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There is an unmet medical need for effective treatments against Mycobacterium abscessus pulmonary 

infections, to which cystic fibrosis (CF) patients are particularly vulnerable. Recent studies showed that 

the antitubercular drug isoniazid is inactive against M. abscessus due to the incapacity of the catalase-

peroxidase to convert the pro-drug into a reactive metabolite that inhibits the enoyl-ACP reductase 

InhA. To validate InhAMAB as a druggable target in M. abscessus, we assayed the activity of NITD-916, a 

4-hydroxy-2-pyridone lead candidate initially described as a direct inhibitor of InhA that bypasses KatG 

biosactivation in Mycobacterium tuberculosis. The compound displayed low MIC values against rough 

and smooth clinical isolates in vitro and significantly reduced the bacterial burden inside human 

macrophages. Moreover, treatment with NITD-916 reduced the number and size of intracellular 

mycobacterial cords, regarded as markers of the severity of the infection. Importantly, NITD-916  

significantly lowered the M. abscessus burden in CF-derived lung airway organoids. From a mechanistic 

perspective, NITD-916 abrogated de novo synthesis of mycolic acids and NITD-916-resistant 

spontaneous mutants harboured point mutations in InhAMAB at residue 96. That NITD-916 targets 

directly InhAMAB without activation requirements was confirmed genetically and by resolving the crystal 

structure of the protein in complex with NADH and NITD-916. These findings collectively indicate that 

InhAMAB is an attractive target to be exploited for future chemotherapeutic developments against this 

difficult-to-treat mycobacterium and highlight the potential of NITD-916 derivatives for further 

evaluation in pre-clinical settings. 

 

Keywords: Mycobacterium abscessus, NITD-916, macrophage, organoid, InhA, mycolic acid. 
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M. abscessus is a rapidly growing non-tuberculous mycobacterium (NTM) of rising clinical significance 

and causing difficult-to-cure pulmonary diseases, particularly in patients with cystic fibrosis (CF) 1. In 

these patients, infection with M. abscessus is often associated with a more rapid decline in lung function 

and the presence of M. abscessus can be deleterious for subsequent lung transplantation 2–4. The M. 

abscessus complex comprises three subspecies exhibiting different clinical outcomes and drug 

susceptible profiles to antibiotics 5: M. abscessus subsp. abscessus (designated hereafter M. abscessus), 

M. abscessus subsp. bolletii (designated hereafter M. bolletii) and M. abscessus subsp. massiliense 

(designated hereafter M. massiliense) 6. All three subspecies can display either a smooth (S) or a rough 

(R) morphotype as a consequence of the presence or absence, respectively, of surface-associated  

glycopeptidolipids (GPL) 7–10. These morphological changes are linked to major phenotypic differences, 

including sliding motility, biofilm formation 8,9,11 or production of large bacterial cords 11,12. S and R 

variants can be viewed as two representative forms of the same isolate, which can co-exist in the 

patient and evolve differently in response to the host immune pressure. They can also display specific 

pathophysiological characteristics 10; S variants are generally less virulent than their corresponding R 

variants 11,13,14, the latter being more frequently associated with severe pulmonary diseases in CF 

patients 2,4. In addition, different susceptibility profiles to drugs have been reported between S and R 

variants 15,16, thus warranting the need for evaluating compounds/drug regimens against both variants.  

Due to intrinsic resistance to a wide panel of antimicrobials, including most antitubercular drugs, 

treatment of M. abscessus lung disease remains extremely challenging 17–20. Multi-drug regimens are 

administered for months to years, generally comprising an oral macrolide (clarithromycin or 

azithromycin) and intravenously administered aminoglycosides (amikacine) and -lactams (imipenem 

or cefoxitin)21–23. Other drugs, such as tigecycline or clofazimine, can be added to strengthen the 

regimen, mostly in response to toxic side effects or poor clinical response 24. However, despite intensive 

chemotherapy, treatment success rates typically remain very low in the case of macrolide resistance 

(25-40%), which occurs in at least 40-60% of clinical isolates 25. Thus, given the unsatisfactory 

performances of the current regimens, more effective drugs are required. Unfortunately, de novo drug 

discovery efforts to identify new chemical scaffolds are impeded by low hit rates  26,27,  explaining why 

the M. abscessus drug pipeline focuses mainly on repurposing and reformulation of approved drugs.  
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In addition to mutations in genes encoding the drug targets conducting to acquired drug resistance 

7,26, the widespread resistome of M. abscessus results also from the low permeability properties of the 

cell envelope, the expression of a wide range of drug-modifying enzymes, the induction of efflux pumps 

and the absence or dysfunctional drug-activating enzymes 17,20,28. The latter, for instance, explains why 

isoniazid (INH) is totally inactive against M. abscessus. Indeed, it has been recently shown that the 

catalase-peroxidase KatGMAB is unable to transform INH into an active metabolite 29. INH, the most 

efficient first-line anti-TB drug against actively replicating M. tuberculosis, remains the first choice for 

prophylaxis and treatment. Its biotransformation requires the catalase-peroxidase KatG 30,31 to 

generate an isonicotinoyl radical that reacts with NAD+ to produce an INH-NAD adduct 32,33. This adduct 

blocks the enoyl-ACP reductase (InhA) of the type II fatty acid synthase (FAS-II) 34–37, leading to the 

arrest of mycolic acid biosynthesis. Mycolic acids are essential and unique long-chain (C70-C90) -alkyl, 

-hydroxy fatty acids 35,38 and their inhibition ultimately results in mycobacterial cell death 39. However, 

while being a validated drug target in M. tuberculosis, it remains to be established whether InhA 

represents an attractive target for future drug developments against M. abscessus.  

To fill this gap, this study was undertaken to test the hypothesis whether NITD-916, a direct inhibitor 

of InhA that bypasses the KatG bioactivation process 40, offers potential for future chemotherapeutic 

developments against M abscessus. NITD-916 is a 4-hydroxy-2-pyridone lead candidate previously 

identified in a phenotypic screen against M. tuberculosis that exerts bactericidal activity against 

common INH-resistant TB clinical isolates. Herein, we aimed at assessing the activity of NITD-916 

against M. abscessus S and R strains in vitro, in macrophages as well as in CF lung airway organoids and 

report the mechanism of action of the inhibitor in M. abscessus.  

 

RESULTS 

M. abscessus strains are susceptible to NITD-916 treatment in vitro.  

To address whether InhA inhibitors bypassing KatG bioactivation can offer potential chemotherapeutic 

options against M abscessus, we first screened the literature for commercially available direct InhA 

inhibitors, previously validated against M. tuberculosis and for which in vitro data and efficacy in mice 

have been reported. This led to the 4-hydroxy-2-pyridone lead compound NITD-916 40. Initial 

experiments revealed that the M. abscessus CIP104536T S reference strain was particularly susceptible 
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to NITD-916 in CaMHB (MIC=1.56 µg/mL which is 5 µM). However, as shown previously for other 

compounds 41, the MIC was greatly dependent on the medium, with values of 0.195 µg/mL and 6.25 

µg/mL in Sauton’s medium and Middlebrook 7H9, respectively (Table S1). MICs in an artificial sputum 

medium (ASM) containing components of the CF sputum 42 were comparable to those obtained in 

CaMHB. 

