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Abstract 

Tuberculosis (TB) is a leading cause of disease by an infectious agent. It is the most common 

mycobacterial disease of humans, followed by leprosy and Buruli ulcer. TB is caused by infection with 

Mycobacterium tuberculosis (MTB). TB affects people in every part of the world, predominantly 

throughout Asia (especially India and China) and Africa. Roughly one-quarter of the world’s population 

is latently infected with MTB. Asymptomatically infected people carry an approximate 10% risk of 

developing active disease. In 2018, there were an estimated 10 million new cases of TB and 1.45 million 

associated deaths. TB is treatable however it requires six months of combination antibiotic therapy. 

Buruli ulcer (BU), is a neglected tropical disease and has been reported in more than 30 countries world-

wide but the dominant endemic foci of this disease occur in rural regions of West Africa. In the past 

five years BU cases have increased dramatically in South-East Australia, near Melbourne. BU is caused 

by infection of subcutaneous tissue with Mycobacterium ulcerans, typically presenting as deep and 

extensively ulcerated skin lesions. MTB and M. ulcerans are closely related mycobacterial species, 

therefore a vaccine against one of these bacteria might induce cross-protection against the other. The 

Mycobacterium bovis ‘bacille Calmette-Guérin’ (BCG) vaccine, a live-attenuated whole cell vaccine 

against MTB, is widely used. It is most effective in children below two years of age and against 

disseminated TB but efficacy wanes after about 10-15 years. In adults, BCG is between 0-80% effective. 

There is no effective vaccine against any mycobacterial disease and immune correlates of protection 

for mycobacterial vaccines are not well defined.  

 

This thesis sought to address these knowledge gaps and explored the development of different vaccines 

to protect against TB and BU. The vaccines were tested in murine infection models and the types of 

immune responses induced by each vaccine were measured. Where a vaccine was able to elicit robust 

immune responses, the animals were then challenged with the mycobacterial pathogen to assess 

protective efficacy. 

 

The first chapter is an introduction to this thesis and includes a literature review of TB and BU, their 

respective causative agents, immune responses to infection, and recent vaccine developments. This 

chapter introduces the key concepts and motivations for this thesis. 

 

The second chapter describes the development of a protein-based vaccine against TB. The vaccines 

utilised MTB-specific proteins ESAT-6 and Ag85B in conjunction with lipopeptide adjuvant 

R4Pam2Cys in C57BL/6 mice. The vaccines were not capable of generating measurable interferon 

(IFN)-γ responses from CD4+ T cells recovered from the spleen or from the lungs, which have been 

shown to be crucial to the control of TB. The vaccines were however able to induce high protein-
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specific antibody titres against Ag85B. These vaccines were then modified with M. ulcerans-specific 

proteins to try and develop a vaccine against M. ulcerans. 

 

The third chapter focusses on the development of two protein-based vaccines against two highly 

expressed M. ulcerans cell wall-associated proteins, MUL_3720 and Hsp18. These proteins were bound 

to lipopeptide adjuvant R4Pam2Cys and their ability to generate a strong antibody response was 

measured in BALB/c and C57BL/6 mice. M. ulcerans is predominantly an extracellular pathogen and 

a strong antibody response against M. ulcerans could play a role in prevention of infection. Both 

MUL_3720 and Hsp18 in conjunction with R4Pam2Cys were capable of generating strong protein-

specific antibody responses in both mouse strains. These antibody responses remained augmented after 

subcutaneous challenge with M. ulcerans on the mouse tail, however strong antibody responses did not 

correlate to protection. All vaccinated mice succumbed to infection 40 days after M. ulcerans infection. 

This suggests that these proteins were not suitable vaccine candidates. There was also no difference in 

protection between vaccinated mice and mice vaccinated with BCG. The BCG vaccine is not wholly 

protective against M. ulcerans but previous studies have shown that the vaccine delays the onset of 

disease. The lack of difference in this study may be due to the high bacterial challenge dose and 

suggested the need for a different animal model of infection. 

 

The fourth chapter describes the development of a vaccine targeting the mycolactone biosynthesis 

pathway. Mycolactone is a polyketide toxin and is the main virulence factor of M. ulcerans. 

Mycolactone affects the host immune response, causing immune cells to display modulated or 

decreased cell function which enables bacteria to evade immune responses. Prior to the creation of a 

new vaccine formulation, a new murine model of infection was established to reflect a more realistic, 

lower pathogen challenge dose. In this new murine model, mouse tails were coated in engineered 

bioluminescent M. ulcerans and the contaminated skin was subcutaneously pierced with a sterile needle 

to replicate trauma-induced introduction of bacteria into the subcutaneous tissue. The bioluminescent 

bacteria enabled the visualisation and quantification of bacterial load over time using an in vivo imaging 

system (IVIS). Once a new murine challenge model was established, this chapter assessed the efficacy 

of a new vaccine formulation comprising a protein domain, enoyl reductase (ER). The ER functional 

domain is required for the biosynthesis of mycolactone. Recombinant ER protein was coupled to 

R4Pam2Cys and BALB/c mice were vaccinated and boosted. This vaccine provided comparable 

protection against BU compared to the BCG vaccine. Additionally, this vaccine was statistically more 

protective than no vaccination. Analysis of systemic cytokine responses suggest that control of disease 

correlates to the level of inflammatory cytokines found in the spleen compared to the draining lymph 

node (site of infection). The immune responses correlating to protection from a BCG vaccine differed 

to the responses generated by ER+R4Pam2Cys. This study indicates that protection against BU may be 

achievable by different immune responses. This study also suggests that the highly conserved 
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mycolactone biosynthesis pathway may be an effective target for a vaccine. However, understanding 

the immune correlates of protection requires much further study. 

 

In conclusion, this thesis demonstrated that MTB proteins in conjunction with the chosen adjuvant 

(R4Pam2Cys) do not elicit immune responses, in particular IFN-γ responses, that are typically required 

to protect against TB in a murine model. M. ulcerans proteins, Hsp18 and MUL_3720 also using the 

R4Pam2Cys adjuvant, did not induce protection against BU in a murine challenge model. However, 

vaccine-induced protection was observed by incorporating the M. ulcerans mycolactone ER functional 

domain with R4Pam2Cys and a murine model more reflective of a natural M. ulcerans infectious dose. 

These experiments highlighted the potential for an effective vaccine that targets the mycolactone 

biosynthesis pathway. This work also demonstrated that protection against M. ulcerans might be 

achieved via different combinations of immune responses. An effective vaccine against M. ulcerans 

will likely have useful lessons for developing vaccines protective against MTB (and vice-versa), 

whether through cross protection or by using vaccines as tools to probe and measure the host immune 

responses required for control or protection against infection. 
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1.1 The genus Mycobacterium 

The genus Mycobacterium belongs to the class of bacteria called Actinobacteria (1). There has been a 

recent suggestion to divide the genus into five separate genera, but this idea has not met widespread 

acceptance (2, 3). Some Actinobacteria are capable of producing bioactive metabolites used as medicine 

for humans, while others can be pathogenic in humans (1, 4-7). Members of the genus Streptomyces, 

the largest genus of Actinobacteria, produces over two-thirds of clinically used antibiotics. These 

antibiotics include neomycin, chloramphenicol, streptomycin, daptomycin, tetracycline and kanamycin 

(8, 9). Pathogenic Actinobacteria include Corynebacterium diphtheria, the causative agent of diphtheria 

and some members of the Streptomyces genus are capable of causing abscesses and pneumonia (4). 

 

There are greater than 180 named mycobacterial species, however relatively few cause disease (around 

20 species) (2). Some examples of causative agents of mammalian disease include Mycobacterium 

tuberculosis, the causative agent of human tuberculosis, and Mycobacterium ulcerans, which causes 

Buruli ulcer (9, 10). 

 

1.2 M. tuberculosis and M. ulcerans are important human pathogens 

The genus Mycobacterium is the sole genus in the family Mycobacteriacae. The greater than 180 

different species of Mycobacteria can be found in many diverse environments including soil, bodies of 

water, and animals. Whole genome comparisons of species have shown that mycobacteria can be 

separated into “slow growers” and “rapid growers” with an accompanying “intermediate” group (2, 3, 

11). Rapid growers were found to be more ancestral than slow growers (11). In the study by Gupta et 

al., 150 mycobacterial species were compared to create a maximum-likelihood tree based on 1941 core 

proteins found in greater than 80% of the species. This study showed that Mycobacterium could be 

separated into five distinct clades (2). Three of these clades contain slow-growing species of 

mycobacteria (greater than seven days to form colonies), while the remaining two clades encompass 

fast-growing bacteria (less than seven days to form colonies). As shown in Figure 1.1, this tree could 

be used to separate the species into five clades, with clade ‘Tuberculosis-Simiae’ comprising most of 

the clinically relevant mycobacterial species (2). These species include members of the M. tuberculosis-

species complex, e.g. M. tuberculosis, M. bovis and M. africanum (hereafter abbreviated as MTB 

complex) alongside nontuberculous mycobacteria such as M. ulcerans and M. leprae. Figure 1.1 shows 

that M. ulcerans and M. marinum are extremely closely related (2), with both species having previously 

been identified as possessing greater than 97% DNA homology (12). This figure also shows that M. 

marinum and M. ulcerans are amongst the closest relatives to the MTB complex, though there are a few 

species more closely related to the MTB complex (13, 14). M. marinum and M. tuberculosis share 

greater than 85% nucleotide identity (3, 15, 16).  
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Figure 1.1. Maximum-likelihood phylogenetic tree for 150 Mycobacterium species based on the 

concatenated sequence of 1941 core proteins from the genus Mycobacterium. 

This phylogenetic tree (adapted from Gupta et al. (2)) depicts the demarcation of five clades of 

Mycobacterium. The clade “Abscessus-Chelonae” is in orange, “Fortuitum-Vaccae” is in blue, 

“Terrae” is in purple, “Triviale” is in red and clade “Tuberculosis-Simiae” is in green. The positions of 

M.  marinum, M. ulcerans and M. tuberculosis within clade “Tuberculosis-Simiae” are indicated by the 

black arrows.  

 

Tuberculosis (TB) is the greatest cause of mycobacterial morbidity in the world and the second greatest 

cause of mortality due to a single infectious agent. In 2006, the World Health Organization (WHO) 

launched the Stop TB Strategy to halve the prevalence and deaths due to TB by 2015 compared to the 

baseline numbers reported in 1990 (17, 18); and the End TB Strategy to eliminate TB as a public health 

problem by the year 2050 (19, 20). In 1882, Robert Koch first identified Mycobacterium tuberculosis 

as the causative agent of human tuberculosis (21). M. tuberculosis (MTB) is a member of the MTB 

complex, which includes M. bovis, M. microti and M. africanum (22, 23). As well as causing disease in 

humans they also infect cattle, badgers, deer, domestic cats, possums and voles (24-32). The complete 

genome was first sequenced in 1998 (33). Mycobacterium marinum and Mycobacterium ulcerans are 

closely related to the MTB complex (12, 34). As an intracellular human pathogen, MTB optimally 
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replicates at 37°C whereas M. marinum and the extracellular pathogen, M. ulcerans, replicate optimally 

around 30°C (35).  

 

M. marinum and M. ulcerans share over 97% DNA homology (12) but are phenotypically distinct. M. 

marinum is an intracellular pathogen mainly affecting fish and other ectotherms, but in humans causes 

granulomatous lesions at the extremities (12). M. ulcerans is an extracellular pathogen with a 

significantly slower growth rate (doubling time >48 hours) than M. marinum (doubling time of four 

hours) and MTB (doubling time 18-24 hours) (36). M. marinum and M. ulcerans share a recent common 

progenitor (37). Stinear et al. proposed M. ulcerans diverged from M. marinum during adaptation to a 

specific (but undiscovered) environmental niche (12). One key difference in M. ulcerans is the 

acquisition of the pMUM plasmid, pMUM001, which is absent in M. marinum (38, 39). pMUM001 is 

required to produce the main virulence factor, mycolactone (40). M. ulcerans has also acquired the 

insertion sequence (IS) IS2404.  High copy numbers (>200) of IS2404 across the M. ulcerans genome 

have facilitated the rearrangement of the genome and many gene inactivations and deletions (37). 

Facilitated by the presence of several hundred copies of IS2404, M. ulcerans has undergone genomic 

arrangements and deletions, resulting in a smaller genome compared to M. marinum and many 

pseudogenes (41-43).  This suggests that M. ulcerans has deleted genes that are not required for survival 

in a niche environment (37). The nature of this hypothetical niche is unknown.  

 

M. ulcerans is the causative agent of Buruli ulcer (BU), the third most prevalent mycobacterial disease 

after tuberculosis and leprosy. The first published description of M. ulcerans occurred in 1948, in 

Bairnsdale, Victoria (44). It was identified as a new mycobacterial species and the disease was 

subsequently named Bairnsdale ulcer (45). However, the disease was likely described by missionaries 

working in Uganda during the 1890s (46). Since an outbreak in the Buruli county of Uganda during the 

1960s (47, 48), the disease has been known as Buruli ulcer. In 1998, the WHO launched the Global 

Buruli Ulcer Initiative (GBUI) to coordinate control and research efforts. In 2004, at the WHO 57th 

World Health Assembly, a resolution was passed to increase surveillance and control, and to advocate 

for research towards developing diagnostics tools, treatments and preventions for BU (49). 

 

1.3 Clinical features of disease 

Though MTB and M. ulcerans are closely related they present very different clinical manifestations. 

TB is an infection of the lungs (50) whereas BU is primarily an infection of subcutaneous tissue (51). 

In cases where the diseases are left untreated, the bacteria can disseminate to infect bones and other 

organs (50, 52). TB can be a fatal infection, whereas little mortality is associated with BU. 
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1.3.1 Clinical features of tuberculosis 
There are many different symptoms associated with TB. These include a cough with sputum and blood 

at times, chest pains, weakness, weight loss, fever and night sweats. In cases of active disease, 

individuals will develop granulomas in the lung due to the inflammation surrounding replicating 

bacteria (53). Long-term inflammation leads to ‘caseation’, a form of necrosis. The diseased tissue 

forms a firm, dry mass – described as cheese-like in appearance (54). Bacteria may escape the lungs 

and replicate in the bones or other organs, e.g. the brain, causing significant morbidity and mortality. 

The mechanism of bacterial escape from the lungs is describe further in section 1.6.1. Disseminated TB 

infection rather than pulmonary TB mostly affects infants and children under the age of two (55, 56). 

An infection with MTB that cease to replicate is termed ‘latent TB infection’ (57). Often these 

individuals are not diagnosed, as they are asymptomatic. Roughly one-quarter of the world’s population 

is latently infected, and these individuals carry a 10% lifetime risk of progressing to active disease (57, 

58).  

 

1.3.2 Clinical features of Buruli ulcer 
M. ulcerans infection involves predominantly subcutaneous tissue but can affect all skin layers. Buruli 

ulcer is characterised by two key stages of disease: pre-ulcerative and ulcerative. Infection often begins 

as a small painless nodule, papule, plaque or oedema (Figure 1.2A), which if untreated can become 

ulcerative (Figure 1.2B and 1.2C) (51, 59). The progression to ulceration is often slow, painless and 

lacking systemic inflammation, commonly causing affected individuals to delay seeking treatment (52). 

Ulcerative disease, as shown in Figure 1.2B and 1.2C, is characterized by a necrotic slough of 

subcutaneous tissue and mycobacteria, with deeply undermined edges of skin (60). If untreated, 

necrosis will continue, which can eventually affect bones or even disseminate systemically (52, 60). 

There are increasing reports linking BU and osteomyelitis, often in patients who delay treatment or 

have lesions adjacent to joints (61-63). Lesions can impose significant cosmetic and functional 

deformities. A study of 579 patients in Australia found that 5.5% had multiple ulcers and that ulcers 

were mainly found on the lower (70%) and upper (27.1%) limbs (64). The ulcers were predominantly 

focused around ankles, elbows and calves. 

 

Human immunodeficiency virus (HIV) is not considered a risk factor for BU but co-infection can occur 

in co-endemic regions (65). Co-infection with HIV weakens the immune system, leading to a more 

aggressive clinical progression of BU and poor treatment outcomes (65-68). 
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Figure 1.2. Infection caused by Mycobacterium ulcerans.  

(A) Oedema in the left hand caused by M. ulcerans infection. There is no visible skin lesion, however 

the patient is also afflicted with osteomyelitis due to the progression of the disease (61). (B) Ulcerative 

lesion caused by M. ulcerans infection of the lower leg of an 11-year-old boy, Coastal Victoria, 

Australia (69). (C) Right forearm of young woman with Buruli ulcer acquired on the Mornington 

Peninsula, Australia (64). 

 

1.4 Epidemiology 

There are many more cases of TB compared to BU each year (70, 71). TB appears to be globally 

distributed whereas BU mostly appears in specific regions such as West and sub-Saharan Africa and 

South Eastern Australia (70, 71).  

 

1.4.1 Epidemiology of tuberculosis 
TB is globally distributed, as depicted in Figure 1.3, but has been described as a disease of poverty (72) 

and is most prevalent in developing areas such as Africa, China, India, Russia, South-East Asia and the 

Western Pacific regions (58). There is a strong correlation between areas that are endemic for HIV and 

areas with high incidence of TB infection (73). In 2018, the highest incidence of cases occurred in South 

East Asia, Africa and the Western Pacific (44%, 24% and 18% of cases, respectively) (58). In that same 

year around 87% of reported cases occurred in 30 high burden countries and two-thirds of the total TB 

cases occurred in only eight countries. India, China, Indonesia, Philippines, Pakistan, Nigeria, 

Bangladesh and South Africa reported the greatest incidence (58). Some countries are reporting a 

decline in cases, including China, Indonesia and the Philippines. These countries carry a heavy disease 

burden yet have a sustained decline in TB cases over the past decade (58). 
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Figure 1.3. The estimated incidence rates and global distribution of tuberculosis, in 2018. 

High endemic areas include India, Indonesia, China, Philippines, Pakistan, Nigeria, and South Africa. 

Image sourced from the WHO (58). 

 

There are a multitude of risk factors for infection and active disease, some of which include genetic 

factors, immunosuppression, smoking, indoor air pollution and alcohol consumption (57, 74). The 

greatest risk occurs from immunodeficiency or immunosuppression through malnutrition or illnesses 

e.g. diabetes or HIV infection (75-77). In 2018, TB was estimated to account for 251,000 HIV-related 

deaths and is the greatest cause of mortality in HIV positive individuals (58). There is higher risk for 

tobacco smokers compared to non-smokers (76, 77). Those most at risk are individuals from low 

socioeconomic backgrounds, in densely populated areas (76, 77). Often in these circumstances, disease 

is poorly contained, and treatment is expensive and difficult to access.  

 

1.4.2 Epidemiology of Buruli ulcer 
Buruli ulcer was first identified in humans but M. ulcerans is now known to infect other mammalian 

species, including cats, dogs, possums and horses (78-82). Fish and frogs are affected by other 

mycolactone-producing mycobacteria (83, 84). Cases of human BU infection have appeared globally, 

as shown in Figure 1.4. Most cases appear in tropical and sub-tropical regions but are also occasionally 

reported in colder climates (Australia, Japan and China). Thirty-three countries have previously 

reported BU infections and 14 countries currently report cases (85). Between 2002 and 2010 there were 

approximately 5000 suspected cases annually and the number of cases between 2010 and 2016 

decreased, reaching the minimum of 1961 cases reported in 2016 (86). Since 2016, the number have 
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cases have risen, reaching 2713 cases in 2018 (86). The number of reported cases between 2002 and 

2018 was around 63,000 (86). The reason for the decline and recent incline in cases is not known. In 

2018, 2206 cases of BU were reported and 1676 of them occurred in Africa (86). BU is most prevalent 

in sub-Saharan Africa in areas such as Benin, Côte d’Ivoire, Democratic Republic of Congo, Nigeria, 

Ghana, Cameroon and Gabon (71). The disease has also previously appeared in Japan, Papua New 

Guinea, French Guiana and Liberia (which reported an increase in cases in 2018). Outside of West and 

sub-Saharan Africa the greatest number of cases occur in Australia. Australia has recorded many cases 

of BU, mainly in coastal regions of Victoria and sporadic cases in rainforest areas of Queensland (87). 

There were 296 cases of BU in 2019, almost triple the amount of reported cases (107) from 2015 (88). 

 

 

 
Figure 1.4. The estimated incidence rates and global distribution of Buruli ulcer, in 2018. 

High endemic areas include west and sub-Saharan Africa and Australia. Image sourced from the WHO 

(71). 

 

Cases of BU have been reported in both children and adults though the infection is most prevalent in 

children less than 15 years of age. In Africa 48% of BU infections occurred in children under the age 

of 15 years (85). In Australia the percentage of cases in children aged less than 15 years is 10% (85). 

 

1.5 Transmission 

The transmission of MTB occurs from host to host (89), however transmission of M. ulcerans between 

hosts is extremely rare and infection occurs from environmental contact (90, 91). 
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1.5.1. Transmission of tuberculosis 
MTB is transmitted person to person by aerosol transmission from carriers of active disease (89). The 

life cycle of MTB is depicted in Figure 1.5. Individuals with active disease have replicating bacteria in 

their lungs and can spread the bacteria within saliva by coughing, sneezing or spitting in close proximity 

to another person (57). Individuals with active disease can infect between 5-15 people per year through 

close contact (75). Although it is unclear what is considered a biologically relevant dose of bacteria, the 

infectious dose for an individual is reported to be between 1 and 200 bacteria. A single aerosol droplet 

can contain anywhere between 1 and 400 bacilli (92, 93). 

 

 

Figure 1.5. Virulence life cycle of Mycobacterium tuberculosis and progression of TB. 

In summary, inhalation of MTB can lead to primary infection in 95% of cases and progression to latent 

tuberculosis infection (LTBI) (57). In 5-10% of LTBI cases the disease becomes active (57). Once the 

bacteria are actively replicating in the lung they can appear in droplets of saliva from the infected 

person. These droplets can be inhaled, and the cycle of infection can begin again in another individual 

(57). Image adapted from Kumar et al. (57). 

 

1.5.2 Transmission of Buruli ulcer 
Cases of BU suggest that humans are infected with M. ulcerans from the environment, as human-to-

human contact is extremely rare (91, 94). Studies have examined the possible modes of transmission 
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from environment to human. A polymerase chain reaction (PCR) assay specific for the M. ulcerans 

insertion sequences, IS2404 and IS2606, has identified the presence of M. ulcerans in the environment 

(95). This assay identified M. ulcerans DNA in aquatic insects, fish, snails, plants, biofilms, mosquitoes 

and possum faeces (82, 96-98). Marsollier et al., demonstrated the ability of water insects to transfer M. 

ulcerans infection to laboratory mice during biting, stimulating a hypothesis whereby transmission can 

occur from insect to human (99). A survey of fish from BU endemic areas, discovered M. ulcerans PCR 

positive samples in a high percentage of insectivorous fish and none in carnivorous or omnivorous fish 

(100). A study from South Eastern Australia identified high levels of M. ulcerans positive mosquitoes 

through real time quantitative PCR, implicating a role for these insects in transmission (98). A recent 

laboratory study by Wallace et al. showed mosquitoes can facilitate transmission of M. ulcerans 

infection (101). This study also calculated the minimum infectious dose-50 (ID50) and showed it to be 

very low; approximately three colony forming units (CFU) of bacteria (101). This is similar to the low 

infectious dose reported for TB infection (92, 93). Human cases of disease have coincided with some 

form of skin trauma such as gunshot wounds, vaccination or land mine accidents (90). These data 

suggest that infection occurs via skin trauma that allows environmental or skin-contaminating M. 

ulcerans to penetrate the epidermal layers.  

 

1.6 Immune responses 

MTB and M. ulcerans are closely related, however the clinical manifestations of both diseases differ 

greatly (102-104). Although they are both capable of infecting the same areas (e.g. subcutaneous tissue 

(51, 105)), MTB tends to primarily infect the lungs and typically M. ulcerans primarily infects the 

subcutaneous skin. Both bacteria differ in their mechanisms of infection, as will be discussed further in 

section 1.6.1 and 1.6.2. As such, the immune responses generated towards each infection can vary 

slightly and there are notable differences in clinical outcomes. 

 

1.6.1 Human immune responses against M. tuberculosis 
In some cases of MTB exposure, MTB is inhaled into the lungs and the host immune response – led by 

alveolar macrophages and neutrophils – effectively clears all bacteria prior to the development of an 

adaptive immune response (57, 106). From numerous exposure studies, the proportion of exposed 

individuals who remain tuberculin skin test (TST) or interferon-gamma release assay (IGRA) negative 

typically ranges between 4-10% but has been observed to higher (e.g. 47%) (106-111). Individuals 

unable to clear the MTB develop a primary infection, which can lead to active disease if the bacteria 

continue to multiply or the disease can become latent if the bacteria cease replicating (53). It is estimated 

that a quarter of the world’s population is latently infected (58). Individuals with latent TB infection 

have an approximate 10% lifetime risk of disease re-activation (58, 112, 113).  
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During a primary MTB infection there is an influx of phagocytic cells into the lungs (57), particularly 

macrophages activated in response to TNF-a and IFN-g signalling (114, 115). However, these cells are 

not always capable of controlling infection (57). MTB dissemination from the lungs is shown in Figure 

1.6. MTB produces virulence proteins (including early secreted antigenic target 6kDa (ESAT-6), culture 

filtrate protein 10 kDa (CFP-10) and PknG) and alter host responses (e.g. coronin 1 production) to 

prevent the maturation and acidification of the phagolysosome (116-119). Around 10 days after primary 

infection the bacteria disseminate into draining lymph nodes (DLNs) and activate dendritic cells (DCs) 

to induce a T cell mediated response. Activated T cells migrate towards the primary site of infection at 

around 15-18 days post infection. Immune cells then surround the bacteria, forming granulomas. If 

replication ceases, the disease enters latent tuberculosis infection (LTBI) (53).  

 

 

Figure 1.6. Mycobacterium tuberculosis infection. 

(A) Infection begins when MTB is inhaled into the lungs and encounters resident alveolar macrophages 

in the alveolar space. If the bacteria are not eliminated, MTB invades the lung interstitial tissue and 

either DCs or inflammatory monocytes transport the bacteria to pulmonary DLNs for T cell activation. 

This leads to the recruitment of immune cells, e.g. T and B cells into the lungs to form a granuloma 

(120). (B) The bacteria replicate within the growing granuloma and if the bacterial load becomes too 

great the bacteria will escape the granuloma. At this stage, MTB can enter the bloodstream to 

disseminate to other organs or re-enter the respiratory tract for release. The host is now infectious, 

symptomatic and is described to have active TB disease (120). Image sourced from Pai et al. (120). 
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A granuloma contains a central mass of macrophages infected with bacteria, stimulated macrophages 

that have differentiated into multinucleated giant cells, epithelioid cells, and neutrophils. The granuloma 

is encased by a peripheral fibrotic capsule formed by lymphocytes, predominantly CD4+ T cells, but 

also contains CD8+ T cells, B cells and fibroblasts (121). A depiction of the tuberculous granuloma can 

be seen in Figure 1.7. In the granuloma T cells have a decreased capacity to present antigens (Ags). In 

cases of disease reactivation or in the failure of isoniazid prevention therapy, active bacterial replication 

and insufficient clearance maintains inflammation and increases cellular influx, leading to granuloma 

growth (57, 120). Inability to clear dead cells within the granuloma causes the necrotic caseous core 

(103).  

 

 

 
Figure 1.7. Representation of a tuberculous granuloma formed by M. tuberculosis bacteria and 

cells of the immune response. 

The bacteria are situated in the core of the granuloma amongst necrotic infected macrophages. The 

macrophages are surrounded by apoptotic infected epithelioid macrophages, granuloma macrophages 

which have fused into multinucleated giant cells, or differentiated into foam cells. Foam cells which 

are characterized by lipid accumulation are most frequently located at the rim of the necrotic centre of 

a mature tuberculous granuloma. Surrounding the infected core are uninfected epithelioid macrophages, 

macrophages, neutrophils. Lining the edges of the granuloma are T cells, B cells, DCs, natural killer 

cells, fibroblasts (not shown) and cells excreting extracellular matrix components (not shown). Image 

sourced from Ramakrishnan et al. (121). 
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1.6.2 Human immune responses against Buruli ulcer 
The human immune responses to infection with M. ulcerans are not as well investigated as MTB. 

Observations to date show that during M. ulcerans infection of humans, untreated lesions display an 

increased expression of TNF-a, IFN-g and IL-10 cytokine mRNA (122). TNF-a and IFN-g are both 

cytokines of the T-helper (Th)-1 immune response (114, 115), indicative of an acute local inflammatory 

response. IFN-g is highly expressed in BU patients with both developed ulcers and early lesions, in 

comparison to healthy controls (122). This implies an early onset of a Th1 immune response. IL-10 is 

an immuno-regulatory cytokine produced by B-cells and T-helper Th2 cells, which down-regulates Th1, 

Th2 and Th17 responses (123). Disease progression may be enhanced by the presence of IL-10 (124). 

Ulcerative lesions without granulomas have increased expression of IL-10 and higher bacterial loads 

(124, 125). Once granulomas form, there is a higher expression of IFN-g and other proinflammatory 

cytokines, however IL-10 is not present (122). IFN-g is also highly expressed in healed ulcers alongside 

low IL-10 levels (126). This suggests that the suppression of the immune response enables bacterial 

proliferation and healing may be linked to the onset of a Th1 immune responses. In a mouse model of 

M. ulcerans infection, M. ulcerans-specific CD4+ T cells are generated in the draining lymph nodes 

early in infection (127). These cells migrated to the site of infection, however persisting infection led 

to the local depletion of recruited cells. This depletion of immune cells did not increase mice 

susceptibility to systemic co-infection with Listeria monocytogenes (127), showing that this immune 

cell depletion was localised to the site of M. ulcerans infection. 

 

Gooding et al. demonstrated that patients with a current or past BU possessed T cell anergy towards M. 

ulcerans (128). These patients lacked the normal proliferative response of lymphocytes and IFN-g 

production. Eighty-one percent of patients showed antibody recognition to M. ulcerans, indicative of 

ineffective phagocytosis, bacterial escape prior to T cell presentation or affected T cell responsiveness 

(128). A follow up study by Gooding et al. showed that individuals with a history of BU produced a 

Th2 cytokine profile rather than the Th1 response seen in unaffected controls (129). The household 

exposed control group produced few Th2 cytokines, coinciding with a higher Th1 response (129). 

Gooding et al. observed the cytokine expression from a patient among the unaffected yet exposed group, 

who later developed BU (130). Initially, the patient’s Th1 response mirrored those of the unaffected 

group. After the ulcer was excised the patient’s cytokine profile shifted from a Th1 to a Th2 response, 

similar to individuals who currently or previously had BU, suggesting the T cell anergy is an acquired 

response (130). Studies have shown that T cell responsiveness during infection can be affected by the 

presence of M. ulcerans exotoxin mycolactone (131-133) and that this T cell anergy towards M. 

ulcerans can remain after infection has cleared. Mycolactone and its effects will be discussed further in 

section 1.6.2.1. 
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1.6.2.1 M. ulcerans lipid toxin, mycolactone  
In the early 1960s, pathologists suggested that M. ulcerans may produce a toxin, as tissue destruction 

was observed distal to the dominant burden of bacteria within patient lesions (134). This hypothesis 

was confirmed when a cytotoxin was found in M. ulcerans culture filtrates (135, 136). Initially believed 

to be a phospholipoprotein-polysaccharide complex (137), it was subsequently shown to be a cytotoxic 

polyketide lipid (138). The name mycolactone was derived from its mycobacterial origin and its 

characteristic 12-membered lactone ring (138). The molecule has a mass of approximately 740 Da and 

is characterised by an invariant upper chain and variable lower acyl side-chain (see discussion below) 

(40, 83, 138-141). Mycolactone was the first polyketide known to act as a virulence factor for a human 

pathogen (142). 

 

The pMUM001 plasmid 
The ability of M. ulcerans to produce mycolactone is attributed to the acquisition of a plasmid, 

pMUM001 (Figure 1.8). The pMUM001 plasmid (174,155 bp in size) comprises 81 coding DNA 

sequences (CDS), six of which are involved in mycolactone biosynthesis. These six genes (mlsA1, 

mlsA2, mlsB, mup038, mup045 and mup053) comprise 60% of the plasmid (40). The remainder of the 

plasmid contains insertion sequence elements, plasmid replication genes and CDS for hypothetical 

proteins (39, 40). 

 

Figure 1.8. Circular representation of pMUM001.  

Sourced from Stinear et al. (40), this image depicts an outer black circle representing size in base pairs. 

The next two circles depict forward and reverse strand protein-coding DNA sequences respectively. 

Functional classification by colour are red: replication; light blue: regulation; light green: hypothetical 

protein; dark green: cell wall and cell process; orange: conserved hypothetical protein; cyan: insertion 

sequence elements; yellow: intermediate metabolism; grey: lipid metabolism. The following inner 

circle represents the GC skew. The final circle signifies G + C content. Mycolactone biosynthesis 

clusters and XbaI sites are shown. 
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Polyketide synthases 
The genes mlsA1, mlsA2 and mlsB encode three type I polyketide synthases (PKS) (40). Type I PKS 

are multienzyme complexes that synthesize polyketides (143). MLSA1 (1.8 MDa) and MLSA2 (0.26 

MDa) jointly contain nine discrete enzymatic modules (40). The MLSB PKS (1.2 MDa) comprises 

seven distinct modules (40). The domains present within each module are highlighted in Figure 1.9.  

 

 

Figure 1.9. Domain and module organization of the three PKS genes and the structure of their 

polyketide product: mycolactone. 

Each domain is represented by a different colour and labelled in the key. Modules are labelled below 

each gene. White blocks indicate interdomain regions of 100% identity. Modules are colour-coded to 

represent >98% identity both in function and sequence. mlsA1 and mlsA2 produce the PKS which forms 

the mycolactone core and mlsB produces the PKS which creates the side chain. Each module is 

responsible for the synthesis of the respective colour co-ordinated mycolactone structure (40). Image 

sourced from Stinear et al. (40). 

 

Mycolactone biosynthesis 
As previously mentioned, M. ulcerans produces a macrolide lipid toxin called mycolactone (138). 

Macrolides are characterized by the presence of large lactone rings and belong to the class of organic 

compounds called polyketides. The polyketide synthases, MLSA1 and MLSA2, co-synthesize the 

mycolactone core and upper side chain by progressive decarboxylative condensation reactions (40). 

Each module is responsible for a condensation reaction that incorporates either an acetate or propionate 

subunit (40). Chemical variation at each condensation step is introduced by different combinations of 

functional domains within a module, as illustrated in Figure 1.9, MLSB produces the acyl side chain by 

seven progressive decarboxylative condensation reactions (40). An accessory type III ketosynthase 

encoded by another plasmid gene (mup045) putatively catalyses the ester bond formation linking the 
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core and upper side chain to the acyl side chain (39). The gene, mup053, encodes a P450 hydroxylase, 

with a potential role in the hydroxyl group addition at C-12’ of the acyl side chain (144). Mup038 

encodes a type II thioesterase, with a predicted proof-reading function during mycolactone synthesis 

(39). 

 

At least seven mycolactone structural variants (A to G) have been reported, distinguished by side chain 

group modifications (83, 138-141). Mycolactone A/B, present in African M. ulcerans strains, is notably 

the most cytotoxic (138). Mycolactone C differs by a lack of hydroxylation at C-12’ of the side chain 

and is predominantly produced by Australian strains of M. ulcerans (139). Mycolactone E and F are 

created by mycolactone-producing mycobacteria from frogs and fish, respectively (145). Mycolactone 

G is a biosynthetic engineered form of mycolactone expressed by a plasmid cloned into M. marinum 

(141).  Side chain variants have differing biological potencies (138, 141, 146, 147). 

 

Effects of mycolactone 
Mycolactone is present in the supernatant of M. ulcerans cultures, indicative of cellular export or cell 

wall-interaction leading to dispersal from the cell (138). Mycolactone has proven to be the major 

virulence determinant during M. ulcerans infection and some key modes of action and the cellular 

target(s) of mycolactone have recently been described (131, 132).  Guinea pigs injected with purified 

mycolactone develop pathology reminiscent of BU (138). Higher mycolactone concentrations induce 

cellular apoptosis and necrosis in different cell types (148), such as J774 mouse macrophages (149), 

human adipocytes (150) and human keratinocytes (151). Mycolactone causes cell cycle arrest in the G1 

phase and cell cytopathicity due to cytoskeletal rearrangement (152). The toxin disrupts DC function, 

suggesting the obstruction of primary immune response induction and recruitment of inflammatory cells 

(153). Mycolactone also plays a role in the persistence of M. ulcerans infection via the inhibition of 

phagocytosis and induction of apoptosis in recruited antigen-presenting cells (APC) (153, 154). Studies 

have identified that mycolactone mediates this cytotoxic effect by inhibiting the Sec61 translocon; an 

endoplasmic reticulum membrane protein translocator (131, 132). Mycolactone directly targets the 

alpha subunit of the Sec61 translocon to block the production of secreted and integral membrane 

proteins. A downstream effect of the inhibition of the Sec61 translocon is the activation of an integrated 

stress response within cells that is independent from endoplasmic reticulum stress sensor activation 

(131). Chronic stress activation without remediation enhances autophagy and cell apoptosis (131). The 

inhibition of the Sec61 translocon affects T cell activation, particularly a selective subset of secretory 

proteins including key signal-transmitting receptors and adhesion molecules (132). The toxin has been 

attributed to the distortion of normal T cell function and cytokine production. Guenin-Macé et al. 

previously identified that mycolactone affects T cell homing by silencing the mRNA let-7b and 

disrupting the regulation of homing ligands CD62L and CCR7 (155). The depletion of T cell homing 
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to peripheral lymph nodes affects B cell activation and migration from the lymphatics (155). Distorted 

cytokine profiles have been observed during M. ulcerans infection, due to impaired T cell 

responsiveness (133). In particular, inhibition of IFN-γ production by T cells and macrophages and 

inhibition of TNF production by monocytes in humans have been identified (156, 157). 

 

1.7 Correlates of protection 

As mentioned previously, there is some cross-over in immune responses to these two diseases, likely 

due to their genetic similarity. Some immune responses have been linked to protection in both MTB 

and M. ulcerans, however MTB is predominantly an intracellular pathogen and M. ulcerans – though 

it has a short intracellular phase – is predominantly an extracellular pathogen. This difference, as well 

as the production of mycolactone by M. ulcerans, suggests that there may be slight variances in the 

immune responses required for protection against these two diseases.  

 

1.7.1 Correlates of protection against M. tuberculosis 
The immune correlates of protection against MTB are not clearly defined. Th1 responses are implicated 

in the control of disease and Th2 responses in susceptibility (158). The presence of CD4+ T cells and 

IFN-g appear to play a role in infection control, as their absence strongly decreases the host’s ability to 

manage bacterial replication (159-161). CD8+ cells appear to also play a role in control of MTB 

infection, as the removal of CD8+ T cells by antibody depletion in knock-out mouse strains have shown 

an increased susceptibility to infection. In humans however, CD8+ T cells can destroy intracellular 

mycobacteria via the release of the antimicrobial peptide granulysin but this molecule is not present in 

mice (162). Therefore, in mouse models of TB CD8+ T cells do not play as important a role in control 

of infection. MTB-specific CD8+ T cells are involved in cytokine production, particularly IFN-g and 

TNF which suggests they play a supportive role to CD4+ T cells in maintaining the cytokine 

environment during infection (115, 163). CD8+ T cells may also be capable of recognising infected cells 

that are not recognised by CD4+ T cells. Studies have shown that macrophages downregulate Major 

Histocompatibility Complex (MHC) class II expression through TLR-2-dependent inhibition with 

exposure to MTB lipoproteins (including LpqH, LprA, LprG (164-166)) and glycoproteins, causing 

them to be unrecognisable by CD4+ T cells (167, 168). In latently infected individuals, MHC class I 

tetramer+ CD8+ T cells specific for MTB have been identified, which suggests that CD8+ cells play a 

role during latency. Since the addition of Th17 cells to the Th1/Th2 paradigm, many studies have alluded 

to the potential role for IL-17 in protection (169). Studies in mice lacking the IL-17A receptors are 

unable to control MTB infection (170). Few studies have explored the role of B cells and humoral 

responses to TB, however mice lacking functional B cells appear to have reduced control of MTB 

infection (171-173). A recent study showed that MTB-specific antibodies can decrease bacterial load 

during latent MTB infection (174). 
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1.7.2 Correlates of protection against M. ulcerans 
There are no definitive correlates of BU protection however some studies suggest that healing is linked 

to a Th1- type response (129, 175, 176). In addition, disease is exacerbated in the downregulation or 

absence of a Th1 responses in BU affected humans and in animal studies (122, 124, 125, 177, 178). A 

recent study has shown that IFN-g is critical in the activation of early host immune responses against 

M. ulcerans in mice (177). IFN-g knock out mice succumb to BU significantly faster than mice with 

functioning IFN-g production, suggesting that IFN-g is required for control of M. ulcerans infection 

(177). A study in Ghana of human iNOS and ifn-g gene polymorphisms showed a link between genotype 

and susceptibility to M. ulcerans (179). Antibody responses to M. ulcerans can be detected in serum of 

BU patients and household contacts but it is not known if these antibodies are protective (128, 180).  

