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Chapter 1
Introduction and outline of the thesis

“The neglected tropical diseases provide another example of our solidarity. 
These diseases do not travel internationally, threaten the health or 
economies of wealthy countries, or make headline news.  
Yet they cause immense suffering and disability for millions of people  
and anchor them in poverty.”

Dr. Margaret Chan,
Director-General of the WHO 2006-2017.
Address to WHO staff, 4 January 2007.
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BurulI ulCer – a negleCTed TrOpICal dIsease

Buruli ulcer (BU) is a skin and subcutaneous tissue infection caused by Mycobacterium 
ulcerans. The disease usually manifests as single lesion on the extremities of patients, most 
of which are under the age of 15 years. The nodule, ulcer, oedematous lesion and plaque 
are the four recognized forms of BU (1). BU is one of the 21 neglected tropical diseases 
(NTDs), as defined by the World Health Organization. These diseases affect more than 1 bil-
lion people globally, yet are neglected and underfunded in disease control and research as 
they mainly occur in poor, rural, and marginalized communities in subtropical and tropical 
regions (2). The chronic and non-lethal nature of many NTDs further prevents them from 
being addressed on a global scale; low mortality does not create the urgency for public 
attention compared to diseases like malaria or Ebola (3). Patients with NTDs suffer from in-
equity as many cannot access appropriate treatment and are stigmatized, and discriminated 
against. Basic human rights are hence infringed upon frequently (4).

Neglected tropical disease are highly diverse in their epidemiology, pathobiology and trans-
mission. The importance of research and public health efforts to reduce the burden of NTDs 
has been acknowledged by their inclusion in the United Nations Sustainable Development 
Goal (SDGs) in 2013 with a pledge to “leaving no one behind” (5). Specifically, goal 3.3 calls 
for the reduction of the burden of HIV/AIDS, tuberculosis, malaria, neglected tropical dis-
eases and priority non-communicable diseases (6). Hence they are interrelated with many 
other SDG goals, such as universal health coverage or clean water and sanitation and reduc-
ing the burden of NTDs is thought to have a positive outcome on many other indicators (7).

The main strategies of the global public health community to address NTDs were laid out in 
resolution WHA 66.12 adopted at the World Health Assembly 2013(8) and the 2012 WHO 
roadmap for NTDs (2): Preventive chemotherapy and transmission control (PCT), innovative 
and intensified disease management (IDM), vector ecology and management, control of 
neglected zoonotic diseases and improvement of water, sanitation and hygiene (WASH). BU, 
due to its complex mechanism of transmission and slow disease progression, is targeted for 
control through IDM. Diseases like BU, for which no preventive chemotherapy is available 
and the cause is an environmentally present pathogen that cannot be eradicated, need 
special attention. The WHO roadmap set ambitious goals to improve the situation for NTDs. 
Aims for BU were completion of a clinical study on oral antimicrobial therapy and implemen-
tation of the results into control and treatment by 2015, and curing 70% of occurring cases 
with antibiotics by 2020 (8). BU mainly occurs in rural areas and cases are thus not easily 
recognised by health authorities. Lack of local and communal resources further hinders 
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investment into BU treatment and prevention by the affected communities themselves (9). 
Concerning BU, WHO identified six priority areas of research : 1. The mode of transmission, 
2. Diagnostic tests, 3. Drug treatment and new treatment modalities, 4. Vaccines, 5 Cultural 
and socio-economic studies and 6. Epidemiology (10).

a BrIeF InTrOduCTIOn TO The hIsTOry OF BurulI ulCer

“The right leg, from above the knee, became deformed with inflammation and remained for 
a month in this unaccountable state, giving intense pain, which was relieved temporarily 
by deep incision and copious discharge. (…) my strength was prostrated; the knee stiff and 
alarmingly bent, and walking was impracticable.”

J. A. Grant, A walk across Africa or domestic scenes from my Nile journal; William Blackwood 
and sons, Edinburgh and London, 1864. The first probable description of the Buruli ulcer.

BU is a fairly recently described infectious disease. The first report of an ulcerative condition 
attributed to BU is by James Augustus Grant in his book entitled “A walk across Africa or 
domestic scenes from my Nile journal” from 1864 (11). On a quest to discover the origin of 
the White Nile, Grant described an inflammatory, discharging lesion on his right leg while 
in Congo (quote above). After several incisions, eventually Grant’s lesion healed, enabling 
him to continue his journey, even though he suffered from wound contracture (11). Both 
the natural history with slow healing and impaired range of motion as sequelae suggest it to 
be the first description of BU (12). Another early report of ulcers nowadays attributed to BU 
was put forward by Sir Albert Ruskin Cook, a British missionary doctor. He established the 
Mengo Hospital in Uganda in 1897 (13). There, he noted an accumulation of cases of an at 
the time unknown ulcerative skin disease, which is now believed to be BU (14).

The first description of Mycobacterium ulcerans as the causative agent of BU was published 
in 1948 (15). MacCallum et al found acid-fast bacilli in tissue specimens from six patients 
with an unusual skin ulceration from Bairnsdale, Victoria, Australia, at first attributed to 
M. tuberculosis. However, this hypothesis was refuted by the observation of distinct his-
topathological characteristics that did not resemble TB as well as the inability to culture 
the organism at 37°C. Serendipitously, cultures kept in an incubator with defective heat 
circulation resulting in a drop of temperature to 33°C were successful and yielded the first 
laboratory grown M. ulcerans. By establishing the ideal culture conditions, the organism 
could soon be grown directly from patient samples (15). In the 1950s and 1960s reports 
accumulated describing incident cases in West Africa. Several hundreds of cases were re-
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ported from Congo and Uganda, namely Buruli county, after which the disease was finally 
named (16-18). The increasing public health interest and discovery of the etiologic agent 
facilitated modelling the disease in the laboratory. Fenner and colleagues eventually devel-
oped the mouse footpad model of BU and the disease has since been studied in this and 
other pre-clinical models (19).

COnCepTs OF MycobacteriuM ulcerans paThOBIOlOgy

M. ulcerans is closely related to Mycobacterium marinum, an aquatic bacterium causing 
skin sores in fish and humans; in fact, the two bacteria share >98% nucleotide sequence 
identity (20). Genome comparison studies have demonstrated great homology between 
geographically distinct M. ulcerans isolates suggesting that little gene transfer and recombi-
nation occur. Two unique genetic characteristics set M. ulcerans apart from M. marinum: the 
presence of the pMUM001 plasmid and over 200 copies of the insertion sequence IS2404 
(20). The current evolutionary scenario holds that M. ulcerans acquired pMUM001 from an 
unknown source through horizontal gene transfer. This giant 174 kb megaplasmid encodes 
for several polyketide synthases (PKS) that produce mycolactone, the main pathogenic 
toxin of M. ulcerans (21). Experimental deletion and inactivation of the plasmid renders 
it avirulent (22). The vast abundance of IS2404 within the M. ulcerans genome disrupts 
many promotor regions and coding sequences (23). The M. marinum genome measures 
6.6 Mb, whereas the M. ulcerans genome is 5.8 Mb and reductive evolution adapting to a 
new ecological niche it thought to account for this difference (23). This reductive evolution 
is thought to have in which there was no evolutionary advantage for functionality of such 
genes (20). Three lineages of mycolactone producing mycobacteria are recognized (12). The 
ancestral lineages that are believed to have evolved from M. marinum about 400.000 years 
ago are lineage 1 and 2. Lineage 1 has been found in human patients in South America, Asia 
and Mexico but also comprises frog pathogen variants. Genetically distinct clones from Ja-
pan are described as lineage 2. Lineage 3 is comprised of genotypes observed to cause both 
human and zoonotic disease in Africa, Australia and South East Asia, Papua New Guinea, in 
particular (12).

Mycolactone, the toxin produced by the PKS encoded by the pMUM001 plasmid, consist of 
a heterogeneous poly-unsaturated southern chain and a conserved macrolactone ring and 
north chainern and is produced close to the bacterial membrane. Different mycolactones, 
A/B, C, D, S1, S2 and E that vary in virulence have been described and attributed to M. 
ulcerans (12). Mycolactone causes cytotoxicity, immunosuppression and analgesia (1,24). 
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Mycolactone targets bacterial scaffolding proteins leading to instability and cell death and 
it inhibits translocation of important proteins through the endoplasmic reticulum impairing 
bacterial metabolism (25). The endoplasmic reticulum membrane protein Sec61 has spe-
cifically been associated with M. ulcerans pathobiology. Inhibition of Sec61 leads to both 
cytotoxicity (26) and immunomodulation (27).

As its close relatedness to the aquatic M. marinum suggests, M. ulcerans has been associ-
ated with water bodies; stagnant and swampy areas but also unnatural disruption of water 
bodies such as the building of dams has been linked to outbreaks (28). If environmentally 
present M. ulcerans breaches the skin barrier, the disease is contracted, as pre-clinical stud-
ies suggest (29). In Australia, mosquitoes have been suggested be vectors propagating the 
pathogen (29,30), whereas in other regions aquatic insects have been suggested to be 
implicated in the transmission (31). The transmission may be diverse and vary by geographic 
setting, depending on the local ecology but also socio-demographic determinants and hu-
man behavior (1).

sCOpe OF ThIs ThesIs

This PhD thesis focuses on the BU WHO priority research item 3: Drug treatment and new 
treatment modalities. Its main body consists of laboratory studies, enriched by literature 
review and engagement with and discussion of the current knowledge, as well as analysis 
of public health data. This introduction, Chapter 1, follows a description of Buruli ulcer 
epidemiology. Then, current knowledge on antimicrobial therapy of BU is reviewed. The 
experimental part of this thesis consists of five manuscripts, describing histopathology and 
immunology of the disease in the mouse model and the pre-clinical evaluation and refine-
ment of antimicrobial regimens to treat BU, before concluding with a summary pointing out 
strategies for the way ahead.

As an introduction to BU worldwide, Chapter 2 explores epidemiological data reported to 
WHO from 2010 – 2017 and maps the global epidemiology of the disease. Programmatic 
targets for disease control set by WHO are analysed and the global progress on these pro-
grammatic targets is stated. 
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Chapter 3 narrates the translation prior research into the paradigm change from surgery 
to antimicrobial drug therapy in Buruli ulcer. Subsequently, Chapter 4 is a comprehensive 
review of the antimicrobial treatment of M. ulcerans. The susceptibility of the bacterium to 
antimicrobials is discussed, as are relevant animal model studies and clinical trials. 

Chapter 5 seeks to refine the currently used pre-clinical M. ulcerans infection model by ap-
plication of modern in vivo imaging (IVIS) technology. Visualisation of light-emitting bacteria 
allows for both bacterial quantity estimation as well as localisation of the pathogen within 
the living host. It also describes and discusses the histopathology and immunology related 
to infection with an autoluminescent M. ulcerans reporter strain.

New treatment modalities for BU are direly needed. As reports in the literature suggested, 
avermectins, natural products derived from Streptomyces species kill the related M. tu-
berculosis in-vitro. Chapter 6 explored and demonstrated an antimicrobial effect of the 
avermectin ivermectin in vitro. Chapter 7 consists of two pre-clinical studies in mice; first, 
the pharmacokinetics of repeated, high-dose ivermectin was evaluated to identify a dosing 
regimen to achieve plasma concentrations exceeding the minimum inhibitory concentra-
tions in vitro. Secondly, the anti-mycobacterial effects of ivermectin and selamectin were 
tested in vivo.  

BU currently is treated with rifampin plus either clarithromycin or streptomycin. However, 
the dose of rifampin is based on outdated cost-efficacy and side-effect arguments. Higher 
doses of rifampin are affordable and have been shown to be safe, in an effort to promote 
high-dose rifampin therapy for tuberculosis. In chapter 8 we performed pre-clinical dose-
ranging of rifampin and rifapentine in M. ulcerans infected mice.

Rifampin is a backbone drug in the treatment of BU, it is bactericidal, available and highly 
efficient in the treatment of BU. However, the currently proposed companion macrolide 
clarithromycin only exerts bacteriostatic effects, and (bi-directional) drug-drug interactions 
might render the rifampin-clarithromycin combination less efficient. In order to find an 
alternative companion drug to rifampin, oxazolidinones were investigated in chapter 9. 
Sutezolid and tedizolid are modern oxazolidinones that may be toxic than linezolid and were 
non-inferior to clarithromycin. 

Chapter 10 summarizes the results of the abovementioned pre-clinical studies on new or 
improved antimicrobial regimens for BU. 
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Chapter 11 explores the future of BU therapy highlighting how highly efficient, short-course 
regimens can be key to BU disease control and drafts a proposal for future research and 
integration with other neglected tropical skin diseases.

.
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aBsTraCT

Buruli ulcer (BU) is a neglected tropical disease (NTD) caused by the M. ulcerans. Intro-
duction of the environmental bacterium into the skin and subcutis is thought to occur via 
multifactorial, geographically distinct transmission pathways, such as trauma or mosquito 
bite. The infection leads to the development of a nodule, ulcer, edematous lesion or plaque. 
Without early diagnosis and early initiation of treatment, the risk of extensive tissue necrosis 
and later scarring, deformity and disability increases. Here, we analyzed BU epidemiological 
data reported to WHO between 2010 – 2017 and used the results to assess the global status 
of the WHO programmatic targets for 2014 for BU control. During the study period, a total 
of 23,206 of BU cases were reported to WHO. In 2017, 2217 cases were noted with the 
main epidemic countries being Australia, Benin, Côte d’Ivoire, Ghana, Liberia and Nigeria. In 
Ghana, Australia Liberia, Ghana and Nigeria, an increase of cases was noted recently. In 2013, 
WHO had defined programmatic targets to be reached at the end of 2014: PCR confirmation 
for more than 70% of cases, category III lesions occurring in less than 25%, a maximum of 
60% ulcerative lesions and movement limitation in a maximum of 15% of patients. Only the 
latter goal was reached by 2014. Progress made towards all four targets was lost and several 
countries since deteriorated below levels of the initial assessment in 2012. Only 58% of BU 
cases were PCR confirmed in 2017. This study summarizes country data of BU reported to 
WHO in the period from 2010 – 2017 and re-assesses the programmatic targets set in 2013, 
paving the way to a repeat discourse on BU policy and 2020 programmatic targets.
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InTrOduCTIOn

Mycobacterium ulcerans causes the neglected tropical skin disease Buruli ulcer (BU) (1). The 
infection manifests as nodule, plaque and edema which are referred to as the non-ulcerative 
forms. These forms then ulcerate within 4-6 weeks with the characteristic undermined 
edges and yellowish-white necrotic slough (2). Most lesion occur on the lower limbs (3,4). 
BU is the third most prevalent mycobacterial infection after tuberculosis and leprosy. The 
disease is diagnosed via its characteristic clinical features and confirmed in the laboratory 
using histopathology, culture and PCR for the IS2404 or IS2606 mycobacterial insertion 
sequence elements (5). There is no efficient vaccine for BU (6) and disease control strategy 
focuses on early case detection and comprehensive treatment of individual patients. The 
treatment of BU has experienced a paradigm shift during the past two decades from mainly 
surgery to an eight-week course of antibiotics - rifampin and clarithromycin (7,8). Recent 
pre-clinical animal experiments suggest that a higher dose of the rifamycin can dramatically 
increase efficacy and reduce treatment duration (9-11). 

M. ulcerans is an environmental pathogen often associated with wet environments. The 
DNA of the organism has been found in aquatic insects (12), mosquitoes (13) and domestic 
animals (14). Puncturing injury resulting in introduction of organisms into mouse skin and 
sub-cutis experimentally lead to infection (15). However, transmission pathways in nature 
are probably complex and multifactorial and depended on the local ecosystem. A definitive 
transmission pathway of M. ulcerans has not yet been described and remains a mystery. M. 
ulcerans was first described as causative agent of BU in Victoria, Australia in 1948 (16), while 
descriptions of ulcerative lesions probably due to M. ulcerans in Africa, namely Uganda, 
date back to the late 18th century. Formal description and reporting of cases on the African 
continent occurred during the 1950s and 1960s (17). 

BU has been reported from 33 countries worldwide with the main foci being in West 
Africa and in South-East Australia (1). The disease occurs in very concentrated, small geo-
graphical foci within countries as has been shown in the case of Cameroon and Australia 
(18,19). There seems to be a seasonal variation in the occurrence of cases of BU in some 
countries whilst others, there is no trend. Increase in cases has been associated with heavy 
periods of rainfall in some place (20-23). In Africa, landscape fragmentation and destruction 
has been suggested as risk-factor for BU (24). The niche, ecology and transmission of the 
environmental human pathogen M. ulcerans are poorly understood, hence close epidemio-
logical surveillance is important for disease control, while drivers of local occurrence of the 
disease should be closely investigated. A shift of the endemic focus over the past decades 
has been described in Australia (25). As the exact transmission route remains unknown, no 
clear recommendations can be given on BU prevention, the main strategy for BU disease 
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control is hence early case detection and administration of adequate, efficient treatment to 
affected patients to avoid complications and sequelae. 

The first global recognition and move towards BU advocacy and research was held in 
Yamoussoukro (Côte d’Ivoire) in 1998 resulted in the Yamoussoukro declaration on BU (26). 
This meeting stressed the importance of the rising burden of BU cases, particularly, in west 
Africa and called policy makers to action to support the control of the disease. In 2009, a 
second high-level meeting was held in Benin which resulted in the Cotonou Declaration 
on BU (27) calling for greater political commitment for BU control through early detection 
and antibiotic treatment, as well as support for research. At the 2013 WHO meeting on BU 
control and research in Geneva, Switzerland, four programmatic targets were defined to 
be met by endemic countries by the end of 2014. The targets addressed PCR confirmation, 
lesion size and ulceration as proxy for disease progression or severity (late reporting), as 
well as functional limitation (reflection of disability). 

The main objective of this study was to determine whether the WHO Buruli ulcer pro-
grammatic targets defined and agreed upon in 2013 where, as intended, met in 2014 and 
how the progress further evolved until 2017. The secondary objective was to describe the 
trends in BU epidemiology from 2000 to 2017 using data officially reported to WHO by 
endemic countries.

MaTerIals and MeThOds

data collection

BU is diagnosed clinically in most endemic settings and where possible, cases are often 
confirmed using PCR targeting the insertion sequence 2404 (IS2404). Other methods such 
as microscopy, histopathology and culture are sometimes used. A suspected BU case is 
defined as a clinically diagnosed case. Individual data collected for each suspected BU cases 
are standardized throughout the endemic countries. Individual data are first recorded on 
a paper-based form, the BU01 form (available at: https://www.who.int/buruli/control/
ENG_BU_01_N.pdf)  and then summarized into a BU register, the BU02 form (available at: 
https://www.who.int/buruli/control/BU02%20form.pdf?ua=1). BU02 forms are forwarded 
from the health facility to district public health officers and entered into a spreadsheet 
before being further transferred to the national BU control program, where all data are 
compiled, cleaned, aggregated and analyzed. For each suspected BU cases, the following 
data are collected: demographic characteristics, clinical history, referral, clinical presenta-
tion, lesion size category, laboratory confirmation (if available), treatment and dosages, 
as well as the treatment outcome. Lesions are categorized by diameter to reflect severity, 
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WHO category (cat) I being smaller than 5 cm, WHO cat II 5-15 cm, WHO cat III over 15 cm of 
lesion diameter, presence of multiple lesions or critical anatomical locations being affected 
(e.g. eye, genetalia). 

On an annual basis, endemic countries are requested to report data to assess the program-
matic indicators to WHO. The programmatic targets set in 2013 are as follows: 1) “at least 
70% of cases reported from any district or country should have been confirmed by a positive 
PCR”, 2) “ By the end of 2014, the proportion of category III lesions reported from any 
district or country should have been reduced from the 2012 average of 33% to below 25%”, 
3) By the end of 2014, the proportion of ulcerative lesions at diagnosis reported from any 
district or country should have been reduced from the 2012 average of 84% to a maximum 
of 60%” and 4) “By the end of 2014, the proportion of patients presenting with limitations 
of movement at diagnosis reported from any district or country should have been reduced 
from the 2012 average of 25% to a maximum of 15% by the end of 2014” (28). Furthermore, 
the total number of cases, gender distribution, the proportion of patients under 15 years 
of age, the percentage of cases that are located on the lower limb and the percentage of 
patients who completed antimicrobial therapy are also reported.

These data concerning the programmatic indicators were retrospectively entered into 
the WHO integrated data platform (WIDP). The WIDP is a web-based open-source platform, 
District Health Information System 2 (DHIS2) (29) software developed by the University of 
Oslo, Norway. WIDP was further adapted by WHO to ease global reporting from Member 
states to WHO, integrate data from different data sources, and strengthen data collection, 
analysis and use in endemic countries.

data analysis

Data reported to WHO from the period of 2010 until 2017 were included into this descrip-
tive analysis. All 33 countries that had ever reported BU were reviewed. Case numbers, the 
proportion of patients under 15 years of age, gender distribution, lesion location on the 
lower limb and antibiotic treatment completion were reported as descriptive statistics. 
Incidence numbers for Buruli were calculated based on median population estimates for 
2017 by United Nations (http://data.un.org). Programmatic target indicators are shown per 
year per country, as available; the global average was calculated from country means which 
were weighted by their population. 

Statistical analysis and graphing was performed using GraphPad Prism v7.0a, quantumGIS 
(qGIS) v2.18.13, as well as RStudio v1.1.456. 
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resulTs 

reporting and completeness

Burkina Faso, Central African Republic, Sri Lanka, Brazil, Malaysia, China, Angola, Indonesia, 
Kenya, Malawi, Peru, Senegal, Suriname, Uganda and Mexico were excluded from the 
analysis as they had not reported relevant data for the study period. Data from a total of 
16 countries, namely: Australia, Democratic Republic of the Congo, Nigeria, Gabon, Papua 
New Guinea, Japan, Benin, Cameroon, Côte d’Ivoire, Ghana, Guinea, Liberia, Sierra Leone, 
South Sudan, Congo, Togo were available and were analyzed. Concerning the analysis on 
the progress towards the programmatic targets, Congo, Sierra Leone, and South Sudan were 
excluded as they did not provide sufficient data on the indicators. 

Bu cases globally declined but local epidemics arise

During the period from 2010 until 2017, a total of 23,206 cases of BU have been reported 
to WHO by 17 different countries, 14 in the African region (AFRO) and 3 in the Western 
Pacific region (WPRO). In 2017, 2217 cases of BU were reported globally, 1923 in the AFRO 
region and 294 from the WPRO region. Overall, the yearly case burden has declined from 
a maximum of 4906 cases per year in 2010 to a minimum of 1952 cases in 2016. In 2017 
a slight increase of cases to 2217 was thus noticed (Fig. 1A, table 1). This increase was 
mainly driven by a sharp rise of number of cases in Australia to 283 cases in 20171. Other 
than Australia, only few cases have been reported in the WPRO region from Papua New 
Guinea and Japan (Fig 1B, table 1). The main burden of cases was reported from the AFRO 
region. Countries reporting more than 200 cases in 2017 (termed “high burden”, Fig 1) in 
Africa are Côte d’Ivoire, Ghana, Benin, Nigeria and Liberia. Within these countries, cases 
numbers have recently been increasing in Ghana, Nigeria and Liberia. Cases were constant 
in Benin and Côte d’Ivoire saw a decline in cases from a historically high burden in 2010 (Fig 
1C). Cases reported from the remaining low-burden countries Democratic Republic of the 
Congo, Cameroon, Guinea, Togo and Gabon have been fluctuating around approximately 
20 to 200 cases per year (Fig 1D). Liberia (4.55 / 100.000), Benin (2.35 / 100.000), Gabon 
(2.12 / 100.000), Ghana (1.91 / 100.000) and the Democratic Republic of the Congo (1.80 / 
100.000) had the highest incidence (Table 1). 
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Figure 1: Dynamics of Buruli ulcer epidemiology by cases reported to WHO between 2010 and 2017. While the 
globally reported cases declined with time, the proportion of cases reported from WPRO increased (A). This was 
mainly due to an increase in cases in Australia (B). In the AFRO region, cases drastically declined in Côte d’Ivoire 
but recently increased again other countries like Ghana, Nigeria and Liberia (C). Stagnant and oscillating numbers 
of cases were seen in countries that report less cases in the AFRO region (D).  

patient age and gender

Age information was available on 18,449 out of the 23,206 reported BU cases between 
2010 and 2017. Out of these 18,367 cases, 40 % occurred in patients under the age of 15 
years. Countries with more than 40% of cases occurring in children under 15 years of age in 
2016-2017 are Benin, Côte d’Ivoire, Gabon, Nigeria and Togo. Countries with less than 15% 
of cases occurring in patients under the age of 15 were Liberia, Guinea, Ghana and Australia. 
The gender distribution was even globally, with 50% of cases reported occurring in females 
and males respectively. 
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Figure 2: Map showing the geographic distributi on of Buruli ulcer cases offi  cially reported to WHO between the 
period of 2010 to 2017. A concentrati on in West Africa, and, recently, Australia is clearly visible. 

lesion locati on

On average, 69% of BU lesions were located on the lower limb. More than 70% of cases 
recorded from the Democrati c Republic of the Congo, Cameroon, Gabon, Nigeria and Ghana 
were located on the lower limb, whereas only up to 61% of lesions from Benin, Japan, Togo, 
Côte d’Ivoire and Australia were located on the lower limb. Côte d’Ivoire, Togo, Australia and 
Japan reported the lowest values with 57, 54, 58 and 50% of lower limb cases, respecti vely.

high rate of completi on of anti bioti c treatment reported from most countries

Most countries that reported data, stated that 99-100% of pati ents completed the anti bioti c 
treatment in the years 2106 and 2017. Togo (86%) and Gabon (84%) reported slightly lower 
rates of anti bioti c regimen completi on. Low levels of completed anti bioti c treatment were 
reported from Liberia, 57% and from Ghana only 22%. The latt er may be due many missing 
data and incomplete reporti ng. 
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Table 1. epidemiological data on Buruli ulcer cases reported to WhO. Data from Buruli ulcer endemic countries 
that reported continuous data for most of the years assessed are shown. Up to date country data on annual re-
ported cases can be viewed at http://apps.who.int/gho/data/node.main.A1631?lang=en .
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aFrO region

Benin 572 267 3027 2.35 41 50.5 61a 100a

Cameroon 287 No data 1180 No data 31a 49a 74a 99a

Congo 107 No data 207 No data No data No data No data No data

Côte d’Ivoire 2533 344 8713 1.31 48 52 57a 100a

Democratic Republic of the Congo 136 91 1535 1.80 33a  44a 72a 100a

Gabon 65 45 402 2.12 40 49 77a 84

Ghana 1048 538 4828 1.91 13 48 83a No data

Guinea 24 98 549 0.83 14a No data No data No data

Liberia No data 219 353 4.55 14 47 No data 57

Nigeria 7 259 747 0.13 50 57 78a 94

Sierra Leone No data No data 28 No data No data No data No data No data

South Sudan 4 No data 4 No data No data No data No data No data

Togo 67 62 500 0.76 53 42 54a 86a

aFrO subtotal b  = 4850 1923 22,073 31 % 50 % 71 % 70 %

WPRO region

Australia 42 283 1033 1.21 10 48 58 100a

Japan 9 6 52 0.0048 17 67 50a 100

Papua New Guinea 5 5 48 0.07 80 60

WprO subtotal b = 56 294 1133 11 % 49 % 58 % 100%

global total  = 4906 2217 23,196 26 % 50 % 69 % 74 %
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progress towards the 2014 WhO targets made initially has been lost today

Data from 2012 were used as a baseline measure to formulate the programmatic targets. 
The global average rates of PCR confirmation in 2012 were 50%, category III lesions 33% and 
there were 84% ulcerative lesions and 25% of the patients had movement limitations (Table 
2, Fig 3).