 

 

Figure 1. In vitro activity of NITD-916 against M. abscessus. (A) Cultures of M. abscessus CIP104536T 
(S) were exposed to either 1.95, 15.6, 31.2 µg/mL NITD-916 (corresponding to 1.25x, 10x and 20x MIC) 
or 16 µg/mL imipenem (IPM) in CaMHB at 30 °C. At various time points, bacteria were plated on LB agar 
and incubated at 37 °C for 4 days prior to CFU counting. Results are expressed as the mean of 2 
independent experiments in triplicates ± SD. Inset: structure of NITD-916. (B) MIC (in µg/mL) of NITD-
916 and RFB against M. abscessus complex clinical isolates. MIC values were determined in CaMBH for 
M. abscessus sbsp. abscessus (n=8), M. abscessus sbsp. massiliense (n=11) and M. abscessus sbsp. 
bolletii (n=9). Data are plotted as mean values ± SD. S refers to smooth strains; R refers to rough strains. 

 

To determine the effect of the compound in broth culture, exponentially-growing M. abscessus was 

exposed to increasing concentrations of NITD-916, corresponding to 1.25x, 10x and 20x MIC. This 

resulted in a noticeable growth inhibition (Fig. 1A). However, the number of colony-forming units (CFU) 

remained relatively stable at the lowest concentration tested during the 3 days of treatment and 

comparable to those in the inoculum, suggesting a bacteriostatic effect. In addition, the killing effect 

was not concentration-dependent, at least during the first two days of treatment. An additional 1-Log 

drop was observed after 3 days with 10x or 20x MIC. At these concentrations, NITD-916 resulted in a 
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growth inhibitory effect comparable to the one of  imipenem (IPM) used at the MIC (16 µg/mL), a known 

-lactam antibiotic active against M. abscessus 43. In addition, while overexpression of KatG from M. 

tuberculosis restored susceptibility to INH in M. abscessus carrying pSMT3-katGMTB-tdTomato as 

previously reported 29, the MIC of NITD-916 remained unchanged in this strain as compared to its 

parental progenitor (Table S2). This implies that, in contrast to INH, the activity of NITD-916 is KatG-

independent in M. abscessus.   

The potency of NITD-916 was next assayed using a representative panel of clinical isolates from CF 

patients or non-CF patients, comprising 8 M. abscessus subspecies abscessus, 11 M. abscessus 

subspecies massiliense and 9 M. abscessus subspecies bolletii strains. All these strains were susceptible 

to NITD-916, similarly to the CIP104536T reference strains (Fig. 1B) and, in general, the MIC of R and S 

strains were similar, altough slight variations were observed between the M. massiliense strains. The 

MIC values of NITD-916 were found to be much lower than those of rifabutin (RFB), included as a control 

drug 41. Overall, these results demonstrate that NITD-916 exerts potent activity on the M. abscessus 

complex and is equally active against strains isolated from CF and non-CF patients. 

 

NITD-916 inhibits intramacrophage growth of M. abscessus. To assess whether NITD-916 is active 

against M. abscessus in a macrophage infection model, we next compared the intracellular efficacy of 

the compound in human THP-1 macrophages infected with either CIP104536T S and R variants  after 1 

and 3 days of exposure to the compound (Fig. 2A and 2B). First, the cytotoxicity of NITD-916 against 

THP-1 cells was investigated after 1 and 3 days of exposure to the compound. Fig. S1 clearly shows that 

NITD-916 exerts cytotoxicity only at very high concentrations (>100 µg/mL) at both time points. NITD-

916-induced cytotoxicity was intermediate between INH (no cytotoxicity at 100 µg/mL) and RFB (100% 

macrophage killing at 100 µg/mL) after 3 days of exposure to each drug. These results indicate that 

NITD-916 exhibits very little toxicity at concentrations below 100 µg/mL and, based on these results, all 

subsequent macrophage studies were conducted with 1.56, 15.6 and 31.2 µg/mL NITD-916, 

corresponding to 1x, 10x and 20x MIC. RFB was included as a positive control at 12.5 µg/mL, a 

concentration at which it significantly reduces the intracellular burden 41. DMSO-treated macrophages 

were added as a negative control for intracellular bacterial replication. At 0, 1 and 3 days post-infection 

(dpi), macrophages were lysed and plated to determine the intracellular bacterial burden after drug 

treatment. Similarly to the DMSO condition, exposure of macrophages to NITD-916 at 1x MIC failed to 
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inhibit intramacrophage growth of M. abscessus CIP104536T S (Fig. 2A) and CIP104536T R (Fig. 2B) at 1 

and 3 dpi. In contrast, exposure to 10x MIC strongly decreased the intracellular bacterial loads at 1 dpi 

and this effect was further amplified at 3 dpi in both strains. Interestingly, there was no difference 

between 10x and 20x MIC of NITD-916, and the CFU counts were comparable to those in the inoculum 

(Day 0), similarly to what was observed in liquid cultures (Fig. 1A). In addition, the NITD-916 

susceptibility profile for the S variant at 1 and 3 dpi was comparable to that of the R variant, with a ~2 

Log reduction in the CFU counts at day 3, reaching the same level of inhibition than RFB (Fig. 2A and B).  

We further explored the activity of NITD-916 against S and R clinical isolates of the M. abscessus 

complex within THP-1 macrophages. Supporting our previous observations with the CIP104536T 

reference strains, we found that NITD-916 was very active against all M. abscessus subspecies tested 

within macrophages at 1 and 3 dpi when compared to day 0 and DMSO treatment, irrespective of S and 

R morphotype: M. abscessus 2069 (S) (Fig. 2C), M. abscessus 2524 (R) (Fig. 2D), M. massiliense 179 (R) 

(Fig. 2E), M. massiliense 120 (S) (Fig. 2F), M. bolletii 112 (R) (Fig. 2G) and M. bolletii 108 (R) (Fig. 2H). In 

all cases, the optimal activity was reached in the presence of 10x MIC of NITD-916. Overall, these results 

indicate that NITD-916 is a potent intracellular growth inhibitor of M. abscessus.  
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Figure 2. Intracellular activity of NITD-916 on M. abscessus complex-infected THP-1 cells. 
Macrophages were infected with M. abscessus reference strains and clinical isolates (MOI of 2:1) for 4 
hrs prior to treatment with 250 µg/mL AMK for 2 hrs to kill extracellular bacteria. Cells were then 
exposed  to either NITD-916 or to RFB at the indicated concentrations. Untreated (UNT) or DMSO-
exposed cells were included as controls. CFU were determined at 0, 1 and 3 days post-infection. The 
various strains tested and morphotypes are as follows: (A) M. abscessus CIP104536T (S) ; (B) M. 
abscessus CIP104536T (R) ; (C) M. abscessus 2069  (S) ; (D) M. abscessus 2524 (R) ; (E) M. massiliense 
179 (R) ; (F) M. massiliense 120 (S) ; (G) M. bolletii 112 (R) ; (H) M. bolletii 108 (R). Data of 3 independent 
experiments in triplicates were analyzed with a Mann-Whitney t test. *, P ≤ 0.05 ; **, P ≤ 0.01 ; *** P ≤ 
0.001 ; ****, P ≤ 0.0001.  
 

Intracellular M. abscessus loads and cording are reduced by NITD-916.  

THP-1 macrophages were infected with red fluorescent M. abscessus strains expressing TdTomato and 

exposed to either DMSO,  NITD-916 or RFB, stained with anti-CD63 and DAPI and observed under the 

microscope. A quantitative analysis highlighted a marked reduction in the percentage of M. abscessus 

R-infected cells treated with NITD-916 at 10x MIC (while no effect was observed at 1x MIC), which was 

comparable to the effect observed with 12.5 µg/mL RFB at 1 dpi (Fig. 3A). This trend was even more 

pronounced at 3 dpi. Since the proportion of NITD-916-treated infected cells remained similar to the 

one at day 0, this suggests that the compound is very likely to be bacteriostatic inside the macrophage.  

