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ABSTRACT Nontuberculous mycobacteria (NTM) are highly drug-resistant, opportu-
nistic pathogens that can cause pulmonary disease. The outcomes of the currently
recommended treatment regimens are poor, especially for Mycobacterium abscessus.
New or repurposed drugs are direly needed. Auranofin, a gold-based antirheumatic
agent, was investigated for Mycobacterium tuberculosis. Here, we test auranofin
against NTM in vitro and ex vivo. We tested the susceptibility of 63 NTM isolates to
auranofin using broth microdilution. Next, we assessed synergy between auranofin
and antimycobacterial drugs using the checkerboard method and calculated the
fractional inhibition concentration index (FICI). Using time-kill kinetics assays (TK), we
assessed pharmacodynamics of auranofin alone and in combination with drug com-
binations showing the lowest FICIs for M. abscessus CIP 104536. A response surface
analysis was used to assess synergistic interactions over time in TKs. Primary isolated
macrophages were infected with M. abscessus and treated with auranofin. Finally, us-
ing KEGG Orthology, we looked for orthologues to auranofins drug target in M. tu-
berculosis. M. abscessus had the lowest auranofin MIC50 (2 �g/ml) among the tested
NTM. The lowest average FICIs were observed between auranofin and amikacin
(0.45) and linezolid (0.50). Auranofin exhibited concentration-dependent killing of M.
abscessus, with �1-log killing at concentrations of �2� MIC. Only amikacin was syn-
ergistic with auranofin according to Bliss independence. Auranofin could not lower
the intracellular bacterial load in macrophages. Auranofin itself may not be feasible
for M. abscessus treatment, but these data point toward a promising, unutilized drug
target.

KEYWORDS drug discovery, drug susceptibility, mycobacteria, Mycobacterium
abscessus, pharmacodynamics

Nontuberculous mycobacteria (NTM) are opportunistic pathogens that mainly cause
pulmonary infections in susceptible patients (1). NTM can be divided into rapidly

growing mycobacteria (RGM) and slowly growing mycobacteria (SGM), of which My-
cobacterium abscessus and Mycobacterium avium complex (MAC) most frequently cause
human disease worldwide (2, 3). Diseases caused by NTM are challenging to treat, as
NTM exhibit high levels of inherent resistance to most antibiotics (1, 4, 5).

The recommended regimens for treatment of M. abscessus, as well as MAC, are
based on experience or single-center observational studies and trials rather than
pharmacokinetic/pharmacodynamic studies (6–9). Because of low cure rates (MAC, 50
to 70%; M. abscessus, �50%) and high recurrence rates (50% for both MAC and M.
abscessus), regimens need to be improved (8, 10). Evidence found in in vitro studies
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shows that especially in treating M. abscessus infections, antimicrobial chemotherapy
fails both because of low bactericidal activity (11) and because of the swift emergence
of antibiotic resistance (12). Thus, new antibiotics exploiting new drug targets are direly
needed (13).

In a recent publication, Maier et al. (14) screened commonly used pharmaceuticals
that do not have clear antibiotic indication for activity against 38 strains of human
gut-associated bacteria. In this screening, these authors identified auranofin (AUR; a
gold complex used as an antirheumatic agent) as an antimicrobial agent inhibiting 36
of the 38 tested strains. AUR has been in investigated for other indications earlier and
shows a broad activity against a variety of diseases, including cancer (15). The potential
of AUR to act as an antimycobacterial agent was suggested in another study that
demonstrated its activity against Mycobacterium tuberculosis (H37Ra reference strain),
for which the authors report an MIC of 0.5 �g/ml (16).

AUR inhibits the thioredoxin reductase enzyme (TrxR) in vitro (17). The active site of
TrxR has a redox-active dithiol group that is essential for the survival of M. tuberculosis
under oxidative stress. Inhibition of TrxR by AUR leads to a disruption of the thiol-redox
homeostasis (17, 18). This balance is responsible for the maintenance of the intracellular
environment and the regulation of redox enzymes and proteins by oxidoreduction, as
well as the detoxification of reactive oxygen species (19). Therefore, AUR may be a
sensitizing agent for oxidative stress (17, 18, 20). This unique mechanism of action, as
well as the proven susceptibility of M. tuberculosis to AUR, encourages further investi-
gation of AUR’s potential activity against other mycobacteria. In the present study, we
investigated the effect of AUR on clinically relevant NTM species.

