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Abstract

AU : Pleaseconfirmthatallheadinglevelsarerepresentedcorrectly:Critical knowledge gaps regarding infection with Mycobacterium ulcerans, the cause of Bur-

uli ulcer (BU), have impeded development of new therapeutic approaches and vaccines for

prevention of this neglected tropical disease. Here, we review the current understanding of

host–pathogen interactions and correlates of immune protection to explore the case for

establishing a controlled human infection model of M. ulcerans infection. We also summa-

rise the overarching safety considerations and present a rationale for selecting a suitable

challenge strain.

1. Background

1.1. Disease burden

The neglected tropical disease, Buruli ulcer (BU), is a bacterial infection of skin and subcutane-

ous tissue. The causative bacteria Mycobacterium ulcerans was first described in contemporary

literature by Australian researchers (MacCallum and colleagues) in 1948 [1]. Shortly thereafter,

clinicians in African countries reported similar lesions, notably in the Buruli county (now

Nakasongola District) of Uganda [2]. Cases of BU have since been identified globally, predom-

inantly in West and Central Africa [3]. BU is the third most commonly reported mycobacterial

infection after tuberculosis and leprosy, with an estimated 5,000 to 6,000 cases per year from

2004 to 2010 [4] although reducing in subsequent years [3]. In Africa, focal prevalence during

outbreaks may reach as high as 15% [5].

In Victoria, Australia, where the climate is temperate, cases have continued to increase,

with calls for an urgent scientific response [6]. Since first recognition of the “Bairnsdale ulcer”

in the 1930’s [7], cases have been reported focally in regional, predominantly coastal areas,
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with an unpredictable pattern of geographical distribution. In early 2021, the epidemiology

shifted unexpectedly, with an increase in incidence in the inner north-western suburbs of the

Victorian state capital city Melbourne. Although investigations are ongoing, suggested expla-

nations for this new urban focus have included increased rainfall due to multiple consecutive

La Niña weather events, and the evolving complex relationship with native possums, which are

known to be natural hosts [8] manifesting clinical disease and being geographically linked to

human cases [9]. Like many neglected tropical diseases [10], the incidence of M. ulcerans is

prone to shift in response to climate change and the increasingly complex relationship between

humans and their environment.

1.2. Clinical disease

In Victoria, Australia, exposure is followed by a long incubation period, averaging 4 to 5

months [11,12]. M. ulcerans typically produces a localised skin and subcutaneous infection

due to its growth requirement for cooler temperatures. Lesions often begin as a nodule, plaque

or more rarely, oedema [13]. Ulcers typically develop slowly, and are characteristically painless,

with an undermined edge, surrounding swelling and central necrosis. Left untreated, ulcers

may either heal spontaneously, as reported in Australia [14], or progress in size and severity,

leading to permanent contracture, deformity, and disability [15]. Contiguous infection of

underlying bone has also been reported, principally in Africa [16]. Antibiotic treatment gener-

ally results in very high cure rates without the need for surgery, although treatment duration is

long, and side-effects are common [17]. Although the disease is uncommonly lethal, vulnera-

ble populations with inadequate access to healthcare are at risk of long-term disability due to

advanced disease and scarring, particularly if antibiotic treatment (or surgery) is delayed.

1.3. Pathogenesis

The pathogenesis of BU is driven by production of the toxin mycolactone (ML), which has

potent immunosuppressive properties [18]. Mycolactone acts by binding to the Sec61 translo-

con complex, preventing transport of newly synthesised proteins across the membrane of the

endoplasmic reticulum [19]. By this mechanism, mycolactone irreversibly inhibits the produc-

tion of numerous cytokines [20], including interleukin-2 (IL-2) [21,22] and interferon gamma

(IFN-γ) [23]. The importance of IFN-γ is apparent in IFN-γ knockout mice, which have

reduced capacity to kill intracellular bacilli [24] and faster disease progression [25]. Prolonged

Sec61 inhibition also stimulates cytotoxic stress responses, with apoptosis [26] and dose-

dependent necrosis [27], liberating bacilli [26,28] and inhibiting leukocyte infiltration [29]

within the ulcer’s core. In the tissue surrounding this necrotic core, where mycolactone is less

concentrated, a band of infiltrating leukocytes, comprising predominantly macrophages, con-

tain intracellular bacilli [29,30]. This enables the centrifugal propagation of infection [31]. In

mice, ML-negative isolates are avirulent, with a mononuclear infiltrate, intracellular bacilli,

and granulomatous inflammation [29].

1.4. Human immune responses to M. ulcerans: Current knowledge

1.4.1. Local cell-mediated immunity in humans. An understanding of the local and sys-

temic cell-mediated immunity (CMI) to BU in humans, particularly during healing (following

surgery, antibiotic therapy, or spontaneous healing) may uncover correlates of protection.

