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Abstract: Mycobacterial pathogens are intrinsically resistant to many available antibiotics, making
treatment extremely challenging, especially in immunocompromised individuals and patients with
underlying and chronic lung conditions. Even with lengthy therapy and the use of a combination of
antibiotics, clinical success for non-tuberculous mycobacteria (NTM) is achieved in fewer than half of
the cases. The need for novel antibiotics that are effective against NTM is urgent. To identify such new
compounds, a whole cell high-throughput screen (HTS) was performed in this study. Compounds
from the Chembridge DIVERSet library were tested for their ability to inhibit intracellular survival of
M. avium subsp. hominissuis (MAH) expressing dtTomato protein, using fluorescence as a readout.
Fifty-eight compounds were identified to significantly inhibit fluorescent readings of MAH. In
subsequent assays, it was found that treatment of MAH-infected THP-1 macrophages with 27 of
58 hit compounds led to a significant reduction in intracellular viable bacteria, while 19 compounds
decreased M. abscessus subsp. abscessus (Mab) survival rates within phagocytic cells. In addition,
the hit compounds were tested in M. tuberculosis H37Ra (Mtb) and 14 compounds were found to
exhibit activity in activated THP-1 cells. While the majority of compounds displayed inhibitory
activity against both replicating (extracellular) and non-replicating (intracellular) forms of bacteria, a
set of compounds appeared to be effective exclusively against intracellular bacteria. The efficacy of
these compounds was examined in combination with current antibiotics and survival of both NTM
and Mtb were evaluated within phagocytic cells. In time-kill dynamic studies, it was found that
co-treatment promoted increased bacterial clearance when compared with the antibiotic or compound
group alone. This study describes promising anti-NTM and anti-Mtb compounds with potential
novel mechanisms of action that target intracellular bacteria in activated macrophages.

Keywords: Mycobacterium avium; Mycobacterium abscessus; Mycobacterium tuberculosis; macrophage;
high-throughput screen; small molecules; intracellular; non-replicating; drug resistance; virulence
factors

1. Introduction

Nontuberculous mycobacteria (NTM) are a large, ubiquitous group of bacteria of
the genus Mycobacteria capable of causing human disease and death [1-3]. Although
mainly affecting immunocompromised individuals, NTM are increasingly found to be the
cause of pulmonary, gastrointestinal, and skin infections in immunocompetent adults and
children [2,4]. Unfortunately, treatments for these pathogens are complicated by acquired
resistance to many conventional antibiotics and by their innate ability to render them
ineffective [5]. Such innate mechanisms include the ability of bacteria to create an imper-
meable cell wall as well as the presence of many efflux pumps and several drug-modifying
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enzymes [6-9]. In addition, host environmental stresses influence mycobacterial physi-
ology and metabolism and alter bacterial cell surface, further promoting the persistence
phenotypes and tolerance to many antibiotics [10-13].

M. abscessus (Mab) is the most common species of NTM pulmonary infections in
patients with chronic lung diseases such as cystic fibrosis (CF), bronchiectasis, previous
history of tuberculosis, or chronic obstructive pulmonary diseases (COPD) [1,5]. Treatment
of Mab generally requires the long-term administration of multiple antibiotics. Most often
two macrolides, such as clarithromycin and azithromycin, along with an aminoglycoside,
commonly amikacin, and the cephalosporin cefoxitin are used for the initial phase of
treatment [14]. After two weeks to several months of the initial phase, nebulized amikacin
and a combination of oral macrolides are given until sputum samples become negative
for 12 months [15]. Despite this intensive treatment regimen, the infection is successfully
resolved in only 25% to 40% of cases [16]. The high treatment failure rates in clinics highlight
the inability of currently available antimicrobials to effectively clear Mab infections in
the host.

The Mycobacterium avium complex (MAC) is another species of NTM that causes
serious pulmonary infections in persons with respiratory comorbidities [3,17]. The initial
treatment for MAC infections is a multidrug regimen similar to that used for Mab infections.
However, in cases of macrolide-resistant MAC or patients with severe bronchiectasis, oral
administration of azithromycin, rifampicin, and ethambutol is combined with amikacin
or streptomycin for up to three months [15]. As seen for Mab, even with this intensive
antibiotic regimen therapy success rates for MAC are very low. Treatment failure occurs in
20% to 40% of patients and up to 50% of individuals have recurring disease [5].

It is apparent that the treatment regimens with antibiotics currently used in the battle
against NTM infections are suboptimal, and inconsistencies between in vitro and in vivo
efficacy emphasize the work needed toward the development of innovative therapeutic
strategies that can aid, improve, or amplify the clinical efficacy of current antibiotics
toward (a) effective elimination of intracellular NTM pathogens and (b) shortening the
lengthy therapy regimens to reduce adverse effects and the development of acquired
drug-resistance.

Several high-throughput compound screening assays have been performed utilizing
in vitro mycobacteria grown in various culture media and conditions [18-22]. While many
classes of antibacterial compounds have been identified in this way, the approach can miss
compounds that may target important bacterial or host factors exclusively expressed in
different physiologic stages of intracellular bacilli infection. For example, recent proteome
research examining M. avium subsp. hominissuis (MAH) response to antibiotics demon-
strates a wide range of variability in the protein profile and limited metabolic pathways that
are activated under diverse environmental conditions [12]. Similar adaptive changes have
been reported in Mab metabolism during growth in biologically relevant host conditions
and during treatment of antibiotics, giving some insights on how bacteria may tolerate
to antibiotics [10]. Therefore, cell-based HTS screens are an attractive approach for the
discovery of compounds that can target bacterial or host cellular factors exploited by the
pathogen for entry, replication, or intracellular survival and, thereby, affect mycobacterial
pathogenicity and virulence.

Because phagocytic cells such as macrophages represent physiological conditions
mimicking disease and contribute to the process of NTM eradication, in this study, we
initiated ex vivo high-throughput screening to evaluate small molecule compound activity
against fluorescently labeled M. avium subsp. hominissuis during the infection of THP-1
macrophages. Several hit compounds were identified and tested against intracellular Mab
and M. tuberculosis as well. While the majority of compounds showed activity against the
bacteria of intracellular and extracellular phenotypes, some selected compounds exhibited
activity only in the intracellular environment. The combination of these compounds with
current antibiotics led to increased efficacy of current antibiotics and higher bacterial
clearance when compared to antibiotic treatment alone.
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2. Materials and Methods

Chemicals and compound libraries. The ChemBridge DIVERSet small molecule
compound library was obtained from the Oregon State University /College of Pharmacy
High-Throughput Screening Services Laboratory in a single dose of 10 uM and a final
DMSO concentration of 1%. Amikacin was purchased from Research Products International,
(Mt. Prospect, IL, USA), and clarithromycin from Tokyo Chemical Industry, (JAPAN).
Phorbol 12-myristate 13-acetate (PMA) and resazurin were obtained from Sigma (St. Louis,
MO, USA). Metal mix media has been previously formulated and described [23-25].

Bacterial strains and cell lines. Mycobacterium avium subspecies hominissuis 104 (MAH104)
was isolated from the blood of an AIDS patient [26]. MAH104 was mouse-passaged to
maintain virulence and was used for fewer than 10 passages on 7H10 Middlebrook agar plates.
Mycobacterium abscessus 19977 (Mab19977) and Mycobacterium tuberculosis H37Ra (MtbH37Ra)
were purchased from the American Type Culture Collection (ATCC). Clinical isolates of
MAH strains 0133, MAH-B, and MAH-C and Mab DNA01627, NR49093 strain DJO44274,
and NR44273 strain 4529 were obtained in collaboration with the Cystic Fibrosis Research
and Development Program at National Jewish Health in Denver, CO, USA. Mycobacteria
were grown on 7H10 Middlebrook agar or 7H9 Middlebrook broth (Difco Laboratories,
Detroit, MI, USA) containing 10% oleic acid, albumin, dextrose, and catalase (OADC, Hardy
Diagnostics, Santa Maria, CA, USA) and glycerol. MAH expressing the tdTomato protein
(MAH-T) was constructed in this laboratory by electroporation of pJDC60 plasmid into
MAH104 using standard protocols [27]. MAH-T was grown as described for MAH104 except
with the addition of 400 pug/mL kanamycin to maintain the plasmid. To make suspensions
of these strains, log phase cultures grown on a 7H10 agar plate were suspended in 10 mL
Hanks’ Balanced Salt Solution (HBSS; VWR, Visalia, CA, USA). Cells were passed through
a 22-gauge syringe 10 times to disperse clumping and were allowed to settle for 15 min.
The top 9 mL was removed to a new tube. The previous two steps were repeated, and the
top 6 mL was removed to a fresh tube. The O.D. 600 was read and cells were diluted in
RPMI-1640 medium to the appropriate concentration (1.0 O.D.gp0~3 x 108 cells/mL).