 

Healing of Buruli ulcer 
Healing of BU ulcers have been studied in some mice, guinea pig and pig models of infection. During 

infection the BU site contains oedematous and focally necrotic dermis with diffuse infiltration of 

neutrophils and histiocytes (181, 182). Bacteria are mainly present in clumps within the necrotic foci 

but also identified co-localised with phagocytic cells (182, 183). Necrotic areas expand progressively 

in the beginning of infection leading to an increase in cells showing apoptotic morphology and 

epidermal destruction (183).  

 

Active tissue healing is indicated by sloughing of the mycobacteria-rich necrotic tissue, accumulation 

of fibroblasts in the subcutaneous tissue, extensive neovascularisation and granulation tissue that slowly 

replace the initial acute cellular infiltrate (184).   

 

As healing progresses, there is ongoing skin re-epithelialisation shown by the formation of an eschar 

comprising degeneration epidermis and collagen over the ulcerated wound accompanied by thickening 

of the adjacent epidermal layer (184). Few bacilli remain scattered throughout the granulation tissue, 

found mainly by the wound surface (181). In the guinea pig model of infection, by the end of the 

experimental infectious period, re-epithelialisation was complete but increased presence of collagen 

fibres and epidermal hyperplasia (elongation of rete ridges) remains (184).  

 

1.8 Diagnosis  

As will be described further in this section, the WHO has guidelines for the diagnosis of both TB and 

BU.  
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1.8.1 Diagnosis of tuberculosis 
The two widely used diagnostic methods are i) tuberculin skin test (TST), utilizing purified protein 

derivatives (PPD) injected under the skin to elicit an immune reaction; and ii) interferon gamma release 

assay (IGRA), which mixes patient blood with synthetic antigenic peptides (ESAT-6, CFP-10, TB7.7) 

to identify an IFN-g response. Chest X-rays and sputum smears are utilized to confirm active disease in 

the lungs (185). Sputum samples can be analysed via microscopy or loop-mediated isothermal 

amplification (TB-LAMP) (186). In 2010, the WHO supported the use of the Xpert MTB/RIF assay to 

as the primary assay to diagnose TB and rifampin resistance in individuals with signs and symptoms of 

TB (187). Since 2019, the WHO has endorsed the use of the lateral flow lipoarabinomannan assay 

(Alere Determine TB-LAM) to detect TB infection in HIV infected individuals, particularly those with 

low CD4+ T cell counts (58, 188). 

 

1.8.2 Diagnosis of Buruli ulcer 
The WHO has proposed global guidelines for the diagnosis and treatment of BU. For laboratory 

diagnosis, the WHO requires two positive results from the following four tests (189): microscopic 

examination of a smear for acid-fast bacilli, a positive culture of M. ulcerans, histopathological study 

of excised diseased tissue or positive PCR to detect the high copy insertion sequence, IS2404 or IS2606, 

present in M. ulcerans (95). A TaqMan real time PCR assay was later developed to detect IS2404 and 

IS2606 from a wider range of clinical specimens (190). This newer method improved the specificity 

and sensitivity for M. ulcerans diagnosis (190).  

 

Generally, health professionals in highly endemic areas can readily diagnose BU infections. Due to 

international travel, some cases of BU have been misdiagnosed and mismanaged. Early nodular lesions 

can be misdiagnosed as other subcutaneous infections such as fungal infections, boils, lipomas or insect 

bites (189, 191). 

 

1.9 Treatment 

Both infections respond to antibiotic treatments (192, 193). While the antibiotic regimens are different, 

in both cases treatment of infections is prolonged and can be difficult to manage, particularly in isolated 

and rural areas (194-197). 

 

1.9.1 Treatment of tuberculosis 
Treatment involves the six-month administration of three to four “first-line” antibiotics: rifampin, 

isoniazid, pyrazinamide, streptomycin or ethambutol (193). In some cases, the first-line antibiotics may 

fail, and second line antibiotics are required. These include aminoglycosides (eg. amikacin, kanamycin), 

polypeptide antibiotics, fluoroquinolones, macrolides and linezolid (198). TB infections resistant to two 
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or more first line antibiotics, termed multi-drug resistant TB (MDR-TB), are increasing world-wide. 

The greatest incidence occurs in India, China and Russia, as depicted in Figure 1.10. Extensive MDR-

TB (XMDR-TB) due to resistance to second-line antibiotics has increased in the last decade (199). 

 

 
Figure 1.10. The global distribution of multidrug-resistance (MDR)/rifampicin-resistance (RR) 

in countries with at least 1000 incident cases, in 2018. 

High incidence of MDR/RR cases occur in India, China and Russia. Image sourced from the WHO 

(58). 

 

1.9.2 Treatment of Buruli ulcer 
The WHO recommended treatment for BU is eight weeks of chemotherapy with oral rifampicin (daily) 

and clarithromycin (twice daily) (200). In some cases, the excision of pre-ulcerative lesions without 

drug treatment has prevented the development of disease (201). Antibiotic treatment is sometimes 

augmented with surgery for progressed BU. Combination antibiotics alone is an effective treatment if 

disease is detected early (192, 202, 203). At present there are no clinical cases of antibiotic resistance, 

however three rifampicin-resistant M. ulcerans mutants were isolated after rifampicin monotherapy in 

mice (204). There are no preventative treatments for M. ulcerans but studies exploring vaccine 

development will be discussed in section 1.13.2. 

 

1.9.3 Alternative treatments of Buruli ulcer 
The use of intramuscular streptomycin has been previously recommended, however treatment was 

difficult to administer and caused ototoxicity (205). While there are no clinical cases of M. ulcerans 

antibiotic resistance yet, some studies have explored the use of alternative therapeutic drugs to treat BU 
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infection. Some studies have shown avermectins have bactericidal capabilities (206, 207). Omansen et 

al. have shown that the use of avermectins, typically used for the treatment of helminths and parasites 

in humans and animals, can work synergistically with oral rifampicin to reduce M. ulcerans viability 

over eight weeks (206). Avermectins are inexpensive, widely available and well tolerated. Another 

study has generated neutralising antibodies against the mycolactone toxin and shown that these 

antibodies are capable of rescuing mammalian cells from apoptosis in in vitro culture (208). Antibodies 

against mycolactone are not typically found in humans or animals during BU infection (209). 

Neutralising antibodies against mycolactone could be utilised as another alternative or addition to 

antibiotic treatment (208).  

 

1.10 Prevention of disease caused by M. ulcerans and M. tuberculosis 

The prevention of these mycobacterial diseases can be accomplished through physical barrier 

prevention. As discussed later (section 1.12.1), prevention of disease by prophylaxis is only applicable 

to TB. 

 

1.10.1 Physical prevention of M. tuberculosis transmission and infection 
As MTB is spread via aerosolised bacteria, wearing masks or other filtered breathing apparatus may 

prevent the inhalation of saliva containing MTB (210, 211). This measure may be quite costly and 

difficult to enforce, as infected individuals are not easily identified and wearing a mask can hinder 

common daily activities. 

 

1.10.2 Physical prevention of M. ulcerans transmission and infection 
Transmission of M. ulcerans is incompletely understood, however case reports indicate infection occurs 

via introduction of the bacteria into the subcutaneous tissue, possibly following micro-trauma that 

breaches the skin (90, 99, 101). Several studies have shown an association between the proximity of 

the home or farm site to bodies of water and increased risk of BU (212-216). As M. ulcerans can be 

found close to bodies of water (in the soil, water and aquatic insects) (100, 217, 218), BU may be 

prevented by staying away from open areas of water, especially stagnant water in endemic areas. 

Protective clothing has been shown to be associated with decreased risk of M. ulcerans infection (212-

215). Fully covering the extremities, such as arms and legs, with long-sleeved clothing may prevent M. 

ulcerans from entering through any nicks or cuts on the skin. In South East Australia, mosquitoes are 

likely mechanical vectors of M. ulcerans (101). The use of insect repellents and mosquito netting in 

combination with protective clothing may protect from M. ulcerans infection. 
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1.11 Vaccines to prevent tuberculosis and Buruli ulcer 

 

1.11.1 Role of vaccination 
The purpose of vaccination is to increase immune responses against a pathogen(s). The vaccine is used 

to prime or train the immune response, in particular the adaptive immune response, to respond to a 

particular pathogen (219-222). In instances of subsequent pathogen infection, successful vaccination 

enables the immune system to mount a more rapid, augmented, and targeted response to prevent the 

onset of disease and/or decrease the duration of infection (219-222). 

 

1.11.2 Innate immune response 
The innate immune system is comprised of defenses against infection that can immediately activate 

upon pathogen invasion (220). The innate immune system acts as a barrier to prevent the invasion of 

micro-organisms into your body or limit their spread throughout the body. Components of the innate 

immune system include physical barriers, such as skin and body hair; defense mechanisms such as 

secretions including mucous, gastric acid, saliva, tears; and general immune responses such as 

complement, inflammation and non-specific cellular responses (220). 

 

Cells of the innate immune response include phagocytes, macrophages, neutrophils, mast cells, 

eosinophils, natural killer (NK) cells and DCs (220). These cells typically patrol the entire body and 

depending on cell type are capable of engulfing foreign pathogens, killing infected cells, producing 

cytokines to signal to and recruit other cells, and producing chemokines to mediate inflammation during 

infection (220, 223). DCs act as a link between the innate and adaptive immune system, by presenting 

antigen (Ag) to cells of the adaptive immune response (224, 225). The activation of the adaptive 

immune response is described further in section 1.11.3. The innate immune system is non-specific and 

targets any pathogen, specifically pathogen-associated molecular patterns from a pathogen it identifies 

as foreign or “non-self” (220). Unlike the adaptive immune response, the innate immune response 

cannot easily be primed to respond specifically to pathogens (226). 

 

1.11.3 Adaptive immune response 
In contrast to the innate immune system, which acts on the identification of general pathogen associated 

molecular patterns, the adaptive immune response is activated by contact with a specific Ags, such as 

a protein or peptide, found on a pathogen (220). The adaptive immune response is capable of 

remembering these Ags and therefore remembering the pathogen to enhance the immune response upon 

repeated exposure. This phenomenon is known as “immunological memory” (227). Compared to the 

innate response, the adaptive immune response is much slower to respond to infection however the 

adaptive response is much more targeted and specific to the invading pathogen (220). 
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The adaptive immune response primarily relies on two main cell types, B cells and T cells (227). Naïve 

B cells upon exposure to Ag can differentiate into memory B cells and effector B cells, known as plasma 

cells (228). Plasma cells secrete antibodies that can bind directly to Ags to neutralise and/or identify 

free pathogens in circulation (220).  B cells also express a receptor, called the B cell receptor, to assist 

with Ag binding, as well as internalisation and processing of the Ag (220). B cell receptors also play a 

role in initiating signalling pathways, leading to cytokine release to communicate with other cells of the 

immune system (227, 228). 

 

T cells can be further divided into CD4+ or CD8+ T cells based on whether they express the CD4 or 

CD8 T cell receptor (227). T cells that express both receptors are removed during thymic development. 

T cell receptors can only recognize Ags that are presented on certain molecules called Major 

Histocompatibility Complex (MHC) class I and class II (229). These MHC molecules are membrane-

bound surface receptors on APCs like DCs (229). CD4+ T cells recognise MHC class II and CD8+ T 

cells recognise MHC class I (230). Mature T cells recognise only foreign antigens combined with self-

MHC molecules in order to mount an appropriate immune response (229). The majority of CD4+ cells 

are helper cells that aid in the activation of cytotoxic T cells and B cells as well as other immune cells 

(227, 231). Some CD4+ cells also expressed CD25 and are known as regulatory T cells, which help 

distinguish between self and non-self molecules to reduce the risk of autoimmune disease (232). 

Cytotoxic T cells express CD8 and are responsible for removing pathogens and infected host cells (233).  

 

The adaptive immune response can also be described as humoral or cell-mediated (234). This is 

dependent on the functions of B and T cells, as described above. Humoral immunity is immunity from 

serum antibodies produced by effector B cells (234). Cell-mediated immunity refers to the immune 

response being directed by T helper and cytotoxic T cells (234). 

 

1.11.4 Vaccine components 
Vaccinations often incorporate an Ag or immunogenic portion of the pathogen (e.g. protein, 

carbohydrate or whole cell) to direct an immune reaction to target the pathogen (219-222). These 

immunogenic moieties may or may not be used in conjunction with adjuvants, which help to boost the 

immune response (235, 236). 

 

There are many different forms of vaccines approved for use. These include live-attenuated, inactivated, 

toxoid, subunit and conjugate (221, 237). Some examples of these are the tetanus toxoid conjugate 

vaccine (238), live-attenuated vaccinia vaccine (239), live-attenuated measles, mumps and rubella 

vaccine (240), inactivated hepatitis A vaccine (241, 242), and hepatitis B (243, 244) and human 

papilloma virus conjugate/subunit vaccines (245, 246). Some studies are examining the potential of 
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DNA-based vaccines against human diseases. Presently, there are no approved DNA-based vaccines 

for humans, but some DNA-based vaccines have recently been licensed for veterinary use (247-249). 

 

1.12 Approved vaccines against mycobacterial pathogens 

 

1.12.1 M. bovis ‘bacille Calmette Guérin’ (BCG) vaccination 
The most widely used mycobacterial vaccine is the live-attenuated vaccine, M. bovis ‘bacille Calmette-

Guérin’ (BCG) (250-252). BCG induces cross-protective immune responses against MTB. M. bovis is 

closely related to MTB. A key distinguishing feature between MTB and BCG is that BCG strains are 

missing a critical virulence region present in MTB, a region of difference (RD) termed RD1 (253-256). 

RD1 spans the ESX-1 Type VII secretion system, and protein effectors secreted by this system are 

critical for MTB pathogenesis (257-259), including the well-described T cell antigens ESAT-6 and 

CFP-10 (260-266). As a vaccine, BCG protects children from severe disseminated forms of TB, such 

as meningitis (267), yet protection begins to wane after 10-15 years (268). When given later in life, the 

efficacy of BCG varies in different regions of the world (250). The vaccine is between 0-80% effective 

at preventing pulmonary TB in adults (269). This variation is incredibly problematic as the lowest levels 

of protection are generally in regions with the highest incidence of TB (250). A recent study has shown 

a promising improvement to the efficacy of BCG in non-human primates when BCG is administered 

intravenously rather than intradermally (270). BCG does not cause disease in healthy individuals, 

however as it is live-attenuated it can potentially replicate and cause disease in immuno-compromised 

individuals (271). As a result, the WHO has adjusted the vaccination guidelines to prevent HIV infected 

children from being administered the BCG vaccine (272).  

 

Using BCG to protect against BU was first tested in humans in 1969 (273), and since then several 

reports have cited the potential for BCG as a cross-reactive vaccine against BU (274-276). To date, 

studies on the effectiveness of BCG denote little or no protection against BU (277, 278) even with a 

BCG boost (279), yet BCG based vaccines continue to be pursued.  

 

1.13 Vaccine developments 

As previously mentioned, there is currently no effective vaccine against pulmonary TB, especially in 

adults, and no vaccine against BU. There are many TB vaccine candidates at the pre-clinical stage but 

very few have entered clinical trials (280, 281). Recent vaccines in clinical trials will be described 

further in this section. BCG still remains the most effective vaccine. Only a few attempts have been 

made to create a vaccine against BU and they will be described further in this section. No BU vaccine 

candidates have entered clinical trials.  
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1.13.1 Vaccination developments against M. tuberculosis 
The increase of XMDR-TB suggests that antibiotic therapy is not sustainable. An alternative way to 

reduce TB incidence would be to vaccinate individuals to either prevent infection or prevent the onset 

of active disease. This is supported by a mathematical model devised by Lietman and Blower to predict 

the effect of vaccination on TB incidence (282). They calculated that if a post-exposure vaccine 

(inducing life-long immunity) is administered to 88% of LTBI patients and it prevents 50% progressing 

to active disease, after about 30 years TB incidence would halve from 200 cases per 100,000 individuals 

to 100 cases per 100,000. Further modelling predicted that post-exposure vaccination would produce 

the greatest short-term effect (282). However, pre-exposure vaccination in 88% of newborns with a 

vaccine that blocks 50% of cases from progressing to active disease may eventually be more effective 

in the long-term (>50 years after first vaccination).   

 

There are currently three main vaccine strategies: i) booster for BCG vaccination; ii) replacement for 

BCG vaccination; and iii) therapeutic vaccination (280, 281, 283-285). Pre-clinical testing of putative 

vaccines utilise murine, guinea pig lung and primate lung challenge models. There are many putative 

vaccines at pre-clinical stages but few vaccines have progressed to human clinical trials (280, 281, 283-

285). The types of vaccines recently in clinical trials include adjuvanted subunit, viral vectored, whole 

cell recombinant, whole cell fragmented and recombinant, as described in Table 1.1. 
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Table 1.1. Summary of M. tuberculosis vaccines recently involved in clinical trials. 
Description of vaccine components and stage of clinical trial. 

Vaccine type Name Description of components Stage of clinical triala 

Booster 

Viral vectored MVA85A 
Live viral vector that cannot replicate in humans. An intradermal vaccine comprised of a recombinant 

strain of modified vaccinia virus Ankara expressing the M. tuberculosis antigen, Ag85A (286). 

Phase II 

 

Viral vectored 
Ad35 

(Aeras 402) 

Non-replicating adenovirus vector expressing a fusion protein which combines MTB Ag85A, Ag85B 

and TB10.4 antigens (287). 

Phase II 

(terminated) 

Viral vectored Ad5Ag85A Recombinant adenovirus (serotype 5) that expresses MTB antigen, Ag85A (288, 289). Phase I 

Viral Vectored TB-FLU-04L 
A replication-deficient H1N1 strain A/Puerto Rico/8/34 influenza virus expressing Ag85A and ESAT-6 

(290). 
Phase IIa 

Whole cell DAR-901 
Based on the SL172 vaccine, which was derived from an inactivated non-tuberculous mycobacterium, 

Mycobacterium obuense (291). Phase IIb 

Cell Fragmented AEC/BC02 
Freeze-dried recombinant vaccine expressing Ag85B and fusion protein ESAT-6 and CFP-10 in addition 

to CpG (from BCG) and an alum salt-based adjuvant (292). 
Phase I 

Subunit 
M72/AS01E 

 

Formed from a fusion of two MTB antigens, Mtb32A and Mtb39A (M72), and an adjuvant combining 

immunostimulants with liposomes (AS01E) (293, 294). 
Phase IIb 

Subunit H1/IC31 
Comprised of a hybrid containing ESAT-6 and Ag85B MTB proteins, plus IC31 adjuvant. 

IC31 is formed by cationic protein polyaminoacid KLK and oligodeoxynucleotide ODN1a (295). 

Phase IIa 

(terminated) 

Subunit HyVac4 Comprised of a hybrid containing TB10.4 and Ag85B MTB proteins, plus IC31 adjuvant (296). 
Phase IIa 

(terminated) 

Subunit 
H56/IC31 

(Aeras 404) 

Comprised of a fusion protein formed by Ag85B, ESAT-6 and MTB latency-associated protein Rv2660c, 

plus IC31 adjuvant (297). 
Phase IIb 

aStatus as of August, 2019 (58). 
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Table 1.1. Summary of M. tuberculosis vaccines recently involved in clinical trials (continued). 
Description of vaccine components and stage of clinical trial. 

Vaccine type Name Description of components Stage of clinical triala 

Booster and Priming 

Viral Vectored ChAdOx185A Simian adenovirus expressing Ag85A. Has been used in a prime-booster regime with MVA85A vaccine 

(298). 
Phase I 

Subunit ID93/GLA-SE 
Comprised of ID93, a fusion of four MTB antigens (Rv2608 Rv3619, Rv3620 and Rv1813) in 

combination with glucopyranosyl lipid adjuvant-stable emulsion GLA-SE) (299). 
Phase IIa 

Therapeutic 

Whole cell Vaccae™ Utilising the whole Mycobacterium vaccae cell that has been heat-inactivated (300, 301). Phase III 

Whole cell MIP/Immuvac An inactivated non-tuberculosis mycobacterium, Mycobacterium indicus pranii (302). Phase IIa 

Cell Fragmented RUTI® Composed of detoxified liposomal fragments from MTB (303). Phase IIa 

Priming 

Whole cell 

recombinant 
VMP1002 

Recombinant BCG strain expressing listeriolysin, a membrane-perforating enzyme from Listeria 
monocytogenes (304). Phase III 

Whole cell Live-

attenuated MTBVAC M. tuberculosis strain with mutations in phoP and fadD26 genes (305). Phase IIa 

aStatus as of August, 2019 (58). 
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1.13.1.1 Booster vaccines 
The infant protection afforded by BCG vaccination begins to wane after 10-15 years (268). 

Booster vaccines are designed to boost immune responses against MTB in healthy adults who 

have been immunized with BCG. The appeal for designing booster vaccines is that they can 

supplement BCG, which is still being administered in endemic TB regions and known to be 

effective against the disease in infants. As these vaccines may be given to pre-exposed 

individuals with infection at a dormant stage, these formulations typically include proteins 

expressed during active replication and also latency. 

 

Viral-vectored booster vaccines 
MVA85A 

It is the first new TB vaccine to enter clinical trials and be tested in infants since BCG (286). 

MVA85A induces a polyfunctional CD4+ T cell population capable of inducing IFN-g, IL-2 

and TNF-a, plus low CD8+ T cell responses (306). Despite increasing immune responses 

against TB in healthy previously BCG vaccinated individuals, recent clinical trials confirmed 

that the vaccine was poorly protective against TB infection (286). 

 

Ad35 

The vaccine produced strong CD4+ and CD8+ T cells responses in mice vaccinated intranasally 

and also when administered as a BCG booster in adult humans (287). However, in an ongoing 

Phase IIa study, Ad35 induced predominantly CD8+ T cell responses in HIV-negative people 

with active or newly infected TB (307). 

 

Ad5Ag85A 

This vaccine reached Phase I clinical trials, however failed to progress to Phase II (308). 

Another bivalent version of this adenovirus-vectored vaccine expressing recombinant Ag85A 

and TB10.4 antigens showed improved protection against pulmonary TB infection in mice 

(288, 289). 

 
TB-FLU-04L 

Utilising the Ag85A and ESAT-6 protein in conjunction with the replication deficient influenza 

H1N1 virus, this vaccine has completed Phase I trials and is planned for Phase IIa (290). The 

vaccine was well tolerated and produced local nasal cytokines IL-1ß, TNF-a and IL-2 as early 

responses to vaccination (310). T cell responses to Ag85A and ESAT-6 peaked at day 21 and 

no antibodies to influenza were induced (310). 

 



Chapter 1 | Introduction & Literature Review 

 

 29 

ChAdOx185A 

A Phase I trial of ChAdOx185A in BCG-vaccinated adults was completed in the United 

Kingdom. This trial administered the vaccine intramuscularly, both alone and in conjunction 

with the MVA85A vaccine in a prime boost vaccine strategy (58, 200, 309). It was found to be 

tolerable in humans. In mice it has improved the immunogenicity of BCG when given with a 

follow up MVA85A vaccination (298). A Phase I trial of aerosol administration of 

ChAdOx185A in BCG vaccinated adults is currently ongoing in Switzerland (58). A Phase IIa 

study of ChadOx185A and MVA85A given intramuscularly to adults and adolescents was 

started in Uganda in 2019 (58). 

 

Protein and adjuvant subunit booster vaccines 
M72/AS01E 

The subunit vaccine, M72 + AS01E is one of the TB vaccines furthest along the clinical trial 

pipeline. Phase IIa clinical trials indicated that M72 + AS01E was well tolerated, induced high 

frequencies of multifunctional T cells and boosted distinct T cell responses primed by natural 

MTB infection (293, 294, 311). 

 

H1/IC31, HyVac4 and H56/IC31 

These three subunit vaccines utilize the same adjuvant, IC31. H1/IC31 provided long lasting 

Th1 type responses in mycobacterial-naïve and BCG vaccinated individuals (295). These 

responses can be increased with booster vaccinations. HyVac4/Aeras404 used as a booster 

vaccine for BCG in a mouse model induces expression of IFN-g, TNF-a and IL-12 triple 

positive CD4+ T cells (296). These cells appear to correlate with protection against TB. In a 

non-human primate model H56/IC31 was safe and tolerated, showing control of latent TB 

infection (297). An ongoing phase I/IIa trial on safety and immunogenicity of H56/IC31 is 

being undertaken in HIV-negative, BCG-vaccinated individuals with and without latent TB. 

 

ID93/GLA-SE 

This protein-adjuvant vaccine induced strong Th1 immune responses in naïve mice and guinea 

pigs and animals previously vaccinated with BCG (299). It was well tolerated and induced Th1 

and Th2 type responses in BCG vaccinated non-human primates (312). One study showed that 

ID93/GLA-SE protected against MDR-TB in mice (313). This vaccine is currently in two 

human trials to evaluate the safety, tolerability and efficacy as a booster and priming vaccine 

against TB (314). 
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Whole cell booster vaccines 

DAR-901 

This vaccine is based on the SL172 vaccine, which was derived from a non-tuberculous 

mycobacterium, Mycobacterium obuense (291). SL172 has been well documented in a phase 

III trial among HIV-infected adults in Tanzania (291). DAR-901 induced cellular and humoral 

immune responses to mycobacterial antigens (315), but unlike SL172, did not result in the 

conversion of the IGRA for TB (316). 

 

Cell fragmented booster vaccines 

AEC/BC02 

A Phase I study assessing the safety and immunogenicity of the vaccine is ongoing in China 

(58). In a guinea pig model of TB, it controlled the reactivation of MTB and lowered bacterial 

load in the lung and spleen (292).  

 

1.13.1.2 Therapeutic vaccines 
As BCG is only effective in uninfected individuals, it provides little protection for those 

infected with latent TB (317). Therapeutic vaccines are designed to prevent the onset of active 

disease in individuals with a latent TB infection.  

 

Whole cell recombinant therapeutic vaccines 

Vaccae™  

This therapeutic vaccine is one of the furthest along in clinical trials. Comprising heat-

inactivated whole cell Mycobacterium vaccae, this vaccine has shown a 72.5% protection rate 

in Chinese LTBI children, adolescents and adults from progressing to active disease (300, 301). 

It induces variable IFN-g and humoral responses. The vaccine has been found to have a 

significant effect on MDR-TB (318). Phase III trials have shown that oral M. vaccae is tolerable 

and can reduce hepatoxicity of TB drugs, improve sputum conversion by three-fold and reduce 

treatment length by six-fold (319). 

 
MIP/Immuvac  

Mycobacterium indicus pranii shares antigens with M. leprae and MTB (302). It has also been 

tested as a vaccine against leprosy (320). While there was no significant difference in 

conversion between vaccinated and unvaccinated groups, there was significantly decreased 

sputum culture conversion at the fourth week compared to the placebo group (302). This may 

aid in the control of disease transmission. 
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Cell fragmented therapeutic vaccines 
RUTI®  

Its purpose is to complete latent TB treatment after a short course of antibiotic therapy. It is 

capable of inducing Th1, Th2, and Th3 responses, and a shift in monocyte phenotype in mice 

(303, 321). A Phase I trial administering RUTI subcutaneously was well tolerated and induced 

MTB-specific cellular and humoral responses (322). 

 

1.13.1.3 Priming vaccines 
Priming vaccines are designed to replace the BCG vaccine. Since priming or pre-exposure 

vaccines are likely to be confronted with actively replicating MTB, Ags for this type of vaccine 

typically include those expressed during periods of active replication and metabolism. 

 
Whole cell recombinant priming vaccines 
VMP1002 

This vaccine is currently in Phase II trials measuring the safety and efficacy compared to the 

BCG vaccine in infants (323). In mice, VMP1002 has shown better protection against TB than 

the BCG vaccine by stimulating Th1 and Th17 T cells (324). VPM1002 was found as safe and 

stimulated IFN-g -producing and multifunctional T cells and antibody-producing B cells in 

BCG-naïve and BCG-immune individuals (304). This vaccine is currently being pursued as a 

preventative post-exposure vaccine as it is well-tolerated in BCG immunized individuals and 

protected against TB in post-exposure mouse model studies (324). 

 

MTBVAC 

In 2013, MTBVAC became the first live-attenuated MTB vaccine to enter clinical trials (305, 

325). This strain of MTB contains mutations in phoP and fadD26 genes (305). PhoP is a 

transcriptional regulator which controls the expression of many genes, including virulence 

genes such as ESAT-6 (305). The product of FadD26 is required for the synthesis of cell 

envelope component, phthiocerol dimycocerosates, which aids in protection of MTB from host 

defences. MTBVAC is immunogenic and induces lasting CD4+ T responses in neonates (326). 

 

1.13.2 Vaccination against M. ulcerans 
There is currently no effective vaccine against BU. Some attempts have been made at designing 

vaccines to elicit immunological protection against M. ulcerans, as shown in Table 1.2. Many 

animal models have been utilised to study disease progression, including guinea pig, primate, 

pig, armadillo and mouse models, via tail, ear, hock and footpad challenge (101, 125, 181, 279, 

327-330), but most studies measuring vaccine efficacy have been performed with mice. 
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Table 1.2. Summary of putative M. ulcerans vaccines tested in murine model of BU infection. 
Description of vaccine components and, if applicable, M. ulcerans challenge dose and protective efficacy compared to BCG vaccination. Table modified from 
accepted manuscript (331). 

Vaccine type Description of components M. ulcerans challenge dose 
Test for 

mycolactone 
productiona 

Challenge 
model 

Efficacy 
compared to 

BCG 

DNA-based pCDNA3 vector encoding Hsp65 (332). 104 AFB (strain 1615 
ATCC35840) Not mentioned Tail Less protective 

DNA-based V1Jns.tPA vector encoding Ag85A (333, 334). 3 x 104 AFB (strain 5150) or 
105 AFB (strain 04-855) Not mentioned Footpad Less protective 

DNA-based 

Primary vaccination with V1Jns.tPA plasmid encoding 
mycolactone polyketide domains and boosted with 
recombinant domain proteins emulsified in Gerbu adjuvant 
(335). 

105 AFB (strain 1615) Not mentioned Footpad Less protective 

Viral 
Vesicular stomatitis virus (VSV) replicon particles 
expressing M. ulcerans codon optimised antigens 
MUL_2232 and MUL_3720 (336). 

30ul of 2.8 x 105 CFU/ml stock 
(8.4 x 103 CFU/dose) 
(strain S1013) 

Not mentioned Footpad Less protective 

Subunit MUL2232 and MUL3720 adjuvanted with GLA-SE 
(EM408) (337). 

1.5 x 106 or 1.5 x 105 CFU 
(strain S1013) Not mentioned Footpad Less protective 

Whole Cell M. ulcerans (338). 106.3 or 104.3 viable bacteria Not mentioned Footpad Less protective 

Whole Cell M. marinum (339). 105 bacteria (strain 1615) Not mentioned Footpad More protectiveb 

Whole Cell 
recombinant M. marinum expressing Ag85A (on vector) (339). 105 bacteria (strain 1615) Not mentioned Footpad More protectiveb 

a Identifying whether the bacterial culture used for challenge was assessed for mycolactone production before infection. 
b Vaccine was more protective than the BCG vaccine, however all mice eventually developed footpad swelling. 



Chapter 1 | Introduction & Literature Review 
 

 33 

Table 1.2. Summary of putative M. ulcerans vaccines tested in murine model of BU infection (continued). 
Description of vaccine components and, if applicable, M. ulcerans challenge dose and protective efficacy compared to BCG vaccination. Table modified from 
accepted manuscript (331). 

Vaccine type Description of components M. ulcerans challenge dose 
Test for 

mycolactone 
productiona 

Challenge 
model 

Efficacy 
compared to 

BCG 
Whole Cell 
recombinant 

M. bovis BCG expressing Ag85A (on vector pMV261) 
(340). 105 bacteria (strain 1615) Not mentioned Footpad More protective 

Whole Cell 
recombinant 

M. bovis BCG expressing Ag85B-EsxH fusion protein 
Ag85A (on vector pMV261) (341). 105 bacteria (strain 1615) Not mentioned Footpad More protective 

Inactivated 
whole cell Mycolactone-negative M. ulcerans (strain 5114) (275). 4 log10 or 3 log10 CFU 

(strain 98-912) Not mentioned Footpad Less protective 

Inactivated 
whole cell 

Mycolactone-deficient attenuated M. ulcerans 
(strain ATCC19423) (342). 

106 bacteria 
(strain TMC1615) Not mentioned Footpad Not compared 

Inactivated 
whole cell Formalin-treated M. ulcerans (strain TMC1615) (342). 106 bacteria 

(strain TMC1615) Not mentioned Footpad Not compared 

Inactivated 
whole cell Dewaxed M. ulcerans (strain TMC1615) (342). 106 bacteria 

(strain TMC1615) Not mentioned Footpad Not compared 

Phage Mycobacteriophage D29 (therapeutic vaccine) (343). 5.5 log10 AFB (strain 1615) Not mentioned Footpad Not comparable 
a Identifying whether the bacterial culture used for challenge was assessed for mycolactone production before infection. 
b Vaccine was more protective than the BCG vaccine, however all mice eventually developed footpad swelling. 
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1.13.2.1 Priming vaccines 
 

DNA based vaccines 
Researchers have examined the potential for DNA based vaccines targeting conserved M. ulcerans 

proteins. DNA based vaccines incorporating the mycobacterial Ag, Ag85A (333, 334), or the heat shock 

protein, Hsp65 (332), proved no more effective than the BCG vaccine. Hsp65, is also believed to 

increase the risk of autoimmune disease in humans due to its strong homology to the human Hsp60 

protein. A study by Roupie et al. analysed the potential of vaccination with plasmid DNA encoding M. 

ulcerans mycolactone polyketide domains (335). In this study, mice were vaccinated with plasmid DNA 

encoding one of nine mycolactone polyketide domains followed by a protein-boost of the corresponding 

domain mixed with Gerbu adjuvant. The enoyl reductase domain (ER) significantly reduced bacterial 

load in a footpad challenge model. The acyltransferase with proprionate specificity (ATp) was the only 

domain that showed significant although modest protection measured as delay to onset of footpad 

swelling (335). These vaccinations were less protective than the BCG vaccine and did not prevent the 

eventual onset of disease. 

 

Virus based vaccines 
Recombinant virus replicon particles encoding MUL_2232 and MUL_3720 have been examined as a 

novel vaccine (336). This study also utilised a prime-boost regimen – priming with recombinant 

replicon particles expressing MUL_2232 or MUL_3720 and boosting with recombinant MUL_2232 or 

MUL_3720 protein. This vaccine strategy induced strong immune responses but only slightly reduced 

bacterial load in mouse footpad challenge.  

 

Subunit vaccines 
Subunit vaccines comprising recombinant M. ulcerans proteins MUL_2232 and MUL_3720 in 

combination with GLA-SE adjuvant were also tested for vaccine efficacy (337). These recombinant 

protein vaccines induced strong immune responses, in particular high protein-specific antibody titres. 

These responses however did not correlate to protection as mice succumbed to M. ulcerans infection in 

a footpad challenge model. 

 

Whole-cell vaccines 
Immunisation with mycolactone-negative M. ulcerans was not any more protective than BCG 

vaccination (275). It delayed the onset of BU symptoms in a footpad challenge model but mice were 

not able to control infection and eventually succumbed to disease. The potential of inactivated whole-

cell M. ulcerans as a vaccine has been tested in a mouse footpad challenge model (342). Formalin-
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treated M. ulcerans did not elicit any protection compared to unvaccinated mice (342). This study also 

created a dewaxed whole-cell M. ulcerans vaccine and found that it was protective compared to naïve 

mice in a footpad challenge model (342). The vaccination induced Th2 dependent immune responses. 

The protection correlated with serum immunoglobulin (Ig)G levels however onset of disease was only 

measured until four weeks post-challenge and was not compared to BCG vaccination. M. marinum, the 

closest relative to M. ulcerans has also been tested as a putative vaccine against BU (339). M. marinum 

vaccination was not as protective as BCG vaccination in a mouse footpad model however the addition 

of a vector expressing the M. ulcerans Ag85A protein increased the immunogenicity of the M. marinum 

vaccine. 

 

Whole-cell recombinant vaccines 
The BCG vaccine, whilst not protective against BU can delay the onset of disease (274, 275, 279). 

Studies have attempted to improve the BCG vaccine by incorporating M. ulcerans-specific proteins. 

Hart et al. showed enhanced protection against BU using a recombinant BCG vaccine that expresses M. 

ulcerans Ag85A in a mouse footpad challenge model (340). This protective effect is enhanced by 

replacing Ag85A to create a recombinant BCG vaccine that expresses the Ag85B-EsxH fusion protein 

(341). Mice vaccinated with BCG expressing Ag85B-EsxH had a significantly decreased bacterial 

burden by weeks six and 12 post-infection and significantly longer survival times compared to 

vaccination with BCG alone. 

 

1.13.2.2 Therapeutic vaccines 
 

Mycobacteriophage treatment 
Treatment with mycobacteriophage D29 has been shown to reduce pathology and prevent ulceration 

when administered to a mouse footpad, 33 days after bacterial challenge (343). This protection resulted 

in a significant reduction of M. ulcerans CFU in addition to increased cellular infiltrate of lymphocytes 

and macrophages. This study demonstrates the potential for the development of a phage-related 

therapeutic approach. 

 

1.14 Designing a novel vaccine against M. tuberculosis and M. ulcerans 

Since the late 1800s when MTB was first identified as the causative agent of TB, many putative vaccines 

were developed, which eventually proved to be less effective than BCG at preventing active disease. 

There remains a need for a vaccine that provides long-lasting protection, has low toxicity and is more 

effective than BCG at preventing TB. There is currently no vaccine against M. ulcerans, however in 

animal models BCG has proven to be the most effective at delaying the onset of BU disease.  
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One key reason for the difficulty in vaccine development against mycobacteria, particularly TB and 

BU, may be that the exact immune responses required to elicit protection against disease are unclear. 

The close-relatedness of BCG offers some cross-protection however there appears to be a missing 

feature in the vaccine to correctly shape the immune response for full protection. This phenomenon can 

be seen in the tetanus vaccine, whereby the vaccine elicits a different immune response to tetanus than 

a natural infection with C. tetani (344-346). Natural infection with tetanus does not induce lasting 

antibodies in those who recover from disease, however toxoid vaccination induces lasting antibodies 

(347).  

 

The lack of well-defined correlates of mycobacterial protection prevents researchers from designing 

vaccines with a clear target. Therefore, current mycobacterial vaccine developments have many varied 

modes and targets. If a vaccine is successful at inducing protection it could then be used as a tool to 

identify correlates of protection. The alternative is to identify correlates of protection first. This is often 

performed with the use of knock-out animal models, which are infected with the bacteria or given 

vaccines with very specific modes of action to identify the roles of specific immune responses in their 

contribution to protection (348-351). This has limitations also, as weakening one portion of the immune 

response often has unintended effects on other parts of the immune response (352). Therefore, is not 

always a true reflection of the importance of particular immune responses.  

 

The efficacy of BCG as a whole-cell vaccine suggests that utilising immunogenic portions of either 

MTB or M. ulcerans could aid in the development of a protective immune response. However, whole-

cell vaccines are not able to be given to immunocompromised individuals (271, 272), which may be a 

large limitation as co-infection with MTB greatly increases chances of mortality in HIV infected 

individuals (76, 77). Using immunogenic proteins, rather than the whole-cell would eliminate the side-

effects caused by whole-cell vaccination. One major limitation of this vaccination strategy is the choice 

of Ag and adjuvant. Without the whole cell, the choice of Ag(s) is an important element for the 

recognition of the bacteria and the generation of the immune response. Different Ags will induce varied 

immune responses; therefore, the correct Ag or group of Ags is an important factor. Additionally, the 

choice of adjuvant can help shape the immune response to the Ag and the right Ag-adjuvant 

combination is required to mount a strong and effective immune response. 