Studies have consistently demonstrated that patients with BU have suppressed IFN-γ produc-

tion during clinical disease, with relative suppression of Th1 responses, creating an environ-

ment where M. ulcerans evades mechanisms that usually control intracellular infection. As

local immunity is likely to be more relevant than systemic immunity in this subcutaneous
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disease, intralesional immune profiles have been explored in human studies. Prévot and col-

leagues analysed the lesions of 14 patients in French Guiana, demonstrating high IL-10 but

low IFN-γ mRNA levels in ulcers compared to high intralesional IFN-γ but low IL-10 mRNA

levels in nodular lesions [32]. Kiszewski and colleagues analysed skin and subcutaneous tissue

from 11 patients in Benin with BU, concluding that early ulcerative lesions had a predomi-

nantly immunosuppressive cytokine profile accompanied by high bacillary counts, whereas

older lesions showed a mixed cytokine pattern, dominated by IFN-γ, together with low bacil-

lary loads and granuloma formation [33]. Granuloma formation therefore likely represents a

late event of the ulcerative stage, probably preceding healing. Schipper and colleagues studied

23 patients with active BU in Ghana, 7 with pre-ulcerative lesions and 16 with ulcerative dis-

ease, as well as 22 patients with healed BU [34]. They showed that patients with ulcerative and

healed BUs produce significantly higher levels of IFN-γ compared to healthy controls, after ex
vivo whole-blood stimulation with tuberculin purified protein derivative (PPD), and that

patients with a granulomatous response produce higher IFN-γ levels than those without. As

demonstrated by immunostaining of lesions at various stages of disease, further evidence sup-

porting the protective effect of granulomatous inflammation in BU is the modest IFN-γ
expression in the organising stage and marked IFN-γ expression during the granulomatous

(healing) stage [34]. Schipper and colleagues were also the first to show that local IFN-γ pro-

duction in granulomatous tissue was reflected by a systemic type 1 immune response to M.

ulcerans, with a granulomatous response accompanied by high IFN-γ levels after whole-blood

stimulation with tuberculin PPD [34].

1.4.2. Systemic cell-mediated immunity in humans. There is inconsistency in the litera-

ture regarding the degree of systemic immunosuppression in BU. Gooding and colleagues ana-

lysed cellular immune responses in 14 patients from Victoria, Australia, 4 patients with active

BU and 10 with healed lesions after surgical excision. They reported significantly reduced pro-

duction of IFN-γ in response to stimulation with M. ulcerans whole cells compared to healthy

controls [23]. Gooding and colleagues also studied 23 patients and 25 household contacts in

far north Queensland (FNQ), finding that affected patients produced significantly greater

Th2-type cytokines (IL-4, -5, -6, and -10) than unaffected household contacts [35]. Notably,

only 1 patient had active disease, with the remainder having distant illness (mean of 9.4 years

since illness) [35]. The only prospective analysis of the human immune response was a house-

hold contact participant of the larger trial in FNQ, who demonstrated a type 2 cytokine

response 3 months after surgical excision of BU, failing to produce IFN-γ and IL-12, but with

preserved IL-4 and IL-10 production upon peripheral blood mononuclear cell (PBMC) stimu-

lation [36]. Prévot and colleagues also observed decreased IFN-γ production in stimulated

PBMCs in patients with ulcerative lesions, compared to patients with nodular forms [32].

In a study performed in Ghana, Westenbrink and colleagues compared 23 patients with

early-stage BU to 16 patients with late-stage BU. Using in vitro whole-blood stimulation with

phytohemagglutinin (PHA) and tuberculin PPD, they reported that patients with early-stage

BU produced significantly lower levels of IFN-γ compared to late-stage BU and control

patients; systemic IL-10 and IL-4 levels did not differ between patients and controls in this

study [37]. Schipper and colleagues reasoned that reduced systemic IFN-γ responses previ-

ously reported [23,32,35,36] may be because patients may have not had enough time to

develop a type 1 immune response. This is unlikely to explain the observed differences for the

studies performed by Gooding and colleagues, which predominantly included patients late in

the course of their disease, while the duration of illness in the patients analysed by Prévot and

colleagues was indeed shorter [32]. An alternative explanation is that patients in Australia and

French Guiana may have sought treatment earlier or had improved access to healthcare than

African patients. Studies suggest that systemic suppression of M. ulcerans-specific IFN-γ
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resolves 5 to 10 months after surgical excision of BU [38] and 1 to 2 months following curative

antibiotic treatment [13].

In a subsequent study evaluating cytokine and chemokine responses to BU in Ghana, Phil-

lips and colleagues not only found that PHA stimulation-induced production of IFN-γ in

whole blood was reduced in patients compared to healthy controls, but also that Th2 and Th17

responses were down-regulated in patients with BU. This systemic immunosuppression was

reported to resolve following treatment. They also demonstrated that patients with nodular

lesions had suppressed circulating chemokines, and suppression of these chemokines persisted

during the ulcerative stage of disease [22]. Phillips and colleagues also reported that serum IL-

4 was significantly up-regulated in patients with BU during antibiotic treatment compared to

healthy control participants, possibly explaining paradoxical reactions in patients during anti-

biotic therapy, due to increased B- and T-cell proliferation and Th-2 cell differentiation [22].

