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Cyclophostin and Cyclipostins analogues 
counteract macrolide-induced resistance 
mediated by erm(41) in Mycobacterium 
abscessus
Morgane Sarrazin1, Isabelle Poncin1, Patrick Fourquet2, Stéphane Audebert2, Luc Camoin2, Yann Denis3, 
Pierre Santucci1, Christopher D. Spilling4, Laurent Kremer5,6, Vincent Le Moigne7, Jean‑Louis Herrmann7,8, 
Jean‑François Cavalier1 and Stéphane Canaan1*   

Abstract 

Background Mycobacterium abscessus is an emerging pathogen causing severe pulmonary infections, particularly 
in individuals with underlying conditions, such as cystic fibrosis or chronic obstructive pulmonary disease. Macrolides, 
such as clarithromycin (CLR) or azithromycin (AZM), represent the cornerstone of antibiotherapy against the M. absces-
sus species. However, prolonged exposure to these macrolides can induce of Erm(41)‑mediated resistance, limiting 
their spectrum of activity and leading to therapeutic failure. Therefore, inhibiting Erm(41) could thwart this resistance 
mechanism to maintain macrolide susceptibility, thus increasing the rate of treatment success. In our previous study, 
the Erm(41) methyltransferase was identified as a possible target enzyme of Cyclipostins and Cyclophostin com‑
pounds (CyC).

Methods Herein, we exploited this feature to evaluate the in vitro activity of CLR and AZM in combination with dif‑
ferent CyC via the checkerboard assay on macrolide‑susceptible and induced macrolide‑resistant M. abscessus strains 
selected in vitro following exposure CLR and AZM.

Results Our results emphasize the use of the CyC to prevent/overcome Erm(41)‑induced resistance and to restore 
macrolide susceptibility.

Conclusion This work should expand our therapeutic arsenal in the fight against a antibioticresistant mycobacterial 
species and could provide the opportunity to revisit the therapeutic regimen for combating M. abscessus pulmonary 
infections in patients, and particularly in erm(41)‑positive strains.
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Background
Mycobacterium abscessus is a rapid growing mycobac-
teria (RGM) causing pulmonary diseases in vulnerable 
individuals, such as cystic fibrosis (CF) or bronchiecta-
sis patients [1–3]. These infections are particularly chal-
lenging to cure because M. abscessus is intrinsically 
resistant to most antibiotic classes and anti-tuberculosis 
drugs [4–8]. The current treatment consists in a multid-
rug regimen which involves an initial phase comprising 
a macrolide, usually clarithromycin (CLR) or azithromy-
cin (AZM), associated with other antibiotics such ami-
kacin (AMK), tigecycline, imipenem (IPM) or cefoxitin 
(CFX) for 3–12 weeks. This initial phase is followed by 
a continuation phase that comprises a macrolide, ami-
kacin and one or several additional antibiotics (minocy-
cline, clofazimine and moxifloxacin) depending on the 
severity of the infection, the tolerability of the regimen 
and the drug susceptibility profile of the strain [2, 9]. 
Macrolides are important in the context of polychemo-
therapy against NTMs. Despite this, the success rate of 
treatments using them against M. abscessus remains low 
(between 30 and 50%) [10, 11], particularly in the case of 
inducible macrolideresistant strains [12]. Macrolides tar-
get the large subunit of the bacterial ribosome and bind/
occlude the nascent peptide exit tunnel, therefore inhib-
iting protein synthesis. However, prolonged exposure to 
macrolides, even at sub-inhibitory concentrations, can 
lead to the apparition of an inducible macrolide-resistant 
phenotype mediated by the Erm(41) methyltransferase 
[13–17]. This enzyme catalyzes the specific methylation 
of the adenine 2270 of the 23 S rRNA, which protects the 
ribosome from the macrolide activity. This mechanism 
can be observed in vitro, by exposing a susceptible strain 
to macrolides for up to 14 days instead of the classical 
3–5 days [13, 15]. This intrinsic resistance mechanism 
occurs in M. abscessus subspecies M. abscessus as well as 
in M. abscessus subspecies M. bolletii, both expressing a 
functional Erm(41) enzyme, unlike M. abscessus subspe-
cies M. massiliense which harbors a truncated version of 
the erm(41) gene [13, 18]. In this context, it is important 
to characterize the species within the abscessus com-
plex, for example by using erm41 PCR, which allows 
both speciation within the complex and the determina-
tion of inducible resistance [9], hence its value as a com-
plement to phenotypic tests [19, 20]. Thus, a yet unmet 
medical need would consist to develop new therapeutic 
approaches to counteract Erm(41)-induced resistance 
in M. abscessus [21, 22]. Similar strategies have been set 
up with the use of β-lactamase inhibitors to render M. 
abscessus strains susceptible to β-lactams [7, 23, 24] and 
highlight the importance and potential of molecules able 
to block drug resistance as attractive therapeutic adjuncts 
to reduce and/or circumvent resistance to antibiotics. 

Recently, the combination of rifabutin with CLR has been 
reported to suppress CLR resistance in erm(41)-express-
ing strains [24], whereby rifabutin acts as an inhibitor 
of erm(41) transcriptional induction, maintaining M. 
abscessus in a phenotypically susceptible state to CLR.

Cyclipostins and Cyclophostin analogues (CyC) 
represent attractive molecules with potent antibacte-
rial activity against M. abscessus in  vitro and inside 
infected macrophages with very low toxicity toward 
host cells [25–29]. Among these, the enolphosphate 
analogs CyC17 and CyC31 were the most active growth 
inhibitors of M. abscessus (against both smooth and 
rough variants) sharing minimal inhibitory concentra-
tions (MIC) similar to those of imipenem or cefoxitin, 
often used in clinical settings [28, 29]. CyC compounds 
react with enzymes containing a catalytic serine and/
or cysteine in their active site by forming an irrevers-
ible covalent bond [30–33]. This characteristic was 
exploited to identify their target enzymes using a 
competitive activity-based protein profiling (ABPP) 
approach [26–28, 30, 32–35]. In M. abscessus, 39 
potential target enzymes of CyC17 were identified, most 
of which playing a role in lipid metabolism or cell wall 
synthesis [26]. In addition, 9 out of 39 have orthologs 
annotated as essential in the Mycobacterium tubercu-
losis genome [26]. Interestingly, 7 methyltransferases 
were also identified, including Erm(41). This finding 
highlights the potential of the CyC to thwart induc-
ible macrolide resistance by blocking Erm(41), opening 
the possibility of exploiting these inhibitors as adjuncts 
molecules to suppress macrolide inducible resistance in 
the context of anti-M. abscessus chemotherapy.