RESULTS
MIC/MBC determination. The MIC range and the MICs of reference strains are given

in Table 1. A detailed per-isolate overview can be found in Table S1 in the supplemental
material. Generally, RGM were more susceptible to auranofin than SGM. The AUR MIC50

for M. abscessus is 2 �g/ml, and the AUR MIC90 is 4 �g/ml. The MIC distribution for M.
abscessus is shown in Fig. 1. The MIC50 and MIC90 for MAC are 64 �g/ml. For both MAC
and M. abscessus, bacterial growth was visible on all MBC plates in MBC determination
assays. The MBC/MIC ratios are �64 for M. abscessus and �8 for MAC, indicating a
bacteriostatic effect. Stability testing revealed AUR to be stable for 7 days but showed
a 4-fold-higher MIC after preincubation for 14 days (Table S2).

Synergy determination. Calculated fractional inhibition concentration index (FICI)
values for auranofin and selected antimycobacterial drugs are shown in Table 2 for RGM
and in Table 3 for SGM. We found unadulterated synergy only in combination with AMK
for M. abscessus (FICI � 0.45), but other individual isolates showed synergistic interac-
tions, especially for RGM. Synergy between AUR and CLR was rapidly abolished by
induction of CLR resistance mediated by the erm(41) gene in M. abscessus.

TABLE 1 MIC ranges of auranofin for different strains of nontuberculous mycobacteria
and M. tuberculosis

Species No. of isolates

MIC (�g/ml) in CAMHa

Reference strain MIC Clinical isolate MIC range

M. abscessus 39 4 �0.25–32
M. fortuitum 4 4 1
M. chelonae 2 0.5–4
M. peregrinum 1 4
M. avium 5 32 32–64
M. intracellulare 3 64 8�128
M. chimaera 4 64 64
M. simiae 1 256
M. kansasii 4 32–64
M. tuberculosisb 4 4 4–8
aCAMH, cation-adjusted Muller-Hinton broth.
bM. tuberculosis isolates were tested in Middlebrook 7H9 broth.
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Time-kill kinetics assays. Kill curves of the dose-response time-kill kinetics of AUR
against M. abscessus are shown in Fig. 2. For concentrations of 1� MIC or higher, we
observe an initial drop of at least 1 log in the bacterial load (�90% killing). A subsequent
increase in CFU counts occurred under all conditions.

The time-kill curves for the AUR and linezolid (LNZ) combination TK assay are shown
in Fig. 3a. Although the 1� MIC and 2� MIC combination conditions consistently
performed better than the single-drug conditions, only the 2� MIC combination could
lower the bacterial burden below stasis. Sustained growth was observed under all
conditions by day 10. The proportion of the 5� MIC LNZ-resistant population is shown
in Fig. 3b. M. abscessus has a 1 to 10% baseline resistance against 5� MIC LNZ. Here
again, the combination conditions have the highest percentage of resistant CFU, and
the AUR conditions show the smallest LNZ-resistant population, indicating a protective
effect of AUR against LNZ resistance. The proportion of the 3� MIC AUR-resistant
population is shown in Fig. 3c. M. abscessus shows a baseline resistance against 3� MIC
AUR of around 40%. It is also apparent that the combination therapy has most resistant
CFU against AUR, but no distinct clusters are apparent.

The time-kill curves of the AUR and AMK combination TK assay are shown in Fig. 4a.
Until day 10, the 1� MIC and 2� MIC drug combinations remained below stasis, with
a maximum 2-log10 CFU drop (�99% kill). After day 10, the CFU counts steadily
increased under all conditions. The proportion of the 5� MIC AMK-resistant population
is shown in Fig. 4b. M. abscessus has low baseline resistance against AMK; auranofin
does not seem to induce AMK resistance but also does not protect against it in
AUR-AMK combination conditions. The proportion of the 3� MIC AUR-resistant pop-
ulation is shown in Fig. 4c. As for LNZ, no clustering of resistance patterns between
different conditions is observable; all conditions have highly AUR-resistant populations
of around 100%. Also, AMK seems to induce AUR resistance slightly.

