. Med. Chem. Res. 26, 153–169.

doi: 10.1007/s00044-016-1734-4

Li, L., Bannantine, J. P., Zhang, Q., Amonsin, A., May, B. J., Alt, D.,

et al. (2005). The complete genome sequence of Mycobacterium avium

subspecies paratuberculosis. Proc. Natl. Acad. Sci. U.S.A. 102, 12344–12349.

doi: 10.1073/pnas.0505662102

Li, W., Obregon-Henao, A., Wallach, J. B., North, E. J., Lee, R. E., Gonzalez-

Juarrero, M., et al. (2016b). Therapeutic potential of the Mycobacterium

tuberculosis mycolic acid transporter, MmpL3. Antimicrob. Agents Chemother.

60, 5198–5207. doi: 10.1128/AAC.00826-16

Lin,W.,Mandal, S., Degen, D., Liu, Y., Ebright, Y.W., Li, S., et al. (2017). Structural

basis ofMycobacterium tuberculosis transcription and transcription Inhibition.

Mol. Cell. 66, 169 e168–179 e168. doi: 10.1016/j.molcel.2017.03.001

Locher, C. P., Jones, S. M., Hanzelka, B. L., Perola, E., Shoen, C. M., Cynamon,

M. H., et al. (2015). A novel inhibitor of gyrase B is a potent drug candidate

for treatment of tuberculosis and nontuberculosis mycobacterial infections.

Antimicrob. Agents Chemother. 59, 1455–1465. doi: 10.1128/AAC.04347-14

Lun, S., Guo, H., Onajole, O. K., Pieroni, M., Gunosewoyo, H., Chen, G.,

et al. (2013). Indoleamides are active against drug-resistant Mycobacterium

tuberculosis. Nat. Commun. 4, 2907. doi: 10.1038/ncomms3907

Maurer, F. P., Bruderer, V. L., Ritter, C., Castelberg, C., Bloemberg, G. V.,

and Bottger, E. C. (2014). Lack of antimicrobial bactericidal activity in

Mycobacterium abscessus. Antimicrob. Agents Chemother. 58, 3828–3836.

doi: 10.1128/AAC.02448-14

Mignard, S., and Flandrois, J. P. (2008). A seven-gene, multilocus, genus-wide

approach to the phylogeny of mycobacteria using supertrees. Int. J. Syst. Evol.

Microbiol. 58, 1432–1441. doi: 10.1099/ijs.0.65658-0

Miranda-CasoLuengo, A. A., Staunton, P. M., Dinan, A. M., Lohan, A. J., and

Loftus, B. J. (2016). Functional characterization of theMycobacterium abscessus

genome coupled with condition specific transcriptomics reveals conserved

molecular strategies for host adaptation and persistence. BMC Genomics

17:553. doi: 10.1186/s12864-016-2868-y

Moore, C., Dedhia, H., Marra, A., Longcor, J., Burak, E., Bortolon, E., et al.

(2012). “Radezolid demonstrates favorable safety compared to linezolid in a

three-month rat toxicology study,” in Poster Presented at the 52nd Interscience

Conference on Antimicrobial Agents and Chemotherapy (ICAAC), 2012 Sep

9–12, (San Francisco, CA).

Nannini, E. C., Keating, M., Binstock, P., Samonis, G., and Kontoyiannis, D. P.

(2002). Successful treatment of refractory disseminated Mycobacterium avium

complex infection with the addition of linezolid and mefloquine. J. Infect. 44,

201–203. doi: 10.1053/jinf.2002.0970

Nash, K. A., Brown-Elliott, B. A., and Wallace, R. J. Jr. (2009). A novel

gene, erm(41), confers inducible macrolide resistance to clinical isolates

Frontiers in Microbiology | www.frontiersin.org 8 August 2017 | Volume 8 | Article 1539

