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ABSTRACT Mycobacterium abscessus is intrinsically resistant to many antimycobac-
terial antibiotics, which presents serious problems in therapy. Here, we describe the
development of a novel phenotype-based microscopic and computerized imaging
drug screening approach. A pilot screen of 568 compounds from two libraries identi-
fied 17 hits. Eleven of these compounds are described for the first time as active
against M. abscessus. The impact of growth media on the activity of these com-
pounds was tested, revealing that cation-adjusted Mueller-Hinton broth (MHII) sup-
ports better growth of actively replicating M. abscessus and improves the activity of
associated compounds.

KEYWORDS Mycobacterium abscessus, fluorescence assays, in vitro screening

Mycobacterium abscessus belongs to the family of highly pathogenic nontubercu-
lous mycobacteria (NTM). It is an intracellular pathogen that causes a wide range

of diseases (1), from soft tissue infections in trauma patients to chronic respiratory
infections in immunosuppressed individuals and cystic fibrosis (CF) patients (2). In CF
patients, M. abscessus infections are associated with serious airway damage and lung
function decrease (3).

The fast-growing M. abscessus is a chemotherapy-resistant mycobacterium (1), and
it is intrinsically resistant to most drugs effective against the related Mycobacterium
tuberculosis, including rifampin (4) and isoniazid (5), making treatment options exceed-
ingly challenging (6). Currently, clinical treatment against M. abscessus uses macrolides,
such as clarithromycin, amikacin, imipenem, and cefoxitin (7). Yet, therapy requires a
combination of three antibiotics that need to be taken for several years, in addition to
recommended surgical resection of infected lung tissue (8). This stresses the urgent
need for developing new antibiotics tailored specifically to this bacterium. The follow-
ing study describes our newly developed approach to screen novel compounds against
M. abscessus, and a pilot screen of two predefined compound libraries in two different
media against this pathogen. This phenotype-based approach is suitable for future
high-content screening (HCS).

RESULTS AND DISCUSSION
In vitro fluorescence screening against M. abscessus. Current screening of com-

pounds against M. abscessus mainly utilizes growth density (optical density at 600 nm
[OD600]) (9, 10) measurement or the resazurin/resorufin reaction (11, 12) for quantifi-
cation of bacterial growth. Although optical density (OD) determination can be used in
high-throughput screening (HTS), this method does not distinguish live from dead
bacteria and is prone to cross contaminations. In contrast, fluorescence measurement
provides higher sensitivity compared to OD- or resazurin-based analysis. Thus, we
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adapted the rapid, highly specific, phenotype-based automated approach used in other
mycobacterial species (13) for M. abscessus drug screening.

We constructed a M. abscessus reporter strain expressing the tomato red fluorescent
protein (RFP) from the pTEC27 plasmid (14, 15), which provides a sensitive, consistent,
and efficient platform for HCS (16). As the rough morphotype variant of M. abscessus is
more prevalent in CF patients (17) we chose it for our screening experiment. The
sensitivity and specificity of fluorescence measurements for determination of myco-
bacterial growth are well documented in the literature (13, 18). Image analysis of the
fluorescence signal is used to determine bacterial growth. The use of RFP-labeled M.
abscessus can potentially be further developed for intracellular or biofilm HCS assays.
Compared to that of the parental strain, the growth of the RFP strain is slightly slower
in liquid culture, probably due to microbial fitness associated with the pTEC27 hygro-
mycin selective marker.

We found that absorbance readings at OD600 are consistent with results of RFP-
based analysis, as shown in Fig. S1 in the supplemental material. Yet, at subinhibitory
concentrations, variations between both readouts were observed. A possible explana-
tion relies on the fact that while OD600 measurement is limited to a single point of
measurement at the center of the well, the fluorescence signal intensity from RFP is
taken from a large area. Nevertheless, the Z= score (19) of the RFP assay was determined
to be 0.70 (�0.12) on average, similar to that of to assays performed against M.
tuberculosis (13), suggesting that these variations are limited.

To address the impact of the assay medium on compound activity, we tested the
compounds in both 7H9 broth and cation-adjusted Mueller-Hinton broth (MHII). MHII
is recommended by the National Committee for Clinical Laboratory Standards (NCCLS)
(20) for rapidly growing mycobacteria, such as M. abscessus, yet several previous
publications (9, 10) have used 7H9 broth as the growth medium for M. abscessus drug
susceptibility assays.

The RFP assay was validated with reference compounds shown in Table 1. MIC90

values were determined in vitro using the broth microdilution method for both 7H9 and
MHII growth media, as both media were used in the past for M. abscessus MIC
determinations (9, 10, 21).