In 2014, PCR confirmation was globally increasingly performed and 64% the cases were 
PCR confirmed, however this did not meet the target of ≥ 70%. The number of category III 
lesions actually increased from 33% to 37% in 2014, but ulcerative lesions declined from 84% 
to 64%. By 2014, only target 4. was met, the movement limitations were reduced to 15%. 
Subsequently, in 2017, 58% of BU cases were PCR confirmed, 31% of lesions are category III, 
75% are ulcerative and 17% of patients suffer from movement limitation due to BU disease, 
as reported by countries (Table 2). Five countries however met the PCR confirmation target, 
two countries met the category III target, 3 countries met the ulcerative lesion target and 5 
countries met the movement limitation target (Fig 3).

Table 2. Overview of the status on programmatic targets formulated at the 2013 WhO Buruli ulcer research and 
control meeting. Targets formulated in 2013 were based on the average of data reported from countries in 2012. 
They were set to be achieved by the end of 2014. Values represent means weighted for case burden of every coun-
try, computed from data reported to WHO. For some countries, information on a certain indicator was not available, 
if this was the case, the case burden was exempted from the calculation for this specific indicator. 

WhO programmatic targets 2012
(Baseline)

Target set in 2013 20141 20171

1. pCr confirmation  50 % ≥ 70 % 64 % 58%

2. Cat III lesions 33 %b < 25 % 37 % 31 %

3. ulcerative lesions 84 % ≤ 60 % 64 % 75 %

4. Movement limitation 25 % ≤ 15 % 15 % 17 %

Many differences were observed on a country level scale. In general, the WPRO region, 
notably Australia and Japan have had very high rates of PCR confirmation and low rates of 
category III lesions and movement limitation.  In the AFRO region, PCR confirmation was 
high in Benin and Togo. Also recently, the Democratic Republic of the Congo improved PCR 
confirmation rates, as did Nigeria. PCR confirmation was low in Cameroon and in Gabon and 
declined in Ghana over the last years. In Côte d’Ivoire the PCR confirmation rate improved 
to meet the target in 2014 but then declined again in recent years. Category III lesions were 
low in Togo and recently also the Democratic Republic of the Congo, meeting the targets in 
most recent years. Especially Benin and Cameroon and Nigeria had high rates of category III 
lesions. Ulcerative lesions were common in all countries in both the WPRO and AFRO region 
with the exception for Togo and, during some years, Benin and Nigeria. Ghana, Togo and 
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Guinea had low rates of movement limitati on whereas Nigeria, Cameroon and Benin’s rates 
of movement limitati on exceeded the set target. 

Figures on the programmati c targets are available in real ti me on our WIPD webportal 
(url: htt p://extranet.who.int/ntdportal).

Figure 3: Detail view on the progress on the WHO Buruli ulcer programmati c targets per country. Endemic coun-
tries that reported conti nuous data were included in the analysis. The color of the dots indicated if the 2014 target 
was reached or not.

dIsCussIOn

The changing epidemiology of Buruli ulcer

Even though overall BU cases declined between 2010 unti l 2017, some countries such as 
Nigeria, Liberia and Australia reported an increase in cases, recently. The big challenge in 
BU epidemiology and control is the unknown reservoir and transmission of M. ulcerans. It 
is unclear what drives the fl uctuati on in case burden in the diff erent geographical regions. 
Both a change in reporti ng and an actual change in the incidence are possible.

Reporti ng bias might account for a proporti on of this. Nigeria has recently implemented 
a nati onal BU program; previously some BU pati ents had reportedly been treated in the 
neighboring Benin (30,31). The installati on of a formal BU control program and the con-
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current intensification of disease control efforts, such as early case finding, education and 
reduction of stigma can all contribute to increased case reporting. In such a setting, patients 
are more prone to self-report and seek health care. Data are recorded more clearly and re-
ported at subnational and national level and to WHO. Poor knowledge about BU within the 
local community one of the affected states was reported by interviews (32). In Liberia, the 
country with the highest incidence of BU (4.55 / 100.000 inhabitants), a recent rise of cases 
was noted, too. Underreporting had previously been suggested to be associated with civil 
war (until 2004) and a lack in knowledge of the disease amongst health care workers (33). In 
countries like Benin, Côte d’Ivoire, Ghana and Australia that have well established facilities 
for the detection and treatment of BU, changes in BU epidemiology are probably due to en-
vironmental drivers that are yet to be deciphered. In Australia, BU has been known since the 
1930s and it is a notifiable disease in the state of Victoria. Here, not only an increase in cases 
but also an increase in severity of the disease has been reported and has been hypothesized 
to be attributable to a genomic change in M. ulcerans (34). M. ulcerans is a genetically highly 
clonal organism and certain genotypes are confined to one geographic region (35,36). An 
increase in pathogenicity may thus be attributed to a genetic shift within the predominant 
genotype. Changes in the structure of mycolactone or the amount produced could be driv-
ers in increased virulence of M. ulcerans. A different transmission pathway that introduces 
either larger amounts of bacilli into the tissue or to a more favorable depth e.g. into the 
subcutis could be another explanation for a sudden change in disease severity. 

The location of BU lesions has been suggested to be informative of possible transmission 
routes. Contact with contaminated soil and water sources for example would favor the 
lower limbs, while mosquito transmission would not discriminate between lower and upper 
limbs (3). The proportion of cases that were located on the lower limb was higher in Nigeria, 
Ghana and Gabon, compared to other countries (Table 1). More careful reporting on the 
lesion site should be implemented in order to support efforts to elucidate M. ulcerans 
transmission which is probably multifactorial and different depending on the geographical 
location.

WhO 2014 programmatic targets

In 2013, programmatic targets were formulated to be reached by the end of 2014. Some 
progress that had been initially achieved towards the programmatic targets was lost soon 
after and the situation actually deteriorated below the 2012 average today. The 2014 pro-
grammatic targets were defined in order to ensure good diagnosis (PCR confirmation) and 
early case finding (little category III, ulcerated lesions, movement limitation). The overall 
low rate of only 58% of cases that are confirmed by PCR is worrying and more efforts should 
be put into implementing high-quality PCR locally and training health staff in the neces-
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sary sample collection, processing and testing. PCR for the M. ulcerans particular IS2404 
region has a high sensitivity and specificity to detect BU (37). A study in Ghana showed 
that over 50% of 2203 clinically diagnosed BUs were actually PCR negative, suggesting the 
possibility of other etiologies. To avoid over-diagnosis and unnecessary preemptive antibi-
otic-chemotherapy, the authors suggest performing PCR in all cases before the initiation of 
chemotherapy, which is not the current common practice (38) due to long turnaround time. 
A point-of-care diagnostic tool is needed and would greatly improve confirmation of BU 
cases in the field. Currently, a simple method using fluorescent thin layer chromatography 
(f-TLC) is being used in some treatment centers in Africa (39).

Recent advances in our understanding of M. ulcerans have actually suggested that lesion 
size is not necessarily a predictor for delayed presenting as was previously thought; however 
lesion size can be interpreted as disease severity as it is associated with increased disability 
and difficulty of treatment (34,40). Furthermore, presence of an ulcerative lesion should not 
be interpreted as solely due to late reporting. BU can present as nodule, ulcer, edematous 
lesion or plaque and it is not clear what factors are contribute to the occurring of each 
presentation, even though the route of transmission and the host immune response might 
be responsible for this. The ulcer is not necessarily a late stage of either of the other presen-
tation and can occur without an evident previous nodular stage. This argument is supported 
by the fact that countries like Australia and Japan have very low numbers of category III 
lesions, good diagnosis, minimal movement limitation, yet high rates of ulcerative lesion.

Future programmatic targets should be implemented to assure progress on BU disease 
control. Addressing the great challenges of BU, these targets should focus on secure di-
agnosis (PCR confirmation), early case finding (duration of disease reported by patients), 
case severity (category III lesions), good treatment (application of oral antibiotic regimens 
and 100% completion rate rate) and reduction of sequelae/disability (scarring, movement 
limitation). Strengthening of active epidemiological surveillance in underserved areas is as 
paramount as research into the ecology, transmission and epidemiology of BU. 

This study had several limitations. Firstly, only data officially reported to WHO were ana-
lyzed. BU cases did occur in the 2010 – 2017 period in some other countries than those 
described in this study, as published literature suggests (17). Due to local practices, weak 
health and surveillance systems, or neglect, these cases hardly or partially reach national 
health authorities and thus are not reported to WHO. All countries should be encouraged to 
report accurate data to WHO so that appropriate support in disease control can be provided. 
Low case numbers do not always indicate a low disease burden, as in the case of inadequate 
reporting of disease, as previous examples show. 

Integrated care for skin NTDs is an increasingly popular approach recommended by WHO 
(41-43). A policy change from vertical programs concentrating on individual diseases to a 
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more integrated, horizontal strategy is happening for diseases such as Buruli ulcer, cutane-
ous leishmaniasis, filarial lymphedema, Onchocerciasis complications, leprosy, mycetoma 
and yaws (44). In some instances, integrated national control programs are being imple-
mented successfully (45); school-based surveys targeting any kinds of skin diseases instead 
of only one are cost-effective, practical and can help identify the structure of locally occur-
ring diseases (46). It is expected that integrated case search for skin NTDs will also improve 
early case detection of BU. 

Prospectively, precise reporting of cases with a focus on endemic regions, and analysis 
and mapping of collected data should be emphasized to ensure sound data for policy plan-
ning and BU disease control. As of 2019, countries have been enabled to directly enter BU 
epidemiological information into the DHIS2 environment facilitating easier reporting. We 
hope this improves timeliness, completeness and increased use of data. Furthermore, BU02 
information is available for a majority of cases from BU endemic regions. This information 
that provides insights into the subnational epidemiology of BU should be used in the future 
to give a clearer picture of local BU epidemiology and would enable to compare program-
matic indicators across health districts or even single health facilities.

With BU being an environmental disease following unknown ecological trends, rapid case 
detection and good treatment are the mainstay components in reducing morbidity and dis-
ability associated with the disease. In the framework of universal health coverage, each BU 
patient should have access to a comprehensive treatment including antibiotics and basic 
wound care, at least. 
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TreaTMenT FOr BurulI ulCer: The lOng and WIndIng rOad TO 
anTIMICrOBIals-FIrsT

Buruli ulcer is a neglected tropical disease caused by Mycobacterium ulcerans that affects 
mainly children under the age of 15 in sub Saharan Africa and people of any age in Australia 
(1). The infection manifests as skin nodule, edematous lesion, plaque or ulcer. Lesions are 
categorized by cross-sectional diameter, category I, less than 5 cm; category II, 5–15 cm; 
category III, more than 15 cm, or disseminated disease. Although transmission of Buruli 
ulcer is not entirely understood, different insects, aquatic and mosquitoes, have been linked 
to disease transmission depending on the settings. It is clear, however, that puncturing 
injury and introduction of the environmental pathogen into the skin causes disease (2). If 
the bacteria are actually thriving within a vector before they are transmitted (biological 
transmission) or if they are merely transported and injected by them (mechanical transmis-
sion) is yet to be elucidated. The presence of M. ulcerans on the host skin and introduction 
e.g. following insect bite or minor trauma is another hypothesis.

The pathogenesis in Buruli ulcer is mediated by a large plasmid, that encodes the toxin 
mycolactone. Mycolactone not only causes extensive tissue damage, but also profoundly 
impairs the host immune response and tissue repair (3). Despite several research efforts, 
there is no vaccine available for Buruli ulcer. The main management of Buruli ulcer now is 
chemotherapy and wound care. Surgery is performed on some lesions depending on the ex-
tent of the disease and the local practice. Yotsu et al. included and discussed 5 randomized 
controlled trials, as well as 13 prospective observational studies in their systematic review 
on drug to treat Buruli ulcer (4). The treatment for Buruli ulcer has made an enormous shift 
over the past two decades. Prior to chemotherapy, wide surgical resection was the mainstay 
of treatment. Large resection areas resulted in extensive scarring, causing social stigma and 
disability (5). Failure and relapse following surgery alone were considerable - reportedly 
between 6-47% (6) and were probably caused by presence of bacteria outside of the usual 
wide resection margin. In vitro and animal experiments (7) suggested however that several 
antimicrobial agents are active against M. ulcerans - rifamycins, aminoglycosides, macrolides 
and fluoroquinolones. The first proof-of-principle landmark study in human Buruli ulcer pa-
tients showed, that a combination regimen of streptomycin and rifampicin administered for 
at least 4 weeks resulted in a sterilizing effect in patients with small lesions (8). Subsequent 
studies evaluated drug treatment for 8 weeks without surgery in patients with early, limited 
(WHO category I-II) lesions. Healing in Buruli ulcer is a long process only initiated upon 
reduction to a critically low lesion bacterial load and subsequent declining mycolactone 
levels. This allows for re-institution of local host immunity. In fact, this re-institution can lead 
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to a local, transient hyper-inflammatory response that worsens the clinical aspect of the 
lesion, called paradoxical reaction (9). The delayed healing following antimicrobial therapy 
of Buruli ulcer is believed to have led to an underappreciation of the value of antimicrobial 
in Buruli ulcer management in earlier clinical practice or treatment, when knowledge of 
Buruli ulcer pathology was limited. As our understanding of the unique pathobiology and 
the role of mycolactone in M. ulcerans infection improved, slow healing after completion of 
antimicrobial therapy was not seen as failure and it was appreciated that the vast majority 
of such lesions are actually free of bacteria and proceed to heal within several weeks. Mi-
crobiological outcomes, such as reduction or absence of viable bacteria in lesions were thus 
favored over clinical healing assessed during treatment or early afterwards in the design of 
future studies (10,11).

As a next step, the use of primarily oral therapeutics was evaluated compared to the use 
of injectable antibiotics. Oral therapy is fundamentally important for a disease like Buruli 
ulcer that mostly occurs in rural areas. It enables outpatient management, is more practical 
and less traumatizing than daily injections, especially for children. Streptomycin, the most 
widely used injectable, also caused toxicity (12). A first randomized controlled trial evalu-
ated a regimen with rifampin, where the companion drug, streptomycin, was switched to 
clarithromycin after four of the eight total weeks of treatment (10). Following the favorable 
outcome of that study, a next study assessed fully-oral, eight-week rifampin and clarithro-
mycin treatment over the entire 8-week duration the treatment. The results and analysis 
are currently pending (ClinicalTrials.gov Identifier: NCT01659437). Circumstantial evidence 
from observational studies however suggests, that fully oral treatment is highly effective 
(13,14).

The systematic review by Yotsu et al (4) is the first of its kind to formally assess the available 
evidence for drug treatment of Buruli ulcer. The advantage of this formal evaluation of all 
peer-reviewed, published literature is, that the many flaws in methodology are highlighted 
and suggestions for future, improved BU drug trials are made. Despite the great success of 
antimicrobial therapy for Buruli ulcer, mitigated by the advancing understanding of Buruli 
ulcer pathobiology, many questions on the treatment of this condition remain unanswered.

As Yotsu et al. point out, most studies enrolled patients with limited, WHO category I-II 
lesions only. Also there are currently no specific recommendations on how to treat Buruli ul-
cer lesions of different sizes (4). Further studies should aim at stratifying patients by disease 
extent treating small lesions with a short-course regimen, while addressing large lesions 
with an intensified, perhaps 3-drug regimen. This would help to achieve maximal efficacy 
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and healing in large lesions, while reducing unnecessary long treatment for smaller lesions. 
Some patients who defaulted from the regular 8-week treatment and who could still be con-
tacted for follow-up appeared to have healed despite incomplete treatment (15). Another 
important area of future study should be pharmacokinetics in Buruli ulcer chemotherapy. 
Substantial drug-drug interactions are noted in the rifampin-clarithromycin regimen (16). 
Also, Buruli ulcers are histologically complex, granulomatous lesions; in M. tuberculosis 
infection such structures are known to greatly affect drug tissue penetration and hence 
efficacy (17). The design of the different published studies, the majority being observational 
without comparator, precludes clear answers to these important questions. Recent labora-
tory studies demonstrated the applicability of new, highly potent antibiotic drug regimens 
for the treatment of Buruli ulcer. Intermittent regimens e.g. containing rifapentine have 
been shown to sterilize lesions in mice (18); high-dose rifampin and rifapentine in combina-
tion with clofazimine rendered lesions culture negative in only four weeks of continuous 
treatment (19). Perhaps another companion-drug than clarithromycin with its inherent 
drug-drug interaction with rifampicin deserves attention in future studies. Drug research 
for M. tuberculosis produced a repertoire of new, highly active anti-mycobacterial agents 
such as diarylquinolines and imidazopyridine amides, benzothiazinones, and oxazolidinones 
that could be repurposed and trialed for use in Buruli ulcer therapy in the future. Although 
most national programs now adhere to the WHO-recommended antimicrobial treatment, 
in some areas, the role of surgery has remained dominant. In a randomized study in Benin, 
standard-decisions about surgery around the end of week 8, at completion of antimicrobial 
treatment were compared to postponing that decision to week 14. Postponing the decision 
to perform surgery many times resulted in no surgery: it reduced the proportion of patients 
operated to 48%, versus 67% in the standard care group safeguarding patients from general 
risks associated with surgery and offering better overall outcomes in terms of time to heal-
ing without affecting residual functional limitations(20).

The review by Yotsu et al. describes the past decades of Buruli ulcer clinical chemotherapy 
research. It provides an important clinical research agenda for the time to come; and it 
certainly helps clinicians to share current evidence with their patients for shared decision 
making. These studies represent the long and winding road from surgical to predominantly 
antimicrobial treatment. Maintaining high quality standards of clinical trial design, including 
auditing and monitoring is a moral imperative that should not be undermined by short-
comings in resources directed to Neglected Tropical Diseases such as Buruli ulcer in future 
studies.
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hIsTOrICal aspeCTs

MacCallum and coworkers described Buruli ulcer as an infectious disease caused by My-
cobacterium ulcerans in Victoria, Australia. They first considered the skin lesions in their 
patients to be caused by tuberculosis or leprosy, when they observed numerous acid-fast 
bacilli in the biopsy specimens (1). The typical duration of illness was between one and two 
years; treatment was essentially surgical. With the advent of chemotherapy for tuberculosis 
(2-4), and later for leprosy, doctors made individual attempts to treat the lesions with anti-
tuberculosis and anti-leprosy drugs. The anecdotal evidence suggested poor or no response 
to chemotherapy with rifampicin monotherapy (2), despite the fact that in vitro susceptibil-
ity of 33 strains of M. ulcerans was as good as for M. tuberculosis (6). A randomized clinical 
trial by the British Medical Research Council in Buruli county (now called Nakasongola; 
Uganda) failed to show any benefit from clofazimine, a drug then first marketed for leprosy 
(3). A small-sized trial with cotrimoxazole (18 participants; 12 evaluable) was inconclusive 
(4). A small-sized randomized study in Côte d’ Ivoire compared a combination of dapsone 
and rifampicin with placebo; the follow-up was limited; the ulcer size decreased slightly 
faster in the intervention group but the baseline characteristics of both groups differed, and 
the study did not allow to draw any firm conclusions about the effectiveness of these drugs 
(5). By the turn of the millennium, the discrepancy between in vitro efficacy of rifampicin 
(10) or clarithromycin (6) and lack of clinical response prompted to stressing the need for 
well-designed and well-powered drug trials, but in the meantime, to also improve early 
detection and surgical treatment (7).

One important question that comes to mind when looking back at earlier studies that 
failed to show effectiveness of antimicrobial treatment for Buruli ulcer is how the clinical 
response was assessed. Even long before the chemical structure of the toxin mycolactone 
was discovered (8), it was realized that a toxin secreted by M. ulcerans was responsible 
for the extensive tissue necrosis (14,15) as well as for the immune suppression observed 
and replicated in experimental animals, using a culture filtrate of M. ulcerans (16). Radical 
surgical excision was to some extent effective but at the cost of tissue loss, and the need 
for plastic surgery, e.g., split-skin or full-thickness skin grafting. Reported recurrence rates 
following surgical treatment were variable; one follow-up study from Benin reported 6.1% 
recurrence in a subset of patients (66/150; 44%) followed up to seven years after surgery (9). 
In a case series of 346 patients operated in three centers in Côte d’ Ivoire, the recurrence 
rate was 17.1% (18). A large difference in recurrence rates was reported from two centers in 
Ghana; 21/45 (47%) of patients had a recurrence in one hospital, as compared to 6/33 (18%) 
in the other hospital (10). In a case series from the Bas Congo, DR Congo, of 51 patients 
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seen over 2 consecutive years, 14 (39%) had recurrent disease after previous surgery (20). 
Lesions at a pre-ulcerative stage can be excised successfully with primary closure, however 
a 1-year recurrence rate of 16% was observed in a cohort of 50 patients in Ghana (11).

With increased understanding of the dominant role of the secreted toxin mycolactone in 
the pathogenesis of Buruli ulcer, and realizing that perhaps the best measure of efficacy of 
antimicrobial treatment might be, complete healing without recurrence, the effectiveness 
of antimicrobial treatment might have been underestimated in the past. Indeed with kill-
ing of M. ulcerans in lesions, as exemplified by the beneficial effects of different classes of 
antimicrobials in vitro (6,12), mycolactone secretion might stop, but the impact on tissue 
damage including necrosis would conceivably take more time than in any other infectious 
disease. Likewise, there was increased understanding of the profound effects of mycolactone 
on the immune system, with little local (13) and systemic inflammation (25). Yet another 
factor perhaps blurring the observation of response to antimicrobial therapy is a common 
paradoxical increase in lesion size, development of new lesions, and increased inflamma-
tion following antimicrobial therapy (14,15). Apart from the in vitro studies (6,12), several 
studies in animal models had shown the efficacy of anti-mycobacterial drug combinations 
(16,17).

A formal proof-of-concept study to evaluate the potential of antimicrobial treatment with-
out additional surgery was the landmark study conducted in Ghana, under the umbrella of 
the WHO Global Buruli Ulcer Initiative (18). Patients having non-ulcerated lesions suspected 
to be M. ulcerans infection were randomly allocated to 0, 4, 8 or 12 weeks of antimicrobial 
treatment with a combination of streptomycin and rifampicin; later a 5th group receiving 2 
weeks of treatment was added; the total number of study participants was 21. Lesions were 
subsequently surgically removed and submitted for culture, PCR and histopathology. As no 
bacteriological confirmation tests were carried out prior to the start of therapy, some of 
the lesions remained bacteriologically unconfirmed to be Buruli ulcer disease; none of the 
patients receiving at least 4 weeks of treatment had viable bacilli by culture of their excised 
lesion; none had recurrent disease 12 months after start of treatment. Although some ques-
tions remained unanswered, this study provided the first robust evidence that antimicrobial 
treatment alone was able to sterilize non-ulcerated lesions of M. ulcerans infection, with no 
recurrence or positive culture in patients treated for at least 4 weeks with the antimicrobial 
combination (18).
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With the introduction of antimicrobial treatment, a more conservative, less aggressive 
approach of surgery in addition to antimicrobial treatment was subsequently advocated 
(19-21).

For over 10 years now, the WHO has recommended antimicrobial treatment as the pri-
mary treatment modality. Below, we systematically discuss the literature on antimicrobial 
susceptibility of M. ulcerans in vitro and in animal models; and the accumulated evidence 
for effectiveness as well as safety (i.e., adverse reactions) of antimicrobial treatment regi-
mens emerging from clinical studies.

anTIMICrOBIal susCepTIBIlITy OF M. ulcerans

For the review of in vitro activity of antimicrobial agents against M. ulcerans, we used a 
systematic approach searching the literature in PubMed. Using ‘(Buruli OR ulcerans) AND 
(antibiotic OR antimicrobial OR in-vitro OR susceptible)’, we retrieved 520 unique results 
that we further analyzed for duplicates and consistent reporting. We cross-searched refer-
ences obtained from articles we analyzed.