In this study, we validated Erm(41) as an effective tar-
get of the CyC analogues and investigated their synergis-
tic activity when given in combination with macrolides 
(CLR or AZM) as well as with other commonly used anti-
biotics (AMK, CFX and IPM) in susceptible and induced 
macrolide-resistant M. abscessus strains. Our results 
emphasize the potency of the CyC to restore the suscep-
tibility of strains to macrolides, expanding our therapeu-
tic arsenal against M. abscessus pulmonary diseases.

Methods
Antibiotics and compounds
Clarithromycin (Euromedex, France) and Azithromy-
cin (Sigma Aldrich) were solubilized in 96% ethanol and 
dimethyl sulfoxide (DMSO), respectively. AMK, IPM and 
CFX was from Toku-E (France) and dissolved in water. 
The CyC analogues CyC17, CyC31,CyC8α and CyC8β were 
synthesized as described previously [32, 36]. Stock solu-
tions (10 mM in DMSO) of the CyC compounds (purity 
of ≥ 95%) [27, 29] were stored at 4 °C.
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Strain and bacterial culture
Escherichia coli DH10B cells used in cloning experiments 
were grown in Luria-Bertani broth (Invitrogen, Carls-
bad CA, USA) or on agar plates at 37 °C. Transformants 
were selected on LB agar supplemented with 200  µg/
mL hygromycin B (Toku-E). Mycobacterium smegma-
tis  mc2155 groEL1ΔC strain [37] was grown in Middle-
brook 7H9 (BD Difco) supplemented with 0.05% Tween 
80 (Sigma-Aldrich, Saint-Quentin Fallavier, France) and 
0.2% glycerol (Euromedex, France) (7H9-S) at 37 °C. For 
the M. abscessus  CIP104536T [38] and M. massiliense 
(CIP  108297T) [39] S morphotypes, 7H9 was supple-
mented with 0.05% Tween 80, 0.2% glycerol and with 10% 
Oleic acid Albumin Dextrose Catalase (OADC) enrich-
ment (BD Difco) (7H9-SOADC).

Expression and purification of recombinant Erm(41)
The MAB_2297 gene encoding Erm(41), was amplified 
by PCR using M. abscessus genomic DNA and the for-
ward primer 5′GTA TAA CCA TGG TTT CCG GCC AAC 
GGT CGC GAC-3′ (NcoI site in bold) and reverse primer 
5′-CAT ATT AAG CTT TGC GCC GCC TGA TCA CCA 
G-3′ (HindIII site in bold). The PCR product was cloned 
into the acetamide-inducible pMyC vector digested with 
NcoI and HindIII, as previously described [40], enabling 
the incorporation of a polyhistidine tag at the C-terminus 
of Erm(41). The integrity of the insert was confirmed by 
DNA sequencing (Eurofins Genomics). Approximately 
200 ng of pMyC-erm(41) were electroporated into M. 
smegmatis  mc2155 groEL1ΔC competent cells by using 
a Gene Pulser Xcell™ Electroporation System (BioRad, 
Marnes-la-Coquette, France) at 2500 V, 25 µF and 600 Ω. 
Recombinant clones were selected on 7H10 agar plates 
and used to inoculate 10 mL of 7H9-S supplemented with 
50 µg/mL hygromycin at 37 °C under shaking at 180 rpm. 
After 3 days, the preparation was used to inoculate 2 L of 
culture medium for a large-scale production and the bac-
teria were grown at 37  °C under shaking until  OD600nm 
value reached 1.5–2. Production of recombinant pro-
teins was induced by adding acetamide (Sigma-Aldrich) 
to a final concentration of 0.5% (w/v) for 16  h at 37  °C. 
Cultures were harvested by centrifugation at 4500×g for 
30 min at 4 °C. The bacterial pellets were resuspended in 
30 mL CHES buffer (100 mM N-cyclohexyl-2-aminoeth-
anesulfonic acid, pH 10, 150 mM NaCl and 1% Nlau-
roylsarcosine) (buffer A) and lysed using three passages 
through a French Press (Aminco, Silver Spring, MD, 
USA) at 1100 PSI. The supernatant was centrifuged for 
30 min at 17,000×g and loaded onto a  Ni2+-nitrilotriacetic 
acid (NTA) agarose gel column (Amersham Biosciences, 
UK). The column was extensively washed with buffer A 
to remove unspecific proteins and Erm(41) was eluted 

with buffer A containing 50 mM imidazole. Eluted frac-
tions were collected and analyzed by SDS-PAGE followed 
by dialysis overnight against a solution of 100 mM CHES, 
pH 10, 150 mM NaCl and 0.05% Nlauroylsarcosine 
(buffer B) to remove imidazole. The final concentration 
of the recombinant protein was measured by determi-
nation of  OD280nm using the molar extinction coefficient 
(ε = 32290  cm−1  M−1), concentrated by ultrafiltration to a 
final concentration of 1.5 mg/mL and stored at −80 °C.

CyC and Erm(41) interaction
To validate the inhibitory interaction between CyC ana-
logues and Erm(41), 10 µg of Erm(41) in 50 µL was incu-
bated for 30 min with different CyC inhibitors at a molar 
excess xI of 100 in buffer B at 37  °C with shaking. Next, 
Erm(41) pretreated or not with the CyC analogues were 
further incubated with 5 µM ActivX TAMRA-FP probe 
(Thermo Fisher Scientific) for 1  h at room temperature 
in the darkness. The reaction was stopped by adding 5X 
Laemmli reducing buffer followed by boiling and pro-
teins were separated by 12% SDS-PAGE. Subsequently, 
TAMRA FP-labeled proteins were detected by fluores-
cent gel scanning (TAMRA: λex 557  nm, λem 583  nm) 
using the  Cy®3 filter of a ChemiDoc MP Imager (Bio-
Rad) before staining the gels with Coomassie Brilliant 
Blue dye. Densitometric analyses were performed using 
the ImageLab™ software version 5.0 (Bio-Rad) to deter-
mine the fluorescence intensity content per sample. All 
raw data were exported as CSV files, imported in the R 
studio software (The R Project for Statistical Computing, 
version 4.2.1) and graphs were plotted with the ggplot2 
package (version 3.4.0). Histogram represented the 
mean ± standard deviation of two independent replicates.

Molecular docking in silico
The 3D models structures of Erm(41) (UniProt acces-
sion no. B1MAV7) were built with the Phyre2 web por-
tal for protein modeling, prediction and analysis using 
Erm(E) structure from Saccharopolyspora erythraea 
(PDB 6NVM) and Erm(38) structure from M. smegmatis 
(PDB 7F8B) as structural templates [41]. The flexible side 
chain method, where the ligand (i.e., CyC17) is joined in 
an arbitrary conformation with the target [i.e., Erm(41) 
protein] and then modeled as a fully flexible side chain in 
the AutoDock/Vina simulation, was used [42].