The inhibition of professional phagocyte function has also been reported in dendritic cells

(DCs). Coutanceau and colleagues found that ML suppresses the capacity of DCs to prime cel-

lular immune responses, which may help explain the inhibition of IFN-γ production by T-cells

and the fact that once BU lesions are excised, there is an intact Th1 response to the organism

[39].

1.4.3. Humoral immunity. Like in most mycobacterial infections, humoral immunity

seems to play a lesser role in controlling M. ulcerans infection. A number of studies have

shown that patients with BU demonstrate an antibody response to infection [23,40]. Exposed

controls can also have similar antibody responses to infected patients [35]. Antibodies target-

ing an immunodominant 18kDa heat-shock protein (Hsp18) without close orthologues in M.

bovis or M. tuberculosis were frequently found in the sera of patients with BU (75%) and in

healthy household contacts (38%) but rarely in controls from non-endemic regions [41]. Pidot

and colleagues used comparative genomics to identify 45 potential M. ulcerans-specific pro-

teins, of which they were able to express and purify 33 in Escherichia coli [42]. When sera from

30 patients with BU, 24 healthy controls from the same endemic region and 30 healthy con-

trols from a non-endemic region in Benin were screened for M. ulcerans-specific antibodies to

these proteins, 7 proteins (including PKS domains ER, AT propionate, and KR-A) showed a

significant difference between patient and non-endemic controls. They also found that IgG

responses of endemic controls were not significantly different to those of patients for any of

the 7 proteins [42]. In the largest serosurvey to date, Hsp18 IgG titres in supposedly non-

endemic areas showed comparable seropositivity rates to endemic areas (33% versus 31%,

respectively) [43]. This suggests that unrecognised host factors may influence the development

of clinical disease.

The production of ML-specific antibodies in laboratory animals has been challenging

because of the molecule’s immunosuppressive nature and its small, lipid structure. Foulon and

colleagues demonstrated the presence of neutralising antibodies in a mouse strain that displays

spontaneous healing properties following infection with M. ulcerans. These neutralising anti-

bodies were present in local tissue, but not in sera. Although ML is recognised by antibodies

recovered from the lesions of 60% of patients from Benin with PCR-confirmed BU [44], the

role of these antibodies in clinical disease remains unclear.

2. Role of a controlled human infection model for M. ulcerans

Due to the sporadic and highly focal nature of the epidemiology of BU, clinical trials testing

vaccine efficacy among participantsAU : Pleasenotethatsubjectsshouldnotbeusedtorefertohumans; asperPLOSstyle:Hence; ithasbeenchangedtoparticipantsinthesentenceDuetothesporadicandhighlyfocalnatureoftheepidemiologyofBU:::living in endemic areas are likely to be underpowered and

expensive. A systematic review of BU vaccines [45] has illustrated the progress made towards

vaccine development, with 28 studies describing vaccination approaches using various targets.
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The reviewers highlighted that, although several early stage candidate vaccines have emerged,

other than M. bovis bacille Calmette–Guérin (BCG), none have progressed to efficacy testing

[45]. More recent systems immunology approaches have resulted in the identification of addi-

tional vaccination candidates with attractive properties [46]. Thus, a number of promising

candidates merit further investigation, but there is a lack of a path to efficacy testing.

Testing vaccines on healthy human volunteers, deliberately infected with M. ulcerans in a

controlled fashion with a typical clinical phenotype, offers the potential for establishing safety

and protective efficacy of a vaccine candidate much faster than would be possible using a ran-

domised controlled trial in the field. A BU controlled human infection model (CHIM) could

take a prominent position early in the development pipeline of vaccines or experimental thera-

pies. CHIMs have been established to study a range of viral, bacterial, and parasitic pathogens.

They are particularly valuable for complex and uncommon pathogens, allowing researchers to

comprehensively interrogate the immunobiology of disease, while providing a biological signal

of vaccine efficacy and identifying immunological correlates of protection, efficiently enabling

subsequent stratification of vaccine development [47].

Vaccine efficacy can be studied in a CHIM of 10 to 100 participants, providing confidence

to proceed to Phase 2 and 3 clinical trials where sample sizes of thousands of participants are

typically required, with some confidence that the experimental intervention would be effective

[48]. With a high (universal) infection rate in control participantsAU : Pleasenotethatsubjectsshouldnotbeusedtorefertohumans; asperPLOSstyle:Hence; ithasbeenchangedtoparticipantsinthesentenceWithahighðuniversalÞinfectionrateincontrolparticipants:::, the number of participants

required is small and readily defined [49]. For example, in a simple two-arm (placebo versus

vaccine) trial with 90% power to detect a dichotomous outcome (lesion versus no lesion) at a p
value of 0.05 and with vaccine efficacy of 70%, a CHIM with 100% attack rate would require 14

participants (7 participants per arm). If the attack rate was reduced to 80%, then a vaccine with

70% efficacy would require 18 participants per arm. In anticipation of dropouts, the sample

size could be increased by 10% to 20% to compensate, without significantly affecting the eco-

nomic feasibility of the study.