Response surface analysis. The sigmoidal Emax curve for auranofin on M. abscessus
is shown in Fig. S1 in the supplemental material. The fitted Emax was 212.01 log10

CFU/ml · day, the 50% effective concentration was 9.11� MIC, and the estimated Hill
slope was 0.63. The calculated ΔE percentages, as well as Ecomb,obs, Ecomb,BI, and the
effect sizes of the companion drugs, in the combination TK assays are shown in Table 4. The

FIG 1 MIC distribution of auranofin for 39 M. abscessus isolates.

TABLE 2 FICI values for auranofin combinations against four M. abscessus isolates (including reference strain CIP 104536), as well as M.
fortuitum and M. peregrinum reference strains

Combination

FICI

M. abscessus

M. fortuitum ATCC 6841 M. peregrinum ATCC 700686Avg FICI Range

Auranofin-clarithromycin 0.61 0.38�1.00 1 0.25
Auranofin-amikacin 0.45 0.31–0.5 0.53 0.50
Auranofin-clofazimine 0.56 0.38�1.50 1.5 0.75
Auranofin-cefoxitin 0.63 0.38–0.75 0.28 0.75
Auranofin-linezolid 0.50 0.38–0.75 1 1
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combination of AUR and LNZ had no interaction, showing an ΔE of �10%. The 0.5�

MIC combination of AUR and AMK was antagonistic, with an ΔE of �20%, but both the
1� MIC and the 2� MIC combinations were synergistic, with ΔE values of 77.24 and
31.61%, respectively.

Ex vivo intracellular assays. Intracellular CFU counts of M. abscessus are shown in
Fig. 5. On day 1, the CFU counts of M. abscessus inside macrophages treated with AUR
decreased slightly, but by days 2 and 3, that difference was no longer visible. Also, the
proportion of extracellular M. abscessus is higher under conditions treated with AUR
than under control conditions.

Orthologue search. Orthologues in the KEGG database were found under entries
MAB_4940 for M. abscessus, MSMEG_1516 for M. smegmatis, b0888 for E. coli,
OCU_21510 for M. intracellulare, ML2703 for M. leprae, MKAN_14755 for M. kansasii, and
MAV_5301 for M. avium. The calculated phylogeny tree is given in Fig. S2 in the
supplemental material. Generally, all mycobacterial TRXB2 orthologues are very similar,
with E. coli being very distinct.

DISCUSSION

We determined the potential of auranofin as a new antibiotic modality in NTM
treatment. In vitro, AUR shows promising activity against M. abscessus but not against
M. avium complex. Against M. tuberculosis, we determined MICs higher than the
0.5 �g/ml reported by Harbut et al. (17). This discrepancy might be due to batch
variations of auranofin or slight deviations in MIC determination, which are inherent to

TABLE 3 FICI values for auranofin combinations against MAC reference strains

Combination

FICI

M. avium ATCC 700898 M. intracellulare DSM 43223 M. chimaera DSM 44623

Auranofin-clarithromycin 1.5 0.75 1.25
Auranofin-clofazimine 1.5 1 0.53
Auranofin-amikacin 1.5 1.25 1.25
Auranofin-ethambutol 1.25 1.25 1.125
Auranofin-rifampin 1 0.53 0.375

FIG 2 Dose-response time-kill kinetics of AUR against M. abscessus CIP 104536 at an MIC of 4 �g/ml.
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these assays (21). Surprisingly, auranofin is especially effective against M. abscessus, but
not M. avium isolates, as evidenced by our MIC data. Both organisms have a Trxb2
orthologue, which proves well conserved within mycobacteria and serves a similar
function in a similar pathway (see Fig. S2 in the supplemental material). The only NTM
where evidence for the TRXB protein is available on protein level is M. smegmatis, for
which high similarity both in gene clustering and in protein sequence is found
compared to M. leprae and M. tuberculosis (22). Since the target is conserved through-
out different species of mycobacteria, differences in cell wall structure, content, and
therefore permeability may be the prime reason we observed such large differences in
AUR susceptibility between NTM species (23).