Similar results were found when macrophages were infected with M. abscessus S (Fig. S2A). 

Representative immuno-fluorescent fields illustrate the reduced number of macrophages infected with 

the R (Fig. 3B) or S (Fig. S2B) variants treated with NITD-916 at 1 and 3 dpi, as compared to the 

untreated or DMSO-treated control cells. 

Macrophages infected with the R variant were then classified into three classes as judged by their 

bacterial load content: poorly infected (<5 bacilli/cell), moderately infected (5-10 bacilli/cell) and 

heavily infected (>10 bacilli/cell). Bacteria-containing macrophages were then individually observed 

under the microscope and scored for their belonging to one of the three categories. The quantitative 

analysis indicates that treatment with NITD-916 at 10x MIC or RFB significantly reduces the percentage 

of heavily infected THP-1 cells and increases the proportion of the poorly infected category, as 

compared to the untreated or DMSO-treated cells at 1 and 3 dpi (Fig. 3C), with ≈20% of the infected 

bacilli belonging to the heavily infected category and ≈50% associated with the poorly infected category 

at 3 dpi. Analysis performed on macrophages infected with the S variant generated a similar category 
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pattern, (Fig. S2C). Collectively, these data indicate that NITD-916 enters THP-1 macrophages and 

impedes bacterial replication of both M. abscessus S and R variants.    
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Figure 3. Effect of NITD-916 treatment on intracellular M. abscessus loads and cording. (A) Percentage 
of infected THP-1 macrophages at 0, 1 and 3 days post-infection with M. abscessus CIP104536T (R) (MOI 
of 2:1) in the absence (UNT) of antibiotics or presence of NITD-916 (1.56 µg/mL and 15.6 µg/mL) or RFB 
(12.5 µg/mL). DMSO-exposed cells were included as controls. Results are expressed as mean values ± 
SD for three independent experiments with 30 fields per condition. Data were analyzed using the t test. 
****, P ≤ 0.0001. (B) Representative immuno-fluorescent fields were taken at 1 and 3 days post-
infection showing macrophages infected with M. abscessus CIP104536T (R) expressing TdTomato (red) 
in the absence of antibiotics (UNT) or in the presence of NITD-916 (1.56 µg/mL and 15.6 µg/mL) or RFB 
(12.5 µg/mL). DMSO-exposed cells were included as controls. The surface and the endolysosomal 
system of the macrophages were detected using anti-CD63 antibodies (green). The nuclei were stained 
with DAPI (blue). White arrows indicate individual or mycobacterial aggregates. Scale bar, 50 µm. (C) 
Percentage of macrophages categories infected with different number of bacilli (<5 bacilli/cell, 5 to 10 
bacilli/cell, >10 bacilli/cell). The categories were counted at 0, 1 and 3 days post-infection in the absence 
of antibiotics or in the presence of NITD-916 (1.56 µg/mL and 15.6 µg/mL) or RFB (12.5 µg/mL). 
Untreated (UNT) or DMSO-exposed cells were included as controls. Data are mean values ± SD for three 
independent experiments performed in triplicates. (D) Total number of intracellular cords displayed in 
30 fields at 1, 2 and 3 days post-infection. Results are expressed as mean values ± SD for three 
independent experiments. Data were analyzed using the two-tailed nonpaired t test. *, P ≤ 0.05 ; **, P 
≤ 0.01 (E) Representative images of intracellular cords at macrophage 1, 2 and 3 days post-infection. 
Cords are in red, the macrophage surface is green and the nucleus in blue as in (B). Scale bar, 20 µm.  
(F) Size of the intracellular cords (expressed by the area in µm2) displayed in 10 fields. Results are 
expressed as mean values ± SD for three independent experiments, each symbol represents the size of 
a cord (n=30). Data were analyzed using the Mann-Whitney t test. **, P ≤ 0.01 ; ****, P ≤ 0.0001. 

 

In contrast to the S variant, strains exhibiting a R morphotype are typified by increased bacterial 

clumping and R bacilli remain aggregated to generate compact colonies comprising corded structures 

on agar, in broth medium and inside macrophages 8,12,14,41. Fig. 3D clearly illustrates that, upon infection 

with TdTomato-expressing M. abscessus R, the total number of intracellular cords displayed in 30 fields 

was significantly reduced in the presence of NITD-916 at 10x MIC or 12.5 µg/mL RFB when compared 

to untreated or DMSO-treated cells and this effect was maintained at 1, 2 and 3 dpi. The effect was not 

significant at 1x MIC. Representative images of intracellular cords show the kinetics of cord formation 

at 1, 2 and 3 dpi (Fig. 3E). While very small in size at 1dpi, cord continue to elongate at 2 dpi and 3 dpi, 

often leading to structure capable of extruding out the cells at 3 dpi, presumably participating in 

macrophage killing. In the presence of drugs (NITD-916 or RFB), there was a clear reduction in size of 

the cords as compared to the untreated cells. This effect is supported by a quantitative analysis of the 

cord surface area (expressed in µm2). While control cords continue to increase in size over time 

(reaching a surface area >100 µm2), their size remained constant (≈20 µm2) upon exposure to NITD-916 



12 
 

or RFB (Fig. 3F). Together, these results indicate that NITD-916 is highly effective in reducing the number 

and size of  M. abscessus cords, thought to affect the outcome of the infection. 

 

NITD-916 reduces M. abscessus loads in human airway organoids. 

Lung airway organoids (AO) from healthy individuals have recently been developed to study the early 

steps of interaction between M. abscessus and the airway 44. In this biological model where 

mycobacteria are injected in AO,  M. abscessus was found to actively replicate over 7 days in the lumen 

and this was accompanied by reduced expression of mucin genes, usually participating in the clearance 

of pulmonary pathogens 44. Moreover, AOs derived from CF patients were characterized by low CFTR 

activity and enhanced mucus accumulation and the subsequent injection of M. abscessus in these 3D 

structures revealed the production of biofilms formed by the S variant and serpentine cords formed by 

the R variant 45. Importantly, both variants replicated more efficiently in CF AOs than in AOs derived 

from healthy lungs, thus highligthing the relevance of this model to study the pathogenesis of M. 

abscessus and to test the therapeutic potential of compounds in a system that recapitulates a CF 

environment 45. As illustrated in Fig. 4A, CF-derived AOs were injected with the M. abscessus S and R 

variants expressing Wasabi and drug treatment was commenced two hours later with NITD-916 at 1.56 

µg/mL or 15.6 µg/mL and with RFB at 12.5 µg/mL, included as a control drug. After 3 days of treatment, 

fluorescence microscopy showed high bacterial loads in AOs left untreated or exposed to 1.56 µg/mL 

NITD-916, while exposing the AOs to the 15.6 µg/mL dose significantly reduced the green fluorescence 

signal, similarly to the RFB treatment (Fig. 4B).  AOs were then lysed at 3 dpi and plating the lysates on 

agar indicated a 2-Log increase in the CFU of M. abscessus S in the untreated control or in the presence 

of 1.56 µg/mL NITD-916 (Fig. 4C). In contrast, treatment with either 15.6 µg/mL NITD-916 or 12.5 µg/mL 

RFB was associated by a striking decrease in the CFU counts, at levels similar to those found in the 

inoculum (Day 0) (Fig. 4C). Very similar results were observed for M. abscessus R-containing AOs (Fig. 