Bedaquiline (22), gentamicin (23), and linezolid (24) were used as reference com-
pounds and found to be active against M. abscessus, with very little difference in MICs
between the two media (Table 1). Bedaquiline demonstrated outstanding activity in
vitro, surpassing the other reference antibiotics (Table 1), which is consistent with data
in the literature (10, 25).

A pilot screen of compound libraries against M. abscessus. Next, we screened
two well-defined compound libraries, the Pathogen Box (http://www.pathogenbox
.org/) and GlaxoSmithKline (GSK)’s small-molecule M. tuberculosis leads (26) using our
phenotype-based fluorescence assay. Initial screening was performed at single-point
concentrations at 10 �M for the Pathogen Box and 25 �M for the GSK leads, using both
growth media. Figure 1 shows an example of the fluorescence map obtained for 88
compounds from the Pathogen Box. Growth inhibition corresponds to absence or
reduction of RFP signal in wells with active compounds. Compounds with a growth
inhibition of �90% were considered hits and can be seen in Fig. 1A (B6, C2, D10, E5,
G12, and H5). The impact of the screening medium was also assessed and examples of
additional hits in the MHII screen can be seen in Fig. 1B (C5 and F8).

Analysis of hit compounds. In total we identified 17 hit compounds out of 568
compounds tested (see Table S1 in the supplemental material). The distribution of hit

TABLE 1 Activity of reference compounds against M. abscessus pTEC27

Compound MIC90 7H9 (�M) MIC90 MHII (�M) Structure/target (reference[s])

Bedaquiline 0.6 0.9 ATP synthetase (22)
Gentamicin 12.3 10.8 Protein biosynthesis (23)
Linezolid 19.9 20.2 Protein biosynthesis (24)
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compounds between the two libraries and their activities in the two media are shown
in Fig. 2. The screen of the Pathogen Box at 10 �M resulted in 8 hits in addition to the
reference compounds. The screen of GSK small-molecule leads resulted in the identi-
fication of 11 hit compounds active against M. abscessus; however, two compounds,

FIG 1 In vitro screening monitored by RFP fluorescence imaging (A) Pathogen Box plate C in 7H9 (c �
10 �M) compared to (B) Pathogen Box plate C in MHII (c � 10 �M) (G12 contained 175 �M gentamicin,
and H12 contained 1% dimethyl sulfoxide [DMSO]).

FIG 2 Venn diagram illustrating the source and activity of the 17 identified hit compounds. Compounds
are listed by their alphabetic prefixes. Compounds obtained from the GSK series (GSK) are shown within
the green shaded oval, while those from the Pathogen Box (PB) are contained within the yellow shaded
oval. Two identical compounds belonged to both sets and thus have 2 different identifiers (MMV/GSK).
Compounds that are active in 7H9 medium are shown within the red circle, while those active in MHII
are contained within the blue circle. Numbers in brackets denote the total number of compounds within
the given subset.
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MMV688846/GSK1985270A and MMV688845/GSK1055950A, are present in both librar-
ies and showed similar activities in both screens. All hits from the Pathogen Box were
active in MHII media; three compounds possessed selective activity in MHII, while five
hits were active in both 7H9 broth and MHII. Interestingly, the majority of GSK
compounds (with the exception of the two compounds also included in the Pathogen
Box), were active either in 7H9 broth or in MHII but not in both. In total, five hit
compounds, the entire BRL series hits from GSK, were exclusively active in 7H9 broth;
seven compounds possessed selective activity in MHII, while five hits were active in
both assays under the conditions tested (Fig. 2).

Of the 17 hits, six (MMV688846/GSK1985270A, MMV687146, MMV688845/GSK1055950A,
MMV688844, MMV6887730, and MMV688508) were previously shown to be active
against M. abscessus (9, 27, 28). However, our screen also identified 11 new hit
compounds that are active against this pathogen.

Table 2 shows the results obtained by the screen. Seven of the hits came from the
tuberculosis disease set within the Pathogen Box, and one, MMV688978 (Auranofin) is
an antirheumatic agent (29) with previously reported antimycobacterial activity (30).
We found similar activity for the Pathogen Box in 7H9 medium compared to data
published in a recent report by Low et al (9). In their study, however, they identified
three additional hit compounds against M. abscessus, most likely because their
initial cutoff point concentration was higher (20 �M versus 10 �M in our assay) (9).
Interestingly, in our assay, we identified two new hit compounds (MMV688508 and
MMV688978) that were active only in MHII media.