The most widely used antimicrobials for M. ulcerans infection have been rifampin, strepto-
mycin and clarithromycin. Mycobacterium ulcerans is a phylogenetically close relative of M. 
tuberculosis and M. leprae and has evolved from a common M. marinum-like ancestor (22). 
Subsequently, many attempts to treat M. ulcerans infection have been undertaken seeking 
to use and repurpose antibiotics active against M. tuberculosis and M. leprae. To estimate 
efficacy in vitro, the usual way to screen these agents is by determining the minimal inhibi-
tory concentration (MIC) of inoculates of M. ulcerans in mycobacterial culture media. Next, 
inoculation of viable M. ulcerans in the mouse footpad is a well-established in vivo model to 
assess efficacy. The final test in eventually to test these agents in patients affected by Buruli 
ulcer disease. Such studies are extremely challenging, as the majority of potential study 
participants are patients (many being children) that live in underprivileged circumstances 
with limited access to health care, and generally low educational background (23-25).

ansamycins/rifamycins

Ansamycins or rifamycins act on mycobacteria by inhibiting RNA synthesis through interfer-
ing with bacterial RNA-polymerase. Rifampin is the rifamycin most widely used in the treat-
ment of Buruli ulcer. The drug has a strong bactericidal effect and an MIC of approximately 
0.5 μg/ml (26-28). Rifampin is administered orally at a dose of 10 mg/kg to humans to treat 
Buruli ulcer and is the backbone-drug of most regimens evaluated to date. Other rifamycins 
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that have been shown to kill M. ulcerans are the rifampin-analogues rifabutin (16) and 
rifapentine (29). Rifapentine is highly active against M. ulcerans with an MIC of 0.125 - 0.5 
μg/ml (29,30). Because of its longer half-life time compared to rifampin, an intermitted 
rifapentine-based regimen with only two or three times weekly administration of antibiotics 
has been tested in mice (29). Such an intermittent regimen is suggested to allow outpatient 
management and to simplify clinical management. However intermittent regimens also 
bear the risk of confusion and low compliance and patients being subsequently lost during 
treatment. Even though antibiotic resistance is not a major concern in the slowly replicating 
organism M. ulcerans, rifampicin resistance has been detected in rare instances (31,32). 
In-vivo, resistant mutants were isolated after monotherapy with rifampin in mice, which 
should be avoided in the clinical setting. The resistance was conferred by mutations in 
the rpoB gene of M. ulcerans (33). Albeit uncommon and of unknown clinical significance, 
researchers in Ghana found 5.7 – 11.4 % of isolates from their study districts to be resistant 
to 40 μg/ml rifampin (28). Yet another rifamycin tested in M. ulcerans is rifabutin. Rifabutin 
has an MIC of 0.1-0.4 μg/ml against M. ulcerans (26).

aminoglycosides - streptomycin

Streptomycin is an injectable aminoglycoside with a strong bactericidal effect on M. ulcer-
ans and one of the first agents ever shown to be effective against this organism (34). It is a 
protein synthesis inhibitor that hinders binding of formyl-methionyl-tRNA to the bacterial 
ribosomal 30S subunit. In the mouse model, streptomycin remains one of the most active 
agents against M. ulcerans and is used as intramuscular injection of 15 mg/kg in humans 
(35). In single drug in intro and in vivo studies, streptomycin was more active than amikacin 
and linezolid, but less active than rifampicin and moxifloxacin (36). In preclinical studies, 
streptomycin-containing regimens outperform all other commonly used drug combinations 
both in terms of colony-forming units remaining in infected mouse footpads and recurrence 
rate. However, the need to inject streptomycin is very impracticable in the rural African set-
ting where Buruli ulcer is most common. It bears the risk of parenteral (needle-associated) 
infection and also threatens patient compliance due to fear of painful, daily injections, 
especially in children. Besides, streptomycin causes ototoxicity as well as nephrotoxicity as 
observed in patients followed after having been enrolled in the BURULICO trial (37).

amikacin

Amikacin is another aminoglycoside that has been suggested for use in the treatment of 
patients with Buruli ulcer. It is highly active against M. ulcerans with an MIC of 0.5 - 1 µg/
ml (12) and was shown to be equally efficient in the mouse model (16). In a study testing a 
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series of isolates, the MIC ranged between 0.25-1 (mean, 0.65) µg/ml (36). Amikacin was as 
effective as streptomycin in the M. ulcerans mouse model (16).

Macrolides - Clarithromycin

Clarithromycin is a protein synthesis inhibitor of the macrolide family. It reversibly binds to 
the 23S rRNA on the 50s ribosomal subunit and subsequently prevents polypeptide synthe-
sis. It acts mainly as a bacteriostatic drug in M. ulcerans therapy. The MIC of clarithromycin 
against M. ulcerans is approximately 0.12 μg/ml (6,16,38,39). Clarithromycin is well toler-
ated, it can be taken orally and it is widely available. It has been shown to be non-inferior 
when replacing streptomycin after four weeks in the eight week rifampin-streptomycin 
regimen while treating small lesions (24). Following preliminary results of a randomized 
controlled trial (ClinicalTrials.gov identifier: NCT01659437) comparing eight weeks rifampi-
cin plus streptomycin with eight weeks rifampicin plus clarithromycin, the latter regimen is 
now recommended by WHO 1.

azithromycin

Azithromycin is a macrolide antimicrobial agent active against a variety of organisms. The 
mean MIC against a collection of different strains was 0.39 µg/ml (28). However when 100 
mg of azithromycin was administered to mice infected with M. ulcerans, only a modest 
bacteriostatic activity was observed (40).

Fluoroquinolones

Various fluoroquinolones such as ciprofloxacin, ofloxacin and moxifloxacin have been shown 
to be active against M. ulcerans with MICs ranging from 0.25 to 1 μg/ml (12). Fluoroquino-
lones are bacterial DNA gyrase inhibitors. They impede DNA replication and transcription 
by hindering the DNA gyrase-catalyzed super-coiling of double-stranded DNA. In Australia, 
Buruli ulcer patients are frequently treated with rifampicin in combination with a fluoroqui-
nolone, such as ciprofloxacin (41). Such fluoroquinolones are administered orally and have 
favorable pharmacokinetic properties such as good tissue penetration. However, there is 
some concern about the use of fluoroquinolones in children; in Australia most Buruli ulcer 
patients are adults, most of them elderly, whereas in Africa where most of the cases are re-
ported, the median age of patients is around 15 years. Fluoroquinolones may cause serious 
arthropathy in children and minors. However the evidence about increased toxicity in the 
young is incomplete. Although caution remains warranted, fluoroquinolones have increas-
ingly been used in children without significantly increased adverse events or toxicity (59,60). 

1 http://www.who.int/neglected_diseases/events/WHO_BU_TAG_2017_report.pdf?ua=1
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The most potent fluoroquinolone against M. ulcerans is sparfloxacin, with an MIC at 0.25 
µg/ml in most strains tested (12). The MIC of ofloxacin in tested strains of M. ulcerans was 
1.26 µg/ml (28); in another study, ofloxacin was least active of all fluoroquinolones tested 
with an MIC of 2 µg/ml (12). Moxifloxacin (MIC 0.14 µg/ml), sitafloxacin (MIC 0.125-0.5 µg/
ml) and prulifloxacin (MIC 1-3 µM) are also effective (36,42,43). Of note, fluoroquinolones 
have increasingly been used in Ghana, one of the countries highly burdened with Buruli 
ulcer; an alarming rate of fluoroquinolone-resistant E. coli was noticed (63).

Clofazimine

Clofazimine is an anti-leprosy drug that has emerged as a critically important sterilizing drug 
in the treatment of multi-drug resistant tuberculosis. Its effect on mycobacteria is delayed 
but strongly bactericidal (44). The mechanism of action is multifactorial, complex and not 
fully understood. As a prodrug, it is reduced by type 2 NADH-quionone oxidoreductase re-
sulting in the release of bactericidal quantities of reactive oxygen species. It is then believed 
to competitively inhibit menaqauionon, a crucial electron acceptor in the mycobacterial res-
piration chain (45). Clofazimine possesses also some poorly understood anti-inflammatory 
activity for which it is used in conditions like severe acne or discoid lupus erythematosus 
(46). These anti-inflammatory properties might also be part of its mode of action in myco-
bacterial infections where tissue damage by inflammatory processes is a hallmark. The MIC 
for various strains of M. ulcerans was 2.19 µg/ml on average (28). As mentioned above, in 
an early trial clofazimine monotherapy was inefficacious in human Buruli ulcer patients (3). 
In mice, clofazimine in combination with rifampicin was very effective with relapse-free cure 
following a 6-weeks oral regimen (47). Clofazimine causes yellow-orange skin-discoloration 
as well as gastrointestinal disturbances as adverse effects (48). Newer clofazimine analogs 
with reduced accumulation and thus less risk for skin discoloration are under development 
(43).

dapsone

Dapsone is an anti-leprosy drug that has widely been used. Activity against M. ulcerans is 
moderate – the MIC ranged between 2.0 and 4.0 µg/ml in one study (26) and the mean MIC 
was 0.94 µg/ml in an other study (28).

doxycycline

Doxycycline, a tetracycline, was inactive against M. ulcerans in one study (43).
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Oxazolidinones

Linezolid showed only intermediate activity with an MIC ranging from 3 to 10 µM; as po-
sizolid and sutezolid. This oxazolidinone is currently considered as a major component of 
second-line tuberculosis treatment (43). In another study with 29 isolates of M. ulcerans 
tested, the mean MIC was 0.73µg/ml (36).

avermectins

Avermectins are a class of anti-helminth and anti-parasite drugs that are thought to have 
intermediate efficacy on M. tuberculosis (49). Subsequent testing showed the MIC for 
ivermectin and moxidectin ranging from 4-8 μg/ml (50). In another study, the MIC for se-
lamectin was 2-4 μg/ml and ivermectin and moxidectin showed no activity >32 μg/ml (51).

Trimethoprim and epiroprim

Trimethoprim was not effective against M. ulcerans. However, epiroprim, another dihydro-
folate reductase inhibitor, showed an MIC of 0.5 – 1.0 μg/ml (52).

experIMenTal drugs

A series of experimental compounds, mainly originating from TB drug research pipelines 
were tested for use in M. ulcerans chemotherapy.

Diarylthiazoles and 1,3-diaryltriazenes are compounds with high potency against mycobac-
teria, including M. ulcerans. Different experimental 1,3-diaryltriazenes analogues showed 
sub-micro molar inhibitory activity against M. ulcerans 1615 lux (53). Similarly, diaryl-
thiazoles, like fatostatin, were found to have a significant efficacy against M. ulcerans (43). 
KRM-1648, a benzoxazinorifamycin with good efficacy in the TB mouse model was equally 
tested for use in M. ulcerans and showed good killing at an MIC of 12 to 25 µg/l (26). The 
diarylquinoline bedaquiline, also a TB research drug had a mean MIC of 0.03 (0.015-0.12) 
μg/ml when tested against a set of 29 isolates (36).

GyrB is a common drug target in TB therapy and experimental GyrB inhibitors showed good 
to moderate activities (MIC 0.3 – 10 μM) against M. ulcerans (43). In the same study, pyr-
rolamide and aminopyrazinamide exhibited activity with an MIC of 0.3-1.0 μM (43). These 
investigators found one aminopyrazole, as well as pyrazolopyrimidine and one hydroxyqui-
nolones to kill M. ulcerans with MICs from 0.3 – 3.0 μM (43).
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Table 1: summary of compounds tested against M. ulcerans in vitro
COMpOund Class MIC In-VITrO

rifampin Rifamycin 0.1 – 0.81 μg/ml

rifabutin Rifamycin 0.1 - 0.4 μg/ml

rifapentine Rifamycin 0.125 - 0.5 μg/ml

dapsone Sulfone 0.94 – 4.0 mg/L

doxycycline Tetracycline inactive

streptomycin Aminoglycoside 0.33 – 1.10 μg/ml

amikaicin Aminoglycoside 0.5 - 0.65 μg/ml

azithromycin Macrolide 0.39 μg/ml

Clarithromycin Macrolide 0.125 – 1.25 μg/ml

Ofloxacin Quinolone 1.26 – 2.0 μg/ml

Ciprofloxacin Quinolone 1.15 μg/ml; 1-3 uM

sparfloxacin Quinolone 0,25 mg/L

Moxifloxacin Quinolone 0.14 μg/ml

sitafloxacin Quinolone 0.125 - 0.5 μg/ml

prulifloxacin Quinolone 1-3 μM

gyra_nTBI-analog Topoisomerase II inhibitor inactive

gyra-nTBI pubChem_15983305 Topoisomerase II inhibitor inactive

gyrB_pyrollamide pubChem_25223515 Pyrrolamide 0.3-1.0 μM

gyrB_aminopyrazinamide Aminopyrazinamide 0,3 – 1.0 μM

Oxazolidinone pubChem_10251911 Oxazolidinone 0.3 – 1.0 μM

linezolid Oxazolidinone 3-10 μM; 0.73 μg/ml

posizolid Oxazolidinone 3-10 μM

pubChem_10251911 Oxazolidinone 0.3 – 1.0 μM

Clofazimine Riminophenazine 2.19 μg/ml

selamectin Avermectin 2-4 μg/ml

Ivermectin Avermectin 4-32 μg/ml

Moxidectin Avermectin 4-32 μg/ml

hMr 3647 Ketolide 5- 40 μg/ml

hMr 3004 Ketolide 5- 40 μg/ml

1,3-diaryltriazenes

diarylthiazoles

sQ641 8 μg/ml

KrM-1648 Benzoxazinorifamycin 0.012 and 0.025 μg/ml

r207910 Diarylquinoline 0.03 μg/ml

pa-824 Nitroimidazopyran 13.1 μg/ml

aminopyrazoles 0.3 – 1.0 μM

pyrazolopyrimidines 0.3-1.0 μM
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There is high genetic similarity between M. tuberculosis and M. ulcerans. Yet some of the 
compounds that are active against the first, failed to prove efficacy in the latter. SQ641, 
PA-824 a promising nitroimidazopyran for tuberculosis, semisynthetic ketolides (HMR 3647 
and HMR 3004), bisbenzaldehydes, as well as quinolinyl pyrimidines and phenothiazines 
showed only moderate or no antimicrobial effect against M. ulcerans (36,38,39,43,53).

Clinical studies

As mentioned above, the shift to antimicrobial therapy was made following the landmark 
study by Etuaful et al. using 15 mg/kg body weight intramuscular streptomycin and 10 mg/
kg body weight oral rifampin (18). The earlier mentioned randomized placebo-controlled 
study from Côte d’ Ivoire with 41 study participants testing a combination of rifampicin and 
dapsone lacked power and had too many dropouts with only 2 months follow-up (5).

During the past decade, case series and observational cohort studies of patients with 
Buruli ulcer (BU) were reported that we discuss here; case reports will not be discussed 
as BU patients may occasionally heal spontaneously (54). One observational cohort study 
in Benin reported on 224 patients, the majority with large (category III; >15 cm) lesions. 
215 (96%) were categorized as treatment successes, and 9, including 1 death and 8 losses 
to follow-up, were treatment failures. Of the 215 successfully treated patients, 102 (47%) 
were treated exclusively with antibiotics and 113 (53%) were treated with antibiotics plus 
surgical excision and skin grafting; 73% of patients with lesions of >15 cm in diameter 
underwent surgery, whereas only 17% of patients with lesions of <5 cm had surgery (55). 
Compliance with therapy was excellent; 208 of the 215 patients were actively retrieved 
one year after treatment and 3 (1.44%) of the 208 retrieved patients had recurrence of M. 
ulcerans disease, 2 among the 107 patients treated only with antibiotics and 1 among the 
108 patients treated with antibiotics plus surgery. In a report from Australia, 40 patients re-
ceived combined antimicrobial and surgical treatment. Failures occurred often but twice as 
often in the group that received surgery as the only treatment modality (78). The Australian 
guidelines of 2006 (published in 2007) still proposed radical surgery including the removal 
of a rim of apparently healthy tissue for treatment (79). Several other groups have reported 

Table 1: summary of compounds tested against M. ulcerans in vitro (continued)

COMpOund Class MIC In-VITrO

hydroxyquinolones 1-3 μM

Quinolinyl pyrimidines inactive

phenothiazines inactive

diazene-1,2-dicarboxamides 5.67 – 7.25 μg/mL
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on outcome of combined surgical and antimicrobial treatment - of 79 (61%) patients re-
trieved, 7 (9%) had a recurrence (80). In a series of 92 patients treated in the Bas-Congo, 
DR Congo, patients received surgery and antimicrobial (streptomycin/rifampicin) treatment 
sometimes more than 8 weeks, with a high success rate (98.4% in PCR-confirmed patients) 
and low recurrence rate (1.1%).

With a substantial proportion of study participants receiving both surgery and antimicrobial 
therapy it has been difficult to tease out the potential of antimicrobial treatment alone. In 
larger lesions, the general assumption is that surgery as added therapy is essential to obtain 
wound closure; in smaller lesions, the hypothesis that antimicrobial treatment alone without 
extensive surgical debridement could heal BU with no recurrence, was tested in a controlled 
clinical trial including 151 study participants with small (<10 cm cross-sectional diameter) 
lesions, almost all being confirmed by PCR to have M. ulcerans infection. After 4 weeks of 
streptomycin/rifampicin combination therapy, patients were randomized to either continue 
for 4 more weeks or switch to oral treatment with rifampicin/clarithromycin combination 
therapy. A switch from streptomycin to clarithromycin after four weeks was non-inferior to 
eight weeks streptomycin and rifampicin in these early lesions; recurrence or failure was very 
low - success rates were 96% in the group receiving 8 weeks of streptomycin/rifampicin, and 
91% in the group that switched to oral treatment which was statistically non-inferior (24). In 
an observational cohort of 160 PCR-confirmed patients with BU, treated with streptomycin/
rifampicin for 8 weeks, 152 healed without surgery; of 158 patients seen one year later, no 
recurrences were noted (56). In three centers in Ghana, 43 patients - 16 of them having 
category II/III lesions - received streptomycin/rifampicin combination that was switched 
after 2 weeks to oral rifampicin/clarithromycin. 93% had successful outcome, only one had 
surgery, and none had recurrence at follow-up (25). A recent report reflects perhaps better 
what happens under routine service conditions (82). Patients (n=50) with confirmed BU in 
two centers in the Brong-Ahafo Region of Ghana were followed over time; a majority had 
first used traditional treatment; the patient population consisted predominantly of peasant 
farmers with no formal education, or children. Only 40 completed treatment and of those, 
only 28 healed; in the others the lesions reduced in size (83).

In summary, based on the above evidence from various studies and reports - notably, the 
potential to achieve cure without relapse, at much higher rates than previously with surgery 
alone, the role of antimicrobial treatment in the management of BU has become standard 
of care (84). All drugs used for BU have significant side effects, especially in the elderly 
(57); but aminoglycoside drugs - streptomycin and amikacin - are notoriously the most toxic 
compounds (37), and although most of the evidence supporting antimicrobial treatment 
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for BU has been provided for the combination of rifampicin and streptomycin, there has 
been a search for an alternative, fully oral treatment for over a decade now. The first report 
came from Australia where the patient population is typically elderly and more vulnerable 
for the ototoxicity of aminoglycosides; the results of a small (n=4) case series (86) was soon 
followed by larger series of 43 patients that had oral antimicrobials combined with surgery 
with only one patient that had a relapse (87). Later, a series of 132 patients had oral therapy 
with less surgery than before and with excellent healing rates and only one relapse (58). In 
Benin, all-oral treatment was given for 8 weeks to 30 patients with BU with a slightly higher 
daily dose of clarithromycin (12 mg/kg once daily, combined with rifampicin 10 mg/kg); 
they all healed without relapse (23). The WHO initiated a randomized clinical trial in 2012, 
that was recently completed (clinicaltrials.gov identifier: NCT01659437) comparing all-oral, 
eight-week rifampicin plus clarithromycin (in sustained release, once daily, 15 mg/kg) with 
standard streptomycin/rifampicin treatment; interim analysis showed non-inferiority of 
the all-oral group compared to the streptomycin/rifampicin group, and in the two-annual 
meeting on BU in Geneva in the Spring of 2017, it was decided that sufficient evidence 
had been provided to change the treatment recommendation to all-oral treatment, using 
rifampicin and clarithromycin 2. The Australian guidelines had already recommended all-
oral antimicrobial treatment (89) earlier.

secondary infection

Wounds caused by M. ulcerans often harbor a multitude of secondary pathogens. Isolates 
of S. aureus, Aeromonas hydrophila, Pseudomonas aeruginosa and Klebsiella pneumoniae 
with a high degree of resistance to commonly used antibiotics were found in BU lesions 
in Ghana and Nigeria(59,60). S. aureus isolated from M. ulcerans lesions were found to 
harbor a large array of virulence factors. In Ghana, an association between the presence of 
these organisms and delayed healing was observed. The question whether these second-
ary bacterial invading pathogens are merely bystanders of M. ulcerans infection or actual 
contributors has not been resolved (61). Apart from the question whether these secondary 
invaders inhibit and delay wound healing or not, rational use of antimicrobials other than 
the combination recommended by WHO, should be discouraged, in order to prevent further 
antimicrobial selection pressure and the further emergence of resistance among these 
secondary organisms (62). The skin microbiome was significantly changed, however it is not 
clear if and how this contributes to pathology (63). The option to explore topical instead of 
systemic antimicrobial agents, e.g., nitric oxide needs perhaps further attention (64).

2 http://www.who.int/neglected_diseases/events/WHO_BU_TAG_2017_report.pdf?ua=1
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hIV coinfection

HIV coinfection complicates diagnosis and treatment of BU (65). In 2015, a consensus 
statement was published by WHO; HIV testing is recommended for all patients with BU. 
Combined antiretroviral treatment is best postponed 4 weeks after starting streptomycin/
rifampicin treatment for BU, because of drug-drug interactions and adverse drug effects, 
and the importance to use the most effective bactericidal drug combination available for M. 
ulcerans infection 3.

COnClusIOns; areas OF unCerTaInTy; and FuTure dIreCTIOns

There is no doubt that antimicrobial therapy - preferably, all-oral rifampicin-based treatment 
is essential for cure without relapse. Not all questions have been resolved, however. Despite 
the overwhelming evidence that the combination of clarithromycin and rifampicin works 
well, with acceptable levels of toxicity especially in the relatively young patient population 
in West Africa, the dosage of these drugs has been different across different studies and 
regions. Drug-drug interactions of rifampicin and clarithromycin are complex - rifampicin 
induces the metabolism of clarithromycin into its inactive metabolite 14-OH clarithromycin; 
and it induces its own hepatic elimination as well. Clarithromycin inhibits the elimination of 
rifampicin (66). Increased drug exposure to rifampicin is much safer than previously thought 
(67).

An important next step could be to improve the dosage by extensive pharmacokinetic mod-
eling; a fixed dose combination drug might have considerable advantage for compliance, 
logistics and in order to prevent monotherapy; this approach has been shown to be highly 
successful in tuberculosis, malaria and HIV.

Further, duration of therapy has not been individualized; based on the initial observations 
in the small study by Etuaful et al. (18), where no viable M. ulcerans bacilli were recovered 
from lesions in patients treated for at least 4 weeks, an arbitrary safety margin of 4 more 
weeks was chosen. The question whether larger lesions need longer treatment, or smaller 
lesions perhaps less has not been addressed in well-designed studies. In a follow-up study 
among 56 patients in Ghana, who defaulted before the end of planned treatment, 92% of 
patients with category I lesions (<5 cm) were healed with treatment duration of 32 days 

3 http://apps.who.int/iris/bitstream/10665/154241/1/WHO_HTM_NTD_IDM_2015.01_eng.pdf?ua=1
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or more (68), suggesting that smaller lesions indeed might do well with much less than 
standard 8-weeks treatment.

Next, the treatment of BU extends well beyond administration of antimicrobials alone. 
During the active phase of the disease adequate wound care is imperative to ensure healing 
and to prevent disabling scarring. Non-adhesive, absorbent dressing materials have been 
shown to improve the wound microenvironment and improve time to healing (69,70), and 
might also play a role to prevent painful dressing changes. While M. ulcerans is generally 
thought to be a pain-free disease as the toxin mycolactone causes hypoalgesia (71), later 
on, as lesions start to heal and the mycolactone is washed out from the lesions and the 
system, patients report considerable pain especially during wound dressing changes and 
during physiotherapy needed to prevent and treat contractures and disability (72). For 
patient comfort and compliance, a sound wound-care program is essential, with adequate 
pain management (73).

During and after the completion of antimicrobial treatment, many patients still experience 
restrictions through either physical disability caused by wound contractures or joint involve-
ment of lesions; or psycho-social participation restrictions caused by social stigmatization 
(74). Physical therapy and societal inclusion and de-stigmatization are therefore important 
components of BU control programs (75,76). Community-based approaches with early case 
finding are essential to prevent the large disease burden in individuals and communities 
(111,112).

Future research thus should focus on evaluating shorter treatment for limited lesions while 
supplementing standard treatment with clofazimine or fluoroquinolones to provide a treat-
ment tailored to the lesion size and estimated bacterial burden of individual patients.

Such attempts have so far been hampered by the fact that no good measurable surro-
gate parameter of treatment success, such as a blood marker, is available. However recent 
advances in the use of mass-spectrometry to carefully measure mycolactone in patient 
samples could aid in this regard.