4D and 4E). Overall, these results clearly indicate that NITD-916 is active in CF patient-derived AOs 

characterized with severe CF airway dysfunction and susceptibility to M. abscessus infection.  
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Figure 4. Activity of NITD-916 in M. abscessus-infected CF-derived airway organoids. (A) A generalized 
schematic showing the experimental design. Representative images (B, D) and corresponding bacterial 
loads determined by CFU counting (C, E) of CF-derived airway organoids at 3 days post-infection with 
M. abscessus S (B, C) or R (D, E) expressing Wasabi in the presence of absence of treatment: untreated 
groups (S n=9; R n=10), treated with NITD-916 at 1.56 µg/mL (S n=9; R n=10), NITD-916 at 15.6 µg/mL 
(S n=11; R n=9) or RFB at 12.5 µg/mL (S n=8; R n=9). Graphs show means ± SD of two independent 
experiments. Each dot represents one organoid. Data were analyzed using the Mann-Whitney t test. 
***, P ≤ 0.001. 



14 
 

Mutations in inhAMAB confer high resistance levels to NITD-916.  

Mutations in inhA coding for the enoyl-ACP reductase of the type II fatty acid synthase have been 

reported previously in M. tuberculosis mutants resistant to NITD-916 40. To get insights into the mode 

of action of NITD-916 in M. abscessus, a genetic approach was conducted involving the selection of 

spontaneous NITD-916-resistant mutants derived from either the smooth (S) or rough (R) M. abscessus 

parental strains on agar supplemented with 15.6 µg/mL NITD-916 (10x MIC) at frequencies estimated 

to 2.3x10-7 (S resistant strains) and 2.4x10-6 (R resistant strains). MIC determination of four individual 

colonies for each morphotype confirmed their high resistant levels (MIC>100 µg/mL) against NITD-916 

while remaining susceptible to RFB and ETH (Table 1). Sequencing the inhAMAB (MAB_2722c) locus 

identified single nucleotide polymorphisms (SNPs) across the different resistors, leading to amino acid 

replacements at position 96. In the S resistors, NITD916R1 and NITD916R4, Gly96 was replaced by a Val 

residue while in NITD916R2 and NITD916R3 Gly96 was replaced by a Ser residue. All four mutants derived 

from the R variant (NITD916R5 to NITD916R8) harboured a G96V amino acid exchange (Table 1). As 

shown for NITD916R2, resistance to NITD-916 was independent of the medium (Table S1).  

 
Table 1. Characteristics of NITD-916 spontaneous resistant mutants of M. abscessus. MIC (µg/mL) were 
determined in CaMHB. Resistant strains were derived from either the smooth (S) or rough (R) M. 
abscessus CIP104536T parental strains on LB agar supplemented with 15.6 µg/mL NITD-916 (10x MIC). 
Single-nucleotide polymorphism (SNP) in inhAMAB (MAB_2722c) and corresponding amino acid (AA) 
changes as well as frequency of mutation are indicated. 
 
 
 
 
 
 
 
 
 

 

 

 

 

 MIC (µg/mL)            Mutation in inhAMAB  

Strain    NITD-916   RFB         ETH  AA change 
Frequence of 

mutation 

CIP104536T (S) 1.56 100        25    

NITD916R1 >100 50          12.5 G287T G96V 2.3x10-7 

NITD916R2 >100     100        25 G286A G96S 2.3x10-7 

NITD916R3 >100   50          50 G286A G96S 2.3x10-7 

NITDR916R4 >100   50          25 G287T G96V 2.3x10-7 

CIP104536T (R) 1.56   12.5       25    

NITD916R5 >100 12.5       12.5 G287T G96V 2.4x10-6 

NITD916R6 >100   12.5       25 G287T G96V 2.4x10-6 

NITD916R7 >100   25          25 G287T G96V 2.4x10-6 

NITD916R8 >100   12.5       25 G287T G96V 2.4x10-6 
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To validate inhAMAB as a specific target of NITD-916, wild-type and mutated inhAMAB alleles were cloned 

in frame with a HA-tag under the control of the constitutive hsp60 promoter to allow overexpression 

of the wild-type and mutated versions of the protein. The resulting constructs, pMV261-inhAMAB, pMV261-

inhAMAB(G96V) and pMV261-inhAMAB(G96S) were introduced in both S and R variants and expression of the 

different InhAMAB variants was confirmed by Western blotting using anti-HA antibodies, while levels of 

the Ag85 complex remain constant (Fig. 5A). Whereas overproduction of the wild-type proteins did not  

significantly alter the MIC values as compared to the parental progenitors (two-fold effect), 

overproduction of  InhAMAB(G96V) or InhAMAB(G96S) resulted in 8- to 32-fold upshift in the MIC level 

(Table 2). These effects were specific to NITD-916 as the MIC of RFB against the same recombinant 

strains were comparable to those of the parental progenitors (Table 2). This indicates that transferring 

the single point mutations identified in the NITD-916 spontaneous resistant mutants into a susceptible 

strain is sufficient to confer high resistance levels to NITD-916.  

 
 
 
Figure 5. Overexpression of InhAMAB variants in M. abscessus S and R strains. (A) Western blots using 
antibodies against the HA-epitope (upper panel) and the Ag85 complex (lower panel) as loading control 
were done to assess the expression levels of the InhAMAB variants in various strains overproducing either 
InhAMAB(WT), InhAMAB(G96V) or InhAMAB(G96S). Equal amounts of total lysates (10 µg) of each strain 
were separated on a 12% SDS-PAGE. (B) Wild-type M. abscessus CIP104536T (S) and NITD916R2 strains 
were grown in CaMBH and exposed for 9 hrs with increasing concentrations of ethionamide (ETH) or 
NITD-916 at concentrations corresponding to 1x and 5x MIC. Equal amounts of total lysates (10 µg) of 
each strain were separated on a 12% SDS-PAGE and probed with anti-KasA (upper panel) anti-Ag85 
complex (lower panel) antibodies (used as loading control).  
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Table 2. MIC (µg/mL) of NITD-916 and RFB determined in CaMHB at 30 °C against M. abscessus 
overexpressing wild-type and mutated inhAMAB (MAB_2722c) alleles. 
 

 

 

 

 

 

 

 

It was previously reported that isoniazid, diazaborine or ethionamide (ETH) induced the production 

of a KasA-containing complex in M. smegmatis and that formation of this complex is a consequence of 

InhA inhibition while other FAS-II inhibitors such as thiolactomycin or isoxyl, inhibiting KasA and the 

HadABC dehydratase, respectively, fail to induce this complex 46. Thus, we inquired whether NITD-916 

induces this complex in M. abscessus by probing crude lysates from cultures exposed to 1x and 5x MIC 

NITD-916 with anti-KasA antibodies. Fig. 5B reveals, in addition to free KasAMAB, the presence of an 

additional immmunoreactive band at both concentrations. This protein co-migrated with a protein also 

present in the ETH-treated lysates (used as a positive control of InhAMAB inhibition) while absent in the 

untreated sample. Importantly, this KasA-containing complex was not induced in strain NITD916R2 

resistant to NITD-916, presumably because the G96S mutation in InhAMAB renders the enzyme 

insensitive to NITD-916. Overall, these results suggest that InhAMAB is the primary target of NITD-916 in 

M. abscessus and that its inhibition lead to the induction of a KasA-containing complex. 

 

NITD-916 inhibits de novo mycolic acid biosynthesis in M. abscessus. 