MIC values and dose-dependent killing curves were determined using the broth
microdilution method, as shown in Fig. 3 and Fig. S2 in the supplemental material. Due
to the high sensitivity of RFP fluorescence, which resulted in large variability in bacterial
growth (�10%), killing curves were based on OD600 data and show an average Z= score
(19) of 0.85 (�0.09).

We compared the killing curves for the reference drugs in both media. Bedaquiline
killing curves were found to be similar and highly effective in both media (Fig. 3A).
Similarly, gentamicin showed a comparable killing curve in both media (Fig. 3B),
whereas linezolid had a flatter dose-response slope in 7H9 broth compared to that in
MHII (Fig. 3C).

Three inhibitors—MMV688846 (27), MMV687146 (28), and GW623128X (28, 31)—
were effective against M. abscessus, with better activity (more than 10-fold lower MIC90)
in MHII, as shown in Table 2 and Fig. 3D and F. All three compounds are known to
target the Mycobacterial membrane protein Large 3 (MmpL3) (27, 32), an essential
protein involved in the transport of mycolic acid and a common target of multiple-drug
candidates of diverse chemical scaffolds (33). The phenylalanine derivative MMV688845
(34), a CTP synthetase inhibitor, also showed a lower MIC90 in MHII. The spiropiperidines
GSK2200160A and GSK2200157A are also considered to be CTP synthetase inhibitors
(34); however, some analogues of this compound class have been shown to target
MmpL3 (35). Regardless of the mode of action, both analogues possess selective
activity in MHII medium (concentration [c], �25 �M).

MMV688844 (36), an ATP-binding cassette (ABC) transporter inhibitor, showed
activity against M. abscessus in both media, but with higher potency in MHII. The
benzimidazole MMV687730 (37, 38), reported as an inhibitor of the filamenting
temperature-sensitive mutant Z (FtsZ) protein, showed selective activity in MHII me-
dium (c, �12.5 �M).

MMV688978 (29, 30) and MMV687807 (39) showed activity against M. abscessus only
in MHII medium. The antirheumatic drug MMV688978 has been shown to target
thiol-redox homeostasis (30), while MMV687807 is believed to disrupt the mycobacte-
rial membrane proton gradient (39). We have also shown that GSK1812410A (26) is
active against M. abscessus specifically in MHII medium. The target of this antimyco-
bacterial compound remains unknown.
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TABLE 2 Activity data of hit compounds

Compound Structure
MIC90 7H9
(�M)

MIC90 MHII
(�M)

Structure/target
(reference[s])

MMV688846/
GSK1985270A N

HO

Cl

CF3

1.3 0.1 MmpL3 (27)

MMV687146

H
NO

NH 3.4 0.1 MmpL3 (28)

GW623128Xa NH

O
H
N

Cl �25 2.3 MmpL3 (28)

MMV688845/
GSK1055950A

SNH

O
HNN

O

O

7.4 1.0 CTP synthetase (34)

GSK2200160Aa N

O

S

S

�25 9.6
CTP synthetase (34)/

MmpL3 (35)

GSK2200157Aa N

O

S

O
�25 3.5

CTP synthetase (34)/
MmpL3 (35)

MMV688844 N

N

O
HN

O

N

Cl

10.0 2.9 ABC transporter (36)

MMV6887730

O

O

NH

N
NH

N
�12.5 4.4 FtsZ (37, 38)

(Continued on next page)
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TABLE 2 (Continued)

Compound Structure
MIC90 7H9
(�M)

MIC90 MHII
(�M)

Structure/target
(reference[s])

GSK1812410Aa
HO

O

N
�25 17.1 Unknown

MMV687807a

OH

Cl

O

HN

F3C
CF3

�12.5 3.0 Proton gradient (39)

MMV688978a

P
Au

S

O
O O

O O
O

O

O

O �12.5 3.9
Targeting thiol-redox

homeostasis (30)

MMV688508

O

HN

N
O

O

F

OH

3.3 4.1
Protein biosynthesis

(40)

BRL-7940SAa

O O
N

N
H

N

NH2

NH

HBr
12.8 �25 DHFR inhibitor (41)

BRL-10988SAa

O O
N

N
H

N

NH2

NH

HBr
19.4 �25 DHFR inhibitor (41)

BRL-8903SAa

O O
N

N
H

N

NH2

NH

HBr
15.4 �25 DHFR inhibitor (41)

BRL-10143SAa

O O
N

N
H

N

NH2

NH

HBr
9.1 �25 DHFR inhibitor (41)

BRL-51091AMa

ClCl

O O
N

NH

N

NH2N
H

HBr 17.9 �25 DHFR inhibitor (41)

aActivity against M. abscessus reported for the first time in this study.
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The MIC90 values for MMV688508, a synthesis intermediate of radezolid (40), are
similar in both media, but the killing curve slope is less steep in MHII compared to that
in 7H9 broth.