The PyMOL Molecular Graphics System (version 1.4, 
Schrödinger, LLC) was used as working environment 
with an in-house version of the AutoDock/Vina PyMOL 
plugin to perform in silico molecular docking with the 
CyC17 [43, 44]. A model structure file was generated 
for the CyC17 molecule, and its geometry was refined 
using the Avogadro open-source program (version 1.1.1. 
“http:// avoga dro. openm olecu les. net/”). The box size used 

http://avogadro.openmolecules.net/
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for the receptor was chosen to fit the whole protein and 
to allow nonconstructive binding positions, and was fur-
ther refined to the inhibitor binding site in Erm(41).

Mass spectrometry
Global mass analyses were determined on purified 
Erm(41) (15  mg/ml in 100 mM CHES, pH 10, 150 mM 
NaCl and 0.05% Nlauroylsarcosine buffer) pre-incubated 
or not with CyC17 at a molar excess, xI, of 100. Ten µL 
of each protein sample ± CyC17 were desalted on ZipTip 
C4 (Millipore, Molsheim, France) and eluted by 3 µL 
of sinapinic acid matrix solution in 0.3% TFA/CH3CN 
(50:50 v/v). One µL of the latter sample was analyzed on 
a MALDI TOF-TOF Bruker Ultraflex III spectrometer 
(Bruker Daltonics, Wissembourg, France) controlled by 
the Flexcontrol 3.0 package (Build 51). This instrument 
was used at a maximum accelerating potential of 25 kV 
and was operated in linear mode using the m/z range 
from 20,000 to 100,000 (LP_66kDa_method) as already 
described [30].

Erm(41) quantification
Proteomic studies on macrolide-resistant strains were 
performed from 20 mL of M. abscessus cultures. Cells 
were washed twice in PBS (Phosphate Buffer Saline) 
solution pH 7 and lysed by mechanical disruption on a 
BioSpec Beadbeater in PBS containing 8 M urea. Quanti-
fication of Erm(41) was performed using Liquid chroma-
tography-mass spectrometry (LC-MS/MS) analysis using 
an Orbitrap Fusion Lumos Tribrid Mass Spectrometer 
(ThermoFisher Scientific, San Jose, CA) online with an 
Ultimate 3000RSLCnano chromatography system (Ther-
moFisher Scientific, Sunnyvale, CA). MS was performed 
using a data-independent acquisition (DIA) mode. Quan-
tification was based on relative label-free intensity (LFQ) 
calculated using the DIA-NN 1.8 algorithm [45]. Main 
DIA-NN output file was further filtered and the LFQ 
intensity was calculated using our DIAgui package at 
1% q value (https:// github. com/ marse ille- prote omique/ 
DIAgui) [46]. Relative quantification was calculated using 
fold changes of LFQ intensity under CLR or AZM expo-
sure relative to LFQ intensity in non-exposure condition.

The full mass spectrometry proteomics data have been 
deposited to the ProteomeXchange Consortium (www. 
prote omexc hange. org) via the PRIDE partner reposi-
tory (https:// www. ebi. ac. uk/ pride/ login) with the dataset 
identifiers PXD055560.

Preparation of anti‑Erm(41) immune serum
Mouse anti-Erm(41) antibodies were produced as fol-
lows. A His-tagged version of Erm(41) was prepared as 
described above. Purified Erm(41) was subcutaneously 
injected into five BALB/c mice (Janvier, France) (20  µg 

per mouse) with incomplete Freund’s adjuvant (1/1, 
v/v) on days 1, 28, and 57. One week after days 28 and 
57, blood samples were obtained from the retroorbital 
plexus, centrifuged and stored at −20 °C until use. Mouse 
experiments were performed according to institutional 
and national ethical guidelines (Agreement n˚783223; 
approved by the Ministry of Higher Education and 
Research with APAFIS#11465-2016111417574906v4).

Synergistic assay
Synergistic activities were tested in 96-well microplates 
by the checkerboard assay in Middlebrook 7H9-SOADC 
broth and using microdilution method [47]. MIC of the 
antibiotics were determined in 96 well flat-bottom Nun-
clon Delta Surface microplates with lid (Thermo-Fisher 
Scientific, ref. 167008) using optical density to assess 
growth. Log-phase bacteria were diluted to a cell den-
sity of 5 ×  106 cells/mL in 7H9-SOADC medium. Then, 
100 µL of this bacterial suspension (5 ×  105 cells final 
per well) was added to each well containing 100 µL of 
the 7H9-SOADC medium, serial two-fold dilutions of the 
selected antibiotics or controls to a final volume of 200 
µL. In addition, wells containing 200 µL of 7H9-SOADC 
medium only were used as sterility/background controls, 
whereas wells containing 100  µg/mL kanamycin (Euro-
medex) was used as positive control for growth inhibi-
tion. Plates were incubated at 37 °C for 4 to 5 days. The 
optical density (OD) at 600  nm was quantified using a 
Tecan Spark 10 M™ multimode microplate reader (Tecan 
Group Ltd., France). Relative growth units were defined 
as: RGU% = (test well  OD600nm/mean  OD600nm of growth 
control wells) ×100. For each condition, three biological 
replicates were performed. The MIC of each drug was 
defined as the lowest drug concentration that inhibited 
more than 90% of the bacterial growth.

The fractional inhibitory concentration index (FICI) 
is the reference parameter for quantifying the interac-
tion between two antibiotics in a combination [48]. The 
fractional inhibitory concentration (FIC) of antibiotic A 
is defined as the MIC of antibiotic A in the combination 
divided by the MIC of antibiotic A alone, and vice versa 
for the FIC of antibiotic B. The FICI value was obtained 
by the sum of the  FICA and  FICB. A FICI value of less 
than 0.5 is considered synergistic; between 0.5 and 4, the 
effect is considered indifferent; when greater than 4, the 
interaction is antagonistic [48]. All FICI presented corre-
spond to the minimal FICI obtained. All the results were 
exported as CSV files, imported in the R studio software 
and graphs were plotted with the ggplot2 package.