Human-derived monocytic THP-1 cells (ATCC TIB-202) were grown in RPMI-1640
medium (Cellgro, Manassas, VA, USA) supplemented with 10% heat-inactivated fetal
bovine serum, 2 mM L-glutamine, and 25 mM HEPES (termed as RP10) and maintained at
37 °C with 5% CO,. Cells were grown at a concentration less than 1 x 10°/mL and kept for
fewer than 10 passages. To differentiate THP-1 cells into macrophages, cells were plated
at 1 x 10°/well in a clear, flat-bottom 96-well plate in RP10 and treated overnight with
50 ng/mL PMA. The following day, media was removed and 100 pL fresh RP10 was added.
Cells were incubated for an additional two days at 37 °C/CO, before infection.

Optimization of the high-throughput screening (HTS) assay. To optimize the HTS
screen, different bacterial multiplicity of infections (MOIs) and infection durations were
tested in THP-1 cells. Differentiated THP-1 cells were seeded at 10° in 100 uL RP10 in a
Corning clear flat-bottom 96-well plate. Plates were incubated overnight at 37 °C/CO;. The
following day media was removed, and fresh media was added. Forty-eight hours later,
two-fold dilutions of a single cell suspension of MAH-T were made in RP10 and added to
give a final MOI of 5, 10, 20, or 40 bacteria to 1 cell. After 2 h, cells were washed with HBSS,
and 200 ug/mL amikacin was added for an additional 2 h to kill extracellular bacteria. Next,
wells were replenished with fresh RRP10 containing 400 pg/mL kanamycin. As a control,
70 ng/mL clarithromycin was added to some wells. Cells were incubated up to 10 days
and red fluorescence was measured daily using 530 nm /590 nm excitation/emission filters
on a Tecan 200 fluorimeter.

The HTS primary assay. The PMA-stimulated THP-1 cells were seeded in 96-well
plates as described above and infected at an MOI of 40 bacteria to 1 cell. The inoculum of
MAH-T was prepared in RP10, and cells were infected for 2 h. Next, cells were washed with
HBSS, treated with 200 ug/mL amikacin in RP10 for 2 h to remove extracellular bacteria,
and replenished with RP10 media containing 400 pg/mL kanamycin together with tested
compounds from the ChemBridge small molecule library at the final concentration of
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10 uM excluding the last column. RP10 containing 400 pg/mL kanamycin and 70 ug/mL
clarithromycin was added to the last column as a control for 100% inhibition. DMSO
was also included as an additional control for measuring any effects on intracellular
bacterial growth. Plates were incubated at 37 °C/CO, and fluorescence at 530/590 nm
excitation/emission was measured on a Tecan plate reader on days 5, 6, and 7 of post-
infection. Fluorescence data of individual wells was analyzed as a percentage of the DMSO
control using the formula: % inhibition = 100 x [1 — (X — MIN)/(MAX — MIN)] where
MIN is the average of the clarithromycin-treated wells and MAX is the average of the
DMSO-treated wells. Compounds that inhibited bacterial fluorescence for more than 50%
on days 5, 6, and 7 were chosen as potential hits. The hit compounds were selected from the
library and were retested in the secondary assay in three technical replicates as described
above. The compounds that produced similar results in primary and secondary screens
were reordered from the ChemBridge corporation for further studies.

Cytotoxicity assay. To establish the cytotoxic concentration of compounds causing 50%
or more death of viable host cells, the hit compounds were tested in THP-1 differentiated
macrophages in a concentration range of 10 to 0.01 uM that was made in DMSO by half-log
serial dilutions. Four microliters of compound dilutions were added to 196 uL. RP10 and
dispensed on cell monolayers in each well of 96-well plates. Cyclosporin A at 50 ug/mL was
used as a positive control for cytotoxicity and 1% DMSO as a negative control. Plates were
incubated at 37 °C/CO; and 72 h later assessed with a resazurin colorimetric assay [28].
Ten microliters of resazurin (50 pg/mL in PBS) were added to each well and incubated until
an appropriate color change occurred (~3-5 h). The fluorescence was read at 530/590 nm
in a Tecan plate reader, and the percent of inhibition was determined using the formula
described above. In addition, cell monolayers were visually evaluated for cytotoxicity using
an inverted microscope. Toxicity was determined by the least concentration of compound
that did not cause a color change in resazurin, and/or the least concentration in which no
visible effects on the cell monolayer were observed.

MIC50. To determine the minimum inhibition concentration for inhibiting 50% of
the pathogen, bacterial suspensions of MAH104, MAB19977, and MtbH37Ra, or clinical
isolates were made in 7H9 media containing OADC, 10% glycerol, and 0.1% Tween. The
inoculums were adjusted at ODgqg to 0.5 and diluted to 0.03-0.05 in 7H9 media prior to
the compound addition. Compounds in a concentration range of 10 to 0.01 M were made
in DMSO by half-log serial dilutions and added to corresponding wells. Clarithromycin
(70 pg/mL) and 1% DMSO served as controls. The experiment was performed in duplicate
plates. Plates were incubated statically for 72 h for MAB19977, 96 h for MAH104, or 144 h
for MtbH37Ra. Resazurin was added to plates at a final concentration of 5 pg/well and
incubated at 37 °C until an appropriate color change occurred. The fluorescence was read
at 530 nm /590 nm on a Tecan plate reader, and the percent of inhibition was determined
using the formula described above.

Quantification of intracellular mycobacteria in compound alone or compound-antibiotic
combination treatment of macrophages. To establish intracellular bacterial growth within
macrophages with and without compound treatment, THP-1 macrophage monolayers
were infected with either MAH104, Mab19977, or MtbH37Ra. Infections were carried out
for 2 h with an MOI of 5 for MAH104 and MOI of 1 for Mab19977 and MtbH37Ra. After
infection, cells were treated with 200 pg/mL amikacin for 2 h to remove any extracellular
bacteria. Wells were replenished with fresh RP10 containing tested compounds alone or in
combination with 4 pg/mL amikacin for MAH104 and Mab19977, and 0.2 pg/mL isoniazid
(INH) for MtbH37Ra. Plates were incubated at 37 °C/CO, up to six days and the number
of surviving bacteria was enumerated by lysing cells with 0.1% Triton X-100 at the time
points indicated in the figure legends. Serial dilutions were made in HBSS and plated on
7H10 agar plates for 7-14 days. Data were calculated as a percentage of surviving bacteria
in the DMSO alone control. The statistical analysis and graphical outputs were made in
the GraphPad Prism (version 9.0) with one-way ANOVA multiple comparisons between
DMSO control and experimental compound treatment groups.
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Antimicrobial activity of compounds against mycobacteria in metal mix media. Single-
cell suspensions of mid-log phase grown MAH104, Mab19977, or MtbH37Ra were diluted
to O.D. 600 = 0.05 in the 7H9 growth or metal mix (MX) media [23]. Compounds were tested
in 96-well plate format at 100 pM concentration, while 1% DMSO was used as a positive
control for bacterial growth and 70 pg/mL clarithromycin or INH (Mtb) as a negative
control for 100% bacterial growth inhibition. Plates were incubated statically at 37 °C and
after 72 h (for MAH and Mab) or 120 h (for Mtb), the O.D. 600 nm readings were recorded.
In addition, to analyze the viable bacteria, resazurin at a final concentration of 5 ug was
added to each well. After appropriate color change, plates were visually examined and
read at 530/590 nm excitation/emission filters on a fluorimeter (Tecan).

3. Results

A fluorescence-based HTS identifies compounds active against intracellular mycobac-
teria. A cell-based high-throughput screen was initiated using infected THP-1 macrophages
with MAH-T expressing tdTomato protein and viable bacterial growth within the host
cells was measured through fluorescence readings. The HTS screening triage summarizing
the primary and counter assays is detailed in Figure 1A. The primary HTS assay was
optimized in a 96-well format using different MOIs and infection time points to determine
the conditions that led to the greatest difference in fluorescence between DMSO- and
clarithromycin-treated wells. Infection of differentiated THP-1 cells with MAH-T at an MOI
of 40 at 5, 6, and 7 days of infection provided the most consistent difference in fluorescence
between the positive (DMSO) and negative (CLA) controls (Figure 1B,C). The Z’-score was
determined to be 0.55, which is considered a good quality assay [29].

HTS primary screen 40000+
Screened the Chembridge Focused library of 40,560 compounds
(owned by OSU/CoP HTSSL) in a single dose of 10uM in DMSO.
Readout for dtTomato fluorescence mycobacterial in
infected THP-1 human macrophages.