In contrast to M. tuberculosis, M. abscessus does not synthesize oxygenated mycolic acids but produces 

exclusively  and ’ mycolates, corresponding to long-chain (C77-79) and short chain (C62-64) mycolic acid 

subspecies, respectively 47. To interrogate whether NITD-916 inhibits de novo synthesis of mycolic acids, 

[14C]-labeled lipids were extracted from wild-type M. abscessus cultures treated with increasing 

concentrations of NITD-916 prior to labelling with 1 µCi/mL [2-14C]acetate. Mycolic acid methyl esters 

(MAMEs) and fatty acid methyl esters (FAMEs) were then separated by thin-layer chromatography 

(TLC). Synthesis of both  and ’ mycolates was dramatically affected in a dose-dependent manner (Fig. 

Strain                                                       NITD-916                   RFB 

CIP104536T (S)                                           1.56                          50                                

S + pMV261-inhAMAB                                                   3.12                          50 

S + pMV261-inhAMAB(G96V)                    25                             50 
S + pMV261-inhAMAB(G96S)                     50                             50 

CIP104536T (R)                                           1.56                          12.5                                

R + pMV261-inhAMAB                                                   3.12                          12.5 

R + pMV261-inhAMAB(G96V)                    12.5                          12.5 
R + pMV261-inhAMAB(G96S)                     50                             12.5 
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6A). De novo synthesis was almost completely abrogated in the presence of 1.56 µg/mL (1x MIC). 

Ethionamide (ETH), a drug known to target InhA and whose biotransformation is dependent on EthA 

instead of KatG  48 was included as a positive control. However, due to the elevated MIC of ETH against 

M. abscessus (25 µg/mL), only partial inhibition was achieved at the concentrations tested. Importantly, 

that no inhibition was noticed in the production of fatty acid methyl esters (FAMEs) during treatment 

with NITD-916, indicates that, like ETH or INH, NITD-916 specifically inhibits FAS-II rather than FAS-I, as 

expected for InhA-dependent inhibition. 

We next addressed whether resistance to NITD-916 can be linked to an unaltered mycolic acid profile 

in strains caryring mutations in InhAMAB. Supporting this hypothesis, mycolic acid biosynthesis in strain 

NITD916R2 (carrying G96S point mutation) was much more refractory to inhibition by NITD-916 as 

compared to the wild-type progenitor (Fig. 6B). Collectively, these biochemical data underline a mode 

of action that results in the abolishment of mycolic acid biosynthesis by targeting InhAMAB. 

Figure 6. Inhibition of mycolic acid biosynthesis by NITD-916 in M. abscessus. (A) Dose-response 
effects of ethionamide (ETH) and NITD-916 in M. abscessus CIP104536T (S). The inhibitory effect on the 
incorporation of [2-14C]acetate was assayed by exposing cultures to increasing concentrations of ETH 
or NITD-916 for 1 hr prior to labelling for another 2 hrs at 37 °C under shaking. The corresponding 
radiolabelled FAMEs and MAMEs were extracted. Equal counts (50,000 cpm) were loaded onto a TLC 
plate and lipids were developed in petroleum ether/acetone (95/5, v/v). (B) Mutant NITD916R2 is 
refractory to mycolic acid inhibition by NITD-916. M. abscessus CIP104536T (S) and its derivative 
NITD916R2 were exposed to concentrations corresponding to 0.5x, 1x and 5x MIC of NITD-916, labeled 
and subjected to lipid extraction and analysis as in (A).  
 

Structural basis for InhAMAB inhibition by NITD-916.  

To demonstrate direct target engagement, we obtained a 1.45 Å resolution crystal structure of InhAMAB 

bound to NITD-916 and NAD (Fig. 7A and Table S3). As described above, resistance mutants arose at 
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residue Gly96. In our structure, the Cα of Gly96 residues is in proximity to the 2'-hydroxyl of the NMN 

portion of NAD as well as the phenyl moiety of NITD-916 (Fig. 7A). Mutation of this residue would cause 

a steric clash with the phenyl ring of NITD-916, potentially explaining the G96S and G96V resistance 

mutations. Modifying the phenyl ring of NITD-916 could potentially result in molecules which overcome 

resistance at G96. However, given the proximity to the 2'-hydroxyl of the NMN portion of NAD, 

mutation of G96 could also cause loss of InhA specific activity and these resistance mutations may not 

arise in a clinical setting. Residues interacting with NITD-916 are indicated in Fig. 7A. 

Overall, our structure is similar to a previously obtained 3.2 Å resolution structure of InhAMTB bound 

to NITD-916 and NAD 40 (Fig. 7B). The 4-hydroxy-2-pyridin-2-one moiety stacks on top of the 

nicotinamide ring, presumably where the unsaturated portion of the substrate binds, whereas the 4,4-

dimethylcyclohexyl moiety projects into the hydrophobic cavity presumably where the lipid portion of 

the substrate binds. Thus, NITD-916 appears to be a direct substrate competitor. In addition, there 

appears to be some induced fit upon NITD-916 binding when compared to our structures of the InhAMAB 

apoenzyme (1.75 Å resolution) or the holoenzyme (1.85 Å resolution) (Fig. 7C). Our structures of 

InhAMAB in the apoenzyme, holoenzyme, and NITD-916 inhibited state show that the residues spanning 

Thr196 through Gly212 move considerably in response to the ligand-bound state. In the InhAMAB 

apoenzyme state these residues form a -hairpin turn and generate an open catalytic cavity. In the 

holoenzyme state, these residues change to an -helix which packs tightly against the co-factor and 

generate a narrow substrate binding cleft. In the inhibited form, this new -helix moves away from the 

co-factor to accommodate the binding of NITD-916. These residues and to a lesser extent 6 

(numbering using the apoenzyme state) are the only major conformational changes that occur between 

the different states. Similar conformational changes have been observed previously for InhAMTB 

substrates (e.g. PDB ID 1BVR 49) and other inhibitor-bound structures (e.g. PDB ID 1P44 50). 

To complement the crystallography work and gain some understanding of the effects of the inhibitor 

NITD-916 on the thermal stability of InhAMAB, we performed differential scanning fluorimetry (DSF). 

Apoenzyme InhAMAB had a melting temperature of 39.3 C (Table S4 and Fig. S3). Incubation with the 

co-factor NAD to generate the holoenzyme resulted in a modest increase in melting temperature to 

39.8 C (Tm = 0.5 C). Generation of the inhibited complex of InhAMAB with NAD and NITD-916 resulted 

in a large increase in the melting temperature to 54.0 C (Tm = 14.7 C relative to apo or 14.2 C 
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relative to NAD alone). Although such stability measurements are not directly correlated with affinity, 

significant stabilization can be indicative of potency in biochemical experiments. 