Induction of macrolide resistance in M. abscessus strains
Macrolide resistance was induced in the M. abscessus S 
reference strain following exposure to CLR or AZM for 

https://github.com/marseille-proteomique/DIAgui
https://github.com/marseille-proteomique/DIAgui
http://www.proteomexchange.org
http://www.proteomexchange.org
https://www.ebi.ac.uk/pride/login
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14 days. Briefly, M. abscessus S strain was used to inocu-
late 10 mL of  7H9SOADC at an  OD600 nm of 0.05 in absence/
presence of 0.1  µg/mL CLR or 0.5  µg/mL AZM corre-
sponding to values ~ 10 times lower than the respective 
MICs. After 5 days of incubation at 37  °C with shaking 
(50 rpm), 0.2 mL of the bacterial suspensions were used 
to inoculate 10 mL of fresh culture medium with or with-
out CLR/AZM, and after 5 additional days of incubation, 
0.2 mL of the latter preparation was used to re-inoculate 
10 mL of fresh culture medium with or without CLR/
AZM. The MIC of CLR or AZM was determined before 
macrolide exposure and during the induction phase at 
5, 10, and 14 days. Susceptibility testing was performed 
in Middlebrook 7H9-SOADC broth using the microdilu-
tion method. MIC of CLR and AZM were determined in 
96-well flat-bottom Nunclon Delta Surface microplates 
with lid using the same method, as described in the pre-
vious section. The MIC of each drug was defined as the 
lowest drug concentration that inhibited more than 90% 
of the bacterial growth. For each condition, three biologi-
cal replicates were performed.

RNA extraction and reverse transcription
RNA was prepared from  109M. abscessus cells at differ-
ent time points 1, 2, 5, 6, 7, 10, 11, 12 and 14 days. The 
bacteria were harvested and frozen at −80 °C beforehand. 
Pellet was resuspended in homogenization solution sup-
plemented of 2.5% 1-Thioglycerol (v/v) and then lysed by 
mechanical disruption on a BioSpec Beadbeater. Total 
RNA was purified using  Maxwell® 16 miRNA Tissue Kit 
(Promega) according to the manufacturer’s instructions 
with an extra TURBO DNase (Invitrogen) digestion step 
to eliminate the contaminating DNA. Finally, the RNA 
quality was assessed by Tapestation system (Agilent). To 
obtain cDNAs, GoScript™ Reverse Transcription System 
protocol (Promega) was used. The final mix contained 
1 µg total RNA, 0.5 µg random primers (Promega), 4 µL 
GoScript™ 5X Reaction Buffer (Promega), 2 µL of 25 mM 
 MgCl2, 1 µL 40 mM dNTP and 1 µL GoScript™ Reverse 
Transcriptase (Promega).

Quantitative PCR analysis
Quantitative real-time PCR (qPCR) analyses were per-
formed on a CFX96 real-time system (Bio-Rad). The 
reaction volume was 15 µL, and the final concentration of 
each primer was 0.5 µM. Specific primers used for qPCR 
are the following: erm(41) forward 5′CTC AGG GGA 
GTT CGT TGT GG-3′ and reverse 5′-CCG CTA TCC GGA 
CAT CTT CC-3′ and rrs (MAB_r5051) forward 5′-CAT 
GGT GAG TGG TGC AAA GC-3′ and reverse 5′AGT CTG 
GGC CGT ATC TCA GT-3′. The cycling parameters of the 
qPCR were 98 °C for 2 min, followed by 45 cycles of 98 °C 
for 5 s, 64 °C for 10 s, and 72 °C for 1 s. A final melting 

curve from 65  °C to 95  °C was added to determine the 
specificity of the amplification. To determine the amplifi-
cation kinetics of each product, the fluorescence derived 
from the incorporation of SYBERGreen into the double-
stranded PCR products was measured at the end of each 
cycle using the Sso Advanced Universal SYBRGreen 
Supermix kit (Bio-Rad, France). The results were ana-
lyzed using Bio-Rad CFX Maestro software, version 2.3 
(Bio-Rad, France). The 16 S RNA gene (rrs) was used as 
a reference for normalization. For each point, a technical 
duplicate was performed. All the results were exported as 
CSV files, imported in the R studio software and graphs 
were plotted with the ggplot2 package.

Results
Characterization of the CyC‑Erm(41) interaction
In a previous study, competitive ABPP conducted with 
the CyC17 inhibitor identified the Erm(41) methyltrans-
ferase responsible for inducible macrolide resistance 
as a possible biological target in M. abscessus at a per-
mutation false discovery rate of 5% [26]. To investigate 
whether other CyC analogues displaying activity against 
M. abscessus interact and inhibit Erm(41), the erm(41) 
gene (MAB_2297) was cloned within a homemade pMyC 
vector in frame with a 6xHis-tag, allowing strong expres-
sion of Erm(41)-His6 in the presence of acetamide [49]. 
The recombinant protein (theoretical mass ~ 22 400 Da) 
was produced in M. smegmatis  mc2155 groEL1ΔC, and 
purified to homogeneity by nickel affinity, leading to 
around 20  mg of pure recombinant protein per liter of 
culture. Purity and the molecular weight were checked by 
12% SDS-PAGE and global mass spectrometry (Fig. 1).

Considering the structure and mechanism of action 
of the CyC analogues on catalytic serine or cysteine 
residues, a chemically relevant fluorophosphonate 
(FP) probe bearing a fluorophore (i.e., rhodamine for 
TAMRA-FP) and exhibiting a similar mode of action [33, 
50] was selected and tested in competitive inhibition tests 
to assess the covalent interaction between Erm(41) and 
various CyC (Fig.  1B). Purified Erm(41) was first incu-
bated with either CyC17 and CyC31, two potent inhibi-
tors of extracellularly-growing M. abscessus; or CyC8α 
and CyC8β, only active against intracellularly-growing 
M. abscessus [26, 28, 29]. The Erm(41)-CyC complexes 
were further co-incubated for 1  h with TAMRA-FP 
and equal amounts of protein were separated by SDS-
PAGE and visualized by Coomassie staining (Fig.  1C, 
upper panel) and ingel fluorescence for TAMRA detec-
tion (Fig. 1C, middle panel). In each case, pre-treatment 
with the CyC molecules resulted in a significant decrease 
in the fluorescence intensity vs. the control, indicating 
that the reaction with the TAMRA probe was impeded 
in the presence of Erm(41)-CyC adducts. Comparison 
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Figure. 1 Biochemical characterization of the CyC‑Erm(41) interaction. A Protein purity assessed by SDS‑PAGE. Ten micrograms of protein 
were loaded onto a 12% polyacrylamide gel and stained with Coomassie brilliant blue G‑250 solution. MW, molecular weight standards (5 µg; 
Euromedex). B Chemical structures of the CyC analogues used in this study. C Equal amounts of Erm(41) were pre‑treated with CyC8α. CyC8β. 
CyC17 and CyC31 , incubated with TAMRA‑FP, separated by SDS‑PAGE, and visualized by Coomassie Blue staining (top) or in‑gel fluorescence 
(middle). Fluorescence intensity was quantified using the ImageLab™ software. The TAMRA‑FP without CyC (CTRL) was arbitrarily placed at 100 AU 
of fluorescence intensity. D Global mass modification of Erm(41) alone (upper panel) or pre‑incubated with CyC 17 (lower panel) as determined 
using an Ultraflex III mass spectrometer (Bruker Daltonics) in linear mode with the LP_66kDa method



