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Abstract

Mycobacterium ulcerans causes Buruli ulcer (BU), a debilitating infection of subcutaneous
tissue. There is a WHO-recommended antibiotic treatment requiring an 8-week course of
streptomycin and rifampicin. This regime has revolutionized the treatment of BU but there
are problems that include reliance on daily streptomycin injections and side effects such as
ototoxicity. Trials of all-oral treatments for BU show promise but additional drug combina-
tions that make BU treatment safer and shorter would be welcome. Following on from
reports that avermectins have activity against Mycobacterium tuberculosis, we tested the
in-vitro efficacy of ivermectin and moxidectin on M. ulcerans. We observed minimum inhibi-
tory concentrations of 4—-8 pg/ml and time-kill assays using wild type and bioluminescent
M. ulcerans showed a significant dose-dependent reduction in M. ulcerans viability over
8-weeks. A synergistic killing-effect with rifampicin was also observed. Avermectins are well
tolerated, widely available and inexpensive. Based on our in vitro findings we suggest that
avermectins should be further evaluated for the treatment of BU.

Author Summary

Neglected tropical diseases such as Buruli ulcer predominantly afflict the poorest popula-
tions in the world and reduce quality of life. Buruli ulcer is a necrotising infection that de-
stroys the skin and soft tissue, frequently presenting as nodules or open ulcers. Buruli
ulcer is treated with antibiotics and sometimes surgery. Unfortunately the antibiotic treat-
ment can have toxic side effects, such as hearing loss. Also, patients must either be hospi-
talized or report daily to a treatment centre to get their medicine as the treatment is

delivered by injection.
In laboratory experiments we tested the susceptibility of Mycobacterium ulcerans,

which causes Buruli ulcer, to avermectins. Avermectins are drugs that are used to treat
common parasite and worm infections, such as river blindness. These drugs are
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that no competing interests exist. inexpensive, have few side effects and are widely available. Our findings show that two

avermectins called ivermectin and moxidectin inhibit the growth and also kill Mycobacte-
rium ulcerans strains from both Africa and Australia. If their efficacy and safety also can
be proven in animal and human studies, these drugs will provide an inexpensive addition
to the current treatment of Buruli ulcer.

Introduction

Buruli ulcer (BU) is a neglected tropical disease that presents as skin nodules, plaques or oede-
matous lesions that can progress to open ulcers [1]. BU is caused by infection with Mycobacte-
rium ulcerans, a mycobacterium that is related to the causative agents of tuberculosis and
leprosy [2]. Most BU patients are children under the age of 15 [3]. The mode of transmission
of the disease is not well understood. Superstitious beliefs predominate in rural West Africa, re-
sulting in delayed treatment seeking and stigmatization of patients [4,5]. Mortality associated
with BU is low nevertheless morbidity is high. Extensive ulcers frequently lead to lifelong phys-
ical disability [6,7].

No vaccine is available against Buruli ulcer and management focuses on early case detection
and treatment with surgery and antibiotics [8]. Previously, Buruli ulcer was treated with surgi-
cal excision only, but since 2004, an 8-week course of rifampicin and streptomycin is the stan-
dard treatment [9-11].

In case patients report early with limited lesions, the 8-week course of rifampicin and strep-
tomycin delivers a good quality of life at long-term follow up [12]. However, the median time
to heal is still 18 to 30 weeks, depending on the size of the lesion [10].

Patients presenting late to health care facilities have a much poorer prognosis and many suf-
fer from functional limitations due to the disease [6,7].

There is also the issue that daily injections with streptomycin are impractical and can have
serious side effects, such as ototoxicity [13]. It has been shown that all-oral treatment with ri-
fampicin and a macrolide or quinolone results in high cure rates [14]. Shorter duration of anti-
biotic courses and more safe treatment regimes that reduce the time to healing are desirable for
Buruli ulcer.