A set of five compounds sharing a dihydrotriazine moiety in their structure (BRL-
7940SA, BRL-10988SA, BRL-8903SA, BRL-10143SA, and BRL-51091AM) were found to be
active against M. abscessus exclusively in 7H9 medium, with an MIC90 range between
9.1 to 19.4 �M. Compounds of the BRL series were shown to target dihydrofolate
reductase (DHFR) (41), with activity against both Plasmodium falciparum (42) and M.
tuberculosis (26) Most likely, excess levels of thymidine present in MHII media allow M.
abscessus to tolerate higher levels of these compounds, a phenomenon reported
previously for sulfamethoxazole compounds (43).

The results presented above demonstrated a distinct effect of the assay medium.
Out of the 17 hit compounds reported, 11 have an increased or selective activity in
MHII. With the exception of the five dihydrotriazines mentioned above, similar or
decreased MIC90 values were determined in MHII. Since both media are complex, it is
challenging to correlate the differential activity to a single ingredient, but there are
general differences. MHII broth contains 0.3% beef extract and 1.75% casein hydroly-
sate, compared to ADS (0.8% sodium chloride, 5.0% bovine serum albumin, and 2.0%

FIG 3 The effect of growth media on M. abscessus killing curves. Activity against M. abscessus in 7H9 broth (red line, squares) and MHII (blue line, circles) for
(A) bedaquiline, (B) gentamicin, (C) linezolid, (D) MMV688846, (E) MMV688845, (F) MMV687146, (G) MMV688844, and (H) MMV688508.
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dextrose in purified water)-supplemented 7H9 broth, which uses 0.5% albumin and
0.2% glucose as carbon source to support bacterial growth. The growth rate of M.
abscessus in MHII is clearly higher than that in 7H9 broth, as shown in Fig. S3 in the
supplemental material, which indicates higher metabolic activity in MHII. This obser-
vation can be explained, because MHII is a rich broth with excess carbon sources (44).
This may induce higher susceptibility of M. abscessus to compounds active against
replicating bacteria. On a different note, magnesium and calcium cation concentrations
in MHII are adjusted according to NCCLS standards (20).

Phenotypic screening is widely used for antimycobacterial drug discovery; thus, the
impact of assay medium is of great interest for the screening process. As such, to avoid
missing identification of potential hit compounds, an ideal media should be selected.
Currently, based on our results, except for the BRL compounds (as outlined above),
screening in MHII is preferable for M. abscessus. Once hit compounds are identified,
follow-up ex vivo and in vivo experiments will be used to assess and improve suitability
and druggability of potential compounds.

In conclusion, we have shown that our newly developed phenotype-based fluores-
cence assay is useful for rapid screening of compound libraries against M. abscessus.
Our success in identifying hit compounds emphasizes the advantage of testing prese-
lected compound sets with activity against other infective agents, especially those
obtained from tuberculosis (TB) drug discovery programs, as an effective approach for
discovery of novel active compounds against M. abscessus. The set of hit compounds
identified in this study encourages further hit-to-lead development to improve activity
and pharmacokinetic properties.

MATERIALS AND METHODS
Equipment. Equipment consisted of an Evos FL auto cell imaging system fluorescence microscope

(Thermo Fisher) and a Victor2 1420 multilabel counter plate reader (PerkinElmer).
Compound libraries. The Pathogen Box (http://www.pathogenbox.org/), established by the Medi-

cines for Malaria Venture (MMV), is composed of 400 compounds active against various pathogens. Of
these molecules, 129 are growth inhibitors of Mycobacterium tuberculosis, while the other 271 com-
pounds show activity against other pathogens.

The small-molecule leads established by GSK (26) are a collection of potent antimycobacterial
compounds.

Bacterial cells and culture media. For transformation with the pTEC27 plasmid, M. abscessus ATCC
19977T R (rough form) was used. The plasmid pTEC27 carried a gene for expression of tomato RFP (15).

For transformation, 7H9 medium supplemented with 10% ADS and 0.05% Tween 80 was inoculated
with M. abscessus ATCC 19977T and incubated for 1 to 2 days (OD600, 0.2 to 1.0). M. abscessus
electrotransformation was carried out using Gene Pulser (Bio-Rad) at 2.50 kB, 25 �F, and 1,000 �.

For isolation of transformed cells, the suspension was plated on 7H10 plates with hygromycin (500
�g/ml). M. abscessus expressing tomato RFP has been used for the activity assays.

Stocks of the bacteria grown in complete 7H9 broth were stored in approximately 15% glycerol at
�80°C.