Page 7 of 17Sarrazin et al. Journal of Biomedical Science          (2024) 31:103  

of the fluorescence intensity between the four CyC-
Erm(41) complexes and the control condition without 
CyC, showed a decrease in fluorescence of ~ 50–60% 
(Fig.  1C). Surprisingly, incubation with higher concen-
trations of CyC, up to a molar excess xI of 200 related to 
1 mol of Erm(41), did not further reduce the fluorescence 
intensity (data not shown). Taken together, these results 
suggest that CyC8α, CyC8β, CyC17 and CyC31 directly 
interact with Erm(41), confirming that this methyltrans-
ferase is an effective target of these inhibitors. The fact 
that the CyC-mediated fluorescence inhibition of was 
incomplete, remains however unexplained.

To further confirm this interaction, the CyC17-Erm(41) 
complex obtained above was subjected to MALDI-TOF 
mass spectrometry (Fig. 1D), which allows to track mass 
changes if the CyC inhibitor is covalently bound to the 
protein. Total mass results showed the presence of two 
peaks: a first peak (20,409.9 ± 3 Da) corresponds to the 
unmodified protein, and a second one (20,710 Da) to the 
CyC17-bound Erm(41) adduct. It is noteworthy, however, 
that the observed 300.4-Da mass shift increment in global 
mass was 146.08 Da lower than the expected CyC17 
theoretical molecular mass of 446.28 Da (Fig.  1D). This 
mass difference is consistent with previous studies with 
the thioesterase TesA [31], the antigen 85 complex [33] 
and the hydrolase HsaD [30] where rearrangement of the 
covalently bound CyC17 inhibitors occurred, resulting in 
the loss of the methyl 2-acetyl-4-hydroxybutanoate moi-
ety to reach a stable thermodynamic state. Overall, these 
results therefore support the formation of a covalent and 
irreversible Erm(41)-CyC complex.

To identify the potential binding site of the CyC into 
the protein, we generated three dimensional structural 
models of Erm(41) based on the Saccharopolyspora 
erythraea Erm(E) (PDB id: 6NVM) and on the M. smeg-
matis Erm(38) (PDB id: 7F8B) crystal structures, Erm(E) 
and Erm(38) share 28% and 30% sequence identity with 
Erm(41), respectively [51, 52]. Both models which are 
based on high-resolution 3D structures (1.75–2.25 Å), 
share sequence coverage of 92% with Erm(41), ensur-
ing a proper orientation of the amino acid side chains 
(Fig.  2). Although these two models generated slightly 
different 3D structures (RSMD 1.12 Å), both unraveled 
an Y-shaped catalytic pocket able to accommodate the 
S-adenosyl-L-methionine (SAM) co-factor. SAM is the 
methyl donor for Erm(41) to methylate the 23 S rRNA at 
the adenine 2270 [53, 54]. The Erm(41) pocket comprises 
mostly hydrophobic and positively-charge residues at its 
entrance, facilitating the interaction with the negatively-
charged rRNA, for the methyltransferase reaction.

The docking of CyC17 in the Erm(41) pocket gener-
ated from the two structural models revealed that this 
CyC would adopt a productive orientation that could 

prevent the positioning of SAM in active site (Fig.  2B 
and D). Taken together, these 3D models along with the 
biochemical data not only validate the ability of CyC17 to 
interact with Erm(41), but importantly, suggest that its 
location inside the catalytic pocket prevents the accom-
modation of SAM, rendering the enzyme inactive.

Combined efficacity of the CyC with other drugs 
on macrolide‑susceptible strains
We next investigated the in vitro interaction of the CyC in 
association with a panel of drugs used in clinical settings: 
CLR, AZM, AMK, IPM and CFX. The CyC17 and CyC31 
which are the best inhibitors of extracellularly-growing 
M. abscessus [26] have been selected and tested with 
CLR and AZM using the checkerboard assay. The MIC 
of each compound tested alone was 5  µg/mL for AZM, 
0.75 µg/mL for CLR, 3.2 µg/mL for CyC17 and 20 µg/mL 
for CyC31. The association of AZM with CyC17 showed 
a clear synergistic effect with a fractional inhibitory con-
centration index (FICI) of 0.19 (Fig. 3A). In this context, 
the best combination displayed  MICAZM and  MICCyC17 
values that were 8-fold (0.63  µg/mL) and 16-fold lower 
(0.2 µg/mL) than that of AZM and CyC17 alone, respec-
tively. Also, the association of CLR with CyC17 and 
CyC31 showed a synergistic effect with a FICI of 0.16 
and 0.38 respectively (Fig.  3B and C). In this context, 
the best combination displayed  MICCLR and  MICCyC17 
values that were 8-fold (0.094 µg/mL) and 32-fold lower 
(0.025 µg/mL) than that of CLR and CyC17 alone, respec-
tively. About CyC31-CLR association, the  MICCLR and 
 MICCyC31 values were 4-fold (0.19  µg/mL) and 128-fold 
lower (0.15  µg/mL) than that of CLR and CyC31 alone, 
respectively. Regarding the CyC31-AZM association, no 
effect could be measured on either compound for every 
combination, with calculated FICI between 0.63 and 2.5, 
the interaction was qualified as indifferent (Figure S1).