Furthermore, there is dire need for the integration of control programs for tropical skin 
conditions such as BU, yaws, leprosy, etc. on a public health level (77). Health officials 
should identify opportunities for systematic integration for the control of tropical neglected 
diseases depending on the prevalent diseases and available resources in any given setting.

Finally, BU treatment should be accompanied by surgery where needed, as well as good 
wound care, analgesia, physiotherapy and advocacy to reduce stigma.
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aBsTraCT

Buruli ulcer is a neglected tropical disease caused by infection with Mycobacterium ulcerans. 
Unclear transmission, no available vaccine and sub-optimal treatment regimens hamper 
the control of this disease. Carefully designed, pre-clinical research is needed to address 
these shortcomings. In-vivo imaging (IVIS®) of infection is an emerging tool that permits 
monitoring of disease progression and reduces the need to using large numbers of mice at 
different time-points during the experiment, as individual mice can be imaged at multiple 
time-points. We aimed to further describe the use of (IVIS®) imaging in Buruli ulcer. We 
studied the detection of M. ulcerans in experimentally infected BALB/c mouse tails and 
the subsequent histopathology and immune response in this pilot study. IVIS®-monitoring 
was performed weekly in ten infected BALB/c mice to measure light emitted as a proxy for 
bacterial load. Nine out of ten (90%) BALB/c mice infected subcutaneously with 3.3x105 M. 
ulcerans JKD8049 (containing pMV306 hsp16+luxG13) exhibited light emission from the site 
of infection indicating M. ulcerans growth in-vivo, while only five out of ten (50%) animals 
developed clinical signs of disease. Antibody titers were overall low and their onset was late. 
IFN- γ, and IL-10 were elevated in animals with pathology. Histopathology revealed clusters 
of acid-fast bacilli in the subcutaneous tissue, with macrophage infiltration and granuloma-
formation resembling human Buruli ulcer. Our study successfully showed the utility of M. 
ulcerans IVIS® monitoring and lays a foundation for further research. 
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InTrOduCTIOn

Mycobacterium ulcerans causes the neglected tropical disease (NTD) Buruli ulcer (BU) that 
can manifest as  skin nodule, plaque, edematous lesion or open skin ulcer characterized 
by yellowish-white necrosis and undermined edges (1). The disease generally occurs in 
clustered foci in rural Central and Western Africa but has also gained prominence in specific 
regions of south-east Australia. Currently, 12 countries actively report Buruli ulcer cases to 
the World Health Organization and 33 have ever reported cases (2). Patients with Buruli 
ulcer suffer from stigmatization, social participation restrictions and physical disability long 
after treatment is completed (3). The main pathogenic factor in BU is a diffusible cytotoxin 
called mycolactone. Mycolactone is a polyketide-derived macrolide that is responsible for 
the pathological triad of necrosis, suppressed local inflammatory response and hypoalgesia 
of the lesion (4,5). Mycolactone suppresses an efficient host innate and adaptive immune 
response by means of preventing protein translocation into the endoplasmic reticulum (6,7). 
The 174kb large plasmid pMUM001 is responsible for ML production by M. ulcerans (8).

There are several major challenges to control Buruli ulcer, such as uncertainty around the 
mode(s) of transmission, imperfect treatment regimens and the lack of a rapid diagnostic 
test. The mode of transmission is poorly understood and seems to vary by geographic loca-
tion, although puncturing injuries after contamination from an environmental source seem 
to be at least one likely route of infection (9,10). In south-east Australia, mosquitoes have 
been linked to transmission (11,12).  Buruli ulcer is currently treated with an eight-week 
regimen of rifampin and streptomycin or a regimen where the injectable streptomycin 
is replaced with clarithromycin after four weeks; a fully oral, eight-week rifampin and 
clarithromycin regimen has been trialed in humans and current trial analysis is ongoing 
(ClinicalTrials.gov Identifier: NCT01659437) (13,14). Progressed, larger lesions are often 
managed with antimicrobial treatment and, in addition, surgical excision of the infected 
tissue followed by functional repair and skin grafting (15); a recent study showed that the 
time-point for decision making on whether to intervene surgically or not does not matter 
for overall healing outcomes (16). No vaccine is available despite several efforts to employ 
the BCG-vaccine or to develop novel vaccines (17). Hence, more preclinical research in M. 
ulcerans transmission, chemotherapy and vaccination as well as pathogenesis, is necessary 
to solve the biomedical challenges complicating Buruli ulcer infection control.

M. ulcerans mouse-infection models have been pivotal in guiding research and clinical 
studies regarding these questions in the past (18-20). The mouse footpad and mouse tail 
infection are the two best established methods to study experimental infection with M. 
ulcerans in animals (18,21). The footpad-model has been derived from experience with 
experimental infection of M. leprae in mice (18,22). This model has been used in numer-
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ous pre-clinical studies, to mainly evaluate drug efficacy, but also vaccines for M. ulcerans 
(19,20,23-35). Tail infection has been used to study pathology and vector research (21) and 
vaccinology (36). Given that Buruli ulcer is a subcutaneous infection mostly occurring on the 
lower and upper limbs in humans (1,37), the mouse footpad and tail are obvious sites to 
model the disease. The absence of fur in mice at these sites allows for easy clinical observa-
tion; a lower temperature of the skin on extremities compared to the core body, has also 
been hypothesized to favour the growth of M. ulcerans, which, in laboratory conditions 
grows best at 32°C. Tail infection offers a cutaneous infection site that is not in contact with 
the environment as much as the footpad so that contamination, re-distribution or loss of 
inoculum and animal impairment in more advanced stages of the disease are less likely to 
occur. Also, it is a more practical region for imaging than the footpad. 

Pre-clinical studies such as drug efficacy and vaccine research need to assess the bacterial 
burden in lesions at given time-points. The method of choice for this is enumeration of 
colony-forming units (CFU) from mouse footpad homogenate; in order to obtain footpad 
samples, subsets of mice have to be culled at every time-point. The use of bioluminescence 
as read-out offers not only a reduction in sample size of such experiments but also allows us 
to refine the experiment because repeated measures can be taken non-invasively at many 
time-points in the same animal while CFUs are always compared to different mice which are 
biological replicate. 

The use of bioluminescence represents a useful addition, or even alternative to CFU enu-
meration as its assessment can be carried out without killing the animal, allowing for serial 
testing in the same animal and reduction in overall sample size. Bioluminescent strains of 
M. ulcerans have been previously employed to evaluate drug efficacy in in-vitro and in-vivo 
M. ulcerans (30,31,35,38), as well as in vector ecology studies (10). Drug efficacy studies 
repurposed a luminometer for the read-out of bioluminescence, an apparatus designed to 
measure luminescence from bacteria in test vials. In this study, we sought to test a more 
advanced and sensitive read-out, namely an in-vivo imaging system (IVIS®) system for the 
imaging of bioluminescence from experimental murine M. ulcerans infection, all in the effort 
to further refine and reduce animal usage and aid the advance of much needed pre-clinical 
Buruli ulcer research. The Lumina XRMS Series III IVIS® camera used in this experiment has 
higher sensitivity compared to a luminometer. The IVIS® camera also allows overlaying of a 
photographic image with the detected light signal to visualize and localize bacteria, a lumi-
nometer only produces the quantification. We hypothesized that the application of modern 
IVIS® imaging technology allows us to thus sensitively detect bacteria when no outer clinical 
pathology is visible. An experimental low-burden infection with 3.3x105 CFU M. ulcerans 
was selected, anticipating that some animals might not display visible pathology, to test the 
sensitivity of the IVIS camera. The bioluminescent M. ulcerans strain used in this study has 
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been previously described and contains the pMV306 hsp16+luxG13 reporter plasmid (38-40) 
that integrates into the mycobacterial chromosome and contains the lux operon (luxABCDE). 
Thus, it does not require the addition of an exogenous substrate to detect bioluminescence 
(39). Besides the demonstration of M. ulcerans imaging of early to advanced lesions, we 
also compared their histopathological appearance to reports of human cases. The immune 
response to our bioluminescent M. ulcerans strain was assessed to establish a baseline for 
further model development, and subsequent vaccine and transmission research.  

MaTerIals and MeThOds

Culture conditions: M. ulcerans JKD8049 harbouring pMV306 hsp16+luxG13 was grown on 
Middlebrook 7H10 agar or in 7H9 broth containing 10% Oleic Albumin Dextrose Catalase 
Growth Supplement (Middlebrook, Becton Dickinson, Sparks, MD, USA), 0.5% glycerol and 
25mg/ml kanamycin sulfate (Amresco, Solon, OH, USA). Plates and flasks were incubated for 
8-10 weeks at 30°C, 5% CO2. Liquid chromatography–mass spectrometry (LC-MS) was used 
to confirm that bioluminescent bacteria were still producing mycolactones (41).

establishing a standard curve for bioluminescent M. ulcerans JKd8049: Light emission 
in photons/sec was compared with colony-forming units (CFU) for M. ulcerans JKD8049 
cultured in Middlebrook 7H9 medium for 4 weeks and then diluted in serial 10-fold steps 
in 96-well trays. Photon emissions were captured using a Lumina XRMS Series III In Vitro 
Imaging System (IVIS®) (Perkin Elmer, Waltham, MA, USA). Bacterial CFUs were confirmed 
by the spot plate method (10).  

Mouse-tail infections: Animal experimentation adhered to the Australian National Health 
and Medical Research Council Code for the Care and Use of Animals for Scientific Purposes 
and was approved by and performed in accordance with the University of Melbourne animal 
ethics committee (Application: 1312756.1). The animals were purchased from ARC (Canning 
Vale, Australia). Upon arrival, animals acclimatized for 5 days. Food and water were given 
ad libitum. Ten six-week old, female BALB/c mice were inoculated with approximately 105 
M. ulcerans CFU by subcutaneous (SC) injection into the dorsal aspect of the upper third 
of the tail. The concentration of the bacterial inocula was confirmed by spot plating. After 
17 weeks post-inoculation or whenever the humane endpoint was reached, mice were 
humanely killed. 
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in-vivo imaging: Mice were imaged once a week during morning time using a Lumina XRMS 
Series III IVIS®. During imaging, mice were anaesthetized with 2.5% isofluorane gas (Ceva 
Animal Health, Glenorie, NSW, Australia). The stage on which the mice were placed during 
imaging was warmed to 37°C. Photon emissions were acquired with the following settings: 
exposure time 5 minutes, emission filter: open, excitation filter: blocked, binning: medium, 
F/stop 1. These images were superposed onto conventional black/white photographs (ex-
posure time: auto, binning: medium, F/stop: 16). Images from the ventral and dorsal aspect 
of the tail were taken. Images were analyzed using Living Image® software. Areas emitting 
light were defined as regions of interest (ROI). A copy of every ROI was placed next to those 
areas for background measurement. Photons per second from the ROIs were computed and 
values from background regions subtracted from the actual ROI. Results from ventral and 
dorsal images (Fig. 1B) were added and the cumulative luminescence of the two imaging 
angles recorded.

elIsa: Blood samples were obtained by sub-mandibular puncture and, at experimental end-
point, by cardiac puncture. Serum was collected by centrifugation and stored at -20°C. All 
incubation of ELISA-plates was done in a moisturized container at room temperature. Flat-
bottom polyvinyl chloride microtiter-plates (Thermo Fischer, Milford, MA, USA) were coated 
with 5mg of the antigen overnight. Antigens used were the mycobacterial small heat-shock 
protein 18 (Hsp18) and M. ulcerans whole cell lysate (WCL), prepared as previously described 
(42,43).The antigen was discarded and plates blocked for 1h with PBS containing 10mg/ml 
bovine serum albumin (BSA). Plates were washed four times with PBS containing 0.05% 
Tween-20 (PBST). Sera were added in eight serial dilutions in PBS to the plate and incubated 
for 4 h. Plates were washed with PBST again and 50μl/well HRP-conjugated polyclonal rabbit 
anti-mouse Ig-antibody (Dako, Glostrup, Denmark) was added in a 1:400 dilution in PBS 
for 1h. Subsequently, ELISA substrate (0.2 mM 2,29-azino-bis 3-ethylbenzthiazoline-sulfonic 
acid in 50 mM citric acid containing 0.004% hydrogen peroxide) was added to detect bound 
antibodies. Absorbance was read in a plate reader at 405nm and 450nm and the average of 
the two wavelengths recorded. 

Intracellular cytokine staining and FaCs: Dissected spleens were homogenized with a mesh 
(70µm cell strainer, Miltenyi Biotech (Germany) and ATC treated. Splenocytes (1x106) were 
re-stimulated with 2 mg M. ulcerans JKD8049 WCL in RPMI 1640 supplemented with 64 mM 
L-glutamine, 32 mM sodium pyruvate, 1.75 mM 2-mercaptoethanol, 3165 μg/ml penicillin 
(all Gibco® Life Technologies, NY, USA), 760 μg/ml gentamicin (G-Bioscience, St. Louis, MO, 
USA) and 10% heat-inactivated fetal calf serum (CSL, Parkville, Australia) for 72h at 37°C, 5% 
CO2. Sixty-nine-well, round bottom plates, (Corning, NY, USA) were spun down, supernatant 
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collected and stored at -20°C. Cytokines were stained using the bead-based Cytometric 
Bead Array (CBA) Mouse Th1/Th2/Th17 Cytokine Kit (BD, North Ryde, NSW, Australia) ac-
cording to the manufacturer’s instructions. Samples were run on a BD FACSCanto™ II Flow 
Cytometry System and data analyzed using FCAP Array™ Analysis Software version 3.0.

histology: A section ranging approximately 5mm from the midline of the ulcer proximally 
was dissected and stored in 10% buffered formalin for histological assessment. Prepared 
paraffin blocks were surface-decalcified with 10% nitric acid for 5 minutes before cutting 
4μm sections. Hematoxylin and eosin (H&E) and Ziehl-Neelsen (ZN) staining were used fol-
lowing standard protocols. The specimens were subjected for analysis by an independent 
pathologist, who was blinded to the clinical extent of BU as well as to the BL results to 
reduce bias. Presence of AFB, inflammatory cells (macrophages, plasma cells/lymphocytes, 
neutrophils and eosinophils) as well as the degree of inflammation (granulomas, pannicu-
litis, calcification, vasculitis, neuritis) and the tissue damage (dermal and fat tissue necrosis, 
muscle layer involvement and bone change) and the vascular involvement were scored. 
Specimens from two non-infected, naïve mice were used as controls. 

statistical analysis: Statistical analysis was performed using GraphPad Prism version 7.0a 
(GraphPad Software, Inc., San Diego, CA). Bioluminescence data were plotted as arithmetic 
mean of the ventral and dorsal reading, as described above. Time to bioluminescence is 
displayed as survival curve.  Antibody titers are represented as the reciprocal of the highest 
dilutions of serum needed to measure an absorbance value of 0.2. This was achieved by 
transformation of the data by plotting absorbance values vs log0.5—fold dilutions data of 
each group and using a nonlinear regression analysis of to obtain a line of best fit (with 
95% CI) to which the intersect value of 0.2 was determined. One-way ANOVA followed by a 
Tukey’s multiple comparisons test assuming an alpha of 0.05 was used to test for statistical 
significant difference between antibody titer measurements. Cytokine readings are shown 
compared using descriptive statistics.

resulTs

standard curve comparing photon/s with CFu readout

To compare bioluminescence read-out with actual bacterial burden, we first established a 
standard curve in-vitro. We were able to interpolate a standard curve by nonlinear regres-
sion showing a very high positive correlation (r2 = 0.98) between photons/s and CFU/ml (Fig 
1A).



Chapter 5

74

establishment of mouse tail infection.

In order to evaluate virulence and to study murine infection, bioluminescent M. ulcerans 
was injected subcutaneously into mouse tails. The tail infection resulted in 90% (9 out of 10) 
of mice presenting measurable light emission on IVIS®-images. Other than at the injection 
site at the tail, no other foci of infection as indicated by bioluminescence were observed 
(Fig 1B). Fifty percent (5 out of 10) gradually developed macroscopically apparent lesions 
resembling Buruli ulcer within 17 weeks (Fig 1C). None of the animals showed other signs of 
illness than skin lesion that were restricted to the approximate sites of injection. 

Course of the infection as measured by bioluminescence

To study the course of the infection in terms of bacterial burden measured in biolumines-
cence, mice were imaged weekly with the IVIS® system. Bioluminescence, measured in emit-
ted photons/s rose exponentially to a maximum of 1x107 in week seven (Fig 1D). Compared 
to our in-vitro generated standard curve, this would equal to approximately 5x106 CFU/ml 
(Fig 1A) and was associated with advanced, severe pathology (Table 1). From this time-point 
on, the signal declined to a 1x105 (corresponding to 4x104 bacteria on the in-vitro standard 
curve) threshold until the end of the experiment. At week eight, three mice reached the hu-
mane endpoint and were euthanized. In examining the antibody titer levels against MU WCL, 
these began to rise in week 8, co-occurring with a decrease in photon/s counts. Animals 
displaying severe symptoms (swelling, redness and impeding ulceration, scabbing of the 
tail) had higher photons/s counts, indicating higher bacterial burden, compared to those 
with moderate (redness and minor swelling) or no pathology. Photons/sec counts increased 
per week until week 6-8 when the infection seemed to plateau. 

antibody titers

To characterize the antibody-mediated immune response to M. ulcerans, we obtained 
plasma samples for ELISA at weeks 2, 4, 8, 13 and 17 of the experiment. Over time, there 
was a slight increase of antibody titers in response to M. ulcerans WCL but overall a late 
onset of the antibody response was noted (Fig 2A). Antibody titers reached higher levels 
between week 11 and 17, but overall titers, were low (Fig 2A). The response to M. ulcerans 
Hsp18 and WCL was compared and no statistically significant difference (p > 0.05) was found 
(Fig 2B). Furthermore, ELISA results in response to WCL at week 8 were compared between 
animals with severe, moderate and no clinical pathology and no statistically significant dif-
ference (p > 0.05) was found (Fig 2C,D). 
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late suppression of cytokines

To characterize and study the cytokine profile in our murine M. ulcerans infection model, 
intracellular cytokine staining was performed on spleen samples after eight  and 17 weeks 
of the experiment, when three and seven mice were humanely killed, respectively. The 
cytokine concentrations in splenocyte samples re-stimulated with 2mg M. ulcerans JKD8049 
WCL were compared between mice with pathology culled at week 8 and those with and 
without pathology culled at week 17. In the three mice that were culled prematurely due 

Figure 1. use of bioluminescent M. ulcerans to follow the evolution of disease in the mouse tail model of Buruli 
ulcer. (A) Standard curve comparing bioluminescence and colony-forming units (CFU) of the M. ulcerans JKD8049 
+pMV306 hsp16 luxG13 reporter strain.  (B) IVIS®- (left) and photographic images (right) from BALB/c mice infected 
via subcutaneous tail inoculation with approx. 3.3x105 CFU/ml M. ulcerans harboring the bioluminescent reporter 
plasmid. Photons/s emitted from bioluminescent bacteria were detected by IVIS® in anesthetized mice. Results 
are represented in a pseudo-colored scheme (red indicated high, yellow medium and green low intensity of light 
emitted). Light was detected from both the dorsal (site of injection) and ventral aspects of the mouse tail. The 
photos were taken at 4 weeks post infection; the bioluminescence read-out was 1.8x106 photons, corresponding 
to approx. 6.7x105 CFU/ml according to our standard curve. (C) Survival-graph representing time to detectable 
bioluminescence emission from mice infected with bioluminescent M. ulcerans into the tail (D) Development of 
mean photons/s emitted from mice infected with 3.3x105 bioluminescent M. ulcerans into the upper third of the 
dorsal tail. Values represent the mean of dorsal and ventral photons/s measurement. Animals were sub-grouped 
for analysis by clinical staging based on severity of the gross pathology (severe: redness, swelling, edema, impend-
ing ulceration; moderate: redness, edema; and no pathology. 
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to rapidly extending disease in week 8, elevated levels of IFN-γ and IL-10 were measured. 
Overall, cytokine levels were very low for all assayed cytokines in week 17 regardless of 
clinical state of the animal (Fig 3).

Figure 2. evolution of the antibody titer against M. ulcerans whole cell lysate (WCl) and small heat shock protein 
18 (hsp18) measured in plasma from mice infected with M. ulcerans over time. A late onset of overall antibody 
response against an unspecific M. ulcerans whole cell lysate was noted in the bioluminescent M. ulcerans tail 
infection model. Antibody titers rose late, after 8 weeks and plateaued at week 13 (A). No difference (p > 0.5) was 
observed in the antibody titer against small heat-shock protein 18 (Hsp 18) and whole cell lysate (B). No statisti-
cally significance in antibody levels was seen between animals with severe, moderate or no apparent pathology 
(p > 0.5; C).

Figure 3: Comparison of cytokine profile assessed by intracellular cytokine staining (ICs) of mice infected with 
bioluminescent M. ulcerans after 8 (a) and 17 (B) weeks of infection to naïve, non-infected mice. Error bars 
represent standard error of the mean. Mice with advanced clinical pathology sacrificed at week eight of the experi-
ment displayed highly elevated IFN-γ, as well as IL-6 and IL-10 levels (A). IFN-γ is known to activate macrophages 
and is a key regulator in granuloma formation in mycobacterial infections. At week 17, infected mice with no appar-
ent pathology had higher IFN-γ counts than other mice, as well as slightly elevated IL-2 levels.

histopathology of lesions

In order to validate the model and study the pathology of M. ulcerans, histopathology was 
performed on skin lesions and compared to those of humans described in the literature 
(44,45). Specimens from infected tissue were subjected to histopathological analysis in 
Ziehl-Neelsen and H&E-staining. Aggregates of acid-fast bacilli, M. ulcerans, were observed 



77

Ch
ap

te
r 5

In-vivo imaging of bioluminescent  Mycobacterium ulcerans

at 300 – 400 μm beneath the epidermis (Fig 4A). Furthermore, epidermal hyperplasia and 
immune cell infiltrates were apparent (Fig. 4). Bioluminescence (photons/s) as proxy for 
bacterial quantity correlated well with the histological extent of disease except for mouse 
ID 87 (Table 1). Numerous acid-fast bacilli as well as severe, multifocal, chronic inflamma-
tion marked by presence of plasma cells, macrophages and lymphocytes were observed in 
mice with severe clinical pathology. There was extensive tissue damage, as well as vascular 
involvement in these animals. Mice with moderate clinical pathology exhibited mild and 
rather diffuse histological pictures and less tissue damage. Mice that had no obvious clinical 
signs of disease had low bioluminescence and showed moderate to little localized/focal 
histological features of inflammation (Table 1, Fig 4). 

Table 1: Overview of histopathological findings of mice subcutaneously infected with autoluminescent M. ul-
cerans into the tail. Animals were divided by clinical pathology in severe pathology, moderate pathology and no 
marcopathology. Photons per second analyzed by IVIS®-imaging are shown in comparison to histological results. 
The amount of photos/s as a proxy for bacterial quantity correlated with pathology except in mouse 87, where no 
clinical pathology was seen. 

Clinical 
picture

Id Bl-auC aFB InF TdM Vas Inflammatory cell type degree of inflammation 

severe 
pathology
(sacrificed 
at week 8)

84 1.36E+08 ++ +++ +++ n/a PC, MΦ, LYM Severe, multifocal, chronic

85 1.35E+08 +++ +++ +++ n/a PC, MΦ, LYM, EOS Severe, multifocal, chronic

88 1.72E+07 ++ +++ +++ ++ PC, MΦ, LYM Severe, multifocal, chronic

Moderate 
pathology

86 1.97E+06 - + + + MΦ, LYM Mild to moderate, chronic, multifocal

89 3.69E+06 + +/++ ++ ++ PC, MΦ Mild, diffuse, chronic

no macro 
pathology
 

81 2.15E+06 - + + - MΦ, LYM Moderate, chronic, focal

82 692641 - - - - - None

83 872438 - + + + MΦ, LYM Moderate, chronic, multifocal

87 7.24E+06 ++ +++ +++ ++ PC, MΦ, LYM Locally severe, chronic

90 0 - + + + PC, MΦ, EOS, NEU Mild, chronic, multifocal

ID, Identifier; BL-AUC, Bioluminescence in photons/s Area under the Curve; AFB, acid-fast bacilli, INF, inflamma-
tion; TDM, tissue damage; VAS, vascular involvement; PC, Plasma cell; MΦ, Macrophage, LYM, lymphocyte; EOS, 
eosinophil; NEU, neutrophil.
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Figure 4: histological specimens of mice infected with M. ulcerans into the tail in hematoxylin and eosin (h&e; 
a1,B1,C1,d1) or Ziel-neelsen (Zn; a2,B2, C2,d2) staining. (A) Whole slide cross-secti on of mouse tail (ID #85) 
infected with M. ulcerans subcutaneously, humanely killed eight weeks’ post-infecti on due to advanced clinical 
pathology. Visible, are clusters of acid-fast bacilli and in the cuti s and subcuti s, approx. 300-400 μm beneath the 
surface. (B.1 and B.2) Example of presence of AFB in mouse # 85, as well as granuloma formati on. (C.1 and C2.) 
Normal mouse tail histology of a naïve, uninfected mouse with thin epidermis and intact hair follicles. (D.1 and D.2) 
Moderate pathology (mouse #89) with diff use infl ammati on, ti ssue damage and presence of AFB. Involvement of 
blood vessels with zones of infl ammati on and also destructi on of smaller vessels was visible in this specimen, too 
(vasculopathy). (E1,E2) Necrosis, granuloma formati on, infl ammati on and abundant extracellular clustering of AFB 
was observed in mice with severe pathology (mouse #84).
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dIsCussIOn

In this study, we have successfully shown the applicability of IVIS® imaging of Mycobac-
terium ulcerans in a low-burden experimental subcutaneous tail infection mouse model. 
The lesion histopathology correlated with previously reported human pathology. The use 
of bioluminescent M. ulcerans JKD8049 (pMV306 hsp16+luxG13) allowed the infection to 
be followed and characterization of host immune responses to M. ulcerans in BALB/c mice. 
The onset of clinical signs was gradual and mice developed characteristic, localized lesions. 
Necrosis of the subcutis, chronic inflammation with the presence of macrophages and 
lymphocytes, granuloma formation, panniculitis, as well as the presence of AFBs correlating 
with disease progression are hallmarks of Buruli ulcer histopathology described in humans 
(46,47). The extent of and the overall pathology observed in the mouse tail tissue in our 
study was comparable to the above-mentioned experience from human patients support-
ing the use of this mouse model to study Buruli ulcer (44,45). 