https://doi.org/10.1002/cmdc.201200428
https://doi.org/10.1128/AAC.00861-10
https://doi.org/10.1128/AAC.47.5.1736-1738.2003
https://doi.org/10.1128/CMR.05030-11
https://doi.org/10.1126/science.aaf8156
https://doi.org/10.1016/j.jinf.2015.12.007
https://doi.org/10.1111/mmi.13406
https://doi.org/10.1099/mic.0.26023-0
https://doi.org/10.1371/journal.pone.0063240
https://doi.org/10.1111/j.1365-2672.2009.04161.x
https://doi.org/10.1128/AAC.02615-15
https://doi.org/10.1097/QCO.0b013e328336ead6
https://doi.org/10.1093/cid/ciq252
https://doi.org/10.12703/P6-107
https://doi.org/10.1164/rccm.200604-571ST
https://doi.org/10.12688/f1000research.9272.1
https://doi.org/10.1164/ajrccm/145.4
https://doi.org/10.1093/cid/ciq237
https://doi.org/10.1183/13993003.01420-2016
https://doi.org/10.1021/jm1012006
https://doi.org/10.1111/1469-0691.12405
https://doi.org/10.1378/chest.10760
https://doi.org/10.1128/AAC.01723-09
https://doi.org/10.1007/s00044-016-1734-4
https://doi.org/10.1073/pnas.0505662102
https://doi.org/10.1128/AAC.00826-16
https://doi.org/10.1016/j.molcel.2017.03.001
https://doi.org/10.1128/AAC.04347-14
https://doi.org/10.1038/ncomms3907
https://doi.org/10.1128/AAC.02448-14
https://doi.org/10.1099/ijs.0.65658-0
https://doi.org/10.1186/s12864-016-2868-y
https://doi.org/10.1053/jinf.2002.0970
http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive


Low et al. Pathogen Box Screen against NTM

of Mycobacterium abscessus but is absent from Mycobacterium chelonae.

Antimicrob. Agents Chemother. 53, 1367–1376. doi: 10.1128/AAC.01275-08

Nessar, R., Cambau, E., Reyrat, J. M., Murray, A., and Gicquel, B. (2012).

Mycobacterium abscessus: a new antibiotic nightmare. J. Antimicrob.

Chemother. 67, 810–818. doi: 10.1093/jac/dkr578

Pandit, N., Singla, R. K., and Shrivastava, B. (2012). Current updates

on oxazolidinone and its significance. Int. J. Med. Chem. 2012:159285.

doi: 10.1155/2012/159285

Pang, H., Li, G., Zhao, X., Liu, H., Wan, K., and Yu, P. (2015). Drug susceptibility

testing of 31 antimicrobial agents on rapidly growing mycobacteria

isolates from China. Biomed Res. Int. 2015, 419392. doi: 10.1155/2015/4

19392

Pang, Y., Zheng, H., Tan, Y., Song, Y., and Zhao, Y. (2017). In vitro activity of

bedaquiline against nontuberculous mycobacteria in China.Antimicrob. Agents

Chemother. 61:e02627-16. doi: 10.1128/AAC.02627-16

Prasanna, A. N., and Mehra, S. (2013). Comparative phylogenomics of

pathogenic and non-pathogenic mycobacterium. PLoS ONE 8:e71248.

doi: 10.1371/journal.pone.0071248

Raju, R. M., Raju, S. M., Zhao, Y., and Rubin, E. J. (2016). Leveraging advances in

tuberculosis diagnosis and treatment to address nontuberculous mycobacterial

disease. Emerging Infect. Dis. 22, 365–369. doi: 10.3201/eid2203.151643

Rastogi, N., Goh, K. S., Bryskier, A., and Devallois, A. (1996). Spectrum of activity

of levofloxacin against nontuberculous mycobacteria and its activity against

theMycobacterium avium complex in combination with ethambutol, rifampin,

roxithromycin, amikacin, and clofazimine. Antimicrob. Agents Chemother. 40,

2483–2487.

Rebollo-Lopez, M. J., Lelievre, J., Alvarez-Gomez, D., Castro-Pichel, J.,

Martinez-Jimenez, F., Papadatos, G., et al. (2015). Release of 50 new,

drug-like compounds and their computational target predictions for

open source anti-tubercular drug discovery. PLoS ONE 10:e0142293.

doi: 10.1371/journal.pone.0142293

Ripoll, F., Pasek, S., Schenowitz, C., Dossat, C., Barbe, V., Rottman, M.,

et al. (2009). Non mycobacterial virulence genes in the genome of

the emerging pathogen Mycobacterium abscessus. PLoS ONE 4:e5660.

doi: 10.1371/journal.pone.0005660

Rosowsky, A., Mota, C. E., Wright, J. E., and Queener, S. F. (1994). 2,4-Diamino-

5-chloroquinazoline analogues of trimetrexate and piritrexim: synthesis and

antifolate activity. J. Med. Chem. 37, 4522–4528. doi: 10.1021/jm00052a011

Sacksteder, K. A., Protopopova, M., Barry, C. E. III., Andries, K., and Nacy,

C. A. (2012). Discovery and development of SQ109: a new antitubercular

drug with a novel mechanism of action. Future Microbiol. 7, 823–837.