We next evaluated the in vitro activity of AMK, IPM or 
CFX in association with CyC17 or CyC31. The MIC values 
of AMK, IPM and CFX alone were 10  µg/mL, > 20  µg/
mL and 10 µg/mL, respectively, in agreement with pub-
lished values [55]. As observed above with AZM and 
CLR, the combination of CFX with CyC31 showed a syn-
ergistic effect, with a FICI of 0.28 (Fig. 3D), resulting in 
a 32-fold (0.31 µg/mL) and 4-fold (5 µg/mL) decrease in 
MIC values of CFX and CyC31 respectively. For the other 
combinations, including CyC17-AMK, CyC31-AMK, 
CyC17-IPM, CyC31-IPM and CyC17-CFX, the FICI val-
ues were between 0.51 and 2.0, considered as indifferent 
interactions (Figure S1). However, it should be noted that 
in the CyC31-AMK association, the presence of CyC31 
allowed a 2-fold decrease in  MICAMK in 0.15–1.25 µg/mL 
interval and a 4-fold decrease in  MICAMK in 2.5–10 µg/
mL interval.
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Fig. 2 Molecular docking of CyC 17 in the active site of Erm(41). Model structures of Erm(41) generated using the Phyre2 web portal for protein 
modeling and based on A , B Erm(E) structure (PDB id: 6NVM) or C , D Erm(38) structure (PDB id: 7F8B). B , D Catalytic pocket view in presence 
of CyC17 and SAM co‑factor. Hydrophobic residues (alanine, leucine, isoleucine, valine, tryptophan, tyrosine, phenylalanine, proline and methionine) 
are highlighted in orange. The inhibitor and SAM cofactor are in stick representation with the following atom color‑code: oxygen red; phosphorus 
orange; carbon cyan for CyC 17 and yellow for SAM. Structures were drawn with PyMOL Molecular Graphics System (version 1.4, Schrödinger, LLC)
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Globally, these results suggest that the CyC exert a 
positive effect when associated with other antibiotics, 

notable with AZM, CLR and CFX with FICI ranging 

Figure. 3 Synergistic activity of CyC‑antibiotic combinations against M. abscessus. Schematic checkerboard representation of association 
between A azithromycin or B clarithromycin and CyC 17 and between C clarithromycin or D cefoxitin and CyC31. The growth is represented 
by the colored boxes. Black dotted lines represent the respective MIC of the drug (horizontal) and the CyC (vertical). The calculated fractional 
inhibitory concentration index (FICI) of the best combination is indicated on top of each representation and also by a black star. The smallest FICI 
obtained for a combination is taken as the FICI of the association. Data are representative of three independent biological replicates
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between 0.16 and 0.38. These drug combinations reduced 
by at least a 4-fold the MIC of the antibiotics.

Induction of macrolide resistance anderm(41) expression
The validation of Erm(41) as a target of the CyC inhibi-
tors prompted us to evaluate their capacity to block the 
Erm(41)-mediated inducible macrolide resistance. To do 
so, M. abscessus was first pre-exposed to CLR or AZM 
for 14 days, as previously reported [13–17]. To avoid the 
generation of spontaneous resistant mutant in rrl gene 
(MAB_r5052), coding for rRNA 23  S which is the main 
target of macrolides, M. abscessus was incubated with 
sub-inhibitory macrolide concentrations corresponding 
to 0.1×MIC, i.e., 0.1 µg/mL and 0.5 µg/mL for CLR and 
AZM, respectively (Fig.  4A). The inducible macrolide 
resistance was followed by MIC measurements, Western 
blotting, global proteomic analysis and determination of 
the erm(41) transcriptional levels, as reported [13–15]. 
Determination of MIC was assessed after 5, 10 and 14 
days of treatment (Table 1). As expected, the prolonged 
treatment with CLR or AZM increased both the  MICCLR 
and  MICAZM values up to 50times (≥ 40  µg/mL) and 
17-times (> 100  µg/mL), respectively, after 14 days for 
both CLR-treated and AZM-treated strains. As noticed 
earlier [17], the MIC of AZM increased more rapidly 
than the one of CLR. These results confirm that pre-
exposure of M. abscessus to sub-MIC concentrations of 
CLR or AZM induces macrolide resistance. Conversely, 
when performed on M. massiliense which lacks a func-
tional Erm(41) protein [13], no resistance was observed 
 (MICAZM = 1.03 ± 0.10 µg/mL;  MICCLR = 1.45 ± 0.02 µg/
mL) even after 14 days of treatment, which validates the 
macrolide induction protocol.

In parallel, transcriptional expression of erm(41) was 
monitored during the 14 days of exposure to CLR or 
AZM. The erm(41) mRNA levels were quantified by 
reverse transcription PCR at day 1, 2, 5, 6, 7, 10, 11, 12 
and 14, with drug renewal every 5 days (Fig.  4A). As 
shown in Fig.  4B, subMIC macrolide concentrations 
induced erm(41) expression with a peek at 24 h, followed 
by a progressive decrease until day 5. Antibiotic renewal 
significantly increased the mRNA level of erm(41) for 
both macrolides although following a similar erm(41) 

gene expression kinetic (rapid induction at day 6 and 
progressive decrease up to day 10). These results dem-
onstrate the importance to renew macrolides during the 
induction of resistance phase in order to maintain high 
erm(41) expression levels. Next, M. abscessus lysates 
from cultures exposed to CLR or AZM for 24 h and 48 h, 
respectively, were probed using Erm(41)-specific murine 
antibodies. However, we were unable to detect the pro-
tein in these samples despite several attempts (data not 
show). Thus, Erm(41) detection was done by analyzing 
the complete proteome of CLR- and AZM-treated M. 
abscessus cultures after 24  h, 48  h and 5 days of expo-
sure. Statistical differential analysis with the non-treated 
M. abscessus proteome showed the presence of Erm(41) 
protein in the AZM- and CLR-treated M. abscessus pro-
teome at 24 h and 48 h but not at 5 days of treatment to 
macrolides (Fig. 4C). These results confirm the RT-qPCR 
results, but also show a weak overexpression of the pro-
tein with a fold-change of 1.7–2.1 at 24 h and 1.3–1.6 at 
48 h compared to the proteome of non-treated cultures. 
The presence of the Erm(41) at 24 and 48 h, together with 
the low level of erm(41) transcripts and its disappearance 
at day 5, suggests that this protein may be produced in 
low scale and is probably very unstable.

To evaluate whether inducible macrolide resistance 
mechanism is reversible, macrolide-resistant strains were 
washed with fresh 7H9-SOADC medium and grown in cul-
ture medium without antibiotic for 7 days [17]. Then, sus-
ceptibility testing was performed to check the capacity of 
the strains to revert to a susceptible phenotype (Table 1, 
Reversion condition). Whatever the macrolide used for 
the induction of resistance, MIC of AZM and CLR meas-
ured after 7 days of culture medium without any antibi-
otic were identical to those before macrolide induction, 
confirming that this resistance phenomenon is reversible. 
Moreover, no mutation was found in rrl is AZM- or CLR-
treated strains (data not show), thus excluding the emer-
gence of a genetically-acquired resistance mechanism.