 

1.14.1 Subunit vaccine 
Subunit vaccines are less likely to induce adverse reactions as they utilise only the immune stimulant, 

such as a protein, rather than the whole pathogen. Soluble proteins alone can be poorly immunogenic, 

or not induce protective responses so are often formulated with an adjuvant to increase immune 

responses (235, 236). 
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1.14.1.1 Protein antigens 
Vaccines are constructed in various ways and one common form is a subunit vaccine (353). Subunit 

vaccines require part of the pathogen, such as a protein, to act as an immune stimulant or Ag. Ags are 

ideally immunodominant or immunogenic on their own and accessible for recognition by immune cells 

during infection. Some immunogenic MTB proteins identified in literature include ESAT-6, TB10.4, 

Ag85A and Ag85B (264, 354, 355). They are recognised by the human immune system and capable of 

eliciting cell-mediated immune responses, suggesting that they would be promising vaccine Ags. A 

study attempting to develop serodiagnostic tests for M. ulcerans infections identified the immunogenic 

proteins, Hsp18 (356, 357), MUL_3720 (358) and enoyl reductase (ER) (356, 357). 

 

ESAT-6 

A well-studied protein, early secreted antigenic target – 6 kiloDaltons (kDa) or ESAT-6, was first 

identified from MTB culture filtrate (264). It forms a complex with culture filtrate protein-10 or CFP-

10 (359) and is implicated in controlling macrophage cell death. CFP-10 may play a chaperone role for 

ESAT-6 as strains which express ESAT-6 but not CFP-10 do not secrete ESAT-6 (263). ESAT-6 also 

plays a role in preventing the phagolysosome formation within macrophages, avoiding the destruction 

of viable MTB (360). It is extremely immunomodulatory and is a noted virulence factor in MTB as 

ESAT-6 is absent in attenuated M. bovis BCG (264). ESAT-6 is a suitable vaccine antigen due to its 

immunogenicity in humans (361) and subunit vaccination with ESAT-6 in mice can control TB 

infection to the same level as BCG vaccination (362). ESAT-6 vaccination can induce T cell responses 

and IFN-γ production (363). 

 

TB10.4 

As the name suggests, TB10.4 is 10.4 kDa in size. It is a secreted culture filtrate protein belonging to 

the same family as ESAT-6 (354, 364).  Thus, it has been used as a substitute antigen for ESAT-6 in 

vaccine formulations (365). Studies have identified TB10.4-specific CD8+ T cells that are capable of 

producing high levels of Th1 cytokines in mice (366, 367). Adjuvanted TB10.4 is capable of inducing 

CD4+ T cell responses (368) and would be a favourable vaccine antigen. 

 

Ag85A and Ag85B 

Ag85A and Ag85B are 30 kDa and 33 kDa sized proteins, respectively. They form part of a three-

protein complex with Ag85C and act as mycolytransferases involved in the final stages of cell wall 

assembly (369). They are suitable vaccine antigens as they form the largest products found in culture 

filtrate and are highly immunodominant in humans (355, 370). Vaccination with Ag85A and Ag85B 

can induce protective cell-mediated responses in mice (371, 372). The expression of Ag85A in a 

modified vaccinia Ankara vaccine induces robust polyfunctional CD4+ T cell responses in humans 

(373). Ag85B has shown to induce strong Th1 responses in vaccinated mice (374). A vaccine 
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incorporating the fusion of Ag85B and ESAT-6 produced levels of protection comparable to BCG in 

mice, as well as stable immunological memory (375). This suggests that multiple Ags may augment 

immune responses to MTB subunit vaccines. 

 

Hsp18 

Hsp18 is an M. ulcerans constitutively expressed small heat shock protein, 18 kDa in size. It is present 

among the cell membrane and secreted fractions (356). Pidot et al. identified the ability of Hsp18 to 

promote biofilm formation (357). The contribution of Hsp18 to BU is not well understood, though its 

extracellular presence makes it a suitable candidate as an Ag.  

 
MUL_3720 

MUL_3720 is a 22 kDa-sized protein found in M. ulcerans (376). BLAST analysis of MUL_3720 

amino acid sequence reveals a LysM and mannose binding lectin domains (376). LysM domains enable 

peptidoglycan binding in bacterial cell walls. Lectin domains are capable of binding specific 

carbohydrate substrates. MUL_3720 localises on the cell surface and interacts with cell wall associated 

molecules (376). MUL_3720 may have a role in the cell attachment and cell-to-cell interactions. 

 

ER 

The polyketide synthases used by M. ulcerans to synthesize mycolactones are highly conserved and 

appear to be immunogenic (180, 335, 377, 378). One domain in particular, the enoyl reductase (ER) 

protein domain, elicits serum antibodies in BU patients and healthy controls in BU endemic regions 

(180). ER used as Ag in a DNA-protein prime-boost vaccine can reduce bacterial burden in an M. 

ulcerans mouse footpad challenge model (335). 

 

1.14.1.2 Vaccination adjuvant 
Protein based vaccines are often accompanied by an adjuvant to enhance immunogenicity (221). 

Adjuvants can enhance immune recognition and responses (235, 236). 

 

Pam2Cys lipopeptide adjuvant  

Chua et al. have produced a lipopeptide adjuvant, which can bind to protein Ags and also stimulate DCs 

to make the Ag more immunogenic (379).  

 

Previous studies have found that the correct engagement of Toll-like receptors (TLRs) expressed on 

APS (such as DCs and macrophages) can elicit significant cytokine, antibody and cell-mediated 

responses (380-382). The TLR family recognises structurally conserved molecules derived from micro-

organisms, such as lipopeptides, glycolipids, lipopolysaccharide, flagellin, RNA and DNA (380-382). 

A study by Chua et al. developed a lipopeptide adjuvant utilising a TLR-2 agonist derived from 
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Mycoplasma fermentans (379). This agonist is a diacylated lipopeptide known as dipalmitoyl-S-

glyceryl cysteine (Pam2Cys). It engages with TLR-2 to form a heterodimeric complex with TLR-6 (383, 

384). This Pam2Cys moiety is capable of binding to protein Ags through electrostatic linkage rather 

than covalent conjugation and stimulating (DCs) to make the Ag more immunogenic. To enable strong 

association of Pam2Cys with protein Ag, Pam2Cys was constructed with branched cationic arginine 

residues, denoted R4Pam2Cys, or branched anionic glutamic acid residues, denoted E8Pam2Cys, as 

illustrated in Figure 1.11. The branched residues create a tentacle-like structure, enhancing the ability 

to bind electrostatically to negatively or positively charged Ags, respectively. This increased capacity 

for binding reduces the need for chemical intervention or modification for attachment to Ags. 

 
 

 
 

Figure 1.11. Schematic representation of the branched cationic lipopeptide R4Pam2Cys and 

branched anionic lipopeptide E8Pam2Cys. 

R4Pam2Cys consists a two-tier branched lysine (K) structure which attach to four arginine (R) amino 

acid residues and E8Pam2Cys consists of a three-tier lysine structure attaching to eight glutamic acid 

(E) residues. Each lipopeptide is then attached to Pam2Cys via the C-terminal lysine residue. In the case 

of R4Pam2Cys, the positively charged R amino groups give the lipopeptide an overall charge of +8. For 

E8Pam2Cys, the negatively charged E residues imparted an overall negative charge of 8 (379). This 

image was adapted from Chua et al. (379). 
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Pam2Cys adjuvant mode of action 

DCs have the ability to direct immunity towards Th1 or Th2 adaptive immune response 

depending on signals received upon activation. Stimulation via TLR-2 leads to the activation 

of transcription factors such as NF-κβ for DC maturation (380). DCs play a role in stimulating 

the secretion of proinflammatory cytokines and the eventual activation of Ag-specific naïve T-

cells (385). Chua et al. demonstrated that electrostatically associated Pam2Cys and protein Ag 

elicited higher CD8+ T-cell responses, in comparison to similarly charged lipopeptide and 

protein Ag (379, 386). The addition of Pam2Cys also increased Ag-specific antibody responses 

compared to vaccination with the protein alone and comparable to the adjuvant, alum (387). 

These increased responses may occur due to simultaneous delivery of Ag and DC stimulation. 

Chua et al. found that only small doses are necessary to elicit strong immune responses (379). 

This may prevent the toxicity often associated with adjuvant use. Recent studies have shown 

Pam2Cys when administered intranasally provides protection against the development of 

disease caused by influenza virus in the respiratory system (388, 389) and can protect against 

viral hepatitis C (390, 391). Studies have also shown that a pegylated Pam2Cys reduces the 

impact of influenza-associated secondary Streptococcus pneumoniae infection (392). While 

this adjuvant demonstrates promising protection against influenza and secondary bacterial 

infections, the effect of this Pam2Cys adjuvant directly against primary bacterial infections has 

not been well studied. 
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1.15 Research Objectives 

At the commencement of this PhD, BCG was the most widely used vaccine against TB and the most 

effective vaccine against BU, even though BCG does not fully protect against either disease. As MTB 

co-infection significantly increases mortality in HIV-infected individuals, there exists a need for more 

tolerable therapeutics in immunocompromised individuals. There are also reports that constant 

exposure to environmental mycobacteria may reduce the efficacy of BCG in BU endemic areas (250). 

This supports the development of alternative vaccine formulations to whole cell vaccination. Therefore, 

this thesis addressed the absence of a protective mycobacterial vaccine against TB and BU. One key 

challenge of vaccine development is the incomplete understanding of correlates of protection against 

these diseases. Although Th1 responses and particularly IFN-γ responses have been strongly implicated 

in the control of these diseases, particularly TB, these responses alone do not fully protect against TB 

or BU. Therefore, this thesis aimed to assess vaccine-derived responses and to explore immune 

correlates of protection (and markers of disease) against TB and BU and contribute to the understanding 

of protective responses. 

 

This thesis focussed on the development of a sub-unit vaccine against two of the most clinically 

significant mycobacteria, M. tuberculosis and M. ulcerans. The vaccines comprised known 

immunogenic proteins from M. tuberculosis or M. ulcerans in association with the Pam2Cys adjuvant. 

The specific aims listed below are addressed in three results chapters: 

1. To develop a subunit vaccine against Mycobacterium tuberculosis  

2. To develop a subunit vaccine against Mycobacterium ulcerans utilising cell wall-associated 

proteins 

3. To create a subunit vaccine targeting the mycolactone toxin biosynthesis pathway of 

Mycobacterium ulcerans  
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Chapter 2 
 
Murine immune responses to subunit vaccination with Mycobacterium 
tuberculosis protein antigens linked to a TLR-2 agonist 
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2.1 Introduction 
 

This chapter focusses on the development of a vaccine against tuberculosis (TB). To address this task 

two experimental M. tuberculosis (MTB) protein subunit vaccines were formulated. These vaccines 

included two well-studied immunogenic MTB proteins, ESAT-6 and Ag85B in association with the 

TLR-2 agonist, Pam2Cys.  

 

TB is the leading cause of disease by a single infectious agent. TB affects every part of the world, 

predominantly throughout parts of Asia (especially India and China) and Africa. In 2018, there were an 

estimated 10 million new cases of TB and 1.45 million deaths (58). The treatment of TB requires a six-

month administration of three to four “first-line” antibiotics (rifampin, isoniazid, pyrazinamide, 

streptomycin or ethambutol) (193). Failure of this treatment requires second-line antibiotics with 

increased side effects. Resistance to first-line antibiotics, termed multi-drug resistant TB (MDR-TB), 

and rifampin in particular has increased in the last decade (58). This highlights a need for more effective 

prevention against disease. 

 

There is presently an approved vaccine against TB. It is a live-attenuated vaccine, Mycobacterium bovis 

‘bacille Calmette-Guérin’ (BCG), which provides cross-protective immune responses against MTB 

infection. The BCG vaccine protects children (between six-months to two-years old) from severe 

disseminated forms of TB, such as meningitis, but protection begins to wane after 10-15 years (268). 

When given later in life, the efficacy of BCG varies between 0-80% efficacy in preventing pulmonary 

TB in adults. Since the late 1800s, many TB vaccines have been developed however none have been 

found to be more protective than BCG (285). The BCG vaccine is a live-attenuated vaccine and 

therefore cannot be given to immunocompromised individuals (393). This is an issue for HIV infected 

individuals, particularly because TB co-infection significantly increases mortality (77, 394, 395). There 

remains a need for a vaccine that provides long-lasting protection, has low toxicity and is more effective 

than BCG at preventing TB. 

 

This chapter describes the creation of low-toxicity subunit vaccines. Subunit vaccines utilise an immune 

stimulant or Ags specific to the pathogen and are therefore less-likely to induce side effects compared 

to whole-cell and live-attenuated vaccines (220, 222). The immunogenic MTB proteins Ag85A, 

Ag85B, Early Secreted Antigenic Target – 6kDa (ESAT-6), and TB10.4 are recognised by the human 

immune system and capable of eliciting cell-mediated immune responses (264, 354, 355, 365, 396-

399), and therefore chosen for this study. The adjuvant used in this chapter, is a charged lipopeptide 

which can bind to protein Ags via electrostatic binding rather than covalent linkage (379). This 
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lipopeptide adjuvant utilises the TLR-2 agonist Pam2Cys. It increases antigen uptake by DCs, promotes 

trafficking to lymph nodes (LNs), and induces strong CD8+ T cell and antibody responses (379, 386).  

 

The repertoire of immune responses required for protection against TB have not been fully identified 

however, Th1 responses have been widely accepted as the major mediators for controlling infection 

(158, 400). The presence of CD4+ T cells and IFN-g are recognised as important in controlling infection 

(161, 401, 402), but the role of CD8+ T cells has not been as extensively studied. CD8+ T cells (both 

IFN-g -producing and cytotoxic T cells) have been shown to play a non-redundant role in the control of 

TB infection, during acute infection and prevention of reactivation (367, 401, 403, 404). Human CD8+ 

T cell responses can be modelled in transgenic mice containing the human MHC class I presentation 

molecule, HLA-A2 (405, 406). HLA-A2 is present in a large proportion of the human population – 

including Asians (>50%), Caucasians, American Indians and South Americans (407, 408). CD8+ T-cell 

responses have not been as widely studied as CD4+ T cell responses for TB. Identifying CD8+ epitopes 

that can be recognised by HLA-A2 transgenic mice would enhance the re-stimulation of MTB-specific 

CD8+ T cells in further vaccination experiments using whole protein. 
 

2.2 Research Objectives 
 

The main aim of this study was to evaluate immune responses to protein-based vaccines against M. 

tuberculosis, utilising MTB-specific proteins in a mouse model. 

• To formulate two vaccines with ESAT-6 and Ag85B in conjunction with lipopeptide adjuvant 

Pam2Cys for examination in mice. The protein-specific CD4+ and CD8+ T cell responses, 

particularly IFN-g production, will be measured.  

• To screen peptides derived from MTB antigens ESAT-6, Ag85B, Ag85A and TB10.4 for 

human CD8+ T cell responses to these peptides in HLA-A2 restricted mice.  
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2.3 Results and Discussion 

The methods and results for this study have been reported in a manuscript in-progress, soon to be 

submitted.  

 

Manuscript “Murine immune responses to subunit vaccination with Mycobacterium tuberculosis 

protein antigens linked to a TLR-2 agonist” 

 

Kirstie M. Mangas, Chinn Yi Wong, Acep R. Wijayadikusumah, Weiguang Zeng, Toshiki Sekiya, 

Jessica L. Porter, Sacha J. Pidot, Kylie M. Quinn, Katherine Kedzierska, Timothy P. Stinear, David C. 

Jackson and Brendon Y. Chua.  

 

The following is the author-accepted version of the manuscript, formatted to include the figures within 

the text. 
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Abstract 
Background. Tuberculosis (TB) is the leading cause of disease by a single infectious agent 

(Mycobacterium tuberculosis (MTB)). In 2018, there were an estimated 10 million new cases of TB 

and 1.45 million deaths. Mycobacterium bovis ‘BCG’, is a widely used vaccine against MTB and 

somewhat effective in children (< 2 years old). However, efficacy wanes after 10-15 years of life and 

BCG boosting does not increase protection.  

 

Methods. We assessed the ability of MTB protein subunit vaccine formulations to generate immune 

responses. The MTB proteins ESAT-6 and Ag85B were adjuvanted with a TLR-2 agonist to stimulate 

MTB-specific immune responses in mice. 

 

Results. The vaccines induced high protein-specific antibody titres against Ag85B protein suggesting 

potential efficacy against the extracellular presence of MTB. However, neither of these vaccine 

formulations generated measurable interferon-gamma (IFN-g) responses from CD4+ T cells in the 

spleen or lungs and only minor CD8+ T cell responses. 

 

Conclusions. Th1 responses, particularly CD4+ T cells and IFN-g, are known to play key roles in the 

control of TB. Although the vaccines in this study generated strong antibody responses, they induced 

poor CD4+ IFN-g+ T cell responses. Therefore, alternative antigen and vaccination routes should be 

considered to enhance MTB-specific Th1 responses of future vaccination formulations.  
 



Chapter 2 | Subunit vaccination against M. tuberculosis 
 

 48 

Introduction 
Tuberculosis (TB) is the leading cause of disease by a single infectious agent and the most common 

mycobacterial disease. It is caused by the bacteria, Mycobacterium tuberculosis (MTB) a slow growing, 

acid-fast bacilli and contains high sequence homology to other human pathogens M. marinum and M. 

ulcerans (1, 2). TB affects every part of the world, predominantly throughout parts of Asia (especially 

India and China), Africa and the Western Pacific (3). Moreover, there is a strong correlation between 

areas that are endemic for HIV and those with a high incidence of TB infection. In 2018, there was an 

estimated 10 million new cases of TB and 1.45 million deaths (0.25 million among HIV infected 

individuals) (3). 

 

MTB is transmitted by inhaling bacteria contained within airborne droplets emitted from lungs of those 

with active disease (4). The bacteria can be cleared immediately by host immune responses, reside 

inactive in the lungs (latent TB infection (LTBI)) or actively replicate to cause disease (5). TB can 

present in many different clinical manifestations, including a cough presenting sputum and blood at 

times, chest pains, weakness, weight loss, fever and night sweats (5). Inflammation surrounding 

replicating bacteria leads to granuloma development in the lung and long-term inflammation leads to 

lung necrosis, termed caseation (5). Bacteria can also escape the lungs and replicate in the bones or 

other organs (6). It is believed that up to one-third of the world’s population is infected with MTB (7) 

and these individuals carry a 10% lifetime risk of presenting with active disease (8). 

 

Treatment of TB requires a six-month administration of three to four “first line” antibiotics (rifampin, 

isoniazid, pyrazinamide, streptomycin or ethambutol) with failure requiring the use of second line 

antibiotics albeit with increased side effects. Resistance to all treatments however, termed extensive 

multidrug resistant TB (XMDR-TB), has increased in the last decade (9). As approximately 90% of 

cases occur in middle-low income countries, the monitoring and distribution of antibiotics can be 

difficult, costly and place great burden on already struggling health-care systems (3).  

 

The only approved vaccine against TB is the live-attenuated vaccine, M. bovis-derived bacille Calmette-

Guérin (BCG) which induces cross-protective immune responses against MTB. Both strains are closely 

related except all BCG strains are missing the virulence region present in MTB, termed RD1 (10). BCG 

vaccine protects children (between six months to two-years-old) from severe disseminated forms of TB, 

such as meningitis, but protection begins to wane after 10-15 years (11). When given later in life, the 

efficacy of BCG varies between 0-80% (12). This is problematic as regions with lower levels of 

protection often coincide with highest TB incidences. BCG does not cause disease in healthy 

individuals, however as it is live-attenuated it may cause disease in immuno-compromised individuals 
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(13). As a result, the World Health Organisation (WHO) has adjusted the vaccination guidelines to 

prevent HIV infected children from being administered the BCG vaccine (14). 

 

We also know from correlative studies that Th1 responses are implicated in the control of TB and Th2 

responses with susceptibility (15, 16). The presence of CD4+ T cells and IFN-g for example has been 

postulated to play a role in infection control, as their absence is associated with the inability to manage 

bacterial replication (17, 18). Though not as widely explored as CD4+ T cells, CD8+ T cells (both IFN-

g -producing and cytotoxic T cells) have also been shown to play a non-redundant role in the control of 

TB infection, during acute infection and prevention of reactivation (17, 19-21). The relevance of 

humoral responses for protection remains unclear (22, 23), however some studies support a role for 

antibodies in the control of bacterial load during TB infection and limiting dissemination (24-26). In 

regard to BCG vaccination, BCG-specific antibodies have been considered to be of little importance 

for vaccine efficacy. However, long-lived BCG-induced memory B cells have been identified in 

individuals 13-45 years after vaccination (27). BCG-induced antibodies have been shown to improve 

phagocytic cell activity against MTB and enhance proliferation and IFN-g production in 

mycobacterium-specific CD4+ and CD8+ T cells (28, 29).  

 

Experimental TB vaccines furthest along in clinical trials include the therapeutic vaccine, heat-

inactivated whole cell Mycobacterium vaccae (Phase III) (30), and the AS01E-adjuvanted subunit-

based vaccine, M72, a fusion of two MTB antigens, Mtb32A and Mtb39A (Phase IIa) (31). These 

candidates have so far been shown to prevent progression to active disease in LTBI children, 

adolescents and adults, and induce high frequencies of multifunctional T cells, and boost T cell 

responses primed by natural MTB infection (32). Although these are undoubtedly promising results, 

there remains a need to develop options in the TB vaccine pipeline should these candidates not meet 

expectations.  

 

Several MTB-derived antigens in particular show promise as they are recognised by the human immune 

system and capable of eliciting cell-mediated immune responses. First identified from culture filtrate 

(33), early secreted antigenic target – 6 kiloDaltons (kDa) (ESAT-6) forms a complex with culture 

filtrate protein-10 (CFP-10) (34) and plays a role in preventing the phagolysosome formation within 

macrophages, avoiding the destruction of viable MTB (35). ESAT-6 is a virulence factor in MTB and 

is absent in attenuated M. bovis (33) and has been proposed as a vaccine antigen in humans (36). ESAT-

6 vaccination of mice induces IFN-γ-production by T cells (37) and controls MTB infection to the same 

extent as BCG vaccination in the murine model of TB (38). Another potential antigen is Ag85B, a 33 

kDa mycolytransferase involved in the final stages of mycobacterial cell wall assembly (39). In mice, 

vaccination with Ag85B induces Th1 responses (40) and protective cell-mediated responses (41, 42). 
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Ag85A is a 30kDa protein that forms part of the three-protein mycolytransferase complex, with Ag85B 

and Ag85C (39). This complex is among the largest protein product found in culture filtrate and is 

highly immunodominant in mice (41, 42) and humans (43, 44). The expression of Ag85A in a modified 

vaccinia Ankara vaccine induces robust polyfunctional CD4+ T cell responses in humans (45) and is a 

promising vaccine antigen. Of particular interest is the observation that a fusion complex of both Ag85B 

and ESAT-6 can elicit protection as well as stable immunological memory (46), suggesting that the 

incorporation of multiple antigens in a vaccine candidate is beneficial against TB. TB10.4 is also a well-

described immunogenic MTB protein. As the name suggests, TB10.4 is 10.4 kDa in size and is a culture 

filtrate protein belonging to the same family as ESAT-6 (47, 48).  Thus, it has been used as a substitute 

antigen for ESAT-6 in vaccine formulations (49). TB10.4 has the advantage over ESAT-6 of not cross-

reacting with the Quantiferon Gold test for TB infection, and so we also explored TB10.4 in this study. 

Studies have identified TB10.4-specific CD8+ T cells capable of producing high levels of Th1 cytokines 

in mice (21, 50). Adjuvanted TB10.4 can also induce CD4+ T cell responses (51), suggesting it has 

application as a vaccine antigen. 

 

Many protein antigens, however, often lack inherent features that are attractive to the immune system 

and adjuvants are often utilised to enhance their immunogenicity. Adjuvants, in particular those that 

can target antigens to Toll-like receptors (TLRs) are ideal for this and one such approach is based on 

the cationic and anionic TLR-2 agonist Pam2Cys-based systems developed by Chua et al (52). These 

lipopeptides are capable of electrostatically binding to protein antigens to facilitate their delivery to 

dendritic cells (DCs) and concurrently induce their activation, leading to the induction of protective 

CD8+ T cell and antibody responses (52, 53).  

 

The aims of this study were to therefore evaluate the ability of protein-based vaccines against M. 

tuberculosis, utilising M. tuberculosis-specific proteins ESAT-6 and Ag85B to induce immune 

responses when formulated with Pam2Cys. As CD8+ T cell responses have been implicated in 

preventing TB but are not as widely studied as CD4+ T cells, we also investigate the potential of these 

vaccine candidates to induce these responses in transgenic mice that express the human MHC Class I 

presentation molecule, HLA-A2 (54, 55). This haplotype is present in a large proportion of the human 

population – including Asians (>50%), Caucasians, American Indians and South Americans (56, 57) 

and the use of these transgenic mice provides information on the potential of these formulations to 

induce cell-mediated responses in humans.  
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Materials & Methods 
Strains and culture conditions 

Escherichia coli BL21 (DE3) containing plasmid pET30a-ESAT-6 (strain pDJ001) was grown at 37°C 

in Terrific broth (24 g/L yeast extract (Difco USA), 20 g/L tryptone (Difco USA), 4 ml/L glycerol, and 

phosphate buffer containing 0.017M KH2PO4 and 0.072M K2HPO4) supplemented with 100 µg/ml 

ampicillin (Sigma-Aldrich, USA) to express 6xHIS-tagged early secretory antigenic target 6kDa 

(ESAT-6) protein.  

 

Recombinant protein expression 

Overnight culture of pDJ001 was diluted to OD600 = 0.05 in Terrific broth. The culture was incubated 

at 37°C with shaking at 200 rpm until OD600 = 0.6-0.7, then 1 mM IPTG (Isopropyl b-D-1-

thiogalactopyr-anoside) was added to induce protein expression. The cells were incubated for a further 

four hours, resuspended in wash buffer (8 M urea, 150 mM sodium chloride, 10% glycerol) and 

sonicated at amplitude 60 (QSonica Ultrasonic Liquid Processor S-4000, Misonix) until the solution 

turned clear. The lysate was filtered with a 0.22 µM filter (Millipore) and expressed protein was 

column-purified using anti-histidine resin (ClonTech). The resin was washed ten times with 10x column 

volumes of wash buffer mixed with an increasing proportion of tris buffer (20 mM Tris-HCl, 150 mM 

sodium chloride, 10% glycerol) until the column was washed with only tris buffer. The resin was 

washed a further two times with tris buffer containing 20 mM imidazole. Protein was eluted in tris 

buffer containing 200 mM imidazole and dialysed in phosphate buffered saline (PBS) before 

concentration using a 3K MWCO PES concentration column (Pierce, Thermo Scientific, USA). Ag85B 

was purchased from the company MyBiosource. This protein was produced by an E. coli expression 

vector, purified via SUMO-tag which was cleaved after purification. Relative protein size was 

confirmed using sodium dodecyl sulphate polyacrylamide gel electrophoresis. 

 

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) 

Samples were denatured in an equal volume of 2 x sample loading buffer (40% (v/v) 0.5M Tris-HCL 

pH6.8, 10% glycerol, 1.7% (w/v) SDS, 10% 2-B-mercaptoethanol, 0.13% (w/v) bromophenol blue in 

distilled water) at 100°C for five minutes. Fifty microlitres of the ESAT-6 purification flow through 

and wash, ten microliters of each purified sample and SeeBlue® Plus2 pre-stained protein standard 

(Invitrogen) were loaded into a 0.5mm 12% polyacrylamide gel under reducing conditions, as 

previously described (58). The gel was run in running buffer (0.3% (w/v) Tris, 1.44% (w/v) glycine and 

0.1% (w/v) SDS in distilled water) for 1 hour at 150 volts (Mini-protean vertical electrophoresis cell, 

Bio-Rad, Australia). The gels were stained in Coomassie stain (45% methanol, 10% acetic acid 0.25% 

(w/v) Coomassie brilliant blue in distilled water) for 1 hour and destained in Coomassie destain solution 

(33% methanol, 10% acetic acid, 60% distilled water) until the protein bands could be identified.  
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Western Blotting 

Protein was separated on a 12% polyacrylamide gel as per the method for SDS-PAGE. After separation 

the protein was transferred to a nitrocellulose membrane in a tris-glycine transfer buffer (1.5 mM Tris, 

12mM glycine, 15 % methanol (v/v) in distilled water) for 1 hour at 100 volts (Mini Trans-Blot Cell, 

Bio-Rad, Australia). The nitrocellulose membrane was blocked in blocking buffer (5% (w/v) skim milk 

powder and 0.1% Tween-20 in PBS) overnight at 4°C. The membrane was incubated in blocking buffer 

containing anti6xHIS-HRP antibody (Roche Applied Science, USA) at 1:500 dilution. The membrane 

was washed in PBS containing 0.1% Tween-20 and then exposed to developing solution (Western 

Lighting Chemiluminescence kit, Perkin Elmer, USA) according to manufacturer’s guidelines. 

Chemiluminescence was detected using an MF ChemiBIS gel imaging system (DNR Bio-Imaging 

Systems, Israel). 

 

Particle size analysis of protein antigen and lipopeptide formulations by dynamic light scattering 

(DLS) 

Protein and lipopeptide interactions were analysed by dynamic light scattering (DLS). Ten micrograms 

of protein were added to increasing moles of lipopeptide (R4Pam2Cys or E8Pam2Cys) in 50 µl PBS and 

the dynamic light scattering of the particles were measured using a DynaPro NanoStar (Wyatt 

Technology, CA, USA) equipped with 658nm laser with a scattering angle of 90°. The level of light 

scattering by the particles in solution determined the hydrodynamic radius of the particles in solution. 

Data was analysed using Dynamics software (v7.1.7.16). The changes in particle size over time were 

graphed using Prism v8 (GraphPad, CA, USA). 

 

Formulation of antigens with lipopeptide  

Each vaccine dose contained 25 µg protein added to R4Pam2Cys at a ratio of 1:5 mole of protein to 

lipopeptide. PBS was added to a final volume of 100 µl for subcutaneous vaccination, or final volume 

of 50 µl for intranasal vaccination, and the combination sonicated in a water bath for 30 seconds. 

Control vaccine preparations were made containing 25 µg protein alone or R4Pam2Cys lipopeptide 

alone and also sonicated prior to administration.  

 

Formulation of antigens with complete Freund’s adjuvant (CFA) or incomplete Freund’s adjuvant 

(IFA) 

For protein antigen studies, each vaccine dose contained 25 µg protein emulsified in 10X volume of 

CFA. For peptide antigen studies, each vaccine dose contained 10 µg peptide emulsified in 10X volume 

of complete Freund’s adjuvant in a total volume of 100 µl. For booster vaccinations, each dose was 

formulated with IFA instead of CFA. 
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Peptide synthesis 

Peptides for TB antigens ESAT-6, Ag85A, Ag85B and TB10.4 were synthesized using methods 

previously described (59). The peptides to be made were identified from previous studies using HLA-

A2 patient samples and also by using SYFPEITHI, an online epitope predictor 

(http://www.syfpeithi.de/) (60) (see Table 1). Peptides were purified using HPLC (Agilent) with a C18 

Prep column (Agilent). Purified peptides were analysed via mass spectrometry (Ion Trap series 1100, 

Agilent) to identify their size in kiloDaltons (kDa).  

 
Table 1. Epitopes for TB protein antigens Ag85A, Ag85B, TB10.4 (HLA-A2) and ESAT-6 
(C57BL/6). 
 

Protein 
Epitope 

amino acids 
Epitope sequencea 

Molec. weight 

(Daltons)b 

Ag85A 
242-250 KLIANNTRV (HLA-A2) 1028 

48-56 GLPVEYLQV (HLA-A2)  

Ag85B 

199-207 KLVANNTRL (HLA-A2) 1028 

37-45 YLLDGLRAQ (HLA-A2) 1048 

158-166 GMGPSLIGL (HLA-A2)  

TB10.4 
4-12 IMYNYPAML (HLA-A2)  

83-89 MMARDTAEA (HLA-A2) 995 

ESAT-6 1-20 MTEQQWNFAGIEAAASAIQGc (C57BL/6) 2123 

Notes: a HLA-A2 epitopes were identified from previous studies (15, 63, 64) and also by online epitope 

predictor SYFPEITHI. 
bPredicted by Genscript molecular weight calculator:  https://www.genscript.com/tools/peptide-molecular-

weight-calculator 
cESAT-6 peptide was synthesized and used in C57BL/6 mice vaccination experiments. 

Epitopes highlighted in grey were synthesized and utilized in this study for HHD mice vaccination experiments 

 

Vaccination of animals 

Six-week old, male C57BL/6 mice and eight-week old, female HLA-A2.1 transgenic mice (termed 

HHD mice) were housed at the Peter Doherty Institute Bioresource Facility and housed in individual 

ventilated cages. HHD mice express a chimeric monochain of the α1-α2 domains of HLA-A2.1 and α3 

and cytoplasmic and transmembrane domains of H-2Db on a double-knockout H-2Db−/− β2m−/− mouse 

background. Food and water were given ad libertum. Experiments were approved by The University of 
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Melbourne Animal Ethics Committee (Animal Ethics approval identification numbers 1513513 and 

1613870).  

 

For intranasal (i.n.) inoculation, mice were anaesthetised by isoflurane inhalation and protein alone or 

protein + Pam2Cys then administered by intranasal instillation. For subcutaneous (s.c.) vaccination, 

mice were vaccinated subcutaneously at the base of tail (50 µl per flank) with protein alone, protein + 

Pam2Cys, or protein + CFA.  

 

To measure responses induced by ESAT-6 protein vaccination, C57BL/6 mice were subcutaneously 

vaccinated with ESAT alone, ESAT-6 + CFA or ESAT-6 with either R4Pam2Cys or E8Pam2Cys. 

Chicken ovalbumin with CFA was included as a positive control. Mice were sacrificed after seven days 

and spleens were obtained for immune analysis. To measure responses to ESAT-61-20 peptide, C57BL/6 

mice were vaccinated with ESAT-61-20 peptide alone or ESAT-61-20 peptide with CFA. Mice were 

sacrificed seven days post-vaccination, and spleens were obtained for immune analysis. To measure 

responses induced by Ag85B protein vaccination, C57BL/6 mice were subcutaneously or intranasally 

vaccinated with Ag85B alone, or Ag85B with either R4Pam2Cys or E8Pam2Cys. Chicken ovalbumin 

(OVA) + R4Pam2Cys was included as a positive control. Mice were sacrificed after seven days and 

spleens were obtained for immune analysis. To measure sera responses to Ag85B, C57BL/6 mice were 

vaccinated with Ag85B alone, or Ag85B with either R4Pam2Cys or E8Pam2Cys and boosted 21 days 

later. Mice were sacrificed after a following seven days and sera was obtained for immune analysis.  

 

To determine the kinetics of the TB peptide + CFA cellular response, HHD mice were vaccinated 

subcutaneously with GILGFVFTL (GIL) peptide (HLA-A2-restricted epitope from influenza Matrix 

158-66 protein) plus CFA. Some mice were sacrificed seven and ten days later and their spleens were 

obtained for analysis of immune responses. The remainder of the mice were given a booster vaccination 

containing GIL peptide + IFA. Mice were sacrificed five, seven and ten days later (days 26, 28 and 31 

post-primary vaccination) and their spleens were obtained for immune analysis. 

 

To measure TB peptides, HHD mice were vaccinated with each TB peptide (KLIANNTRV, 

KLVANNTRL, YLLDGLRAQ or MMARDTAEA) emulsified with CFA. Mice were boosted with TB 

peptide + IFA after 21 days and sacrificed seven days later (28 days after primary vaccination). Spleens 

were obtained for immune analysis. GIL peptide + CFA/IFA and TYQRTRALV (TYQ) peptide (H-

2Kd restricted epitope from influenza Nucleoprotein147-155 protein) with CFA/IFA were included as 

controls.  
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Intracellular cytokine staining (ICS) 

For each mouse 5 ml single cell suspensions were made from the spleen and draining lymph nodes in 

RP10 (RPMI 1640 (Sigma) supplemented with 10% foetal bovine serum (Gibco), 2mM L-glutamine, 

1mM sodium pyruvate, 55 µM 2-mercaptoethanol, 12 µg gentamycin, 100 U/ml penicillin and 100 

µg/ml streptomycin). Cells from the spleen and draining lymph nodes were separately cultured in 96-

well plates (CoStar, Corning, USA) containing 1 x107 cells/per well and 1 x105 cells/well, respectively. 

The cells were cultured in 200 µl RP10 containing 10 U/ml IL-2 (Roche, Mannheim, Germany), 1µg/ml 

plate-bound anti-CD28 (BD Pharmigen, Becton Dickinson, Clone 37.51) and either 20 µg/ml protein 

or 2 µg/ml peptide for 12 hours at 37°C in 5% CO2. Golgiplug (1µg/ml) (Becton Dickinson) was added 

for the last 4 hours of incubation. Cells were harvested and stained with the appropriate dilution of PE-

antiCD3 (Biolegend, Clone R17A2), PerCP-Cy5.5-antiCD4 (BD, Clone GK1.5), APC-anti-CD8 (BD 

Pharmigen, Clone 53-6.7) anti-mouse monoclonal antibodies at 4°C in the dark. To perform the ICS 

assay the surface stained cells were permeabilized using Cytofix/Cytoperm (Becton Dickinson, USA) 

and incubated with the appropriate dilution of FITC-IFN-g (BD Horizon, Clone XM G1.2) anti-mouse 

monoclonal antibodies for 30 minutes at 4°C. Finally, cells were washed twice in Perm Wash buffer 

(Becton Dickinson, USA) followed by FACS buffer (PBS containing 5mM EDTA and 1% fetal bovine 

serum). The stained cells (1 x106/sample of splenocytes and 1 x105/sample of lymph node cells) were 

acquired in an LSR Fortessa flow cytometer system by the use of BD FACS Diva software (BD 

Biosciences). Data analyses were performed using FlowJo v10.0 (Tree Star, OR, USA). 

 

Cytometric Bead Array 

For each mouse 1 x107 splenocytes and 1 x105 cells from the draining lymph nodes were separately 

incubated in 500 µl RP10 supplemented with 25 µg/ml protein for 72 hours at 37°C in 5% CO2. 

Supernatant was collected and a cytokine bead array was performed using a mouse flex set (BD 

Biosciences, USA) detecting cytokines IL-2, IL-4, IL-6, IL-10, IL-12/IL-23p40, IL-17, IFN-g, MCP-1 

and TNF as per manufacturer’s instructions. The samples were acquired in a FACSCanto II (BD 

Biosciences). Cytokine quantities were calculated using FCAP ArrayTM Software v3.0. 

 

Serum antibody titre measurements 

Serum was prepared from blood obtained from mice at day 20, day 35 and at time of sacrifice. Antibody 

titres were measured using enzyme linked immunosorbent assay (ELISA) as per methods described in 

(52). Briefly, ELISA plates (Nunc, Thermo Scientific) were coated overnight with 5 µg protein diluted 

in PBSN3 and blocked with BSA10PBS for 2 hours at room temperature. Plates were washed with PBS 

containing 0.05% Tween-20 (PBST). Neat sera were sequentially diluted in BSA5PBST and incubated 

at room temperature for 6 hours. Bound antibody was detected by adding horse radish peroxidase 

conjugated rabbit anti-mouse IgG (Dako, Glostrup, Denmark) at a concentration of 1:400 in BSA5PBST 

for 2 hours. Plates were developed with developing solution (hydrogen peroxide, citric acid and ABTS) 
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and incubated for 10-15 with gentle agitation to observe a colour change. The reaction was stopped 

with 50mM sodium fluoride. Plates were read at dual wavelengths of 505 and 595 nm on plate reader 

(LabSystems Multiskan Multisoft microplate reader). 

 

Statistical Analyses 

Intracellular cytokine and antibody data were analysed by one-way analysis of variance (ANOVA) with 

Tukey’s correction for multiple comparisons. Cytokine bead array data was analysed by Mann-Whitney 

U-test (Prism v8, Graphpad, CA, USA). For all tests *p < 0.05, **p < 0.01 and ***p < 0.001 and **** 

p < 0.0001 were considered statistically significant. 
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Results 
Formulation of the TB antigen + lipopeptide subunit vaccine 

To produce our vaccine candidates, recombinant ESAT-6 protein was expressed and purified whilst 

Ag85B was procured commercially. When analysed by SDS-PAGE, recombinant ESAT-6 

corresponded with a band migrating around 6kDa (Fig. 1A), whilst Ag85B appeared as a band ~33 kDa 

(Fig. 1B), each in line with their reported molecular weights.  

