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Summary 

 

Mycobacterium ulcerans causes Buruli ulcer, a neglected tropical skin disease manifesting as 

chronic wounds that can leave victims with major, life-long deformity and disability. 

Differently from other mycobacterial pathogens, M. ulcerans produces mycolactone, a 

diffusible lipid factor with unique cytotoxic and immunomodulatory properties. Both traits 

result from mycolactone targeting Sec61, the entry point of the secretory pathway in 

eukaryotic cells. By inhibiting Sec61, mycolactone prevents the host cell’s production of 

secreted proteins, and most of its transmembrane proteins. This molecular blockade 

dramatically alters the functions of immune cells, thereby the generation of protective 

immunity. Moreover, sustained inhibition of Sec61 triggers proteotoxic stress responses 

leading to apoptotic cell death, which can stimulate vigorous immune responses. The 

dynamics of bacterial production of mycolactone and elimination by infected hosts thus 

critically determine the balance between its immuno-stimulatory and -suppressive effects. 

Following an introduction summarizing the essential information on Buruli ulcer disease, this 

review focuses on the current state of knowledge regarding mycolactone’s regulation and 

biodistribution. We then detail the consequences of mycolactone-mediated Sec61 blockade 

on initiation and maintenance of innate and adaptive immune responses. Finally, we discuss 

the key questions to address in order to improve immunity to M. ulcerans, and how increased 

knowledge of mycolactone biology may pave the way to innovative therapeutics. 
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I – Introduction - Key facts about Buruli ulcer disease 

 

I. 1. Epidemiology 

Buruli ulcer (BU) is a neglected tropical disease caused by Mycobacterium ulcerans, which 

manifests as chronic, nonhealing necrotic skin lesions. Between 1960 and 2015, BU was 

reported in 34 countries primarily located in tropical and subtropical areas 1,2. In these 

countries, BU periodically emerges as small outbreaks in geographically limited foci 3. West 

African countries are the worst affected, with prevalence estimates reaching 26.9 cases per 

10,000 population in Benin 1,4. Available epidemiological data likely underestimate the real 

burden and distribution of BU, due to under-reporting and misdiagnosis of the disease 4. In 

1998, the rising incidence of BU in Western Africa prompted policy makers to adopt the 

Yamoussoukro Declaration, expressing commitment to intensify actions against BU. Since 

then, the WHO Global BU Initiative has coordinated active surveillance and control programs, 

as well as research efforts, to stop BU disease expansion. In 2013, programmatic targets were 

defined to ensure reliable PCR diagnosis, promote early case finding and reduce the sequelae 

and disability that are associated with severe BU. Although effective at reducing the global 

incidence of BU until 2017, these measures failed to eradicate BU 5. Today, most of the 

program objectives formulated by the WHO remain unmet and local epidemics keep arising 5. 

It is therefore important to revitalize global control and research efforts to prevent the re-

emergence of BU 5. 

 

I. 2. Clinical presentation – Diagnosis  

BU may start as a swelling nodule, a large area of induration or as a diffuse edema 6. Within 

weeks to months, these lesions develop into open ulcers with a characteristic lack of pain and 
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inflammation, which if untreated enlarge over time 7. BU ulcers are categorized by three levels 

of increasing severity depending on the number and importance of skin lesions and bone 

involvement 7. Well trained, experienced health professionals usually make a reliable clinical 

diagnosis without laboratory confirmation 8. However, early nodules and ulcerative BU lesions 

may be confused with other conditions such as diabetic ulcers, cutaneous leishmaniasis or 

yaws, and specific tests can be necessary to confirm BU diagnosis. Several methods are 

available to diagnose BU: molecular detection of M. ulcerans-specific IS2404 insertion 

sequence, direct microscopy, histopathology and culture 9. While sensitive and highly specific 

10,11, BU diagnostic tests based on bacterial DNA detection by polymerase chain reaction (PCR) 

or loop-mediated isothermal amplification (LAMP) techniques 12 require trained laboratory 

staff and infrastructure that are often missing in field conditions 5.  

 

I. 3. Treatment 

The WHO currently recommends an 8-week long daily administration of oral rifampicin plus 

intramuscular streptomycin, associated with wound management and surgery for severe 

lesions 13. While rare, mutations associated with drug resistance do occur 14 and require 

careful monitoring. Recently, Phillips et al. reported that BU is curable by an all-oral, 8-week 

course of fully oral rifampicin plus clarithromycin with minimum use of surgery 15,16. From an 

immunological perspective, it is interesting to note that patients undergoing antibiotic 

treatment report considerable pain. Moreover, paradoxical worsening of the lesions, with 

enlargement of the treated ulcer and sometimes development of secondary lesions, is often 

observed after the start of antimicrobial treatment 17–22. Such reactions may be interpreted 

as a treatment failure. However, histopathological and clinical examination of involved tissues 

argue that on the contrary, they result from immune-mediated reactions to effective, 
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microbiologically sterilizing treatments (see § III). Practically, this means that BUs are generally 

not healed at the end of antibiotic therapy, and patients require close follow-up with adequate 

wound management until completely cured.  