731 compounds exhibited < 50% fluorescence (hit rate=1.8%)

30000

20000+

10000+
Hit confirmation

In the secondary assay, cherry-picked compounds were
tested in triplicates at 10 uM concentration.
58 compounds (repeat rate=8%)

RFU readings in THP-1 cells

[ ]

None CLA
C Treatment

Compound purchase

No treatment
from ChemBridge Corporation Rt

CLA (70 pg/m1)

Counter screen 1
CCs (100uM-1puM)
and intracellular viability test

Filter out cytotoxic compounds

<70% cell viability criteria Counter screen 2

ICs, (100uM-1uM) in 7H9 broth

Prioritize compounds with
potency. Put aside compounds
stimulating toxicity during
bacterial infection

Counter screen 3
Time-killing dynamics in compound
antibiotic combination

Counter screen 4
Validation in clinical isolates,

Figure 1. The development of the fluorescent-based HTS assay for identification of compounds with

potency in infected macrophages. (A) The HTS screen triage. (B) Red fluorescence units (RFU) of
MAH-T-infected THP-1 macrophages with and without antibiotic treatment at day 7. (C) Phase contrast
and fluorescent images of MAH-T-infected THP-1 cells with MOI of 40:1 on day 7 post-infection.
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In the primary screen, 40,560 compounds from the ChemBridge DIVERSet library
obtained from OSU/College of Pharmacy High-Throughput Screening Services Laboratory
were added to MAH-T-infected macrophage monolayers at a final concentration of 10 uM
in 0.1% DMSO. Eighty compounds per 96-well plate were screened and the percentage of
intracellular bacterial inhibition, compared to DMSO alone control wells, was calculated
on days 5, 6, and 7 of MAH-T infection. Those compounds showing more than 50%
inhibition in red fluorescence on all three days were considered potential hits. Out of
40,560 compounds tested, 731 compounds exhibited a more than 50% decrease in the
fluorescence of infected THP-1 cells (hit rate of 1.8%). In repeat assays performed in
three technical replicates, the activity of 58 compounds (out of 731) was confirmed to
significantly decrease MAH-T fluorescence in infected macrophages (repeat rate of 8%).
These 58 compounds were purchased from the ChemBridge company (San Diego, CA,
USA) and further evaluated for their activity against mycobacteria based on quantification
of intracellular CFUs and for MIC50 assays as described below.

Quantification of intracellular bacteria confirms the antimicrobial activity of hit com-
pounds in macrophages. The summary of compounds that significantly reduced intracellu-
lar mycobacterial loads (either NTM or Mtb) in infected macrophages and/or exhibited
activity in vitro are listed in Table 1. These compounds belong to 17 different classes of
chemical groups: thiazole- and pyridine-hydrazides, triazole- and thiophene-carboxamides,
pyrimidine, phenyl-urea and thiourea, triazine diamine, benzamide, and others. Some
of these compound classes have already been shown to be active in M. tuberculosis. The
primary screen also identified isoniazid and ciprofloxacin analogs (compounds #4 and #6,
respectively), validating our HTS screen.

Table 1. The list of active compounds identified in this study.

Cluster Compound Structure Name
®
2 S% 4-(4-chlorophenyl)-N-[(Z)-
S U (4methoxyphenyl)methylideneamino]-1,3-thiazol-2-amine
Do
Q N-[(Z)-(4-chlorophenyl)methylideneamino]-4-phenyl-1,3-
25 . .
. = N thiazol-2-amine
Thiazole- \\\/)K/"*\r" i
hydrazine L/
RPN q N-[(E)-b lid ino]-4-(4-methylphenyl)-1,3-thiazol-2-
2 j\/\\)\( A j, [(E)-benzylideneamino] : n(lmrene ylphenyl)-1,3-thiazo
L
47 Q N-[(Z)-(4-methylphenyl)methylideneamino]-4-phenyl-1,3-

= thiazol-2-amine
\ N\?‘/ NH
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Table 1. Cont.

Cluster Compound Structure Name

55 %\ = N-[(5-hydroxy-2-adamantylidene)amino]pyridine-4-

L P carboxamide

56 N Lol 1 hrtiE(zl)é[s-(2,3-qichlorgghenzl)fu}zan-z- y
Pyridine- < i B yllmethylideneamino]pyridine-4-carboxamide
hydrazide o, 5

57 o A A A N-[(2)-1-(2,3-dihydro-1,4-benzodioxin-3-

@[‘ 5 . yl)ethylideneamino]pyridine-3-carboxamide

58 N

N-[(Z)-3-phenylpropylideneamino]pyridine-4-carboxamide

30 L @)

1-(4-ethylphenyl)-N-(3-fluorophenyl)-5-methyltriazole-4-
carboxamide

31 @ ‘

1-(4-ethylphenyl)-5-methyl-N-(4-methylphenyl)triazole-4-

Triazole- &‘( O_/ carboxamide
carboxamides
35 ?Q _on, N-(3-fluorophenyl)-1-(3-methoxyphenyl)-5-methyltriazole-4-
,}_ f__,f carboxamide
37 i "‘O e 1-(3-methoxyphenyl)-5-methyl-N-(4-propoxyphenyl)triazole-
L U ‘{ﬁ( 4-carboxamide
19 sl A N-butyl-2-methyl-[1]benzofuro[3,2-d]pyrimidin-4-amine
Pyrimidine E
Y 36 < & 4-(2-methylpiperidin-1-yl)-[1]benzofuro[3,2-d]pyrimidine
Hvrl CHy
F=\
50 @—/( @ N-cyclopentylquinazolin-4-amine
44 ©/ \f( \©\ 1-(3-chloro-4-fluorophenyl)-3-(4-methylphenyl)urea
Phenyl- 46 : ‘©"”77\H/©( 1-(4-chlorophenyl)-3-(3-fluorophenyl)urea
urea o

54 e \_/

1-(3-chlorophenyl)-3-[2-(5-fluoro-1H-indol-3-yl)ethyl]urea
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Table 1. Cont.

Cluster Compound Structure Name
5 Ni TNr 4-N-ethyl-2-N-propan-2-yl-6-pyrrolidin-1-yl-1,3,5-triazine-2,4-
HT diamine
!
Triazine
diamine oHy
10 ki =" {” N 2-N-tert-butyl-6-(3,5-dimethylpyrazol-
= Y J< AHk 1-yl)-4-N-propan-2-yl-1,3,5-triazine-2,4-diamine
16 e\ )\_ZL@ N-[[3-chloro-4-(4-propanoylpiperazin-1-
}’\_/ % yl)phenyl]carbamothioyl]benzamide
Benzamide ‘ )
18 Q)\:@\ I N-(3-butan-2-yloxyphenyl)-4-fluorobenzamide
11 : - N-(3-fluorophenyl)-5-methylthiophene-3-carboxamide
Thiophene- -
carboxamide Q _
Hn J& 5-ethyl-N-pyridin-4-yl-4,5,6,7-tetrahydro-1-benzothiophene-2-
51 — .
'S carboxamide
17 ﬁwi 1-(1-adamantylmethoxy)-3-(3-methylpiperidin-1-yl)propan-2-
n 01
Alcohol with
piperazine VY 1-tert-butoxy-3-[4-(5-chloro-2-methylphenyl)-1-piperazinyl]-2-
42 e, ,_( A oft propanol
"’C‘]L o hydrochloride
i [1-(4-chlorophenyl)-2,5-dioxopyrrolidin-3-yl] N’-[(Z)-[(E)-
48 O ))j A \\/\/@ 4[4(dimethylamino)phenyl]but-3-en-2-ylidene]amino]
- carbamimidothioate
Thiourea N
=
53 ] | C Vs [(Z)-[4-(1-adamantyl)phenyl]methylideneamino]thiourea
15 \ C_M/_\N_f@c : 1-[(3,4-dichlorophenyl)methylsulfonyl]-4-methylpiperazine
i
Sulfone
49 ©"“ _ "C>_ . 4-methyl-N-(4-methylphenyl)piperidine-1-sulfonamide
Pyridine- O , . . .
carboxamides 4 T O N’-(4-biphenylylmethylene)isonicotinohydrazide
=
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Table 1. Cont.