 

We formulated both antigens with either cationic R4Pam2Cys, which contains N-terminal arginine 

residues (allowing it to electrostatically associate with negatively charged regions on a protein antigen) 

or anionic E8Pam2Cys, which contains N-terminal glutamic acid residues (allowing association with 

positively charged regions).  

 

The association of antigen and lipopeptide was analysed by measuring the size of particles formed in 

solution by dynamic light scattering (DLS). As the putative charge of ESAT-6 is -5, it appeared to 

preferentially bind to R4Pam2Cys when mixed at a 1:1 ratio, depicted by the increase in peak intensity 

and particle size (peak 6; Fig 1C) compared to 1:3 and 1:5 ratio. In contrast, very little increase in 

particle size was observed when ESAT-6 was mixed with increasing E8Pam2Cys ratios (Fig. 1D, Table 

2). Whilst the putative charge of Ag85B is -3, mixing with R4Pam2Cys (Fig. 1E) or E8Pam2Cys (Fig. 

1F) did not appear to result in notable increases in particle sizes (Table 3). However, mixing with 

R4Pam2Cys did result in more monodispersed peaks (peaks 3 and 4; Fig 1E) compared to the 

polydispersed profile exhibited by the antigen alone in solution (Peak 1; Fig 1E). Moreover, there also 

appeared to be a slight peak shift (peak 4; Fig 1F) when Ag85B is mixed with E8Pam2Cys at a 1:5 ratio. 

It therefore appears that both R4Pam2Cys and E8Pam2Cys can associate with Ag85B although these 

interactions are not as distinct as observed for ESAT-6.  
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Figure 1. Analysis of purified recombinant ESAT-6 and Ag85B protein antigen characteristics 

(continued next page). 

(A) ESAT-6 recombinant protein obtained during purification, separated by SDS-PAGE. Lanes: 1 – 

whole cell lysate (WCL), 2 – column flow through, 3-7 – washes 1-5, and 8 – ESAT-6 protein elution 

(10 µg).  The identified band is approximately 7 kDa in size. (B) Ag85B protein, separated by SDS-

PAGE. Lanes: 1 – Ag85B (5 µg) after dialysis (24 hour), and 2 – Ag85B (50 µg) before dialysis. The 

identified band is approximately 30 kDa.  
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Figure 1. Analysis of purified recombinant ESAT-6 and Ag85B protein antigen characteristics 

(continued). 

The hydrodynamic radius (nm) of complexes formed by ESAT-6 protein (10 µg) and differing 

molecular ratios of (C) R4Pam2Cys, and (D) E8Pam2Cys, in 50 µl PBS, were measured by Dynamic 

Light Scattering (DLS). Shown here is the particles size dispersion for formulations containing ESAT-

6 alone (solid black line in C and D), R4Pam2Cys alone (black dotted line in C), E8Pam2Cys alone 

(black dotted line in F) and increasing ESAT-6 + adjuvant ratio of 1:1 (blue), 1:3 (orange) and 1:5 (red) 

for adjuvant R4Pam2Cys in C, and adjuvant E8Pam2Cys in D. The hydrodynamic radius (nm) of 

complexes formed by Ag85B protein (10 µg) and differing molecular ratios of (E) R4Pam2Cys, and (F) 

E8Pam2Cys, in 50 µl PBS, were measured by Dynamic Light Scattering (DLS). Shown here is the 

particle size dispersion for formulations containing ESAT-6 alone (solid black line in E and F), 

R4Pam2Cys alone (black dotted line in E), E8Pam2Cys alone (black dotted line in F) and increasing 

ESAT-6 + adjuvant ratio of 1:1 (blue), 1:3 (orange) and 1:5 (red) for adjuvant R4Pam2Cys in E, and 

adjuvant E8Pam2Cys in F. Highlighted in C, D, E, F are peaks corresponding to a shift in particle size 

between protein alone and protein + adjuvant. The radius size (nm) correlating to the peaks for each 

formulation shown in D and E are listed on Table 2, and in E and F are listed on Table 3.  
 

 

Table 2. Particle size for ESAT-6, R4Pam2Cys, and E8Pam2Cys formulations measured by 
dynamic light scattering. 
 

 Particle size (nm) corresponding to peak numberb 

Componenta Peak 1 Peak 2 Peak 3 

ESAT-6 alone (10 µg) 4.38 15.78 99.5 

R4Pam2Cys alone (3 moles) 5.57 99.5 NA 

ESAT-6 + R4Pam2Cys 1:1 4.38 66.68 281.79 

ESAT-6 + R4Pam2Cys 1:3 3.73 15.78 107.81 

ESAT-6 + R4Pam2Cys 1:5 3.44 10.57 84.79 

E8Pam2Cys alone (3 moles) 4.74 126.53 NA 

ESAT-6 + E8Pam2Cys 1:1 4.04 21.73 116.8 

ESAT-6 + E8Pam2Cys 1:3 4.38 21.73 116.8 

ESAT-6 + E8Pam2Cys 1:5 5.57 48.41 188.83 

Notes: aAll components were diluted in 50 µl PBS and measured at 21 degrees Celcius. 
bPeak numbers are numbered from left to right, correlate with increase in particle size. 

 

 

 



Chapter 2 | Subunit vaccination against M. tuberculosis 
 

 60 

Table 3. Particle size for Ag85B, R4Pam2Cys and E8Pam2Cys formulations measured by dynamic 
light scattering. 
 

 Particle size (nm) corresponding to peak numberb 

Componenta Peak 1 Peak 2 Peak 3 

AG85B alone (10 µg) 3.18 78.26 NA 

R4Pam2Cys alone (3 moles) 5.57 99.5 NA 

AG85B + R4Pam2Cys 1:1 6.03 78.26 627.5 

AG85B + R4Pam2Cys 1:3 5.57 72.24 579.35 

AG85B + R4Pam2Cys 1:5 5.57 72.24 679.25 

E8Pam2Cys alone (3 moles) 4.74 91.86 NA 

AG85B + E8Pam2Cys 1:1 4.38 91.86 NA 

AG85B + E8Pam2Cys 1:3 4.74 91.86 NA 

AG85B + E8Pam2Cys 1:5 4.74 281.79 NA 

Notes: aAll components were diluted in 50 µl PBS and measured at 21 degrees Celcius. 
bPeak numbers are numbered from left to right, correlate with increase in particle size. 

 
 
ESAT-61-20 peptide could restimulate CD4+ T cells but not CD8+ T cells 

ESAT-6 is known to be able to generate strong T lymphocyte responses, and it has been reported that murine 

responses are directed to the epitope ESAT-61-20 (61). To therefore confirm that our recombinant ESAT-6 could 

indeed induce these responses, C57BL/6 mice were vaccinated and seven days later, splenocytes harvested and 

restimulated ex vivo with ESAT-61-20 to measure IFN-g production by CD4+ or CD8+ T cells in. While vaccination 

with ESAT-6 antigen alone induced detectable CD4+ IFN-g+ T cells, vaccination with ESAT-6 + CFA induced 

significantly stronger responses (p = 0.0268; Fig. 2A). These responses were similar to those induced by 

vaccination with ESAT-61-20 peptide alone or with CFA. However, very little ESAT-61-20-specific IFN-g-

production was observed by CD8+ T cells in mice vaccination with all formulations (Fig. 2B). In comparison, 

mice vaccinated with the model antigen ovalbumin (OVA) with CFA resulted in the induction of OVA-specific 

CD8+ T cell responses indicating that the ability of these mice to induce these responses was not impaired.  
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Figure 2. Enumeration of CD4+ and CD8+ T cells producing interferon-gamma (IFN-γ) after 

vaccination with ESAT-6 and ESAT-6 peptide1-20. 

(A) CD4+ IFN-γ+ T cells, and (B) CD8+ IFN-γ+ T cells enumerated from splenoctyes of C57BL/6 mice 

sacrificed seven days after subcutaneous vaccination with ESAT-6 protein or ESAT-6 peptide1-20 (with 

or without complete Freund’s adjuvant (CFA)) were stimulated with ESAT-6 peptide1-20. CD8+ IFN-γ+ 

T cell responses after vaccination with chicken ovalbumin (OVA) protein with or without CFA in 

response to SIINFEKL peptide (epitope from OVA257-264 – H-2Kb-restricted) were graphed as a control. 

Data were analysed by one-way ANOVA with Tukey post-test. The null hypothesis (no difference in 

mean cell numbers between treatment groups) was rejected if *p < 0.05, **p < 0.01, ***p < 0.001 or 

****p < 0.0001. The error bars represent standard deviation (n=4). 
 

 

Vaccination with ESAT-6 + R4Pam2Cys induced greater numbers of IFN-g+ T cells in the spleen of 

both intranasally and subcutaneously vaccinated mice 

To evaluate the ability of Pam2Cys to adjuvant ESAT-6-specific T cell responses, mice were vaccinated 

with ESAT-6 formulated with R4Pam2Cys or E8Pam2Cys. Mice were vaccinated intranasally as the 

typical site of MTB infection is via the lungs, but also subcutaneously as most vaccines are administered 

in this manner. We then harvested and restimulated cells from lungs or spleens with ESAT-6 protein 

and measured IFN-g production by T cells. Irrespective of route, mice vaccinated with ESAT-6 + 

R4Pam2Cys appeared to have higher T cell responses overall (Fig. 3B, 3C) than those vaccinated with 

ESAT-6 + E8Pam2Cys (Fig. 3D, 3E). However, there were no significant differences in IFN-g+ CD4+ T 

cells induced by any ratio of ESAT+ R4Pam2Cys mixtures compared to vaccination with ESAT-6 alone 
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in either lungs or spleens or by any route (Fig. 3B). While this was also true for IFN-g+ CD8+ T cell 

responses, we did observe much stronger responses between 4- and 10-fold compared to IFN-g+ CD4+ 

T cell responses. There was additionally, more IFN-g+ CD8+ T cells in subcutaneously vaccinated mice 

compared to intranasally vaccinated mice, especially when they received the 1:1 formulation (p = 

0.0336; Fig 3C). This suggests that vaccination with ESAT-6 + R4Pam2Cys induced not only better 

CD8+ than CD4+ T cell responses, but vaccination via the subcutaneous route was more effective than 

the intranasal route.  

 

 
Figure 3. Enumeration of CD4+ and CD8+ T cells producing interferon-gamma (IFN-γ) after 

vaccination with ESAT-6 and lipopeptide (continued next page). 

(A) CD4+ IFN-γ+ T cells, and (B) CD8+ IFN-γ+ T cells enumerated from the lungs and spleens of mice 

vaccinated with ESAT-6 protein + R4Pam2Cys after restimulation with ESAT-6 protein. 
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Figure 3. Enumeration of CD4+ and CD8+ T cells producing interferon-gamma (IFN-γ) after 

vaccination with ESAT-6 and lipopeptide (continued). 

(C) CD4+ IFN-γ+ T cells and (D) CD8+ IFN-γ+ T cells enumerated from the lungs and spleens of mice 

vaccinated with ESAT-6 protein + E8Pam2Cys after restimulation with ESAT-6 protein. Intranasally 

vaccinated mice are demarcated by a grey box, the groups outside this box were vaccinated 

subcutaneously (A, B, C, D). The null hypothesis (no difference in mean cell numbers between 

treatment groups) was rejected if *p < 0.05, **p < 0.01, ***p < 0.001 or ****p < 0.0001. The error 

bars represent standard deviation (n=4). 
 

 

Vaccination with ESAT-6 + R4Pam2Cys produced IL-17A, IL-2 and IL-10 cytokines in the lungs but 

not IFN-g  or TNF. 

As above, cells from the lungs and spleens of ESAT-6 + R4Pam2Cys vaccinated mice were restimulated 

with ESAT-6 protein to examine recall immune responses via the production of specific cytokines. 

Intranasal ESAT-6 + R4Pam2Cys 1:3 induced IL-17A responses, which were greater than both ESAT-

6 alone and ESAT-6 + R4Pam2Cys 1:3 in the spleen (p = 0.0286; Fig. 4A). Intranasal ESAT-6 + 

R4Pam2Cys 1:3 produced more IL-2 and IL-10 in the lungs than in the spleen (p = 0.0481; Fig. 4B and 

p = 0.0230; Fig. 4C, respectively). ESAT-6 + R4Pam2Cys 1:3 when given intranasally appeared to be 

the most effective at inducing ESAT-6-specific cytokines (Fig. 4A-C). Both vaccine formulations 

induced poor IFN-g responses by both vaccination routes (Fig. 4D) and induced only minor TNF 

responses in the lung (Fig. 4E), which were not significant. ESAT-6 did not induce IL-4, IL-6 or MCP-

1 responses (Supp. Fig. S2). Overall, subcutaneous vaccination was the least effective at inducing these 

cytokine responses. Intranasal vaccination induced higher cytokine responses to ESAT-6, particularly 

in the lungs (Fig. 4A-F), although IL-12 was the only cytokine that was significantly induced in the 

spleen without also being generated in the lungs (Fig. 4F). This suggests that the ESAT-6 vaccines are 

capable of generating ESAT-6-specific responses in the lungs via intranasal administration but are less 

proficient at inducing protein-specific systemic cytokines responses (either by intranasal or 

subcutaneous vaccination). 
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Figure 4. Cytokine responses after ESAT-6 + R4Pam2Cys vaccination (continued next page). 

C57BL/6 mice were vaccinated intranasally and subcutaneously with ESAT-6 alone or ESAT-6 + 

R4Pam2Cys and sacrificed after seven days. Lung and spleen cells from these mice were restimulated 

with ESAT-6 protein to measure cytokine responses.  
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Figure 4. Cytokine responses after ESAT-6 + R4Pam2Cys vaccination (continued).  

Shown here are plots for cytokines (A) IL-17A, (B) IL-2, (C) IL-10, (D) Interferon-gamma (IFN-γ), 

(E) Tumour necrosis factor (TNF), and (F) IL-12/IL-23p40 produced. The null hypothesis (no 

difference in mean titres between treatment groups) was rejected if *p < 0.05, **p < 0.01, ***p < 0.001 

or ****p < 0.0001. The error bars represent standard deviation (n=4). 

 
 

Vaccination with Ag85B + R4Pam2Cys or Ag85B + E8Pam2Cys did not induce IFN-γ + T cells in 

mouse spleens. 

In examining the immunogenicity of Ag85B containing formulations, C57BL/6 mice were vaccinated 

and IFN-g+ production by T cells measured upon stimulation with protein in culture. Mice vaccinated 

with Ag85B + R4Pam2Cys did not induce CD4+ or CD8+ T cells compared to vaccination with Ag85B 

alone (Fig. 5A, B). Similarly, mice vaccinated with Ag85B + E8Pam2Cys also showed no significant 

differences in CD4+ IFN-g+ or CD8+ IFN-g+ T cell responses compared to mice vaccinated with protein 

alone (Fig. 5C, D).  

 

Vaccination with Ag85B + Pam2Cys induced IL-17A and IL-4 cytokines but not IFN-γ or TNF 

responses. 

Cells from the spleens of mice vaccinated with Ag85B + R4Pam2Cys or Ag85B + E8Pam2Cys were also 

restimulated with Ag85B protein to assess recall immune responses as measured by cytokine 

expression. Ag85B + R4Pam2Cys 1:1 induced IL-17A responses greater than both Ag85B alone and 

Ag85B + E8Pam2Cys 1:1 (p = 0.0286; Fig. 6A). Ag85B + R4Pam2Cys 1:1 produced more IL-4 than 

Ag85B alone vaccination (p = 0.0286; Fig. 6B). Similar to ESAT-6 + Pam2Cys vaccination, Ag85B + 

Pam2Cys vaccine formulations did not induce more IFN-g or TNF than protein alone (Fig. 6C, D). 

Ag85B + lipopeptide induced minor IL-2 (Fig. 6E) but strong IL-10 responses (Fig. 6F), although none 

of these cytokine titres was significantly greater than that observed using Ag85B alone. Ag85B + 

R4Pam2Cys or E8Pam2Cys did not induce IL-12/IL-23p40, IL-6 and MCP-1 responses greater than 

protein alone (Supp. Fig. S3A-C). Ag85B + R4Pam2Cys 1:1 was the only Ag85B + Pam2Cys 

formulation to induce cytokine (IL-17A and IL-4) responses greater than Ag85B alone vaccination (Fig. 

6A, B). However, high cytokine responses were induced by Ag85B + R4Pam2Cys or E8Pam2Cys 

vaccinations (Fig. 6A-F, Supp. Fig. S3A-C). These data suggest that there is no dose dependent response 

to increasing lipopeptide concentrations, but the addition of R4Pam2Cys 1:1 can enhance IL-17A and 

IL-4 responses to Ag85B vaccination. 
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Figure 5. Enumeration of CD4+ and CD8+ T cells producing interferon-gamma (IFN-γ) and 

Ag85B-specific antibody titres after vaccination with Ag85B. 

C57BL/6 mice were vaccinated subcutaneously with Ag85B alone, Ag85B protein + R4Pam2Cys or 

Ag85B protein + E8Pam2Cys and sacrificed after seven days. (A) CD4+ IFN-γ+ T cells, and (B) CD8+ 

IFN-γ+ T cells enumerated from the spleens of Ag85B protein + R4Pam2Cys after restimulation with 

Ag85B protein. (C) CD4+ IFN-γ+ T cells, and (D) CD8+ IFN-γ+ T cells enumerated from the spleens of 

Ag85B protein + E8Pam2Cys after restimulation with Ag85B protein. The null hypothesis (no difference 

in mean cell numbers between treatment groups) was rejected if *p < 0.05, **p < 0.01, ***p < 0.001 or 

****p < 0.0001. The error bars represent standard deviation (n=4). 
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Figure 6. Cytokine responses after Ag85B + R4Pam2Cys vaccination (continued next page). 

C57BL/6 mice were vaccinated subcutaneously with Ag85B, Ag85B + R4Pam2Cys or Ag85B + 

E8Pam2Cys and sacrificed after seven days. Splenocytes from these mice were restimulated with Ag85B 

protein to measure cytokine responses.  
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Figure 6. Cytokine responses after Ag85B + R4Pam2Cys vaccination (continued). 

Shown here are plots for cytokines (A) IL-17A, (B) IL-4, (C) Interferon-gamma (IFN-γ), (D) Tumour 

necrosis factor (TNF), (E) IL-10, and (F) IL-2 produced from immune cells in the spleen. The null 

hypothesis (no difference in mean titres between treatment groups) was rejected if *p < 0.05, **p < 

0.01, ***p < 0.001 or ****p < 0.0001. The error bars represent standard deviation (n=4). 

 

 

Higher Ag85B-specific antibody responses in mice vaccinated with Ag85B + R4Pam2Cys and Ag85B 

+ E8Pam2Cys compared to Ag85B protein alone. 

To evaluate the ability of the vaccine to induce Ag85B-specific antibody responses and identify whether 

the addition of Pam2Cys had an adjuvanting effect, mice were vaccinated with Ag85B + R4Pam2Cys, 

Ag85B + E8Pam2Cys and Ag85B alone. Following two doses of vaccine, sera were obtained from 

vaccinated animals and Ag85B-specific titres measured. Vaccination with Ag85B + R4Pam2Cys or 

Ag85B + E8Pam2Cys induced significantly more IgG1 Ag85B-antibodies compared to Ag85B alone (p 

<0.0001; Fig. 7). However, there was no significant differences in antibodies induced by antigens 

formulated with either lipopeptide. 

 
Figure 7. Antibody responses to Ag85B vaccination.  

Ag85B-specific (IgG1) antibody titres from sera obtained from mice vaccinated and boosted with 

Ag85B alone, Ag85B + R4Pam2Cys and Ag85B + E8Pam2Cys, at day 28. Naïve mice are included as 

as a control. The null hypothesis (no difference in mean antibody titres between treatment groups) was 

rejected if *p < 0.05, **p < 0.01, ***p < 0.001 or ****p < 0.0001. The error bars represent standard 

deviation (n=4). 
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Suitability of HHD mice to induce HLA-A2-specific CD8+ T cell responses to TB-derived antigens  

To measure the ability of the two vaccines to induce CD8+ T cell responses in a human HLA-A2-

restrictive manner, HHD transgenic mice which possess the HLA-A2*01 allele (54, 55), were used. To 

determine the suitability of these mice to induce CD8+ T cell responses against HLA-A2-restricted 

epitopes, mice were vaccinated with a known human HLA-A2-specific epitope, GILGFVFTL (GIL), 

derived from influenza Matrix-1 (M1) protein (62), formulated with CFA. GIL-specific CD8+ IFN-g+ 

T cell responses were detected from seven days following a single vaccination and subsequently 

increased to peak between 28-31 days (Fig. 8A). Similar responses to challenge with whole influenza 

virus strain X-31 were also observed 10 days post-infection (Fig. 8B). HLA-A2 specific CD8+ T cell 

responses against TB-derived antigens were subsequently examined utilising an array of four epitopes 

derived from Ag85A, Ag85B and TB10.4 (Table 1). MTB antigenic HLA-A2 peptides were predicted 

using SYFPEITHI. Identified peptides that were also referenced in literature (15, 63, 64) were chosen 

as putative antigens to test in the HHD mouse model. After vaccination and boost, no significant 

increases in the CD8+ IFN-g+ T cell responses were observed against each of these peptides compared 

to vaccinations using an epitope that is only recognisable by the murine MHC Class I molecule, H2-Kd 

(TYQRTRALV) (65) (Fig. 8C). In contrast, GIL-specific CD8+ T cell responses were induced when 

this epitope was used for vaccination (Fig. 8C). These results therefore indicate that these TB peptides 

are not capable of inducing CD8+ IFN-g+ immune responses in HHD mice and were therefore unsuitable 

for analysing HLA-A2 specific responses induced by our vaccine candidates. 
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Figure 8. Enumeration of CD8+ T cells producing interferon-gamma (IFN-γ) against putative TB 

peptide epitopes in HLA-A2-restricted (HHD) mice (continued next page). 

 (A) The kinetics of CD8+ IFN-γ+ T cell responses from HLA-A2 restricted (HHD) mice splenocytes 

were measured at days 7, 10, 26, 28 and 31 after vaccination with GILGFVFTL (GIL) peptide (from 

influenza Matrix 158-66 protein – HLA-A2-restricted epitope) + CFA and booster vaccination with GIL 

+ incomplete Freund’s adjuvant (IFA) at day 21. CD8+ IFN-γ+ T cell responses to GIL peptide 

vaccination was measured from the splenocytes of mice sacrificed at each timepoint and restimulated 

with the GIL peptide. The error bars represent standard error of the mean (n=3).  
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Figure 8. Enumeration of CD8+ T cells producing interferon-gamma (IFN-γ) against putative TB 

peptide epitopes in HLA-A2-restricted (HHD) mice (continued). 

(B) HHD CD8+ IFN-γ+ T cell responses to influenza virus X-31 infection after 10 days, from 

splenocytes restimulated with GIL peptide. Responses from splenocytes of HHD mice infected with X-

31 influenza virus are demarcated with a grey box. CD8+ IFN-γ+ T cell responses from HHD mice 

vaccinated with GIL + CFA at days 10 and 31 (boosted with GIL + IFA at day 21) are also plotted for 

comparison (white background). The error bars represent standard error of the mean (n=3). (C) HHD 

CD8+ IFN-γ+ T cells from peptide-restimulated splenocytes at day 28, after vaccination with TB 

peptide (KLIANNTRV, KLVANNTRL, YLLDGLRAQ or MMARDTAEA) + CFA at day 0 and 

booster at day 21 with TB peptides + IFA. Mice vaccinated with GIL peptide and TYQRTRALV (TYQ) 

peptide (from influenza Nucleoprotein147-155 – H-2Kd-restricted epitope) have been included as 

experimental controls. The error bars represent standard deviation (n=4). The null hypothesis (no 

difference in mean cell numbers between treatment groups) was rejected if *p < 0.05, **p < 0.01, ***p 

< 0.001 or ****p < 0.0001.  
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Discussion 
In this study, we utilised known immunogenic TB proteins, ESAT-6 and Ag85B, to explore whether 

the addition of a TLR-2 agonist can increase protein-specific immune responses, in particular CD8+ and 

CD4+ T cells and antibody responses. Though CD4+ IFN-g+ T cells are typically associated with TB 

protection (17, 18, 66-69), previous studies have shown that CD8+ T cells play a non-redundant role in 

TB protection (17, 19-21). For this we utilised HLA-A2 restricted (HHD) mice to identify whether 

human HLA-A2 epitopes from known and predicted immunogenic TB antigens could induce a 

measurable CD8+ IFN-g+ T cell responses. 

 

ESAT-6 and Ag85B have been widely described as having immunodominant immune responses in 

patients infected with TB. These proteins are easily recognisable by the human immune system and 

able to elicit cellular mediated immune responses, suggesting that they would be promising vaccine 

antigens but may require an adjuvant to help shape and stimulate the immune responses required to 

prevent infection. Previous mouse studies have shown that ESAT-6 and Ag85B are capable of inducing 

Th1 type immune responses, in particular strong T cell and IFN-γ responses. 

 

The ESAT-61-20 epitope alone was immunogenic and did not require adjuvant to induce detectable 

responses, supporting previous findings of its immunogenicity (37, 61). We also found that it could 

only restimulate CD4+ T cells, presumably as it is 20 amino acids long and more suited to an open MHC 

class II molecule peptide binding groove, rather than MHC class I (70).  

 

When comparing intranasal or base-of-tail subcutaneous vaccination routes, subcutaneous vaccination 

was better at priming ESAT-6 specific responses in the spleen compared to intranasal vaccination. 

Intranasal vaccination also appeared to induce higher numbers of lymphocytes in the spleen compared 

to the lungs with highest responses obtained using ESAT-6 + R4Pam2Cys at a 1:1 ratio. This increase 

in protein-specific CD8+ T cell responses induced by R4Pam2Cys has previously been shown using 

chicken ovalbumin protein (52). This formulation, however, does not appear to be as effective at 

generating higher CD4+ T cell responses than ESAT-6 alone vaccination even though vaccinations 

using ovalbumin were capable of inducing CD4+ IFN-g+ T cells (Supp. Fig. S1A).  

 

Ag85B is well described as immunogenic (40, 44, 63, 71, 72), therefore detectable cellular responses 

to Ag85B alone were expected. While it appeared that the binding of Ag85B (with a putative charge of 

-3) with R4Pam2Cys resulted in more dramatic changes to the homogeneity of the complexes formed, 

there were no significant increases in overall T cell responses compared to Ag85B vaccination alone. 

This might be due to the properties of the complexes formed which are in contrast to the more significant 

changes in particle size observed using ESAT-6. In fact, previous studies have highlighted that a strong 
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association between protein and adjuvant is required to increase DC uptake and induce T cell responses 

(52, 53). 

 

Vaccination with either ESAT-6 or Ag85B and R4Pam2Cys induced significantly more IL-17A 

production than protein alone. The role of IL-17 in TB remains unclear. IL-17 is produced by Th17 cells 

and Th17 cells have been implicated in TB pathology via inflammation and tissue damage, but also as 

mediators of antimicrobial and pro-inflammatory responses (73, 74). IL-17A driven responses can be 

induced in the lungs by intranasal vaccination with BCG (75) and have been shown to play an essential 

role in granuloma formation in the lungs (76). Mice deficient in IL-17A are unable to control MTB 

infection (76-78) and humans with chronic TB have decreased levels of IL-17A (79). 

 

In this study, increased IL-2 and IL-10 were induced by ESAT-6 + R4Pam2Cys vaccination and 

increased IL-4 was induced by Ag85B + R4Pam2Cys vaccination. Th2 cytokines such as IL-4 and IL-

10 have been linked to TB infection and TB reactivation (80, 81). In mice, IL-4 in lung lesions coincide 

with pneumonia and necrosis, and increased mortality (82). Mice with defective IL-10 exhibit an 

increase in antimycobacterial immunity (83). Humans with advanced TB disease produce higher levels 

of IL-4 and IL-10 (84, 85), suggesting that these responses may not lead to protection by ESAT-6 and 

Ag85B + R4Pam2Cys vaccination. 

 

IL-2 is a Th1 cytokine and plays a role in regulating T cell differentiation and expansion (86). IL-2 can 

reduce mycobacterial replication in murine studies (87, 88), and humans with active TB often have 

decreased IL-2-induced cell proliferation, IL-2 receptor production and serum IL-2 (89, 90). Yet in this 

study, the production of IL-2 by intranasal ESAT-6 + R4Pam2Cys vaccination does not coincide with a 

strong T cell response in the lungs. The IL-10 response may possibly be suppressing T cell activation 

and expansion (91). Th1 responses, such as IFN-g and TNF production, have been largely implicated in 

protection against TB (66-69, 92), though neither ESAT-6 or Ag85B vaccines generated strong IFN-g 

or TNF responses. However, Th1 responses are not fully protective against TB (93, 94) and therefore 

other immune correlates need to be explored. 

 

The low T cell responses and cytokine induction observed using our two vaccines suggest that these 

formulations are unlikely to be protective against TB. We did, however, identify that intranasal 

vaccination was capable of inducing improved splenic T cell responses and protein-specific cytokine 

production. Increased protective responses against TB from mice intranasally vaccinated with the BCG 

vaccine compared to subcutaneous vaccination has previously been identified (95, 96). The findings 

from our study suggest the intranasal route of administration may still be an effective method of 

vaccination against TB, though it may require a change in antigen or adjuvant selection to enhance IFN-
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g responses. Other delivery methods could be assessed, as a recent study has shown that high-dose BCG 

administered intravenously could protect nine out of ten macaques from virulent TB (97). The efficacy 

of intravenous BCG contrasts the widely varied protection afforded by intradermal vaccination with 

BCG (11, 12, 98). This implicates the importance of vaccine delivery and its effect on immune 

responses.  

 

Nevertheless, as these vaccine formulations are capable of inducing strong antibody responses, the 

protein and lipopeptide vaccine formulations may be more suited to target the extracellular phase of 

MTB infectious cycle.  

 

This study also explored the use of transgenic mice expressing human HLA-A2 molecules as a model 

for testing TB-vaccine efficacy in humans.  We chose peptides from Ag85B, Ag85B, and TB10.4. As 

TB10.4 is from the same M. tuberculosis ESX-family as ESAT-6, we chose to test epitopes from this 

protein as ESAT-6 is used in the Quantiferon Gold test for TB infection and its presence could affect 

the validity of any positive T cell responses observed. However, the previously reported epitopes and 

SYPETHI-predicted epitopes did not induce detectable CD8+ IFN-g+ responses in HHD mice. As we 

did not examine other cytokines, we cannot exclude that non-IFN-g responses were induced instead. 

We also did not test whether whole MTB proteins could be used to induce responses in these mice and 

there may have been HLA-A2 immune responses that were not detected. 

 

Given the lacklustre T cell responses observed using these antigens in their peptide or protein 

formulations, we did not proceed with mouse MTB challenge studies. We did see the induction of strong 

antibody responses, however the role of humoral responses during active and latent TB remains 

contentious. Nevertheless, recent studies have identified a functional role for TB antibodies in latent 

infection by increasing macrophage killing of intracellular MTB (24, 69) providing an impetus to 

evaluate the protective efficacies of the vaccine formulations used in this study in the future.  

 

Conclusions 
Th1 responses, particularly CD4+ T cells and IFN-g, are known to play key roles in the control of TB. 

The vaccines in this study generated strong protein- specific antibody responses, however they induced 

poor vaccine-specific CD4+ IFN-g+ T cell responses. Although these vaccines could potentially be used 

to examine antibody responses against TB during infection, it is likely that they will be unable to control 

infection against MTB without accompanying Th1 immune responses. Therefore, alternative antigen 

and vaccination routes should be further investigated to enhance MTB-specific Th1 responses of future 

vaccination formulations. 
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2.4 Supplementary Material 

2.4.1 Supplementary Figures 

 
Figure S1. Enumeration of CD4+ and CD8+ T cells producing interferon-gamma (IFN-γ) after 

vaccination with chicken ovalbumin (OVA) + R4Pam2Cys. 

(A) CD4+ IFN-γ+ T cell, and (B) CD8+ IFN-γ+ T cell numbers from spleens of mice sacrificed seven 

days after vaccination with Ag85B + R4Pam2Cys graphed alongside CD4+ or CD8+ IFN-γ+ T cell 

numbers (day seven) from mice vaccinated with OVA + R4Pam2Cys at 1:1 ratio (highlighted in grey). 

The error bars represent standard error of the mean. C. CD4+ IFN-γ+ T cells, and D.  CD8+ IFN-γ+ T 

cell numbers from mice sacrificed seven days after vaccination with Ag85B + E8Pam2Cys graphed 

alongside CD4+ or CD8+ IFN-γ+ T cell numbers (day seven) from mice vaccinated with OVA + 

R4Pam2Cys at 1:1 ratio (highlighted in grey). The null hypothesis (no difference in mean cell 

numbers between treatment groups) was rejected if *p < 0.05, **p < 0.01, ***p < 0.001 or 

****p < 0.0001. The error bars represent standard deviation (n=4).   
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Figure S2. Cytokine responses after ESAT-6 + R4Pam2Cys vaccination.  

C57BL/6 mice were vaccinated intranasally and subcutaneously with ESAT-6 alone or ESAT-6 + 

R4Pam2Cys and sacrificed after seven days. Lung and spleen cells from these mice were restimulated 

with ESAT-6 protein to measure cytokine responses. Shown here are plots for cytokines (A) IL-4, (B) 

IL-6, and (C) monocyte chemoattractant protein (MCP)-1 produced. The null hypothesis (no difference 

in mean cell numbers between treatment groups) was rejected if *p < 0.05, **p < 0.01, ***p < 0.001 or 

****p < 0.0001. The error bars represent standard deviation (n=4). 
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Figure S3. Cytokine responses after Ag85B + R4Pam2Cys vaccination.  

C57BL/6 mice were vaccinated subcutaneously with Ag85B, Ag85B + R4Pam2Cys or Ag85B + 

E8Pam2Cys and sacrificed after seven days. Splenocytes from these mice were restimulated with Ag85B 

protein to measure cytokine responses. Shown here are plots for cytokines (A) IL-12/IL-23p40, (B) IL-

6, and (C) Macrophage chemoattractant protein (MCP)-1 produced from immune cells in the spleen. 

The null hypothesis (no difference in mean cell numbers between treatment groups) was rejected if *p 

< 0.05, **p < 0.01, ***p < 0.001 or ****p < 0.0001. The error bars represent standard deviation (n=4). 
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Figure S4. Mass spectrometry analysis of TB peptides and their size in Daltons (Da). 

Synthesized, cleaved and purified TB peptides (A) KLIANNTRV (from Ag85A), (B) KLVANNTRL 

(from Ag85B), (C) YLLDGLRAQ (from Ag85B) (D) MMARDTAEA (from TB10.4), and (E) 

MTEQQWNFAGIEAAASAIQG (from ESAT-6) were analysed via mass spectrometry to determine 

their size. Their sizes were identified to be 1028.2 Da for KLIANNTRV, 1028.8 Da for KLVANNTRL, 

995.5 Da for YLLDGLRAQ, 1048.7 Da for MMARDTAEA and 2123.1 for 

MTEQQWNFAGIEAAASAIQG. 
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2.5 Summary 

ESAT-6 and Ag85B have been previously shown to be highly immunogenic in humans and mice. In 

this chapter the vaccine formulations were not able to increase T cell responses specific to ESAT-6 and 

Ag85B in a murine model. This failure to increase protein immunogenicity suggests that the protein 

and adjuvant formulations tested are unlikely to protect against TB infection. This study identified that 

pulmonary vaccination could induce splenic T cells and protein-specific cytokines (but not IFN-g 

responses), indicating that vaccination to the site of infection with the right protein-adjuvant 

combination could be an effective method of TB vaccination. Although Ag85B + Pam2Cys vaccination 

could not increase T cell responses compared to protein alone vaccination, it was capable of 

significantly enhancing Ag85B-specific antibody responses. This suggests that the vaccine formulation 

is generating a protein-specific humoral immune response and therefore the vaccine may be suited to 

target extracellular bacterial pathogens and could be targeted to the extracellular presence of TB. 

 

ESAT-6, Ag85B, Ag85A and TB10.4 proteins have been studied extensively and their 

immunodominant properties are well described (264, 354, 355, 365, 396-399). In this chapter, the 

predicted epitopes that were screened did not generate a high number of CD8+ T cells or a strong CD8+ 

IFN-g+ response. As the cytokine production of the peptide vaccines was not tested, it cannot be deduced 

whether non-IFN-g responses were produced.  

 

From the results of this chapter it’s likely that immunodominant proteins without the correct adjuvant 

do not induce an appropriate immune response for the host to clear the bacteria and may not prove to 

be useful in future vaccine developments. The vaccines in this study did not generate immune responses 

indicative of protection (161, 401, 402, 409), e.g. produced weak CD4+, CD8+ and IFN-g immune 

responses against the TB antigens. Therefore, the study did not continue with TB challenge, though the 

vaccines may have induced immune responses in murine immune cells that were not explored e.g. CD1-

restricted T cells, γδ T cells and natural killer cells (103, 410). 

 

Future vaccination attempts could focus on generating immune responses to less immunodominant 

proteins or utilising novel adjuvants to change the host immune response to immunodominant antigens. 

Though this study has failed to induce strong CD8+ or CD4+ T cells, these vaccine formulations did 

induce strong protein-specific antibody responses and could be used to target extracellular pathogens.
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3.1 Introduction 

Chapter 3 focusses on the development of a vaccine against Buruli ulcer. As was previously shown in 

Chapter 2, the protein-adjuvant formulation using M. tuberculosis proteins generated strong protein-

specific antibody titres. Therefore, in this chapter, two putative M. ulcerans subunit vaccines were 

formulated. These vaccines comprised two cell wall-associated M. ulcerans proteins, MUL_3720 and 

Hsp18, in association with the TLR-2 agonist, Pam2Cys, utilised in Chapter 2.  

 

Buruli ulcer (BU) is a disease caused by Mycobacterium ulcerans. The bacterium infects subcutaneous 

tissue and in humans ulcers typically present with deep undermined edges and have a necrotic core 

comprised of a slough of bacteria, dead skin and immune cells (60, 183). Untreated ulcers can destroy 

fat tissue, muscles and bones (50, 52). Ulcers are predominately found on extremities, especially upper 

(27%) and lower limbs (70%) (64). M. ulcerans is a slow-growing bacterium, with a doubling time of 

greater than 48 hours, so symptoms of BU can take months to appear after primary infection. If 

diagnosed early, BU can be treated effectively by combination antibiotic therapy (200). Though 

unlikely to be fatal, BU has a high morbidity rate. In many cases the disease can initially be 

misdiagnosed as other more common skin infections (189, 191). Delayed treatment may require surgical 

removal of affected tissue and can lead to disfigurement and permanent disability (201). A retrospective 

study in Australia showed that most diagnoses (87%) occurred once ulceration had been reached (411) 

and in Ghana 66% cases were diagnosed with active lesions (412). There is currently no protective 

treatment for BU and no clearly defined mechanism of transmission. This highlights the need for an 

effective vaccine to protect those particularly in highly endemic areas of West and sub-Saharan Africa 

where treatment may be delayed, misdiagnosed, or difficult to access. 

 

The most widely used mycobacterial vaccine is Mycobacterium bovis ‘BCG’, a vaccine against 

tuberculosis. The BCG vaccine is somewhat cross-protective against M. ulcerans, and in a murine 

challenge model has been shown to delay the onset of BU symptoms and decrease bacterial load (279, 

333). Therefore, the BCG vaccine is the field benchmark for assessing potential BU vaccines.  

 

This chapter focusses on the development of a subunit vaccine. To enhance immune recognition, the 

M. ulcerans antigens chosen for the vaccine formulation were bacterial surface-associated proteins. 

Two proteins, MUL_3720 and Hsp18, were identified as potential candidates for vaccine antigens. 

Hsp18 is a protein associated with bacterial biofilm formation and M. ulcerans-infected individuals 

produce antibodies against Hsp18 (180, 357). MUL_3720 is a highly expressed cell wall-associated 

protein with a putative role in cell wall biosynthesis (376, 413). The lipopeptide adjuvant R4Pam2Cys, 

used in Chapter 2, was again utilised as the adjuvant for the subunit formulations in this study.  
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3.2 Research Objectives 
 

The main aim of this study was to develop a preventative subunit vaccine against Buruli ulcer, 

comprising highly expressed cell wall-associated proteins bound to a Pam2Cys-based lipopeptide 

adjuvant. 