 

I. 4. Evolution - Transmission 

Bacterial population genomics revealed that M. ulcerans evolved from a M. marinum ancestor 

and disseminated across the world and particularly within Africa, the continent most affected 

by BU today 23. During its evolution, M. ulcerans underwent considerable genome reduction 

24–27 while acquiring the unique ability to make mycolactone 6,24,28. M. ulcerans is an 

environmental bacterium, whose mode of transmission to humans remains largely unknown. 

M. ulcerans bacilli grow optimally at temperatures between 30-33°C and their growth is 

inhibited at higher temperatures 29,30. This limited growth temperature range is believed to 

explain why the pathogen does not disseminate beyond cutaneous and subcutaneous tissues 

in infected hosts. However, relative skin temperature is not a major determinant of BU body 

distribution. The topography of lesions in BU patients rather suggests a complex association 

of contributing factors such as pre-existing skin injury or exposure to biting insects 31.  

 

Epidemiologic and genetic analyses of family clusters of BU patients argue against human-to-

human transmission 32. Living or working near stagnant waters was identified as a risk factor 

for M. ulcerans infection 33, and there is growing evidence to suggest that natural or human-

driven perturbations in landscape hydrology that create lentic habitats promote the 

emergence of new BU foci 34,35. Based on PCR detection of M. ulcerans DNA in environmental 

samples (reviewed in 36) and experimental infection of animal models 37,38, the current view is 

that skin gets infected by a combination of contamination and puncture, including by insect 
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bites 36. In addition to human beings, M. ulcerans infects a broad range of animals constituting 

potential environmental reservoirs 29,39–41, and transmission pathways may depend on local 

ecosystems 29,35,36.  

 

In all, BU is a re-merging neglected tropical disease deserving renewed attention. Despite a 

major breakthrough in definition and validation of antibiotic therapy, there remain significant 

research gaps including the elucidation of BU transmission mechanisms, reasons for the time-

lag between microbiological and clinical cure and identification of prevention measures. Much 

of this knowledge resides in a better understanding of mycolactone biology. The next 

paragraphs review the state of art in genetic basis of mycolactone synthesis, regulation, 

biodistribution in organisms infected with M. ulcerans, as well as molecular target and 

mechanism of action.  

 

 

 

II - Mycolactone: bacterial synthesis and distribution in infected hosts 

 

II. 1. Genetic basis of mycolactone production and regulation 

Mycolactone was first described in 1999 by Pamela Small and col. in a seminal paper reporting 

the isolation of a polyketide-derived macrolide from a clinical isolate of M. ulcerans, which 

caused cytopathicity in cultured fibroblasts 42. Subtractive hybridization between strains of M. 

ulcerans and M. marinum subsequently led to the identification of a polyketide synthase (PKS) 

locus that is specific to M. ulcerans 43, then to the discovery of a 174-kb plasmid (pMUM) 

encoding the giant PKSs synthesizing mycolactone 44. Since then, other mycolactone-
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producing mycobacteria (MPMs) have been isolated from fish, frogs and other ectotherms 

presenting BU-like diseases (reviewed in 23). Mycolactones produced by M. ulcerans strains of 

different geographical origins or genetically related mycobacteria are all variants of a 

canonical structure, corresponding to a 12-membered lactone ring substituted with two 

polyketide-derived chains 24,45. While initially given new species names, MPMs were found to 

share extensive genomic homology with M. ulcerans  25,46. They all harbor pMUM-like 

plasmids, produce mycolactone variants and are now considered different members of a 

single M. ulcerans species 25,28,45–47. Notably, clinical isolates of M. ulcerans always produce 

mycolactone, indicating that maintenance of the pMUM plasmid is essential for in vivo 

persistence 24,48. Mycolactone may also promote bacterial survival outside of human hosts, by 

promoting the formation of biofilms and/or the colonization of insect vectors 49.  

 

Whether and how mycolactone production is regulated is largely unknown. The PKS locus 

occupies a large part of the pMUM megaplasmid and involves the mlsA1, mlsA2 and mlsB 

genes, whose expression is driven by a strong SigA-like promoter sequence 50. By 

experimentally infecting mice with a M. ulcerans strain expressing a GFP-reporter plasmid 

under the control of this promoter, Tobias et al. found that genes encoding mycolactone-

producing PKSs were highly expressed by bacilli present in ulcerated tissues 50. This suggested 

that bacteria actively produce mycolactone in vivo. In line with these findings, mycolactone 

was detected in pre-ulcerative lesions, edges and exudates of ulcers from patients with active 

BU 51,52. In M. ulcerans grown in vitro, toxin synthesis was decreased by the presence of 

carbohydrates despite elevated expression of mls genes, indicating that bacterial production 

of mycolactone may be modulated by environmental signals via post-transcriptional 

mechanisms 53.   
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II. 2. Secretion and biodistribution  

The molecular mechanisms mediating mycolactone export by M. ulcerans bacilli are not yet 

fully understood. Mycolactone was initially isolated from bacterial culture supernatants 42, 

indicating that the toxin is secreted by the bacteria. Subsequent studies identified 

mycolactone in an extracellular matrix enveloping clusters of M. ulcerans bacilli, which was 

proposed to constitute a toxin reservoir 49. While the cell wall localization of PKSs suggested 

that mycolactone biosynthesis occurs there, the toxin’s assembly appears to require 

additional, unknown elements 54.  