In contrast, we generated a spontaneous macrolide-
resistant mutant strain by using a high concentration of 
macrolide (10× MIC), displaying high level of resistance 
to CLR (MIC > 40 µg/mL) and AZM (MIC > 100 µg/mL). 
This mutant carries an adenine-to-guanine replacement 

(See figure on next page.)
Fig. 4 Induction of macrolide resistance. A Schematic protocol of induction of macrolide resistance and reversion in M. abscessus strains B 
Expression of erm(41) transcripts was quantified by RT‑qPCR during the induction of macrolide resistance in M. abscessus. The amount of transcript 
in the untreated condition (control) at day 0 is taken as reference. Data represent the mean of normalized expression of two biological replicates. 
C Quantification of Erm(41) abundance by mass spectrometry. The graph shows the variations in fold change values for Erm(41) abundance 
after 24 h, 48 h and 5 days of induction of macrolide resistance in M. abscessus . In each case, the untreated control strain was taken as reference 
with a fold change of 1. Statistical analysis was done using a non‑parametric Mann–Whitney test with Prism 8.0 (Graphpad Inc): * p value < 0.05; ** p 
value < 0.01; *** p value < 0.001
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Fig. 4 (See legend on previous page.)



Page 12 of 17Sarrazin et al. Journal of Biomedical Science          (2024) 31:103 

at position 2271 in rrl avoiding the macrolide to interact 
with the 23 S rRNA (Figure S2), as already reported in M. 
abscessus clinical isolates [56, 57].

CyC‑macrolide association on macrolide‑resistant strains
The ability of the CyC to interact in  vitro with puri-
fied Erm(41) protein suggest that these inhibitors could 
antagonize the Erm(41) activity and, consequently, 
restore susceptibility to macrolides. To test this hypoth-
esis, we evaluated in  vitro the association of AZM and 
CLR with CyC17 or CyC31 using the checkerboard assay 
with reversible resistant strains generated as described 
below (Fig. 5, Table S1 and S2). For susceptibility break-
points, we followed the Clinical and Laboratory Stand-
ards Institute (CLSI) guidelines [58].

The control strain, corresponding to the untreated 
condition, showed already an intermediate AZM sen-
sitivity profile  (MICAZM = 6  µg/mL). The association of 
CyC17 with AZM resulted in a 3- and 7-fold decrease in 
 MICAZM in the 0.05–0.2 µg/mL  (MICAZM = 2 µg/mL) and 
in the 0.4–1.6 µg/mL  (MICAZM = 0.8 µg/mL) CyC17 con-
centration range, respectively. Similarly, a 2-fold reduc-
tion in  MICAZM  (MICAZM = 3  µg/mL) was reached in 
presence of CyC31 in the 0.31–5  µg/mL concentration 
range, the strain becoming fully susceptible from 10 µg/
mL of CyC31. Although the addition of CyC17 and CyC31 
with CLR did not modify the CLR susceptibility profile of 
the control strain, their presence led to a 2-fold reduction 
in  CMICLR.

As reported above resistant strains displayed a  MICAZM 
>100,  MICCLR >40  µg/mL,  MICCyC17 = 3.2  µg/mL and 
 MICCyC31 = 20 µg/mL, respectively.

For the CLR-treated strain, two combinations were able 
to restore susceptibility to macrolides. The association of 
CLR with CyC17 leads to a gradual decrease of  MICCLR 
until an intermediate susceptibility profile at 0.4 µg/mL, 
corresponding to CyC17’s  MIC/8. The strain become fully 
susceptible at  CyC17’s  MIC/4 concentration with a fold 
change reduction of 40  (MICCLR = 1  µg/mL), and even 
reached a fold change in its  MICCLR up to 133  (MICCLR 
= 0.3) at CyC17’s  MIC/2. Similarly, 5 µg/mL (i.e.,  MIC/4) 
CyC31 allowed to dramatically decrease the  MICCLR 
(3 µg/mL) by 13-fold. When using 10 µg/mL (i.e., CyC31’s 

 MIC/2) the strain became fully susceptible to CLR with a 
fold change of 66 in its  MICCLR.

In the case of AZM-treated strains, three combina-
tions were able to restore susceptibility to macrolides. 
The AZM association with 0.8 µg/mL  (MIC/4) of CyC17 
allowed to reach a  MICAZM value of 3  µg/mL (33-fold 
decrease), which is considered as ‘intermediate’. In 
the presence of 1.6  µg/mL  (MIC/2) of CyC17 a 50-fold 
decrease in  MICAZM was reached  (MICAZM=2  µg/mL) 
and the strain was considered susceptible. With the 
CyC31, regardless the concentration used, the AZM-
treated strain remained resistant, even if a 7-fold decrease 
in  MICAZM was obtained at a CyC31’s  MIC/2. Regarding 
CLR susceptibility to this AZM-treated strain, the most 
efficient associations was the combination of CLR with 
CyC17 or CyC31. The addition of low concentration of 
CyC17 corresponding to  MIC/64 decreased drastically 
 MICCLR until an intermediate level. The use of CyC17’s 
 MIC/4 concentration (0.8 µg/mL) fully restored CLR sus-
ceptibility. Similarly, the addition of CyC31 together with 
CLR resulted in an 8-fold decrease in  MICCLR for  CyC31 
concentrations ranging from 0.31 to 1.25 µg/mL. Finally, 
10 µg/mL of CyC31  (MIC/2) rendered the strain suscepti-
ble to CLR.

On the other hand, when testing the association of 
AZM and CLR with the CyC17 on M. massiliense, no 
effect was observed with respect to the MICs of AZM 
(0.625–1.25  µg/mL), CLR (0.093–0.188  µg/mL) or the 
CyC17 (3.2  µg/mL). Aligning with these results, the 
activity of CyC17 and CyC31 with macrolides against 
the macrolide-resistant spontaneous mutant carrying 
an irreversible point mutation in rrl gene did not influ-
ence the susceptibility profile to CLR or AZM (Table S3). 
Overall, the results based on M. massiliense and the rrl 
mutant suggest that the potentiating effect of the CyC 
for macrolides is only effective in the case of Erm(41)-
dependent inducible resistance.