Cluster Compound Structure Name
Y 7-(4carbamothioylpiperazin-1-yl)-1-ethyl-6-fluoro-4-
Carboxylic acid 6 R f oxoquinoline-3-carboxylic
Son, acid
Aminothiazole 7 ) D ‘W’m N-(3,4-dimethylphenyl)-4-pyridin-2-yl-1,3-thiazol-2-amine
:(' — N-[4-(4-acetylpiperazin-1-yl)-3-chlorophenyl]-2-(4-
Acetamide 32 ol R, chlorophenoxy)
'©_ Sl acetamide
Imidazole 40 ©/:\,%[/© 1-(4-methyl-2-phenylimidazo[1,2-a]benzimidazol-1-yl)propan-
i 1-one
4
Pyridine- 52 @ @ 4-[2-(2-phenylethylsulfanyl)ethyl]pyridi
thioether A phenylethylsulfanyl)ethyl]pyridine
The cytotoxicity of 58 compounds was tested in differentiated THP-1 cells in the
concentration range of 0.1 to 100 pM using a resazurin colorimetric assay together with the
visual examination of macrophage monolayers. Bacterial survival assays were performed
at the highest concentration of compounds that were nontoxic to THP-1 cells (Table 2).
Table 2. Activity of hit compounds in THP-1 macrophages and in vitro.
Compound THP-1 Cytotoxicity Intracellular Killing in THP-1 Cells MICso [uM]
[uM] MAH104  Mab19977  MtbH37Ra  MAH104  Mabl19977  MtbH37Ra
4 32 Yes Yes Yes 10 - 3
5 32 Yes Yes - - - -
6 - Yes Yes - 3 32 10
7 10 Yes - Yes 10 10 10
10 32 Yes Yes Yes - - -
11 32 Yes - - - 32 -
15 - Yes Yes - - - -
16 10 Yes - Yes 32 - -
17 32 Yes - Yes 100 - 10
18 32 * - - 100 - -
19 - - - - 100 100 10
24 - - - Yes - - -
25 - Yes - Yes 32 - 10
26 32 Yes - Yes - - 10
30 - - - - - - 10
31 - Yes Yes - - - -
32 32 - Yes - - - -
35 32 * - - - 100 -
36 32 * * - 100 100 -
37 32 - Yes - 100 - -
40 32 - - - - - 10
42 - - Yes - - - 10
44 - Yes Yes - - - -
46 32 * * - 10 32 -
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Table 2. Cont.

Compound THP-1 Cytotoxicity Intracellular Killing in THP-1 Cells MICso [uM]
[uM] MAH104  Mab19977  MtbH37Ra  MAH104  Mab19977  MtbH37Ra
47 - Yes Yes Yes - - -
48 32 Yes Yes Yes 10 - 10
49 32 - - - - - 10
50 - Yes Yes - - - -
51 32 - Yes - - - 10
52 - Yes Yes - 10 - -
53 32 Yes Yes Yes - - 10
54 10 Yes Yes - 32 - 10
55 - * - Yes 32 - 10
56 32 Yes - Yes 100 10 -
57 32 Yes - Yes 32 - -
58 - * - - 100 - -

Note: for active compounds that are marked with asterisk, bacterial infection increases the toxicity to THP-1 cells
at nontoxic concentrations.

Of the 58 tested compounds, 27 showed a statistically significant reduction in intra-
cellular MAH104 growth recorded as colony-forming units (CFUs) over 6 days (Table 2
and Figure 2A). While 19 out of 58 compounds decreased viable Mab19977 loads over
3 days of infection, 14 active compounds inhibited intracellular MtbH37Ra survival at
day 6 post-infection of THP-1 cells (Table 2 and Figure 2B,C). Five of these active com-
pounds were found to be common for tuberculosis and non-tuberculous mycobacteria,
and 15 compounds decreased the survival of both NTM species but not Mtb. In addition,
2 compounds were found to have activity exclusively in MAH and 3 compounds only in
Mab. Furthermore, 7 compounds exhibited activity in MAH104 and MtbH37Rv, but no
activity in Mab (Table 2 and Figure 2). We should highlight that for some compounds with
intracellular and/or extracellular potency, the combination together with bacterial infection
led to increased toxicity to THP-1 cells (at nontoxic concentration). These compounds are
marked with asterisks and were included in Table 2 because they display in vitro activity
and are members of clusters.

In vitro antimicrobial activity of hit compounds against replicating mycobacteria. To
determine whether the identified 58 hit compounds also displayed activity against bacteria
in vitro, half-log dilutions of compounds were made in 1% DMSO and added to the mid-
log-phase grown cultures of MAH104, Mab19977, or MtbH37Ra in 7H9 broth. Viable
bacteria were assessed with ODg(y and by oxidation rates of resazurin substrate on days 4,
3, and 6, respectively. The in vitro active compounds and established MICs, concentrations
are listed in Table 2. Our results demonstrate that 18 compounds exhibited more than 50%
inhibitory activity against MAH104 in 7H9 growth media, including ciprofloxacin and
isoniazid analogs. Eight compounds showed activity against Mab19977 and 15 compounds
against MtbH37Ra. While compounds and MICs, concentrations varied for both NTM
organisms and Mtb, three common compounds exhibited in vitro activity in all tested
mycobacterial species (Table 2).

We also evaluated hit compounds against clinical isolates of MAH and Mab drug-
resistant strains of cystic fibrosis patients. MAH strains of 0133, MAH-B, and MAH-C are
resistant to amikacin (this study), and Mab isolates of DNA01627, NR49093 strain DJO44274,
and NR44273 strain 4529 have been previously shown to be resistant to amikacin and
clarithromycin [6]. The MIC assay was performed as described in the materials and methods
section, and the results demonstrate that while the majority of compounds have similar
MIC concentrations, some are even more susceptible to selected compounds (Table 3).
Interestingly, compounds 5, 10, 31, 44, and 47 with activity exclusively in intracellular
bacteria that were identified in MAH104 and Mab19977, did not display activity across
clinical isolates as well (data not shown).
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Figure 2. Quantification of bacterial CFUs for assessing intracellular potency of hit compounds
against mycobacteria within infected THP-1 macrophages. Compounds at the highest nontoxic
concentrations (listed in Table 2) were added to (A) MAH, (B) Mab, or (C) Mtb infected THP-1 cell
monolayers at 2 h post-infection. Bacterial CFUs were analyzed by lysing cells with 0.1% Triton X-100
on day 6 for MAH, day 3 for Mab, and day 6 for Mtb and plating seral dilutions on 7H10 agar plates.
The percentage of surviving bacteria was calculated by dividing CFU/well for each compound by
DMSO growth control which is considered as 100% of bacterial survival. AMK treatment served as a
negative control for MAH and Mab growth within macrophages and INH for Mtb. All compounds
shown in this figure demonstrated a statistically significant reduction of intracellular bacteria (in
-value range of 0.05-0. analyzed with one-wa multiple comparisons between
p-val ge of 0.05-0.0001 lyzed with y ANOVA multipl pari bet DMSO
control and experimental compound treatment groups.
Table 3. Effect of compounds against M. avium and M. abscessus clinical isolates in vitro.
MICs [uM]
Compound NR49093 Strain NR44273
MAH104 NJH 0133 MAH B MAH C Mab19977 DNA 01627 DJO44274 Strain 4529
4 10 10 100 10 - - - -
6 3 3 - 3 32 32 32 32
7 10 10 - - 10 10 10 10
11 - - - - 32 32 32 32
16 32 32 100 100 - - - 100
17 100 100 100 - - - - -
18 100 100 100 100 - - - 100
19 100 100 100 100 100 100 100 100
25 32 - - - - - - -
35 - - - - 100 100 32 32
36 100 100 - 100 100 100 32 32
37 100 100 - 100 - - - -
46 10 10 - 10 32 32 10 32
48 10 10 32 32 - - - -
52 10 - - - - - - -
54 32 100 - - - - - -
55 32 10 10 10 - - - -
56 100 10 10 10 10 10 32 32
57 32 10 10 100 - - - -
58 100 10 10 100 - - - -
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Cotreatment with hit compounds and antibiotics improves bacterial clearance within
macrophages. We carried out bacterial survival studies with frontline antibiotics (AMK for
NTMs; INH or RIF for Mtb) and compounds that showed activity exclusively in infected
cells but not in vitro. To determine whether these compounds demonstrated any synergy
or antagonism with antibiotics, infected THP-1 cells were treated with either compound or
antibiotic alone, or compound with the antibiotic combination. In vitro MIC concentrations
of antibiotics were used in the experiment to determine if combination treatment with
compounds could lead to improved antibiotic efficacy and, therefore, better clearance of
bacteria when compared with the antibiotic alone control group. As shown in Figure 3A,
the combination of two drugs led to substantially less intracellular MAH growth at later
time points. Similar results were obtained when the combination treatment of compounds
with and without antibiotics was tested against Mab and Mtb (Figure 3B,C).
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Figure 3. Time-kill dynamics of mycobacteria in THP-1 cells during combination treatment with
“intracellular” compounds and antibiotics. (A) MAH104 survival rates in macrophages in AMK,
compound, and in compound-AMK treatment groups over 6 days of infection. (B) Mab19977 survival
rates in AMK, compound, and in compound-AMK combination treatment groups over 3 days.
(C) MtbH37Ra survival rates in INH, RIF, compound, and in compound-antibiotic groups over
6 days of macrophage infection. The intracellular bacterial CFUs were recorded after treatment with
antibiotics at the MIC concentration and/or with compounds at the highest nontoxic concentrations
to THP-1 cells, and the percentage of surviving bacteria was established by calculating the number of
bacteria from the DMSO growth control that received no treatment. Antimicrobials were added to
the culture monolayers after 2 h infection. The error bars indicate standard deviations.