 

Despite the lack of molecular tools and techniques for sensitive in-situ detection of 

mycolactone, studies using radio- or fluorescently-labelled molecule and analyses of organic 

solvent-extracted lipids have generated insights into how mycolactone distributes in infected 

hosts, at both cellular and tissue levels 6. The next paragraphs provide an overview of recent 

advances in the field, with a particular focus on cells and organs of the immune system.  

 

II.2.a. Entering and leaving the bloodstream 

Mycolactone being lipophilic, its presence in biological samples was first assessed by 

extraction of total lipids with organic solvents, followed by analysis by liquid chromatography 

tandem-mass spectrometry (LC-MS/MS). Using this approach, structurally-intact mycolactone 

was detected in serum samples from newly diagnosed BU patients 52, providing the first 

evidence that mycolactone produced by bacteria infecting the skin gains access to the 

bloodstream. However, the poor sensitivity of this approach prevented accurate 

determinations of the low concentrations of circulating mycolactone. Recent investigations 
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indicated that mycolactone associates with human High- and Low-Density Lipoproteins (HDL 

and LDL) in vitro 55. This property may be used to capture, concentrate and quantitate 

mycolactone in patient serum.  

 

The distinctive mass spectrometric signature of the toxin was also detected in lipid extracts of 

peripheral blood cells, spleen, liver and kidneys from mice experimentally infected with M. 

ulcerans 56. When mice were injected with a radiolabeled form of the toxin via the 

subcutaneous, intravenous or intraperitoneal routes, radioactivity was detected in peripheral 

blood, spleen, liver and kidneys , further showing the body-wide distribution of mycolactone 

56. Whether injected or produced by bacteria, mycolactone was detected in the mononuclear 

cell fraction of blood, lymph nodes and spleen 56. Further, when incubated with whole blood 

or spleen cell suspensions ex vivo, mycolactone rapidly distributed in the mononuclear cell 

compartment 56. This indicated that in infected organisms, immune cells of blood and 

lymphoid organs are exposed to bacterially-produced mycolactone. 

 

Recently, Guenin-Macé et al. used a fluorescently-labeled mycolactone and the zebrafish 

model to visualize in real-time the extravascular distribution of intravenously-delivered toxin 

57. In agreement with mouse studies, injected fish displayed a body-wide distribution of 

mycolactone. Interestingly, the authors reported a concentration gradient around the site of 

injection that is reminiscent of the pathology of BU lesions, where tissue necrosis is centered 

on bacterial foci 58. Notably, they observed a low-level persistence of mycolactone in the 

bloodstream of injected fish, despite important toxin clearance via the gastro-intestinal tract 

57. In patients with BU, the presence of mycolactone was still detectable in perilesional skin 

weeks after completion of antibiotic therapy 51,52. Together, data from animal models and BU 
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patients thus support the view that bacterially-produced mycolactone has a large distribution 

volume and a slow elimination rate, a pharmacokinetic profile that is compatible with high 

tissue binding capacity and relatively minor association to carrier proteins in serum. Albeit 

low, serum levels of mycolactone may constitute good indicators of its persistence in the 

organism, of major interest for clinical monitoring of disease. 

 

II.2.b. Crossing the plasma membrane 

Studies using fluorescent derivatives of mycolactone indicated that the toxin primarily 

penetrates host cells by passive diffusion 59. Since mycolactone bound to HDL/LDL in vitro, it 

will be interesting to determine if lipid carrier protein receptors contribute, at least partially, 

to its intracellular uptake. Importantly, recent investigations using phospholipid membrane 

models indicated that mycolactone alters the integrity of membrane lipids 60,61. Mycolactone-

phospholipid interactions were promoted by the presence of cholesterol and resulted in 

significant changes in lipid layer physical properties and architecture, including the formation 

of ordered microdomains 60,61. We can speculate that in immune cells, mycolactone insertion 

in cholesterol-rich lipid-rafts will affect the assembly of signaling platforms and associated 

immune responses. In support of this hypothesis, we observed that mycolactone promotes 

recruitment to lipid rafts and constitutive activation of the Src family kinase Lck in T 

lymphocytes 62.  

 

In sum, current data indicate that bacterially-produced mycolactone diffuses into the systemic 

circulation and gains access to distant organs (Figure 1). In the blood, mycolactone distributes 

primarily into leukocytes, which transport the toxin to secondary lymphoid organs. 

Mycolactone may also exist freely in peripheral blood or bound to lipoproteins, potentially 
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delivering mycolactone to peripheral tissues via dedicated receptors. At the cellular level, 

mycolactone crosses the plasma membrane to reach the cytosol via passive diffusion, leading 

to structural perturbations in lipid bilayers. 