The MIC50 of auranofin against M. abscessus is 2 �g/ml. To exert its bacteriostatic

FIG 3 Auranofin-linezolid combination time-kill kinetics against M. abscessus CIP 104536. (a) CFU counts of the
monotherapies and combination therapy of AUR (MIC � 4 �g/ml) and LNZ (MIC � 32 �g/ml). (b) Percentages of
CFU that are resistant to 5� MIC LNZ. (c) Percentages of CFU that are resistant to 3� MIC AUR.
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effect in vivo, these or higher concentrations need to be reached at the site of infection,
for example in bronchial epithelial lining fluid (ELF) in the case of M. abscessus
pulmonary disease. For AUR, pharmacokinetic studies are largely absent, and the
plasma/ELF penetration ratio is unknown. Capparelli et al. performed a small phase 1
clinical trial on 15 healthy individuals, administering 6 mg of auranofin orally daily for
7 days and measuring plasma gold concentrations. These researchers found a mean
auranofin Cmax of 0.312 �g/ml in plasma (24), which is far below the MIC50 of 2 �g/ml,
but this plasma concentration might still be effective for individual M. abscessus
isolates. Using Monte-Carlo simulations, Capparelli et al. were able to project a Cmax

gold plasma concentration for a 21-mg daily oral auranofin dose and determined the
Cmax to be between 0.4 and 1.6 �g/ml (24), which might be enough to inhibit 40 to
50% of M. abscessus isolates, according to our MIC distribution and provided that
similar concentrations can be reached at the site of infection. This dose has never
been tested clinically.

FIG 4 Auranofin-amikacin combination time-kill kinetics against M. abscessus CIP 104536. (a) CFU counts of the
monotherapies and combination therapy of AUR (MIC � 4 �g/ml) and AMK (MIC � 32 �g/ml). (b) Percentages of
CFU that are resistant to 5� MIC AMK. (c) Percentages of CFU that are resistant to 3� MIC AUR.
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Antimycobacterial drugs should accumulate in, or at least penetrate, macrophages
and, more specifically, their lysosomes, where mycobacteria also reside (25, 26). Based
on our ex vivo monocyte infection experiments, auranofin does not do so; it failed to
reduce the intracellular M. abscessus burden below that of the growth control. A study
performed by Molina-Torres et al. assessed the intracellular killing capacity of antimy-
cobacterial drugs against M. abscessus in THP-1 cells, showing that drugs can lower the
intracellular burden below growth control (40). Although AUR may still inhibit extra-
cellular bacteria, these results, combined with low achievable plasma concentrations,
render auranofin a poor candidate for novel treatment regimens. Exploiting new
targets with metal ions such as gold might open potent new treatment modalities
previously unexplored. Indeed, targeting the thioredoxin reductase-mediated stress
response in M. tuberculosis might hamper its survival in macrophages, as a group of
thioredoxin reductases is upregulated during macrophage infection, possibly enhanc-
ing antibiotic effectiveness under acidic stress (27) but again emphasizing the need to
penetrate into infected cells.

Any new treatment modality for NTM, especially M. abscessus, needs to be inte-
grated into the current multidrug regimen, preferably exploiting synergistic interac-
tions. We found that auranofin can act as a sensitizing agent for drugs already used in
M. abscessus treatment, especially for amikacin, but for the combinations tested in
time-kill kinetics assays only high-dose combinations with amikacin are synergistic;
according to Bliss independence, lower combination doses (0.5� MIC) are antagonistic.