Evaluation of antimicrobial activity of compounds using an in vitro model of a phago-
some. The compounds that were active only against intracellular bacteria, and not in vitro,
were tested in MX media. MX mimics the metal concentrations and pH of the mycobac-
terial vacuole [25], and has been shown to stimulate gene expression as well as secretion
of several potential virulence factors [23,24]. Most importantly, it stimulates the develop-
ment of the persistent state in mycobacteria and promotes tolerance to currently available
antibiotics [30].
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Interestingly, three compounds, 5, 10, and 47, which did not show any activity in 7H9
growth media were highly bactericidal for MAH104 in MX media, and compounds 10 and
47 had similar potency for Mtb in MX but not in 7H9 broth (Figure 4A,C), demonstrat-
ing that these compounds retain activity in conditions similar to those found within the
phagosome vacuole. Compound 5 showed significant inhibition of Mab19977 in MX media
while compounds 10 and 47 caused a slight decrease in bacterial numbers (Figure 4B).
The differences in the effects of active compounds on MAH in metal mix compared to
Mab are unclear. However, we should emphasize that MX was mainly designed with two
formulations to mimic the phagosome environment of MAH and Mtb, but not Mab [25].
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Figure 4. The efficacy of “intracellular” hit compounds against mycobacteria in the metal mix. The
activity of compounds was evaluated against (A) MAH104, (B) Mab19977, and (C) MtbH37Ra in
the MX to mimicking the metal concentrations and pH of 24 h phagosomes. Selected intracellular
compounds were tested at 100 pM concentration, and 1% DMSO was used as a positive control for
bacterial growth. Treatment with clarithromycin and isoniazid at bactericidal concentrations served as
negative controls for 100% growth inhibition in NTM strains and Mtb, respectively. Bacterial viability
was analyzed by utilizing the resazurin reagent read at 530/590 nm excitation/emission filters on
a fluorimeter (Tecan). Data represent the means + standard deviations (SD) of three independent
experiments performed in triplicates.

4. Discussion

Mycobacterial pathogens are predominantly intracellular organisms, causing morbid-
ity and mortality. Mycobacteria can invade and proliferate within a variety of mammalian
cells, including mucosal epithelial cells and phagocytes [31-33]. However, both Mtb and
NTM organisms preferentially infect macrophages where they establish a persistence niche
within phagosome vacuoles for prolonged survival and dissemination in the host [34,35].
The intracellular environment of the phagosome where bacteria reside significantly differs
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from the extracellular condition of the growth culture [7,8]. The transcription, as well as
proteome profiles of persistent mycobacteria, demonstrates the temporal regulation of a
subset of genes and synthesis of distinct proteins within the host in response to environ-
mental cues that collectively enable the intracellular bacteria to become phenotypically
resistant and avoid killing by antimicrobials [10-12,36]. Therefore, identifying compounds
that can exhibit antimicrobial activity within the cellular environment of the host is an
important attribute in mycobacterial drug discovery.

Finding compounds that target essential bacterial factors expressed in various condi-
tions and stages of host infection is challenging. To address this, cell-based assays have
emerged as a critical tool in the search for intracellular inhibitors. Several high-throughput
screening campaigns designed to identify inhibitors of mycobacterium species have been
conducted. Many of these were performed in vitro using bacteria grown in various types of
laboratory media and different environmental conditions [18,20]. Others targeted specific
proteins or pathways of mycobacteria [19,21,22]. Only a few HTS campaigns were designed
to identify inhibitors of intracellular mycobacteria [22,37,38].

The use of infected macrophages has the advantage of identifying intracellular bacterial-
specific targets that may serve as virulence factors as well. Furthermore, infected human
cell lines offer the additional benefit of discovering compounds with activity against cellular
targets that could be utilized by mycobacteria for its survival and pathogenicity in the
host. Therefore, in this study, a cell-based high-throughput screen was initiated using
THP-1 human macrophages. M. avium expressing the fluorescent tdTomato protein was
used to easily measure bacterial replication in host cells through fluorescence readings.
Compounds that decreased the red fluorescence of infected THP cells were considered to be
potential inhibitors of MAH infection. While this screen would select compounds that natu-
rally inhibit fluorescence, these were ruled out in subsequent secondary assays by retesting
compounds for their ability to decrease mycobacterial CFUs in macrophages. By testing
activities for both Mtb and NTM organisms, we aimed to obtain compounds with broad
anti-mycobacterial spectrum potency and possibly with activity against common bacterial
targets or host pathways potentially contributing to the persistence of these pathogens.

In this study, the chemically diverse library was selected from the larger screening col-
lection of the ChemBridge Corporation as it was shown to contain several active inhibitors
of Mtb in vitro and, therefore, it may also contain compounds active in vivo [20]. The
primary HTS screen of over 40,000 compounds in MAH-T infected human macrophages
identified 731 compounds that cause a more than 50% decrease in bacterial fluorescence.
The activity of 58 compounds was confirmed in repeat fluorometric assays, and selected
compounds listed in Table 1 were purchased from ChemBridge and evaluated in subsequent
assays. A total of 27 of 58 tested compounds showed a significant reduction in intracellular
MAH104 growth recorded as CFUs, while 19 and 14 compounds were found to be active
against Mab19977 and MtbH37Ra, respectively. Overall, 36 active compounds were con-
firmed to significantly reduce intracellular loads of either MAH, Mab, or Mtb within THP-1
macrophages with five compounds overlapping between mycobacterial species. Based on
the primary skeletal moieties, these compounds were grouped into 17 classes of thiazole-
and pyridine-hydrazide, triazole- and thiophene-carboxamide, pyrimidine, phenyl-urea
and thiourea, triazine diamine, benzamide, and others listed in Table 1.

To define whether the 36 compounds identified also displayed antibacterial activity in
actively replicating mycobacteria in growth culture, they were tested in vitro in 7H9 broth.
MIC assays established that 18 compounds have in vitro bactericidal activity against MAH,
8 against Mab, and 15 in Mtb at various concentrations listed in Table 2. Compounds 5, 10,
31, 44, and 47 did not display activity against MAH or Mab in vitro, nor did compounds 10
and 47 against Mtb. These compounds were also examined in MX media in vitro. MX mim-
ics the metal concentrations and pH of the mycobacterial phagosome [25] and was shown
to stimulate the persistence phenotype in mycobacteria and tolerance to antibiotics [30].
Compounds 5, 10, 31, 44, and 47 demonstrated bactericidal activity against MAH in MX,
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while only three compounds (5, 10, and 47) inhibited Mab growth in MX. In addition,
compounds 10 and 47 displayed inhibitory activity against Mtb in MX media.

Compounds 5 and 10 belong to the triazine diamine cluster. Previous work iden-
tified a series of novel diamino triazines that were found to be potential inhibitors of
Mitb dihydrofolate reductase enzyme, which protects cells against growth inhibition by
isoniazid by sequestering the drug [39]. Furthermore, the literature reveals that antitu-
bercular triazines stimulate the release of intrabacterial NO and desnitro metabolites as
a mechanism of action along with inhibition of InhA encoding a target for isoniazid and
ethionamide and the FAS-II pathway in Mtb [40]. Compound 31 belongs to the triazole-
carboxamide cluster and compound 44 to phenyl-urea. The triazole-carboxamides have
been demonstrated to suppress bacterial SOS responses through the inhibition of the dual-
function repressor/protease LexA and block a mechanism enabling Escherichia coli and
Pseudomonas aeruginosa to adapt and resist antimicrobial treatment [41]. It is reported that
the adamantyl-phenyl-urea compounds target MmpL3 protein that is involved in the secre-
tion of trehalose mono-mycolate in Mtb [42]. Recently, through whole cell phenotypic HTS,
a phenyl-urea compound was identified as one of the lead inhibitors of MmpL3 with high
potency against resistant Mtb and with a novel mode of action [43]. Compound 47 of the
thiazole-hydrazine group has activity against MAH, Mab, and Mtb. Interestingly, pyridine-
and thiazol-hydrazides have been shown to display anti-inflammatory and antimicrobial
activity [44,45]. In silico docking studies identified an anti-inflammatory mechanism of
hydrazine thiazole hybrids through inhibition of the host cyclooxygenase (COX), which is
involved in the synthesis of prostaglandins [44].