• To develop two vaccine formulations comprising MUL_3720 or Hsp18 alongside the 

lipopeptide adjuvant Pam2Cys. 

• To measure the protein-specific antibody response to these proteins in a murine model. 

• To assess the efficacy of these vaccines at preventing the onset of Buruli ulcer in a murine 

model.  
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3.3 Results and Discussion 

The methods and results for this study have been reported in a manuscript in-progress, soon to be 

submitted.  

 

Manuscript “High antibody titres induced by protein subunit vaccines against Buruli ulcer using 

Mycobacterium ulcerans antigens Hsp18 and MUL_3720” 

 

Kirstie M. Mangas, Nicholas Tobias, Estelle Marion, Jérémie Babonneau, Laurent Marsollier, Jessica 

L. Porter, Sacha J. Pidot, Chinn Yi Wong, David C. Jackson, Brendon Y. Chua and Timothy P. Stinear.  

 

The following is the author-accepted version of the manuscript, formatted to include the figures within 

the text. 
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Abstract 

Background. Mycobacterium ulcerans is the causative agent of a debilitating skin and soft tissue 

infection known as Buruli ulcer (BU). There is no vaccine against BU. The purpose of this study was 

to investigate the vaccine potential of two previously described immunogenic M. ulcerans proteins, 

MUL_3720 and Hsp18, using a mouse tail infection model of BU. 

Methods. Recombinant versions of the two proteins were each electrostatically coupled with a 

previously described lipopeptide adjuvant. Seven C57BL/6 and seven BALB/c mice were vaccinated 

and boosted with each of the formulations. Vaccinated mice were then challenged with M. ulcerans via 

subcutaneous tail inoculation. Vaccine performance was assessed by time-to-ulceration compared to 

unvaccinated mice. 

Results. The MUL_3720 and Hsp18 vaccines induced high titres of antigen-specific antibodies that 

were predominately subtype IgG1. However, all mice developed ulcers by day-40 post-M. ulcerans 

challenge. No significant difference was observed in the time-to-onset of ulceration between the 

experimental vaccine groups and unvaccinated animals.  

Conclusions. These data align with previous vaccine experiments using Hsp18 and MUL_3720 that 

indicated these proteins may not be appropriate vaccine antigens. This work highlights the need to 

explore alternative vaccine targets and different approaches to understand the role antibodies might play 

in controlling BU. 
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Introduction 
Buruli ulcer (BU) is a disease caused by Mycobacterium ulcerans. M. ulcerans infects subcutaneous 

tissue and commonly presents as a skin nodule (in Africa) or papule (in Australia), sometimes 

accompanied by redness; however, oedema is another common initial presentation. As the disease 

progresses, the skin around the infected area breaks down and an ulcer develops (1, 2). Ulcers typically 

present with deep undermined edges and have a necrotic core comprised of slough of bacteria, dead 

skin and immune cells (3, 4). Infections are rarely fatal but untreated ulcers can destroy fat tissue, blood 

vessels, muscles and bone (5, 6).  

 

The transmission of BU is likely caused by the introduction of M. ulcerans beneath the skin. This could 

be achieved through the puncture of M. ulcerans-contaminated skin (with examples in the literature of 

infections following human bite, bullet and land mine wounds, or vaccination) or by the introduction 

of M. ulcerans contaminated objects into the subcutaneous tissue, such as following insect bites (7-9). 

BU endemic areas are focused in certain rural regions across west, sub-Saharan and central Africa, 

including Nigeria, Ghana, Togo, Cameroon, Benin, Democratic Republic of Congo and Côte d’Ivoire. 

The disease also occurs in Australia, primarily on the Bellarine and Mornington Peninsulas near the 

major metropolitan centre of Melbourne (10-12). The disease can affect all age groups and ethnicities 

(13). In Australia, ulcers are predominately reported on upper (27%) and lower limbs (70%) (14).  

 

M. ulcerans is a slow-growing bacterium, with a doubling time of greater than 48 hours. As such, 

symptoms of BU can take months to appear after primary infection. If diagnosed early, BU can be 

treated effectively by combination antibiotic therapy (15). Unfortunately, in many cases the disease can 

initially be misdiagnosed as other more common skin infections (16, 17). Delayed diagnosis and 

treatment can lead to extensive lesions that leave victims with life-long disfigurement and disability. 

Reparative surgery is often required for severe cases (18). A retrospective study in Australia showed 

that most diagnoses (87%) occurred once ulceration has been reached (19) and in Ghana 66% cases 

were diagnosed with active lesions (20). There is currently no protective vaccine for BU and no distinct 

mechanism of transmission. Furthermore, treatment can be difficult to access for those in rural areas. 

Thus, there is a need to develop an effective vaccine to protect those particularly in highly endemic 

areas. 

 

The M. bovis ‘BCG’ vaccine has been shown to delay the onset of BU symptoms and decrease bacterial 

load in both experimental animal BU infection models and in studies of human populations (21-25). 

Therefore, the BCG vaccine is the benchmark for assessing potential M. ulcerans vaccines. Some 

studies have assessed the efficacy of putative BU vaccines although none have reached clinical trials 
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(21, 22, 26-37). All these vaccines were tested in murine challenge models in this study and were not 

capable of preventing the eventual onset of disease. 

 

One approach to vaccination is to use antigens from a specific pathogen, e.g. certain proteins(s), that 

are recognized by the immune system and can induce neutralizing antibodies (38, 39). For rapid immune 

recognition these proteins would ideally be cell surface associated. Two M. ulcerans proteins 

MUL_3720 and Hsp18 have been identified as potential candidates for vaccine antigens. Hsp18 is a 

protein associated with biofilm formation and M. ulcerans-infected individuals have been shown to 

produce antibodies against Hsp18 (40, 41). MUL_3720 is a highly expressed cell wall-associated 

protein with a putative role in cell wall biosynthesis (42, 43). 

 

As protein antigens may be poorly immunogenic on their own, adjuvants are used to enhance antigenic 

potency. A lipopeptide adjuvant known as Pam2Cys has been found to increase antigen uptake, increase 

dendritic cell trafficking to lymph nodes, and enhance antibody production against antigens derived 

from pathogens including influenza and hepatitis C in murine models (44-47). 

 

The aim of this study was to try to develop a preventative vaccine against Buruli ulcer, comprising two 

highly expressed cell wall-associated proteins, MUL_3720 or Hsp18, bound to an R4Pam2Cys-based 

lipopeptide adjuvant. 
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Materials & Methods 
Strains and culture conditions 

Escherichia coli Rosetta2 containing plasmid pET30b-Hsp18 (strain TPS681) or pDest17-MUL_3720 

(strain TPS682) was grown at 37°C in Luria-Bertani (LB) broth (Difco, Becton Dickinson, MD, USA) 

supplemented with 100 µg/ml ampicillin (Sigma-Aldrich, USA) or 50 µg/ml kanamycin to express 

6xHIS-tagged Hsp18 or MUL_3720 recombinant protein. Mycobacterium ulcerans (strain Mu_1G897) 

was grown at 30°C in 7H9 broth or 7H10 agar (Middlebrook, Becton Dickinson, MD, USA) 

supplemented with oleic acid, albumin, dextrose and catalase growth supplement (OADC) 

(Middlebrook, Becton Dickinson, MD, USA), and 0.5% glycerol (v/v). M. bovis BCG (strain Sanofi 

Pasteur) used for vaccinations was grown at 37°C in 7H9 broth or 7H10 agar supplemented with OADC. 

Mycobacterial colony counts from cultures or tissue specimens were performed using spot plating as 

previously described (48). 

 

Recombinant protein expression 

Overnight cultures of strains TPS681and TPS682 were diluted to OD600 = 0.05 in LB broth. Each culture 

was incubated at 37°C with shaking at 200 rpm until OD600 = 0.6-0.7, then 1 mM IPTG (Isopropyl b-

D-1-thiogalactopyr-anoside) was added to induce protein expression. The cells were incubated for a 

further four hours to express the protein. To harvest the protein, cells were resuspended in wash buffer 

(8 M urea, 150 mM sodium chloride, 10% glycerol) and sonicated at amplitude 60 (QSonica Ultrasonic 

Liquid Processor S-4000, Misonix) until the solution turned clear. The lysate was filtered with a 0.22 

µM filter (Millipore) to remove cellular debris and the protein was column-purified using anti-histidine 

resin (ClonTech). The resin was washed ten times with 10x column volumes of wash buffer mixed with 

an increasing proportion of tris buffer (20 mM Tris-HCl, 150 mM sodium chloride, 10% glycerol) until 

the column was washed with only tris buffer. The resin was washed a further two times with tris buffer 

containing 20 mM imidazole. Protein was eluted in tris buffer containing 200 mM imidazole and 

dialysed in phosphate buffered saline (PBS) before concentration using a 3K MWCO PES concentration 

column (Pierce). Protein was endotoxin purified using Triton X-114 phase separation until less than 0.1 

endotoxin unit/ml (detectable limit), measured by PierceTM LAL choromogenic endotoxin quantitation 

kit (ThermoFisher) as per manufacturer’s instructions. 

 

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) 

Samples were denatured in an equal volume of 2 x sample loading buffer (40% (v/v) 0.5M Tris-HCL 

pH 6.8, 10% glycerol, 1.7% (w/v) SDS, 10% 2-β-mercaptoethanol, 0.13% (w/v) bromophenol blue in 

distilled water) at 100°C for 5 minutes. Ten microlitres of each sample and SeeBlue® Plus2 pre-stained 

protein standard (Invitrogen) were loaded into a 0.5mm 12% polyacrylamide gel under reducing 

conditions, as previously described (49). The gel was run in running buffer (0.3% (w/v) Tris, 1.44% 
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(w/v) glycine and 0.1% (w/v) SDS in distilled water) for 1 hour at 150 volts (Mini-protean vertical 

electrophoresis cell, Bio-Rad). The gels were stained in Coomassie stain (45% methanol, 10% acetic 

acid 0.25% (w/v) Coomassie brilliant blue in distilled water) for 1 hour and destained in Coomassie 

destain (33% Methanol, 10% acetic acid, 60% distilled water) until the protein bands could be 

identified.  

 

Western Blotting 

Proteins were separated on a 12% polyacrylamide gel as per the method for SDS-PAGE. After 

separation proteins were transferred to a nitrocellulose membrane in tris-glycine transfer buffer (1.5 

mM Tris, 12mM glycine, 15 % methanol (v/v) in distilled water) for 1 hour at 100 volts (Mini Trans-

Blot Cell, Bio-Rad). The nitrocellulose membrane was blocked in blocking buffer (5% (w/v) skim milk 

powder and 0.1% Tween-20 in PBS) overnight at 4°C. The membrane was incubated in blocking buffer 

containing anti-6xHIS-HRP antibody (Roche Applied Science) at 1:500 dilution. The membrane was 

washed in PBS containing 0.1% Tween-20 and then exposed to developing solution (Western Lighting 

Chemiluminescence kit, Perkin Elmer) according to manufacturer’s guidelines. Chemiluminescence 

was detected using an MF ChemiBIS gel imaging system (DNR Bio-Imaging Systems). 

 

Analysis of electrostatic interaction between protein antigen and lipopeptide formulations 

The association between each protein and R4Pam2Cys was measured by mixing 25 µg of protein with 

increasing amounts of lipopeptide in 50 µl PBS in a 96-well plate (Nunc, Thermo Scientific). The 

formation of protein-lipopeptide complexes through electrostatic interaction was measured by an 

increase in light absorbance. Plates were read at dual wavelengths of 505 and 595 nm on plate reader 

(LabSystems Multiskan Multisoft microplate reader). 

 

Lipopeptide vaccine preparation 

Each vaccine dose contained 25 µg protein added to R4Pam2Cys at a ratio of 1:5 mole of protein to 

lipopeptide. PBS was added to a final volume of 100 µl and the combination sonicated in a water bath 

for 30 seconds. Control vaccine preparations were made containing 25 µg protein alone or R4Pam2Cys 

lipopeptide alone and sonicated before administration.  

 

Ethics statement for animal experiments 

All animal experiments were performed in full compliance with national guidelines (articles R214-87 

to R214-90 from French “rural code”) and European guidelines (directive 2010/63/EU of the European 

Parliament and of the council of September 22, 2010 on the protection of animals used for scientific 

purposes). All protocols were approved by the Ethics Committee of region Pays de la Loire under 

protocol nos. CEEA 2009.14 and CEEA 2012.145. Animals were maintained under specific pathogen-

free conditions in the animal house facility of the Centre Hospitalier Universitaire, Angers, France 
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(agreement A 49 007 002). Six-week old female C57BL/6 and BALB/c mice were obtained from 

Charles River Laboratories (Saint-Germain-Nuelles, France) and housed at CHU Angers. Food and 

water were given ad libitum.  

 

Vaccination of animals 

The synthesis and purification of the branched cationic lipopeptide, R4Pam2Cys, was performed as 

previously described (45, 50, 51). Each vaccine dose contained 25 µg protein formulated in PBS with 

R4Pam2Cys at a 1:5 molar ratio of protein to lipopeptide in a final volume of 100 µl. The protein alone 

control formulation contained 25 µg protein per dose diluted in PBS. The R4Pam2Cys alone 

formulations contained the same amount of lipopeptide used in each of the protein + adjuvant 

formulations, calculated by the 1:5 molecular ratio (with the omission of the protein from the solution). 

The R4Pam2Cys alone formulations were diluted to the correct concentration in PBS. Live-attenuated 

M. bovis BCG strain ‘Sanofi Pasteur’ was grown to log phase and stored at -80°C in 20% glycerol until 

use.  Bacteria were washed with PBS and resuspended in 200ul, before administration at 4.7 x 105 

bacteria per dose. All vaccines and control formulations were sonicated for 5 minutes in a waterbath 

sonicator before being administered. 

 

For vaccination using R4Pam2Cys, animals were inoculated subcutaneously at the base of tail (100µl 

per dose at 50 µl per flank) and boosted 21 days later with the same formulations. Mice vaccinated with 

approximately 1 x 103 CFU M. bovis BCG resuspended in PBS at the base of tail (100 µl per dose at 

50µl per flank). 

 

M. ulcerans challenge 

Mice were challenged on day 35 by subcutaneous injection on the tail with 1 x 104 CFU M. ulcerans 

(Mu_1G897) resuspended in 50 µl PBS. Mice were allowed to recover, monitored for up to 40 days 

after infection and euthanised when tail ulceration was observed wherein sera were obtained for 

immunological analysis. 

 

Serum antibody titre measurements 

Serum was prepared from blood obtained from mice at day 0, day 18, day 33 and day 63. Antibody 

titres were measured using enzyme linked immunosorbent assay (ELISA) as per methods described in 

(45). Briefly, ELISA plates (Nunc, Thermo Scientific) were coated overnight with 5 µg/ml protein 

diluted in PBSN3 and blocked with BSA10PBS for 2 hours at room temperature. Plates were washed 

with PBS containing 0.05% Tween-20 (PBST). Neat sera were sequentially diluted in BSA5PBST and 

incubated at room temperature for 6 hours. Bound antibody was detected by adding horse radish 

peroxidase conjugated rabbit anti-mouse IgG (Dako, Glostrup, Denmark) or rat anti-mouse IgM, IgG1, 

IgG2a, IgG2b or IgG3 antibodies (Southern Biotech, USA) at a concentration of 1:400 in BSA5PBST 
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for 2 hours. Plates were developed with developing solution (hydrogen peroxide, citric acid and ABTS) 

and incubated for 10-15 min with gentle agitation to observe a colour change. The reaction was stopped 

with 50 mM sodium fluoride. Plates were read at dual wavelengths of 505 and 595 nm on plate reader 

(LabSystems Multiskan Multisoft microplate reader). The titers of antibody are expressed as the 

reciprocal of the highest dilution of serum required to achieve an optical density of 0.2. 

 

Statistical analysis 

Graphpad Prism software (GraphPad Software v7, CA, USA) was used to perform statistical analyses 

on the antibody titre. Antibody titres were analysed using two-way ANOVA with Tukey’s correction 

for multiple comparisons. The time to ulceration data were displayed as a Kaplan-Meier plot and 

statistical significance was determined using a Log-Rank (Mantel-Cox) test. For all tests *p < 0.05, **p 

< 0.01 and ***p < 0.001 and **** p < 0.0001 were considered statistically significant. 
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Results 
MUL_3720 and Hsp18 have previously been shown to be immunogenic and cell wall-associated (40, 

43). The adjuvant Pam2Cys has been shown to induce strong antibody responses to proteins from 

infectious agents such as influenza and hepatitis C (46, 47, 52-54). Therefore, this study measures the 

ability of MUL_3720 and Hsp18 based vaccines, incorporating the charged Pam2Cys adjuvant, to 

generate protein-specific antibodies and to protect against BU. 

 

Recombinant MUL_3720 and Hsp18 both bound to R4Pam2Cys 

Recombinant MUL_3720 and Hsp18, expressed from inducible E. coli expression vectors, were 

prepared for use as antigens in the vaccine formulations (Supp. Table S1). Purification of the 

recombinant proteins was confirmed by SDS-PAGE and Western blot analyses of the eluate (Fig. 1). 

DLS analysis was then performed to identify whether recombinant MUL_3720 or Hsp18 would 

electrostatically bind to either the positively charged lipopeptide adjuvant R4Pam2Cys, or its negatively 

charged counterpart, E8Pam2Cys. The optical density of solutions containing these constituents at a 

wavelength of 450nm (OD450) is related to the particle size of molecules in solution, reflecting the 

strength of the ionic interaction between protein and lipopeptide (45). MUL_3720 preferentially bound 

to R4Pam2Cys compared to E8Pam2Cys (Fig. 2A). This is shown as a gradual increase in optical density 

following the addition of increasing amounts of R4Pam2Cys to a constant amount of MUL_3720. At a 

5-fold molar excess of protein to lipopeptide the OD450 plateaued, suggesting MUL_3720 bound most 

strongly to R4Pam2Cys at a 1:5 protein to lipopeptide ratio. Conversely, when E8Pam2Cys was added to 

MUL_3720 the optical density remained static and did not increase with increasing lipopeptide 

concentrations, indicating a lack of binding. Hsp18 also appeared to bind preferentially to R4Pam2Cys 

and also at a 1:5 ratio of Hsp18 to R4Pam2Cys (Fig. 2B). Therefore, two protein-adjuvant formulations 

were prepared using MUL_3720 with R4Pam2Cys and Hsp18 with R4Pam2Cys, both at a 1:5 protein to 

lipopeptide molar ratio.  



Chapter 3 | Subunit vaccination against M. ulcerans  
utilising Hsp18 and MUL_3720 

 

 102 

 
 

Figure 1. SDS-PAGE and Western Blot Analysis of purified recombinant MUL_3720 and Hsp18 

proteins. 

(A) SDS-PAGE of MUL_3720 protein elution (containing 10 µg protein) shows a band ~36 kDa. (B) 

SDS-PAGE of Hsp18 protein elution (containing 10 µg protein) shows a band ~18 kDa. (C) Protein in 

the final MUL_3720 elute was analysed by Western Blot using an anti-6xHIS-tag antibody to detect 

the presence of a single band corresponding to the band as the SDS- PAGE analysis. (D) Protein in the 

final Hsp18 elute was analysed by Western Blot using an anti-6xHIS-tag antibody to detect the presence 

of a single band corresponding to the 18 kDa band as the SDS-PAGE analysis. 
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Figure 2. Recombinant MUL_3720 and Hsp18 protein formulation linked with Pam2Cys. 

To analyse the formation of antigen-lipopeptide complexes, a constant amount of antigen (A) 

MUL_3720 (25µg) and (B) Hsp18 (25µg) was mixed with lipopeptide at different protein:lipopeptide 

molar ratios in 50 µl of PBS. These graphs depict the absorbance values of these solutions at an optical 

density of 450nm (OD450). In these assays either R4Pam2Cys or E8Pam2Cys lipopeptides were added to 

the proteins at increasing amounts. The addition of R4Pam2Cys is depicted with black circles and the 

addition of E8Pam2Cys is depicted with grey squares. An increase in absorbance in correlation to an 

increase in lipopeptide was indicative of protein binding to lipopeptide.  

 

 

Vaccination induced strong protein-specific antibody responses 

Prior to challenge with M. ulcerans, the ability of the vaccine candidates to generate murine immune 

responses was assessed. ELISAs were utilized to measure the antibody (IgG) titres in sera obtained 

from two strains of mice (BALB/c and C57BL/6) immunized with either MUL_3720 + R4Pam2Cys or 

Hsp18 + R4Pam2Cys after the primary vaccination dose (day 18) and a secondary dose (day 33). 
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Vaccination with MUL_3720 recombinant protein alone or MUL_3720 + R4Pam2Cys were capable of 

inducing MUL_3720-specific antibody titres in both BALB/c and C57BL/6 strains of mice (Fig. 3A, 

B). Primary vaccination with MUL_3720 protein alone induced MUL_3720-specific antibody 

responses that significantly increased following a vaccine boost (p < 0.0001 in BALB/c, and p = 0.0234 

in C57BL/6) (Fig. 3A, B). Additionally, MUL_3720 + R4Pam2Cys generated MUL_3720 specific 

antibody responses after primary vaccination (p < 0.0001 in BALB/c and C57BL/6) (Fig. 3A, B), which 

were increased after the secondary boost (p < 0.0001 in BALB/c, and not statistically significant in 

C57BL/6). The titres after the boost in particular were greater than MUL_3720 alone vaccination (p = 

0.0031 in BABL/c, and p = 0.006 in C57BL/6). Mice that were not vaccinated with recombinant 

MUL_3720 (R4Pam2Cys alone and BCG) did not have an increase in MUL_3720-specific antibodies 

compared to naïve mice (Fig. 3A, B). 

 

Vaccination with Hsp18 recombinant protein alone or Hsp18 + R4Pam2Cys induced Hsp18-specific 

antibody titres in both strains of mice (Fig. 3C, D). Vaccine boost with Hsp18 recombinant protein 

alone induced significantly higher Hsp18-specific antibody responses in BALB/c mice compared to a 

single vaccination with Hsp18 protein (p < 0.0001; Fig. 3C). Boosting with protein alone in C57BL/6 

mice did not significantly increase antibody titres (Fig. 3D). Hsp18 + R4Pam2Cys induced Hsp18-

specific antibody responses in both mouse strains after primary vaccination (p < 0.0001 in BALB/c and 

p = 0.0165 in C57BL/6) and the Hsp18-specific antibody titre significantly increased after booster 

vaccination (p < 0.0001 in BALB/c and p = 0.0016 in C57BL/6). In all strains, the antibody titres 

induced by Hsp18 + R4Pam2Cys were significantly higher than vaccination with Hsp18 protein alone 

(p = 0.0004 in BALB/c and p < 0.0001 in C57BL/6) (Fig. 3C, D) with negligible levels of antibodies 

seen in mice vaccinated with only R4Pam2Cys, or BCG. 

 

Measurement of IgG antibody subtypes following MUL_3720 + R4Pam2Cys and Hsp18 + R4Pam2Cys 

vaccination 

Quantifying levels of IgG antibody shows that the predominant isotypes produced by MUL_3720 were 

IgG1 and IgG2b (Fig. 3E) with no significant difference between these isotype titres. Vaccination with 

MUL_3720 + R4Pam2Cys produces significantly more IgG1 and IgG2b antibodies (p = 0.0076). The 

antibody titres for both isotypes were highest prior to infection with M. ulcerans (day 33) and decreased 

after infection by day 63. This vaccine was capable of inducing IgG2a antibodies, which was detected 

also on day 33, however in smaller amounts than IgG1 and IgG2b (p = 0.0399 for MUL_3720 + 

R4Pam2Cys) (Fig. 3E).  

 

Similar to vaccination with MUL_3720, Hsp18 was also capable of inducing strong IgG antibody titres. 

The predominant isotype was IgG1 which Hsp18 + R4Pam2Cys elicited more than any other isotype 

(Fig. 3F) including IgG2a and IgG2b, Again, these titres were highest at day 33 and decreased 
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significantly after infection on day 63. This trend was also observed after vaccination with Hsp18 alone 

(p = 0.0018 vs IgG2a and p = 0.0076 vs IgG2b, respectively at day 33). 

 

 

 
Figure 3. Antibody titres from BALB/c and C57BL/6 mice immunized with recombinant 

MUL_3720 or Hsp18 linked to R4Pam2Cys lipopeptide adjuvant (continued next page). 
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Figure 3. Antibody titres from BALB/c and C57BL/6 mice immunized with recombinant 

MUL_3720 or Hsp18 linked to R4Pam2Cys lipopeptide adjuvant (continued). 

MUL_3720-specific antibody titres from (A) BALB/c and (B) C57BL/6 mice. Mice were vaccinated 

with protein alone (MUL_3720) (grey circles), recombinant protein + R4Pam2Cys (blue circles), 

R4Pam2Cys alone (clear circles) and M. bovis BCG (black circles). A separate ELISA was performed 

to measure Hsp18-specific antibody titres in (C) BALB/c and (D) C57BL/6 mice. Mice were vaccinated 

with protein alone (Hsp18) (grey circles), recombinant protein + R4Pam2Cys (blue circles), R4Pam2Cys 

alone (clear circles) and M. bovis BCG (black circles). IgG isotypes (IgG1, IgG2a, IgG2b and IgG3) 

were quantified from BALB/c mice immunized with (E) MUL_3720 + R4Pam2Cys and (F) Hsp18 + 

R4Pam2Cys. Mice were vaccinated with protein antigen alone (either MUL_3720 or Hsp18) (clear 

circles), protein + R4Pam2Cys (grey circles) and BCG (black circles). Results are shown as zero if below 

detectable limits. The null hypothesis (no difference in mean antibody responses between treatment 

groups) was rejected if *p < 0.05, **p < 0.01, ***p < 0.001 or ****p < 0.0001. The error bars represent 

standard deviation (n=7). 

 

 

MUL_3720 + R4Pam2Cys and Hsp18 + R4Pam2Cys do not protect against the onset of BU 

As both vaccines were capable of inducing protein-specific antibody responses, they were tested in a 

murine challenge model to measure their protective efficacy. Efficacy was measured by time delay to 

the onset of ulceration in a mouse tail infection model. There is a progression of clinical symptoms for 

Buruli ulcer in this model (Fig. 4). Once ulceration has been reached the disease would likely continue 

until the tail became necrotic. Therefore, the experimental endpoint was deemed to be the point of 

ulceration. 
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Figure 4. Progression of BU in the murine tail infection model over time.  

(A) Healthy mouse tail. (B) Appearance of a small sign of redness at the site of tail infection. (C) 

Oedema surrounding the initial site of redness. (D) Tail lesion at the point of ulceration. This is typically 

identified by excessive oedema and redness at the site of imminent ulceration. Mice were sacrificed 

before ulcerative lesions appeared.  

 

 

After the scheduled vaccinations, mice were challenged via subcutaneous tail inoculation with 1 x 104 

CFU of M. ulcerans and observed for up to 40 days. In BALB/c and C57BL/6 mice there was no 

significant difference between the time to ulceration between control mice (mice not vaccinated with 

recombinant protein, such as R4Pam2Cys alone and BCG) and mice vaccinated with either MUL_3720 

+ R4Pam2Cys or Hsp18 + R4Pam2Cys (Fig. 5A, B). There was also no significant difference in the time 

to ulceration between mice that were vaccinated with MUL_3720 + R4Pam2Cys or Hsp18 + R4Pam2Cys 

and BCG, the benchmark for mycobacterial vaccine efficacy. Signs of infection in all BALB/c and 

C57BL/6 mice were visible by day 33 (Table S2 and Table S3) and all mice reached ulceration by day 

63, 40 days post-M. ulcerans challenge (Fig. 5A, B).  
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Figure 5. Vaccine performance using murine tail infection model of BU.  

Survival analysis showing the time taken (days) for each mouse to reach ulceration for different 

vaccination groups post M. ulcerans (Mu) challenge. (A) BALB/c mice (n=7) and (B) C57BL/6 mice 

(n=7). The null hypothesis (no difference in mean antibody responses between treatment groups) was 

rejected if *p < 0.05, **p < 0.01, ***p < 0.001 or ****p < 0.0001. 

 

 

Antibody titres do not correlate with protection against M. ulcerans 

High antibody titres were observed in all mice vaccinated with either recombinant MUL_3720 or 

Hsp18, particularly in the secondary response after booster vaccination (Fig. 3A-D) prior to M. ulcerans 

challenge. However, mice vaccinated with protein alone or protein plus lipopeptide adjuvant all 

succumbed to infection by day 75. The sera from mice at the day 63 was used to quantify antibody titres 

during infection. At day 63 all mice still had detectable protein-specific antibodies against the 

recombinant protein with which they were vaccinated (Figure 3A-D). In BALB/c mice (Fig. 3A, C) the 

antibody titres at day 63 were lower than after the secondary response prior to challenge (p < 0.0001 

for both Hsp18 + R4Pam2Cys and MUL_3720 + R4Pam2Cys) but remained significantly higher than at 
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day 0 (p < 0.0001 for both Hsp18 + R4Pam2Cys and MUL_3720 + R4Pam2Cys). In C57BL/6 mice (Fig. 

3B, D), antibody titres against MUL_3720 or Hsp18 from mice vaccinated with either protein alone or 

protein plus lipopeptide adjuvant were also significantly decreased at day 63 compared to the secondary 

response at day 35 (p < 0.0001 and p = 0.0406 for MUL_3720 + R4Pam2Cys and Hsp18 + R4Pam2Cys, 

respectively). Similar to BALB/c mice, the day 63 respective protein-specific antibodies for MUL_3720 

+ R4Pam2Cys and Hsp18 + R4Pam2Cys were significantly higher than at day 0 (p < 0.0001 and p = 

0.0004 for MUL_3720 + R4Pam2Cys and Hsp18 + R4Pam2Cys, respectively). 

 

Challenge with M. ulcerans did not induce protein-specific antibody levels comparable to vaccination 

with MUL_3720 or Hsp18. 

MUL_3720 and Hsp18 recombinant proteins are immunogenic and capable of inducing protein-specific 

antibody responses after vaccination. However, only minor detectable antibody responses against either 

recombinant MUL_3720 or Hsp18 at day 63 (Fig. 3A-D) were found in mice vaccinated with 

R4Pam2Cys alone or BCG then challenged with M. ulcerans. These mice had antibody titres of less than 

2, with no significant increase above baseline antibody titres (day 0). These responses are much lower 

than the protein-specific antibody responses generated from MUL_3720 or Hsp18 vaccinated mice, 

particularly in C57/BL6 mice (p < 0.0001) (Supp. Fig. S1). Animals from both mouse strains that were 

vaccinated with R4Pam2Cys alone or BCG showed no increase in protein-specific antibody responses 

against either recombinant MUL_3720 and Hsp18 on day 63 post-M. ulcerans challenge (Fig. 3A-D), 

even though these two proteins are both expressed in M. ulcerans. 
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Discussion 
This study aimed to develop a vaccine against M. ulcerans utilizing two previously described cell-wall 

associated proteins, Hsp18 and MUL_3720 (40-43). Both the MUL_3720 and Hsp18-based vaccines 

were capable of inducing high antibody titres, but these responses were not associated with protection 

(Fig. 5). Since this study was performed, two other studies have also developed putative vaccines 

utilizing Hsp18 and MUL_3720 (29, 30). These vaccine formulations included the following adjuvants: 

virus replicon particles (29), TLR-4 agonist EM048, Alum and Sigma adjuvant system (30). These 

vaccine formulations were capable of generating protein-specific antibodies, but similar to this study, 

these antibodies were not able to control MU infection. This may indicate that these proteins, while 

strongly immunogenic, play no major role in pathogenesis, so targeting them with potentially 

neutralizing antibodies induced by the vaccine has no impact on disease.  

 

Alternatively, antibodies raised by these vaccines may not have had the functional potential to control 

infection. In addition to antigen binding, antibodies engage via their Fc domains with Fcg receptors 

(FcgR) present on innate immune cells (NK cells, monocytes, macrophages and neutrophils) to rapidly 

recruit the anti-microbial activity of the innate immune system. Antibodies with these functions can 

promote control of a pathogen through the activation of multiple effector cell functions, including Ab 

dependent cellular cytotoxicity, cellular phagocytosis and/or cytokine and enzyme secretion (55-57). 

Recent research has shown that mice lacking antibodies have increased susceptibility to M. tuberculosis 

infection (58) and non-human primates treated to deplete B cells also exhibit increased bacterial burden 

(59). Despite the findings of this research, it is likely that B cells and antibody responses still play a 

role in controlling M. ulcerans infection in this model, albeit with different specificities. Future research 

could use human BU patient cohorts and mouse infection models to attempt to characterize the targets, 

functional and structural aspects of antibody responses that differentiate subjects able to control BU 

from susceptible subjects. It might then be possible to use B cell probe technologies to isolate Ag-

specific memory B cells from individuals that control M. ulcerans infection and then clone the 

immunoglobulin gene sequences identified (60). Antigen-specific monoclonal Abs (mAbs) could then 

be generated and characterized for their in vitro anti-microbial activity and used in in vivo mouse passive 

transfer studies to determine potential use as mAb therapeutics against BU.  

 

Another explanation for the ineffectiveness of antibodies in this study may be due to the localized 

immune suppression induced by the M. ulcerans toxin mycolactone at the site of infection. Mycolactone 

diffuses into tissue surrounding the bacteria (61-63). Mycolactone is a cytotoxin that modulates the 

function of several immune cells (63, 64). The toxin inhibits the Sec61 translocon, affecting T cell 

activation, impairing T cell responsiveness and distorting cytokine production (62, 63). The 

mycolactone-induced depletion of T cell homing to peripheral lymph nodes affects subsequent B-cell 
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activation and migration from the lymphatics (65). The antibodies induced by the vaccine in this study 

may be functional but unable to access bacteria within the infection or it may be that multiple effector 

cell functions have been modulated by mycolactone exposure through interference with receptor 

expression on key innate immune cells, rendering these cells poorly responsive to antibodies. 

Suppression of protein-specific antibody production in the presence of mycolactone has been observed 

(66). Mycolactone administered to a different location than the antigen caused no reduction to systemic 

antigen-specific IgG titres (66), similar to the observations from our study. Monoclonal antibodies 

against mycolactone have been shown to neutralize the cytotoxic activity of mycolactone in vitro 

indicating that mycolactone could be a viable vaccine target (67). A recent study incorporating the enoyl 

reductase (ER) enzymatic domain, from the polyketide synthases that form mycolactone, has shown a 

correlation between ER-specific antibodies and protection against the onset of Buruli ulcer (68). This 

suggests that there is a role for antibodies in BU protection, though the most effective antigenic targets 

may be found in the mycolactone biosynthesis pathway. 

 

In this study, the greatest antibody responses were of the IgG1 subclass. Typical antibody responses 

against proteins occur via B cell isotype switching from IgM (non-specific antibody isotype) to IgG. 

There are 4 subclasses of IgG (IgG1, IgG2, IgG3 and IgG4) and isotype switching to predominantly 

IgG1 suggests refinement of immune responses to respond specifically to either MUL_3720 or Hsp18, 

as IgG1 is capable of binding to protein antigens (69). IgG1 can also bind all forms of FcgR which is 

required to elicit and mediate effector immune functions as described above (70). The presence of IgG2 

suggest further isotype switching from IgG1 to IgG2a/b as the immune response develops. IgG2 is less 

effective at inducing phagocytosis and fixing complement and is more commonly associated with 

polysaccharide antigens. Though tests on the recombinant proteins had undetectable levels of 

lipopolysaccharide (LPS), there could be trace amounts from the E. coli expression vector boosting 

IgG2 responses. Studies analysing antibodies generated during leprosy and TB infection show a switch 

from IgG1 to IgG2 antibodies for leprosy and a persistence of IgG1 and IgG3 antibodies for TB (71). 

As isotype switching of antibodies requires help by T helper cells, future work could therefore also 

incorporate studies on the effect of vaccination and subsequent M. ulcerans-infection on T cells as well 

as antibody responses. 

 

In this study, all mice succumbed to infection in a relatively short period (40 days) compared to previous 

mouse tail infection models (72) and human BU, where the incubation period is estimated at 4.8 months 

before the onset of ulceration (73). All BALB/c and C57BL/6 mice succumbed to infection by 40 days 

after MU infection, even mice that were vaccinated by M. bovis BCG. M. bovis BCG has been 

previously shown to delay the onset of disease on average by at least 6 weeks (21, 22, 31). In this study 

however, there was no significant difference between mice vaccinated with either MUL_3720 or Hsp18 

protein alone or with both proteins plus R4Pam2Cys. This suggests that M. bovis BCG is ineffective at 
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protecting mice in this model of M. ulcerans vaccination. This failure to observe any protective impact 

of M. bovis BCG might be a reflection of the challenge strain of M. ulcerans used (strain Mu_1G897) 

and/or the high challenge dose used (104 bacteria). High concentrations (>104 bacteria) have not been 

reported in environmental sources of M. ulcerans (9, 74-77), consistent with the hypothesis that a 

relatively small bacterial inoculum is required to establish BU (9). At the time this study was conducted 

the minimum infectious dose (ID50) for BU had not been determined, however the ID50 has since been 

identified as approximately 3 CFU (48). Future studies should therefore use a murine model that is more 

representative of a natural M. ulcerans infection, reflected both in the mode of M. ulcerans entry into 

the subcutaneous tissue and in the dose of bacteria used for challenge. 

 

Conclusions 
Vaccination with either MUL_3720 or Hsp18 proteins induced high antibody titres. These responses 

were augmented when either protein was linked with the lipopeptide adjuvant R4Pam2Cys. However, 

robust antibody responses did not correlate with protection against challenge with M. ulcerans. Future 

work could test different M. ulcerans antigens in vaccine formulations against Buruli ulcer. As 

mycolactone is a key virulence factor, neutralising this toxin early in infection by targeting the PKS 

enzymes required for its biosynthesis could be a focus for future vaccination developments. Using a 

lower M. ulcerans inoculum as a more realistic vaccine challenge dose is also warranted. 
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3.4 Supplementary Material 

 

3.4.1 Supplementary Tables 
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Table S1. Summary of protein antigen and assay characteristics. 
 

Protein Size Function Expression 

Vector 

Presence of histidine tag 

(HIS-tag) 

Endotoxin 

concentration 

Putative 

chargea 

Preferentially bound 

lipopeptide adjuvant 

MUL_3720 22kDa Putative cell wall 

associated protein 

pDest17 N-terminal 6x histidine tag Below detectable 

limit 

-13.7 R4Pam2Cys at 1:5 protein 

to lipopeptide ratio 

Hsp18 18kDa Heat shock protein pET-30b MODb N-terminal 6x histidine tag Below detectable 

limit 

-5.8 R4Pam2Cys at 1:5 protein 

to lipopeptide ratio 

a As calculated by https://pepcalc.com/protein-calculator.php (Innovagen) using translated amino acid sequence from DNA sequence. 
b Commercial Novagen pET-30b vector was modified to exclude DNA sequence from the end of the NdeI restriction site and three bases from the beginning of the EcoRV 

restriction site.  
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Table S2. M. ulcerans challenge outcomes in vaccinated BALB/C mice. 
 

Vaccination group # mice with ulcers at 
day 63 (n=7) 

# mice with ulcers at 
day 68 (n=7) 

# mice with ulcers at 
day 75 (n=7) 

MUL_3720 + R4Pam2Cys 0 3 7 

Hsp18 + R4Pam2Cys 0 4 7 

Mul_3720 alone 0 6 7 

R4Pam2Cys alone 
(without MUL_3720) 0 7 - 

Hsp18 alone 0 7 - 

R4Pam2Cys alone 
(without Hsp18) 0 2 7 

BCG 0 5 7 

 
 
 
Table S3. M. ulcerans challenge outcomes in vaccinated C57BL/6 mice. 
 

Vaccination group # mice with ulcers at 
day 63 (n=7) 

# mice with ulcers at 
day 68 (n=7) 

# mice with ulcers at 
day 75 (n=7) 

MUL_3720 + R4Pam2Cys 0 6 7 

Hsp18 + R4Pam2Cys 2 7 - 

Mul_3720 alone 0 5 7 

R4Pam2Cys alone 
(without MUL_3720) 0 7 - 

Hsp18 alone 1 7 - 

R4Pam2Cys alone 
(without Hsp18) 0 5 7 

BCG 6 6 7 
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3.4.2 Supplementary Figures 

 
Figure S1. Antibody responses to recombinant MUL_3720 and Hsp18 in mice not vaccinated with 

protein. 