Avermectins are macrolides that are used to treat helminth-infection (such as strongyloidia-
sis or onchocerciasis) and parasitic infection (scabies) in humans and in animals. These orally
administered drugs are well tolerated and available worldwide. Ivermectin is on the essential
drugs list of the World Health Organization. A recent report showed that avermectins, includ-
ing ivermectin, moxidectin and selamectin, inhibit the growth of different M. tuberculosis
strains in-vitro at concentrations of 2 to 8 ug/ml [15]. Motivated by these findings, we tested if
avermectins also inhibit and kill M. ulcerans.

Materials and Methods
Bacterial strains

Two different M. ulcerans clinical isolates were used, JKD8049 isolated from a patient in Victo-
ria, Australia in 2004 and 1117-13, a 2013 clinical isolate from Benin. For time-kill assays (see
below), M. ulcerans JKD8049 containing a bioluminescent reporter plasmid pMV306 hsp16
+luxG13 [16] was employed. The Mycobacterium marinum ‘M’ strain was also used. Mycobac-
teria were grown at 30°C in 7H9 Middlebrook broth supplemented with OADC (Becton
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Dickinson, Sparks, MD, USA). M. ulcerans JKD8049 harbouring pMV306 hsp16+luxG13 was
grown in the presence of 25 pg/ml kanamycin.

Minimum inhibitory concentration (MIC) testing

Bacteria in mid-exponential growth phase were used for MIC testing. They were prepared to
0.5 Macfarlane standard and diluted 1:5 in PBS. A 500 ul volume of this preparation was used
to inoculate duplicate BBL™ Mycobacteria Growth Indicator Tubes (MGITs) supplemented
with 0.5 ml OADC (Becton Dickinson, Sparks, MD, USA) that contained doubling dilutions of
moxidectin, ivermectin or rifampicin (Sigma-Aldrich, St. Louis, MO, USA.). The tubes were in-
cubated at 30°C and assessed daily for fluorescence, with a long-wave UV-A lamp (Wood’s
lamp) for 21 days. The tube with the lowest drug-concentration displaying no growth after this
period was considered as containing the inhibitory concentration. Solvent only and rifampicin
0.1 pg/ml were used controls.

Time-kill assays

Ten millilitre aliquots of mid-exponential growth phase M. ulcerans JKD8049 were transferred
in duplicate to sterile 25cm? tissue culture flasks containing 0, 8 and 20 pg/ml ivermectin. The
aim was to obtain a M. ulcerans concentration of at least 10A6 CFU/ml in each flask. Each
week, 50 ul of culture was sampled from each flask to assess viable bacteria remaining by CFU
counting. Ten-fold dilutions of the sub-samples were prepared in PBS and a 3 pl aliquot of
each dilution was spot plated in quintuplicate onto Middlebrook 7H10 agar containing 10%
OADC. After 8 weeks of incubation at 30°C plates were examined for growth. The growth/no
growth scores of the five technical replicates were used to calculate the most probable number
estimate of CFU per ml. Data was analyzed using GraphPad Prism v5.0d.

Bioluminescent kill curves

Three to five replicates of 200 pl aliquots of bioluminescent M. ulcerans JKD8049 in mid-
exponential growth were transferred into a white 96-well plate and antibiotics were added. The
plate was placed into a FLUOstar Omega plate reader (BMG LABTECH GmBH, Ortenberg
Germany). Light emission was read every 300 s via the top optic with the gain set at 3600 and
plate temperature at 30°C. Before each reading, plates were shaken at 100 rpm for 10 s in dou-
ble orbital mode. The results were recorded using Omega v3.00 R2 and analyzed using Mars
v3.01 R2 and GraphPad Prism v5.0d.