The bioluminescent read-out correlated with the histopathological outcome in a dose-
dependent manner, where an elevated photons/s counts, indicating high bacterial burden 
coincided with more progressive histological disease (Table 1) underlining the usefulness 
of IVIS®-imaging and bioluminescence as a marker for disease progression. Both clinically 
apparent and non-apparent lesions could be visualized with IVIS® highlighting its sensitivity 
and usefulness in imaging early or low-burden infection. The use of bioluminescent M. ul-
cerans permitted us also to verify the location of the bacteria; after subcutaneous injection 
we observed presence of photon-emission exclusively in the upper-third of the mouse tail, 
which was the site of injection. This underlines the concept of BU as a localized infection, 
where disease manifestations only occur at the site of inoculation.

We approximated the growth rate in the lesion by comparison to an in vitro-derived stan-
dard curve. We noticed a decline and plateauing of bioluminescence from week 8 onwards. 
This phenomenon could be explained by a plateauing of the bacterial growth curve in the 
lesion and transition into a stationary phase where less of the immunosuppressive toxin 
mycolactone is produced and partial host control is established. This latter conclusion is sup-
ported to some extent by the rise of antibody titers around that time-point, also decreased 
transcription of the bioluminescence plasmid and hence decreased luminescence could be 
an issue interfering with light emission (Fig 2). Vasculopathy is a feature of Buruli ulcers 
observed in humans (46) and mice (Table 1, Fig 4). A hypoxic state within the lesion might 
also decrease bioluminescence and more research is needed to elucidate the usefulness of 
bioluminescence as a marker of bacterial quantity beyond approx. 8 weeks of infection in 
the BALB/c mouse. Overall, IVIS® imaging of Mycobacterium ulcerans had been applied in 
one study prior to this where it was used as a read-out in transmission research examining 
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different routes of infection, e.g. mosquito bite or needle stick trauma (10). In this pilot 
study, we developed this idea further and tested IVIS® imaging of experimentally infected 
mice with the aim to refine the mouse tail model of Buruli ulcer and to create a baseline 
knowledge of host immune response to the autoluminescent strain for subsequent vaccine 
studies. 

Immunology and course of disease

The immune response to M. ulcerans is influenced by the microbes’ toxin, mycolactone. 
Dendritic cells (DC’s) are inhibited by ML which can impair their ability to prime cellular 
immune responses and phagocytose the bacteria (48). Also, suppression of a CD4+ immune 
response was observed in humans (49,50) and efficient mounting of a Th1 response and 
elevated IFN-γ seemed protective (51). T-cells-depletion, mediated by miRNAs has also 
been attributed to ML (52). It is believed that, like in tuberculosis, an effective cell-mediated 
immune response can naturally control the infection  and is likely also important for confer-
ring transient protection against BU, experimentally  (53). Markedly elevated cytokines in 
human Buruli cases are IFN-γ and IL-10 (54). IFN-γ is known to be an early mediator of host 
response to M. ulcerans (55) and increases in patients after 4 – 8 weeks of antimicrobial 
treatment indicating immunocompetence against M. ulcerans and the mounting of a sup-
portive CD4+ Th1-response (54). The elevated IFN-γ response seen in mice with severe 
pathology (Fig 3A) can thus be interpreted as an early reaction to a large amount of actively 
multiplying bacteria, whereas at week 17, mice with no pathology had higher IFN-γ levels 
than those with pathology possibly due to sufficient host control of the pathogen. Consis-
tently, patients with pre-ulcerative lesions (early-phase) and patients with healed lesions 
(host control) both showed elevated IFN-γ levels (56) whilst IL-10 seems to be somewhat 
nonspecifically elevated during all phases of Buruli ulcer disease (51,54,56).

In our experiment, we noted a late onset of cell-mediated immunity in the mice infected 
with M. ulcerans. Antibody titers slowly rose, but only at week 8. The decline in photons/s 
and the increase in antibody titers coincided in week 7-8. It is not clear if rising antibody 
levels helped to gain control of the infection or if declining bacterial load resulted in less im-
mune suppression by ML and led to a reactivation of the immune system and an increase of 
antibody levels. In humans, serological screening for Hsp18 antibodies indicates that large 
parts of the population in endemic areas are exposed to M. ulcerans but only some develop 
the disease (57). Guinea pigs infected with M. ulcerans appear to self-heal as do some 
mice (58). Furthermore, spontaneous loss of the plasmid encoding for the PKS-synthases 
that produce the M. ulcerans toxin mycolactone has been observed in mice. In that case 
M. ulcerans was rendered non-pathogenic (59). It is conceivable that humans infected with 
certain doses of M. ulcerans develop either no disease, limited disease, or even unnoticed 
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disease that self-resolves. Evidence for these scenarios has been observed in Buruli ulcer pa-
tients who have defaulted from antibiotic treatment regimens, yet could still be contacted 
for follow-up and showed to have healed lesions despite incomplete treatment (60). It is 
likely, that the bacterial burden was not zero in these patients at the time of default but that 
it reached a critical nadir at which host immunity overcame the counteracting effect of my-
colactone and controlled infection. Individuals that are able to establish an efficient immune 
response to MU might control and clear the infection unnoticed as was the case with 50% of 
subcutaneously infected mice in our experiment. We have previously deduced a low infec-
tious dose 50% (ID50) of <10 CFU from experiments involving mechanical injury simulated 
by needle stick to M. ulcerans externally contaminated mouse tails (10).  Even though in this 
current research, bacterial presence was measured by IVIS® imaging in 90% of mice, only 
50% of animals showed clinical disease in this experiment following subcutaneous injection 
with approx. 3.3x106 CFU/ml. This observation and discrepancy with our previous research 
might be explained by the different handling of the inoculating needle, perpendicular, and 
supposedly deeper penetration in the study by Wallace et al. (10) and more superficial pen-
etration in a 20-30° angle in subcutaneous injections in this study. Experiments are required 
to assess the M. ulcerans ID50 using carefully controlled inoculation conditions, perhaps 
using a micromanipulator with decreasing doses of M. ulcerans. 

At week 8, three of the infected animals of the had reached the humane experimental 
endpoint and were culled. Their cytokine profile data were comparable to those of the other 
animals culled at week 17 and provide an insight into the evolution of the cytokine profile. 
While there were considerable amounts of IFN-γ and IL-10 indicating a Th1-mediated re-
sponse observed in the animals sacrificed at week 8, all cytokine levels were reduced by 
week 17. The suppression of cytokines is due to inhibition by ML of nascent membrane and 
secretory proteins egress through the ER membrane (6,61). In human patients with Buruli 
ulcer, overall suppressed IFN-γ levels are seen (51). The triad of peak bacterial load with 
worsening pathology, low but rising antibody titers and elevated Th1 subset cytokines in 
week 7 could also explain the paradoxical response seen in patients; an overreaction and 
inflammation of the reactivating immune system noted in patients beginning antibiotics for 
Buruli ulcer (62). Animals not showing clinical signs of disease had marginally higher anti-
bodies levels against M. ulcerans (Fig 2) possibly indicating some sort of immune response 
to the infection, though the results were statistically not significant in our small sample. 

We demonstrated virulence of the M. ulcerans+pMV306 hsp16+luxG13 reporter strain 
and observed localized clinical disease with human-like pathology in 50% of the animals 
after inoculation with 3.3x106 CFU/ml bacteria. There are several limitations to our study. 
We did not assess CFU counts in the lesions at the disease endpoint; processing of tail sec-
tions for histopathology instead in order to compare histopathology of the bioluminescent 
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strain was prioritized in this early, proof-of-principle study. Previous studies have shown a 
good correlation between CFU and luminescence in the mouse footpad model, at least for 
the first 8 weeks of the disease (31,35). Future studies should re-confirm this relationship 
with IVIS® imaging in a larger experiment. Furthermore, technical inconsistencies, especially 
while injecting the bacteria into the fine skin of the BALB/c mouse, can also account for 
different results. The immune parameters measured are in line with previous finding in the 
literature, as described above but are also derived form a small sample-size in this experi-
ment. They should therefore be understood as a baseline for further studies rather than a 
basis for the discussion of Buruli ulcer pathology.

We successfully applied IVIS®-imaging of the bioluminescent M. ulcerans JKD8049 
(pMV306 hsp16+luxG13) to the murine tail-infection model. We hope that the tool pre-
sented here will be used in future research on M. ulcerans and aid in pre-clinical research. 
We strongly believe that the application of modern, non-invasive in-vivo bacterial imaging 
can reduce and refine animal experimentation in Buruli ulcer research. We will continue 
to test and validate this model and apply it for the study of Buruli ulcer transmission and 
vaccination research. 
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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 combi-
nations 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 μg/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 treatment 
can have toxic side effects, such as hearing loss. Also, patients must either be hospitalized 
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 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 Mycobacterium 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.
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InTrOduCTIOn

Buruli ulcer (BU) is a neglected tropical disease that presents as skin nodules, plaques or 
oedematous lesions that can progress to open ulcers [1]. BU is caused by infection with 
Mycobacterium ulcerans, a mycobacterium that is related to the causative agents of tuber-
culosis 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, resulting 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 physical 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 
surgical excision only, but since 2004, an 8-week course of rifampicin and streptomycin is 
the standard 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 
suffer 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 
rifampicin and a macrolide or quinolone results in high cure rates [14]. Shorter duration 
of antibiotic 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 strongyloi-
diasis 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 aver-
mectins, including ivermectin, moxidectin and selamectin, inhibit the growth of different 
M. tuberculosis strains in-vitro at concentrations of 2 to 8μg/ml [15]. Motivated by these 
findings, we tested if avermectins also inhibit and kill M. ulcerans.



Chapter 6

90

MaTerIals and MeThOds

Bacterial strains: Two different M. ulcerans clinical isolates were used, JKD8049 isolated 
from a patient in Victoria, 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. Mycobacterium marinum ‘M’ strain 
was also used. Mycobacteria were grown at 30°C in 7H9 Middlebrook broth supplemented 
with OADC (Becton Dickinson, Sparks, MD, USA). M. ulcerans JKD8049 harbouring pMV306 
hsp16+luxG13 was grown in the presence of 25μg/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 500μl volume of this preparation was used to inoculate duplicate BBL™ Mycobac-
teria Growth Indicator Tubes (MGITs™) supplemented with 0.5ml OADC (Becton Dickinson, 
Sparks, MD, USA) that contained doubling dilutions of moxidectin, ivermectin or rifampicin 
(Sigma-Aldrich, St. Louis, MO, USA.). The tubes were incubated 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 contain-
ing the inhibitory concentration. Solvent only and rifampicin 0.1μg/ml were used controls.

Time-kill assays: Ten millilitre aliquots of mid-exponential growth phase M. ulcerans JKD8049 
were transferred in duplicate to sterile 25cm2 tissue culture flasks containing 0, 8 and 20μg/
ml ivermectin. The aim was to obtain a M. ulcerans concentration of at least 10^6 CFU/ml in 
each flask. Each week, 50μl 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 μl 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 v 5.0d.

Bioluminescent kill curves: Three to five replicates of 200μl 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 300s via the top optic 
with the gain set at 3600 and plate temperature at 30°C. Before each reading, plates were 
shaken at 100rpm for 10s in double orbital mode. The results were recorded using Omega 
v3.00 R2 and analyzed using Mars v3.01 R2 and GraphPad Prism v5.0d.
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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 μg/ml of ivermectin for M. ulcerans JKD8049 and at 4 
μg/ml for M. ulcerans 1117-13 (Table 1). Moxidectin inhibited the growth of M. ulcerans 
JKD8049 at 4 μg/ml. The MIC for M. marinum was 32 μg/ml for ivermectin and above 64 μg/
ml for moxidectin (Table 1). These data show that M. ulcerans but not M. marinum is sus-
ceptible to avermectins. Growth of all bacteria was observed in the control tubes containing 
only the solvent and no growth was observed in the tubes containing 0.1μl/ml rifampicin.

Table 1: Minimal inhibitory concentration (MIC) of avermectins compared with rifampicin
MIC (μg/ml) 1

M. ulcerans 
JKd8049

M. ulcerans
1117-13

M. marinum
M

Ivermectin 8 4 32

Moxidectin 4 nt2 >64

Rifampicin 0.1 0.1 0.1

1Minimum concentration to prevent MGITTM fluorescence at 21 days; 2 not tested

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 ivermectin was tested and M. ulcerans JKD8049 was exposed to either 8μg/ml or 20μg/
ml ivermectin for eight weeks. A dose-dependent killing effect was observed with no CFU 
detected from week-4 onwards at 20μg/ml and week-5 onwards for 8μg/ml (Figure 1).

Bioluminescence is an ATP-dependent process and it is therefore an excellent dynamic 
reporter of cellular metabolic activity [17]. A time-kill experiment was thus performed 
using bioluminescent 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 (Figure 3). The reduction in bioluminescence at 21 
hours was higher in ivermectin at all concentrations tested (8, 16 and 32μg/ml) compared 
to the rifampicin positive control (Figure 3). Interestingly, the greatest impact on bacterial 
viability was observed in the presence of a combined dose of 8μg/ml ivermectin and 0.1μg/
ml rifampicin (Figure 3).
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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 
25cm2 culture flasks in the presence of 0, 8 and 20μg/ml ivermectin. Ethanol (solvent for ivermectin) at the concen-
tration 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-μl 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.

Figure 2: Dose-dependent change in relative light units (RLU) over 21 hours for bioluminescent M. ulcerans ex-
posed 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.
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dIsCussIOn

The current treatment regimen of 8-weeks streptomycin and rifampicin for Buruli ulcer is 
highly effective but also problematic [13]. Alternative all-oral regimens are showing promise 
[14]. Here we have shown that ivermectin and moxidectin were able to inhibit the growth 
of different M. ulcerans strains at 4-8μg/ml. These findings are comparable to previous 
research where MICs of 1-8 μg/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 (Figure 2) showed that ivermectin at concentrations of 
8 μg/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 
(Figure 3). Given the MIC findings (Table 1), we were surprised to observe in the biolu-
minescent time-kill experiments 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 combination of 0.1μg/ml rifampicin and 8μg/ml ivermectin 
showed a synergistic killing effect. Clinically, rifampicin may however decrease the serum 
concentration of ivermectin by the induction 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 1-8μg/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 concentration of 54.4ng/ml was observed in healthy volunteers receiving 150μg/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 
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given to Buruli ulcer patients. We would argue that obtaining avermectin plasma concentra-
tions at concentrations that approach MICs derived from in vitro experiments might not be 
needed for clinical efficacy. In our bioluminescent time-kill assay, 8μg/ml ivermectin was 
superior to 0.1μg/ml rifampicin. It may be that the treatment duration for BU can be re-
duced and that complete eradication of the microbe is not needed. Interference with the M. 
ulcerans mycolactone 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 4-8 μg/ml 
and showed dose-dependent killing in culture-based and bioluminescence assays. The 
avermectins 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 antimicrobials. We suggest that avermectins should be further investi-
gated for the treatment of M. ulcerans, possibly in combination with other antibiotics, such 
fluoroquinolones.
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aBsTraCT

Avermectins are macrocyclic lactones produced by Streptomyces species. They are widely 
used in veterinary and human medicine; in the latter to treat onchocerciasis, strongyloides, 
scabies, lymphatic filariasis. Recently, their mosquitocidal activity has added malaria to 
a potential field of application. Reports showed that these drugs from this family called 
wonder drugs due to their unprecedented public health impact for which the Nobel Prize of 
Medicine or Physiology 2015 was awarded, also act on mycobacteria, namely M. tuberculo-
sis and M. ulcerans. Tuberculosis and Buruli ulcer, the diseases caused by these respectively 
bacteria are in dire need for new drugs; multidrug-resistance is emerging for TB and Buruli 
ulcer disease control is hampered by long and unpractical therapy in the rural African set-
ting where the disease mainly occurs. Mycobacterial infections would require repeatedly 
administered high doses of avermectins to achieve PK comparable to intermediate MICs, 
this is in contrast to a single low dose of 150-200 ug/kg ivermectin being used for parasitic or 
helminth infestation. Here, we first evaluated tolerability and pharmacokinetics of high-dose 
avermectins ivermectin and selamectin in healthy BALB/c mice. Due previously reported 
accumulation of avermectins in fat tissue, we first tested their efficacy against M. ulcerans 
in the footpad model. Ivermectin was tolerated by mice until 40 μg/kg. We observed a 
Cmax of 5.7 – 7.4 μg/ml after a single oral doses of 20 and 30 μg/kg ivermectin, respectively, 
this is in the range of the MIC reported against M. ulcerans. A two-compartment model 
described the ivermectin pharmacokinetics best. Selamectin and ivermectin did not result 
in a considerable reduction of CFU cultures from mouse footpads. Conversely, we observed 
dose-dependent swelling of footpads with elevated avermectin doses attributable to local 
inflammatory effects and edema at the site of the infection. We characterized the phar-
macokinetics of a high-dose, repeatedly administered regimen of ivermectin. Even though 
inefficient for the treatment of M. ulcerans with the large-scale use and increasing field of 
application of avermectins we deem these results valuable. Further research is needed to 
understand the immunomodulatory effects of avermectins on infected / inflamed tissue. 
Possibly, compounds of the avermectin family with more favorable pharmacokinetics, nota-
bly less toxicity at high doses could be re-evaluated for the use in mycobacterial infections.
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InTrOduCTIOn

Avermectins are macrocyclic lactones that are employed in the treatment of worm and para-
site infestations (1). The most prominent avermectin is ivermectin, it’s use is widespread 
in veterinary and human medicine alike; a single dose of 150-200 µg/kg of body weight 
orally can be used to treat onchocerciasis, strongyloides or scabies in humans. Due to its 
unprecedented global health impact it has been denoted as ‘wonder drug’ and ‘panacea’ 
especially with regards to low- and middle-income countries (2) and the 2015 Nobel Prize in 
Physiology or Medicine partially was awarded to its discoverers William C. Campbell and Sa-
toshi Ōmura (3). Since 1987, Merck has donated all ivermectin for onchocerciasis treatment 
through their Mectizan® program (4). Recently, the use of avermectins as vector control 
agents regained attention in the scientific community; ivermectin MDA programs coincided 
with a reduction of mosquitoes in malaria co-endemic regions and a mosquitocidal effect 
of the drug has been demonstrated experimentally (5). Interestingly, it has been reported 
that avermectins kill M. tuberculosis in-vitro with an intermediate MIC of 2 to 8 μg/ml (6). 
These finding had been refuted by Ameen et al. who argued that these concentrations are 
multiple magnitudes higher than peak plasma concentrations achieved in patients with the 
conventional single dose of 200 µg/kg (7). Further reports have shown comparable activ-
ity against Myocobacterium ulcerans (8,9), which is phylogenetically closely related to M. 
tuberculosis. New drugs for tuberculosis (TB), and Buruli ulcer (BU), which is the disease 
caused by M. ulcerans, are direly needed. The recent WHO TB report showed that 3.6% of 
new cases and 17% of previously treated cases are multi-drug resistant (10). Buruli ulcer 
is a neglected tropical disease (NTD), mainly occurring in isolated foci in West Africa and 
Australia. Several antimicrobials are available for its treatment (11) but shortening of the 
current two-month regimen would greatly facilitate disease management in the rural Afri-
can setting (12). In this study, we explore the pharmacokinetics of a a high-dose repeatedly 
administered avermectin regimen for the potential treatment of mycobacterial infections. 
The conventional dosage of 150 ug/kg results in peak plasma concentrations of 52 ng/ml 
(13). However, it was observed that increasing the dose in healthy human volunteers by a 
10-fold did not result in any side-effects and was tolerated safe. Furthermore, a 5-fold higher 
dose administered repeatedly was found safe (14). Interestingly, it was also observed that 
ivermectin, a highly lipophilic molecule, accumulates in the subcutaneous fat of patients 
treated orally and that concentrations are even 4-fold higher than corresponding serum 
levels reaching up to 141 ng/g tissue and concentrations in this tissue are maintained at 
>100ng/g for up to 4-5 days (13). Also, experimental studies in rats showed that if bathed in 
ivermectin solution, skin concentrations would yield 200-400 ng/g ivermectin without any 
systemic side effects (15). M. ulcerans mainly resides in the subcutaneous fat tissue, we thus 
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decided to that avermectin pharmacokinetics would be more favorable of an application 
against M. ulcerans than M. tuberculosis.

We first evaluated the tolerability and pharmacokinetics of oral repeatedly administered 
high-dose, ivermectin and selamectin in healthy BALB/c mice. We then proceeded to test 
their efficacy in the mouse footpad model for infection with M. ulcerans (16).

MaTerIals and MeThOds

experimental animals: All animal experiments reported in this manuscript were carried out 
in accordance with the Animal Welfare Act and Public Health Service Policy. The experiment 
and procedures were approved by the Johns Hopkins University Animal Care and Use Com-
mittee under protocol number xxx. Four to 6 week old, female BALB/c mice were purchased 
from Charles River (Wilmington, MA, USA). Before initiation of experiments, an acclimatiza-
tion period of at least 5 days was adhered to. Food and water were provided ad libitum. 
Mice were regularly checked for general signs of illness or distress.

Tolerability and pharmacokinetic testing in healthy mice: First, a single dose ranging from 
5 to 50 mg/kg ivermectin was administered to healthy, non-infected BALB/c mice (n = 5 
per group) to mice orally and mice were observed for illness or death during seven days. 
Secondly, to obtain a 24-hour pharmacokinetic profile, healthy mice, non-infected mice (n 
= 3 / group) were administered 2, 6, 20 or 30 ug/kg ivermectin p.o.. At 2, 4, 6, 8, 10 and 24 
hours after, blood samples for analysis of ivermectin were obtained by use of the tail-vein 
bleed method and collected into EDTA-tubes (xx). These were spun down at 10.000 rpm 
and serum was collected. Thirdly, mice (n = 3 / group) were administered 2 or 6 ug/kg daily 
for the duration of 12 days. Blood samples at approx. 6 hours after the daily administration 
were taken at day 5, 7 and 12 of the experiment to obtain trough concentrations.

pharmacokinetic modelling: Ivermectin Pharmacokinetic parameters were estimated by 
pooling all measured data per dose level and calculating Cmax, Tmax, AUC and half-life after 
building a mouse population pharmacokinetic model. Parametrisation of the mouse popu-
lation pharmacokinetic model and calculation of PK parameters per dose level was carried 
out by the software package MW/Pharm (17). Because bioavailability (F) was unknown, this 
value was fixed at 1 and volume of distribution is expressed as V1/F.
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M. ulcerans strain and culture conditions: The M. ulcerans MU1059 AL strain described 
previously was used in this study (16,18). This strain had previously been cultures from a 
patient in Ghana and is supplemented with a bioluminescent reporter plasmid that allowing 
for auto-luminescence without the substitution of an exogenous substrate. M. ulcerans was 
cultured on Middlebrook 7H11 selective agar (Becton-Dickinson, Sparks, MD) at 32°C.

Mouse-footpad model: Mice were infected with approx. xx CFU/ml M. ulcerans 10250 AL 
in 0.2 ml 1x PBS into both hind footpads. After a six-week incubation period, when the 
majority of mice showed extended signs of Buruli ulcer disease, treatment was initiated. 
Drugs were administered as described above. Untreated mice were used as negative control, 
RIF, a well-defined drug used to treat Buruli ulcer was used as positive control. Relative light 
units (RLU) were measured with the use of a luminometer model TD 20/20 (Turner Designs, 
San Jose, CA, USA) as previously reported (18) under general anesthesia through the i.p. 
application of a ketamine/xylazine 87.5/12.5 mg/kg solution (Zoetis, Kalamazoo, MI). Also, 
the average lesion index (ALI) was assessed clinically as described previously (19), briefly, 
a normal footpad equals to an ALI of 0, ALI 1 is a lightly swollen footpads without further 
signs of inflammation, ALI 2 indicated swelling and redness heralding an inflammatory stage, 
ALI 3 corresponds to rising inflammation of the entire foot-pad with impeding ulceration. 
Upon initiation of the treatment, mice were allocated to trial groups at random. Subsets of 
animals were euthanized at planned time-points and footpad tissue was carefully dissected 
from the dorsal and palmar side of the footpad. It was then shredded finely with surgical 
scissors. Aliquots of the footpad homogenate were plated in 10-fold dilutions on selective 
7H11 agar plates (Becton-Dickinson, Sparks, MD). Colonies were then counted after incuba-
tion at 32°C for 8-12 weeks.

statistical analysis: Statistical analysis and graphing was performed using GraphPad Prism 
7.0a. Results from CFU analysis were log transformed before further analysis. Groups means 
were compared by one-way analysis of variance (ANOVA) with Dunnett’s posttest.

resulTs

Tolerability assay

Escalating oral doses of ivermectin were administered to healthy, uninfected mice in order 
to test the tolerability. A single oral dose 30 mg/kg body weight IVM was tolerated by all 
mice. Administration of 40 mg/kg and 50 mg/kg IVM resulted in death of 33% and 67% of 
animals, respectively (FIG 1A).
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pharmacokinetic properties and modelling

In order to establish the pharmacokinetic properties of high dose ivermectin, the drug was 
administered to mice orally and at given time-points blood samples for drug concentration 
measurement were obtained. Administration of oral ivermectin resulted in dose dependent 
plasma concentrations. A Cmax of 7.3 µg/ml was observed with the 30 µg/kg IVM dose. The 
lower concentrations of IVM 2 µg/kg and 6 µg/kg achieved a Cmax of 0.49 and 1.5 µg/ml, 
correspondingly (Table 1, FIG 1B). Repeated daily, oral administration of IVM 2 and 6 µg/kg 
resulted in mean (± SD) trough concentrations of 1.24 (± 0.25) and 0.38 (± 0.05) µg/ml at day 
7 and 1.67 (± 0.15) and 0.61 (± 0.08) µg/ml at day 12, respectively (FIG 1 C).