(A) MUL_3720-specific antibody titres and (B) Hsp18-specific antibody titres from BALB/c mice 

(clear circles) and C57BL/6 mice (black circles) at day 63 (post-Mu exposure). The null hypothesis (no 

difference in mean antibody responses between treatment groups) was rejected if *p < 0.05, **p < 0.01, 

***p < 0.001 or ****p < 0.0001. The error bars represent standard deviation (n=7). 
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3.5 Summary 

This chapter identified that mice vaccinated with MUL_3720 and Hsp18 produced high protein-specific 

antibody titres, particularly after a booster vaccination. The protein-specific antibody titre increased 

significantly in mice vaccinated with MUL_3720+R4Pam2Cys and Hsp18+R4Pam2Cys. This 

highlighted the adjuvanting effect of Pam2Cys in humoral responses. The protein-specific antibody 

responses primarily comprised of IgG1 antibodies. These antibodies are capable of binding to protein 

antigens (414). IgG1 can also bind all forms of Fcg receptors which is required to elicit effector immune 

functions (414).  

 

Vaccination with either MUL_3720 or Hsp18 proteins could induce strong antibody responses. 

However, these strong antibody responses did not correlate with protection against challenge with M. 

ulcerans in a murine animal challenge model. This suggests that antibody responses alone are not 

sufficient to protect against M. ulcerans infection or that these are not the ideal vaccine antigens for 

protection. Another major reason for the ineffectiveness of the vaccines is the presence of M. ulcerans 

toxin, mycolactone (138). Mycolactone has been shown to disrupt normal cell function and prevent 

immune responses that following antibody binding, such as antibody-dependent cytotoxicity and 

phagocytosis (132, 149, 153, 155). Future work could test different M. ulcerans-specific antigens in a 

putative vaccine against Buruli ulcer. As mycolactone a key virulence factor and neutralising this toxin 

early in infection, targeting toxin production should be the focus for future vaccination developments.  

 

All BALB/c and C57BL/6 mice succumbed to infection by 40 days after M. ulcerans infection, even 

mice vaccinated with M. bovis BCG. M. bovis BCG has been previously shown to delay the onset of 

disease by an average of six weeks (275, 279, 333). In this chapter there was no significant difference 

between mice vaccinated with MUL_3720+R4Pam2Cys, Hsp18+R4Pam2Cys or M. bovis BCG. This 

suggests a comparable protection level to M. bovis BCG or, more likely, that M. bovis BCG is 

ineffective at protecting mice in this model of M. ulcerans challenge.  

 

In this chapter all BALB/c and C57BL/6 mice succumbed to infection in a relatively short infection 

period (40 days) compared to human disease (~4.8 months before the onset of ulceration) (415). This 

study challenged mice with 104 CFU, which may be too high a bacterial load for mice to control 

infection and allow the study of protection. Concentrations of 104 bacteria have not been reported in 

environmental material in any BU endemic areas. Given BU epidemiology suggests environment-to-

person spread, then the low environmental burden suggests disease is spread via a low infectious dose 

(217). At the time this study was conducted the minimum infectious dose was not determined, however 

the ID50 has since been identified as approximately three CFU (101). Future vaccine studies should 

therefore use a murine model with a more realistic M. ulcerans challenge dose. 
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4.1 Introduction 

This fourth and final results chapter focusses on the development of a vaccine against Buruli ulcer 

targeting the mycolactone biosynthesis pathway, in a low-dose murine challenge model. As previously 

shown in Chapters 2 and 3, the protein-adjuvant formulation using M. tuberculosis or M. ulcerans 

proteins generated strong protein-specific antibody titres. In this chapter one putative M. ulcerans 

subunit vaccine was formulated. The vaccine comprised an immunogenic protein, enoyl reductase (ER), 

present in the mycolactone biosynthesis pathway. To complete the vaccine, the protein was associated 

with the same Pam2Cys adjuvant, utilised in Chapters 2 and 3.  

 

Buruli ulcer (BU) is primarily a disease of the subcutaneous tissue caused by Mycobacterium ulcerans 

infection. BU is likely caused when M. ulcerans is introduced beneath the skin. This might occur if an 

area of contaminated skin surface is punctured or by insertion of an object contaminated with the 

bacteria into subcutaneous tissue (e.g. via an insect bite) (90, 99, 101). As discussed in Chapter 3, 

previous research has shown that as few as three colony forming units (CFU) of bacteria can initiate 

infection (101). Most animal models challenge with >104 CFU (275, 332-335, 337, 339-343) and a 

challenge dose of 104 was also used in Chapter 3. This dose is likely to be much greater than a natural 

infectious dose in humans and other animals (101). Such a high dose may overpower immune responses 

and underestimate the true efficacy of potential M. ulcerans vaccines. For these reasons, a low-dose of 

M. ulcerans in a challenge model was used to evaluate an experimental prime-boost subunit vaccine 

against BU in this chapter. 

 

The only licensed vaccine against mycobacterial infections for human use is the Mycobacterium bovis-

derived bacille Calmette-Guérin (BCG) vaccine for prevention of tuberculosis. This vaccine is cross-

protective against M. ulcerans, but only delays the onset of disease (274, 275, 279). Some studies have 

enhanced the BCG’s efficacy against BU by creating recombinant BCG vaccines (340, 341). Whilst 

improving the immunogenicity of BCG may be a promising route, there are some weaknesses. The 

exposure to environmental mycobacteria is believed to decrease the efficacy of the BCG vaccine and 

administration BCG-exposed populations may be ineffective (416).  

 

M. ulcerans causes disease primarily through the production of a lipid toxin called mycolactone (138). 

Mycolactone modulates cell function, particularly in immune cells, which enables M. ulcerans to escape 

host immune defences (131-133, 153, 154, 156, 157). The toxin is formed by three polyketide synthases 

(PKS) encoded by genes on the plasmid pMUM001 (39, 40). Within each PKS are enzymatic domains 

that form the mycolactone molecule. One of these domains, enoyl reductase (ER), has previously been 

shown to significantly reduce M. ulcerans bacterial load in the footpad of a murine prime-boost 

vaccination study (335). 
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This chapter focusses on the development of a subunit vaccine against M. ulcerans, targeting the 

mycolactone biosynthesis pathway. The ER protein found within this pathway was identified as 

potential antigen. The lipopeptide adjuvant R4Pam2Cys, used in Chapters 2 and 3, was again utilised as 

the adjuvant for the subunit formulations in this study.  
 
 
4.2 Research Objectives 

The main aim of this study was to develop a preventative subunit vaccine against Buruli ulcer, 

comprising an immunogenic protein domain (found in the mycolactone biosynthesis pathway) bound 

to a Pam2Cys-based lipopeptide adjuvant. 

• To develop a vaccine formulation comprising ER alongside the lipopeptide adjuvant Pam2Cys. 

• To assess the efficacy of these vaccines at preventing the onset of Buruli ulcer in a 

physiologically relevant low-dose murine challenge model. 

• To explore immune correlates of protection against BU, if any, that are induced by vaccination. 
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4.3 Results and Discussion 

The methods and results for this study have been reported in a manuscript published in Infection and 

Immunity. 

 

Manuscript “Vaccine-specific immune responses against Mycobacterium ulcerans infection in a 

low-dose murine challenge model” 

 

Kirstie M. Mangas, Andrew H. Buultjens, Jessica L. Porter, Sarah L. Baines, Estelle Marion, Laurent 

Marsollier, Nicholas J. Tobias, Sacha J. Pidot, Kylie M. Quinn, David Price, Sue Finch, Katherine 

Kedzierska, Weiguang Zeng, David C. Jackson, Brendon Y. Chua and Timothy P. Stinear. Vaccine-

specific immune responses against Mycobacterium ulcerans infection in a low-dose murine 

challenge model. Infection and Immunity; DOI: 10.1128/IAI.00753-19. 

 

The following is the journal-accepted version of the manuscript, formatted to include the figures within 

the text.  
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Abstract 
The neglected tropical disease Buruli ulcer (BU) is an infection of subcutaneous tissue with 

Mycobacterium ulcerans. There is no effective vaccine. Here, we assessed an experimental prime-boost 

vaccine in a low-dose murine tail infection model. We used the enoyl reductase (ER) domain of the M. 

ulcerans mycolactone polyketide synthases electrostatically coupled with a previously described TLR-

2 agonist-based lipopeptide adjuvant, R4Pam2Cys. Mice were vaccinated and then challenged via tail 

inoculation with 14-20 colony forming units (CFU) of a bioluminescent strain of M. ulcerans. Mice 

receiving either the experimental ER vaccine or Mycobacterium bovis bacille Calmette-Guérin (BCG) 

were both protected, with both groups faring significantly better than non-vaccinated animals (p<0.05). 

To explore potential correlates of protection, a suite of 28 immune parameters were assessed in the mice 

at the end of the experimental period. Multivariate statistical approaches were used to interrogate the 

immune response data to develop disease-prognostic models. High levels of IL-2 and low IFN-g 

produced in the spleen best predicted control of infection across all vaccine groups. Univariate logistic 

regression revealed vaccine-specific profiles of protection. High titres of ER-specific IgG serum 

antibodies together with IL-2 and IL-4 in the draining lymph node (DLN) were associated with 

protection induced by the ER vaccine. In contrast, high titres of IL-6, TNF-a, IFN-g and IL-10 in the 

DLN and low IFN-g titres in the spleen were associated with protection following BCG vaccination. 

This study suggests an effective BU vaccine must induce localized, tissue-specific immune profiles 

with controlled inflammatory responses at the site of infection.  
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Introduction 
Buruli ulcer (BU) is a disease primarily of the subcutaneous tissue caused by infection with 

Mycobacterium ulcerans. BU initially presents as redness of the skin that is often accompanied with 

oedema and swelling. As the disease progresses, oedema may increase or an open ulcer develop (1, 2), 

the latter is typically characterised by deep undermined edges with a necrotic core comprised of 

bacteria, dead skin cells and immune cells (3, 4). Ulcers are predominately found on the extremities of 

the body such as the upper (27% of cases) and lower limbs (70% of cases) (5). Note that these 

percentages are for cases from south eastern Australia. The disease is rarely fatal, but if left untreated 

extensive destruction of subcutaneous tissue can leave victims with significant deformities and lifelong 

disabilities (3, 6-9).  

 

BU is likely caused when M. ulcerans is introduced beneath the skin. This can occur if a region of 

contaminated skin surface is punctured or by insertion of an object contaminated with the bacteria into 

subcutaneous tissue (e.g. via an insect bite) (10-12). BU-endemic areas include certain regions of West 

and Sub-Saharan Africa and south eastern Australia (13, 14). 

 

M. ulcerans is a slow-growing bacterium, with a doubling time greater than 48 hours (15, 16) making 

it difficult for early disease diagnosis as symptoms can take between 4-5 months to appear after primary 

infection (17, 18). If diagnosed early, however, BU can be treated effectively by combination antibiotic 

therapy (19-21). Unfortunately, in many cases the disease can initially be misdiagnosed as other, more 

common skin infections. Additionally, a large proportion of BU cases in African countries occur in 

rural villages and poorer areas with limited or no access to health care, with patients facing 

disfigurement and permanent disability. Given that diagnoses are delayed and usually occur after a 

lesion has become relatively advanced and ulceration extensive (22), development of an effective BU 

vaccine to protect those in highly endemic areas is of paramount importance.  

 

Currently, the only licensed vaccine against mycobacterial infections approved for human use is the M. 

bovis-derived bacille Calmette-Guérin (BCG) vaccine for prevention of tuberculosis. This vaccine is 

cross-protective against M. ulcerans, but only delays the onset of disease (23-25). Several experimental 

vaccines have been tested against M. ulcerans infection, as summarised in Table 1. Although different 

animal models have been utilised to study M. ulcerans infections including guinea pig, primate, pig and 

armadillo (10, 23, 26-31), most studies assessing vaccine efficacy have used mice. Vaccines tested in 

these murine challenge models have included DNA-based, viral-based, protein subunit and whole cell 

vaccines (25, 32-35) (Table 1). Among the various vaccines, BCG expressing M. ulcerans antigens 

appears to offer the best protective effect against challenge. Hart et al. (36, 37) showed enhanced 

protection against BU using a recombinant BCG vaccine that expressed M. ulcerans Ag85A or 
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recombinant Ag85B-EsxH fusion protein in a mouse footpad challenge model. Whilst improving the 

immunogenicity of BCG may be a promising route, there are also some drawbacks; exposure to 

environmental mycobacteria is believed to decrease the efficacy of the BCG vaccine and administration 

in areas where people have been BCG-exposed may be problematic (38).  

 

M. ulcerans causes disease primarily through the production of a lipid toxin called mycolactone (39). 

Mycolactone modulates cell function, in particular secretion of critical cytokines by specifically 

inhibiting the Sec61 translocon, enabling M. ulcerans to escape host immune defences (40-46). The 

toxin is formed from simple acetate and propionate precursors by three polyketide synthases (PKS) 

encoded by genes on the plasmid pMUM001 (47, 48). Within each PKS are enzymatic domains that 

form the mycolactone molecule. Some of these domains have been found to be immunogenic and in 

particular immune responses against the enoyl reductase (ER) domain have previously been shown to 

significantly reduce M. ulcerans bacterial load in the footpad of a murine prime-boost vaccination study 

(49). Based on the immunogenic and protective qualities of ER, we have utilised it as a target antigen 

for a BU subunit vaccine. 

 

Protein antigens generally require an adjuvant to boost immunogenicity and shape immune responses. 

A known TLR-2 ligand, R4Pam2Cys, has been previously shown to induce robust antibody responses 

as well as augmented CD4+ and CD8+ T cell responses, possibly through promoting dendritic cell 

antigen uptake and trafficking to lymph nodes (50, 51). Given BU is a disease where the bacteria can 

be both extracellular and intracellular, the ability of R4Pam2Cys to robustly engage multiple arms of the 

adaptive immune system may be beneficial for a BU subunit vaccine. 

 

Previous research has shown that as few as three colony forming units (CFU) of bacteria are required 

to initiate infection (10), however most animal models challenge with >104 CFU (see Table 1) (25, 32-

37, 49, 52-54). This dose is likely to be far higher than the dose of bacteria that leads to natural infection 

in humans and other animals (10). Such an unrealistic high dose may overwhelm immune responses 

and underestimate the true efficacy of potential M. ulcerans vaccines. For these reasons, we have used 

a low-dose of M. ulcerans in a tail infection challenge model to evaluate an experimental prime-boost 

subunit vaccine against BU. The experimental subunit vaccine developed here comprised of the M. 

ulcerans mycolactone ER domain protein formulated with the adjuvant, R4Pam2Cys. Our murine 

challenge model with physiologically relevant dosing enabled us to more accurately measure vaccine-

induced protection and to explore immune correlates of protection against BU.  
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Table 1. Summary of putative M. ulcerans vaccines tested in murine model of BU infection (continued next page). 

Vaccine 
type 

Description of components M. ulcerans challenge dose 

Test for 
mycolactone 
productiona 

Challenge 
model 

Efficacy 
compared to 
BCG 

Ref 

DNA-based pCDNA3 vector encoding Hsp65  104 AFB (strain 1615 ATCC35840) Not mentioned Tail Less protective (52) 

DNA-based V1Jns.tPA vector encoding Ag85A  
3 x 104 AFB (strain 5150) or  

105 AFB (strain 04-855) 
Not mentioned Footpad Less protective 

(32, 

33) 

DNA-based 

Primary vaccination with V1Jns.tPA plasmid 

encoding mycolactone polyketide domains and 

boosted with recombinant domain proteins 

emulsified in Gerbu adjuvant. 

105 AFB (strain 1615) Not mentioned Footpad Less protective (49) 

Viral 

Vesicular stomatitis virus (VSV) replicon particles 

expressing M. ulcerans codon optimised antigens 

MUL_2232 and MUL_3720  

30μl of 2.8 x 105 CFU/ml stock (8.4 x 

103 CFU/dose)  

(strain S1013) 

Not mentioned Footpad Less protective (113) 

Subunit 
MUL2232 and MUL3720 adjuvanted with GLA-SE 

(EM408)  

1.5 x 106 or 1.5 x 105 CFU  

(strain S1013) 
Not mentioned Footpad Less protective (34) 

Live Cell M. ulcerans 106.3 or 104.3 viable bacteria Not mentioned Footpad Less protective (114) 

Live cell  M. marinum  105 bacteria (strain 1615) Not mentioned Footpad 
More 

protectiveb  
(35) 

Live cell 

recombinant 
M. marinum expressing Ag85A (on vector)  105 bacteria (strain 1615) Not mentioned Footpad 

More 

protectiveb  
(35) 

Live cell 

recombinant 

M. bovis BCG expressing Ag85A (on vector 

pMV261)  
105 bacteria (strain 1615) Not mentioned Footpad More protective (36) 
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Table 1. Summary of putative M. ulcerans vaccines tested in murine model of BU infection (continued). 
Live cell 

recombinant 

M. bovis BCG expressing Ag85B-EsxH fusion 

protein Ag85A (on vector pMV261)  
105 bacteria (strain 1615) Not mentioned Footpad More protective (37) 

Inactivated 

whole cell 
Mycolactone-negative M. ulcerans (strain 5114)  

4 log10 or 3 log10 CFU  

(strain 98-912) 
Not mentioned Footpad Less protective (25) 

Inactivated 

whole cell 

Mycolactone-deficient attenuated M. ulcerans  

(strain ATCC19423)  

106 bacteria  

(strain TMC1615) 
Not mentioned Footpad Not compared (54) 

Inactivated 

whole cell 
Formalin-treated M. ulcerans (strain TMC1615)  

106 bacteria  

(strain TMC1615) 
Not mentioned Footpad Not compared (54) 

Inactivated 

whole cell 
Dewaxed M. ulcerans (strain TMC1615)  

106 bacteria  

(strain TMC1615) 
Not mentioned Footpad Not compared (54) 

Phage Mycobacteriophage D29 (therapeutic vaccine)  5.5 log10 AFB (strain 1615) Not mentioned Footpad Not comparable (53) 

a Identifying whether the bacterial culture used for challenge was assessed for mycolactone production before infection. 
b Vaccine was more protective than the BCG vaccine, however all mice eventually developed footpad swelling. 



Chapter 4 | Subunit vaccination against M. ulcerans 
in a low-dose challenge model 

 

 135 

Methods 
Strains and culture conditions.  

Escherichia coli ClearColi© BL21 (DE3) containing the plasmid, pJexpress-ER (strain TPS847) was 

grown at 37°C in Luria-Bertani (LB) broth (Difco, Becton Dickinson, MD, USA) supplemented with 

100 µg/ml ampicillin (Sigma-Aldrich, USA) to express the enoyl reductase (ER) protein (57). Log-

phase bioluminescent Mycobacterium ulcerans (strain JKD8049 containing integrated plasmid 

pMV306 hsp:luxG13) (10, 60) was grown at 30°C in 7H9 broth or 7H10 agar (Middlebrook, Becton 

Dickinson, MD, USA) supplemented with oleic acid, albumin, dextrose and catalase growth supplement 

(OADC) (Middlebrook, Becton Dickinson, MD, USA), 0.5% glycerol (v/v) and 25 µg/ml kanamycin 

(Sigma-Aldrich, USA). M. bovis BCG (strain ‘Danish 1331’) used for vaccinations was grown at 37°C 

in 7H9 broth or 7H10 agar supplemented with OADC. Mycobacterial colony counts from cultures or 

tissue specimens were performed using spot plating as previously described, with plates reads at 10 

weeks and then rechecked at 18 weeks (10). All culture extracts were screened by LC-MS for the 

presence of mycolactones as previously described to ensure bacteria used in challenge experiments 

remained fully virulent (101). 

 

Recombinant protein expression 

Overnight culture of E. coli TPS847 was diluted to OD600 = 0.05 in LB broth. The culture was incubated 

at 37°C with shaking at 200 rpm until OD600 = 0.6-0.7, followed by the addition of 1 mM IPTG 

(Isopropyl b-D-1-thiogalactopyr-anoside) to induce protein expression for a further four hours. Cells 

were then resuspended in wash buffer (8 M urea, 150 mM sodium chloride, 10% glycerol) and sonicated 

at amplitude 60 (QSonica Ultrasonic Liquid Processor S-4000, Misonix) until the solution turned clear. 

The lysate was filtered with a 0.22 µM filter (Millipore) to remove cellular debris and protein was 

column-purified using anti-histidine resin (ClonTech). The resin was washed with wash buffer which 

was gradually replaced with tris buffer (20 mM Tris-HCl, 150 mM sodium chloride, 10% glycerol) over 

ten washes followed by two washes with tris buffer containing 20 mM imidazole. Protein was eluted in 

tris buffer containing 200 mM imidazole and dialysed in phosphate buffered saline (PBS) before 

concentration using a microcon column (Millipore). Proteins were tested for endotoxin contamination 

using PierceTM limulus amoebocyte lysate assay (Thermo ScientificTM) and relative size was confirmed 

by sodium dodecyl sulphate polyacrylamide gel electrophoresis. 

 

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) 

Samples were denatured in an equal volume of 2 x sample loading buffer (40% (v/v) 0.5M Tris-HCL 

pH6.8, 10% glycerol, 1.7% (w/v) SDS, 10% 2-B-mercaptoethanol, 0.13% (w/v) bromophenol blue in 

distilled water) at 100°C for 5 minutes. Ten microlitres of each sample and SeeBlue® Plus2 pre-stained 

protein standard (Invitrogen) was loaded onto a 0.5mm 12% polyacrylamide gel under reducing 
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conditions, as previously described (102). The gel was run in buffer containing 0.3% (w/v) Tris, 1.44% 

(w/v) glycine and 0.1% (w/v) SDS in distilled water for 1 hour at 150 volts (Mini-protean vertical 

electrophoresis cell, Bio-Rad), stained in Coomassie stain (45% methanol, 10% acetic acid 0.25% (w/v) 

Coomassie brilliant blue in distilled water) for 1 hour and destained in Coomassie destain (33% 

Methanol, 10% acetic acid, 60% distilled water) until protein bands were visualised.  

 

Western Blotting 

Protein separated on a 12% polyacrylamide gel was transferred to a nitrocellulose membrane in a tris-

glycine transfer buffer (1.5 mM Tris, 12mM glycine, 15 % methanol (v/v) in distilled water) for 1 hour 

at 100 volts (Mini Trans-Blot Cell, Bio-Rad) and incubated in blocking buffer (5% (w/v) skim milk 

powder and 0.1% Tween-20 in PBS) overnight at 4°C. The membrane was then incubated with 

anti6xHIS-HRP antibody (Roche Applied Science, USA) at 1:500 dilution for 2 hours and washed in 

PBS containing 0.1% Tween-20 prior to exposure to developing solution (Western Lighting 

Chemiluminescence kit, Perkin Elmer, USA) according to the manufacturer’s guidelines. 

Chemiluminescence was detected using an MF ChemiBIS gel imaging system (DNR Bio-Imaging 

Systems, Israel). 

 

Particle size analysis of protein antigen and lipopeptide formulations by dynamic light scattering (DLS) 

The association between protein and R4Pam2Cys was measured using dynamic light scattering (DLS) 

by mixing 5 µg of protein with increasing amounts of lipopeptide in 50 µl PBS. The size distribution 

of particles in solution (presented as hydrodynamic radius) were measured in 4µl of cyclin olefin co-

polymer cuvettes using a DynaPro NanoStar DLS instrument (Wyatt Technology, CA, USA) equipped 

with 658nm laser with a scattering angle of 90°. Measurements were acquired in triplicate with each 

measurement consisting of 30 readings at 5 second intervals at 25°C. Data was analysed using 

Dynamics software (v7.1.7.16).  

 

Vaccination of animals 

The synthesis and purification of the branched cationic lipopeptide, R4Pam2Cys, was performed as 

previously described (103, 104). Each vaccine dose contained 25 µg protein formulated in PBS with 

R4Pam2Cys at a 1:5 molar ratio of protein to lipopeptide in a final volume of 100 µl. Live-attenuated 

M. bovis BCG strain ‘Danish 1331’ was grown to log phase and stored at -80°C in 20% glycerol until 

used.  Bacteria were washed with PBS and resuspended in 200ul, before administration at 4.7 x 105 

bacteria per dose. All vaccines and control formulations were sonicated for 5 minutes in a waterbath 

sonicator before being administered. 

 

Female 6-week old BALB/c mice were sourced from ARC (Canning Vale, Australia) and housed in 

individual ventilated cages. Food and water were given ad libitum. Experiments were approved by The 
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University of Melbourne Animal Ethics Committee (Approval identification number: 1613870). For 

vaccination using R4Pam2Cys, animals were inoculated subcutaneously at the base of tail (100µl per 

dose at 50 µl per flank) and boosted 21 days later with the same formulations. Mice vaccinated with M. 

bovis BCG were given one dose subcutaneously in a similar manner (200 µl per dose at 100µl per 

flank). There were 10 mice in each vaccination group. 

 

M. ulcerans challenge  

Mice were challenged with bioluminescent M. ulcerans on day 35 as described previously (10). Briefly, 

tails of isoflurane anaesthetised mice were dipped in 7H9 culture containing log-phase bioluminescent 

M. ulcerans bacteria (concentration 1.27 x 106 CFU/mL (range: 1.07x106 – 1.46 x106 CFU). 

Contaminated tails were then pierced once subcutaneously with a sterile 25-G needle. The infectious 

dose was calculated to be 17 CFU (range: 14-20) using methods previously described (10). Mice were 

allowed to recover and monitored for up to 24 weeks after infection and sacrificed when tail ulceration 

was observed wherein spleens, lymph nodes and sera were harvested for immunological analysis. 

 

IVIS imaging 

Infected mice were imaged weekly from 6-weeks post-infection to detect the emission of 

bioluminescence. Images were captured using the Lumina XRS Series III In Vitro Imaging System 

(IVIS®) (Perkin Elmer, MA, USA) and Living Image Software v3.2 with the following settings: Field 

of View 24, relative aperture f’1.2, medium binning, 60s exposure. Bioluminescence was calculated 

using Living Image Software v3.2. 

 

Serum antibody titre measurements 

Serum antibody titres were measured by enzyme linked immunosorbent assay (ELISA) (105) using 

plates (Nunc, Thermo Scientific) that were previously coated with antigen overnight, either purified 

recombinant ER protein or heat-killed whole cell M. ulcerans lysate. The presence of bound antibodies 

were detected by incubating serum-exposed wells with horse radish peroxidase conjugated rabbit anti-

mouse IgG (Dako, Glostrup, Denmark) for 2 hours followed by the addition of the enzyme substrate 

(0.2mM ABTS in 50mM citric acid containing 0.004% hydrogen peroxide and left to develop for 10-

15 minutes before the addition of 50nM sodium fluoride to stop the reaction. Plates were read at dual 

wavelengths of 505 and 595 nm on plate reader (LabSystems Multiskan Multisoft microplate reader) 

and antibody titres expressed as the reciprocal of the highest dilution of serum required to achieve an 

optical density of 0.2. 

 

Intracellular cytokine staining 

Single cell suspensions were derived from the spleen and draining lymph nodes and resuspended in 

RP10 media (RPMI 1640 (Sigma) supplemented with 10% foetal bovine serum (Gibco, ThermoFisher 



Chapter 4 | Subunit vaccination against M. ulcerans 
in a low-dose challenge model 

 

 138 

Scientific, Waltham, MA USA), 2mM L-glutamine, 1mM sodium pyruvate, 55 µM 2-mercaptoethanol, 

12 µg gentamycin, 100 U/ml penicillin and 100 µg/ml streptomycin). Spleen and lymph node-derived 

cells were cultured in 96-well plates (CoStar, Corning, USA) at 1 x107 cells/per well and 1 x105 

cells/well, respectively 200 µl of RP10 containing 10 U/ml IL-2 (Roche, Mannheim, Germany), 1µg/ml 

plate-bound anti-CD28 (BD Pharmingen, Becton Dickinson, Clone 37.51) and 20 µg/ml ER protein for 

12 hours at 37°C in 5% CO2. Golgiplug (1µg/ml) (Becton Dickinson) was added for the last 4 hours of 

incubation. Cells were then stained with 7AAD-Live/Dead stain dye (Biolegend, CA, USA), BV510-

anti-B220 (BD Horizon, Becton Dickinson, Clone RA3-6B2), BV605-antiCD4 (Biolegend, Clone 

RM4-5), APC-Cy7-anti-TCRb (BD Pharmingen, Clone H57-597) and PE-Cy7-anti-CD8 (BD 

Pharmingen, Clone 53-6.7) anti-mouse monoclonal antibodies at 4°C in the dark. Intracellular staining 

was performed by fixing cells with Cytofix/Cytoperm solution (Becton Dickinson, USA) followed by 

permeabilisation and intracellular staining with Perm/Wash buffer (Becton Dickinson) and BV786-

IFN-g (BD Horizon, Clone XM G1.2), AF647-IL-17A (BD Pharmingen, Becton Dickinson, Clone 

TCII-18H10) and PE-TNF-a (BD Biosciences, Clone MP6-XT22) antibodies for 30 minutes at 4°C 

before analysis on an LSR Fortessa flow cytometer (BD Biosciences, US). Data analyses were 

performed using FlowJo (Tree Star, OR, USA). 

 

Cytokine Bead Array 

Spleen and lymph node-derived cells were incubated in 500 µl RP10 supplemented with 25 µg/ml ER 

protein for 72 hours at 37°C in 5% CO2. Supernatant was collected and a cytokine bead array was 

performed using a mouse flex set (BD Biosciences, USA) to detect IL-2, IL-4, IL-6, IL-10, IL-17, IFN-

g, TNF, MCP-1, MIP1a, MIP1b as per the manufacturer’s instructions. Samples were acquired using a 

FACSCanto II flow cytometer (BD Biosciences) and cytokine quantities calculated using FCAP 

ArrayTM Software v3.0. 

 

Histology and microscopy 

Tail tissues from the site of infection were fixed in PBS containing 10% non-buffered formalin then 

embedded in paraffin and sliced into 10 µM thick segments. The sliced segments were Ziehl Neelsen- 

or H&E-stained prior to microscope imaging. Images of tail segments were captured using a light 

microscope (Olympus BX53 Light microscope, Olympus-Life Science). 

 

Statistical analysis 

GraphPad Prism software (GraphPad Software v7, CA, USA) was used to perform statistical analyses 

on the antibody titre, time to luminescence, T cell numbers and cytokine titre data. Antibody titres were 

analysed using one-way ANOVA with Tukey’s correction for multiple comparisons. The time to 

bioluminescence data was displayed as a Kaplan-Meier plot and differences determined using a Log-
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Rank (Mantel-Cox) test. Mann-Whitney tests were performed to compare cytokine titres between 

protected and diseased mice and for comparisons between vaccination groups. All tests were conducted 

at the 5% significance level. 

 

Statistical modelling  

Twenty-eight data features (i.e. the immune parameters measured in each mouse, refer to Table S1) 

were transformed using the R package bestNormalize (106). Transformed features were then normalised 

(between 0 and 1 for each feature) using the MinMaxScaler function of Scikit-learn (107). As many of 

the vaccination outcome observations (time-to-bioluminescence) were right-censored, we employed the 

Cox proportional hazards regression analysis using the Scikit-survival module of Scikit-learn in Python 

(108). Here, univariate analyses were run for each of the 28 features using the continuous response 

variable of time-to-bioluminescence. The standard metric for assessing the predictive performance of a 

survival model is the concordance index (CI) (62, 109, 110). A CI >0.7 was used to identify the top six 

features of this model. Unsupervised learning and data dimensionality reduction is an ideal way to 

identify structure in continuous data without the influence of labels. The method of t-Distributed 

Stochastic Neighbor Embedding (t-SNE) is a dimensionality reduction technique that retains both the 

global structure and local layout of the high-dimensional data through exchanging the Euclidean 

distances between all pair of data points into heavy-tailed conditional probabilities (111). This method 

is advantageous over conventional principal component analysis (PCA), as it does not rely on a linear 

assumption and can capture nonlinear relationships (111). We explored the data, independent of labels, 

by reducing the top six features obtained from the Cox proportional hazards regression analysis to a 

two-dimensional space using the t-SNE package in Scikit-learn (107) . The two clusters detected 

through visual inspection were objectively defined, with observations assigned to two groups using K-

means clustering, as implemented in Scikit-learn (107). A multivariate logistic regression classifier was 

then built using the top six features, with the two clusters identified by t-SNE as the response variables. 

To reduce the possibility of over-fitting, the model was validated through 1,000 random train-test splits, 

in which 90% of the observations made up each training set. These models were built using the logistic 

regression classifier as implemented in Scikit-learn (107) and Receiver-Operator-Characteristic curves 

were used to evaluate model performance (112). In order to assess the immune features that were 

associated with different vaccination groups, a univariate logistic regression analysis was then 

conducted for each group using R (112). The estimated model coefficients were used to assess the 

direction and strength of the association, and the corresponding p-value used to determine statistical 

significance at the 5% significance level.   
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Results 
Formulation of the ER-R4Pam2Cys subunit vaccine candidate 

Mycolactone is the key virulence factor produced by M. ulcerans and an attractive vaccine target, but 

the molecule is poorly immunogenic (55). However, the PKS enzymes used by the bacterium to 

synthesize mycolactones – are highly conserved and immunogenic (49, 56-58). Therefore, we 

hypothesized that targeting the conserved enzymatic domains of the mycolactone PKS could be an 

effective vaccine strategy. One domain in particular, the enoyl reductase (ER) protein domain, elicits 

serum antibodies in BU patients and healthy controls in BU endemic regions (57). The ER protein 

expressed as an antigen in a DNA-protein prime-boost vaccine has also been shown to reduce bacterial 

burden in a mouse footpad M. ulcerans challenge model (49). Here, we utilised the ER protein to create 

a novel BU vaccine candidate by electrostatically associating it with the TLR-2 agonist-based 

lipopeptide R4Pam2Cys. To formulate this vaccine, recombinant 6xHis-tagged ER protein (37 kDa) was 

first produced and confirmed by SDS-PAGE (Fig. 1A) and western blotting (Fig. 1B). This protein 

antigen was formulated with R4Pam2Cys at various ratios to firstly optimise the formation of protein-

lipopeptide complexes. A ratio of 1:1 was sufficient to produce complexes that were larger in size than 

each constituent on its own (Fig. 1C). While the majority of these complexes were ~300nm in radius 

(peak 5), the presence of smaller sized particles of ~100nm (peak 4) suggests that not all antigen was 

incorporated within a complex as this size range corresponds to the size of ER protein (peak 3) or 

R4Pam2Cys alone (peak 2). Although a 1:3 ratio appears to be more effective for the association of these 

constituents, the size distribution of form complexes was not monodispersed and appeared as two 

distinct populations (peak 6 and 7). A 1:5 ratio, however, produced a uniform population of complexes 

that were ~500 nm in radius (peak 8) and this formulation was subsequently used to vaccinate animals.  

 

Evaluation of ER-specific antibody responses in vaccinated mice  

To evaluate the ability of the vaccine to induce ER-specific antibody responses, mice were vaccinated, 

and sera obtained after priming and boosting with the subunit vaccine. Our results showed that primary 

vaccination with ER + R4Pam2Cys resulted in significantly higher levels of ER-specific antibody 

compared to vaccination with unadjuvanted ER antigen (p<0.0001) (Fig. 1D). In fact, there was no 

significant difference in responses between unvaccinated mice and those vaccinated with a single dose 

of ER alone, R4Pam2Cys only or BCG. Although a second dose of ER alone was able to increase these 

responses, the titres were still ~100-fold less than levels achieved by boosting mice with ER + 

R4Pam2Cys (p<0.0001). These results not only indicate that ER-specific antibodies can be generated in 

mice and that the use of R4Pam2Cys can significantly enhance these responses, but that BCG does not 

induce cross-reactive antibodies to the ER protein.   
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Figure 1. Analysis of purified recombinant ER protein antigen characteristics and formulation 

with R4Pam2Cys (continued next page). 
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Figure 1. Analysis of purified recombinant ER protein antigen characteristics and formulation 

with R4Pam2Cys (continued). 

 (A) The presence of recombinant ER protein (~37 kDa) was monitored by SDS-PAGE at each stage 

of the purification process; Lane: 1 - Whole cell lysate (WCL), Lane 2 - Wash 1, Lane 3 - Wash 7 and 

Lane 4 – ER protein elution (containing 10 µg protein). (B) Western Blot using an anti-6xHIS-tag 

antibody to detect the presence of a single band corresponding to the correct molecular weight of the 

ER protein in the final eluate. (C) To analyse the formation of antigen-lipopeptide complexes, a constant 

amount of antigen was mixed with lipopeptide at different protein:lipopeptide molecular ratios in 50µl 

of PBS. The size distribution of particles was then analysed by DLS with each profile depicting the 

hydrodynamic radius (nm) of complexes in each solution. The average radius of each formulation is 

highlighted in the accompanying table. (D) BALB/c mice (n=5/group) were vaccinated on day 0 and 

day 21 with R4Pam2Cys alone, ER antigen alone or antigen formulated with R4Pam2Cys or vaccinated 

with BCG on day 0 only. Total serum (IgG) antibody against recombinant ER protein were measured 

by ELISA after the primary dose (day 20) and two weeks after the secondary dose (day 35). Statistical 

tests were conducted at the 5% significance level. The null hypothesis was rejected if there was a 

significant difference in mean antibody responses between treatment groups. Note: *p < 0.05, **p < 

0.01, ***p < 0.001 or ****p < 0.0001. The error bars represent standard deviation (n=5).  

 

 

Characterisation of a low-dose M. ulcerans murine tail infection model  

We have previously described the use of a low-dose tail infection model for studying insect-mediated 

transmission of M. ulcerans (10). We reasoned that because BU patients were likely to be initially 

infected with a low bacterial inoculum (10, 11, 59) we could use this model to test the protective efficacy 

of responses induced by the ER + R4Pam2Cys vaccine.  This model features the use of a bioluminescent 

strain of M. ulcerans (10, 60) and its infectious characteristics are summarised in Fig. 2. Compared to 

an uninfected tail (Fig 2A and C), sub-cutaneous infection of a tail results in the appearance of a visible 

ulcer (Fig 2B) exhibiting the highest levels of bioluminescence concentrated around the centre of the 

lesion (Fig 2D), i.e. where swelling appears to be the greatest, and beginning to diminish around the 

periphery reflecting a positive correlation between bacterial burden and light emission (61). 

Histological cross-sections revealed that while tissue integrity of an uninfected tail appears defined and 

intact (Fig. 2E & F), dramatic differences are observed in the infected tail, typified by loss of muscle, 

vasculature and epidermis structure and disruptions to surrounding connective tissue (Fig. 2G & H). 

Further examination of this tissue showed the presence of acid-fast bacilli as well as an infiltration of 

polymorphonuclear cells (PMNs) (Fig. 2I). Despite evidence of bacteria engulfment by these cells (Fig. 

2J), it would appear that this response was insufficient for controlling the infection and preventing 

disease progression.  
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Monitoring vaccine efficacy using bioluminescent M. ulcerans and in vivo imaging system (IVIS) 

We have previously established a correlation between M. ulcerans bioluminescence and bacterial 

burden (61). Here, we set a threshold of ≥ 5x105 photons/second (equivalent to 2.8x105 CFU) as a 

measure of ineffective disease control, i.e. appearance of disease. Mice were vaccinated subcutaneously 

and then challenged with an estimated 17 CFU (range 14-20 CFU) of bioluminescent M. ulcerans via 

intradermal tail inoculation. Animals were monitored weekly for changes in bioluminescence using 

IVIS for up to 24 weeks. Fig. 3A shows an example of the progression of bioluminescence (and 

therefore disease) in an unvaccinated mouse, up to week 16 whereupon the clinical endpoint of the 

experiment was reached. Bioluminescence for all mice was recorded across the experimental period. 

Plots for the different treatment groups show the progression in bioluminescence over time (Fig3B-F). 

Mice from the ER alone, R4Pam2Cys alone and unvaccinated treatment groups displayed the first 

detectable bioluminescence at week 7. There also appeared to be threshold in bioluminescence, whereby 

animals expressing ≥5x105 photons/second from tail lesions became less able to control the infection 

and progressed to the clinical endpoint (Fig. 3B). The immune response data for all mice is provided 

(Supplementary Table S1). Using these data, failure-to-protect was defined as tail bioluminescence 

equal to or greater than 5x105 photons/second at or before week 24 (end of experiment). Therefore, 

mice were defined as ‘protected’ if bioluminescence was less than 5x105 photons/second at week 24. 

 

 
Figure 2. Characterisation of infection using a low-dose bioluminescent M. ulcerans strain 

(continued next page). 
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Figure 2. Characterisation of infection using a low-dose bioluminescent M. ulcerans strain 

(continued). 