Results
M. ulcerans growth is inhibited by avermectins

M. ulcerans JKD8049, M. ulcerans 1117-13 and M. marinum were grown in MGIT tubes in the
presence of increasing concentrations of the ivermectin and moxidectin. At three weeks, no
fluorescence was observed at 8 ug/ml of ivermectin for M. ulcerans JKD8049 and at 4 pg/ml for
M. ulcerans 1117-13 (Table 1). Moxidectin inhibited the growth of M. ulcerans JKD8049 at

4 pg/ml. The MIC for M. marinum was 32 pg/ml for ivermectin and above 64 pg/ml for moxi-
dectin (Table 1). These data show that M. ulcerans but not M. marinum is susceptible to aver-
mectins. Growth of all bacteria was observed in the control tubes containing only the solvent
and no growth was observed in the tubes containing 0.1 pl/ml rifampicin.
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Table 1. Minimal inhibitory concentration (MIC) of avermectins compared with rifampicin.

MIC (ug/ml) !
M. ulcerans JKD8049 M. ulcerans 1117-13 M. marinum M
Ivermectin 8 4 32
Moxidectin 4 nt? >64
Rifampicin 0.1 0.1 0.1

"Minimum concentration to prevent MGIT fluorescence at 21 days;

2 not tested

doi:10.1371/journal.pntd.0003549.t001

M. ulcerans killing by avermectins

Time-kill assays were then performed to assess if avermectins not only inhibit M. ulcerans
growth but also kill the bacterium. Based on the MIC results above, a low and high dose of iver-
mectin was tested and M. ulcerans JKD8049 was exposed to either 8 pg/ml or 20 pg/ml iver-
mectin for eight weeks. A dose-dependent killing effect was observed with no CFU detected
from week-4 onwards at 20 pg/ml and week-5 onwards for 8 pg/ml (Fig 1).

Bioluminescence is an ATP-dependent process and it is therefore an excellent dynamic re-
porter of cellular metabolic activity [17]. A time-kill experiment was thus performed using bio-
luminescent M. ulcerans. Although the time frame of this experiment was quite short
(21 hours), continuous monitoring over that period again showed a dose-dependent impact of
ivermectin on bacterial viability (Fig 2). The reduction in bioluminescence at 21 hours was
higher in ivermectin at all concentrations tested (8, 16 and 32 pg/ml) compared to the rifampi-
cin positive control (Fig 2). Interestingly, the greatest impact on bacterial viability was observed
in the presence of a combined dose of 8 ug/ml ivermectin and 0.1 pg/ml rifampicin (Fig 2).

Discussion

The current treatment regimen of 8-weeks streptomycin and rifampicin for Buruli ulcer is
highly effective but also problematic and promising alternative all-oral treatments are sought
[13,14]. Here we have shown that ivermectin and moxidectin were able to inhibit the growth of
different M. ulcerans strains at 4-8 ug/ml. These findings are comparable to previous research
where MICs of 1-8 pg/ml against M. tuberculosis with ivermectin, selamectin, moxidectin or
doramectin were reported [15].

M. marinum, despite its close relationship to M. ulcerans, showed low susceptibility to both
ivermectin and moxidectin. We speculate that this difference may be explained at least in part
by the abundance of intact transporters and efflux systems in M. marinum and a corresponding
scarcity of the equivalent systems in M. ulcerans [18,19].

The 8-week time-kill experiment (Fig 1) showed that ivermectin at concentrations of 8 ug/
ml and above has a likely bactericidal effect on M. ulcerans. Future experiments will test lower
drug concentrations and use higher starting doses of bacteria. The long doubling time of M.
ulcerans (>48h) complicates laboratory-testing methods using traditional culture and colony
counting approaches. Here we used bioluminescence as a rapid read-out of cell viability and
found it a useful technique for examining these slow-growing mycobacteria (Fig 2). Given the
MIC findings (Table 1), we were surprised to observe in the bioluminescent time-kill experi-
ments that ivermectin performed better than rifampicin at their given MIC concentrations.
Further investigation of this difference is warranted, probably by conducting the experiments
over an extended time period and beyond the 21 hours we were able to achieve here. A
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Fig 1. Time-kill assay showing the effect of ivermectin against M. ulcerans over 8-weeks. M. ulcerans
was grown in 25cm? culture flasks in the presence of 0, 8 and 20ug/ml ivermectin. Ethanol (solvent for
ivermectin) at the concentration in the IVM-20 dose was used in the no-drug control. Weekly, ten-fold
dilutions of each culture were plated onto 7H10 agar, using a 3-pl spot-dilution method, with five replicates
per dilution. The plates were examined for growth after incubation for 8-weeks at 30°C, and colony forming
units per ml calculated. The mean and range for duplicate biological experiments are shown.