Fig 1: Tolerability and pharmacokinetics of high-dose, repeatedly administered ivermectin (IVM) in BALB/c mice 
(n = 3 per group / time-point). Tolerability to a single dose of escalating IVM was tested first and showed safety of 
up to 30 mg/kg IVM (A). Only a marginal difference was observed in plasma concentrations of 20 and 30 mg/kg 
IVM (B). Repeated, daily administration of 2 or 6 mg/kg IVM lead to rising trough concentrations of the drug (C).

Table 1: PK parameters of different doses of oral ivermectin. The half-life time could not be calculated because the 
sampling time was limited to 24 hours. IVM, ivermectin; AUC area under the curve.

IVM dose Cmax tmax auC( 0–24h)
Clearance
(ug*h/l)

2 µg/kg 0.49 2.75 4.0 0.0251

6 µg/kg 1.5 3.02 13,0 0.0231

20 µg/kg 5.7 2.90 54.5 0.0183

30 µg/kg 7.3 2.78 57.8 0.0259

A 2 –compartment model with lag-time before absorption was found to describe the data 
best. Mouse population pharmacokinetic parameters are displayed in table 2 and pharmaco-
kinetic parameters per dose level are displayed in table 1. Because sampling time was limited 
to 24 h after administration, a reliable terminal half-life could not be established (Table 2).

Table 2: Characteristics of the PK-model
Kelm V1/F K12 K21 Ka_po Tlag_po

population 0.00026 0.15 0.2084 0.0241 1.9966 1.5415

+/- (sd) 0.00082 0.026 0.0849 0.0086 0.5009 0.1573
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efficacy in the mouse footpad model of M. ulcerans

In order to test in-vivo efficacy of avermectins against M. ulcerans, infected BALB/c mice 
were treated with oral avermectins. Untreated mice exhibited a mean RLU (±SD) of 24.79 
(±16.02) at D0, the start of the experiment. Flowingly, luminescence increased slowly to a 
maximum of 87.24 (±65.24) at week 3 and proceeded to decline slightly at week for, like all 
other groups except selamectin 20 mg/kg (SEL20). RLU of all avermectin treated groups was 
comparable to those of untreated mice with the exception of ivermectin 10 mg/kg (IVM10) 
which saw a maximum of 310.05 (±282.10) at week 2. Treatment with RIF reduced RLU to 
a minimum of 0.07 (±0.10). Addition of IVM 2 or 10 mg/kg to RIF resulted in less reduction 
of RLU than that observed with RIF alone, albeit performing better than ivermectin alone 
at any dose. RIF alone and RIF+SEL resulted in similar RLU reduction (FIG 1A). Clinically 
observed pathology graded by the average lesion index was assessed from week 2 of treat-
ment onwards. In untreated mice, median ALI was between 1.25 – 2.5 in week 2-3. In week 
4, a maximum median ALI of 2.5 (1 – 2.5)) was noted. IVM 0.2 and 2 mg/kg resulted in a 
mild reduction of ALI compared to untreated animals. In IVM 10 mg/kg a constant median 
ALI of 2 was observed. SEL 0.2 mg/kg slightly reduced the ALI. In mice treated with IVM 
and RIF a marginally higher ALI was noted when compared to RIF alone of 2 and 20 mg/
kg SEL however rather resulted in higher ALI at week 3, at week 4, 2 mg/kg, 20 mg/kg and 
untreated mice had the same median ALI of 2.5. Addition of SEL to RIF had no effect on 
ALI (FIG 2B). Concerning the microbiological outcome, the mean CFU (±SD) count at D0 
was 5.30 (±0.41) CFU/ml. RIF and RIF plus IVM 10 mg/kg reduced CFU to a minimum mean 
(±SD) 1.17 (±1.20) and 0.84 (± 0.98) CFU/ml. However, at week 4 no avermectin achieved 
a statistically significant different CFU result compared to untreated mice (p > 0.23 – 0.99). 
Also, when adding IVM or SEL to RIF, no statistically significant difference compared to RIF 
alone was noted (p > 0.99; FIG 3).
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Fig 2: Clinical effect of ivermectin (IVM) or selamectin (SEL) on BALB/c mice infected with M. ulcerans MU1059AL. 
Relative light units (RLU) were read out with a luminometer and showed no effect of avermectins when compared 
to untreated mice. The average lesion index (ALI), was elevated in IVM 10, whereas in treatment groups, avermec-
tins did not show an effect on clinical pathology. RLU, relative light units; ALI, average lesion index; RIF, rifampin; 
IVM, ivermectin; SEL, selamectin. Drug concentrations are given as numbers after drug abbreviations in mg/kg of 
body weight.

Fig 3: Colony forming units (CFU) cultured from mouse footpads infected with M. ulcerans after treatment with 
ivermectin or selamectin. The dotted line represents the mean (±SD) CFU at D0 which was 5.30 (0.41) CFU/ml. 
Avermectins treatment did not result in statistically significant different CFU outcome when compared to results 
from untreated mice (p > 0.23 – 0.99). The addition of either ivermectin (IVM) or selamectin (SEL) did not have an 
effect on rifampin (RIF) alone (p > 0.99). RIF, rifampin; IVM, ivermectin; SEL, selamectin. Drug concentrations are 
given as numbers after drug abbreviations in mg/kg of body weight.
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dIsCussIOn

As previous in-vitro studies had shown in-vitro activity of avermectins (6,8,9) we evaluated 
pharmacokinetics of a high-dose regimen that would allow to reach plasma concentrations 
in the range of anti-mycobacterial MICs reported before. We then proceeded to test the 
efficacy of ivermectin and selamectin in mice infected with M. ulcerans.

Ivermectin is usually used as single or dual dose of 150 – 200 μg/kg body weight for an-
thelminthic and anti-parasitic indication (1). The above mentioned doses only achieve peak 
plasma concentrations that are 10-fold lower than the reported anti-mycobacterial MICs 
(6,8,9,13). In our pharmacokinetic study we observed a relatively long lag-time (mean 1.5 
hours) and fast absorption with Tmax at about 3 hours (table 1). We estimated drug clearance 
as F*D/AUC. Even though AUC appeared not to increase notablly when 20 μg/kg IVM is 
administered, the data showed that the clearance even at 30 μg/kg IVM is in line with the 
2 and 6 μg/kg doses. Overall, the mean clearance at 20 μg/kg was lower than expected. 
Accumulation observed as increasing trough concentrations after several days of IVM 
administration (FIG 1C) as well as the previously reported lipophilicity and accumulation 
in subcutaneous tissue after both oral and topical administration of IVM (13,15) led us to 
assume oral doses of IVM between 2 and 10 μg/kg will achieve active tissue concentrations 
over time that may add to the efficacy of known drugs such as rifampin. We refrained from 
repeat administration of > 10 μg/kg IVM due to toxicity concerns.

Due to its reported accumulation in fat tissue and the availability of a topical formulation we 
hypothesized that avermectins could be a feasible drug class to be added to the armamen-
tarium for the treatment of Buruli ulcer. However, we paradoxically observed marginally 
elevated lesion swelling (ALI) in mice infected with M. ulcerans and treated with higher 
doses of IVM or SEL .

Such an effect was not observed in terms of CFU, so we conclude that the worsened clini-
cal pathology is not due to increased bacterial load. Avermectin may have some unknown 
effect on mycolactone production in M. ulcerans and therefore lead to increased swell-
ing. Also, immunological effects on the skin and subcutaneous tissue of IVM have been 
reported that might have led to worsening pathology (20,21). Further research on the effect 
of avermectins would be needed to investigate this paradoxical effect. However, we did not 
observe any microbiological improvement when adding even high doses of IVM or SEL to 
RIF compared to RIF alone and thus conclude that there is no benefit of adding avermectins 
to the Buruli ulcer treatment. Inversely, lower doses such as 0.2 and 2 mg/kg IVM or SEL 
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did not worsen pathology so from this study in experimentally infected BALB/c mice there 
is no indication that Buruli ulcer patients that suffer from other infectious diseases such as 
strongyloides or scabies and are treated for those with avermectins.

Anti-mycobacterial treatment with avermectins could be revisited if less toxic formulations 
of avermectin are available that achieve higher plasma concentrations and if paradoxical 
swelling was shown to be controllable e.g. through co-administration of immune-suppres-
sants as is done in the case of the Buruli ulcer paradoxical reaction sometimes observed 
during regular RIF+STR or RIF+CLR treatment (22,23).

These data represent, to our knowledge, the first study of high-dose repeated admin-
istration of avermectins in BALB/c mice. With the increasing use of avermectins both for 
infectious but also for non-infectious indications such as alcohol use disorder (21) and even 
cancer chemotherapy (24) we believe that they will further increase our understanding of 
avermectin pharmacology.
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aBsTraCT

Buruli ulcer (BU), caused by Mycobacterium ulcerans, is a neglected tropical skin and soft 
tissue infection that is associated with disability and social stigma. The mainstay of BU treat-
ment is an eight-week course of 10 mg/kg rifampin (RIF) and 150 mg/kg streptomycin (STR). 
Recently, the injectable STR has been shown to be replaceable with oral clarithromycin 
(CLR) for smaller lesions for the last four weeks of treatment. A shorter, all-oral, highly ef-
ficient regimen for BU is needed, as the long treatment duration and indirect costs currently 
burden patients and health systems. Increasing the dose of RIF or replacing it with the more 
potent rifamycin drug rifapentine (RPT) could provide such a regimen. Here, we performed 
a dose-ranging experiment of RIF and RPT in combination with CLR over four weeks of treat-
ment in a mouse model of M. ulcerans disease. A clear dose-dependent effect of RIF on 
both clinical and microbiological outcomes was found, with no ceiling effect observed with 
tested doses up to 40 mg/kg. RPT-containing regimens were more effective on M. ulcerans. 
All RPT-containing regimens achieved culture negativity after only four weeks while only 
the regimen with the highest RIF dose (40 mg/kg) did so. We conclude that there is dose-
dependent efficacy of both RIF and RPT and that a ceiling effect is not reached with the 
current standard regimen used in the clinic. A regimen based on higher rifamycin doses 
that are currently being evaluated against tuberculosis in clinical trials could shorten and 
improve therapy of Buruli ulcer.
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InTrOduCTIOn

Buruli ulcer (BU) is a neglected tropical disease caused by Mycobacterium ulcerans. This 
pathogen is phylogenetically related to M. tuberculosis and M. leprae and is believed to 
have evolved from a common ancestor, M. marinum (1). BU presents as skin and soft tissue 
lesions, potentially leading to scarring, contracture, physical impairment and psychosocial 
exclusion of patients due to disfiguring wounds (2). In 2015, BU was reported from 33 
countries mainly in sub-Saharan West Africa, where it predominantly occurs in rural com-
munities (3). BU treatment formerly consisted of wide surgical excision and skin grafting 
(4). Following a phase of antibiotic regimen discovery and development in a murine model 
of BU and a subsequent clinical trial, the World Health Organization (WHO) recommended 
treatment with rifampin (RIF) 10 mg/kg body weight orally and streptomycin (STR) 15 mg/
kg by intramuscular injection, both administered daily for 8 weeks. Despite good clinical 
outcomes with this regimen (5,6), injectable streptomycin causes ototoxicity in 25-30% 
of patients, nephrotoxicity, risk of infection by contaminated needles and daily injections 
confer great discomfort in the mainly young Buruli ulcer patients that could lead to reduced 
tolerability and adherence (7). Streptomycin can be replaced by clarithromycin (CLR), which 
has a largely bacteriostatic (8) effect on M. ulcerans, for the last four weeks of the eight-
week regimen for early, limited lesions (9). An ongoing trial (ClinicalTrials.gov Identifier: 
NCT01659437) is investigating an all-oral eight-week RIF+CLR regimen with the standard 
dose of RIF 10 mg/kg. Still, despite free treatment in most countries, the indirect costs of 
hospitalization and loss of income burden patients and families (10,11). A shortened, highly 
effective, all-oral regimen is urgently needed to improve care for this neglected tropical 
disease.

Rifampin is a rifamycin antibiotic and the mainstay oral drug in treatment of M. ulcerans. 
The currently recommended dose of 10 mg/kg has been adopted from regimens to treat 
tuberculosis (TB), where this dose was chosen mainly for economic reasons and in fear of 
toxicity associated with high-dose intermittent regimens when the drug was first introduced 
in the 1970’s (12). Recently, interest in using higher doses of RIF as a means to shorten the 
duration of treatment for TB has intensified. Trials have demonstrated that treatment with 
up to 35 mg/kg RIF appears to be safe and offers a nonlinear increase in exposure to the 
drug that is associated with more rapid sputum culture conversion (13,14). Further studies 
showed that high-dose RIF-containing regimens improve and shorten the duration of TB 
therapy (15-17). Rifapentine (RPT) is another rifamycin antibiotic that is active against M. 
tuberculosis and M. ulcerans. It is slightly more active in vitro against M. ulcerans, with an 
MIC of 0.125 µg/ml compared to RIF (0.25 µg/ml) and is effective in vivo in mice at a daily 
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dose of 10 mg/kg (18). Its longer half-life also makes it an attractive alternative to RIF. Higher 
daily doses of RPT are more active in murine models of TB (19). Furthermore, RPT doses up 
to 20 mg/kg were safe in humans (20) and shown to increase the rate of sputum culture 
conversion in TB patients in an exposure-dependent manner that may lead to shorter treat-
ment durations for TB (21,22). In Buruli ulcer, a regimen of RPT at 10 mg/kg/day plus CLR 
was shown to be more effective than RIF+STR in mice (23). Also, combining RIF at 10 to 40 
mg/kg/day with clofazimine was recently shown to reduce treatment duration in the Buruli 
ulcer footpad model (24). We hypothesize that regimens containing high-dose RIF or RPT 
will be a next pivotal step in improving Buruli ulcer chemotherapy by increasing efficacy and 
reducing duration.

To evaluate an all-oral regimen with high-dose RIF or RPT in combination with the standard 
macrolide used today, CLR, we performed dose-ranging experiments with escalating doses 
of both drugs in combination with CLR in the mouse footpad model of BU. We identified 
high-dose rifamycin-containing regimens that are more bactericidal than the same all-oral 
regimen with RIF at the standard dose. These regimens can be evaluated in clinical trials 
in hopes of unburdening patients from long-term treatment, reducing indirect costs and 
improving adherence.

MaTerIals and MeThOds

ethical clearance: Animal experiments described in this study were conducted in strict 
adherence with the Animal Welfare Act and Public Health Service Policy. Experiments were 
performed at the Johns Hopkins University which is accredited by the private Association for 
the Assessment and Accreditation of Laboratory Animal Care International. All procedures 
involving mice were approved by the Johns Hopkins University Animal Care and Use Com-
mittee.

Bacteria: M. ulcerans 1059 is an isolate originating from a clinical specimen from a patient 
in Ghana. An autoluminescent version of this isolate, Mu1059AL, was generated in our 
laboratory, as previously described (25,26). The MICs for the Mu1059AL strain are 0.06 μg/
ml for RIF, 0.50 μg/ml for STR and 0.13 μg/ml for CLR, as described earlier (26); the MIC for 
Mu1059AL for RPT was not performed. Bacteria are passaged in our lab in mouse footpads 
and frozen footpad homogenate suspensions are stored and used for infection of mice in 
this current study. To quantify colony-forming units (CFU) in the inoculum, serial 10-fold di-
lutions of the thawed stock footpad homogenate were plated on 7H11. CFU from footpads 
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of animals harvested during the experiment were assessed as discussed below. All bacteria 
were cultured on Middlebrook 7H11 selective agar (Becton-Dickinson, Sparks, MD) at 32°C.

antibiotics: RIF and STR were purchased from Sigma (St. Louis, MO, USA). RPT and CLR 
were kindly provided by Sanofi (Bridgewater, NJ, USA) and Abbott (Abbott Park, IL, USA), 
respectively. RIF, RPT and STR were dissolved in distilled water, while CLR was suspended 
in distilled water with 0.05% agarose. The doses for RIF were 5, 10, 20, and 40 mg/kg; the 
doses for RPT were 5, 10, and 20 mg/kg; the dose for STR was 150 mg/kg, and the dose for 
CLR was 100 mg/kg. The doses for the rifamycins produce exposures similar to the average 
plasma AUC observed in humans at doses up to 35 mg/kg for RIF and 20 mg/kg for RPT 
(17,27). The doses for STR and CLR produce plasma AUC values similar to human doses of 
15 mg/kg and 7.5 mg/kg, respectively (28-31).

Infection and treatment: Female BALB/c mice (n=110), aged 4-6 weeks were purchased 
from Charles River (Wilmington, MA, USA) and allowed to acclimatize for 5 days upon arrival 
at the facility. Food and water were provided ad libitum. Mice were infected with approxi-
mately 4.56 log10 CFU of Mu1059AL in 0.03 ml PBS into both hind footpads via subcutaneous 
injection. Five untreated mice were sacrificed the following day to confirm the number of 
implanted CFU. Animals were regularly checked for signs of general illness and progres-
sion of footpad infection. The swelling grade was used to evaluate M. ulcerans-induced 
footpad pathology, as previously described (30). A swelling grade of 0 corresponds to a 
normal footpad, grade 1 to a non-inflammatory but swollen footpad, grade 2 to inflam-
matory swelling with edema and redness and 3 swelling of the entire hind-foot. At week 6 
post-infection (day 0), animals were randomized into treatment groups and treatment was 
initiated. Drugs were administered once daily, 5 days per week. STR was administered by 
subcutaneous injection. All other drugs were administered in 0.2 ml via esophageal gavage. 
Sacrifices for CFU counts were always performed three days after the last dose of antibiotic 
was administered to minimize drug carryover effect.

Treatment outcome monitoring: After treatment commenced, the swelling grade and rela-
tive light units (RLU) emitted from autoluminescent bacteria in the footpads were measured 
weekly, as previously described (26), while mice were anesthetized via intraperitoneal 
injection of ketamine/xylazine 87.5/12.5 mg/kg (Zoetis, Kalamazoo, MI). At day 0, week 2 
and week 4, 5 mice per group were sacrificed to assess CFU counts. Mouse footpad tissue 
was carefully harvested from both hind footpads with the exception of the well-defined 
control groups RIF10, R10CLR100 and R10C150, where only one footpad was analyzed per 
mouse. Tissue was finely minced with scissors before being suspended in 2.0 ml PBS. The 
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suspensions were vortexed for homogenization and quantitative bacterial cultures were 
performed as described above. Half of the footpad homogenate was plated and the lower 
limit of detection was 2 CFU/footpad.

data analysis: CFU counts were log-transformed. To compare mean CFU between treatment 
groups, student’s t-test and analysis of variance (ANOVA) were used. The value of α was set 
at 0.05. Data were analyzed and graphs were computed using GraphPad Prism version 7.0a 
(GraphPad Software, Inc., San Diego, CA).

resulTs

Infection

Successful implantation of viable bacteria was confirmed by a mean (±SD) footpad CFU 
count of 4.09 log10 (± 0.23) CFU on the day after infection. In untreated animals, clinical 
pathology, as assessed by swelling grade, stayed at a level of 2 during the first two weeks of 
the treatment phase and improved to 1.25 in week 4 (Fig 1). RLU also declined over time in 
untreated mice, however less so than in treated animals (Fig 2).

Figure 1: Median of footpad swelling grade of infected mouse footpads in response to treatment with high-dose 
rifamycins and clarithromycin. Treatment was initiated 6 weeks after infection, when swelling approached swelling 
grade 2. Swelling grade = 0 corresponds to no clinically visible pathology. Swelling grade = 1 infers redness of the 
footpad, grade = 2 edematous swelling of the footpad and grade = 3 ascending swelling of the leg and impeding 
necrosis. Data points represent medians per treatment group. Data were normalized to day 0 (beginning of treat-
ment) by subtracting from the median swelling grade of all mice at D0 and assuming the total median as group 
mean for that time-point. All regimens reduced swelling grade compared to untreated mice. There was a visible 
dose-dependent effect; with escalating doses of rifampin (A) and rifapentine (B), swelling grade was reduced more 
drastically. Minimum swelling grade values of 0.23 and 0.15 were recorded at week 4 for the highest-dose regimens 
RIF40CLR100 and RPT20CLR100 respectively. D, day, RIF, Rifampin; STR, Streptomycin; CLR, Clarithromycin; RPT, 
Rifapentine, numbers after drugs indicate doses in mg/kg.
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response to treatment

Other than CLR100, all treatment regimens reduced the number of RLU measured from 
footpads. RIF5CLR100 and RIF10 were somewhat less effective than the other combination 
treatments which all had very similar effects on RLU counts. The swelling grade, however 
was affected in a more dose-dependent manner. At week 2, median swelling of untreated 
mice was 2 and CFU log10 6.31 (± 0.31). The positive control regimen R10S150 led to 
rapid clinical improvement as shown by decreased swelling grade (median 0.5), which is 
in agreement with previous studies (32). Monotherapy with CLR100 performed worst in all 
parameters, as expected.

Figure 2: Mean relative light unit (rlu) counts from infected mouse footpads in response to treatment with 
escalating doses of rifamycins. Mice were infected with an autoluminescent strain of M. ulcerans that emits light 
when metabolically active. The mean per group RLU values are displayed, compared to Day 0, when the mean 
RLU was 35.09 (± 6.89). As observed in previous experiments, RLU counts stagnate at 7-9 weeks post infection (i.e. 
here 3 weeks of treatment), when a static bacterial growth phase is reached, as seen in untreated mice. Treatment 
with rifamycins radically reduced RLU counts compared to untreated and CLR-only treated mice. RIF, Rifampin; STR, 
Streptomycin; CLR, Clarithromycin; RPT, Rifapentine.

All test regimens resulted in a statistically significant (p<0.0015 – 0.0001) reduction in CFU 
by week 2, compared to untreated mice, except RIF10 and RIF5CLR100 (Fig 3, Table S1). 
Animals treated with CLR100 and RPT5 were not sacrificed for CFU evaluation at week 2. 
RIF-containing combination regimens efficiently reduced footpad CFU counts by week 2 in 
a dose dependent fashion (Fig 3). RPT-containing regimens had a larger effect in terms of 
swelling grade and CFU reduction than RIF-containing regimens (Fig 3). All groups receiv-
ing rifapentine or rifampin at ≥ 20 mg/kg had mean CFU counts as low or lower than the 
rifampin-streptomycin control. Although no dose-response effect was observed for RPT, the 
mean CFU count in the RPT5CLR100-treated group includes one footpad with no detectable 
CFU which was likely due to a non-productive infection, implying no unsuccessful implan-
tation of a critical quantity of bacteria to produce disease and host clearance before the 
initiation of treatment. This assumption is supported by the fact that a very low RLU count 
of 1.22 was detected from this mouse at D0, the start of treatment while all other mice 
in that group had an RLU above 20. Excluding this one footpad, the mean CFU count is 
2.98±0.96. After 4 weeks of treatment, swelling grade was reduced to a minimum median 
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of 0.25 and 0.125 in the high-dose R40CLR100 and P20CLR100 groups, respectively. In terms 
of CFU reduction, all treatment groups, except CLR100, resulted in a statistically significant 
reduction of CFU, when compared to untreated mice (p=0.030 – 0.001). All high-dose RIF- 
and RPT-containing regimens performed better than standard R10CLR100 (p=0.001) and 
no worse than the RS control. Low-dose RIF5CLR100 performed less well, especially if 2 
footpads with no detectable CFU were excluded as possibly never productively infected (in 
which case the mean CFU count was 2.64±1.09. Footpads from the R40CLR100 group and all 
RPT-containing regimens were culture-negative after 4 weeks of treatment (i.e. no colonies 
could be observed after plating the undiluted footpad homogenate). The CFU outcome of 
RIF10 and R10CLR100 after four weeks of treatment were both 1.77 (± 0.39 – 0.44). The 
addition of CLR to RIF10 thus seemed to have no effect on the outcome in this experiment.

The previously WHO recommended treatment of R10S150 resulted in the highest healing 
rate, as evidenced by the finding that 80% of treated animals exhibited a swelling grade of 
zero upon completion of treatment. The swelling grade was reduced to zero in 60% and 50% 
of animals receiving R20CLR100 and P20CLR100, respectively.