TABLE 4 Response surface analysis results, as well as the interaction effect size, as determined by deviation from the expected
combination effect under Bliss independence in percent ΔE

Combination (MIC)

Effect (log10 CFU/ml · day)

AUR Companion Observed, combination Expected, combinationa �E (%)

AUR-LNZ (0.5�) 14.19 14.64 24.80 27.85 �10.95
AUR-LNZ (1�) 23.74 21.78 42.29 43.09 �1.85
AUR-LNZ (2�) 37.50 35.62 74.79 66.82 11.93
AUR-AMK (0.5�) 18.41 12.04 23.44 29.41 �20.30
AUR-AMK (1�) 21.00 19.67 68.62 38.71 77.24
AUR-AMK (2�) 40.69 29.45 84.87 64.48 31.61
aUnder Bliss independence.

FIG 5 Intracellular (cell fraction) and extracellular CFU counts (in the supernatant) of macrophages
infected with M. abscessus CIP 104536 (MOI of 1) and treated with 2� MIC of AUR (8 �g/ml).
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This is not reflected in the resistance formation in our time-kill assays, where the 0.5�

MIC auranofin-amikacin combination has a smaller resistant population to both aura-
nofin and amikacin than higher concentration combinations, indicating that the ob-
served antagonism is not based on increased resistance to either of the two drugs.
Although the AUR combination with LNZ borders antagonism/synergism relative to
Bliss independence, we interpret the combination between auranofin and linezolid as
having no interaction. The combination of auranofin, colistin, and rifabutin was found
to inhibit other MDR bacteria in a large compound combination screening (28). The
target of auranofin is thus interesting and exploitable, but auranofin itself may not be
effective clinically, based on our data. This also emphasizes the need for assays escalating
in complexity to screen compounds effectively when trying to repurpose them for different
indications.

Our study has some limitations to consider. Most importantly, all our assays are
static assays wherein the drug is added only at the beginning and not continuously,
making human pharmacokinetics impossible to model. For this, a hollow-fiber system
might need to be employed (11) to assess auranofins effect under more physiological
conditions. This would also counteract the stability issues of auranofin that might have
influenced our time-kill assays. Without the addition of fresh antibiotics, it is unclear
whether the microbial response might even be under estimated because of drug
degradation after 7 days, which has also been shown for linezolid (29). This might also
explain some of the regrowth observed after day 7. Also, though an auranofin-amikacin
combination shows some activity, the drug-drug and toxicity interactions need to be
carefully assessed before one could implement this in clinical practice. We found that
at lower concentrations, this combination becomes antagonistic as determined by Bliss
independence, further complicating a translation into clinical practice. It is unknown
how these interactions affect treatment efficacy. We might have overestimated resis-
tance against auranofin using only 3� MIC in the plates. Culture on plates with higher
concentrations of auranofin might provide a more clear-cut view on the emergence of
resistance. Lastly, the estimated Emax in our sigmoid curve fitting was not near the
highest observed data points, making this estimate somewhat uncertain.

In summary, auranofin points to an unexploited, potent drug target in mycobacteria,
particularly in M. abscessus: the thioredoxin reductase system. Auranofin itself is not
likely to be effective clinically due to low plasma levels and failure to penetrate
macrophages. Repurposing old drugs for new indications or using them as scaffolds for
subsequent development might lead to important new NTM treatment modalities.

MATERIALS AND METHODS
Strains. Reference strains of M. abscessus (CIP 104536; Collection of Institute Pasteur), M. fortuitum

(ATCC 6841; American Type Culture Collection), M. peregrinum (ATCC 700686), M. avium (ATCC 700898),
M. intracellulare (DSM 43223), M. chimera (DSM 44623), and M. simiae (ATCC 25275) were used. Clinical
isolates were acquired from the collection of the Department of Medical Microbiology at Radboud
University Medical Center, Nijmegen, The Netherlands (see Table S1 in the supplemental material). For
the M. tuberculosis reference strain, H37Rv was used along with three clinical isolates proven to be
multidrug resistant.

Antibiotics. AUR (batch 0000019301), clarithromycin (CLR), amikacin (AMK), clofazimine (CLZ), cefoxitin
(FOX), rifampin (RIF), and ethambutol (EMB) were obtained from Sigma-Aldrich (Zwijndrecht, The Nether-
lands). Linezolid (LNZ) was obtained from Pfizer as Zyvoxid (2 mg/ml; Pfizer, Capelle aan den Ijssel, The
Netherlands).