doi:10.1371/journal.pntd.0003549.9001

combination of 0.1 pg/ml rifampicin and 8 pg/ml ivermectin showed a synergistic killing effect
Clinically, rifampicin may however decrease the serum concentration of ivermectin by the in-
duction of P-glycoprotein/ABCB1 in humans [20]. The extent to which this might be the case
is not known and requires further testing.

In the context of avermectins to treat M. tuberculosis infections, it has been argued that MICs
of 1-8 pg/ml are not achievable in humans [21]. Avermectins are mostly administered in much
lower doses and in single-doses for the treatment of helminth infection. A maximum plasma con-
centration of 54.4 ng/ml was observed in healthy volunteers receiving 150 pg/kg ivermectin [22].

There are few public data on the safety of higher doses or prolonged courses of avermectins
in humans and it unclear at what doses and over what time avermectins would have to be given
to Buruli ulcer patients. We would argue that obtaining avermectin plasma concentrations at
concentrations that approach MICs derived from in vitro experiments might not be needed for

clinical efficacy. In our bioluminescent time-kill assay, 8 ug/ml ivermectin was superior to
0.1 pg/ml rifampicin. It may be that the treatment duration for BU can be reduced and that
complete eradication of the microbe is not needed. Interference with the M. ulcerans mycolac-

tone toxin synthesis machinery at concentrations that are sub-inhibitory for growth might be
sufficient to permit host immunity to then clear the infection.

Conclusions

The avermectins ivermectin and moxidectin inhibited growth of M. ulcerans at 4-8ug/ml and
showed dose-dependent killing in culture-based and bioluminescence assays. The avermectins
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Fig 2. Dose-dependent change in relative light units (RLU) over 21 hours for bioluminescent M. ulcerans exposed to different concentrations and
combinations of ivermectin and rifampicin. Ethanol (solvent for ivermectin) at the concentration in the IVM-32 dose was used in the no-drug control
(EtOH). Depicted is the mean of at least technical triplicates for measurements made every 300 seconds over 21 hours.

doi:10.1371/journal.pntd.0003549.9002

are inexpensive and already widely distributed in West Africa through their use to treat river
blindness. Thus, there may be a chance to repurpose a well-tolerated drug for the treatment of
mycobacterial infections, bypassing the long and expensive pipeline for discovery of new anti-
microbials. We suggest that avermectins should be further investigated for the treatment of M.
ulcerans, possibly in combination with other antibiotics, such fluoroquinolones.

Acknowledgments

We thank Estelle Marion for provision of M. ulcerans 1117-13, Siouxsie Wiles for the provision
of the bioluminescent reporter plasmid and Renee Marcisin for preparation of the biolumines-
cent version of M. ulcerans JKD8049.

Author Contributions

Conceived and designed the experiments: TPS PDR] YS TSvdW. Performed the experiments:
TFO JLP. Analyzed the data: TFO TPS. Contributed reagents/materials/analysis tools: TFO
JLP PDRJ TSvdW YS TPS. Wrote the paper: TFO JLP PDR] TSW YS TPS.