 

 

 

III - Mycolactone impact on inflammation and innate immunity 

 

Upon infection, professional phagocytic cells such as neutrophils and macrophages are 

normally recruited to the infection site to release cytokines and chemokines that promote 

inflammation and ensure efficient clearance of bacteria and apoptotic cells. Despite the 

presence of abundant bacilli and extensive tissue damage, BU lesions are characterized by a 

relative lack of inflammatory infiltrates and pain 6. Experiments using intradermally-injected 

mice showed that M. ulcerans bacilli are initially captured by host phagocytes and transported 

to draining lymph nodes similarly to M. bovis BCG, leading to the initiation of vigorous Th-1-

oriented cellular immune responses 63. Mycolactone-producing, but not mycolactone-

deficient strains of M. ulcerans then induced the formation of expanding necrotic acellular 

foci 64, suggesting that mycolactone produced by internalized bacteria kill host phagocytes. At 

late stages of mouse infection, M. ulcerans was primarily found as clusters of extracellular 

bacteria within localized area of necrosis 63–65. The presence of leukocytes in an infiltration 

belt surrounding BU lesions, but not within the acellular necrotic core harboring extracellular 

bacteria, led Ruf et al. to propose that clusters of M. ulcerans bacilli reaching a critical size 

generate a mycolactone shield protecting the pathogen from host phagocytes 66.  
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Whether mycolactone impairs neutrophil sensing of pro-inflammatory mediators and 

migration towards the site of infection was not precisely investigated, but may operate since 

most of the membrane receptors mediating these biological processes (G protein-coupled, Fc, 

adhesion, cytokine and pattern recognition receptors) 67 are predicted targets of 

mycolactone-mediated Sec61 blockade 68 (see § V). In mice, mycolactone-producing and -

deficient strains of M. ulcerans both induced an acute neutrophilic response 64. Intact 

neutrophils were detected in the infiltration belt surrounding established lesions of BU 

patients and neutrophilic debris were observed in their necrotic core, suggesting an early 

neutrophil infiltration 66. Human blood-derived neutrophils pre-treated with non-cytotoxic 

doses of mycolactone ex vivo lost ability to produce pro-inflammatory TNF- cytokine upon 

activation 69. While insufficient to fully prevent neutrophil influx at early stages of infection, 

bacterial production of mycolactone may thus limit the capacity of infiltrated neutrophils to 

orchestrate and regulate inflammatory responses via cytokines and chemokines 70. 

 

Intracellular bacilli were detected within macrophages in the inflammatory infiltrates 

surrounding lesions of BU patients and experimentally infected mice 64,65, demonstrating that 

M. ulcerans is transiently intracellular in macrophages of infected hosts. Torrado et al. showed 

that M. ulcerans may even multiply inside macrophages before inducing host cell lysis 65. The 

ability of host macrophages to kill intracellular M. ulcerans before they are killed by bacterial 

production of mycolactone may be critical for the outcome of infection 71.  Expression of 

inducible nitric oxide synthase (iNOS) in macrophages stimulated by T cell-derived IFN- is 

essential for control of M. tuberculosis infection 72. Mice lacking IFN- had reduced capacity to 

control M. ulcerans growth at early stages of infection 73, suggesting that the IFN-/iNOS 

signaling axis is also important in this disease context. Mycolactone efficiently decreased the 
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surface expression of IFN- receptor by macrophages, thereby compromising their ability to 

produce iNOS in response to IFN- stimulation 74. In accordance with these data, exogenously-

added mycolactone dose-dependently inhibited phagosome maturation and nitric oxide 

production in IFN--activated macrophages 75. Together, these data strongly suggest that 

mycolactone-mediated suppression of IFN- signaling in host macrophages undermines host 

innate immunity to M. ulcerans infection 71. In support of this hypothesis, single nucleotide 

polymorphisms reducing iNOS and IFNG gene expression have been associated with 

susceptibility to BU 76. Besides, mycolactone efficiently prevented production of cytokines and 

chemokines by activated monocytes and macrophages 69,77–79 in vitro, with IC50 in the 5-20 nM 

range. However, exposing macrophages to such mycolactone concentrations for > 48h 

resulted in cytotoxicity 69. In conclusion, whether produced by phagocytosed M. ulcerans or 

by clusters of extracellular bacteria, mycolactone potently impairs the antimicrobial and pro-

inflammatory functions of infected macrophages, and eventually their viability. 

 

In addition to being antigen-presenting cells, dendritic cells (DCs) are key to the initiation of 

primary immune responses. Addition of noncytotoxic concentrations of mycolactone to DCs 

limited their migratory properties and ability to mature and activate T cells in vitro 80. In 

intradermally-injected mice, mycolactone also blocked the maturation and emigration of skin 

DCs to draining lymph nodes 80. Endogenously-expressed and exogenously added 

mycolactone both inhibited DC’s capacity to produce inflammatory chemokines upon 

activation with TLR ligands 80. Together, these results suggested that bacterial production of 

mycolactone may limit both initiation of primary immune responses and recruitment of 

inflammatory cells to the infection site. In addition to presenting intracellular antigens in the 

context of MHC class II molecules, DCs can capture antigens released by surrounding cells and 
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present them to CD8+ T cells in the context of MHC class I molecules, a process referred to as 

cross-presentation that leads to the activation of antigen-specific T cells. Mycolactone 

suppressed both direct and cross-presentation of synthetic peptides to CD8+ T cells, through 

inhibition of DC expression of several mediators of antigen presentation, including MHC class 