                                    

Figure 7. Structural basis of inhibition of M. abscessus InhA by NITD-916. (A) Crystal structure of M. 
abscessus InhA bound to NITD-916 and NAD solved at 1.45 Å resolution. For simplicity only one 
protomer of the tetrameric structure is shown. The protein is depicted as gray ribbons and the inhibitor 

NITD-916 and co-factor NAD are shown rendered in sticks. The final 2Fo-Fc map for NITD-916 is shown 
in blue mesh contoured at 1.0 sigma. The site of resistance mutations G96 is circled in red and other 
residues which interact with NITD-916 are labeled and shown with their side chains rendered in sticks. 
(B) Overlay of the crystal structures of InhAMAB bound to NITD-916 and NAD depicted as above and 
InhAMTB bound to NITD-916 and NAD shown in green ribbons for the protein and green carbon sticks 
for the inhibitor and co-factor. (C) Overlay of the crystal structure of InhAMAB in the apoenzyme state 
shown in cyan ribbons, the holoenzyme state bound to NAD in magenta with NAD in magenta sticks, 
and the inhibited state bound to NAD and NITD-916 in gray as in the upper panels. The loop spanning 
residues Thr196 through Gly212 moves significantly upon co-factor and inhibitor binding.  
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DISCUSSION 

The success rate of M. abscessus pulmonary disease treatment remains very poor despite prolonged, 

multidrug antibiotherapy with an important risk of severe secondary effects, emphasizing the rapid 

need for more effective treatments 26. While mycolic acids represent essential cell wall components in 

mycobacteria and are the primary target of INH and ETH in M. tuberculosis, none of the current drugs 

used in clinical settings against M. abscessus infections are hitting mycolic acid biosynthesis. However, 

recent studies have emphasized that this metabolic pathway represents an attractive niche for 

druggable targets in M. abscessus. First, thiacetazone has proven to bind to the HadA component of 

the FAS-II HadABC dehydratase complex, leading to mycolic acid inhibition in M. tuberculosis  51 and  

thiacetazone derivatives exhibited potent activity against the M. abscessus complex 52. Second, a large 

number of hits against M. abscessus have recently been shown to inhibit the transport of mycolic acids 

across the membrane by targeting the MmpL3 transporter 27,53,54. In this context, the present study was 

undertaken to evaluate the potential of inhibiting the FAS-II enoyl-ACP reductase in M. abscessus. In 

agreement with a previous study 29, our results indicate that the lack of activity of INH in M. abscessus  

presumably relies on the incapacity of KatGMAB to convert INH into an active metabolite, while partial 

susceptibility levels to INH were recovered when overexpressing the katG gene from M. tuberculosis. 

This indicates that while KatG-dependent inhibition of InhA is compromised in M. abscessus, it opens, 

however, the possibility of inhibiting mycolic acid biosynthesis via KatG-independent inhibitors of InhA. 

This proof-of-concept was verified here through the use and characterization of the mode of action of 

the 4-hydroxy-2-pyridone lead candidate NITD-916, originally identified in a phenotypic screen against 

M. tuberculosis 40.  

NITD-916 displayed low MIC values against a wide panel of clinical isolates and exerted an in vitro  

static activity against M. abscessus at 1x MIC. This higher MIC value of NITD-916 against M. abscessus 

as compared to M. tuberculosis 40 is currently not known but may rely on differences in the cell wall 

composition and/or architecture of the cell wall between the two species, potentially affecting cell wall  

permeability to this inhibitor. In addition, M. abscessus possesses a large number of efflux pumps, which 

may also contribute in the lower susceptibility of this species to NITD-916. However, at 1x MIC  

concentration, the compound did not show any activity in M. abscessus-infected macrophages. In 

contrast, at 10x MIC there was a significant reduction in the intracellular bacterial loads at 1 dpi, which 

remained comparable at 3 dpi, with similar results obtained against various clinical isolates, with no 
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distinctions between S and R morphotypes. In general, at 3 dpi, the CFU levels remained equivalent to 

those in the inoculum (Day 0), indicating that NITD-916 behaves as a bacteriostatic drug in the 

macrophage under the conditions tested. NITD-916 not only reduced the intracellular bacterial burden 

but also the proportion of infected macrophages, similarly to RFB, a drug recently proposed to be 

included in drug regimens to reduce treatment duration of M. abscessus pulmonary diseases 55. 

Furthermore, exposure of macrophages infected with the R variant to NITD-916 was associated with a 

reduction in the number and size of cords, presumably resulting from bacterial growth inhibition. 

Therefore, compounds, such as NITD-916 or RFB, inhibiting intracellular cord formation participate also 

in the prevention of macrophage death caused by the disruptive activity of cords on macrophage 

integrity. Consistently, we found that NITD-916 was as active as RFB in CF patient-derived AOs 

recapitulating the CF airway dysfunctions, such as thick mucus, and with increased susceptibility to M. 

abscessus infection 45. Thus, our data emphasise an unexploited chemical structure class active against 

M. abscessus infections with promising translational development possibilities for the treatment of CF 

patients. 

From a mechanistic perspective, our genetic and biochemical studies unambiguously indicate that 

NITD-916 does not undergo bioactivation by KatG prior to binding to InhAMAB, but rather inhibits 

biosynthesis of mycolic acids by directly binding to InhAMAB. These assumptions can be inferred from 

the following results: i) a panel of spontaneous mutants resistant to NITD-916 harboured point 

mutations in InhAMAB at residue 96 and the mycolic acid pattern of these mutants remained unchanged 

upon exposure to NITD-916. Replacement of Gly96 by a more bulky residues is associated to NITD-916 

resistance, suggesting that conservation of Gly96 is requested for susceptibility to this compound. 

Multiple sequence alignments of InhA proteins from different mycobacterial species indicate that Gly96 

is very well conserved (Fig. S4), thus suggesting that other NTM maybe susceptible to NITD-916 

inhibition, although this remains to be investigated in future studies. Interesingly, while replacements 

occurred only at Gly96 in all M. abscessus resistant mutants selected, many more mutations were 

identified in residues within or near the active site of InhA in M. tuberculosis resistant mutants 40,56. In 

addition, strains harbouring the InhAMAB G96S or G96V point mutations remained fully sensitive to ETH, 

as shown previously in M. tuberculosis 40; ii) overexpression of the mutated inhA alleles in a susceptible 

strain conferred resistance to the inhibitor; iii) NITD-916 treatment induced the formation of a KasA-

containing complex, reported previously as a marker of InhA inhibition 46; and iv) NITD-916 could be 
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identified in a ternary NITD-916:NAD:InhAMAB co-structure. Collectively, these results indicate that 

NITD-916 shares the same mode of action in M. abscessus and M. tuberculosis and confirms that the 

biosynthetic steps of mycolic acids represents an excellent pathway to be further exploited in drug 

discovey programs against M. abscessus. Previous work indicated that NITD-916 has no mutagenic or 

cardiotoxicity potential and showed no in vitro safety pharmacological liabilities and did not inhibit the 

major CYP450 isoenzyme 3A4 40, thus stimulating new medicinal chemistry programs for the rational 

optimization of NITD-916-related analogues targeting InhAMAB with improved efficacy. Changes in the 

4-hydroxy 2-pyridone may include substitutions of the R6 lipophilic group and replacement of the R3 

phenyl group with other aromatic substituents. In addition, to increase solubility and lipophilicity, 

phosphate ester prodrugs are typically designed, favoring oral administration and are rapidly 

hydrolyzed by intestinal alkaline phosphatases. This has been emphasized by synthesizing a 4-hydroxy 

methyl phosphate ester prodrug of NITD-916, designated NITD-113, displaying improved aqueous 

solubility by two log orders and with good bioconversion to NITD-916 in mice 40. The availability of the 

InhAMAB crystal structure in complex with NAD and NITD-916 will greatly facilitate and guide the 

chemistry to generate these analogues. In addition, the very high structural conservation between 

InhAMAB and InhAMTB is a key factor prompting to future testing of a large panel of validated direct 

InhAMTB inhibitors against M. abscessus. Indeed, such direct InhAMTB inhibitory scaffolds have identified 

in high throughout screenings, encoded library technology or fragment-based screenings and have 

received considerable attention during these last few years 57. Another important feature to consider 

in future studies relies on the possibility to increase the activity of NITD-916 when given in combination 

with other drugs. Since any M. abscessus antibiotic has to be clinically administered in combination with 

other drugs 22, the absence of drug-drug interactions is critical for clinical development and need to be 

checked. Using the checkerboard assay, we found that the Frational Inhibitory Concentration Index 

(FICI) values between NITD-916 and most drugs used in clinics were in the 0.5-1.5 range (Table S5), 

suggestive of an indifferent interaction between the compounds, thus highlighting the suitability of 

including NITD-916 in combinational therapy.  