Beyond prophylactic interventions such as vaccines, other experimental therapeutic inter-

ventions may be tested using this model (Table 1). These interventions may be tested in

Table 1. AU : AbbreviationlistshavebeencompiledforthoseusedinTable1:Pleaseverifythatallentriesarecorrect:Questions that a BU CHIM may answer.

1 What is the natural history of natural infection?

2 What are the systemic and local immunological responses to low dose infection?

3 What are the immunological correlates of protection?

4 What proportion of people develop antibodies against M. ulcerans-specific antigens?

5 What kind of antibodies do people develop against M. ulcerans?
6 What is the immunological basis for paradoxical reactions?

7 Can paradoxical reactions be predicted based on systemic immunological parameters?

8 What are the immunological correlates of spontaneous healing?

9 Can M. bovis BCG protect people from low-dose M. ulcerans infection? [45]

10 Can candidate vaccines delay or prevent clinical disease?

11 Can clinical disease be prevented by using early, short courses of antibiotics prior to the onset of clinical

disease? (i.e., chemoprophylaxis)

12 Can abbreviated antibiotic courses (e.g., 4 to 6 weeks of rifampicin and clarithromycin) be used to treat early

disease?

13 Can ultra-short treatment with telacebac [52] successfully treat BU in humans?

14 Can M. ulcerans-targeted bacteriophages be used in the management of BU?

15 Can non-antibiotic options be useful in the treatment of early (pre-ulcerative or small) lesions? For example,

local heat therapy (thermotherapy) [53]

BU, Buruli ulcer; CHIM, controlled human infection model.

https://doi.org/10.1371/journal.pntd.0011394.t001
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parallel with vaccinations, as breakthrough infections may be diagnosed using experimental

tests and treated using an experimental therapeutic product, with standard antibiotic therapy

as a backup in case of treatment failure. Although a detailed review is beyond the scope of this

paper, Roestenberg and colleagues have summarised the experimental infection of human vol-

unteers and described the key ethical considerations, including novel models of neglected dis-

eases [48].

There is no precedent for an M. ulcerans CHIM, with M. bovis BCG being the only myco-

bacteriosis to be studied in a CHIM setting [50]. Minassian and colleagues at the Jenner Insti-

tute (Oxford, United Kingdom) developed the model to test intradermal BCG vaccination as a

surrogate for M. tuberculosis infection (because there is presently no safe tuberculosis CHIM

available) [50]. They hypothesised that an effective vaccine against M. tuberculosis should

reduce replication of M. bovis BCG, in their study population. In this model, intradermal BCG

load was quantified using skin biopsy specimens by both quantitative polymerase chain reac-

tion (qPCR) and culture using colony-forming units (CFUs); immunological correlates of pro-

tection were investigated by comparing pre-challenge immune profiles against M. bovis BCG

load after challenge [50].

Because M. ulcerans infection is not restricted to humans, animal models may provide pre-

clinical proof-of-concept, but the genetic and immunological differences make it difficult to

extrapolate vaccine efficacy to humans [51]. In summary, although there are valuable clues in

retrospective human studies, attempts to find immunological correlates of immune protection

by retrospective analyses are hampered by long follow-up timeframes and confounders associ-

ated with observational methodology. Prospectively collected data that links clinical disease

and immunological responses from baseline (pre-exposure) to infection and disease resolu-

tion, with or without exposure to a candidate vaccine or other intervention, has the potential

to address numerous questions in BU research.

3. Approach to BU CHIM development

3.1. Safety considerations

Human models have been safely established for pathogens that can cause severe clinical syn-

dromes, including Streptococcus pneumoniae, Streptococcus pyogenes, Vibrio cholerae, Plasmo-
dium falciparum, dengue virus, and SARS-CoV-2 [47]. Compared to these pathogens, natural

infections with M. ulcerans are slower, less severe, and relatively non-invasive, with low mor-

tality, usually restricted to skin and subcutaneous tissue. Nevertheless, the safety of participants

is paramount and residual risks to volunteers need to be minimised using a range of

approaches, including (1) a cautious approach to strain selection and meticulous manufactur-

ing processes in accordance with Good Manufacturing Practice (GMP) standards and require-

ments for regulatory approval; (2) selection of healthy adults, according to eligibility criteria

approved by a human research ethics committee; (3) close clinical monitoring and support

throughout the study; (4) prompt administration of curative antibiotic therapy; and (5) end-

to-end oversight by a safety committee that includes investigators independent of the study

team.

Initial studies to develop new CHIMs are generally restricted to healthy adult volunteers,

following a thorough informed consent process [54]. For a BU CHIM, exclusion criteria

would include a history of keloid formation and risk factors for delayed wound healing (e.g.,

smoking). BU severity and complications are particularly problematic in children [55] and the

elderly [56], so young adult participants are preferred. They should also be screened for blood-

borne viruses, primary and secondary immunodeficiencies, as well as comorbidities such as

diabetes, which is a known risk factor for severe oedematous lesions and may impair wound
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healing [57]. Drug–drug interactions are a particular concern for both rifampicin and clari-

thromycin, so any concurrent medications should be carefully checked for interactions. A his-

tory of BCG vaccination and previous exposure to tuberculosis is also relevant due to potential

baseline cross-protection.