References

1. vanderWerf TS, Stienstra Y, Johnson RC, Phillips R, Adjei O, et al. (2005) Mycobacterium ulcerans
disease. Bull World Health Organ 83: 785-791. PMID: 16283056

2. Sizaire V, Nackers F, Comte E, Portaels F. (2006) Mycobacterium ulcerans infection: Control, diagno-
sis, and treatment. Lancet Infect Dis 6: 288—296. PMID: 16631549

3. vanderWerf TS, van der Graaf WT, Tappero JW, Asiedu K. (1999) Mycobacterium ulcerans infection.
Lancet 354:1013-1018. PMID: 10501380

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0003549 March 5, 2015 6/7


http://www.ncbi.nlm.nih.gov/pubmed/16283056
http://www.ncbi.nlm.nih.gov/pubmed/16631549
http://www.ncbi.nlm.nih.gov/pubmed/10501380

@.PLOS ‘ TROPICAL DISEASES

Activity of Avermectins against M. ulcerans

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

Alferink M, van der Werf TS, Sopoh GE, Agossadou DC, Barogui YT, et al. (2013) Perceptions on the
effectiveness of treatment and the timeline of buruli ulcer influence pre-hospital delay reported by
healthy individuals. PLoS Negl Trop Dis 7: e2014. doi: 10.1371/journal.pntd.0002014 PMID: 23350009

Stienstra Y, van der Graaf WT, Asamoa K, van der Werf TS. (2002) Beliefs and attitudes toward buruli
ulcerin ghana. Am J Trop Med Hyg 67: 207—213. PMID: 12389949

Stienstra Y, van Roest MH, van Wezel MJ, Wiersma IC, Hospers IC, et al. (2005) Factors associated
with functional limitations and subsequent employment or schooling in buruli ulcer patients. Trop Med
Int Health 10: 1251-1257. PMID: 16359405

Barogui Y, Johnson RC, van der Werf TS, Sopoh G, Dossou A, et al. (2009) Functional limitations after
surgical or antibiotic treatment for buruli ulcer in benin. Am J Trop Med Hyg 81: 82—-87. PMID:
19556571

Einarsdottir T, Huygen K. (2011) Buruli ulcer. Hum Vaccin 7: 1198-1203. doi: 10.4161/hv.7.11.17751
PMID: 22048117

Etuaful S, Carbonnelle B, Grosset J, Lucas S, Horsfield C, et al. (2005) Efficacy of the combination ri-
fampin-streptomycin in preventing growth of mycobacterium ulcerans in early lesions of buruli ulcer in
humans. Antimicrob Agents Chemother 49: 3182—-3186. PMID: 16048922

Nienhuis WA, Stienstra Y, Thompson WA, Awuah PC, Abass KM, et al. (2010) Antimicrobial treatment
for early, limited mycobacterium ulcerans infection: A randomised controlled trial. Lancet 375:
664—672. doi: 10.1016/S0140-6736(09)61962-0 PMID: 20137805

Chauty A, Ardant MF, Adeye A, Euverte H, Guedenon A, et al. (2007) Promising clinical efficacy of
streptomycin-rifampin combination for treatment of buruli ulcer (mycobacterium ulcerans disease). Anti-
microb Agents Chemother 51: 4029-4035. PMID: 17526760

Klis S, Ranchor A, Phillips RO, Abass KM, Tuah W, et al. (2014) Good quality of life in former buruli
ulcer patients with small lesions: Long-term follow-up of the BURULICO trial. PLoS Negl Trop Dis 8:
€2964. doi: 10.1371/journal.pntd.0002964 PMID: 25010061

Klis S, Stienstra Y, Phillips RO, Abass KM, Tuah W, et al. (2014) Long term streptomycin toxicity in the
treatment of buruli ulcer: Follow-up of participants in the BURULICO drug trial. PLoS Negl Trop Dis 8:
€2739. doi: 10.1371/journal.pntd.0002739 PMID: 24625583

Friedman ND, Athan E, Hughes AJ, Khajehnoori M, McDonald A, et al. (2013) Mycobacterium ulcerans
disease: Experience with primary oral medical therapy in an australian cohort. PLoS Negl Trop Dis 7:
e2315. doi: 10.1371/journal.pntd.0002315 PMID: 23875050

Lim LE, Vilcheze C, Ng C, Jacobs WR Jr, Ramon-Garcia S, et al. (2013) Anthelmintic avermectins kill
mycobacterium tuberculosis, including multidrug-resistant clinical strains. Antimicrob Agents Che-
mother 57: 1040—1046. doi: 10.1128/AAC.01696-12 PMID: 23165468