 

CONCLUSIONS 

This work reports the potent in vitro and intracellular anti-M. abscessus activity of NITD-916 and 

underscores the strong activity of this unexploited chemical scaffold in CF-derived AOs, opening future 
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possibilities for the treatment of CF patients. Subsequent studies should now advance this compound 

as well as its derivatives into pre-clinical animal models. Our findings also support the view that 

targeting mycolic acid biosynthesis has serious translational potential for development into a real tool 

for treatment and control of M. abscessus pulmonary diseases.  

 

METHODS 

Mycobacterium abscessus strains and culture conditions. M. abscessus subspecies abscessus 

CIP104536T, M. abscessus subspecies bolletii CIP108541T and M. abscessus subspecies massiliense 

CIP108297T reference strains as well as clinical strains from CF and non-CF patients were reported 

earlier 52,58. Bacteria were routinely grown and maintained at 37 °C in Middlebrook 7H9 broth (BD Difco) 

containing 0.025% Tyloxapol (Sigma-Aldrich) and 10% oleic acid, albumin, dextrose, catalase (OADC 

enrichment; BD Difco) (7H9T/OADC) or on Middlebrook 7H10 agar (BD Difco) containing 10% OADC 

enrichment (7H10OADC). M. abscessus carrying pTEC27 and expressing TdTomato was reported earlier 

and grown in the presence of 1000 µg/mL hygromycin 14. M. abscessus smooth and rough strains were 

transformed with pSMT3-katGMTB-tdTomato 59 and grown in the presence of 1000 µg/mL hygromycin. 

For drug susceptibility testing, bacteria were grown in Cation-Adjusted Mueller-Hinton Broth (CaMHB; 

Sigma-Aldrich). Rifabutin and NITD-916 were purchased from Selleckchem and Merck, respectively, and 

dissolved in DMSO. 

 

Drug susceptibility testing. The minimal inhibitory concentrations (MIC) were determined according to 

the CLSI guidelines 60. The broth micro-dilution method was used in CaMHB with an inoculum of 5x106 

CFU/mL in exponential growth phase. The bacterial suspension was seeded in 100 µL volumes in all of 

the wells of a 96-well plate, except for the first column, to which 198 µL of the bacterial suspension was 

added. In the first column, 2 µL of drug at its highest concentration was added to the first well 

containing 198 µL of bacterial suspension. Two-fold serial dilutions were then carried out and  the plates 

were incubated for 3-5 days at 30 °C. MICs were recorded by visual inspection. MIC were also 

determined using Middlebrook 7H9 supplemented with OADC, Sauton’s medium or an artificial sputum 

medium (ASM) containing components of the CF sputum 42.  
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Growth kinetics. To monitor growth inhibition of M. abscessus CIP104536T (S), 96-well plates were set-

up as for MIC determination and serial dilutions of the bacterial suspensions exposed to increasing 

concentrations of NITD-916 were plated on LB agar plates after 0, 1, 2 and 3 days. Colony-forming units 

(CFUs) were counted after 4 days of incubation at 37 °C. Results from each drug concentration are 

representative of 2 independent experiments in triplicates.  

 

Cytotoxicity assay. Human THP-1 monocytes were grown in RPMI medium supplemented with 10% 

Fetal bovine serum (Sigma Aldrich) (RPMIFBS) and incubated at 37 °C in the presence of 5% CO2. Cells 

were differentiated with 20 ng/mL Phorbol Myristate Acetate (PMA) in 96-well flat-bottom tissue 

culture microplates (2.104 cells/well) for 48 hrs at 37 °C with 5% CO2 and exposed to decreasing 

concentrations of NITD-916, RFB or INH (starting at 100 µg/mL) for 24 or 72 hrs at 37 °C with 5% CO2. 

Following incubation, 10% (vol/vol) resazurin dye was added to each well and left to incubate for 

another few hours at 37 °C and 5% CO2. Data was acquired using a fluorescent plate reader (excitation 

540 nm, emission 590 nm).  

 

Intracellular killing assay. THP-1 were grown and differentiated into macrophages as reported above 

but wells were seeded with 105 cells. Infection with M. abscessus strains was carried out at 37 °C in the 

presence of 5% CO2 for 4 hrs at a MOI 2:1. After extensive washing with 1x phosphate buffered saline 

(PBS), macrophages were incubated with RPMIFBS containing 250 µg/mL amikacin for 2 hrs and washed 

again with PBS prior to the addition of 500 µL RPMIFBS containing DMSO (negative control) or 500 µL 

RPMIFBS containing either RFB or NITD-916. Drugs were renewed on a daily basis. Cells were washed 

with PBS and lysed with 100 µL of 1% Triton X-100 after 1 day or 3 days post-infection. Serial dilutions 

of macrophage lysates were plated onto LB agar plates and colonies were counted to determine 

intracellular CFU.  

 

Microscopy-based infectivity assays. Differentiated THP-1 macrophages were grown on coverslips in 

24-well plates at a density of 105 cells/mL for 48 hrs at 37 °C with 5% CO2 prior to infection with M. 

abscessus expressing TdTomato for 4 hrs at a MOI of 2:1. After washing and AMK treatment to remove 

the  extracellular bacilli, cells were exposed to DMSO (negative control), RFB or NITD-916 and fixed at 

0, 1 and 3 days post-infection with 4% paraformaldehyde (PAF) in 1x PBS for 20 min. Cells were then 
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permeabilized using 0.2% Triton X-100 for 20 min, blocked with 2% BSA in PBS supplemented with 0.2% 

Triton X-100 for 20 min, incubated with anti-CD63 antibodies ((Becton Dickinson); dilution 1:1000) for 

1 hr and with an Alexa Fluor 488-conjugated anti-mouse secondary antibody ((Molecular Probes, 

Invitrogen); dilution 1:1000) for 45 min. After 5 min of incubation with DAPI (dilution 1:1000), cells were 

mounted onto microscope slides using Immu-mount (Calbiochem) and examined with an 

epifluorescence microscope using a 40X objective.. Images were acquired by focusing on combined 

signals (CD63 in green and M. abscessus in red) and captured on a Zeiss Axioimager upright microscope 

equipped with a 40x and 100x oil objective and processed using ImageJ software. Equal parameters for 

the capture and scoring of images were consistently applied to all samples. For each condition, 

approximately 1000 infected macrophages were analyzed. The presence of the intra- or extracellular 

cords within or among the macrophages infected exclusively with the M. abscessus (R) variant were 

treated in the presence of DMSO, RFB or NITD-916, counted and imaged using full-field upright 

microscopy. Areas of intracellular cords were quantified using ImageJ. 

 

Selection of resistant M. abscessus mutants and target identification. Exponentially growing M. 

abscessus CIP104536T S and R cultures were plated on LB agar containing 15.6 µg/mL NITD-916, 

corresponding to 10x MIC. After one week of incubation at 37 °C, four individual colonies deriving from 

the S and R strains were selected, grown in CaMHB and individually assessed for MIC determination 

and scored for resistance to NITD-916. Identification of SNPs in the NITD-916-resistant strains was 

completed by PCR amplification using  the primers MAB_2722c s1 (F) 5'-GTG GCA GGA CTA CTT GAG 

GGC-3' and MAB_2722c s2 (R) 5'-TCA GAG CAG CTG AGT GTG AGC G -3' to produce a 810 bp amplicon for 

full coverage sequencing of the inhAMAB gene.  