Discussion
M. abscessus is considered as the main pathogenic RGM 
in humans [59], responsible for a broad spectrum of infec-
tions ranging from mucocutaneous infections in immu-
nocompetent individuals to severe pulmonary infections 

Fig. 5 Activity of CyC‑macrolides association on macrolide‑resistant M. abscessus strains. Schematic checkerboard representation of association 
between A azithromycin or B clarithromycin and CyC 17 , and between C azithromycin or D clarithromycin and CyC 31 using WT (Control), 
AZM‑ and CLR‑treated strains. Bacterial growth is represented by colored boxes, and the corresponding MIC values for macrolides and CyC are 
shown in gray. Based on CLSI guidelines, the green dotted lines represent the maximum macrolide concentration for which the strain is considered 
susceptible, and the red dotted lines correspond to the minimum concentration for which the strain is considered resistant. If bacterial growth 
is above the red line, the phenotype is considered resistant to macrolides, below the green line, the phenotype is considered susceptible, 
and between the two lines, the phenotype is intermediate. The new susceptible macrolides conditions have been indicated by a black star. S 
susceptible, I intermediate and R resistant

(See figure on next page.)
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Fig. 5 (See legend on previous page.)
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in patients with CF or chronic obstructive pulmonary 
disease [2, 3]. The natural resistance of M. abscessus to 
most conventional antibiotics, the poor clinical outcome 
and the lengthy regimens render treatments particularly 
difficult. In clinical practice, drug combinations are given 
in efforts to prevent the development of drug resistance 
during therapy and to optimize the efficacy of the treat-
ments. In this context, the discovery of a new family of 
the multitargeted CyC inhibitors, acting specifically on 
mycobacteria with no toxicity toward mammalian cells, 
adds new hope for subsequent therapeutic developments 
[26–28]. Among the targets impacted by the CyC, we 
identified the Erm(41) a methyltransferase involved in 
the resistance induced by macrolides, which are the pillar 
of anti-M. abscessus therapy and whose inactivation often 
leads to a therapeutic end [1, 20]. Here, we investigated 
the interaction between the CyC and Erm(41) to bypass 
inducible macrolide resistance, thus opening the door to 
new therapeutic interventions.

Foremost, we showed that Erm(41) interacts with sev-
eral CyC, including CyC17 and CyC31 which exhibit 
M. abscessus growth in  vitro growth; and CyC8α and 
CyC8β, primarily acting against M. abscessus residing in 
the macrophage [26, 29]. Biochemical studies involving 
the TAMRA-FP probe that binds to serine hydrolases 
along with mass spectrometry and in silico molecular 
docking, suggest that the CyC analogues are covalently 
bound to the active site of Erm(41), thereby preventing 
the accommodation of SAM into Erm(41) the catalytic 
site, resulting in enzymatic blockage. The future high-
resolution structure of Erm(41) and detailed description 
of the catalytic mechanism of the enzyme may lead to the 
development of other chemical entities capable to inhibit 
its enzymatic activity. Alternatively, the development of 
other classes of Erm(41)specific inhibitors or SAM deriv-
atives may provide means to preserve high susceptibility 
levels of M. abscessus isolates to macrolides [60, 61].

We investigated the synergistic potential of the CyC in 
combination with multiple antimicrobials active against 
M. abscessus. Several combinations were tested in  vitro 

with CyC17 and CyC31, emphasizing optimal synergis-
tic interactions between CyC17-AZM, CyC17-CLR and 
CyC31-CLR. Our data also highlighted the potent associ-
ation between CyC31 and CFX, a drug largely used for the 
treatment against M. abscessus infections. Overall, this 
study confirms that the CyC can be used in association 
with other clinically relevant drugs against this species, 
displaying a clear improvement regarding the existing 
treatments, at least in vitro. Pre-clinical studies are now 
warranted to study the impact and efficacy of these treat-
ment combinations in animal models.

Importantly, the CyCs are able to counteract macrolide 
resistance mediated by Erm(41) or remain active on 
spontaneous resistant mutants carrying a mutation in the 
rrl gene. This restoration of macrolide susceptibility is of 
prime interest and offers new prospects for the develop-
ment of drug regimens.

In this study, we demonstrated that the Erm(41) pro-
tein is also able to interact with the CyC8(α,β) which are 
only active ex  vivo inside infected macrophages [26]. 
These results may suggest that these CyC8(α,β) might 
also be able to restore macrolide susceptibility in resist-
ant strains generated by a treatment to macrolides. To 
confirm this hypothesis, it will be necessary to test the 
association of CyC8(α,β) with AZM or CLR against mac-
rophages infected with M. abscessus strain whose resist-
ance has previously been induced.

Finally, our data confirmed the efficacy of the CyC to 
restore the CLR or AZM susceptibility on macrolide-
resistant M. abscessus strain following Erm(41) induc-
tion. A major asset of the CyC relies on the fact that these 
molecules can target multiple enzymes, thus prevent-
ing the emergence of spontaneous resistant mutants. 
The work presented here describes a novel and unique 
aspect of this family of inhibitors by lowering/suppress-
ing a mechanism that leads to drug in inactivation. To the 
best of our knowledge, CyC are the first inhibitors of the 
Erm(41) methyltransferase.

In addition, this work revealed that the synergy activity 
of the CyC in association with CFX should also be taken 

Table 1 Resistance levels to macrolides following exposure of M. abscessus to CLR or AZM

The MICs are given in µg/mL. For the reversion experiments, resistant mutants obtained after 14 days of induction were washed with fresh medium, grown without 
antibiotic for 7 day and susceptibility testing was performed to check the capacity of the strains to revert to a susceptible phenotype. The MIC presented in the table 
correspond to the mean ± SD of the MIC obtained from three independent biological replicates. ND not determined

MIC (µg/mL)

Growth conditions Before exposition Day 5 Day 10 Day 14 Reversion

CLR AZM CLR AZM CLR AZM CLR AZM CLR AZM

Control (Untreated) 0.9 ± 0.5 5.8 ± 1.6 0.8 ± 0 6.9 ± 1.4 0.3 ± 0.1 4.5 ± 1.5 0.6 ± 0.2 6.0 ± 2.0 ND ND

CLR 0.9 ± 0.5 5.8 ± 1.6 3.1 ± 1.7 47 ± 17 9.4 ± 3.4 > 100 > 40 > 100 0.8 ± 0.4 4.1 ± 1.2

AZM 0.9 ± 0.5 5.8 ± 1.6 3.6 ± 2.1 63 ± 0 8.3 ± 3.2 > 100 40 ± 11 > 100 0.7 ± 0.2 3.6 ± 1.1
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into consideration. Further experiments are, however, 
needed to better understand the relationship between the 
CFX and CyC compounds.

The recently studied CLR-Rifabutin combination 
showed also a synergistic effect able to block Erm(41) 
induction and so increased the efficiency of macrolide 
[24]. Thereby, blocking the main actor responsible for the 
resistance to macrolide by molecules unable to generate 
spontaneous mutants deserves more attention.

Conclusion
These results provide the opportunity to revisit the thera-
peutic regimen for combating M. abscessus pulmonary 
infections in CF patients, and particularly erm(41)-posi-
tive strains. Long-term prospects should help to expand 
our therapeutic arsenal in the fight against a particularly 
antibioticresistant mycobacterial species.
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