Representative light camera images of tails from (A) an uninfected BALB/c mouse or (B) at the point 

of ulceration (16 weeks) following intradermal inoculation with 20 CFU of bioluminescent M. ulcerans. 

(C, D) The same tails were visualised under an IVIS camera to detect and quantify bioluminescence 

intensity (as photons/sec). Histological cross section of an (E, F) uninfected or (G, H) infected tail 

tissue following haematoxylin & eosin (H&E) and Ziehl-Neelsen (ZN) staining. Zoomed images of the 

regions indicated within the denoted boxes of (H) and depicts the presence of polymorphonuclear cells 

(PMNs) and acid-fast bacilli (ZN staining) within tissue (I, J). 

 

 

Vaccination with ER + R4Pam2Cys offers similar protection to M. bovis BCG vaccine 

Survival analysis was conducted to assess vaccine efficacy by measuring the time from infection until 

tail bioluminescence at the threshold of 5x105 photons/second was reached. Mice that reached this 

threshold were defined as ‘not protected’.  Significantly less ER + R4Pam2Cys vaccinated mice (4/10 

animals) developed disease compared to unvaccinated mice (9/10 animals), indicating ER + R4Pam2Cys 

provided some level of protection against disease progression compared to no vaccination (Fig. 3B, E 

& G) (p<0.01). Mice vaccinated with BCG were best protected with only 1 animal exceeding the 

bioluminescence threshold (Fig. 3F & G). Although this number of mice was reduced compared to the 

ER + R4Pam2Cys vaccinated animals, the difference was not significant (Fig. 3G). However, the 

bacterial burden (as indicated by mean photon counts/sec at the clinical endpoint) in BCG vaccinated 

mice was lower than animals that received the ER + R4Pam2Cys vaccine (means: 6x105 [n=2, range 3.5 

– 8.6x105] versus 3.3x107 [n=3, range 2.4 - 4.1x107] photons/sec respectively) consistent with protective 

superiority of BCG. There was also no significant difference between the protective efficacy of 

vaccination with ER alone compared with ER + R4Pam2Cys, although mice vaccinated with the latter 

exhibited delayed disease progression (onset at weeks 16- 24) compared to ER vaccinated mice (onset 

at weeks 8- 16) indicating that formulation of the antigen with the R4Pam2Cys adjuvant improved 

immunity (Fig. 3D, E). 

 

Measuring immune parameters following vaccination and challenge 

At the experimental end-point, sera, spleens and draining lymph nodes (DLN) from all animals were 

collected and several parameters were further analysed; ER-specific antibodies, CD4+ and CD8+ T cells 

and a panel of 10 murine Th1, Th2 and Th17 cytokines. After M. ulcerans challenge, mice vaccinated 

with ER alone or ER + R4Pam2Cys were found to exhibit significantly more ER-specific antibodies 

than the other treatment groups (Fig 4A) despite not being fully protected. This indicates that, even 

though the ER protein is highly immunogenic, anti-ER antibodies do not appear to play a major role in 

controlling infection.  
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We next investigated if there were any differences in the ability of T cells harvested from the spleens 

of vaccinated mice to produce cytokines following stimulation with recombinant ER protein 

(Supplementary Table S1). Our results showed that the numbers of IFN-γ producing CD4+ T cells across 

all vaccine groups did not differ, and in some cases, were higher in unvaccinated mice compared to 

those vaccinated with ER + R4Pam2Cys vaccine group (Fig 4B), indicating that there was no clear 

correlation between the frequencies of these cells and protection. Similarly, there also did not appear to 

be any correlation between TNF-α+ CD4+ T cells, IFN-γ+ CD8+ T cells or TNF-α+ CD8+ T cells and 

protection (Supplementary Table S1). 

 

Comparing levels of cytokine production between vaccine groups also did not clearly identify any 

cytokines that correlated with protection (see Supplementary Table S1). For example, higher levels of 

TNF-α were present in the spleens of unvaccinated mice than BCG vaccinated mice (Fig 4C) and even 

though BCG vaccination resulted in significantly more IFN-γ  in draining lymph nodes compared to 

unvaccinated mice, this was not observed for ER + R4Pam2Cys vaccinated mice (Fig 4D).  

 

We therefore based our analysis on comparisons between diseased or protected mice irrespective of the 

vaccines they received (Fig. 4E, F). Herein, we identified significant increases of IL-2, IL-6, IL-10 IL-

17A, IFN-γ, MIP-1b, TNF-α in the lymph nodes of protected mice (Fig. 4F) and significant increases 

of IFN-γ, IL-6, and TNF-α in the spleens of diseased mice (Fig. 4E). While these data implicate these 

cytokines as correlates of protection and disease, it did not rank the importance of each cytokine towards 

either outcome. 
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Figure 3. Development of BU over time after vaccination (continued next page).  



Chapter 4 | Subunit vaccination against M. ulcerans 
in a low-dose challenge model 

 

 147 

Figure 3. Development of BU over time after vaccination (continued). 

 (A) Tails of mice were intradermally infected with 20 CFU of bioluminescent M. ulcerans and imaged 

weekly by IVIS. Representative panels depict the weekly progression of bioluminescent M. ulcerans 

burden in the tail of an unvaccinated mouse over the course of 16 weeks expressed as photons/second. 

BALB/c mice (n=10/group) were left (B) unvaccinated, or vaccinated on day 0 and day 21 with (C) ER 

antigen alone, (D) R4Pam2Cys alone, , (E) ER antigen formulated with R4Pam2Cys or (F) on day 0 with 

BCG followed by challenge on week 5 with bioluminescent M. ulcerans. Threshold bioluminescence 

(threshold lux) for disease was defined as ≥5 x 105 photons/second (p/s) as mice that reached this level 

typically progressed to the clinical (ethical) end point. Mice were classified as diseased if they reached 

this end point within the 24-weeks following challenge or if their bioluminescence value at week 24 

was ≥5 x 105 p/s. Mice were classified as protected if they did not reach this clinical end point and their 

bioluminescence value was <5 x 105 photons/second. The data point depicting when an infected mouse 

first exhibited bioluminescence at ≥5 x 105 p/s is represented with a yellow symbol. The data point 

denoting when a mouse reached clinical endpoint is represented with a blue symbol. Protected mice 

with detectable bioluminescence are depicted as grey symbols. G. Time to bioluminescence measured 

by IVIS. A survival curve was utilised to analyse the time (weeks) taken for each BU diseased mouse 

to first reach threshold bioluminescence ≥5 x 105 photons/second. BCG group (upside down triangle) 

is labelled in blue, ER + R4Pam2Cys (circle) is red, and ER alone (square), R4Pam2Cys alone (upright 

triangle) and no vaccine (diamond) groups are depicted in grey. Statistical tests were conducted at the 

5% significance level. The null hypothesis was rejected if there was a significant difference in survival 

between groups. Note: *p < 0.05, **p < 0.01, ***p < 0.001 or ****p < 0.0001. 
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Figure 4. Immune responses after M. ulcerans infection (continued next page). 

BALB/c mice (n=10/group) were left unvaccinated or vaccinated on day 0 and day 21 with ER antigen 

alone, ER antigen formulated with R4Pam2Cys, R4Pam2Cys alone, or on day 0 with BCG followed by 

challenge on day 36 with bioluminescent M. ulcerans. (A) Total serum (IgG) antibody against 

recombinant ER protein were measured by ELISA after the experimental end point. All data points for 

diseased mice (bioluminescence ≥5 x 105 p/s) are depicted with white symbols. Statistical tests were 

conducted at the 5% significance level. The null hypothesis was rejected if there was a significant 

difference in mean antibody responses between treatment groups. The error bars represent standard 

deviation.  
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Figure 4. Immune responses after M. ulcerans infection (continued). 

(B) After experimental end point was reached, CD4+ IFN-g+ T cells were enumerated from the spleen 

of mice in response to ER protein. The null hypothesis was rejected if there was a significant difference 

in mean CD4+ IFN-g+ T cells between treatment groups. Once experimental end point was reached, 

cytokines from draining lymph nodes and spleens of M. ulcerans challenged mice were also measured 

in response to in vitro cell stimulation with recombinant ER protein (Supplementary Table S1). Shown 

here are cytokine titres (C) IFN-g produced from immune cells in the draining lymph nodes and (D) 

TNF produced from immune cells in the spleen. The null hypothesis was rejected if there was no 

difference in mean cytokine titres between treatment groups. The black bars represent the mean. Fold 

change of mean cytokine titres from protected mice (bioluminescence <5 x 105 p/s) and diseased mice 

(bioluminescence ≥5 x 105 p/s) over naïve mice were compared in the (E) spleen and (F) draining lymph 

nodes. The null hypothesis was rejected if there was a significant difference in mean cytokine titres 

between treatment groups. All statistical tests were conducted at the 5% significance level. Note: *p < 

0.05, **p < 0.01, ***p < 0.001 or ****p < 0.0001. 

 

 

Identifying immune responses associated with vaccination outcome 

To identify the immune parameters (features) that associate with the response variable ‘vaccine 

protection’ (here measured as time to reach our bioluminescence detection threshold) independent of 

the vaccine used, we conducted univariate survival analyses via the Cox proportional hazards model. 

We used this model as it accounts for the fact that a subset of mice (observations) were right-censored, 

as vaccination outcomes were not measured after 24 weeks post challenge.  For each of the 28 

immunological features, their association with the response variable (time-to-bioluminescence 

measured in weeks) was ranked using concordance index (CI) scores. The CI is analogous to the area 

under the ROC curve, with a CI value of 0.5 indicating a random correlation and 1 indicating a perfect, 

positive correlation (62). The CI for each univariate regression analysis was used to rank the strength 

of association for each of the 28 features against the response variable. Using a CI cut-off of 0.70, the 

top six features were identified as well as the direction of their association with prevention of 

development of bioluminescence (Table 2). Low levels of IFN-γ and high levels of IL-2 produced in 

mouse splenocytes were the top two immune parameter features influencing this model, reflected in the 

individual correlation between their respective titres and time-to-bioluminescence (Fig. 5A, B). 
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Table 2. High-scoring immune features associated with delayed bioluminescence. 
Feature 

number 
Feature Tissue site 

Association 

with delayed bioluminescence 

Concordance 

index 

1. IFN-γ  spleen negative 0.786 

2. IL-2  spleen positive 0.769 

3. IL-6  spleen negative 0.759 

4. TNF-α  spleen negative 0.745 

5. IL-2  lymph node positive 0.715 

6. IFN-γ CD4+ T-cell  spleen negative 0.707 

 

 

Next, using these top six features, we performed unsupervised machine learning to reveal any structure 

without the influence of labels, such as arbitrarily imposed bioluminescence thresholds. Here, the data 

separated into two main clusters. K-means clustering was then applied to assign mice (observations) to 

the two cluster groups. Inspection of the resulting cluster membership with respect to time to 

bioluminescence showed a separation of the mice either side of 17 weeks post M. ulcerans challenge 

(Fig. 5C).  

 

Given that the clusters identified through unsupervised learning closely resembled a temporal 

breakpoint at 17 weeks, we further investigated this binary divide in the data. We used multivariate 

logistic regression and developed a low-error classifier that could generalize to unseen data, using the 

underlying structure apparent in the immunological data. We then tested the classifier through extensive 

cross-validation. Observations (mice) with bioluminescence above threshold between weeks 8-17 were 

assigned a ‘0’ and ‘1’ for those with bioluminescence detected in weeks 18-24 or no detection 

throughout the experiment period. The model included the top six features (Table 2) and was validated 

through 1,000 random train test splits, with 90% of observations comprising the training groups at each 

split. The resulting classifier probabilities were used to calculate the area under the ROC curve, AUC 

= 0.91 (True negatives = 1774, True positives = 2662, False negatives = 120, False positives = 444). 

The low error and generalizable nature of this classifier demonstrates the existence of a robust structure 

in the data, in the form of two clusters separated around week 17 (Fig. 5D) and highlights the strong 

association of the six identified immune parameters with outcome.  Most notably here it appears that 

tissue specific immune responses are important, with a correlation between the appearance of a tail 

ulcer and evidence of a systemic (spleen) responses and protection correlating with both local (draining 

lymph nodes) and systemic (spleen) response (Table 2). This association of BU and the production of 

inflammatory cytokines (IL-6, IFN-γ and TNF) as possible markers of infection, indicated that we could 

also identify correlates of immune protection against BU.  
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Assessment of vaccine-specific immune responses 

To dissect the immune responses associated with ER + R4Pam2Cys vaccination versus BCG and the 

different controls we noted the differences in the percentage of observations (mice) belonging to 

specific treatment groups between the two clusters observed above (Fig. 5C) separated by week 17. 

This summary was reflective of the survival analysis and showed that unvaccinated mice and those that 

received the adjuvant or ER alone were predominantly in the weeks 8-17 cluster, while ER + 

R4Pam2Cys and BCG-vaccinated mice were predominantly in the weeks 18-24 cluster (Fig. 5E).  In 

order to obtain the individual immune profile of the different treatment groups, group-specific 

univariate logistic regression analyses were undertaken. Here, the response variable was coded as a ‘1’ 

for membership in a particular group and ‘0’ for membership in all other groups. Analyses were 

conducted for each of the five treatment groups and the model coefficient weights were used to 

determine both the strength and direction of association of each feature with that of each treatment 

group. The resulting p-values from the model coefficients were used to assess significance of the 

associations (Fig. 5F, Supplementary Table S2). The combination of the ER antigen and R4Pam2Cys 

together were important for inducing protective responses that associated with local production of IL-

4, IL-2, IL-17A in the DLN, in addition to ER-specific antibody responses. Neither ER antigen or 

R4Pam2Cys alone induced this profile and protection using the former was only linked to ER- but not 

M. ulcerans-specific antibody responses (post-challenge timepoints). In comparison, BCG vaccination-

mediated protection was associated with a greater breadth of localised cytokines responses than ER + 

R4Pam2Cys, with higher IL-6, TNF-α and MIP-1β in the DLN. Of note, evidence of systemic 

inflammation, such as IL-17A and IFN-γ in the spleen was associated with poorer BCG performance. 
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Figure 5. Statistical modelling to identify immune parameters (features) associated with vaccine 

protection (continued next page). 
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Figure 5. Statistical modelling to identify immune parameters (features) associated with vaccine 

protection (continued). 

Univariate Cox Proportional hazards models were specified for each of the 28 immunological features 

to test their association with the response variable (time-to-bioluminescence measured in weeks). The 

resulting concordance index (CI) scores were obtained and the six features with a CI >0.7 were retained.  

The inverse associations of the top two features (A) IFN-γ and (B) IL-2 produced in murine splenocytes 

at the experimental end-point. (C) Plot depicting a two-dimensional representation of the top six 

features that associate with time-to-bioluminescence from the unsupervised t-SNE. The shapes/colours 

indicate the two groups identified through K-means clustering, of bioluminescence by 8-17 weeks or at 

18 weeks and beyond (up to 24 weeks). (D) Receiver operator curve (and corresponding area under 

curve), displaying the trade-off between sensitivity and specificity across all thresholds for 1,000 

random train-test splits of a logistic regression classifier (90% of observations used for training). The 

red dotted line depicts the expectation of a random classifier and the blue line depicts the model 

performance. (E) Proportion of observations (mice) across treatment groups for each of the classes both 

8-17 weeks and 18-24 weeks and those with no detection. (F) Group-specific univariate logistic 

regression analyses for each of the five treatment groups. Model coefficients were used to determine 

both the strength and direction of association of each feature with that of each treatment group. Depicted 

are those features with a corresponding p-value<0.05 (Table S2). 
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Discussion 
In this study, we investigated various immune parameters induced by the use of BCG and an 

experimental subunit vaccine against BU and sought to identify immune correlates associated with 

protection in a mouse tail infection model. Studies have shown that the tail is a suitable location for 

infection as BU predominantly affects extremities (11, 52, 63) and in combination with the use of 

bioluminescent M. ulcerans, offers several advantages over footpad, hock or ear infections used in most 

BU vaccine studies (as shown in Table 1 and (64)). Tail infections are less likely to affect mouse 

mobility, or cause rapid tissue loss and may also prevent added trauma, inflammation or secondary 

infections at the challenge site (65). A key feature of this model also allows the use of a significantly 

lower bacterial challenge dose compared to other studies (approximately 14-20 CFU compared to 104-

106 CFU) (25, 32-37, 49, 52-54) (Table 1) and enables measuring bacterial growth in the same animal 

over time. This lower dose is likely to be more physiologically relevant, in terms of reflecting the 

bacterial inoculum that occurs during M. ulcerans transmission to humans (10, 11, 59). Sporadic healing 

of BU disease was also seen in this model, an observation that has been noted in humans and other 

animals (29, 66-68).  

 

Vaccination with the ER+R4Pam2Cys formulation resulted in protection of 60% of mice from BU 

challenge. The fact that ER+R4Pam2Cys was significantly more protective than vaccination with 

R4Pam2Cys alone indicates any non-antigen specific triggering of innate immune responses by this 

adjuvant (69, 70), (71) was not sufficient for conferring long-lasting protection and the inclusion of the 

ER protein was necessary to achieve any protective effects. This was further evidenced by vaccinating 

with ER alone. Despite not seeing any clear significant differences in the clinical outcomes at the end 

of the trial when compared to ER + R4Pam2Cys vaccination, the inclusion of R4Pam2Cys delayed 

disease onset by ~8 weeks and correlated with the induction of significantly more ER-specific 

antibodies after a primary and booster vaccination (Fig. 3). 

 

ER-specific antibodies were nonetheless insufficient to provide total protection against M. ulcerans 

challenge. This is perhaps not unexpected given that other studies have also reported little correlation 

between strong BU antibodies and protection, in mice (34) or sera of BU patients (57, 72). To identify 

other immune correlates associated with the protective effects observed in our study, a Cox proportional 

hazards regression model was utilized. Here, the univariate analyses allowed us to identify the top six 

features that most strongly associated with differences in time to detection of bioluminescence. These 

models assume normalized data, and although we cannot infer how much an increase or decrease in 

units could affect the clinical outcome, we are able to rank each factor based on its contribution to either 

disease or protection. This model also considers the effect of each factor in delaying the onset of disease 

rather than just modelling through a binary ‘protected’ or ‘diseased’ outcome. Similar regression 
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modelling has been described to predict outcomes for tuberculosis patients after treatment, effect of 

hospital-acquired Clostridium difficile on hospital stay and survival of Staphylococcus aureus in milk 

(73-75). The model assumes that eventually all mice will succumb to disease and due to the constraints 

in our data, it cannot determine threshold levels of cytokines that will predict disease outcomes.  

 

The cytokines most associated with protection in BCG mice were different to those identified in mice 

vaccinated with ER+R4Pam2Cys, which is not surprising given that BCG is a multi-antigen live-

attenuated vaccine and thus likely to utilise both common and distinct protective responses and 

mechanisms to those induced by our vaccine candidate. Through multivariate logistic regression 

modelling we identified the presence of IL-2 in the spleen and lymph nodes as markers that were most 

strongly associated with protection. Although there are no studies that directly link IL-2 with protection 

against M. ulcerans, it plays a key role in the differentiation, proliferation and maintenance of T cell 

responses (76). Therefore, it is perhaps not surprising that its role in this murine model is likely to be 

important for the induction of protective adaptive immunity against M. ulcerans.  

 

M. ulcerans-specific CD4+ T cells migrate to the site of infection from draining lymph nodes early in 

infection but are depleted as the infection persists (77), an effect attributed to the ability of the M. 

ulcerans exotoxin mycolactone to impair T cell and macrophage function (41, 44, 78). However, we 

observed no correlation between levels of cytokine producing CD4+ and CD8+ T cells and protection in 

vaccinated groups. 

 

We did identify systemic IL-6, TNF-α and IFN-γ (in the spleen) strongly associated with disease. IL-6 

is a pro-inflammatory cytokine produced by many cell types in response to pathogens and is linked to 

the production of TNF-α, both of which can be detected in BU lesions and serum of BU patients (78, 

79) (80). TNF-α in particular, plays a key role in inflammatory cell recruitment and in conjunction with 

IFN-g, increases the phagocytic ability of macrophages to enhance killing of mycobacteria (81, 82). 

However many studies have shown that mycolactone suppresses TNF-α production by T cells and 

especially macrophages (83, 84), decreasing their ability to control BU infection (85).  

 

IFN-g is important for controlling M. ulcerans infection (86) and is also detected at high levels in 

patients with both developed ulcers and early lesions (87) and healed ulcers (88), where it is believed 

to mediate macrophage function (89) and drive iNOS expression to facilitate bacterial killing (90). The 

fact that these cytokines are elevated at a systemic level in the diseased animals in our study but not in 

lymph nodes draining from the tail suggests that their activity is being dampened at the site of infection. 

These effects do not appear to be present in protected animals where increased levels of cytokines are 
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detected in the draining lymph node and not the spleen. Localised, but not systemic presence, of these 

and other cytokines including IL17A, MIP1b and IL10 are strongly associated with protection.  

 

Although most of the immunosuppression during BU infection can be attributed to mycolactone, 

chronic inflammation can also be key driver as noted by the increased splenic cytokine levels. Many 

cell types have been implicated as the cause of immunosuppression in cancers, chronic viral infections 

(such as HCV, HIV, HBV) and even M. tuberculosis infection. These include myeloid-derived 

suppressor cells (MDSCs) (91) regulatory T cells (Treg) (92) and T helper 17 (Th17) (93), which can 

suppress effector T cell function and inhibit NK and dendritic cell activity through direct cell-to-cell 

interactions or the production of immunosuppressive cytokines. MDSCs in particular can be recruited 

by IFN-γ (94) and IL-6 (95), both of which are found in higher levels in our unprotected mice. On the 

other hand, while Th17 cells are crucial for the control of infection, especially extracellular bacterial 

and fungal infections, elevated frequencies can lead to tissue inflammation alongside matrix 

destruction, autoimmunity and vascular activation (96). The observation that higher systemic IL-17A 

correlates with the lack of protection suggests that these cells play a role in determining BU disease 

outcomes. 

 

Tissue changes due to chronic infection could also play a compounding effect on the severity of BU 

disease outcomes. Our histological analysis of BU-infected tail tissue showed a loss of muscle and 

epidermis, changes in connective tissue and loss of vasculature which may explain why lymphocytes 

and other immune cells are unable to access the sites of greatest infection and tissue damage. BU tissue 

necrosis can also extend some distance from the site of bacterial colonisation, an observation that led 

to the identification of mycolactone as the cause of coagulative necrosis (39, 97, 98). Mycolactone has 

been well described as causing cell death to skin-resident cells such as fibroblasts, adipocytes, 

keratinocytes and endothelial cells (39, 99, 100). Primary human dermal microvascular endothelial cells 

are especially sensitive to mycolactone and after exposure lose their ability to activate a key 

anticoagulant protein (protein C) after exposure, causing a reduction in intravascular fluidity and 

preventing immune cell infiltration to the infection site (99). Thus, the combination of 

immunosuppressive immune host responses and tissue destruction, in conjunction with mycolactone at 

the site of infection, may increase the risk for poorer disease outcomes for those chronically infected 

with BU. 

 

Although we have identified several factors associated with disease and protection, our results provide 

impetus to further expand these profiles and establish their importance. For example, changes in 

cytokines levels before challenge and throughout the infection phase could be monitored and integrated 

into models, as well as analysing frequencies of various other innate- and adaptive-immune cell 

populations and identifying those that produce cytokines of interest. In evaluating and demonstrating 
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that a subunit vaccine can protect against BU in our mouse challenge model, albeit not as efficacious 

as BCG, our results showed that protection can be mediated through different immune mechanisms. 

Disease progression was also commonly linked to the presence of pro-inflammatory cytokines in the 

spleen and not the lymph node. These profiles suggest that localised and not systemic responses are 

more important for conferring protection and also provide a template that could guide the design and 

development of novel vaccination strategies against BU.  

 

Finally, we conclude that the mycolactone biosynthesis pathway constitutes a viable vaccine target to 

protect against M. ulcerans. As M. ulcerans is slow-growing and requires its highly conserved 

mycolactone PKS for virulence, the development of resistance is unlikely. As such, approaches based 

on the use of multiple PKS enzymatic domains may prove even more efficacious. Moreover, studies 

that have introduced M. ulcerans and M. marinum-specific proteins into BCG have been shown to 

increase its protective effect, while BCG alone has no long-term efficacy (24, 32, 36, 37). Collectively, 

this demonstrates the additive power of using a broader suite of antigens and the potential for a viable 

vaccine against BU. 
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4.4 Supplementary Material 
 

4.4.1 Supplementary Tables 
Table S1. Vaccination Data (continued next five pages). 

 

BCG G12M1 2.256 0.7392
BCG G12M2 1.954 1.201
BCG G12M3 1.898 3.749
BCG G12M4 1.576 2.499
BCG G12M5 1.237 0.951
BCG G5M1 1.922 0.1634
BCG G5M2 Y 1.33 x10⁴ 35.48 1.429 3.67
BCG G5M3 1.694 1.891
BCG G5M4 2.7 x10⁴ 37.77 2.448 3.675
BCG G5M5 1.7 x10⁴ 38.78 2.709 1.288
ER + R₄Pam₂Cys G2M1 no ct 2.464 3.062
ER + R₄Pam₂Cys G2M2 4.839 3.696
ER + R₄Pam₂Cys G2M3 Y 3.06x10⁴ 31.24 4.733 0.8907
ER + R₄Pam₂Cys G2M4 Y 2.66 x10⁵ 35.53 3.02 1.176
ER + R₄Pam₂Cys G2M5 3.639 1.512
ER + R₄Pam₂Cys G9M1 Y 2.7x10⁴ 31.24 3.697 2.312
ER + R₄Pam₂Cys G9M2 4.809 0.908
ER + R₄Pam₂Cys G9M3 Y 2.9x10⁴ 33.94 3.339 1.926
ER + R₄Pam₂Cys G9M4 4.588 0.5648
ER + R₄Pam₂Cys G9M5 4.839 0
ER alone G1M1 Y 2.26x10⁴ 31.06 4.839 1.377
ER alone G1M2 Y 1.73x10⁵ 36.2 2.681 0
ER alone G1M3 Y 2.88 x10⁵ 35.63 3.829 0.3014
ER alone G1M4 4.339 0.9413
ER alone G1M5 Y 3.54 x10⁵ 35.76 4.715 0
ER alone G8M1 4.839 0
ER alone G8M2 4.733 0.632
ER alone G8M3 8.3x10³ 37.56 4.659 2.029
ER alone G8M4 3.818 0.8006
ER alone G8M5 4.3x10³ 37.23 4.715 2.584
R₄Pam₂Cys G10M1 Y 3.6x10⁴ 30.27 2.256 0.8197
R₄Pam₂Cys G10M2 1.912 1.041
R₄Pam₂Cys G10M3 Y 2.5x10⁵ 27.27 1.878 1.311
R₄Pam₂Cys G10M4 Y 4.5x10⁴ 28.73 1.556 1.66
R₄Pam₂Cys G10M5 Y 4.2x10⁴ 32.59 1.282 0
R₄Pam₂Cys G3M1 Y 1.33 x10³ 32.51 1.859 3.773
R₄Pam₂Cys G3M2 1.186 1.696
R₄Pam₂Cys G3M3 Y 1.06 x10⁴ 31.83 1.748 2.719
R₄Pam₂Cys G3M4 Y 6.66 x10³ 34.05 1.224 0.8924
R₄Pam₂Cys G3M5 Y 2.79 x10⁵ 30.86 1.282 1.119
No Vaccination G13M1 Y 2.8x10⁴ 31.8 1.586 3.262
No Vaccination G13M2 Y 9.342x10³ 29.6 1.576 3.914
No Vaccination G13M3 Y 2.9x10⁴ 36.23 1.649 1.499
No Vaccination G13M4 Y 2.5x10⁵ 27.95 2.044 1.657
No Vaccination G13M5 Y 3.7x10⁴ 34.88 1.743 0.2277
No Vaccination G6M1 0 0.347
No Vaccination G6M2 Y 2.8x10⁴ 35.55 1.468 3.459
No Vaccination G6M3 Y 2.9x10⁴ 37.45 1.545 1.088
No Vaccination G6M4 Y 2.2 x10⁴ 35.56 2.044 3.292
No Vaccination G6M5 Y 2.5x10⁴ 33.94 1.319 1.523
Naïve G14M1 1.598 1.806
Naïve G14M2 1.806 1.511
Naïve G14M3 1.511 1.522
Naïve G7M1 1.687 1.637
Naïve G7M2 1.778 1.521
Naïve G7M3 1.791 1.598

ER Ab MU-WCL AbVaccine Group Mouse ID Disease 
Yes (Y)/ No (blank)

CFU/ml IS2404 qPCR



Chapter 4 | Subunit vaccination against M. ulcerans 
in a low-dose challenge model 

 

 169 

Table S1. Vaccination Data (continued 1). 

 

BCG NA NA

BCG NA NA

BCG NA NA

BCG NA NA

BCG NA NA

BCG NA NA

BCG 9 21 Not reached by EOE 2.5-3

BCG NA NA

BCG 18 NA Not reached by EOE 0.5-1

BCG 16 NA Not reached by EOE 1

ER + R₄Pam₂Cys 8 NA Not reached by EOE 0 Y

ER + R₄Pam₂Cys NA NA

ER + R₄Pam₂Cys 22 24 Not reached by EOE 2

ER + R₄Pam₂Cys 8 17 24 3

ER + R₄Pam₂Cys NA NA

ER + R₄Pam₂Cys 16 16 Not reached by EOE 3

ER + R₄Pam₂Cys NA NA

ER + R₄Pam₂Cys 8 16 21 3

ER + R₄Pam₂Cys NA NA

ER + R₄Pam₂Cys NA NA

ER alone 16 16 24 3

ER alone 7 8 16 3

ER alone 8 9 16 3

ER alone NA NA

ER alone 8 8 19 3

ER alone NA NA

ER alone NA NA

ER alone 7 NA EOE 1.5

ER alone NA NA

ER alone 24 NA Not reached by EOE 0.5

R₄Pam₂Cys 7 8 13 3

R₄Pam₂Cys NA NA

R₄Pam₂Cys 7 8 16 3

R₄Pam₂Cys 14 17 24 3

R₄Pam₂Cys 8 14 21 3

R₄Pam₂Cys 11 17 Not reached by EOE 2

R₄Pam₂Cys NA NA

R₄Pam₂Cys 7 9 16 3

R₄Pam₂Cys 8 19 24 2.5-3

R₄Pam₂Cys 10 16 21 3

No Vaccination 8 8 24 1

No Vaccination 7 13 21 3

No Vaccination 8 9 16 3

No Vaccination 8 9 19 3

No Vaccination 7 9 22 3

No Vaccination NA NA

No Vaccination 18 22 Not reached by EOE 3

No Vaccination 9 11 19 3

No Vaccination 13 17 21 3

No Vaccination 8 11 22 3

Naïve 

Naïve 

Naïve 

Naïve 

Naïve 

Naïve 

Time to LUX 
(weeks)

Time to LUX 
threshold first 

reached (weeks)
Vaccine Group

Time to ulceration 
(weeks)

Severity score at 
endpoint or end of 
experiment (EOE) 

(between 0-3)

Healed 
Yes (Y)/ No (blank)



Chapter 4 | Subunit vaccination against M. ulcerans 
in a low-dose challenge model 

 

 170 

Table S1. Vaccination Data (continued 2). 

 
 

7 8 9 10 11 13 14 16 17 18 19 20 21 22 23 24

BCG

BCG

BCG

BCG

BCG

BCG

BCG 30900 36700 30800 252000 315000 393000 453000 444000 425000 419000 1130000 1170000 1140000 856000

BCG

BCG 25100 135000 32100 80900 97100 71900 35000

BCG 135000 176000 176000 184000 163000 908000 871000 909000 354000

ER + R₄Pam₂Cys 325000 596000 263000 361000 540000 527000 369000 * * * * * * * *

ER + R₄Pam₂Cys

ER + R₄Pam₂Cys 467000 544000 3310000

ER + R₄Pam₂Cys 114000 201000 231000 25500 33500 197000 318000 634000 682000 646000 2.1E+07 2.2E+07 2.3E+07 2.4E+07

ER + R₄Pam₂Cys

ER + R₄Pam₂Cys 393000 636000 2950000 3320000 2940000 3560000 1.3E+07 1.2E+07 3.5E+07

ER + R₄Pam₂Cys

ER + R₄Pam₂Cys 41400 231000 245000 20800 135000 256000 2970000 2.1E+07 4.2E+07 4E+07 4.1E+07 4.1E+07

ER + R₄Pam₂Cys

ER + R₄Pam₂Cys

ER alone 503000 2480000 2250000 2570000 3670000 1.3E+07 1.4E+07 1.4E+07

ER alone 221000 2860000 6070000 1960000 5740000 6790000 5960000 9510000

ER alone 228000 743000 231000 222000 6640000 7860000 1.8E+07

ER alone

ER alone 541000 514000 619000 302000 308000 1040000 1.8E+07 3.5E+07 1.2E+07 1E+07

ER alone

ER alone

ER alone 58500 132000 120000 113000 282000 273000 132000 36300 29300 2570000 2200000 294000 289000 330000 342000 352000

ER alone

ER alone 43500

R₄Pam₂Cys 63000 1120000 1.6E+07 1.4E+07 2.9E+07 2.7E+07

R₄Pam₂Cys

R₄Pam₂Cys 81600 763000 5410000 5370000 8080000 8030000 8720000 2200000

R₄Pam₂Cys 40000 232000 6350000 7790000 7610000 7790000 6350000 3.7E+07 3.6E+07

R₄Pam₂Cys 110000 339000 369000 284000 293000 928000 2.9E+07 2.6E+07 2.4E+07 2.8E+07 2.4E+07 2.6E+07

R₄Pam₂Cys 25600 329000 371000 369000 579000 61800 290000 671000 593000 593000 630000 601000

R₄Pam₂Cys

R₄Pam₂Cys 58500 195000 1020000 750000 943000 8030000 8210000 1.4E+07

R₄Pam₂Cys 73200 280000 315000 401000 196000 235000 257000 384000 371000 679000 330000 1700000 2170000 2060000 3.6E+07

R₄Pam₂Cys 320000 303000 381000 164000 1830000 2620000 3870000 4060000 1180000 7080000

No Vaccination 1320000 2100000 2000000 553000 * * * * * * * * * 12200 12200

No Vaccination 31800 32000 364000 216000 212000 731000 505000 2290000 6170000 6360000 7790000 1.4E+07 1.4E+07

No Vaccination 312000 1200000 1130000 802000 244000 828000 2.9E+07

No Vaccination 343000 1610000 1610000 1820000 1670000 1660000 1.4E+07 1.1E+07 6360000 1.1E+07

No Vaccination 8770 442000 3440000 3350000 5300000 4880000 5430000 6.1E+07 1.2E+07 1.1E+07

No Vaccination

No Vaccination 172000 188000 455000 452000 1770000 1490000 1.1E+07

No Vaccination 65600 63600 583000 406000 679000 1090000 3430000 3610000 2E+07

No Vaccination 177000 285000 304000 568000 1300000 1390000 3000000 2.9E+07

No Vaccination 168000 415000 425000 2470000 2370000 2320000 5460000 2.1E+07 2.1E+07 158000 4630000 4.2E+07

Naïve 

Naïve 

Naïve 

Naïve 

Naïve 

Naïve 

Luminescence (photons/second) by week

Vaccine Group
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Table S1. Vaccination Data (continued 3). 

 
 

CD4⁺ T cells
CD4⁺ IFN-γ⁺ 

cells
CD4+ TNF-α+ T 

cells
CD8⁺ T cells

CD8⁺ IFN-γ⁺ 
T cells

CD8⁺ TNF-α 
T cells

BCG 1733000 10918 9012 645576 2324 2776

BCG 3664264 3188 5130 1417721 2552 4111

BCG 1419346 10503 1845 695040 4865 904

BCG 2955501 11526 10049 1059197 2436 3601

BCG 7271703 83625 53811 2534235 7096 11657

BCG 1769083 11322 7430 1018738 2343 4381

BCG 3748574 26990 19493 1411101 5362 8043

BCG 4054932 47848 9326 1755120 10882 5792

BCG 3520861 12675 7746 1835520 2203 3487

BCG 4155386 6233 3449 1535300 1305 3531

ER + R₄Pam₂Cys 2350100 30786 13161 1167613 4320 4904

ER + R₄Pam₂Cys 2852859 6562 11126 1325614 3844 3977

ER + R₄Pam₂Cys 1745692 4364 2968 768104 1690 3380

ER + R₄Pam₂Cys 1837007 11206 2756 490860 2307 1669

ER + R₄Pam₂Cys 2738593 4656 4656 1373589 1304 5357

ER + R₄Pam₂Cys 3430134 13378 12005 1612060 4997 5642

ER + R₄Pam₂Cys 3714119 4828 2154 1701843 1872 4595

ER + R₄Pam₂Cys 5017868 43154 7527 2305299 10143 3227

ER + R₄Pam₂Cys 2688199 3495 3226 1146379 2178 2637

ER + R₄Pam₂Cys 3098113 7435 3408 1329721 2792 3324

ER alone 80458 274 153 24081 79 51

ER alone 7173145 52364 27258 2986683 15829 11051

ER alone 4207771 35766 20197 1803331 12623 5590

ER alone 1773807 4612 1951 879876 2200 4575

ER alone 3622914 14129 3043 1298590 5064 390

ER alone 0 0 0 0 0 0

ER alone 2463510 4434 2710 965526 927 3283

ER alone 2848212 7975 4557 787006 1574 2361

ER alone 1893759 4166 2462 778638 934 2336

ER alone 3514622 5975 4218 1343975 2285 2688

R₄Pam₂Cys 4062107 8937 6499 1768765 8313 3714

R₄Pam₂Cys 2455970 14245 7122 1161143 3019 10218

R₄Pam₂Cys 4691140 33776 15481 1756433 14227 6148

R₄Pam₂Cys 1732540 5717 1559 305057 1190 397

R₄Pam₂Cys 3467088 4507 3363 1529905 3825 1683

R₄Pam₂Cys 4236970 5084 7203 1782020 2317 6415

R₄Pam₂Cys 14084908 29578 30987 6292808 9439 25801

R₄Pam₂Cys 2991369 7179 52050 1611171 8056 12889

R₄Pam₂Cys 3073699 5840 3688 1429082 3716 4001

R₄Pam₂Cys 0 0 0 0 0 0

No Vaccination 7193546 76971 10071 2866601 33539 1777

No Vaccination 5121907 17414 9219 2517694 8308 5287

No Vaccination 3655275 33263 13525 1636230 13090 6054

No Vaccination 0 0 0 0 0 0

No Vaccination 6401868 49935 16005 3678164 27586 12874

No Vaccination 3735004 5229 3399 1648935 1566 3133

No Vaccination 4162893 12905 7493 2101083 5253 6303

No Vaccination 3646443 7293 5105 2314962 5556 3472

No Vaccination 0 0 0 0 0 0

No Vaccination 6175745 59905 8028 2508054 21820 6019

Naïve 2576978 4123 9535 1349458 2969 3104

Naïve 1000435 1901 3802 428547 1029 3043

Naïve 1817382 3635 4725 809219 1618 2266

Naïve 2706659 5143 4601 864373 2074 3198

Naïve 2424267 3394 4364 1013336 1216 3851

Naïve 777761 1400 933 372332 410 968

Spleen CD4+ T cells Spleen CD8+ T cells

Vaccine Group
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Table S1. Vaccination Data (continued 4). 