I and II 81. Our proteomic profiling of mycolactone-DCs also revealed that mycolactone rapidly 

activates the Unfolded Protein Response (UPR) in the endoplasmic reticulum (ER), as reflected 

by transcriptional induction of Activating Transcription Factor  4 (ATF4) and its pro-apoptotic 

C/EBP Homologous Protein (CHOP) target gene 68. Of note, mycolactone reproducibly reduced 

gene expression of the ER lumen chaperone BIP, a master regulator of the UPR, thus 

potentially increasing DC’s susceptibility to ER stress-induced apoptosis 68. In all, mycolactone 

interferes with DC immunobiology in multiple ways, which may account for the lack of 

inflammation in lesions and the defective cellular immune responses in patients with BU (see 

§IV). 

 

Paradoxical reactions, resulting in clinical deterioration after initial improvement, are 

commonly observed in patients receiving an antibiotic treatment for M. ulcerans infection 

17,20–22. Based on the lack of viable mycobacteria and evidence of significant inflammatory 

responses in excised tissues, O’Brien et al. proposed that such paradoxical reactions may in 

fact represent adverse consequences of effective bacterial killing 17,20. Indeed, 

immunohistochemical analysis of skin lesions from BU patients receiving antibiotic treatment 

revealed massive leukocyte infiltration in the areas surrounding coagulative necrosis, 

including mononuclear phagocytes with intracellular mycobacteria and lymphocytes 82,83. The 

paradoxical reactions developing in treated BU patients are reminiscent of the immune 

reconstitution inflammatory syndrome occurring in M. tuberculosis and HIV co-infected 
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patients receiving anti-retroviral treatment, and the reactions occurring in leprosy patients 

receiving multi-drug therapy 84. In BU patients, development of paradoxical reactions 

correlated with initially high bacterial load 22. We can speculate that antibiotic treatment leads 

to the accumulation of pathogen-associated molecular patterns in BU lesions, which stimulate 

vigorous inflammatory responses upon reversal of local immune suppression by mycolactone. 

While consistent with the long-term persistence of mycolactone in treated patients, further 

studies of mycolactone and cytokine dynamics in lesional skin will be necessary to fully 

understand the immune mechanisms underpinning paradoxical reactions in BU patients 

receiving antibiotic therapy. 

 

 

 

IV - Mycolactone impact on adaptive immunity  

 

Little is known about the humoral response to M. ulcerans and its importance in protective 

immunity. While mice immunized with heat-killed bacteria rapidly developed an intense 

serum antibody response to M. ulcerans components, that of mice infected with live bacilli 

was limited and delayed 85, suggesting that bacterial production of mycolactone suppresses 

the development of systemic humoral immune responses and/or antibody production by B 

cells. B lymphocytes were reported to accumulate in the immune infiltrate surrounding the 

necrotic core of lesions from BU patients 66, arguing in favor of the latter hypothesis. 

Immunoglobulins being either secreted or membrane proteins, mycolactone-mediated Sec61 

blockade is predicted to inhibit their production by B cells (see § V). Yet, local production of 

IgM, IgA and IgG responses, including mycolactone-neutralizing antibodies, was reported in 
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M. ulcerans-infected mice 86. Moreover, IgGs binding to mycolactone were identified in the 

skin biopsies of 60% of patients with PCR-confirmed BU, indicating that bacterial production 

of mycolactone is not be sufficient to stop recruited B cells to produce antigen-specific 

antibodies 86. The number of antibody-producing cells increased in the skin of FVB/N mice 

during spontaneous healing, suggesting a role for a local production of anti-mycolactone 

antibodies in ulcer resolution 86.  

 

In BU patients with progressive ulcers, peripheral blood T cells showed defects in ability to 

produce cytokines including IFN- upon ex vivo stimulation, irrespective of the activation 

stimuli 87–91. Defective production of IFN- by activated T cells  resolved after surgical excision 

of the lesions, demonstrating their association with the presence of bacteria 90. Early studies 

conducted by Foxwell and co-workers introduced the notion that mycolactone may be the 

bacterial factor causing these defects, by showing that exogenous addition of mycolactone 

prevents the production of IL-2 by activated T cell lines in vitro, in conditions not altering cell 

viability 92. Subsequent studies using human peripheral blood CD4+ T lymphocytes showed 

that mycolactone’s effects were not restricted to IL-2, as it also blocked efficiently the 

activation-induced production of IFN-, IL-4, IL-17, IL-10, TNF, IL-8 and MIP-1 91. Notably, 

mycolactone also reduced T cell expression of TCR and homing receptor L-selectin (CD62L), 

leading to impaired responsiveness to TCR stimulation 62 and reduced capacity to reach 

peripheral lymph nodes in vivo 69,93.  