Using an inoculation loop, bacteria were spread on 7H10 plates (containing hygromycin 500 �g/ml)
and grown for 5 days in an incubator at 37°C. New plates were prepared every month from frozen stock.

Bacteria were grown in complete 7H9 broth supplemented with 10% ADS and 0.05% Tween 80,
respectively, in MHII broth supplemented with 0.05% tyloxapol after scraping one colony of the 7H10 plate.
Hygromycin (400 �g/ml) was added for M. abscessus pTEC27 growth. The culture was grown for 3 or 4 days
before sub culturing in liquid broth. Subculturing was only done for 1.5 weeks, after those new colonies from
the 7H10 plate were used for new cultures. The culture volume was 10 ml in a 50-ml Falcon tube. The tubes
were covered to protect the photosensitive hygromycin and shaken in an incubator at 37°C.

Solid cultures were grown on 7H10 medium supplemented with 0.5% glycerol and 10% ADS. For M.
abscessus pTEC27, hygromycin (500 �g/ml) was added.

Liquid cultures were grown in 7H9 medium supplemented with 10% ADS and 0.05% Tween 80,
respectively, in MHII supplemented with 0.05% tyloxapol. For M. abscessus pTEC27, hygromycin (400 �g/ml)
was added.

ADS supplement is a filter-sterilized solution of 0.8% sodium chloride, 5.0% bovine serum albumin,
and 2.0% dextrose in purified water.

Single-point in vitro activity determination. The compound libraries were screened in 96-well flat
bottom Corning Costar plates at a concentration of 10 �M (Pathogen Box) or 25 �M (M. tuberculosis leads
by GSK) in 7H9 medium supplemented with 10% ADS and 0.05% Tween 80, respectively, in MHII medium
supplemented with 0.05% tyloxapol at a final volume of 100 �l. The concentration of the inoculum was
5 � 105 cells/ml (OD600, 0.1 [1 � 108 CFU/ml]). The starting inoculum was diluted from a preculture at
the mid-log phase (OD600, 0.3 to 0.7). The plates were sealed with parafilm, put in a container with moist
tissue, and incubated for 6 days at 37°C. Each plate had a negative control (1% dimethyl sulfoxide
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[DMSO]) and a positive control (175 �M gentamicin). After incubation, the plates were monitored by
fluorescence microscopy (EVOS Fl Auto Imaging System), and an image of each well was taken (10�
magnification). Based on the image data, the mycobacterial growth was quantified by image analysis
with ImageJ software. Images were converted to 8-bit format, and a threshold was applied. Particles have
been analyzed, and the percentage of area was used as signal for quantification. The assay was
performed in duplicate. A growth inhibition of �90% is considered activity.

MIC determination in vitro. MICs were determined by the broth microdilution method. Flat-bottom
96-well Corning Costar plates were used. In the first well in each row, two times the desired highest
concentration of each compound was added in 7H9 medium supplemented with 10% ADS and 0.05%
Tween 80, respectively, in MHII, medium supplemented with 0.05% tyloxapol (MIC of MMV687807 was
determined without addition of tyloxapol). Each compound was diluted 2-fold in a 10-point serial
dilution (100-�l final concentration). The concentration of the starting inoculum was 5 � 105 cells/ml.
The starting inoculum was diluted from a preculture at the mid-log phase (OD600, 0.3 to 0.7). The assay
was performed in the same way as the in vitro single-point activity determination described above. The
assay was performed in duplicate.

Data analysis. Every assay plate contained DMSO (1%) as the negative control, which corresponds
to 100% bacterial growth, and gentamicin (175 �M) as positive controls in which 100% inhibition of
bacterial growth was reached. Controls were used to monitor assay quality through determination of the
Z= score and for normalizing the data on a per-plate basis. The Z= factor was determined using the
following formula:

Z ' � 1 �
3(SDgentamicin � SDDMSO)

(Mgentamicin � MDMSO)

where SD is the standard deviation and M is the mean.
The percentage of inhibition was calculated as

Percentage of inhibition � (�100) �
(signalsample � signalDMSO)

(signalDMSO � signalgentamicin)

For MIC90 determination, killing curves were calculated with OriginPro 2017G (OriginLab Corpora-
tion). The curves were fitted using the formula

y � A2 �
(A1 � A2)

�1 � � x

x0
�p�

where y is growth, A1 is the initial value for y, A2 is the final value for y, x is the concentration of the test
compound, x0 is the concentration of the test compound at the center of the curve, and P is power.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/AAC
.00828-18.

SUPPLEMENTAL FILE 1, PDF file, 1.4 MB.
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