Fig 3: Microbiological outcome after two (a) and four (B) weeks of treatment with rifamycin-containing regi-
mens. Mice were infected with 4.56 log10 colony forming units (CFU) of M. ulcerans into hind footpads. After 6 
weeks of incubation, treatment was initiated (D0). At this time-point, CFU equaled 5.77 (± 0.60). Groups of mice 
(n=5) were sacrificed at week 2 and week 4, footpads dissected and minced and plated on 7H11 agar for colony 
counting and CFU analysis. There was a dose dependent reduction in CFU with elevating rifamycin doses. No 
ceiling effect was observed for R. At week 4, all rifapentine (P) containing regimens were culture negative, as was 
RIF40CLR100. CFU, colony forming unit; RIF, Rifampin; STR, Streptomycin; CLR, Clarithromycin; RPT, Rifapentine; 
numbers after drugs indicate doses in mg/kg.
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dIsCussIOn

Drug development for Buruli ulcer is greatly hampered by little economic interest for this 
neglected tropical disease. Repurposing and refining existing antibiotic regimens is a viable, 
rapid and relatively cost-effective measure to provide better care for BU patients. Here, we 
re-evaluated the dosage of RIF in the RC regimen for BU where the combination of RIF 
40 mg/kg with CLR 100 mg/kg, as well as all RPT-containing regimens were most effica-
cious in reducing BU disease, as measured by swelling grade, and hastening the time to 
culture-negativity in the mouse footpads. These findings are timely and important because 
high-dose RIF- and RPT-containing regimens are currently being evaluated in phase 3 clinical 
trials for the ability to shorten the duration of TB treatment after promising results in phase 
2 trials (17,21). Our results indicate that similar dose optimization should be explored to 
enhance the efficiency of all-oral regimens for BU.

Shorter treatment would benefit patients by reducing indirect costs and barriers to treat-
ment, and increasing adherence (10,11,33). Results for monotherapy with standard doses 
of RIF, RPT and CLR were similar to previous studies (8). With RIF, a clear dose-response 
relationship was demonstrated with both clinical (swelling grade) and microbiological (CFU) 
outcomes. There appeared to be no ceiling effect with the doses tested. In contrast, for RPT, 
no dose-response effect was evident at week 2 and the CFU counts were reduced to zero 
in all groups receiving RPT at week 4 of treatment. It is possible that the pharmacological 
ceiling was reached. However, this would be surprising given the increasing dose-response 
relationship up to RPT doses of 160 mg/kg that we previously observed in a mouse model 
of TB (34). Despite a three-day interval between the last dose of drug and sacrificing animals 
for microbiological analysis of footpads, we cannot exclude RPT drug carryover owing to 
its long half-life and possible elevated tissue concentration (18). In terms of RLU, no clear 
difference between rifampin and rifapentine was seen (Fig 2).

A dose-response relationship for RPT may have been evident if we had held mice beyond 
the end of treatment to determine if relapse occurred. While demonstrating cure without 
relapse is considered to be the gold standard outcome for pre-clinical TB efficacy models 
(35), culture negativity and relapse-free follow-up rates are debated as outcomes of choice 
in antimicrobial evaluation for M. ulcerans infection models (18). The hallmark of M. ulcer-
ans infection is the presence of mycolactone, the analgesic, necrosis-causing and immune-
suppressive toxin (36,37). Reduction of the bacterial burden to a critical threshold at which 
the host immune response gains foothold enough to clear the remainder of bacteria may be 
sufficient to successfully treat the infection. If so, then comparing regimens on the basis of 
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bactericidal activity alone, and not a relapse endpoint, would be reasonable. Relapse after 
successful antimicrobial therapy of M. ulcerans infection is exceedingly rare. For example, 
Klis et al. have shown that defaulters from the 8-week regimen often proceeded to heal 
their lesions despite the early discontinuation of antimicrobial therapy (38). We hypothesize 
that more mice from culture-negative as well as low-CFU treatment groups would have 
progressed to swelling grade 0 during follow-up. Future experiments following this initial 
dose-ranging, proof-of-principle study will include longer follow-up durations and additional 
secondary outcomes such as histopathological analysis of treated footpads.

Integrated approaches to control neglected tropical diseases are increasingly advocated. 
It is thus noteworthy that high-dose, short-course regimens with rifampicin are being in-
vestigated as potential therapeutic agents for lymphatic filariasis and onchocerciasis (39) 
in addition to TB, offering potential synergies in the research and implementation of new, 
more efficient regimens in co-endemic areas.

We successfully employed a mouse model of M. ulcerans disease and achieved comparable 
clinical and microbiological results in the control groups as in previous experiments with the 
MU1059AL strain (25,26). The decline in swelling grade and CFU in untreated mice can be 
attributed to a transition into a stationary phase about 7-9 weeks post-infection. Although 
the autoluminescent strain used in this experiment was previously reported to be fully 
virulent, we cannot exclude the possibility that it is slightly less virulent than its wild-type 
parent rendering it more prone to spontaneous clearance from the footpads (26).

In summary, high-dose RIF and RPT in combination with CLR performed well in a mouse 
model of M. ulcerans disease and warrant further investigation. These regimens can be 
administered orally; the elevated doses appear safe in humans when administered for 2 
months or less (13,14,20). As BU has already been treated with rifampin and clarithromycin 
for several years, logistics and handling knowledge is already in place with health-care 
providers and a dose-adjustment could be easily implemented if shown effective in humans. 
One potential issue is that higher doses of rifamycins are likely to have a greater inductive 
effect on CLR metabolism in patients and could lead to subtherapeutic CLR exposures. 2The 
overall role of CLR in BU therapy is unclear. We observed a reduction in swelling (Fig 1) and 
an additive effect on RIF alone (Fig 3) in terms of CFU outcomes but CLR monotherapy seems 
to be of only limited efficacy. Macrolides have inherent anti-inflammatory activity that may 
contribute to healing in BU treatment. We are currently evaluating other potential compan-
ion drugs for high-dose rifamycins, such as other macrolides, clofazimine, oxazolidinones 
and newly available highly potent anti-mycobacterial agents developed for TB treatment. 
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We will proceed to test whether they can cure M. ulcerans as short-course regimens in mice 
and ultimately, patients.
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aBsTraCT

Rifampin (RIF) plus clarithromycin (CLR) for 8 weeks is now the standard of care for Buruli 
ulcer (BU) treatment, but CLR may not be an ideal companion for rifamycins due to bidirec-
tional drug-drug interactions. The oxazolidinone linezolid (LZD) was previously shown to be 
active against Mycobacterium ulcerans infection in mice but has dose- and duration-depen-
dent toxicity in humans. Sutezolid (SZD) and tedizolid (TZD) may be safer than LZD. Here, we 
evaluated the efficacy of these oxazolidinones in combination with rifampin in a murine BU 
model. Mice with M. ulcerans -infected footpads received control regimens of RIF plus either 
streptomycin (STR) or CLR, or test regimens of RIF plus either LZD (1 of 2 doses), SZD, or TZD 
for up to 8 weeks. All combination regimens reduced the swelling and bacterial burden in 
footpads after two weeks of treatment compared to RIF alone. RIF+SZD was the most active 
test regimen, while RIF+LZD was also no less active than RIF+CLR. After 4 and 6 weeks of 
treatment, neither CLR nor the oxazolidinones added significant bactericidal activity to RIF 
alone. By the end of 8 weeks of treatment, all regimens rendered footpads culture-negative. 
We conclude that SZD and LZD warrant consideration as alternative companion agents to 
CLR in combination with RIF to treat BU, especially when CLR is contraindicated, intolerable 
or unavailable. Further evaluation could prove SZD superior to CLR in this combination. 
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InTrOduCTIOn

Treatment of Buruli ulcer (BU) caused by Mycobacterium ulcerans infection has evolved 
from wide surgical excision of lesions followed by skin grafting to an 8-week course of ri-
fampin (RIF) combined with streptomycin (STR) or, more recently, with clarithromycin (CLR) 
(1-3). The RIF+CLR regimen is now preferred due to oral administration and the avoidance 
of oto- and nephrotoxicity (4) associated with STR. Preliminary results of a clinical trial 
(NCT01659437) indicate that the regimens have equivalent efficacy when administered for 
8 weeks (5). However, patients undergoing treatment with CLR may have gastrointestinal 
complaints (6) and receipt of CLR for longer than two weeks may increase the risk of death 
in those with heart disease (7). RIF also dramatically increases the metabolism of CLR (8-10), 
which could result in sub-therapeutic exposures of CLR, especially considering that CLR is 
typically administered as 500 mg/day in BU treatment (1, 11). A major objective of BU drug 
development efforts is to identify more potent regimens with a higher safety/tolerability 
profile that can shorten treatment duration (2).

Oxazolidinones are potential candidates to replace CLR. Linezolid (LZD), the first marketed 
member of this drug class, is highly orally bioavailable, less affected by co-administration 
with RIF, and is no longer patent-protected. Ji et al. (12) showed that LZD was active in vitro 
and in a mouse footpad model of M. ulcerans infection. The MIC90 of LZD was 2.0 mg/ml. At a 
dose of 100 mg/kg/day, LZD monotherapy rendered 0 and 30% of mice culture-negative af-
ter 4 and 8 weeks, respectively. The combination of LZD with RIF (10 mg/kg/day), rendered 
90% and 100% of mice culture-negative after 4 and 8 weeks of treatment, respectively, a 
result that could not be distinguished from results with RIF alone or RIF+STR.

LZD is associated with dose- and duration-dependent hematologic and neurologic 
toxicities (13), although neuropathy only rarely occurs in the first 4-8 weeks of treatment. 
Newer oxazolidinones in development may be safer than LZD. For example, sutezolid (SZD), 
originally designated PNU-100480, exhibited less hematological toxicity in a phase 1 trial 
and also may have superior antimycobacterial activity (14). Tedizolid (TZD) is another oxa-
zolidinone licensed for acute bacterial skin and skin structure infections that may also be 
less toxic than LZD at the approved dose (15). To our knowledge, neither SZD nor TZD have 
been evaluated against M. ulcerans.

In this experiment, we compared the efficacy of these oxazolidinones, including a reduced 
dose of LZD, in combination with RIF to that of standard-of-care regimens based on their 
ability to reduce footpad swelling and bacterial burden in a well-established mouse footpad 
model. Addition of SZD increased the efficacy of RIF and the combination of RIF+SZD was 
comparable in activity to RIF+STR and at least as good as RIF+CLR over the first 2 weeks of 
treatment. At the dose tested, TZD appeared less effective than SZD or LZD. After 8 weeks, 
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all regimens tested achieved culture negativity. The oxazolidinones SZD and LZD may be 
effective alternatives to CLR or STR in the treatment of BU.

MeThOds and MaTerIals

Bacterial strain: M. ulcerans strain 1059, originally obtained from a patient in Ghana and 
provided by Dr. Pamela Small, University of Tennessee, was subsequently engineered to be 
autoluminescent (Mu1059AL) (26, 27), while remaining virulent in mouse footpad models. 

antibiotics: RIF and STR were purchased from Sigma. CLR was purchased from the Johns 
Hopkins Hospital pharmacy. LZD, SZD and TZD were kindly provided by the Global Alliance 
for TB Drug Development. RIF and CLR were prepared in sterile 0.05% agarose solution, STR 
was prepared in sterile normal saline. Oxazolidinones  were prepared and formulated for 
oral administration as described elsewhere (28). 

Mouse infection and treatment: One hundred sixty female BALB/c mice (Charles River 
Laboratories) were inoculated subcutaneously in the right hind footpad with 0.03 ml of 
a culture suspension prepared from freshly harvested footpad suspension of previously 
infected mice (ALI = 2-3). The inoculum was estimated to contain approximately 3.6 x 104 
colony-forming units (CFU) of Mu1059AL based on the CFU counts performed on Middle-
brook 7H11 plates. Treatment began 39 days (D0) after infection when the ALI was 2.1±0.4 . 
Mice were randomized to one of the seven treatment regimens and treated for two, four, six, 
or eight weeks (Table 1). Control regimens included RIF10+STR150, RIF10+CLR100, or RIF10 alone, 
where the subscript represents the dose in mg per kg body weight. Test regimens consisted 
of RIF10+LZD50, RIF10+LZD100, RIF10+SZD50, and RIF10+TZD10. All drugs were administered 5 days 
per week in 0.2 ml by gavage, except for STR which was administered by subcutaneous 
injection. Drug doses were chosen based on mean plasma exposures (i.e., area under the 
concentration-time curve over 24 hours post-dose) compared to human doses (28-30). All 
animal procedures were conducted according to relevant national and international guide-
lines and approved by the Johns Hopkins Animal Care and Use Committee. 

evaluation of treatment response: Three parameters were used to monitor the progress 
of infection and treatment response in mouse footpads: (i) the average lesion index (ALI), 
(ii) relative light unit (RLU) counts, and (iii) CFU counts. The scoring of the lesion index 
was described previously (2, 31). Briefly, the presence and the degree of inflammatory 
swelling of the infected footpad are assessed weekly and scored from 0 (no swelling) to 4 
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(inflammatory swelling extending to the entire limb). RLU counts in infected footpads were 
determined in live mice by anesthetizing them with ketamine/xylazine (87.5/12.5 mg/kg, 
injected intraperitoneally), placing them in a tabletop luminometer (TD 20/20), and measur-
ing the RLU for 4 seconds (26, 27). Five mice were sacrificed for CFU counts on the day after 
infection (D-38), 25 days after infection (D-14) and at D0 to determine the infectious dose, 
the initial multiplication rate and the pretreatment CFU counts, respectively. The response 
to treatment was determined by sacrificing 5 mice from each treatment group after 2, 4, 6 
and 8 weeks of treatment and harvesting the footpads after thorough disinfection with 70% 
alcohol swabs. Footpad tissue was then homogenized by fine mincing and suspended in 2.5 
ml of sterile phosphate buffered saline (PBS). Ten-fold serial dilutions were plated in 0.5 ml 
aliquots on selective Middlebrook 7H11 plates and incubated at 32°C for 8-12 weeks before 
CFU were enumerated. At week 4, 6 and 8 time points, the entire footpad homogenate was 
plated to maximize detection of low CFU numbers

statistical analysis: GraphPad Prism 6 was used to compare group means by student’s T test 
and one-way analysis of variance with Tukey’s post-test to adjust for multiple comparisons. 
A regimen was considered bactericidal when CFU count was significantly lower (p <0.05) 
than that of untreated controls at D0 and the footpad swelling had reduced to ALI <1.

Table 1. Experimental scheme 

drug regimens
no. of mice sacrificed at the following time points

D-38 D-14 D0 W2 W4 W6 W8 Total

Controls

Untreated 5 5 5 5 20

RIF10 5 5 5 5 20

RIF10+STR150 5 5 5 5 20

RIF10+CLR100 5 5 5 5 20

Test regimens

RIF10+LZD50 5 5 5 5 20

RIF10+LZD100 5 5 5 5 20

RIF10+SZD50 5 5 5 5 20

RIF10+TZD10 5 5 5 5 20

Total 5 5 5 35 40 35 35 160
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resulTs 

Footpad average lesion Index (alI)

Footpad swelling was apparent after 4 weeks of infection. By D0, the ALI was 2.1±0.4. There-
after, the ALI steadily declined in all groups except the untreated mice in whom it increased 
to 2.8±0.4 by week 4 (Fig 1). All treated mice reached an ALI of 0, i.e., normal appearance 
by week 6 or week 7, except in the RIF+TZD group, in which some residual swelling (ALI = 
0.8±0.4) remained at the end of treatment.
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Fig 1: Treatment with rifampin and companion drugs reduces footpad swelling in M. ulcerans-infected mice.

Footpad rlu counts

Untreated mice had increasing RLU counts from the day of infection until D0, after which 
time the values remained stable or declined slowly (Fig 2).  In contrast, the RLU counts in 
all treatment groups declined sharply compared to untreated controls and, except for RIF 
and RIF+TZD groups, all were an order of magnitude lower than controls after 1 week of 
treatment. By week 2, RLU counts in all treated groups were at least an order of magnitude 
lower than untreated controls and none could be differentiated from RIF alone. By the end 
of week 3, all treatment groups except for RIF (0.10±0.11) and RIF+LZD100 (0.06 ± 0.05) had 
mean RLU counts below the background RLU cutoff of 0.05 (Fig 2).
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Fig 2: Treatment with rifampin and companion drugs reduces bacterial burden as assessed by footpad relative light 
unit (RLU) counts in the M. ulcerans-infected mice. The horizontal line indicates background RLU level.

Footpad CFu counts

The mean footpad CFU count (± SD) was 4.09±0.23 log10 on the day after infection (D-38), 
increased to 4.94±0.12 at D-14, and increased further to 5.77±0.60 log10 by D0 (Fig 3). After 
2 weeks of treatment, the mean CFU counts declined most rapidly in mice treated with 
RIF+STR (2.99±0.73), followed by RIF+SZD (3.53±0.53), RIF+CLR (3.98±1.05), RIF+LZD50 
(4.51±0.33), RIF+LZD100 (4.63±0.35), RIF+TZD (4.71±0.47), and RIF alone (5.13±0.45). When 
compared to the current all-oral recommended standard of care, RIF+CLR (3, 5), treatment 
with RIF+SZD reduced the CFU counts by an additional half-log, while CFU counts in groups 
receiving RIF combined with LZD or TZD were at least a half-log higher. None of these differ-
ences between combinations were statistically significant. Compared to RIF alone, RIF+SZD 
was the only oxazolidinone-containing regimen to show significantly (p<0.01) greater activ-
ity while both RIF+CLR and RIF+STR control regimens were also significantly better (p<0.05 
and p<0.0001, respectively) than RIF alone. After 4 weeks of treatment, similar trends in 
CFU counts were seen, RIF+STR produced the lowest CFU counts (0.59±1.32), followed by 
RIF+LZD50 (1.50±0.59), RIF alone (1.68±0.38), RIF+CLR (1.68±0.43), RIF+SZD (1.86±1.35), 
RIF+LZD100 (2.14±0.95) and RIF+TZD (2.06±0.92). Mean CFU counts in mice receiving various 
combinations of RIF with oxazolidinones ranged from 1.50 to 2.06 and were not significantly 
different from those in mice receiving RIF+CLR (1.68±0.43). By week 6, most footpads were 
culture negative, including all of those from mice treated with RIF+STR or RIF+CLR, 4 of 5 
mice treated with RIF+LZD50 or RIF+TZD, and 3 of 5 mice treated with RIF+LZD100 or RIF+SZD. 
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Again, there were no significant differences between the combination regimens. All foot-
pads in all mice were culture negative at week 8.
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Fig 3: Treatment with rifampin and companion drugs reduces bacterial burden as assessed by footpad colony 
forming unit (CFu) counts in M. ulcerans-infected mice. The horizontal line represents the CFU burden at the start 
(D0) of treatment

dIsCussIOn

In the past two decades, considerable progress has occurred in the treatment of BU (2, 
16). Initial recommendations involved extensive surgical excision of the lesions. Studies in 
mouse footpad models identified regimens containing RIF and an aminoglycoside would 
be efficacious and subsequent clinical trials established the effectiveness of 8 weeks of 
RIF+STR. However, the use of STR has the disadvantages of ototoxicity and need for injec-
tions for 8 weeks (2, 4). As an alternative to STR, the WHO technical advisory group on Buruli 
ulcer recently recommended an all-oral regimen of RIF+CLR based on results of a series of 
clinical trials (5). Although RIF+CLR appears effective, it still requires administration for 8 
weeks whereas a shorter regimen would likely enhance treatment completion and reduce 
utilization of precious healthcare resources. In addition, CLR is compromised by tolerability 
concerns and a drug-drug interaction with RIF that significantly reduces CLR exposures (a 
problem that may worsen if high-dose rifamycin regimens are tested as they are in TB)
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(8-10, 17, 18), and may reduce its effectiveness as a companion agent, and possibly result 
in acquired RIF resistance. Therefore, new oral companion agents are sought to shorten 
treatment and/or provide a more effective companion agent to RIF. We sought to determine 
whether an oxazolidinone might achieve these objectives. 

In our study, SZD was the only oxazolidinone that, like CLR, added activity to RIF alone 
in a statistically significant manner at week 2 and was not worse than RIF+STR. However, 
RIF combined with LZD at doses producing exposures similar to 600 mg and 1200 mg daily 
doses in patients had activity that was indistinguishable from RIF+CLR and from each other, 
while RIF+TZD was numerically worse than all regimens at weeks 2 and 4 by CFU and swell-
ing scores. SZD is currently in clinical development for treatment of tuberculosis, where it 
has demonstrated significant early bactericidal activity and reduced hematologic toxicity 
compared to LZD (14, 19). Therefore, it could represent a promising alternative to CLR. 
However, additional clinical studies are needed to determine whether an adverse drug-drug 
interaction with RIF exists before its candidacy for BU treatment regimens could be seri-
ously considered.   

LZD has received increasing attention as a second-line drug for treatment of MDR-TB. 
In fact, it was recently ranked as a Group A drug by the WHO, indicating that it should be 
prioritized for inclusion in the regimen for any MDR-TB patient (20). It is also off patent 
and should be increasingly available at lower prices. Although we did not find that addition 
of LZD significantly improved the activity of RIF alone, the mean CFU counts and swelling 
grades were numerically lower in either RIF+LZD group compared to RIF alone group during 
the first 2 weeks. These results suggest that LZD may still play a role in enhancing the bac-
tericidal effect of RIF-containing regimens and in reducing the risk of selecting RIF-resistant 
mutants. Although LZD carries risk of dose- and duration-dependent toxicity (13), its neu-
rotoxicity consists primarily of peripheral and occasional optic neuropathies that typically 
do not manifest before 3-4 months of treatment (21) and would not be a major concern 
for BU treatment. Hematologic toxicity, typically thrombocytopenia or anemia, is reversible 
and tends to occur after 2-4 weeks of treatment. It is trough-dependent and is therefore 
less likely to occur with once-daily treatment (22). Importantly we found that the 50 mg/kg 
dose of LZD was just as effective as the 100 mg/kg dose, indicating that 600 mg daily may 
be just as effective as 1200 mg daily in humans. We also found that any additive effect of 
LZD (as with SZD) was most evident in the first 2-4 weeks. Taken together, the results may 
suggest that LZD 600 mg x 2-4 weeks may more-or-less optimize the contribution of LZD to 
a RIF+LZD regimen and be largely devoid of neurotoxicity and hematologic toxicity. 

Tedizolid is marketed for acute bacterial skin and soft tissue infections and, at the ap-
proved dose of 200 mg daily, appears to have less hematologic toxicity than LZD 600 mg 
twice daily (15). However, whether it is less toxic than LZD 600 mg administered once daily 



Chapter 9

132

remains unknown. Moreover, TZD appeared to be the least effective oxazolidinone in this 
model.

While we did not find that any oxazolidinone-containing regimen was superior to RIF+CLR, 
it should be kept in mind that the CLR dose used in our experiments could over-represent 
CLR exposures obtained in humans because the induction of CLR metabolism by RIF in mice 
is likely not as great as what is observed in patients, where CLR exposures are reduced by 
70-90% (8-10). Thus, the contribution of CLR to the RIF+CLR combination may be overesti-
mated by the CLR 100 mg/kg in mice. Moreover, the significance of the RIF-CLR interaction 
will only increase if higher doses of RIF or rifapentine are evaluated for BU as they are 
currently being evaluated for TB (23). Co-administration with RIF also reduces LZD plasma 
exposures, though to a much more limited extent and this interaction may actually provide 
some protection against trough-driven LZD toxicity (24, 25). 
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The main aim of this thesis was to contribute to improving antimicrobial drug therapy of 
Buruli Ulcer (BU). Chapter 1 introduces BU as a neglected tropical disease (NTD), explaining 
the meaning and public health context of this term. This is followed by a brief history of 
BU and by an explanation of the basic concepts of BU pathobiology that are crucial for the 
understanding of the following chapter: M. ulcerans is an environmental pathogen with an 
unclear transmission pathway. It causes skin lesions known as BU that can manifest as nod-
ule, ulcer, plaque or edematous eruption. The cytotoxin mycolactone is the main virulence 
factor of M. ulcerans as it causes local immunosuppression, necrosis and analgesia.

BU occurs mainly in West Africa but also the in Western Pacific region. Chapter 2 explores 
the current epidemiological situation of BU, as an extension of the introduction. In 2017, 
2217 cases of BU were reported to WHO, globally. There was a drastic decrease of cases 
since 2010; in total 23,206 cases had been recorded between 2010 – 2017. WHO had set 
four programmatic targets to be reached in 2014 to improve the situation of BU: more than 
70% of cases should be PCR confirmed, less than 25% of cases should be category III (lesion 
diameter >15cm or multiple lesions), less than 60% of cases should be in the ulcerative 
stage when detected and less than 15% of patients should experience movement limitation 
as a result of BU. However, none of the programmatic targets has been fulfilled today. M. 
ulcerans is an environmentally present pathogen. Its epidemiology seems to obey unknown 
ecological drivers and BU is therefore highly unlikely to be eradicated. This highlights the 
need of highly efficient treatment as a main tool for disease control.

Surgery has long been standard treatment of BU. Affected areas were resected with large 
safety margins. These large resection areas led to scarring, contractures and disability. 
There were also high rates of disease recurrence despite large resection areas. Chapter 3 as 
an editorial to the recent Cochrane review on clinical studies evaluating antimicrobial drug 
therapy, explaining the long and winding road from surgical treatment to antimicrobials first 
in Buruli ulcer; this review and comment sets the stage for the following chapters, explor-
ing BU pharmacotherapy. M. ulcerans is susceptible to several anti-mycobacterial agents, 
mainly rifamycins, aminoglycosides, macrolides and fluoroquinolones. Chapter 4 offers a 
detailed review of all anti-infectives tested against the M. ulcerans pathogen in clinical stud-
ies and in the laboratory environment.

Pre-clinical drug development, also for BU is done in animal models of infection. For BU the 
mouse footpad and mouse tail model are applied. At each time-point of the experiment, 
numbers of animals are euthanized and drug or vaccine efficacy is assessed by quantify-
ing bacteria in processed tissue samples. A novel method that allows to quantify bacteria 
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without euthanizing animals is the use of bioluminescent bacteria that refine and reduce 
animal experimentation for drug research. This method has previously been applied reading 
out luminescence from a mouse footpad in a luminometer. In chapter 5 we however used 
an In-vivo imaging system that is a camera purposely build to measure the intensity but also 
demonstrate the location of bacteria in an anesthetized, experimentally infected rodent. 
We demonstrated the possibility to image and read out bacterial presence in BALB/c mice. 
Also early infection that was not visible clinically, was detected with the use of the IVIS sys-
tem. We confirmed the histopathological resemblance of lesions caused by the genetically 
modified autoluminescent M. ulcerans strain as well as the evoked immune response with 
data from human BU cases as a first step to validate the model for future use.