 

Generation of cellular immune responses is essential for protective immunity against most 

mycobacterial infections, and evidence suggests that BU is no exception. Observations that 

mycolactone potently suppresses innate and adaptive immune responses in vitro 
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(summarized in Figure 2) suggests that ability to synthesize this factor was evolved by M. 

ulcerans to escape an efficacious host immune response. At the site of infection, active 

production of mycolactone by M. ulcerans maintain its local concentration at a high level, 

leading to apoptosis of tissue-resident cells and immune cell infiltrates. The belt of infiltrating 

leukocytes surrounding the necrotic core of BU lesions likely reflects a “war” zone where 

mycolactone concentrations paralyze and eventually kill immune cells, while failing to prevent 

their continuous influx. Part of the mycolactone produced by bacteria infecting the skin gains 

access to immune cells of peripheral blood and lymphoid organs to suppress the initiation of 

adaptive immune responses and effector functions of T lymphocytes 6,24,94. The vigorous 

inflammatory responses occurring during antibiotic treatment suggest that BU patients are 

fully capable of reactivating cellular immune responses when bacterial production of 

mycolactone declines. Identifying patients at risk to develop paradoxical reactions, and better 

understanding the underlying immune mechanisms will help define personalized approaches 

to improve wound healing and clinical cure. 

 

 
 
 
V - Molecular target and mechanism of action 
 

Given its cytopathic effects in most cell types, mycolactone was initially considered a new type 

of bacterial toxin. However, lack of inflammation and pain in necrotic BU lesions on the one 

hand, and in vitro demonstration of its unique immunomodulatory properties of mycolactone 

on the other hand, suggested that mycolactone may also constitute, at non-cytotoxic doses, 

a novel type of natural immunosuppressor. Whether the immunomodulatory and cytotoxic 
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properties of mycolactone were mechanistically linked, or resulted from interactions with 

distinct host receptors has remained elusive for decades.  

 

In 2014, Simmonds and co-workers made a breakthrough with the demonstration that 

mycolactone prevents the translocation of secretory proteins into the ER, leading to their 

degradation in the cytosol by the ubiquitin:proteasome system 78. Using cell-free systems, 

High et al. then showed that mycolactone selectively affects the cotranslational translocation 

of secretory proteins into the ER 95.  In eukaryotes cotranslational protein translocation is 

initiated by recognition of signal peptides or nascent polypeptide anchor domains by the 

signal recognition particle (SRP). The SRP then targets the ribosome-nascent polypeptide 

complex to the Sec61 translocon for insertion in the ER membrane (Figure 3). Sec61 is a 

heterotrimeric complex mediating the transport of secretory and integral transmembrane 

proteins (TMPs) into the ER. In collaboration with the group of Ville Paavilainen, we provided 

genetic evidence that mycolactone operates by directly targeting the pore-forming (alpha) 

subunit of the Sec61 translocon 74. We identified single amino acid mutations in Sec61 not 

affecting the functionality of the Sec61 translocon, while fully protecting human cells against 

the cytotoxic and immunomodulatory activity of mycolactone 74. Quantitative proteomics 

revealed that during T cell activation mycolactone-mediated inhibition of Sec61 blunts the 

expression of both IFN- cytokine and receptor, leading to defective induction of IFN--

inducible genes by autocrine signaling. Expression of mutant Sec61 in mycolactone-treated 

T cells restored normal expression of IFN- cytokine and receptor. Furthermore, when 

expressed in macrophages the mycolactone resistant mutant restored IFN- receptor-

mediated anti-microbial responses. These findings identified Sec61 as the host receptor 

mediating the immunomodulatory effects of mycolactone, and therefore the virulence of M. 
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ulcerans. Moreover, they revealed the potential of inhibiting protein translocation for tuning 

down inflammatory and immune responses.  

 

Other natural Sec61 blockers have been identified, which inhibit protein translocation by 

targeting a partially overlapping site in the pore-forming Sec61 subunit 96. Interestingly, the 

mutations conferring resistance to mycolactone clustered in the same region 74, suggesting 

that structurally different Sec61 inhibitors share a common binding site and mode of action. 

Gérard et al. recently reported an electron cryo-microscopy structure of mycolactone bound 

Sec61 97. Surprisingly, the mycolactone-binding pocket did not overlap with the region 

identified by resistance mutations, suggesting that such mutations may induce 

conformational changes indirectly preventing mycolactone binding. Mycolactone is composed 

of a lactone ring with two polyketide chains branched in the north and south positions (Figure 

1). Mycolactone derivatives lacking the southern chain were unable to bind Sec61 and were 

biologically inert 69,74. In contrast, lactone core linked to southern chain retained both ability 

to bind to Sec61 and mycolactone’s immunosuppressive and cytotoxic properties 69,74. This 

highlighted the importance of the lactone core/southern chain structural module in Sec61 

inhibition, but in the structure the southern polyketide chain of mycolactone had minimal 

interaction with Sec61 96. Why the mycolactone binding site observed in the 3D-structure of 

Sec61 is not that defined by the resistance mutations and mycolactone structure-activity 

relationship studies is unclear and it remains to be seen if allosteric conformational changes 

are involved. 