 
 

IL-2 IL-4 IL-6 IL-10 IL-12 IL-17A IFN-γ MCP-1 MIP-1α MIP-1β TNF

BCG 4.27 1.72 252.19 709.2 0 83.98 3.24 735.92 1023.79 1612.53 205.65

BCG 5.26 0 290.43 343.1 0 16.01 8.45 326.91 1267.67 2533.21 184.27

BCG 4.67 3.25 241.14 382.69 0 94.51 21.6 696.05 959.98 1951.99 773.74

BCG 5.49 0 262.31 413.93 0 53.17 4.52 226.46 1064.65 1948.68 208.02

BCG 3.9 0.04 1342.28 348.43 0 8.07 9.47 300.37 1047.64 1944.55 316.46

BCG 5.88 0 458.1 414.54 0 31.78 2.45 1002.61 928.32 1650 298.85

BCG 5.31 0.04 341.03 340.73 0 36.22 7.68 486.72 876.27 1687.003437 211.11

BCG 6.94 0.9 350.29 289.31 0 10.37 8.72 475.11 890.65 1446.796657 291.26

BCG 5.5 1.5 467.5 326.55 0 12.33 5.5 831.18 791.97 1383.642194 324.45

BCG 10.62 2.15 380.22 434.8 0 106.32 35.59 613.51 981.47 1716.966771 245.58

ER + R₄Pam₂Cys 8.71 2.67 300.5 404.59 0 131.39 16.87 463.25 628.08 1070.93 292.52

ER + R₄Pam₂Cys 8.35 2.36 392.95 703.71 0 697.2 110.78 387.79 966.46 1915.89 226.43

ER + R₄Pam₂Cys 8.17 0 192.07 660.98 0 199.86 65.79 147.53 667.96 1200.72 124.18

ER + R₄Pam₂Cys 3.82 0 1337.84 426.27 0 582.42 136.5 1822.99 1143.54 2437.54 981.83

ER + R₄Pam₂Cys 5.46 3.25 458.01 883.26 0 552.04 333.45 519.7 891.33 1694.09 280.2

ER + R₄Pam₂Cys 6.52 1.61 490.37 488.53 0 34.78 15.13 925.12 764.99 1579.92 412.2

ER + R₄Pam₂Cys 4.83 1.72 251.85 279.7 0 165.32 52.88 98.76 756.35 1182.19 124.63

ER + R₄Pam₂Cys 5.01 0 1150.41 292.98 0 737.08 336.48 969.57 936.12 1755.6 1665.85

ER + R₄Pam₂Cys 10.77 0.04 176.73 255.64 0 139.98 24.48 305.74 756.75 1491.22 194.8

ER + R₄Pam₂Cys 4.37 0.21 361.65 612.32 0 430.29 73.07 334.16 753.76 1387.07 148.64

ER alone 5.56 0 776.25 373.89 0 284.22 138.93 466.44 981.1 1687.92 738.7

ER alone 3.67 1.83 2581.14 818.7 0 886.7 907.08 1853.82 860.31 1655.53 1168.65

ER alone 3.94 3.35 1129.72 1100.04 0 578.57 1243.95 386.28 1240.81 2331.12 497.91

ER alone 9.97 0.9 269.65 499.91 0 41.92 12.32 717.6 578.11 868.08 331.96

ER alone 3.69 1.72 487.15 309.2 0 56.6 325.27 324.63 876.5 1584.54 320.32

ER alone 3.95 1.94 424.33 650.76 0 540.26 76.38 362.26 911.86 1918.33 157.28

ER alone 9.9 0 183.37 291.65 0 38.27 26.94 318 779.42 1440.23 218.75

ER alone 13.63 1.83 173.71 488.83 0 37.9 123.01 321.43 612.13 1079.7 235.61

ER alone 7.05 0 377.03 305.98 0 50.32 56.15 929 584.91 1001.3 289.74

ER alone 7.13 2.05 239.03 476.87 0 127.38 45.43 542.26 880.75 1807.34 350.77

R₄Pam₂Cys 1.55 1.39 697.9 405.49 0 9.62 53.46 970.4 712.31 1170.16 448.74

R₄Pam₂Cys 5.57 0.77 356.29 443.91 0 25.49 9.21 430.94 1049.95 2157.06 266

R₄Pam₂Cys 2.98 1.61 1153.04 632.61 0 478.87 1060.21 562.51 831.18 1147.42 550.63

R₄Pam₂Cys 3.88 0 560.6 223.37 0 38.65 19.13 394.63 960.67 1710.82 1085.19

R₄Pam₂Cys 3.39 0 564.46 364.55 0 146.01 194.26 421.87 1327.28 3049.33 1047.61

R₄Pam₂Cys 11.61 3.53 169.82 309.79 0 47.91 17.67 250.93 866.49 1342.62 175.21

R₄Pam₂Cys 4.4 0 218.78 270.11 0 21.28 4.86 346.96 888.39 1681.36 156.6

R₄Pam₂Cys 3.11 0.77 1996.82 721.17 0 970.52 509.16 1664.57 782.7 1457.02 891.94

R₄Pam₂Cys 9.48 0 196.69 402.49 0 12.33 7.44 264.87 753.36 1228.09 198.33

R₄Pam₂Cys 9.7 0.9 200.03 451.82 0 12.09 7.86 278.99 695.98 1151.18 198.56

No Vaccination 3.55 2.46 2440.05 388.08 0 822.04 464.45 1517.71 903.61 1903.75 633.08

No Vaccination 3.62 0 1137.17 546.66 0 396.72 250.82 954.93 1348.07 3107.64 1312.51

No Vaccination 3.04 1.15 1768.28 436.32 0 237.92 523.67 1068.7 985.61 1895.71 835.12

No Vaccination 3.95 4.27 2827.19 428.44 0 949.33 538.11 1590.15 904.75 2011.84 708.29

No Vaccination 1.37 0.64 1001.25 538.3 0 177.07 681.74 231.71 744.02 1244.82 399.66

No Vaccination 5.52 0 204.85 416.95 0 34.24 10.82 315.93 1204.37 2051.69 196.44

No Vaccination 4.96 0 572.54 426.92 0 6.19 5.12 925.55 1081.09 2573.47 323.16

No Vaccination 4.6 0 192.25 347.16 0 30.84 49.01 207.43 1241.87 2606.27 518.52

No Vaccination 2.53 0 1441.21 245.83 0 235.98 251.58 591.9 907.96 1771.92 731.73

No Vaccination 2.83 0.5 1238.52 238.35 0 188.79 224.66 596.59 876.05 1790.67 625.32

Naïve 4.66 0 188.84 332.16 0 23.67 13.12 254.94 875.16 1611.18 144.12

Naïve 2.7 0 384.17 397.68 0 43.41 1.71 689.49 759.56 1733.62 297.07

Naïve 5.36 0.36 190.13 358.23 0 14.23 2.58 401.58 725.8 1146.01 274.95

Naïve 6.1 0 163.51 291.06 0 22.27 13.74 447.77 377.16 502.5 215.16

Naïve 9.16 0 203.29 236.33 0 14.14 4.79 476.77 429.67 548.64 178.92

Naïve 6.14 2.96 317.38 376.71 0 32.29 14.22 849.49 472.76 711.35 276.2

Spleen cytokines

Vaccine Group
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Table S1. Vaccination Data (continued 5). 

 
 

IL-2 IL-4 IL-6 IL-10 IL-12 IL-17A IFN-γ MCP-1 MIP-1α MIP-1β TNF

BCG 5.21 0 883.07 60.54 0 20.13 729.32 12.35 1794.69 2251.9 126.85

BCG 2.87 0 792.66 46.53 0 6.5 392.33 0 2070.52 2092.42 110.48

BCG 2.35 0 79.04 46.79 0 166.91 497.55 9.73 1007.29 2300.06 155.69

BCG 4.04 0 61.59 31.48 0 3.1 6.81 18.66 1145.53 1253.02 22.04

BCG 8.52 0 728.43 26.63 0 2.36 3.41 0 2093.43 1754.87 39.53

BCG 5.26 0 124.64 48.63 0 15.39 37.28 0 1362.07 2459.089885 40.77

BCG 6.96 0.36 231.62 52.05 0 1.61 76.87 0 1378.24 2768.707247 46.77

BCG 5.23 0 401.69 56.82 0 33.94 192.9 9.73 1457.41 2898.270809 51.56

BCG 8.21 0 406.55 34.56 0 5.88 198.09 0 1319.71 3479.423883 70.51

BCG 5.5 2.15 48.55 10.02 0 1.78 6.33 9.73 1575.12 1507.399166 25.86

ER + R₄Pam₂Cys 17.91 3.25 24.78 19.34 0 21.96 48.13 0 1847.62 1277.96 17.66

ER + R₄Pam₂Cys 25.03 0 26.55 33.27 0 57.25 114.23 0 1207.23 1344.28 16.47

ER + R₄Pam₂Cys 13.96 0.64 3.28 4.41 0 11.96 3.38 12.35 1574.06 491.68 6.26

ER + R₄Pam₂Cys 9.66 0 9.32 0.75 0 10.06 4.36 92.17 1540 714.29 22.65

ER + R₄Pam₂Cys 15.05 2.05 20.67 16.37 0 11.92 11.95 11.1 1791.53 1293.81 10.43

ER + R₄Pam₂Cys 0 0.64 0 0 0 0 0 0 24.81 13.61 0

ER + R₄Pam₂Cys 33.06 0.04 60.22 29.94 0 17.34 202.59 0 905.67 1882.91 33.78

ER + R₄Pam₂Cys 2.48 0 5.8 0.96 0 1.06 6.05 0 853.07 312.44 15

ER + R₄Pam₂Cys 31.05 2.15 71.09 51.26 0 60.11 323.12 0 932.05 1457.02 47.18

ER + R₄Pam₂Cys 37.33 0 36.12 24.35 0 40.27 57.19 17.71 1009.78 1674.34 24.05

ER alone 14.44 0 3.74 0 0 1.38 19.57 713.97 1419.89 2246.92 4.49

ER alone 9.81 5.56 37.82 38.7 0 17.96 93.49 0 1329.89 1591.15 31.74

ER alone 5.11 1.61 79.61 26.63 0 89.28 14.64 0 1621.87 1333.25 14.31

ER alone 5.04 0 12.69 3.64 0 0.59 7.57 11.1 1189.3 385.29 11.78

ER alone 0.81 0 3.38 3.9 0 2.36 51.01 12.35 537.55 276.42 5.7

ER alone 39.49 0.04 37.82 32.25 0 43.06 59.32 8.18 900.87 1566.16 27.68

ER alone 10.91 0 30.63 10.02 0 3.57 12.02 0 809.5 739.46 15.68

ER alone 0.58 0 0 0 0 0 0 0 157.03 52.61 1.87

ER alone 12.47 0 28.33 12.69 0 2.4 26.87 8.18 1416.56 1208.12 26.06

ER alone 3.29 0.04 8.3 0 0 0.98 0.93 0 614.71 142.4 8.9

R₄Pam₂Cys 2.15 0 6.52 4.16 0 1.99 13.97 0 989.04 453.5 9.09

R₄Pam₂Cys 8.64 0 51.64 32.25 0 1.22 7.54 0 1575.84 3216.22 23.04

R₄Pam₂Cys 0.94 0 2.87 0 0 1.09 1.26 0 1113.75 381.14 9.09

R₄Pam₂Cys 8.54 0 48.03 8.63 0 0 3.4 0 1821.86 1525.96 52.4

R₄Pam₂Cys 1.79 0 8.79 2.16 0 2.76 11.31 0 1516.25 547.41 14.25

R₄Pam₂Cys 4.18 0 5.81 5.16 0 0 0.7 12.35 1616.79 487.17 5.52

R₄Pam₂Cys 10.53 0 13.16 12.93 0 1.07 9.26 9.73 1864.33 1051.03 5.52

R₄Pam₂Cys 1.72 0 15.61 10.26 0 22.61 46.91 0 1626.61 707.59 16.08

R₄Pam₂Cys 0.78 0 1.05 0 0 0.1 0.06 3.57 524.02 138.69 0.97

R₄Pam₂Cys 0.73 0 0.34 5.4 0 0.49 0.1 0 551.32 140.33 1.33

No Vaccination 3.92 0 9.67 1.98 0 0.31 0.25 6.33 1120.48 354.65 10.82

No Vaccination 0 0 4.99 0 0 0 1.61 0 447.53 146.16 0

No Vaccination 1.64 0.9 33.78 10.74 0 5.72 47.46 0 1312.35 332.33 12.17

No Vaccination 4.25 0 9.72 1.29 0 0.66 0.22 14.64 1275.43 1667.34 10.24

No Vaccination 1.42 2.15 128.64 18.35 0 113.51 19.77 19.59 1500.25 1332.16 21.04

No Vaccination 5.03 1.39 10.93 8.56 0 0.02 1.85 0 1863.92 504.6 7.01

No Vaccination 2.05 0 3.02 2.85 0 0 0 0 684.74 183.21 6.82

No Vaccination 7.19 0 63.61 49.58 0 24.79 387.42 0 2412.08 5375.12 62.61

No Vaccination 0.94 0 8.7 8.08 0 0 0 20.5 1537.14 441.37 4.78

No Vaccination 1.28 0 7.68 7.11 0 0 0.32 22.24 1357.03 404.71 1.87

Naïve 4.37 0 19.38 9.53 0 0 2.1 9.73 937.68 496.86 10.62

Naïve 0 0 3.79 1.29 0 0 0.14 0 367.42 82.71 8.71

Naïve 1.02 0 3.23 3.38 0 0 0 16.72 172.17 59.42 5.33

Naïve 7.55 2.15 11.93 4.41 0 0.41 4.68 12.35 1202.08 574.43 14.9

Naïve 5.44 0.64 17 8.32 0 0.51 0.93 0 1091.36 1050.6 12.95

Naïve 7.98 0 22.97 10.5 0 1.4 9.93 0 1060.25 723.35 13.72

Draining lymph node cytokines

Vaccine Group
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Table S2. Summary of group-specific univariate logistic regression coefficients. 

 
 

BCG ER-P2Cys ER-only P2Cys-only No vaccine

Immune feature LR Coeff LR p  value LR Coeff LR p  value LR Coeff LR p  value LR Coeff LR p value LR Coeff LR p  value

IFNγ spleen -0.970334 5.18107E-05

IL-17A spleen -0.6581086 0.008910258 0.527210872 0.038671909

IFNγ LN 0.71026919 0.002068383 -0.485159411 0.040614066

IL-10 LN 0.92850964 9.35692E-06

MIP-1b LN 0.93515547 0.000107064

TNFα LN 1.07063887 2.14102E-06

IL-6 LN 1.1727529 8.90177E-08 -0.500637492 0.043264091

α-ER Ab 0.742637202 0.000579998 0.820818242 0.000112331 -0.650347172 0.003006284 -0.61238649 0.005461893

IL-2 LN 0.717051905 0.00301907 -0.58712933 0.016836051

IL-4 LN 0.441270194 0.031378683 -0.442894015 0.030729409

α-Mu Ab -0.55016423 0.017325056

IL-2 spleen -0.785568828 0.001501458

MIP-1b spleen 0.739183217 0.002999798

IL-6 spleen 0.658389303 0.008871559

MIP-1a spleen 0.531277708 0.03710721

TNFα spleen 0.514612636 0.043773074
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4.5 Summary 

In this chapter, vaccination with the ER+R4Pam2Cys formulation resulted in protection of 60% of mice 

from BU challenge. Although more of these vaccinated mice reached our defined disease outcome after 

24 weeks compared to BCG-vaccinated mice, the difference was not statistically significant.  

 

ER+R4Pam2Cys was significantly more protective than vaccination with R4Pam2Cys alone indicating 

that the inclusion of the ER protein was necessary to achieve any protective effects. This was further 

shown by vaccinating with ER alone. Though there were no significant differences in clinical outcomes 

when compared to ER+R4Pam2Cys vaccination, the inclusion of R4Pam2Cys delayed disease onset by 

~8 weeks. This correlated with the induction of significantly more ER-specific antibodies after a 

primary and booster vaccination, compared to ER alone vaccination. Although the presence of ER-

specific antibodies correlated to protection in this murine model of BU, the antibodies proved 

inadequate at providing complete protection against M. ulcerans challenge. This supports the results 

found in Chapter 3, alongside previous studies with mice (337) or sera of BU patients (128, 180), which 

suggest that strong BU antibodies alone cannot prevent BU disease. 

 

The murine challenge model in this chapter, challenged mice with a significantly lower bacterial dose 

compared to other studies (14-20 CFU compared to 104-106 CFU) (275, 332-335, 337, 339-343) and 

enabled the measurement of bacterial growth in the same animal over time. Mice in this study also took 

longer to succumb to infection (seven weeks or more), particularly in comparison to Chapter 3. This 

longer infectious period enabled the exploration of the potential vaccine-induced correlates of BU 

infection. By utilising a Cox proportional hazards regression model, this chapter identified that the 

cytokines most associated with protection in BCG mice were different to those identified in 

ER+R4Pam2Cys vaccine mice. As BCG is a multi-antigen live-attenuated vaccine it is likely to utilise 

both common and distinct protective responses and mechanisms to those induced by the 

ER+R4Pam2Cys vaccine candidate. The immune correlates most associated with protection were the 

presence of IL-2 in the spleen and lymph nodes. The presence of systemic IL-6, TNF-α and IFN-γ (in 

the spleen) are more strongly associated with disease. Additionally, the localised but not systemic 

presence of these and other cytokines including IL17A, MIP-1β and IL-10 are strongly associated with 

protection. Although many factors associated with disease and protection have been identified, future 

studies should further explore these associations and determine their importance with respect to 

protection against infection. To confirm the correlates of protection induced by this vaccine, future 

experiments could utilise transgenic or knock-out mice, particularly mice lacking TLR-2 to confirm the 

vaccine’s mode of action. Cytokines IL-2, IL17A, MIP-1β or IL-10 could also be depleted during M. 

ulcerans infection to measure the impact their absence has on bacterial control. As cytokines IL-6, TNF-
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α and IFN-γ produced systemically were more greatly linked to disease, the effect of depleting these 

cytokines during M. ulcerans infection on the time to ulceration could also be measured. 

 

In evaluating the efficacy of ER+R4Pam2Cys compared to BCG against BU in this study, results showed 

that protection can be mediated through different immune mechanisms. The mycolactone biosynthesis 

pathway forms a promising vaccine target to protect against BU. As M. ulcerans is slow-growing and 

requires its highly conserved cell wall-associated PKS for virulence (40, 41, 183, 417), the PKS 

domains could be an appealing target for antibodies. As such, future vaccine could incorporate a wider 

suite of PKS enzymatic domains to target the biosynthesis pathway. 
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5.1 Introduction 

This thesis explored vaccines against mycobacterial diseases TB and BU. There are numerous 

challenges in the pursuit of a successful mycobacterial vaccine. One of the major challenges is that the 

correlates of protection are not well defined, making it difficult to choose the most appropriate vaccine 

targets. BCG still remains the most effective vaccine against TB, however it provides variable 

protection against pulmonary tuberculosis in adults (268, 269) and does not provide long-lived 

protection against BU (274, 279, 418). This thesis explored experimental vaccines compared to the 

current BCG vaccine, attempting to assess immune correlates of protection against TB and BU.  

 

5.2 Key findings and Implications 

The main approach explored throughout this thesis was protein-subunit vaccination in conjunction with 

the lipopeptide adjuvant Pam2Cys. Some of the findings mirror immune responses seen in previous 

vaccination studies for both mycobacterial diseases using murine infection models, which will be 

described further below. However, there were also new findings that broaden our understanding of 

correlates of protection, particularly against BU that will help shape future vaccine designs. 

 

The TLR-agonist Pam2Cys, can enhance protein-specific responses against MTB and MU 

The vaccines tested in all three chapters induced significant protein-specific responses to ESAT-6 and 

Ag85B (Chapter 2), Hsp18 and MUL_3720 (Chapter 3), and the mycolactone PKS ER protein (Chapter 

4) associated with Pam2Cys. As identified in Chapters 3 and 4, protein-specific antibody responses were 

significantly higher with the addition of Pam2Cys compared to vaccination with protein alone. 

However, M. ulcerans or MTB protein + Pam2Cys produced only minor amounts of CD4+ or CD8+ 

protein-specific T cells.  This suggested that Pam2Cys is having an adjuvant-enhanced effect, however 

was not effective at increasing protein-specific CD4+ and CD8+ T cells.  

 

Rather than significantly increasing total immune cell numbers, the adjuvant may instead be influencing 

the type of immune responses. This was seen by the differences in cytokine production between ESAT 

and Ag85B (Chapter 2), and ER (Chapter 4) vaccination with and without R4Pam2Cys. It was also 

evidenced by the increase in antibody responses to protein + Pam2Cys with all vaccines trialled. 

Antibody production can be influenced by CD4+ T-helper cells, as B cells often require two activation 

signals to induce antibody production (419); the first signal from the antigen binding to the B cell 

receptor and the second signal is usually provided by an activated helper T cell (420). Th1, Th2, Th17 

and follicular helper T cells have been implicated in aiding antibody production (421-423). There was 

no significant increase in Ag85B-specific (Chapter 2) or ER-specific (Chapter 4) CD4+ T cells 

compared to protein alone vaccination. However, there was an overall increase in protein-specific 
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antibody titres for groups vaccinated with protein + Pam2Cys compared to groups vaccinated with 

protein alone. This further implies that although T cell numbers did not significantly increase, the 

adjuvant might be influencing CD4+ T cell responses to aid B cell activation and antibody production 

in this thesis. The antibody responses to MUL_3720 and Hsp18 vaccination (Chapter 3) were 

predominately subtype IgG1 with some IgG2a also present. This indicates refinement of the immune 

response due to protein exposure, as IgG1 subtypes are capable of binding proteins (414). This isotype 

switching would have been influenced by CD4+ T-helper cells (419). Significantly higher protein-

specific antibody titres were induced against ESAT-6 and Ag85B (Chapter 2), Hsp18 and MUL_3720 

(Chapter 3), and ER (Chapter 4) proteins when given with the R4Pam2Cys adjuvant, compared to protein 

alone. This thesis supported previous findings, identifying these four proteins as being capable of 

generating strong antibody responses in mice (180, 335, 337, 362, 424, 425). 

 

Vaccination with ER+R4Pam2Cys was found to generate significant amounts of IL-2 and IL-4 in the 

draining lymph nodes (DLN), and IL-17A in the spleen, and also induce protection compared to 

unvaccinated mice (Chapter 4), however there was no significant increase in CD4+ or CD8+ T cell 

numbers compared to protein alone vaccination. In this study, although there was no significant 

difference between the number of BU diseased mice between ER alone and ER+R4Pam2Cys vaccinated 

groups, the addition of R4Pam2Cys delayed the time it took mice to reach the luminescence threshold 

of BU (16 weeks or longer for ER+R4Pam2Cys, compared to between 7-13 weeks for ER alone groups) 

(Chapter 4). This suggests that the adjuvant was helping to shape the immune response to ER protein.  

 

It’s been previously shown in the context of viral infections that the TLR-2 agonist Pam2Cys increases 

antibody responses, CD8+ T cell responses, DC activation and antigen trafficking to lymph nodes (LN) 

(379, 386). The vaccines described in all three results chapters showed increases in antibody responses 

above protein-alone, and ESAT-6+R4Pam2Cys vaccination increased CD8+ T cells but not CD4+ T cells 

(Chapter 2). ER-specific responses were identified in the DLN of M. ulcerans infected mice, though 

ER-trafficking to LN was not specifically examined (Chapter 4). This thesis included the first evaluation 

of Pam2Cys as an adjuvant to enhance protection against mycobacterial diseases. The results from this 

thesis show that although Pam2Cys increased protein-specific responses to mycobacterial antigens, this 

lipopeptide adjuvant may be better suited for use in vaccines against viral infections rather than 

mycobacterial infections. Pam2Cys has previously been shown to increase protection against viral 

infections such as influenza (379, 386) and hepatitis C (390, 391), and can protect against the secondary 

infection with Streptococcus pneumoniae in influenza-infected mice (392). Pam2Cys is even capable of 

protecting against influenza when administered in the absence of pathogen-specific antigens (388, 389). 

However, from the results presented in this thesis (in particular Chapter 4) it appears that while Pam2Cys 

enhances mycobacterial protein immunogenicity, it is not wholly protective (Chapter 4). 
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High protein-specific antibody titres were identified in all three results chapters. These antibody 

responses did not correlate with protection against MUL_3720 and Hsp18 in Chapter 3, however they 

did correlate to protection with ER+R4Pam2Cys vaccination (Chapter 4). This difference in results may 

be due to antigen selection or due to the low-dose BU challenge model, both discussed further below. 

Previous research has shown MTB-specific antibodies can play a role in protection during latent 

infection (174, 409), but there is limited data to suggest that antibodies against M. ulcerans play a role 

in controlling infection (104, 128, 337). Antibodies against mycolactone can be used to control M. 

ulcerans infection in mice (208). Th1 responses do not completely protect against TB or BU (129, 275, 

426, 427), so there may be a supporting role for antibodies against these diseases. MTB antibodies may 

be effective during the pathogen’s extracellular phase(s). Antibodies against the mycolactone PKS 

enzymes may promote early opsonisation of M. ulcerans, disabling mycolactone biosynthesis, 

permitting the host to clear the infection early.  

 

Significance of the animal model used to assess vaccine efficacy 

This thesis employed two mouse models of M. ulcerans infection. In Chapter 3, vaccine efficacy was 

tested against a high-dose model (infectious dose of 1x104 CFU) compared to Chapter 4, whereby 

vaccine efficacy was tested in a low-dose model (infectious dose of 14-20 CFU).  

 

In Chapter 3, upon challenge with M. ulcerans all C57BL/6 and BALB/c mice developed ulcers by day 

40 post-infection. No significant difference was observed in the proportion of time-to-onset of 

ulceration between groups vaccinated with BCG compared to protein and adjuvant vaccination. 

Previously the BCG vaccine has been found to be capable of preventing the onset of BU by between 6-

8 weeks compared to naïve mice (279), which is approximately equal to the delay of BU onset in 

Chapter 3. Though there was no association between vaccine-induced antibody responses and 

protection, the true efficacy of the antibody response in this study was difficult to measure in the animal 

model utilised in Chapter 3. All mice in the study succumbed to infection in a very short amount of 

time (40 days) whereas in humans, it takes significantly longer (around 4.8 months) for ulcers to develop 

(415). This aggressive model of BU infection makes it difficult to assess the impact of vaccines and 

reinforces the need to utilise animal models that best emulate the natural history of the disease in the 

target host of the vaccine. 

 

Subsequent to the research described in Chapter 4, a new murine model of BU was developed (101). 

As discussed in Chapter 4, previous models used much higher bacterial challenge doses (generally 

between 104-106 CFU) (331), which did not reflect bacterial loads identified in environmental samples 

and the newly identified ID50 of 3 CFU (101). The challenge model utilized in Chapter 4 was the first 

vaccination study to utilise a low-dose challenge in a murine model of BU. In this model, the BCG 

vaccine was capable of delaying BU, however was not fully capable of preventing the onset of BU in 



Chapter 5 | Summary 

 181 

three out of ten mice. This provides validity to the model, as BCG doesn’t provide complete protection 

against BU in in other mouse models and humans (274-279). In this model, BU infection was only 

monitored for 24 weeks, therefore it cannot be deduced whether the remaining BCG vaccinated mice 

were protected or whether the onset of disease was just delayed. In this low-dose BU challenge model 

almost 90% of unvaccinated mice succumbed to BU in the 24-week monitoring period. 

 

The role of antigen selection in vaccine immunogenicity. 

The choice of vaccination antigen is a major consideration for subunit vaccine design. Unlike whole-

cell vaccines, subunit vaccines focus on a specific pathogen-associated molecule and induce a restricted 

range of immune responses (428). As subunit vaccines are more specific, one potential benefit of this 

approach is that they induce less side-effects compared to whole cell vaccination (428). This thesis 

chose known immunogenic proteins, ESAT-6, Ag85B, Hsp18, MUL_3720 and ER as they have been 

proven to be immunogenic in humans (180, 295, 370, 376, 424, 429, 430). These antigens may require 

an effective adjuvant to shape the immune response, as vaccination with these proteins alone does not 

control MTB or M. ulcerans.  

 

In Chapter 2, the addition of Pam2Cys adjuvant did not significantly increase CD4+ or CD8+ T cells 

against Ag85B and only slightly increased CD8+ T cells against ESAT-6 antigen. These two proteins 

are well described MTB immunogens in animal models (362, 363, 371, 374, 375) and humans (295, 

370, 424, 429, 430), therefore it was unsurprising that they generated strong cell-mediated responses 

on their own. MUL_3720 and Hsp18 have been previously used in vaccinations and shown to induce 

strong antibody responses in mice with alternative adjuvants (GLA-SE and viral replicon particles). 

Similar to the results in Chapter 3, these previous studies found that antibodies against MUL_3720 and 

Hsp18 did not control disease. ER+R4Pam2Cys vaccination in Chapter 4 could significantly protect 

against BU, and there was no significant difference between the addition of the adjuvant and ER alone 

vaccination. This suggests that ER may be a better vaccine target than Hsp18 and MUL_3720, though 

all three proteins are cell wall-associated (356, 376, 417). The reasons for the enhanced suitability of 

ER as an M. ulcerans-vaccine antigen will be discussed further below. Recent vaccines against TB have 

combined antigens and shown increased immunogenicity to these protein combinations (287, 290, 292-

295, 297, 299, 341, 365, 375, 431, 432). Future mycobacterial vaccines could incorporate more than 

one antigen, as it is unlikely that just one antigen will produce a broad enough immune response to 

control TB or BU. 

 

The mycolactone biosynthesis pathway is a promising vaccine target. 

Both recombinant MUL_3720 or Hsp18-based vaccine candidates were capable of eliciting strong 

antibody production, however the two vaccines were unsuccessful at preventing or delaying the onset 

of BU. Two previous BU vaccine studies have incorporated MUL_3720 and Hsp18 into putative 
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vaccines (336, 337). These studies identified strong protein-specific antibody responses to both 

proteins, which also did not correlate with protection against M. ulcerans challenge (336, 337). This 

suggests that these two proteins may not be ideal antigens for a M. ulcerans vaccine, though they are 

recognised by the murine immune system. This highlights a key challenge of M. ulcerans vaccine 

development, as the immune responses essential for protection are unclear and it is unknown whether 

antibody responses are even required. Another challenge for BU vaccine development is overcoming 

the immunosuppressive and cytotoxic effects of the mycolactone toxin. Neutralising antibodies against 

mycolactone have shown potential as a therapeutic treatment for BU (208). Additionally, non-

mycolactone producing strains of M. ulcerans do not cause BU (183), therefore targeting or obstructing 

the mycolactone production pathway could be key to protecting against BU. As previously mentioned, 

the mycolactone-producing PKS are cell wall-associated (417) and highly conserved enzyme 

complexes in M. ulcerans (40, 41). Consequently, the PKS make an attractive target for specific 

antibodies as the PKS are required by all virulent M. ulcerans and are accessible for opsonising or 

neutralising antibodies. If opsonising antibodies to M. ulcerans can be generated early in infection (433, 

434), they may be capable of targeting M. ulcerans for destruction and simultaneously inactivating 

toxin synthesis. 

 

Chapter 4 assessed an experimental M. ulcerans prime-boost vaccine in a low-dose murine tail model 

of BU infection and the ER+R4Pam2Cys vaccine displayed promising results. Survival analysis showed 

mice receiving ER+R4Pam2Cys or the BCG vaccine were equally well protected, with both groups 

faring significantly better than unvaccinated animals. This research highlights the power of vaccines as 

tools to investigate potential correlates of protection. 

 

Machine learning approaches to develop statistical disease-prognostic models identified higher levels 

of IL-2 and low IFN-γ produced in the spleen best predicted control of infection. High levels of IL-2 

have not previously been linked to protection, though this is perhaps not a surprising finding, as IL-2 is 

the main T-cell signalling cytokine for differentiation and expansion (435). Cox proportional hazards 

regression modelling revealed vaccine-specific profiles of protection. High titres of ER-specific IgG 

serum antibodies, IL-2 and IL-4 in the DLN were associated with protection induced by the 

experimental ER vaccine. Similar to TB, previous studies have linked IFN-γ with healing in M. ulcerans 

(129, 175, 176), however from this study a high level of splenic IFN-γ appeared to be a marker of 

disease and IFN-γ in the DLN was linked with protection. This study also found that high levels of 

splenic inflammatory cytokines were associated with disease progression, suggesting the need for 

effective vaccines to induce controlled inflammatory responses at the site of infection.  
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Immune correlates of protection differ between vaccine formulations. 

Vaccination with ER+R4Pam2Cys and the BCG vaccine in a low-dose murine tail model of BU infection 

(Chapter 4), showed that mice vaccinated with both vaccines were equally well protected, with both 

treatment groups faring significantly better than unvaccinated animals. This enabled the vaccines to be 

used tools to investigate potential correlates of protection. 

 
ER+R4Pam2Cys-induced protection was linked to IL-2, IL-4, ER-specific antibodies in the DLN and 

IL-17A in the spleen. BCG-induced protection was associated with IL-6, TNF-α, IFN-γ and IL-10 and 

low IL-17A and IFN-γ in the spleen. As both the ER+R4Pam2Cys and BCG vaccines provided 

protection with different immune responses, this study indicates there is likely to be more than one path 

for protection against BU. An effective BU vaccine might induce varied, tissue-specific immune 

profiles. Attempts to define correlates of protection will need to consider that responses are vaccine-

specific. The impact of host genetic variations also needs to be considered, as human responses to TB 

and BU can vary by genetics (179, 436-438). Vaccines that induce a broad range of immune responses 

might be the most effective (221). 

 

Mycobacterial vaccines using the TLR-2 agonist, Pam2Cys, can induce IL-17 responses. 

As shown in Chapter 2 and Chapter 4, ESAT-6, Ag85B and ER conjugated to R4Pam2Cys are all capable 

of inducing IL-17A compared to protein alone vaccination. ESAT-6 and Ag85B have been previously 

shown to induce IL-17 responses (431, 439, 440). The role of IL-17 in mycobacterial infections is 

somewhat complex. The lack of IL-17 increases susceptibility to TB in murine models (170, 441, 442), 

however Th17 cells have been shown to increase TB pathogenesis (443, 444). In the low-dose BU 

challenge model (Chapter 4), although IL-17 was increased by ER-vaccination, it was not found to be 

significantly linked to protection by univariate logistic regression. The production of IL-17 may be 

finely tuned in mycobacterial diseases, whereby too much causes enhanced disease progression (443, 

444). The role of IL-17 requires more study, as it is clear that Th1 responses alone do not protect against 

TB or BU (129, 275, 426, 427). The vaccines from this study could be used to further elucidate the role 

of IL-17 in control of mycobacterial diseases.  

 

Vaccination route induced different immune responses to the same vaccine formulation. 

As depicted in Chapter 2, the administration of ESAT-6+R4Pam2Cys intranasally compared to 

subcutaneously generated different immune responses in mice lungs and spleens. Though both routes 

induced low numbers of CD4+ and CD8+ T cells in the lungs, subcutaneous vaccination could induce 

higher CD8+ T cells in the spleen compared to intranasal vaccination. When measuring vaccine-induced 

cytokine it appeared that intranasal vaccination was the most effective at inducing cytokine responses. 

Cytokine production was much higher in the lungs than the spleen. ESAT-6+R4Pam2Cys could only 

induce very minor splenic responses via intranasal or subcutaneous vaccination. Other studies have 
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identified an improvement to BCG vaccination when administering the vaccine through alternative 

routes, such as intranasally and intravenously (270, 445, 446). A recent study measuring the efficacy of 

intravenous BCG, found that it could protect against virulent MTB challenge in nine out of ten non-

human primates (270). In addition to the findings from this study, these results suggest that not only is 

vaccine formulation a key factor for vaccine-induced protection, but the route of administration plays 

an important role in generating vaccine immunity. 

 

For TB, where the majority of primary infection occurs in the lungs, intranasal or intravenous 

vaccination may be the most effective route for protection. The vaccine should be capable of priming 

the lungs and cells associated with the respiratory system, as the efficacy and tolerability of dermal and 

subcutaneous vaccination can be impacted by many factors (e.g. depth and location of vaccination) 

(447). There are some barriers to the implementation of intranasal and intravenous vaccination. 

Although intranasal vaccine is much less invasive compared to dermal or intravenous vaccination, it’s 

less favoured for use as it is difficult to deduce whether the full dose has been administered due the 

anatomical and physiological differences in nasal environment (448). Intravenous injection allows the 

vaccine to travel through the immune system much more easily, however it is more difficult to 

administer (449). This method is more expensive and labour intensive, as well as potentially distressing 

to some patients (449, 450), thus could be problematic in more rural communities and for children. 
 

5.3 Limitations and Strengths 

Animal models 

Animals models are an essential tool to understand the development of infectious diseases and immune 

responses, but they may not fully emulate human infection with a particular pathogen. In the case of 

TB, laboratory mice do not naturally generate a latent MTB infection (451, 452). In the case of BU, 

animal ethics constrained experiments from continuing once the point of ulceration had been reached. 

Therefore, healing from BU could not be studied in the scope of this PhD. Mice and humans can also 

recognise different antigenic epitopes and therefore mount slightly different immune responses to the 

same antigens (453, 454). This difference may not be identified until pre-clinical trials of a vaccine 

successful in animal models begin in humans. Fortunately, mice are highly fecund, which enables the 

rapid generation of statistically significant numbers for studies. There are numerous genetically 

modified mouse models that can incorporate human-specific responses (455, 456), such as the HHD 

mouse model used in results Chapter 2.  

 

One strength of this thesis is the utilisation of the novel low-dose challenge model for M. ulcerans 

infection. This thesis includes the first vaccine study to utilise this model, which reflects the likely 

natural bacterial load for infection and route of infection. This model has an incubation period similar 
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to humans (415) and therefore helps close the gap between animal model of infection and human 

infection. The use of this model also enhanced the study of immune correlates as there was a clearer 

divide between BU-protected and diseased mice. This provided more robust support for the association 

of immune responses with either clinical outcome. 

 

Statistical modelling  

The use of univariate logistic regression permitted simultaneous exploration of many experimental 

variables and modelling of immune responses that associated with BU vaccine protection or failure. 

Such models are limited by the input variables measured and here, the models were built retrospectively 

as a way to explore patterns in the immune response data. Future research could experimentally test 

vaccines based on specific model predictions of protection and then iterate the experiment with 

optimised vaccine formulations. This approach would have the dual benefit of improving vaccine 

efficacy and implicating specific immune responses in protection. 

 

Availability of technology  

The findings in this thesis were partially controlled by the available technology and assays. However, 

experimental design was refined as resources became available. A few examples are the availability of 

the IVIS to measure bacterial load and the use of dynamic light scattering (DLS) to measure the particle-

size to extrapolate binding between protein and adjuvant complexes. For instance, the DLS improved 

sensitivity, requiring less protein and adjuvant for analysis and improved the method of identifying 

protein-adjuvant binding between Chapter 3 and Chapter 4. This may have future implications for 

identifying correlates of protection. As more complex and sensitive assays are developed and data 

analysis tools become more sophisticated, this may enable researchers to more sharply define protective 

immune responses. 

 

5.4 Future Directions 

Mycobacterial vaccine formulation 

One suggestion arising from this thesis is that future BU vaccine approaches should focus on targeting 

the mycolactone biosynthesis pathway. As previously described, mycolactone is a major virulence 

determinant for M. ulcerans and the PKS responsible for its biosynthesis are highly conserved (40, 41) 

and recognised by the immune system (180). Similarly, for TB, future vaccines could target more 

conserved proteins or proteins more highly expressed during latency to remove the bacteria when they 

are least active. Some putative TB vaccine studies are already moving in this direction (297, 457, 458). 

New combinations of adjuvants should also be studied. Although Pam2Cys is capable of generating 

protein-specific responses against bacterial pathogens, its protective capabilities appear to be better 

suited against viral infections (388-391).  
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Understanding immune correlates of protection 

One of the difficulties in identifying the protective immune response is the comparison of large data 

sets quantifying the different levels of immune cells, chemokines and cytokines present during 

vaccination and infection. As the immune system works together to protect its host during infection, 

small changes and different immunological parameters (and combinations of parameters) can make it 

difficult to identify the specific responses which promote protection. Future studies could focus on a 

wider suite of immune parameters, including innate immune responses, to produce a more complete 

picture of the host responses induced by vaccination or infection. This thesis incorporated the use of 

machine learning approaches to help clarify those immune responses most associated with protection 

or disease. In future, as this approach becomes more refined, it could be a useful tool to refine rational 

vaccine design. 

 

4.5 Conclusions 

This thesis highlights some of the challenges of designing protein subunit vaccines against two 

mycobacterial pathogens. Without knowing possible correlates of protection, the choice of 

immunogenic targets and adjuvants remains based on empiric testing. The vaccines built and tested in 

Chapters 2, 3 and 4 induced different immune responses however none showed better protection than 

BCG (Chapter 3 and 4, specifically). Targeting the mycolactone biosynthesis pathway has been 

discovered as a viable focus for vaccination. Also, as shown in all chapters, the addition of Pam2Cys 

induced strong protein-specific antibody responses, with the caveat that strong antibody responses alone 

did not correlate with protection against BU. This thesis suggests that it is possible to build a vaccine 

that will induce protection against BU. Future studies will hopefully expand on the findings from this 

thesis to produce successful mycobacterial vaccines against TB and BU. 
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