A clinically relevant BU model would have a longer incubation period than for most CHIM

studies, although the Schistosoma mansoni model is a good example of an established model

with a long incubation period [58]. As in the schistosomiasis model, participants must be able

to adhere to an outpatient follow-up schedule that could incorporate telehealth and in-person

appointments as appropriate to facilitate prompt clinical evaluation, initiation of timely antibi-

otic treatment (or the intervention being tested), and wound care. Frequent follow-up will be

needed until the lesion has fully healed, and until 12 months from treatment initiation, after

which relapse or paradoxical reactions are uncommon [59,60]. In the absence of a lesion, fol-

low-up beyond the longest reported incubation period is proposed (e.g., 12 months after chal-

lenge). Follow-up would be more frequent after any pre-ulcerative lesion is noted, with more

extensive local and systemic sampling procedures. Transmission is thought to be from a punc-

ture wound or mosquito bite, and human-to-human transmission is not thought to occur [61]

but is nevertheless readily prevented by covering wounds.

In broad terms, a human model of infection can only be established for non-severe disease

syndromes that are self-limited or reliably treated, with very rare acute or chronic complica-

tions [54]. Oral antibiotic therapy is now the standard of care for BU, with surgery reserved for

very large ulcers (to achieve skin coverage) or unusual cases that respond incompletely to anti-

biotics [62]. Surgery may also be useful for those who cannot tolerate or decline antibiotic ther-

apy or to shorten antibiotic treatment [62]. The WHO recommended antibiotic regimen is

oral rifampicin (10 mg/kg once daily) and clarithromycin (7.5 mg/kg twice daily) for 8 weeks,

following the results of a randomised trial that demonstrated all-oral therapy was non-inferior

to injectable aminoglycoside antibiotic therapy and cured 96% of participants with early, lim-

ited BU [63]. Notably, the majority of participants with an unsuccessful outcome in this trial

were lost to follow up or did not adhere to protocol-directed wound care. Of 146 participants,

9 (6%) prescribed oral combination antibiotic therapy experienced an adverse event, none

serious. One participant prescribed rifampicin/clarithromycin experienced ototoxicity and 2

experienced non-severe QTc prolongation [63]. Retrospective observational Australian data

suggests that antibiotic complications are not uncommon, particularly in those of advanced

age [56] and renal impairment [17]. In retrospective Australian studies, treatment failure is

rare (approximately 1%), and identified risk factors include patient weight >90 kg, male sex,

and immunosuppression, highlighting the importance of careful participant selection [64].

Spontaneous healing without treatment has been reported in a small number of immuno-

competent patients [14], although it is unclear how and why some patients mount sterilising

immune responses and others do not. After antibiotic completion, early limited lesions typi-

cally heal after a median of 16 weeks (interquartile range 8 to 25 weeks) [63]. Approximately

7% of BU patients in Victoria’s Bellarine Peninsula develop an acute oedematous form of BU

and may benefit from preemptive treatment with corticosteroids to minimise tissue destruc-

tion [65]. Paradoxical reactions may give the impression of clinical deterioration despite

appropriate therapy. These reactions are observed after a median of 39 days [59] in approxi-

mately 20% of patients undergoing antibiotic treatment [56,59], occasionally requiring cortico-

steroids to blunt the exaggerated immunological response [66] and prolonged antibiotic

treatment in selected cases [59]. These reactions are associated with high bacterial loads [67],

emphasising the importance of careful definition of the challenge inoculum.

We envisage that in a BU human challenge trial, participants would begin antibiotic treat-

ment shortly after a lesion develops. Although intervening this early in the disease process
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should preclude the need for surgical intervention, it is possible that the cosmetic result after

complete excision of a small and early limited lesion might be preferred by some participants,

may allow for a shortened duration of antibiotic therapy, and have the benefit of supplying tis-

sue samples of significant research value. Participants would require more regular outpatient

monitoring once treatment was started, for wound care and to observe any adverse effects

from antibiotic therapy. Prompt initiation of treatment, prior to the development of significant

soft tissue necrosis, would reduce the likelihood of secondary infection, while wound care also

minimises environmental exposure [68].

3.2. Guiding criteria for M. ulcerans CHIM strain selection

With the overarching goals of promoting participant safety and clinical relevance of a BU

CHIM, we propose the following considerations for selecting M. ulcerans challenge strains.

Suggested characteristics of an ideal M. ulcerans challenge strain

The ideal Mycobacterium ulcerans challenge strain

1. Is not associated with severe clinical disease, either in its individual provenance or in geo-

graphically associated cases.

2. Causes a typical infection phenotype.

3. Is amenable to a biologically plausible route of entry.

4. Is susceptible to clinically relevant antibiotics.

5. Can be cultured in a non-toxic, animal-free medium without genetic or chemical

modification.