Due to the intrinsic and acquired ability of mycobacteria to resist killing by antibiotics,
multidrug regimens are an important approach for the effective clearance of bacteria and
recovery from disease. The aminoglycoside class of the antibiotic AMK is currently a
leading antibiotic for the treatment of NTM infections, and INH and RIF are used for
Mtb infections. A combination of current antibiotics with novel antimicrobials that target
bacterial virulence factors may offer a greater chance for new and more effective therapy
regimens. To test if some of the intracellularly active compounds displayed greater activity
with current antibiotics and had no antagonist effects, compounds 5, 10, 31, 44, and 47
were examined for bacterial survival time-kinetics in THP-1 macrophages. The results
demonstrate that the tested compounds display substantial bacterial clearance in the
antibiotic-compound combination group for MAH, Mab, as well as Mtb when compared
with the compound or antibiotic control groups alone. The activity of the combination of
compounds was additive, and a few showed no effect. Some of these compounds are likely
ideal candidates for medicinal chemistry efforts to identify lead candidates.

Furthermore, while here we mainly detail antimicrobial activity of intracellularly active
compounds, those compounds that display activity both in vitro as well as in macrophages
could also be promising drug candidates because they exhibit activity against antibiotic
resistant NTM clinical isolates and some even at a lower MIC than drug-susceptible MAH
104 strain. Additionally, we note that the combination of bacterial infection with some
compound treatments (with intra- and extracellular activity) led to increased toxicity in
tissue culture (at nontoxic concentrations to THP-1 cells alone). To resolve the question
of the relevance of the antibacterial action of these specific compounds during the host
infection, comparisons of cell culture cytotoxicity with in vivo toxicity would be ideal and
will specify if these compounds could cause systemic toxicity or if it is only limited to the
tissue culture environment.

In this study, overall, we identified 17 clusters of thiazole- and pyridine-hydrazides,
triazole- and thiophene-carboxamides, pyrimidine, phenyl-urea and thiourea, triazine
diamine, benzamide, and others. Some of these compound groups have been identified
from the high-throughput screening of large chemical libraries and are already known for
antimicrobial activities, mainly against Mtb. For example, the aminothiazole derivatives
have been demonstrated to be medicinally relevant and some highly active in vitro and in
silico against Mtb [46]. Using the phenotypic hit targets of Mtb and based on the antitu-
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bercular pharmacophore centered screen, pyridine carboxamide prodrugs were described
to be activated via KatG-dependent metabolic processing and display inhibitory activity
against replicating Mtb [21]. The phenotypic screening of a compound library with known
anti-Mtb activity established thiophene-carboxamides as prodrugs activated by the EthA
monooxygenase [47]. The thiophene-carboxamide derivatives have also been shown to tar-
get a cytidine triphosphate (CTP) synthetase PyrG, which is an essential bacterial factor in
different physiological states and, subsequently, compounds had inhibitory activity against
Mtb in replicating, non-replicating, and intracellular states and at very low MICs [47]. In
addition, triazole hybrids with quinolone antibiotics have been tested in a broad range of
clinically important Gram-positive and Gram-negative bacteria and in different physiologi-
cal states, such as planktonic and biofilms, and were revealed to have greater potency than
the antibiotic group alone in all strains [48]. Furthermore, based on the physiochemical
analysis and molecular docking studies, the benzamide inhibitors have been identified
against a-subunit of tryptophan synthase («-TRPS) of Mtb, showing bactericidal activity at
6 ng/mL [49]. The study on 4-amine derivatives that were generated via a structure-guided
approach demonstrates that this group of compounds target Mtb cytochrome bd oxidase
(Cyt-bd), which is a triheme copper-free terminal oxidase in membrane respiratory chains
of bacteria [50]. In addition, this group of compounds represents new antibacterial agents
that do not affect the energy metabolism of human organs and tissues [51]. The research on
the biological activity of 3-arabino glycosyl sulfones against M. bovis BCG revealed sulfone
compounds as potential inhibitors of mycobacterial cell wall biosynthesis [52].

In summary, our cell-based high-throughput screen identified potent compounds
across Mtb and NTM organisms that display activity in different physiological states of
replicating and non-replicating bacteria. Some compounds, found for the first time in this
study, present promising chemical scaffolds as they demonstrate efficacy against NTM in
the host intracellular environment and may offer unique modes of action. Therefore, the
findings here encourage further investigations to initiate a medicinal chemistry campaign
to utilize structure-activity relationship studies and further optimize the biological activity
of a less studied class of compounds in mycobacteria such as the triazine diamines, triazole
carboxamides, and thiazole hydrazines.

Author Contributions: Conceptualization, R.V.V. and L.D.; methodology, R.V.V,, D.N. and L.D;
validation, R.V.V,, E.D. and L.D; formal analysis, R.V.V. and L.D.; investigation, R.V.V,, ED. and L.D;
data curation, R.V.V. and L.D.; writing—original draft preparation, R.V.V. and L.D.; writing—review
and editing, R.V.V,, D.N. and L.D,; visualization, R.V.V. and L.D.; project administration, L.D.; funding
acquisition, L.D. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Institute of Allergy and Infectious Diseases
(NIAID) grant 1R15AI1142609-01A1 (L. Danelishvili).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: We would like to thank Mahsa Khoshbakht for categorizing the compounds into
compound clusters.

Conflicts of Interest: The authors declare no conflict of interest.

1.  Gopalaswamy, R.; Shanmugam, S.; Mondal, R.; Subbian, S. Of tuberculosis and non-tuberculous mycobacterial infections—A
comparative analysis of epidemiology, diagnosis and treatment. J. Biomed. Sci. 2020, 27, 74. [CrossRef]

2. Johansen, M.D.; Herrmann, J.L.; Kremer, L. Non-tuberculous mycobacteria and the rise of Mycobacterium abscessus. Nat. Rev.
Microbiol. 2020, 18, 392-407. [CrossRef]

3.  Ratnatunga, C.N.; Lutzky, V.P,; Kupz, A.; Doolan, D.L.; Reid, D.W.; Field, M.; Bell, S.C.; Thomson, R.M.; Miles, ].]. The Rise of
Non-Tuberculosis Mycobacterial Lung Disease. Front. Immunol. 2020, 11, 303. [CrossRef]


http://doi.org/10.1186/s12929-020-00667-6
http://doi.org/10.1038/s41579-020-0331-1
http://doi.org/10.3389/fimmu.2020.00303

Molecules 2022, 27, 5824 17 of 19

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Maiz Carro, L.; Barbero Herranz, E.; Nieto Royo, R. Respiratory infections due to nontuberculous mycobacterias. Med. Clin. 2018,
150, 191-197. [CrossRef]

van Ingen, J.; Obradovic, M.; Hassan, M.; Lesher, B.; Hart, E.; Chatterjee, A.; Daley, C.L. Nontuberculous mycobacterial lung
disease caused by Mycobacterium avium complex-disease burden, unmet needs, and advances in treatment developments.
Expert Rev. Respir. Med. 2021, 15, 1387-1401. [CrossRef]

Gorzynski, M.; Week, T.; Jaramillo, T.; Dzalamidze, E.; Danelishvili, L. Mycobacterium abscessus Genetic Determinants Associated
with the Intrinsic Resistance to Antibiotics. Microorganisms 2021, 9, 2527. [CrossRef]

Luthra, S.; Rominski, A.; Sander, P. The Role of Antibiotic-Target-Modifying and Antibiotic-Modifying Enzymes in Mycobacterium
abscessus Drug Resistance. Front. Microbiol. 2018, 9, 2179. [CrossRef]

Vianna, J.S.; Machado, D.; Ramis, I.B.; Silva, EP; Bierhals, D.V.; Abril, M.A.; von Groll, A.; Ramos, D.E,; Lourenco, M.C.S.; Viveiros,
M.; et al. The Contribution of Efflux Pumps in Mycobacterium abscessus Complex Resistance to Clarithromycin. Antibiotics 2019,
8, 153. [CrossRef]

Batt, S.M.; Burke, C.E.; Moorey, A.R.; Besra, G.S. Antibiotics and resistance: The two-sided coin of the mycobacterial cell wall. Cell
Surf. 2020, 6, 100044. [CrossRef]

Rojony, R.; Danelishvili, L.; Campeau, A.; Wozniak, ].M.; Gonzalez, D.].; Bermudez, L.E. Exposure of Mycobacterium abscessus to
Environmental Stress and Clinically Used Antibiotics Reveals Common Proteome Response among Pathogenic Mycobacteria.
Microorganisms 2020, 8, 698. [CrossRef]

Silva, C.; Rojony, R.; Bermudez, L.E.; Danelishvili, L. Short-Chain Fatty Acids Promote Mycobacterium avium subsp. hominissuis
Growth in Nutrient-Limited Environments and Influence Susceptibility to Antibiotics. Pathogens 2020, 9, 700. [CrossRef]
Rojony, R.; Martin, M.; Campeau, A.; Wozniak, ].M.; Gonzalez, D.J.; Jaiswal, P.; Danelishvili, L.; Bermudez, L.E. Quantitative
analysis of Mycobacterium avium subsp. hominissuis proteome in response to antibiotics and during exposure to different
environmental conditions. Clin. Proteom. 2019, 16, 39. [CrossRef] [PubMed]