 

Sec61 substrates include secretory and integral transmembrane proteins (TMPs), which can 

be divided into Type I, II or III according to the presence of a signal peptide (SP) and the 
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orientation of the protein N-terminus at the ER membrane. In cell-free systems, translocation 

of model secretory proteins, Type I and Type II TMPs was efficiently blocked by mycolactone 

74,78,95. In contrast, mycolactone had no effect on the integration of Type III TMPs, a rare subset 

of TMPs where the transmembrane span acts as the ER targeting signal 98. In accordance with 

in vitro findings, our profiling of mycolactone-susceptible proteome in CD4+ T lymphocytes, 

DCs and sensory neurons suggested that mycolactone is a multipotent, but not omnipotent 

Sec61 blocker 68,74,81.  Importantly, global proteomic analyses revealed that mycolactone-

mediated Sec61 blockade rapidly induces alterations beyond Sec61 substrates. In T cells for 

instance, mycolactone-mediated inhibition of IFN- cytokine and receptor, both Sec61 

substrates, was associated with defective transcriptional induction of IFN--inducible genes, 

among which a range of cytosolic and nuclear proteins that are not Sec61 substrates. 

Concomitantly, Sec61 blockade triggered the upregulation of a subset of proteins involved in 

cellular stress responses 68. 

 

Over-expressing the R66G mutant of Sec61 protected cells against mycolactone-mediated 

cell death, showing that its cytotoxicity strictly depends on mycolactone binding to Sec61 74. 

Our integrated analysis of mycolactone-driven proteomic alterations in T cells, DCs and 

neurons revealed the induction of cytosolic chaperones Hsp70/Hsp90 68. Moreover, 

mycolactone activated an atypical ER stress response, differing from the conventional 

unfolded protein response (UPR) by downregulation of the ER chaperone BIP (Figure 4). In 

contrast, Ogbechi et al. reported that mycolactone induces the integrated stress response 

(ISR) in treated macrophages and epithelial cell lines, in the absence of ER stress 99. Whether 

primarily involving the ISR or the UPR, mycolactone-mediated stress responses were found in 

both studies to activate the pro-apoptotic ATF4/CHOP signaling pathway (Figure 4). In addition 
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to revealing that Sec61 blockade by mycolactone induces proteostatic stress in the cytosol 

and the ER, these investigations provided an explanation for how sustained exposure to 

saturating amounts of mycolactone can lead to cell apoptosis. 

 

 

 

VI- Implications for BU prevention  

 

Attempts to generate a potent anti-BU vaccine have so far been unsuccessful. While reducing 

the duration of ulcers 100 and risk of developing osteomyelitis, the most severe form of BU 101, 

the live attenuated anti-TB vaccine M. bovis Bacille Calmette-Guérin (BCG) only confers short-

lasting protection against BU 102. Similar to BCG, a mycolactone-deficient strain of M. ulcerans 

delayed the onset of ulceration in mice experimentally infected in the footpads, but did not 

prevent disease progression 103. The modest protective effect of BCG was not improved by 

booster vaccination in the mouse model 104, arguing against multiple immunizations with BCG 

as a viable strategy for BU prevention. Perspectives for the development of better anti-BU 

vaccines include recombinant BCG strains expressing immunodominant M. ulcerans antigens 

and subunit-based vaccines 105. DNA vaccines encoding M. ulcerans antigen 85A, M. leprae 

heat-shock protein Hsp65 or domains of the PKSs synthesizing mycolactone significantly 

reduced bacterial loads in M. ulcerans-infected mice 106–109. However, they were less 

protective than BCG, even when administered in DNA prime-protein boost protocols.  

 

Antibodies preventing mycolactone diffusion into host cells may help potentiate cellular 

immune responses to the pathogen. By immunizing mice with a detoxified version of 
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mycolactone coupled to BSA as an immunogen, Plüschke and col. were able to generate 

antibodies preventing mycolactone-mediated cell apoptosis in vitro 110. Human antibodies 

recognizing mycolactone were successfully isolated from naïve phage and yeast display 

random libraries, and affinity matured by error prone PCR 111. These results illustrate the 

potential of synthetic mycolactone derivatives to act as anti-BU vaccines, and also the 

possibility of generating anti-mycolactone antibodies for research, diagnosis and potentially 

treatment of BU. However, additional work will be required to determine whether anti-

mycolactone antibodies neutralize or exacerbate its toxicity in vivo. 

 

 

 

VII- Therapeutic potential of mycolactone 

Whether released by bacteria infecting the skin or injected via the subcutaneous route, 

mycolactone was found to diffuse into the leukocytes of peripheral blood and lymphoid 

organs 52,56. With this distribution profile, the unique immunomodulatory effects of 

mycolactone make it a potential drug candidate for therapeutic use against inflammatory 

disorders. Using mouse models, we showed that systematically delivered mycolactone 

confers protection against chronic skin inflammation, rheumatoid arthritis and inflammatory 

pain 69. However, the low yields and complexity of chemical schemes for mycolactone 

synthesis make its large-scale production for clinical applications challenging 45,112,113. 

Structure-activity relationship studies showed that the mycolactone subunit corresponding to 

lactone core and southern polyketide chain is critical for binding to Sec61 and biological 

activity 69,74,114. While less potent than natural mycolactone, the truncated version retained 

capacity to block cytokine production by neutrophils, macrophages and lymphocytes in vitro 
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and efficiently protected mice against inflammatory disorders and pain in mouse models 69. 