6. Can be accurately enumerated to ensure consistent challenge dosing.

7. Retains viability after cryopreservation.

8. Produces the key virulence factor after in vitro culture (i.e., mycolactone).

9. Maintains a conserved repertoire of genes encoding candidate vaccine antigens.

10. Remains genetically stable during manufacture and challenge.

1. Is not epidemiologically associated with severe clinical disease (either in its individual prove-
nance or in geographically associated cases)

A suitable M. ulcerans challenge strain should not be associated with a severe clinical pheno-

type. For example, the Australian isolate JKD8049 has been previously studied in murine mod-

els of M. ulcerans infection [69,70]. JKD8049 was obtained from an adult male in 2004, during

an outbreak in Point Lonsdale, Victoria. The presentation was of a characteristic painless ulcer

on the posterior calf, which was first noticed incidentally by an allied health practitioner.

Although Australian isolates of M. ulcerans belong to the classical lineage that also causes

BU in Africa, infections acquired in Australia demonstrate notably different clinical character-

istics in observational studies and serve as a useful comparison [71]. In Point Lonsdale, Victo-

ria, Australia, an outbreak began abruptly in 2002, with BU affecting 79 people (48 residents

and 31 visitors) [72]. A clinical description of 180 cases across the entire Bellarine Peninsula

(an area including Point Lonsdale) during this period noted that 95% of patients had a single

lesion and the majority of patients had a nodule or ulcer [73]. Only 5% of patients presented

with oedema, the majority of whom were over 60 years of age, similar to observed disease
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severity across Victoria [74]. One patient had septic bursitis, and another had BU osteomyelitis

[73]; this contrasts with osteomyelitis rates of approximately 6% in Benin [16]. In Benin, osteo-

myelitis has been observed to occur some distance from active or apparently healed BU lesions

and even in some patients without any history of BU skin lesion [16]. This phenomenon has

rarely been reported in Australia [75]. Given that M. ulcerans grows optimally at 30˚ to 33˚C,

the subacute haematogenous spread suggested by these cases is surprising, although isolates

from Africa are more thermotolerant than those from temperate regions [76].

2. Reproduces a typical infection phenotype

A successful CHIM should be clinically relevant, safely and reliably reproducing a clinical

infection endpoint that faithfully resembles what is seen after natural exposure [49]. In Austra-

lia, the most common site of infection in humans is the lower limb, between the knee and

ankle [77]. In an Australian setting, using an Australian isolate such as JKD8049, the posterior

calf appeals as a site for inoculation, equidistant from the knee and ankle joints, and separated

from the underlying bone by the large gastrocnemius muscle, reducing the (already low) risk

of septic arthritis and osteomyelitis by contiguous spread, and contractures due to scarring. A

lesion at this site is also easily amenable to surgical excision, if required. Observational studies

also suggest that it is not a site with an increased likelihood of oedematous lesions such as

those involving the hand, elbow, or ankle [57]. M. bovis BCG vaccination provides a useful ref-

erence point for the expected local superficial scar in a BU CHIM.

Unlike other pathogens tested in CHIMs, M. ulcerans is not restricted to humans, and has

been identified in numerous zoonotic hosts. The selected challenge strain may therefore be

characterised phenotypically in a murine model, in order to demonstrate predictable patterns

of virulence and immunological responses to infection. At least in the case of JKD8049,

remarkably low doses are known to establish infection in mice. For this isolate, the infectious

dose to infect 50% of mice (ID50) is known to be approximately 2.6 CFU [69], although 104 to

106 CFU have been used in most vaccine/challenge murine studies, using a variety of challenge

strains [45]. Such unrealistically high doses are likely to be far greater than what is required to

establish natural infection and may overwhelm immune responses and underestimate the true

efficacy of candidate vaccines. The CHIM should therefore use a realistically low dose of M.

ulcerans. The initial study to establish a human challenge model must also incorporate a dose-

finding design, as the infectious dose in humans is unknown.

In order to understand the typical disease phenotype, it is anticipated that the study end

point will be reached at the onset of ulceration, or alternatively, when any pre-ulcerative lesion

has been present for a significant period of time. If a cellulitic or oedematous presentation is

encountered, the study end point will be reached, and treatment will need prompt initiation.

3. Is amenable to a biologically plausible route of entry

Studies have previously demonstrated that M. ulcerans isolate JKD8049 can cause infection

after inoculation procedures mimicking the hypothesised mosquito bite route of entry, and also

after subcutaneous injection, using realistically low doses in mice [69]. Studies have also shown

that abrasions are not amenable to initiating clinical infection, at least in a guinea pig model

[78]. The ID50 curve reported by Wallace and colleagues [69] demonstrates that, according to

this model, the number of organisms required to establish infection in�90% of mice is approxi-

mately 20 CFU. Needlestick puncture has shown that a low-dose mouse tail infection was

achieved in 21 of 24 (88%) of mice (average approximately 30 CFU) [69], while approximately

14 to 20 CFU resulted in infection in a mouse tail model, with at least 80% of mice infected [79].