Susceptibility testing. The MIC of AUR against mycobacteria was determined by broth microdilution
in cation-adjusted Mueller-Hinton broth (CAMH) as recommended by Clinical and Laboratory Standards
Institute (CLSI) guidelines (30), and in Middlebrook 7H9 broth (M7H9). Twofold serial dilutions were made
in the range of 0.25 to 256 �g/ml and inoculated using a 1:100 dilution of a 0.5 McFarland bacterial
suspension. RGM were incubated at 30°C for 3 days, and SGM were incubated at 37°C for 7 days as
described previously (31, 32). M. tuberculosis was incubated for 10 days. The minimum bactericidal
concentration (MBC) was determined for reference strains of M. abscessus and M. avium, by quantification
of CFU (CFU for auranofin concentrations that showed no visible growth in microdilution, on Middle-
brook 7H10 agar plates (Becton Dickinson, Drachten, The Netherlands). The first concentration without
visible CFU was considered to be the MBC. To determine whether auranofin should be considered
bacteriostatic or bactericidal, we calculated the MBC/MIC ratio and considered a ratio of �8 to indicate
a bacteriostatic effect, as previously defined (32).
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We tested auranofin stability by preincubating uninoculated MIC plates for 7 and 14 days at 30°C (M.
abscessus) and 37°C (MAC). After this incubation period, the plates were inoculated and incubated as for
the susceptibility tests and then checked for higher MICs relative to the previously found MIC (29).

Synergy testing. We assessed the synergy between auranofin and other antimycobacterial drugs by
the broth microdilution checkerboard method (33). We performed all synergy tests in CAMH; only
clofazimine/auranofin synergy tests were performed in M7H9 since clofazimine is insoluble in CAMH (12).
Drug interactions were interpreted according to the fractional inhibitory concentration index (FICI) and
classified as either synergistic (FICI � 0.5), having no interaction (FICI � 0.5 to 4.0), or antagonistic
(FICI � 4.0) (33). For synergy testing on RGM with CLR, the checkerboards were read after 3 and
14 days to check for inducible macrolide resistance. Combinations with the lowest average FICI
values were selected for a combination time-kill assay.

Dose-response time-kill kinetics assay. A range of 0.25� MIC to 32� MIC AUR was 2-fold serially
diluted in CAMH with 0.05% Tween 80 (Sigma-Aldrich, Zwijndrecht, The Netherlands) and inoculated
with 0.5 McFarland of M. abscessus, alongside an antibiotic-free growth control, all in duplicate.
Conditions were kept at 30°C under constant shaking and ventilation through a filtered needle. On days
0 to 5, 7, 10, 14, and 21, samples were taken and 10-fold serially diluted. Then, 10-�l triplicate samples
of each dilution were brought on Middlebrook 7H10 (Becton Dickinson) plates, followed by incubation
for 3 days at 30°C (32, 34).

For the combination time-kill assays, 2-fold dilutions ranging from 0.5� MIC to 2� MIC were diluted
in CAMH for each antibiotic and their combinations, inoculated with a 0.5 McFarland bacterial suspension
of M. abscessus, and incubated and sampled as described above (32, 34). Samples were also brought on
Middlebrook 7H11 plates containing a 3� MIC AUR or a 5� LNZ or AMK MIC, based on economic
considerations. The plates were freshly prepared according to the manufacturers’ recommendation to
counteract possible stability issues. These plates were incubated until colonies were clearly visible with
a maximal incubation period of 10 days. The MICs of resistant colonies were not assessed. From these
plates the percentages of resistant CFU were calculated as previously described by dividing CFU counts
from M7H11 plates by CFU counts from drug-free plates (32).

Response surface analysis. Response surface analysis to assess interaction according to Bliss
independence was performed as previously described (32, 35). The area under the curve (AUC) was
calculated from log CFU-versus-time plots using the trapezoidal rule after averaging the result from the
two replicates and normalizing that value to the baseline colony count. The drug effect was calculated
according to the following equations: effectx � AUCgrowth control – AUCx, where x is any given curve other
than the growth control.