Currently, Buruli ulcer is treated with an eight-week course of rifampin (RIF) in combination 
with either the injectable streptomycin (STR) or oral clarithromycin (CLR). Even though the 
treatment is freely available for patients in most endemic countries, long distances to health 
care facilities and hospitalization cause patients to neglect or under-utilize their treatment. 
Although some who default from treatment, still have their lesions healed, others have poor 
outcome after default. This highlights the need to investigate better, shorter treatments for 
BU. Drug development is very costly and special attention needs to be paid in the case of 
an NTD: researched compounds should be available, patent-free, inexpensive, not requiring 
a cool-chain for transportation and bear little side effects and drug-drug interactions with 
other medication used in endemic settings. In summary, it is thus desirable to repurpose 
existing drugs for the treatment of NTDs. One such lead were avermectins. It was reported 
that these widely used compounds, mainly the avermectin ivermectin, had intermediate 
anti-mycobacterial activity against the tubercle bacillus – a related micro-organism. We 
confirmed these findings in chapter 6 showing comparable intermediate activity in vitro. 
Ivermectin is mainly used in low, single doses for the treatment of parasitic diseases but 
would have to be administered daily in higher doses to be efficacious against M. ulcerans. 
In chapter 7 we hence first evaluated the pharmacokinetics of the avermectins ivermectin 
and selamectin in healthy BALB/c mice and found peak plasma concentrations with our high 
dose regimen that were in the order of magnitude of the previously in vitro found minimal 
inhibitory concentrations (MICs). A subsequent efficacy trial in infected BALB/c mice how-
ever showed no bactericidal activity of avermectins against M. ulcerans, and some increase 
in swelling of infected areas compared even to control animals. These findings might be 
best explained by different immunomodulatory properties that avermectins cause on the 
skin. With the increasing use of avermectins for new indications, such as malaria control or 
as cancer chemotherapeutic we do contribute the first evaluation of high-dose, repeated 
administration regimens in the mouse, albeit lacking efficacy against M. ulcerans.
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As previously stated, BU is managed with RIF with STR or CLR. At its introduction in the 1970s, 
RIF was expensive and there were fears of side-effects. A dose of 600 mg or 10 mg/kg was 
first chosen and was efficacious in the treatment for tuberculosis. This dose has not been 
questioned and adopted for the treatment of BU since. In an effort to repurpose and refine 
the treatment of BU with existing, rapidly applicable means, we performed a dose-ranging 
of different doses of RIF and rifapentine in M. ulcerans infected mice, described in chapter 
8. We found that 20 mg/kg and 40 mg/kg RIF were very efficacious, as was rifapentine. 
With high-dose rifamycins we observed culture negative lesions after only four weeks of 
treatment. Motivated by these findings we are currently further investigating the perfect 
dose of RIF in a larger-scale study, as well as studying the ideal macrolide companion, given 
that there are some drug-drug interactions with CLR that might render the macrolide less 
effective than other candidate companion drugs. One such study is shown in chapter 9, 
where we show non-inferiority of oxazolidinones to CLR in combination with RIF, offering an 
alternative companion to future high-dose RIF regimens.

The first half of this thesis thus explored the current challenges and epidemiology of Buruli 
ulcer and reviewed the progression from surgery to drug therapy in Buruli ulcer, detailing 
the susceptibility of the M. ulcerans microbe to antimicrobials. The second half consists of 
pre-clinical laboratory studies in the M. ulcerans BALB/c mouse model that yielded high-
dose rifampin as high-potential candidate regimen for further evaluation of future highly 
active, short-course regimen to treat BU, as further explained in Chapter 11.
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The treatment of Buruli ulcer (BU), a neglected tropical disease (NTD), has come a long way 
from primarily surgical care with terrible sequelae, scarring and relapse (1-3) to primarily 
antimicrobial therapy (4). Current WHO-recommended (5) antimicrobial regimens consist-
ing of rifampin (RIF) plus either streptomycin (STR) or clarithromycin (CLR) achieve high 
cure rates as 8-week regimens (6-8) and patients with small lesions report good quality of 
life after healing (9). However, lesions vary greatly in size and in form. BU may present as ul-
cerative, nodular, oedematous or plaque forms (10). Albeit mostly singular, BU lesions vary 
greatly in size and are defined by cross-sectional diameter. WHO category I <5cm, category 
II 5-15cm and category III >15cm, or any lesion on critical locations (e.g. eye, genitalia) or 
presence of multiple lesions (7). Preliminary results of a study (ClinicalTrials.gov Identifier: 
NCT01659437) investigating 8 weeks of RIF+CLR showed non-inferiority to the RIF+STR regi-
men and spark the hope for soon fully replacing the oto- and nephrotoxic (11) injectable 
and providing all-oral 8-week therapy.

Despite these advances, further improvement of BU therapy is needed; development of 
efficient and oral treatment is currently the top BU research priority at WHO, besides unrav-
elling the transmission mode and the development of a rapid diagnostic test (5).

Three research items should to be addressed concerning BU therapy: a) the dosing and 
pharmacokinetics of the current RIF+CLR regimen should be further explored and optimized, 
b) the treatment duration should be shortened and stratified to lesion category and c) new 
anti-mycobacterial agents should be evaluated for future shorter-course therapy with quick 
time to healing of BU lesions.

The current dosage of RIF is based on out-dated arguments about cost-effectiveness and 
side effects. High-dose RIF is safe in humans (12) and renders BU lesions in mice culture-
negative in 4 weeks (13). The widespread availability of the drug and the ease to “double 
the dose and half the duration” are enticing. Nonetheless, a careful clinical study should 
evaluate the efficacy in BU patients and pay attention to paradoxical reactions which could 
arise during rapid killing of bacilli, however were not observed in mice (14). Concerning 
the macrolide companion, bi-directional drug-drug interactions between RIF and CLR have 
been noticed (15). Other macrolides such as azithromycin (AZI) (Omansen et al, in prepara-
tion) or modern oxazolidinones like sutezolid or tedizolid (16) could be a better option. A 
recently emerged concept in the related M. tuberculosis infection is that the granulomatous 
lesion-microenvironment greatly affects local drug penetration and pharmacokinetics (17). 
Further pre-clinical research is needed to assess the lesion pharmacokinetics of drugs used 
to treat BU.
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In 2017, despite efforts to promote earlier diagnosis, still 31% of lesions were category III 
(Chapter 2). However, there are no studies or recommendations on the treatment of large 
lesions. Albeit it is free of charge in most countries, the long duration of BU treatment causes 
indirect costs for patients (18) and exposes them to potentially unnecessary side effects. In 
summary, “a one size fits all” approach for BU antimicrobial therapy should perhaps be 
reconsidered. Clinical research should evaluate treatment stratified by lesion category, ad-
ministering a shorter-course regimen for WHO category I-II e.g. with high dose RIF (13) and 
either a macrolide companion (AZI, CLR) or another drug such as an oxazolidinone (Almeida 
et al, in press). Follow-up of patients who defaulted from antimicrobial therapy revealed 
healing with sub-8-week treatment duration with regular RIF doses, further supporting the 
case for shorter-course therapy (19). Management of category III lesions in contrast, should 
be intensified by paying special attention to wound care, physiotherapy to prevent sequelae 
and psychosocial counselling for stigma prevention. Clofazimine (CFZ) is an off-patent drug 
that is mycobacteriocidal and has been shown to have good efficacy in experimental M. 
ulcerans mouse studies (20). Its availability is expected to increase as a result of its new 
place in shorter-course regimen for multidrug-resistant tuberculosis recently recommended 
by WHO. CFZ could be administered in addition to the abovementioned two drugs. A total 
duration of 6-8 weeks seems necessary considering the fact that the lesions may sometimes 
be extensive (Table 1). All abovementioned suggestions can be implemented rather easily 
and rapidly as all stated drugs are marketed, well-known and available, with the exception 
of the newer oxazolidinones.

Research for new anti-mycobacterial agents, especially for the treatment of M. tuberculosis 
infection has produced several compounds that could be applied for the therapy of BU in 
the future, specifically Q203, bedaquiline (BDQ), its newer analogues TBAJ-587 and TBAJ-
876, and an injectable long-acting formulation of BDQ (LA-BDQ). Q203 is an inhibitor of 
the cytochrome bc1 complex (specifically, the QcrB component), a 4-gene complex in the 
mycobacterial electron transport chain responsible for oxidative phosphorylation (21). M. 
tuberculosis is able to circumvent this mechanism by changing to a different metabolism, 
namely the use of bd oxidase; in M. ulcerans genes encoding for the bd oxidase are non-
functional pseudogenes. The MIC of Q203 against M. ulcerans is 0.000078-0.00015 μg/ml 
(22) and the compound has been shown to be highly bactericidal against M. ulcerans in 
mice using monotherapy (23); combination regimens e.g. with high-dose rifampin or other 
drugs prove to be very efficient (24). The rapid microbiological killing of M. ulcerans by Q203 
is only surpassed by its rapid reduction of lesion swelling, possibly owing to secondary anti-
inflammatory properties of the compound (21,24). BDQ is an inhibitor of the mycobacterial 
ATP synthase employed in the therapy of tuberculosis (25). BDQ is also highly active against 



147

Discussion and Future Perspectives

Ch
ap

te
r 1

1

M. ulcerans with an MIC of 0.06-0.125 µg/ml (22), comparable to its MIC against M. tuber-
culosis. The newer BDQ analogues TBAJ-587 and TBAJ-876 exhibit the 4-8x greater potency 
compared to BDQ against M. tuberculosis and are thus of interest for further exploration 
in BU, too. In an effort to develop short and efficient BU therapy options we are currently 
testing the use of both oral and LAI-BDQ. LAI-BDQ is a slow-release, i.m. injectable formu-
lation. Antibacterial activity could still be observed 12 weeks after a single injection in a 
mouse model of latent tuberculosis infection (26). Contemplation of shorter-course, highly 
efficient BU therapy comes with the realization that mycobacterial killing alone does not 
heal an ulcer instantaneously; culture-negativity is a success from a microbiological view-
point but adequate healing without stigmatizing scarring and impairment of locomotion 
(27) must be the primary endpoint of BU therapy. Perhaps, the use of anti-inflammatory 
agents as adjuvants can be considered, so lesion healing can be matched by bacterial kill-
ing. Although macrolides have been shown to exhibit immunomodulatory effects (28), no 
differences in sequelae could be detected in an earlier randomized study (7); that study was 
obviously not designed or powered to detect such immunomodulatory effects. Adjunct anti-
inflammatory therapy is considered in M. tuberculosis infection (ClinicalTrials.gov Identifier: 
NCT03160638). Although some authors have argued in favour of corticosteroids to treat 
the paradoxical inflammatory response in BU (29), the natural course of these paradoxical 
responses is usually benign and self-limiting (30).

Lastly, efficient antimicrobial therapy must be accompanied by adequate non-medical treat-
ment, such as physiotherapy to prevent sequelae, psychosocial counselling to reduce the 
burden of stigma, especially for cases with large lesions or lesions in visible critical locations, 
such as the face, as well as by efficient pain management (31). Integration of the care for BU 
with other NTDs will offer opportunities for joint engagement of skin NTDs (32,33).

Even though surgery has been shown to be unnecessary in many cases of BU (34), which we 
hypothesize will be even more so with the advent of new highly active drugs, it should not 
be neglected but, rather, carefully used in complicated and very advanced cases.

M. ulcerans is an environmental pathogen with an unknown niche and supposedly multiple 
transmission pathways (10); the changing epidemiology of BU obeys unknown environmen-
tal drivers (35). It is paramount to thus realise that BU will likely never be eradicated, yet it 
can be controlled well. Fast, reliable and efficient antimicrobial therapy is a key element for 
efficient disease control in BU and research should focus on improving it. Drug development 
is a costly process and it is difficult to gain funding for NTD research. Clinical trials for BU 
are further complicated by the declining global burden of BU and its occurrence in isolated 
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foci, even though local epidemics arise such as in Australia (Chapter 2). International col-
laboration between researchers and clinicians, coordination and support through WHO, as 
well as engagement of NGOs and industry partners will be indispensable to translate the 
promising aforementioned pre-clinical findings into the clinical setting to form the future of 
Buruli ulcer treatment.

Table 1: Suggested future treatment algorithm for Buruli ulcer; therapy stratified by lesion category with high-dose 
rifampin plus either macrolide or oxazolidinone for category I-II and for category III lesions addition of clofazimine. 
Overview of potential drug candidates worthy of further clinical investigation for Buruli ulcer treatment. RIF, ri-
fampin, CFZ, clofazimine, BDQ, Bedaquiline.
lesion category antimicrobial therapy non-medical treatment

WhO I – II 2-4 weeks
High-dose RIF + macrolide/

oxazolidinone

Wound care
Pain management

Physiotherapy as needed

WhO III 8 weeks
High-dose RIF + macrolide/

oxazolidinone + CFZ

Advanced wound care
Pain management

Surgery if necessary Intensified Physiotherapy
Psychosocial counselling

Future drug candidates

Q203 Cytochrome bc1 inhibitor, MIC 0.000078-0.00015 µg/ml

BdQ and analogues Diarylquinolines, BDQ MIC 0.06-0.125 µg/ml, newer analogues have 4-8x more potent 
activity

long-acting injectable BdQ One-time i.m. injections offer up to 12 weeks slow release and antibacterial activity 
enabling outpatient management.
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Het belangrijkste doel van dit proefschrift was om bij te dragen aan de verbetering van 
antimicrobiële medicamenteuze therapie van Buruli Ulcer (BU). In hoofdstuk 1 BU beschrij-
ven we BU als een verwaarloosde tropische ziekte (NTD), en leggen we uit wat dat inhoudt 
voor de patiënten en de zorg die zij nodig hebben. BU is al meer dan honderd jaar geleden 
in Afrika beschreven door Europese artsen. De oorzaak – infectie door Mycobacterium 
ulcerans - werd in 1948 door Australische onderzoekers beschreven. Het is nog steeds niet 
duidelijk hoe de infectie wordt opgelopen maar de overdracht is niet via besmette mensen; 
de bron hoewel onduidelijk is vast de omgeving. De bacterie scheidt een giftige stof, een 
toxine (mycolacton) uit dat de schade aan de weefsels – vooral de huid, het onderhuidse 
vetweefsel en soms ook de botten - veroorzaakt.  De huidafwijkingen beginnen vaak als 
knobbel, soms een verdikking van de opperhuid – plaque, en soms zwelling met vocht in 
de weefsels: oedeem; vaak ontstaat er een gat in de opperhuid: er ontstaat dan een zweer. 
Het mycolacton is de ziekmakende factor van de M. ulcerans bacterie; het veroorzaakt niet 
alleen weefselversterf maar onderdrukt ook de afweer, zowel op de plaats van infectie als 
in het bloed; verder onderdrukt het zenuwgeleiding waardoor mensen aanvankelijk geen of 
weinig pijn ervaren van de knobbel of de zweer. De bacterie M. ulcerans is lastig te kweken 
maar met een moleculaire test (polymerase kettingreactie, PCR) kan de diagnose vrij mak-
kelijk bevestigd worden in het laboratorium. Hoewel de meeste mensen niet aan de ziekte 
sterven kunnen zweren groot worden, en kan genezing gepaard gaan met dwangstanden bij 
gewrichten door littekenweefsel. Dan ontstaan er bewegingsbeperkingen voor patiënten. 
Daarom is het belangrijk dat de diagnose op tijd gesteld wordt, en tijdig met behandeling 
wordt gestart.

BU komt op veel plaatsen in de wereld voor, maar vooral in West-Afrika, en tegenwoordig 
ook steeds meer in het zuidwesten van Australië. hoofdstuk 2 beschrijft de epidemiologie 
van BU. In 2017 werden 2217 gevallen van BU wereldwijd aan de WHO gemeld. Er was een 
drastische afname van gevallen sinds 2010; In totaal waren 23.206 gevallen geregistreerd 
tussen 2010 en 2017. De WHO had in 2014 vier programmatische doelen gesteld om de 
situatie van de BU te verbeteren: meer dan 70% van de gevallen zou PCR-bevestigd moeten 
zijn, en liefst vroeg opgespoord moeten worden voordat de ziekte ernstig voortgeschreden 
is. Minder dan 25% van de nieuwe gevallen zou al tot categorie III (zweren groter dan 15 cm; 
of meer plekken op het lichaam); minder dan 60% van de gevallen heeft zich al ontwikkeld 
tot zweer; en minder dan 15% van de patiënten ervaren een bewegingsbeperking als gevolg 
van de BU. Helaas lukt het in veel (Afrikaanse) landen waar de ziekte regelmatig voorkomt 
niet, om deze doelstellingen te verwezenlijken.  
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Chirurgie was lange tijd de standaardbehandeling van BU. Artsen verwijderden aangedaan 
weefsel met flinke marges van ogenschijnlijk gezond weefsel, om zeker te zijn dat alles was 
weggehaald. Deze grote operatiewonden leidden tot littekens, dwangstanden in gewrichten, 
en invaliditeit. Ondanks deze grote operaties keerde de ziekte toch nog vaak terug. In hoofd-
stuk 3 geven wij een commentaar op de recente Cochrane-review over klinisch onderzoek 
over antimicrobiële medicamenteuze behandeling. We beschrijven de verandering van 
alleen chirurgische naar steeds meer (bijna nog alleen) antimicrobiële behandeling. 

M. ulcerans is gevoelig voor verschillende anti-mycobacteriële middelen, voornamelijk 
rifamycinen, aminoglycosiden, macroliden en fluorchinolonen. In hoofdstuk 4 geven we 
een gedetailleerd overzicht van alle middelen die getest zijn tegen M. ulcerans in het labo-
ratorium en bij patiënten. 

Voor de ontwikkeling van nieuwe geneesmiddelen, ook voor BU, worden eerst dierproe-
ven gedaan. Voor BU worden vaak dierproeven met muizen gedaan; ofwel de achterpoot 
ofwel de staart van de muis wordt daarbij besmet met M. ulcerans bacteriën. Bij deze expe-
rimenten worden steeds bij ieder stadium van de proef dieren gedood om de werkzaamheid 
van geneesmiddelen of vaccins vast te stellen. In weefselmonsters worden dan de aantallen 
levende bacteriën vastgesteld. Een nieuwe methode die het mogelijk maakt om bacteriën 
te kwantificeren zonder dieren te doden, is het gebruik van bioluminescente bacteriën 
die licht geven -  waarbij we die dierproeven kunnen verfijnen en het aantal op te offeren 
dieren kunnen verminderen voor geneesmiddelenonderzoek. Deze methode was al eens 
eerder toegepast maar in hoofdstuk 5 gebruikten we een beeldvormingssysteem waarbij 
we in levende dieren met een speciale camera de intensiteit kunnen meten; we hebben de 
bacteriële aanwezigheid in BALB / c-muizen af kunnen te beelden en uit kunnen lezen. Ook 
vroege infectie die klinisch niet zichtbaar was, werd gedetecteerd met behulp van dit (IVIS-)
systeem. De lichtgevende variant van deze genetisch gemodificeerde bioluminescente 
M. ulcerans-stam veroorzaakte de typische afwijkingen bij microscopisch onderzoek van 
de weefsels, en ook de opgewekte afweer-reactie (immuunrespons) leek sprekend op de 
gevallen van BU bij de mens. Met dit onderzoek hebben we bijgedragen aan de drie Rs 
om onnodige dierproeven te vermijden: minder dierproeven (Reduce);  verfijn de proeven 
(Refine); en zet dierproeven om in andere proefnemingen (Replace). Dierproeven zullen 
echter voorlopig nodig blijven om de behandeling te verbeteren.

Momenteel wordt Buruli-ulcer behandeld met een kuur van acht weken rifampine (RIF) 
in combinatie met ofwel streptomycine (STR) via een injectie, of orale claritromycine (CLR). 
Hoewel de behandeling gratis beschikbaar is voor patiënten in de meeste landen waar BU 
veel voorkomt, blijkt dat voor veel mensen het ziekenhuis letterlijk en figuurlijk ver weg 
is.  Sommige mensen hebben geluk hebben en genezen spontaan; hebben anderen na 
uitstel een slechte uitkomst maar anderen komen te laat naar het ziekenhuis zodat er al 
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veel schade is ontstaan. Er is duidelijk behoefte aan kortere behandelingen voor BU.  Het 
ontwikkelen van nieuwe geneesmiddelen is erg duur en juist voor een NTD is dat geld er 
niet. Het is daarom wenselijk om te kijken of bestaande geneesmiddelen die werkzaam 
en veilig zijn voor andere infectieziekten gebruikt kunnen worden voor de behandeling 
van NTD’s.  Avermectines - vooral ivermectine – blijken te werken bij tuberculose; de tu-
berkelbacil die verwant is aan de M. ulcerans bacterie blijkt gevoelig voor deze stof. We 
bevestigden deze bevindingen in hoofdstuk 6 met vergelijkbare intermediaire activiteit een 
kweekproef. Ivermectine wordt hoofdzakelijk gebruikt in lage, enkelvoudige doses voor de 
behandeling van parasitaire ziekten, maar zou dagelijks in hogere doses moeten worden 
toegediend om effectief te zijn tegen M. ulcerans. In hoofdstuk 7 evalueerden we daarom 
eerst de farmacokinetiek van de avermectines ivermectine en selamectine in proefdieren. 
Farmacokinetiek bestudeert wat doet het lichaam met het geneesmiddel; hoe wordt het 
opgenomen uit de darm in het bloed of bloedplasma, en hoe het zich verdeelt - en hoe de 
stof wordt uitgescheiden. We hebben dit getest in gezonde BALB / c-muizen en we vonden 
piek-plasmaconcentraties met ons hoge doseringsschema die in de orde van grootte lagen 
van de eerder in vitro gevonden minimaal remmende concentraties (MIC’s) . Een daar-
opvolgende werkzaamheidsstudie bij geïnfecteerde BALB / c-muizen toonde echter geen 
bactericide (bacterie-dodende) activiteit van avermectines tegen M. ulcerans en zelfs enige 
toename in zwelling van geïnfecteerde gebieden in vergelijking met controledieren. Deze 
bevindingen kunnen het best worden verklaard door verschillende immunomodulerende 
eigenschappen die avermectines op de huid veroorzaken. Met het toenemende gebruik van 
avermectines voor nieuwe indicaties, zoals malaria of bij kanker, laat dit onderzoek zien dat 
deze stoffen helaas geen doorbraak gaan betekenen voor BU.

Zoals eerder vermeld, wordt BU behandeld met rifampicine in combinatie met strepto-
mycine of claritromycine. Bij de introductie in de jaren 70 was rifampicine - ontwikkeld voor 
de behandeling van tuberculose - duur en men was bang voor bijwerkingen bij te hoge 
doseringen. Eerst werd een dosis van 600 mg of 10 mg / kg gekozen en die bleek toen 
goed werkzaam bij de behandeling van tuberculose. Gek genoeg is toen nooit echt goed 
uitgezocht of die dosering wel optimaal was; er is nooit onderzocht of hogere doseringen 
misschien even goed worden verdragen, en of hogere doseringen nog beter werkten. De 
destijds gekozen dosis is ook gebruikt voor de behandeling van BU. In een poging om de be-
handeling van BU te verfijnen en te verbeteren met het op dit moment beschikbare arsenaal 
aan middelen, voerden we een experiment uit bij muizen.  In hoofdstuk 8 beschrijven we 
een met M. ulcerans geïnfecteerde muizen. Verschillende doses rifampicine en rifapentine 
werden getest.  We vonden dat 20 mg / kg en 40 mg / kg rifampicine zeer effectief waren, 
net als rifapentine. Met hoog gedoseerde rifamycinen zagen we dat de BU afwijkingen al 
steriel werden na slechts vier weken behandeling. Op basis van deze veelbelovende resul-
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taten zoeken we nu naar de perfecte dosis rifampicine in een grotere studie en bestuderen 
we wat de ideale partner van rifampicine zou kunnen zijn. Claritromycine hoewel goed 
werkzaam gebleken in combinatie met rifampicine is misschien niet de ideale keus; er zijn 
enkele lastige geneesmiddelinteracties tussen rifampicine en claritromycine. Een voorbeeld 
van zo’n onderzoek is te vinden in hoofdstuk 9, waarin we bekeken of oxazolidinonen ten 
opzichte van claritromycine niet onderdoet in combinatie met rifampicine. Misschien zullen 
we een middel uit deze groep kunnen combineren met hoog-gedoseerde rifampicine in een 
kortere kuur dan 8 weken.

De eerste helft van dit proefschrift was dus gewijd aan de huidige uitdagingen en epide-
miologie van Buruli ulcus en we bespraken de overgang van chirurgie naar medicamenteuze 
behandeling bij Buruli ulcus, met details over de gevoeligheid van de M. ulcerans microbe 
voor antimicrobiële middelen. 

De tweede helft bestaat uit laboratoriumonderzoeken bij muizen - in het M. ulcerans 
BALB / c-muismodel. Met een hogere dosering rifampicine – waarvan we inmiddels weten 
dat die ook b=ij tuberculosebehandeling veilig is, en mogelijk effectiever is – onderzochten 
we combinaties met andere middelen in de hoop uiteindelijk een betere en kortere behan-
deling voor patiënten met BU mogelijk te maken.
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