Therefore, an initial target range of approximately 20 to 30 CFU may be considered, although

minor deviations above this range are unlikely to have a clinically significant impact.
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Given the success of previous experiments at successfully initiating infection using a low-

dose mechanical model of infection, skin-puncturing microtrauma is proposed as the most

biologically plausible method of inoculation for a BU CHIM. Specifically, a 25-gauge (or

smaller) hypodermic needle, used to inject up to 0.1 mL of culture material subcutaneously,

approximately 2 to 3 mm under the skin, is proposed. This depth approximates the length of a

mosquito proboscis [80], which is postulated to be a possible route of infection in Australia

[69,72,81].

4. Is susceptible to clinically relevant antibiotics

Although clarithromycin is the preferred companion drug to rifampicin, fluoroquinolones

(such as ciprofloxacin or moxifloxacin) may be used in combination with rifampicin when

clarithromycin is unavailable, contraindicated, or poorly tolerated [82]. Australian guidelines

[82] recommend the use of clarithromycin alongside a fluoroquinolone when rifampicin can-

not be used, based on effectiveness in mouse models [83]. Antibiotic resistance in Australian

isolates has not been reported, unlike African isolates, where rifampicin resistance is described

[84]. An ideal challenge strain would therefore be susceptible to rifampicin, clarithromycin,

and fluoroquinolones in vitro, and a known allergy to these antibiotics would be an exclusion

criterion. Although there were previously no defined clinical breakpoints for in vitro suscepti-

bility testing, the Clinical and Laboratory Standards Institute (CSLI) guidelines offer suggested

susceptibility ranges to interpret minimum inhibitory concentrations (MICs) for slow-grow-

ing non-tuberculous mycobacteria such as M. ulcerans [85]. Authorities suggest that laborato-

ries should establish their own in-house validation for fastidious non-tuberculous

mycobacterial species [85]. If externally validated, such methodology may standardise M.

ulcerans MIC testing for future work.

5. Can be cultured in a nontoxic and safe minimal media, with minimal chemical modification
to enrich growth

One of the major limitations in M. ulcerans research is the organism’s slow growth, due to a

reported doubling time of approximately 48 h. This results in the requirement for long incuba-

tion periods, generally up to 12 weeks, within a relatively narrow temperature window. The

long incubation period also increases the opportunity for contamination, reinforcing the

importance of performing all experimental work within strictly sterile conditions. Although

there are numerous M. ulcerans isolates available for consideration, geographically diverse iso-

lates are remarkably conserved, with minimal genetic diversity [86]. Nevertheless, the growth

characteristics of various isolates should be investigated; a faster time to culture positivity

would be an attractive option, minimising the opportunity for contamination. However, an

isolate with rapid growth characteristics is not necessarily a requirement for a candidate

CHIM strain; rather, an isolate which reliably reproduces a typical clinical phenotype should

be prioritised. The standard for M. ulcerans liquid culture, Middlebrook 7H9, requires the

addition of albumin and catalase to enrich growth; both are generally derived from bovine

sources. This introduces the small but not insignificant risk of bovine spongiform encephalop-

athy (BSE), particularly if the origin of the product is from an endemic region.

Sauton’s medium is an alternative liquid culture medium, which is free of animal products,

and has an established history of use for the culture of M. bovis BCG [87]. It contains nontoxic

ingredients and is pH neutral [88]. Previous studies have demonstrated that M. bovis BCG

retains virulence properties when cultured in this medium compared to research media [87],

while M. ulcerans reportedly also retains the ability to produce mycolactone in this medium

[89]. Although often routinely added to reduce clumping, surfactants (e.g., polysorbate/

Tween) are ideally avoided, aiming to minimise chemical modification, particularly
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considering the presence of hydrophobic lipid-rich structures, including mycolactone, inM.

ulcerans. Other alternatives to explore may include replacing animal containing supplements

with synthetic proteins or proteins of non-animal origin. Such additional nutritional supplemen-

tation is anticipated to enhance M. ulcerans growth; vegetable protein alternatives, which are free

of animal protein and nongenetically modified, also have a history of use in a CHIM [49].

6. Can be enumerated with accuracy to ensure precise challenge dosing

An issue that is familiar to researchers of slow-growing mycobacteria, and particularly M.

ulcerans, is the propensity to form clumps and biofilm, potentially containing hundreds or

thousands of bacilli (Fig 1). M. ulcerans has a known dose-dependent relationship with clinical

phenotype; mice receiving larger doses of M. ulcerans demonstrate earlier onset of ulceration

and more rapid tissue loss [90]. Therefore, a single clump may significantly overdose challenge

participants, considering the low doses proposed. In the absence of detergent, mechanical de-

clumping methodologies will need to be explored.

7. Remains viable after frozen storage

Challenge doses of M. ulcerans created by any manufacturing process will require storage,

generally by cryopreservation in a nontoxic substance (such as glycerol). Quality control pro-

cesses of this sample will need to quantify its viability, including pre- and post-cryopreserva-

tion, and its stability after thawing using viable CFU count and/or quantitative PCR analysis.