Parker, H.; Lorenc, R.; Ruelas Castillo, J.; Karakousis, P.C. Mechanisms of Antibiotic Tolerance in Mycobacterium avium Complex:
Lessons From Related Mycobacteria. Front. Microbiol. 2020, 11, 573983. [CrossRef]

Quang, N.T.; Jang, J. Current Molecular Therapeutic Agents and Drug Candidates for Mycobacterium abscessus. Front. Pharmacol.
2021, 12, 724725. [CrossRef] [PubMed]

Daley, C.L.; Iaccarino, ].M.; Lange, C.; Cambau, E.; Wallace, R.J.; Andrejak, C.; Bottger, E.C.; Brozek, J.; Griffith, D.E.; Guglielmetti,
L.; et al. Treatment of Nontuberculous Mycobacterial Pulmonary Disease: An Official ATS/ERS/ESCMID/IDSA Clinical Practice
Guideline. Clin. Infect. Dis. 2020, 71, 905-913. [CrossRef] [PubMed]

Lee, M.R,; Sheng, WH.; Hung, C.C.; Yu, C.J.; Lee, L.N.; Hsueh, PR. Mycobacterium abscessus Complex Infections in Humans.
Emerg. Infect. Dis. 2015, 21, 1638-1646. [CrossRef]

Diel, R.; Lipman, M.; Hoefsloot, W. High mortality in patients with Mycobacterium avium complex lung disease: A systematic
review. BMC Infect. Dis. 2018, 18, 206. [CrossRef]

Gupta, R.; Netherton, M.; Byrd, T.F,; Rohde, K.H. Reporter-Based Assays for High-Throughput Drug Screening against Mycobac-
terium abscessus. Front. Microbiol. 2017, 8, 2204. [CrossRef]

Christophe, T.; Jackson, M.; Jeon, H.K.; Fenistein, D.; Contreras-Dominguez, M.; Kim, J.; Genovesio, A.; Carralot, ].P.; Ewann,
F; Kim, E.H.; et al. High content screening identifies decaprenyl-phosphoribose 2’ epimerase as a target for intracellular
antimycobacterial inhibitors. PLoS Pathog. 2009, 5, e1000645. [CrossRef]

Ananthan, S.; Faaleolea, E.R.; Goldman, R.C.; Hobrath, ].V.; Kwong, C.D.; Laughon, B.E.; Maddry, ].A.; Mehta, A.; Rasmussen,
L.; Reynolds, R.C.; et al. High-throughput screening for inhibitors of Mycobacterium tuberculosis H37Rv. Tuberculosis 2009, 89,
334-353. [CrossRef]

Chengalroyen, M.D,; Jordaan, A.; Seldon, R ; Ioerger, T.; Franzblau, S.G.; Nasr, M.; Warner, D.F.; Mizrahi, V. Biological Profiling
Enables Rapid Mechanistic Classification of Phenotypic Screening Hits and Identification of KatG Activation-Dependent Pyridine
Carboxamide Prodrugs With Activity Against Mycobacterium tuberculosis. Front. Cell. Infect. Microbiol. 2020, 10, 582416.
[CrossRef] [PubMed]

Richter, A.; Shapira, T.; Av-Gay, Y. THP-1 and Dictyostelium Infection Models for Screening and Characterization of Anti-
Mycobacterium abscessus Hit Compounds. Antimicrob. Agents Chemother. 2019, 64, €01601-19. [CrossRef] [PubMed]

Early, J.; Bermudez, L.E. Mimicry of the pathogenic mycobacterium vacuole in vitro elicits the bacterial intracellular phenotype,
including early-onset macrophage death. Infect. Immun. 2011, 79, 2412-2422. [CrossRef]

Chinison, J.J.; Danelishvili, L.; Gupta, R.; Rose, S.J.; Babrak, L.M.; Bermudez, L.E. Identification of Mycobacterium avium subsp.
hominissuis secreted proteins using an in vitro system mimicking the phagosomal environment. BMC Microbiol. 2016, 16, 270.
[CrossRef] [PubMed]

Wagner, D.; Maser, |.; Lai, B.; Cai, Z.; Barry, C.E., 3rd; Honer Zu Bentrup, K.; Russell, D.G.; Bermudez, L.E. Elemental analysis
of Mycobacterium avium-, Mycobacterium tuberculosis-, and Mycobacterium smegmatis-containing phagosomes indicates
pathogen-induced microenvironments within the host cell’s endosomal system. J. Immunol. 2005, 174, 1491-1500. [CrossRef]
[PubMed]

Bermudez, L.E.; Petrofsky, M.; Kolonoski, P.; Young, L.S. An animal model of Mycobacterium avium complex disseminated
infection after colonization of the intestinal tract. J. Infect. Dis. 1992, 165, 75-79. [CrossRef] [PubMed]


http://doi.org/10.1016/j.medcle.2017.12.031
http://doi.org/10.1080/17476348.2021.1987891
http://doi.org/10.3390/microorganisms9122527
http://doi.org/10.3389/fmicb.2018.02179
http://doi.org/10.3390/antibiotics8030153
http://doi.org/10.1016/j.tcsw.2020.100044
http://doi.org/10.3390/microorganisms8050698
http://doi.org/10.3390/pathogens9090700
http://doi.org/10.1186/s12014-019-9260-2
http://www.ncbi.nlm.nih.gov/pubmed/31749666
http://doi.org/10.3389/fmicb.2020.573983
http://doi.org/10.3389/fphar.2021.724725
http://www.ncbi.nlm.nih.gov/pubmed/34526902
http://doi.org/10.1093/cid/ciaa1125
http://www.ncbi.nlm.nih.gov/pubmed/32797222
http://doi.org/10.3201/2109.141634
http://doi.org/10.1186/s12879-018-3113-x
http://doi.org/10.3389/fmicb.2017.02204
http://doi.org/10.1371/journal.ppat.1000645
http://doi.org/10.1016/j.tube.2009.05.008
http://doi.org/10.3389/fcimb.2020.582416
http://www.ncbi.nlm.nih.gov/pubmed/33282750
http://doi.org/10.1128/AAC.01601-19
http://www.ncbi.nlm.nih.gov/pubmed/31636068
http://doi.org/10.1128/IAI.01120-10
http://doi.org/10.1186/s12866-016-0889-y
http://www.ncbi.nlm.nih.gov/pubmed/27829372
http://doi.org/10.4049/jimmunol.174.3.1491
http://www.ncbi.nlm.nih.gov/pubmed/15661908
http://doi.org/10.1093/infdis/165.1.75
http://www.ncbi.nlm.nih.gov/pubmed/1727899

Molecules 2022, 27, 5824 18 of 19

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.
49.

50.

Danelishvili, L.; Stang, B.; Bermudez, L.E. Identification of Mycobacterium avium genes expressed during in vivo infection and
the role of the oligopeptide transporter OppA in virulence. Microb. Pathog. 2014, 76, 67-76. [CrossRef]

Martin, A.; Camacho, M.; Portaels, F.; Palomino, J.C. Resazurin microtiter assay plate testing of Mycobacterium tuberculosis
susceptibilities to second-line drugs: Rapid, simple, and inexpensive method. Antimicrob. Agents Chemother. 2003, 47, 3616-3619.
[CrossRef]

Zhang, ]. H.; Chung, T.D.; Oldenburg, K.R. A Simple Statistical Parameter for Use in Evaluation and Validation of High Throughput
Screening Assays. J. Biomol. Screen. 1999, 4, 67-73. [CrossRef]

Danelishvili, L.; Armstrong, E.; Miyasako, E.; Jeffrey, B.; Bermudez, L.E. Exposure of Mycobacterium avium subsp. homonissuis to
Metal Concentrations of the Phagosome Environment Enhances the Selection of Persistent Subpopulation to Antibiotic Treatment.
Antibiotics 2020, 9, 927. [CrossRef]

Bussi, C.; Gutierrez, M.G. Mycobacterium tuberculosis infection of host cells in space and time. FEMS Microbiol. Rev. 2019, 43,
341-361. [CrossRef]

Ganbat, D.; Seehase, S.; Richter, E.; Vollmer, E.; Reiling, N.; Fellenberg, K.; Gaede, K.I.; Kugler, C.; Goldmann, T. Mycobacteria
infect different cell types in the human lung and cause species dependent cellular changes in infected cells. BMIC Pulm. Med. 2016,
16, 19. [CrossRef]

Maertzdorf, J.; Tonnies, M.; Lozza, L.; Schommer-Leitner, S.; Mollenkopf, H.; Bauer, T.T.; Kaufmann, S.H.E. Mycobacterium
tuberculosis Invasion of the Human Lung: First Contact. Front. Immunol. 2018, 9, 1346. [CrossRef]