To assess potential interactions in the TK experiments, we calculated the expected effect for a
combination under Bliss independence (Ecomb,BI) to be compared to the observed effect (Ecomb,obs). Since
Bliss independence builds on probability theory, the maximum effect to be evaluated is limited to 1, and
therefore all effects were normalized to the Emax of the most potent drug (auranofin). The following
formula defines the expected effect: Ecomb,BI � EA � EB – (EA| � EB)/Emaxhigh, where EA and EB are the
observed effects of drug A and B separately and Emaxhigh is the highest maximum effect. The Emax of
auranofin was determined by fitting a sigmoidal Emax model to the concentration effect data using
ordinary least-squares.

The difference between the observed and expected effect (ΔE) was quantified as a percentage
difference relative to the expected effect: ΔE � (Ecomb,obs – Ecomb,BI)/Ecomb,BI. We defined an ΔE of 0% �
10% as no interaction, anything less than �10% was defined as antagonistic, and anything more than
10% was defined as synergistic.

Ex vivo intracellular infection assays. To assess auranofin’s intracellular efficacy, peripheral blood
mononuclear cells were isolated from buffy coats obtained from three healthy volunteers (Sanquin
Bloodbank, Nijmegen, The Netherlands) as described before (36). Informed consent from healthy
volunteers was obtained for use of their blood for scientific purposes, as approved by the Ethics
Committee of Radboud University Medical Centre (Nijmegen, The Netherlands). Isolation was performed
using Ficoll-Paque, involving separation by a density gradient, followed by three wash steps in cold PBS
and resuspension in RPMI 1640 (Life Technologies, Paisley, UK) supplemented with 10 �g/ml gentamicin,
2 mM GlutaMAX, and 1 mM pyruvate. The mononuclear cells were seeded in petri dishes and allowed to
adhere for 2 h before the nonadherent lymphocytes were washed away. The adherent monocytes could
differentiate into monocyte-derived macrophages at 37°C for 6 days in RPMI 1640 supplemented with
5 ng/ml granulocyte-macrophage colony-stimulating factor and 10% human pooled serum. One day
prior to the experiment, cells were dissociated with EDTA and reseeded in antibiotic-free medium in a
96-well plate (105 cells/well).

On the day of infection, the cell culture medium was removed, and M. abscessus was added to the
macrophages at a multiplicity of infection of 1. The macrophages were incubated with mycobacteria for
1 h at 37°C to allow phagocytosis before the medium was changed to RPMI 1640 supplemented with
10% human pooled serum. Auranofin was added at 2� MIC after 1 h of incubation and was present for
the remainder of the experiment. After 1, 2, and 3 days, the numbers of extracellular bacteria were
quantified by plating on Middlebrook 7H10 agar for CFU counts. In addition, macrophages were washed
with warm PBS before they were subjected to hypotonic lysis in sterile water for 10 min. The cell-
associated fraction was then also quantified through serial dilutions and plating of the different dilutions
on Middlebrook 7H10 plates.

TRX2B ortholog search. To determine whether the target of AUR is present and conserved between
different species of NTM, we performed an ortholog search. The Kyoto Encyclopedia of Genes and
Genomes (KEGG; www.kegg.jp) orthology database was used to find orthologues of the M. tuberculosis
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gene TRXB2 using entry number K00384. The KEGG genes database was then used to look for orthologs
in M. abscessus, M. avium, M. smegmatis, M. intracellulare, M. kansasii, M. leprae, and E. coli (37, 38). From
these protein entries, we built a phylogeny tree using phylogeny.fr (39), using standard MUSCLE
sequence alignment, allowing for less strict flanking positions in the Gblocks curation step, and using 100
bootstraps based on the Whelan and Goldman substitution matrix.

Statistics. Calculations were performed using Prism version 5.03 (GraphPad Software, Inc., La Jolla,
CA) or R version 3.1.2 (R Foundation for Statistical Computing, Vienna, Austria; https://www.R-project
.org/). Error bars show the standard errors of the mean.
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