From a clinical perspective, this chemically simpler version of mycolactone offers several 

advantages over the natural molecule as in addition to being easier to synthesize it displayed 

a better therapeutic window in vivo. 

 

Many pathogenic human viruses rely on host biosynthetic machineries to produce the viral 

proteins required for replication, suggesting that Sec61 blockade could be used as a strategy 

to block viral propagation. In support of this hypothesis, mycolactone-mediated inhibition of 

Sec61 efficiently prevented host cell production of influenza A virus HA and NA proteins 

68.  Inhibiting Sec61 with mycolactone in ZIKA virus-infected cells blocked vacuole formation 

and virus production 115. It significantly delayed virus propagation and lethality in IFNAR-/- mice 

(personal communication). Beyond its direct antiviral effects, mycolactone-mediated Sec61 

blockade may prevent the pathology that is associated with virus-driven inflammation. Since 

mycolactone dose-dependently inhibited the infectivity of Sars-Cov-2 in conditions not 

affecting host cell viability in vitro (personal communication), it will be interesting to 

determine if it blocks viral propagation and pathological inflammation in vivo. 

 

There is epidemiological evidence suggesting a higher incidence of HIV infection in BU patients 

and a stimulatory effect of HIV infection on BU severity 116–118. Although HIV-M. ulcerans co-

infection is a rare event, these studies highlight the need to elucidate the immunological 

events underpinning disease association 119. While mycolactone-mediated inhibition of Sec61 

strongly reduced HIV-1 envelope synthesis and viral infectivity in vitro (personal 

communication), its suppressive effects on the development of Type I IFN-mediated antiviral 

responses may override its direct antiviral activity.  
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Finally, since cancer cells rely on active protein translocation into the ER for fast growth, Sec61 

inhibitors like mycolactone may show a potential as anticancer drugs 120. Mycolactone at 

nanomolar concentrations induced apoptosis in several cancer cell lines, likely through 

induction of proteotoxic stress responses 121. It depleted the UPR regulator BIP in treated cell 

lines 68,74, thereby potentially accelerating stress-induced apoptosis. Whether these effects 

operate in primary tumors and in mouse xenograft models remains to be established. 

 

 

 

Conclusion  

 

Through the study of mycolactone, research on M. ulcerans infection has identified a novel 

mechanism of immune suppression based on protein translocation blockade. Mycolactone-

mediated inhibition of Sec61 not only reveals the so far unanticipated potential of inhibiting 

Sec61 for immune modulation, it provides a mechanism for M. ulcerans virulence and BU 

pathogenesis. Nonetheless, a large number of unresolved issues remain, particularly in 

relation to immunity against M. ulcerans. Future challenges will consist in defining a vaccine 

conferring solid and long-term protection against BU, predicting and preventing paradoxical 

reactions in treated patients, and identifying means to reduce the use of antibiotics by 

neutralizing the immunosuppressive action of mycolactone.  
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Figure legends 

 

Figure 1: Current understanding of mycolactone’s distribution in infected hosts  

The mycolactone structure shown corresponds to M. ulcerans-derived stereoisomers A/B, 

the red line indicating the region where A and B differ 47. 

 

Figure 2: Immune functions known, or suspected to be suppressed by mycolactone.  

Figure created in Biorender.com. 

 

Figure 3: Mycolactone inhibits Sec61-dependent protein translocation. 

Most secreted and membrane proteins are delivered to the ER, as ribosome bound nascent 

chains. Their transfer to the Sec61 complex starts with binding of a hydrophobic signal peptide 

contained in their sequence (highlighted in yellow) to a signal recognition particle (SRP, Stage 

1), which then binds to its cognate receptor (SR) located in the ER membrane (Stage 2). 

Mycolactone inhibits the subsequent recognition of nascent chain by Sec61 (Stage 3), thus 

preventing its engagement in the translocon (Stage 4) and insertion in the ER membrane 

(Stage 5). Sec61 substrates that fail to translocate in the ER are directed to the proteasome 

for cytosolic degradation. 

 

Figure 4: Proposed mechanism for mycolactone-mediated cytotoxic activity. 

Mycolactone-mediated Sec61 blockade causes the cytosolic accumulation of mycolactone-

susceptible Sec61 substrates blocked in translocation, which are unable to fold properly 

outside the oxidizing environment of the ER and without membrane insertion. This results in 

upregulation of Hsp70 (the stress-induced form of the Hsc70 molecular chaperone critical for 

nascent protein folding) and Hsp90 (which forms with Hsp70 a multichaperone machinery 

regulating proteostasis). Sec61 substrates that resist mycolactone inhibition of Sec61 (such as 

Type III transmembrane proteins) do not fold properly in the ER due to the lack of 

mycolactone-sensitive molecular chaperones like BIP. This triggers the UPR, reflected by Xbp1 

mRNA splicing by the ER-resident stress sensor IRE1. ISR/UPR sensor PERK phosphorylates 

eIF2α, which stimulates the translation of ATF4 transcription factor. Activated ATF4 then 

induces the transcriptional upregulation of the pro-apoptotic factor CHOP.  
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