8. Produces the key virulence factor after in vitro culture (mycolactone)

A clinically relevant BU model of infection would require that the selected isolate produces

the main virulence toxin, mycolactone. Mycolactone production should be further

Fig 1. Ziehl–Neilson stain of M. ulcerans JKD8049 (×100 magnification with oil immersion) demonstrating

clumping and cording characteristics, with innumerable acid-fast bacilli per clump when cultured in Sauton’s

media without detergent.

https://doi.org/10.1371/journal.pntd.0011394.g001

PLOS NEGLECTED TROPICAL DISEASES

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0011394 June 29, 2023 11 / 17

https://doi.org/10.1371/journal.pntd.0011394.g001
https://doi.org/10.1371/journal.pntd.0011394


characterised because minor sequence modifications in the ML genes of the pMUM plasmid

(that encode the enzymes that synthesise the toxin) have produced a variety of ML congeners

with variable virulence (A/B, C, D, E, and F). ML A/B (interconverting stereoisomers) pro-

duced by African strains are the most cytotoxic, while the potency is thought to be more atten-

uated in ML C (produced by Australian strains) and the other structural variants [91,92]. In

murine fibroblast L929 cells treated with a series of synthetic mycolactones, ML F has been

shown to be about 2 times less active and ML C about 15 times less active than ML A/B, respec-

tively [93]. In addition to mycolactone C, Australian M. ulcerans strains also produce a fraction

of ML A/B; Scherr and colleagues posit that the ML A/B portion may be more important for

the pathogenesis caused by Australian strains than ML C [93]. In summary, the ability to pro-

duce mycolactone in vitro should be confirmed with liquid chromatography-mass

spectroscopy.

9. Maintains a conserved repertoire of genes encoding candidate vaccine antigens

In order to test candidate vaccines against cell-surface antigens, whole-genome sequencing

should confirm the presence of these genes in the challenge strain; these have been reviewed

elsewhere [45]. Due to niche adaptation, global M. ulcerans isolates are remarkably conserved,

so it is anticipated that most isolates should display a conserved repertoire of relevant antigens

[94].

10. Remains genetically stable during manufacture and challenge

Serial whole-genome sequencing of the isolate, at multiple time points along the

manufacturing cycle and following challenge, should (1) evaluate for the presence of spontane-

ous nucleotide polymorphisms; and (2) confirm the presence of an intact pMUM virulence

plasmid.

Conclusions

Our limited understanding of human BU immunology comes from small retrospective analy-

ses. Prospective studies are needed to comprehensively interrogate correlates of protection.

Although there are several challenges to establishing a safe and clinically relevant human infec-

tion model of BU, a human model offers the potential to revolutionise understanding of host–

pathogen interactions and represents an appealing platform for evaluating vaccines and thera-

peutic interventions for this neglected disease. We have introduced the framework to guide

the characterisation of candidate challenge strains and provided study design recommenda-

tions to carry towards first-in-human studies. Future work must examine the ethical frame-

work for such a model and explore protocol considerations.
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86. Röltgen K, Stinear TP, Pluschke G. The genome, evolution and diversity of Mycobacterium ulcerans.

Infect Genet Evol. 2012; 12(3):522–529.

87. Venkataswamy MM, Goldberg MF, Baena A, Chan J, Jacobs WR, Porcelli SA. In vitro culture medium

influences the vaccine efficacy of Mycobacterium bovis BCG. Vaccine. 2012; 30(6):1038–1049.

88. Parish T, Stoker NG, editors. Mycobacteria Protocols. 1998.

89. Mve-Obiang A, Remacle J, Palomino JC, Houbion A, Portaels F. Growth and cytotoxic activity by Myco-

bacterium ulcerans in protein-free media. FEMS Microbiol Lett. 1999; 181(1):153–157.

90. Bénard A, Sala C, Pluschke G. Mycobacterium ulcerans mouse model refinement for pre-clinical profil-

ing of vaccine candidates. PLoS ONE. 2016; 11(11):e0167059.

91. Hong H, Stinear T, Porter J, Demangel C, Leadlay PF. A novel mycolactone toxin obtained by biosyn-

thetic engineering. Chembiochem. 2007; 8(17):2043–2047. https://doi.org/10.1002/cbic.200700411

PMID: 17907121

92. Mve-Obiang A, Lee RE, Portaels F, Small PLC. Heterogeneity of mycolactones produced by clinical iso-

lates of Mycobacterium ulcerans: Implications for virulence. Infect Immun. 2003; 71(2):774–783.

93. Scherr N, Gersbach P, Dangy JP, Bomio C, Li J, Altmann KH, et al. Structure-activity relationship stud-

ies on the macrolide exotoxin mycolactone of Mycobacterium ulcerans. PLoS Neglect Trop Dis. 2013; 7

(3):e2143.

94. Stinear TP, Seemann T, Pidot S, Frigui W, Reysset G, Garnier T, et al. Reductive evolution and niche

adaptation inferred from the genome of Mycobacterium ulcerans, the causative agent of Buruli ulcer.

Genome Res. 2007; 17(2):192–200.

PLOS NEGLECTED TROPICAL DISEASES

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0011394 June 29, 2023 17 / 17

https://doi.org/10.1002/cbic.200700411
http://www.ncbi.nlm.nih.gov/pubmed/17907121
https://doi.org/10.1371/journal.pntd.0011394