Andreu N, Zelmer A, Fletcher T, Elkington PT, Ward TH, et al. (2010) Optimisation of bioluminescent re-
porters for use with mycobacteria. PLoS One 5: e10777. doi: 10.1371/journal.pone.0010777 PMID:
20520722

Zhang T, Li SY, Converse PJ, Grosset JH, Nuermberger EL. (2013) Rapid, serial, non-invasive assess-
ment of drug efficacy in mice with autoluminescent mycobacterium ulcerans infection. PLoS Negl Trop
Dis 7:e2598. doi: 10.1371/journal.pntd.0002598 PMID: 24367713

Stinear TP, Seemann T, Harrison PF, Jenkin GA, Davies JK, et al. (2008) Insights from the complete
genome sequence of mycobacterium marinum on the evolution of mycobacterium tuberculosis. Ge-
nome Res 18:729-741. doi: 10.1101/gr.075069.107 PMID: 18403782

Stinear TP, Seemann T, Pidot S, Frigui W, Reysset G, et al. (2007) Reductive evolution and niche ad-
aptation inferred from the genome of mycobacterium ulcerans, the causative agent of buruli ulcer. Ge-
nome Res 17: 192-200. PMID: 17210928

P-glycoprotein/ABCB1 substrates / P-glycoprotein/ABCB1 inducers. in lexi-Comp Online™ Interaction
monograph. Hudson (OH). Accessed online 5 dec 2014.

Muhammed Ameen S, Drancourt M. (2013) lvermectin lacks antituberculous activity. J Antimicrob Che-
mother 68: 1936—1937. doi: 10.1093/jac/dkt089 PMID: 23587653

Baraka OZ, Mahmoud BM, Marschke CK, Geary TG, Homeida MM, et al. (1996) lvermectin distribution
in the plasma and tissues of patients infected with onchocerca volvulus. Eur J Clin Pharmacol 50:
407-410. PMID: 8839664

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0003549 March 5, 2015 717


http://dx.doi.org/10.1371/journal.pntd.0002014
http://www.ncbi.nlm.nih.gov/pubmed/23350009
http://www.ncbi.nlm.nih.gov/pubmed/12389949
http://www.ncbi.nlm.nih.gov/pubmed/16359405
http://www.ncbi.nlm.nih.gov/pubmed/19556571
http://dx.doi.org/10.4161/hv.7.11.17751
http://www.ncbi.nlm.nih.gov/pubmed/22048117
http://www.ncbi.nlm.nih.gov/pubmed/16048922
http://dx.doi.org/10.1016/S0140-6736(09)61962-0
http://www.ncbi.nlm.nih.gov/pubmed/20137805
http://www.ncbi.nlm.nih.gov/pubmed/17526760
http://dx.doi.org/10.1371/journal.pntd.0002964
http://www.ncbi.nlm.nih.gov/pubmed/25010061
http://dx.doi.org/10.1371/journal.pntd.0002739
http://www.ncbi.nlm.nih.gov/pubmed/24625583
http://dx.doi.org/10.1371/journal.pntd.0002315
http://www.ncbi.nlm.nih.gov/pubmed/23875050
http://dx.doi.org/10.1128/AAC.01696-12
http://www.ncbi.nlm.nih.gov/pubmed/23165468
http://dx.doi.org/10.1371/journal.pone.0010777
http://www.ncbi.nlm.nih.gov/pubmed/20520722
http://dx.doi.org/10.1371/journal.pntd.0002598
http://www.ncbi.nlm.nih.gov/pubmed/24367713
http://dx.doi.org/10.1101/gr.075069.107
http://www.ncbi.nlm.nih.gov/pubmed/18403782
http://www.ncbi.nlm.nih.gov/pubmed/17210928
http://dx.doi.org/10.1093/jac/dkt089
http://www.ncbi.nlm.nih.gov/pubmed/23587653
http://www.ncbi.nlm.nih.gov/pubmed/8839664