 

Cloning and overexpression of the inhAMAB alleles in M. abscessus. Wild-type inhAMAB and the 

corresponding mutated genes harbouring the G287T or G286A polymorphisms were amplified by PCR 

(Q5 polymerase) using genomic DNA prepared from the WT or spontaneous resistant mutants as well 

the forward 5’-GGG GCA GGA TCC GAG TGG CAG GAC TAC TTG AGG GCA A-3’ and reverse 5’-GGG CTA 

CGA ATT CTG CTA AGC GTA ATC TGG AAC ATC GTA TGG GTA GAG CAG CTG AGT GTG AGC GC-3’ primers 

(restriction sites are underlined and HA tag coding sequence is in bold). PCR-amplified fragments were 
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cloned into the BamHI and EcoRI sites of pMV261 61 and the resulting plasmids were introduced into 

M. abscessus following selection in the presence of 250 µg/mL kanamycin. 

 

Immunoblotting. Bacteria cultures were collected by centrifugation and lysed using 1 mm diameter 

glass beads and a Mixer Mill MM 301 (Retsch, Germany) at a frequency of 30 Hz for 10 min. Equal 

amount of total proteins (10 µg) were separated by 12% SDS-PAGE and transferred to a nitrocellulose 

membrane prior to Western blot analysis. Primary antibodies used were rat anti-HA (1:5000 dilution), 

rat anti-KasA (1:2000 dilution) or mouse monoclonal antibody 32/15 (1:10 dilution) recognizing the 

Ag85 complex 62. After washing, membranes were incubated for 45 min with a anti-rat or anti-mouse 

antibody conjugated to HRP (dilution 1:5000), incubated with SuperSignalTM West Femto (ThermoFisher 

Scientific) and revealed using a ChemiDoc MP system (Bio-Rad).  

 

Mycolic acid analysis. To investigate the drug-induced changes in the mycolic acid profile, M. abscessus 

cultures were exposed to increasing drug concentrations of either ethionamide (ETH) included as a 

positive control or NITD-916 for 1 hr prior to metabolic labeling in the presence of 1 μCi/mL of [2-

14C]acetate (59 mCi/mmol, Perkin Elmer) for an additional 2 hrs under shaking at 37 °C. Extraction of 

total mycolic acids was carried out as previously reported 48. Briefly, cell pellets were washed and 

treated with 15% tetrabutylammonium hydroxide (TBAH) at 100 °C overnight. Fatty acids and mycolic 

acids were methyl-esterified and extracted in diethylether. Lipid extracts were dried and resuspended 

in dichloromethane and separated by thin-layer chromatography (TLC). Fatty acid methyl esters 

(FAMEs) and mycolic acid methyl esters (MAMEs) were developed in petroleum ether/acetone (95:5, 

v/v). The [14C]-labeled FAME and MAME content was analyzed using an Amersham Typhoon imaging 

system. 

 

Human bronchial organoid culture. The CHU of Toulouse (CHU 19 244 C) and the CNRS (CNRS 205782) 

approved the use of materials for this study. Organoids were derived from a lung biopsy of a cystic 

fibrosis heterozygous patient (G542X/1811+1.6kbA→G), as previously reported 45. 

 

Organoid infections. On the infection day, organoids were infected with M. abscessus S and R variants 

adjusted to OD600 = 0.2. Organoids in 25 μL drops of Matrigel (Fisher Scientific) were seeded on Nunclon 
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Delta surface 35x10mm Dish (Thermo Scientific). After Matrigel polymerization, 2 mL of airway 

organoid complete media 45 without N-Acetylcysteine and without antibiotics were added to each plate. 

Organoids were microinjected using a Femtojet micro-injector (Eppendorf), as previously described 44. 

Two hours after infection, organoids were collected, washed in 1x PBS, embedded into a fresh matrix 

and treated or not during for 3 days with 1.56 µg/mL or 15.6 µg/mL NITD-916 or 12.5 µg/mL RFB. 

 

Live imaging and colony-forming unit assay. At day 3 post infection, images of the organoids were 

acquired under an EVOS M7000 Imaging System (20x, at 37 °C with 5% CO2) (Thermo Scientific). 

Following image acquisition, infected organoids were individualy collected and lysed in 100 µl of 10% 

Triton X100 in PBS 44. Serial dilutions of the lysates were plated on LB agar plates and incubated for 4 

days at 37 °C prior to CFU counting. 

 

Crystal structure determination. M. abscessus InhA (InhAMAB) was expressed and purified using our 

standard structural genomics expression and purification protocols reported previously 63,64. Briefly, the 

MAB_2722c gene encoding InhAMAB was cloned from genomic DNA into the bacterial expression vector 

BG1861, which encodes a non-cleavable N-terminal His6 tag. The protein was expressed in BL21(DE3) 

cells with autoinduction media followed by cell lysis and purification via nickel affinity then size 

exclusion chromatography. InhAMAB crystallized at 23.06 mg/mL in the apo state in the MCSG1 

crystallization screen condition E1 (2 M (NH4)2SO4, 0.1 M Hepes pH 7.5); the crystal was cryoprotected 

with reservoir supplemented with 20% v/v ethylene glycol. InhAMAB crystallized at 23.06 mg/mL with 4 

mM NADH in the JCSG+ crystallization screen condition E1 (0.1 M sodium cacodylate pH 6.27, 1.09 M 

sodium citrate tribasic); the crystal was cryoprotected with reservoir supplemented with 4 mM NADH 

and 20% v/v ethylene glycol. InhAMAB crystallized at 23.06 mg/mL with 3.5 mM NADH and 3.5 mM NITD-

916 in the Index crystallization screen condition H10 (0.2 M sodium citrate tribasic, 20% PEG 3350); the 

crystal was cryoprotected with reservoir supplemented with 3.5 mM NADH, 3.5 mM NITD-916, and 20% 

v/v ethylene glycol. The apo and the NADH/NITD-916 bound data sets were collected at the Advanced 

Photon Source beamLine 21 ID-F with a Rayonix MX-300 CCD detector at 0.97872 Å wavelength. The 

NADH bound data set was collected in house on a Rigaku FR-E+ SuperBright X-ray generator with a 

Saturn 944+ detector at 1.5406 Å wavelength. The apo structure was solved by molecular replacement 

using MORDA and the M. tuberculosis InhA structure (PDB ID 2H7I superceded by 4U0J) as a search 
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model. The structure was refined with iterative rounds of refinement between Phenix 65 and Coot 66. X-

ray diffraction images have been uploaded to the Integrated Resource for Reproducibility in 

Macromolecular Crystallography (IRRMC) data base (www.proteindiffraction.org) 67.  

 

Ligand binding via differential scanning fluorimetry (DSF). Sypro dye based DSF experiments were 

performed on a Bio-Rad CFX-96 thermal cycler at 0.1 mg/mL InhAMAB in a background buffer of 25 mM 

Tris pH 8.0, 200 mM NaCl, 1 mM TCEP, and 1% v/v glycerol. DMSO was kept contrant at 2% v/v for all 

measurements. NAD alone or NAD and NITD-916 were added to a final concentration of 1 mM. 

 

Statistical analyses. Statistical analyses were performed on Prism 9.0 (Graphpad) and detailed for each 

figure legend. *P ≤ 0.05, ** P ≤ 0.01, *** P ≤ 0.001, **** P ≤ 0.0001. 
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