Cohen, S.B.; Gern, B.H.; Delahaye, J.L.; Adams, K.N.; Plumlee, C.R.; Winkler, ] K.; Sherman, D.R.; Gerner, M.Y.; Urdahl, K.B.
Alveolar Macrophages Provide an Early Mycobacterium tuberculosis Niche and Initiate Dissemination. Cell Host Microbe 2018, 24,
439-446.e434. [CrossRef]

Cambier, C.J.; Takaki, K.K.; Larson, R.P.; Hernandez, R.E.; Tobin, D.M.; Urdahl, K.B.; Cosma, C.L.; Ramakrishnan, L. Mycobacteria
manipulate macrophage recruitment through coordinated use of membrane lipids. Nature 2014, 505, 218-222. [CrossRef]
Danelishvili, L.; Shulzhenko, N.; Chinison, ].].].; Babrak, L.; Hu, J.; Morgun, A.; Burrows, G.; Bermudez, L.E. Mycobacterium
tuberculosis Proteome Response to Antituberculosis Compounds Reveals Metabolic “Escape” Pathways That Prolong Bacterial
Survival. Antimicrob. Agents Chemother. 2017, 61, €00430-17. [CrossRef]

Kalsum, S.; Otrocka, M.; Andersson, B.; Welin, A.; Schon, T.; Jenmalm-Jensen, A.; Lundback, T.; Lerm, M. A high content
screening assay for discovery of antimycobacterial compounds based on primary human macrophages infected with virulent
Mycobacterium tuberculosis. Tuberculosis 2022, 135, 102222. [CrossRef]

Subhash, N.; Sundaramurthy, V. Advances in host-based screening for compounds with intracellular anti-mycobacterial activity.
Cell. Microbiol. 2021, 23, €13337. [CrossRef]

Lele, A.C.; Raju, A.; Khambete, M.P,; Ray, M.K,; Rajan, M.G.; Arkile, M.A; Jadhav, N.J.; Sarkar, D.; Degani, M.S. Design and
Synthesis of a Focused Library of Diamino Triazines as Potential Mycobacterium tuberculosis DHFR Inhibitors. ACS Med. Chem.
Lett. 2015, 6, 1140-1144. [CrossRef]

Wang, X.; Inoyama, D.; Russo, R.; Li, S.G.; Jadhav, R,; Stratton, T.P.; Mittal, N.; Bilotta, J.A.; Singleton, E.; Kim, T.; et al.
Antitubercular Triazines: Optimization and Intrabacterial Metabolism. Cell Chem. Biol. 2020, 27, 172-185.e11. [CrossRef]
Selwood, T.; Larsen, B.J.; Mo, C.Y.; Culyba, M.].; Hostetler, Z.M.; Kohli, R.M.; Reitz, A.B.; Baugh, S.D.P. Advancement of the
5-Amino-1-(Carbamoylmethyl)-1H-1,2,3-Triazole-4-Carboxamide Scaffold to Disarm the Bacterial SOS Response. Front. Microbiol.
2018, 9, 2961. [CrossRef] [PubMed]

Scherman, M.S.; North, E.J.; Jones, V.; Hess, T.N.; Grzegorzewicz, A.E.; Kasagami, T.; Kim, L.H.; Merzlikin, O.; Lenaerts, A.J.;
Lee, R.E; et al. Screening a library of 1600 adamantyl ureas for anti-Mycobacterium tuberculosis activity in vitro and for better
physical chemical properties for bioavailability. Bioorg. Med. Chem. 2012, 20, 3255-3262. [CrossRef] [PubMed]

Dal Molin, M.; Selchow, P; Schafle, D.; Tschumi, A.; Ryckmans, T.; Laage-Witt, S.; Sander, P. Identification of novel scaffolds
targeting Mycobacterium tuberculosis. . Mol. Med. 2019, 97, 1601-1613. [CrossRef] [PubMed]

Kamat, V.; Santosh, R.; Poojary, B.; Nayak, S.P.; Kumar, B.K.; Sankaranarayanan, M.; Faheem; Khanapure, S.; Barretto, D.A;
Vootla, S.K. Pyridine- and Thiazole-Based Hydrazides with Promising Anti-inflammatory and Antimicrobial Activities along
with Their In Silico Studies. ACS Omega 2020, 5, 25228-25239. [CrossRef]

Hampannavar, G.A.; Karpoormath, R.; Palkar, M.B.; Shaikh, M.S.; Chandrasekaran, B. Dehydrozingerone Inspired Styryl
Hydrazine Thiazole Hybrids as Promising Class of Antimycobacterial Agents. ACS Med. Chem. Lett. 2016, 7, 686—691. [CrossRef]
Makam, P.; Kannan, T. 2-Aminothiazole derivatives as antimycobacterial agents: Synthesis, characterization, in vitro and in silico
studies. Eur. |. Med. Chem. 2014, 87, 643-656. [CrossRef]

Mori, G.; Chiarelli, L.R.; Esposito, M.; Makarov, V.; Bellinzoni, M.; Hartkoorn, R.C.; Degiacomi, G.; Boldrin, F.; Ekins, S.; de Jesus
Lopes Ribeiro, A.L.; et al. Thiophenecarboxamide Derivatives Activated by EthA Kill Mycobacterium tuberculosis by Inhibiting
the CTP Synthetase PyrG. Chem. Biol. 2015, 22, 917-927. [CrossRef]

Strzelecka, M.; Swiatek, P. 1,2,4-Triazoles as Important Antibacterial Agents. Pharmaceuticals 2021, 14, 224. [CrossRef]

Naz, S.; Farooq, U.; Ali, S.; Sarwar, R.; Khan, S.; Abagyan, R. Identification of new benzamide inhibitor against alpha-subunit of
tryptophan synthase from Mycobacterium tuberculosis through structure-based virtual screening, anti-tuberculosis activity and
molecular dynamics simulations. J. Biomol. Struct. Dyn. 2019, 37, 1043-1053. [CrossRef]

Hopfner, S.M,; Lee, B.S.; Kalia, N.P.; Miller, M.].; Pethe, K.; Moraski, G.C. Structure guided generation of thieno[3,2-d]pyrimidin-
4-amine Mycobacterium tuberculosis bd oxidase inhibitors. RSC Med. Chem. 2021, 12, 73-77. [CrossRef]


http://doi.org/10.1016/j.micpath.2014.09.010
http://doi.org/10.1128/AAC.47.11.3616-3619.2003
http://doi.org/10.1177/108705719900400206
http://doi.org/10.3390/antibiotics9120927
http://doi.org/10.1093/femsre/fuz006
http://doi.org/10.1186/s12890-016-0185-5
http://doi.org/10.3389/fimmu.2018.01346
http://doi.org/10.1016/j.chom.2018.08.001
http://doi.org/10.1038/nature12799
http://doi.org/10.1128/AAC.00430-17
http://doi.org/10.1016/j.tube.2022.102222
http://doi.org/10.1111/cmi.13337
http://doi.org/10.1021/acsmedchemlett.5b00367
http://doi.org/10.1016/j.chembiol.2019.10.010
http://doi.org/10.3389/fmicb.2018.02961
http://www.ncbi.nlm.nih.gov/pubmed/30619111
http://doi.org/10.1016/j.bmc.2012.03.058
http://www.ncbi.nlm.nih.gov/pubmed/22522007
http://doi.org/10.1007/s00109-019-01840-7
http://www.ncbi.nlm.nih.gov/pubmed/31728550
http://doi.org/10.1021/acsomega.0c03386
http://doi.org/10.1021/acsmedchemlett.6b00088
http://doi.org/10.1016/j.ejmech.2014.09.086
http://doi.org/10.1016/j.chembiol.2015.05.016
http://doi.org/10.3390/ph14030224
http://doi.org/10.1080/07391102.2018.1448303
http://doi.org/10.1039/D0MD00398K

Molecules 2022, 27, 5824 19 of 19

51.

52.

Friedrich, T.; Wohlwend, D.; Borisov, V.B. Recent Advances in Structural Studies of Cytochrome bd and Its Potential Application
as a Drug Target. Int. J. Mol. Sci. 2022, 23, 3166. [CrossRef] [PubMed]

Ayers, B.; Long, H.; Sim, E.; Smellie, I.A.; Wilkinson, B.L.; Fairbanks, A.]. Stereoselective synthesis of beta-arabino glycosyl
sulfones as potential inhibitors of mycobacterial cell wall biosynthesis. Carbohydr. Res. 2009, 344, 739-746. [CrossRef] [PubMed]


http://doi.org/10.3390/ijms23063166
http://www.ncbi.nlm.nih.gov/pubmed/35328590
http://doi.org/10.1016/j.carres.2009.02.006
http://www.ncbi.nlm.nih.gov/pubmed/19269629

	Introduction 
	Materials and Methods 
	Results 
	Discussion 
	References