doi: 10.2217/fmb.12.56

Shirude, P. S., Madhavapeddi, P., Tucker, J. A., Murugan, K., Patil,

V., Basavarajappa, H., et al. (2013). Aminopyrazinamides: novel

and specific GyrB inhibitors that kill replicating and nonreplicating

Mycobacterium tuberculosis. ACS Chem. Biol. 8, 519–523. doi: 10.1021/cb30

0510w

Stout, J. E., Koh, W. J., and Yew, W. W. (2016). Update on pulmonary

disease due to non-tuberculous mycobacteria. Int. J. Infect. Dis. 45, 123–134.

doi: 10.1016/j.ijid.2016.03.006

Tahlan, K., Wilson, R., Kastrinsky, D. B., Arora, K., Nair, V., Fischer, E.,

et al. (2012). SQ109 targets MmpL3, a membrane transporter of trehalose

monomycolate involved in mycolic acid donation to the cell wall core of

Mycobacterium tuberculosis. Antimicrob. Agents Chemother. 56, 1797–1809.

doi: 10.1128/AAC.05708-11

van Ingen, J., Boeree, M. J., van Soolingen, D., and Mouton, J. W. (2012).

Resistance mechanisms and drug susceptibility testing of nontuberculous

mycobacteria. Drug Resist. Updat. 15, 149–161. doi: 10.1016/j.drup.2012.

04.001

van Ingen, J., van der Laan, T., Dekhuijzen, R., Boeree, M., and van

Soolingen, D. (2010). In vitro drug susceptibility of 2275 clinical non-

tuberculous Mycobacterium isolates of 49 species in The Netherlands.

Int. J. Antimicrob. Agents 35, 169–173. doi: 10.1016/j.ijantimicag.2009.

09.023

Wallis, R. S., Jakubiec, W., Kumar, V., Bedarida, G., Silvia, A., Paige, D., et al.

(2011). Biomarker-assisted dose selection for safety and efficacy in early

development of PNU-100480 for tuberculosis. Antimicrob. Agents Chemother.

55, 567–574. doi: 10.1128/AAC.01179-10

Williams, K. N., Brickner, S. J., Stover, C. K., Zhu, T., Ogden, A., Tasneen, R., et al.

(2009). Addition of PNU-100480 to first-line drugs shortens the time needed

to cure murine tuberculosis. Am. J. Respir. Crit. Care Med. 180, 371–376.

doi: 10.1164/rccm.200904-0611OC

Yee, M., Klinzing, D., Wei, J. R., Gengenbacher, M., Rubin, E. J., Chien, J. Y.,

et al. (in press). Draft genome sequence of Mycobacterium avium 11. Genome

Announc.

Yee, M., Klinzing, D., Wei, J. R., Gengenbacher, M., Rubin, E. J., and Dick, T.

(2017). Draft genome sequence of Mycobacterium abscessus Bamboo. Genome

Announc. 5:e00388-17. doi: 10.1128/genomeA.00388-17

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2017 Low, Wu, Aziz, Laleu and Dick. This is an open-access article

distributed under the terms of the Creative Commons Attribution License (CC

BY). The use, distribution or reproduction in other forums is permitted, provided

the original author(s) or licensor are credited and that the original publication

in this journal is cited, in accordance with accepted academic practice. No

use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Microbiology | www.frontiersin.org 9 August 2017 | Volume 8 | Article 1539

https://doi.org/10.1128/AAC.01275-08
https://doi.org/10.1093/jac/dkr578
https://doi.org/10.1155/2012/159285
https://doi.org/10.1155/2015/419392
https://doi.org/10.1128/AAC.02627-16
https://doi.org/10.1371/journal.pone.0071248
https://doi.org/10.3201/eid2203.151643
https://doi.org/10.1371/journal.pone.0142293
https://doi.org/10.1371/journal.pone.0005660
https://doi.org/10.1021/jm00052a011
https://doi.org/10.2217/fmb.12.56
https://doi.org/10.1021/cb300510w
https://doi.org/10.1016/j.ijid.2016.03.006
https://doi.org/10.1128/AAC.05708-11
https://doi.org/10.1016/j.drup.2012.04.001
https://doi.org/10.1016/j.ijantimicag.2009.09.023
https://doi.org/10.1128/AAC.01179-10
https://doi.org/10.1164/rccm.200904-0611OC
https://doi.org/10.1128/genomeA.00388-17
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive

	Screening of TB Actives for Activity against Nontuberculous Mycobacteria Delivers High Hit Rates
	Introduction
	Materials and Methods
	Compound Library and Chemicals
	Bacterial Strains and Culture Conditions
	Single Point Growth Inhibition Screening Assay
	Dose-Response Growth Inhibition and Bactericidal Assay

	Results
	Screening TB Active Compounds against NTM Results in Significantly Higher Hit Rates as Compared to Screening Non-TB Active Compounds
	Several Pathogen Box Hits Exhibit Attractive Bactericidal Potency against NTM

	Discussion
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


