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Abstract
Buruli ulcer, an emerging tropical disease caused byMycobacterium ulcerans (MU), is

characterized by disfiguring skin necrosis and high morbidity. Relatively little is understood

about the mode of transmission, pathogenesis, or host immune responses to MU infection.

Due to significant reduction in quality of life for patients with extensive tissue scarring, and

that a disproportionately high percentage of those affected are disadvantaged children, a

Buruli ulcer vaccine would be greatly beneficial to the worldwide community. Previous stud-

ies have shown that mice inoculated with eitherM. bovis bacille Calmette–Guérin (BCG) or

a DNA vaccine encoding theM. ulceransmycolyl transferase, Ag85A (MU-Ag85A), are

transiently protected against pathology caused by intradermal challenge with MU. Building

upon this principle, we have generated quality-controlled, live-recombinant strains of BCG

andM. smegmatis which express the immunodominant MU Ag85A. Priming with rBCGMU-

Ag85A followed by anM. smegmatisMU-Ag85A boost strongly induced murine antigen-

specific CD4+ T cells and elicited functional IFNγ-producing splenocytes which recognized

MU-Ag85A peptide and wholeM. ulcerans better than a BCG prime-boost vaccination.

Strikingly, mice vaccinated with a single subcutaneous dose of BCGMU-Ag85A or prime-

boost displayed significantly enhanced survival, reduced tissue pathology, and lower bacte-

rial load compared to mice vaccinated with BCG. Importantly, this level of superior protec-

tion against experimental Buruli ulcer compared to BCG has not previously been achieved.

These results suggest that use of BCG as a recombinant vehicle expressing MU antigens

represents an effective Buruli ulcer vaccine strategy and warrants further antigen discovery

to improve vaccine efficacy.

Author Summary

Buruli ulcer, caused by subcutaneous infection withMycobacterium ulcerans, is a highly
disfiguring flesh-eating skin disease with significant morbidity. Besides surgical interven-
tion, 8-week combination antibiotics is the standard of care. However, problems with
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resistance and toxicity warrant their replacement with efficacious vaccines. Several
attempts to generate a vaccine have met with limited success and, to date, BCG remains
the only vaccine capable of conferring transient protection. Here we demonstrate that a
recombinant BCG-based vaccine expressing the immunodominantM. ulcerans Ag85A is
capable of significantly enhancing protection in experimental Buruli ulcer compared to
standard BCG, with a decrease in bacterial burden, pathology, and increase in survival.
These results support further Buruli ulcer vaccine development using the highly safe and
well-established BCG vehicle.

Introduction
Buruli ulcer (BU), the clinical manifestation of subcutaneous infection byMycobacterium
ulcerans (MU), is a highly disfiguring flesh-eating skin disease with significant associated mor-
bidity [1–5]. Much of the pathology related toM. ulcerans infection is due to secretion of the
potent cytotoxin, mycolactone, which not only leads to tissue necrosis but also possess immu-
nosuppressive and analgesic properties [6–8]. Although infections are present worldwide,
endemicity occurs in impoverished areas with below-average access to appropriate diagnosis
and medical treatment. Unfortunately this condition disproportionately afflicts children, and
over 50% of those affected are less than 15 years of age [9]. Not only is Buruli ulcer capable of
causing body-wide scarring, loss of limbs, damage to eyes, osteomyelitis, and secondary coloni-
zation of necrotic tissues, but infection is often affiliated with severely negative social stigma
and ostracism [10,11]. If diagnosed early enough, an eight-week course of multiple anti-myco-
bacterial drugs are required to eliminate infection [12]. However, due to the typically indolent
and misleading nature of initial disease symptoms, skin ulceration is often allowed to progress
to a point at which antibiotic treatment is ineffective in preventing further necrosis. At this
stage, surgical removal of infected tissue and skin grafting is required. The mode of transmis-
sion, pathogenesis, and host immune responses toM. ulcerans infection are poorly understood,
and there is currently no effective prophylactic vaccine available [13].

Mycobacterium bovis bacille Calmette-Géurin (BCG) is the most widely administered vac-
cine in the world and is currently the only WHO-approved vaccine for tuberculosis [14–16].
Although BCG confers highly variable protection against pulmonary tuberculosis (TB), defense
against disseminated forms of tuberculosis in children has been more consistently observed
[17]. Previous retrospective studies have attempted to assess if vaccination with BCG offers
protection against Buruli ulcer. Prior vaccination with BCG was observed to offer short term
protection, mainly in the form of a delay in onset of tissue ulceration, although up to 45% pro-
tection was observed against MU-associated osteomyelitis [18–21]. Mouse models of Buruli
ulcer infection have also examined the protective qualities of BCG vaccination and have yielded
similar results, whereby the time to onset of footpad swelling in BCG-primed animals is
delayed compared to unprimed controls [22].

Alternative anti-Buruli ulcer vaccination strategies have involved use of DNA-based vac-
cines which direct the expression of MU antigens within host cells. Roupie et al. utilized a plas-
mid-based vaccine to encode several mycolactone polyketide synthase domains, where DNA-
primed mice were boosted with recombinant homologous proteins and were subsequently
infected with virulentM. ulcerans 1615 [23]. Despite the evidence for antigen-specific antibody
and T cell responses to this vaccination, little protection was observed and none of the vaccines
yielded protection matching the level conferred by BCG priming. However in other studies,
Tanghe et al. repeatedly observed that upon priming with two doses of plasmid DNA encoding
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MUmycolyl transferase Ag85A (MU-Ag85A) and subsequently boosting with purified recom-
binant protein, the onset of mouse footpad swelling was delayed to a level approaching that of
BCG priming alone [24,25].

Based on the combined observations that both BCG inoculation and exposure to certain
MU antigens could impart protection in the mouse model ofM. ulcerans infection, we exam-
ined whether enhanced protection could be conferred by a prime of recombinant BCG (rBCG)
strain overexpressing MU-Ag85A. Due to the fact that BCG was previously shown to be inef-
fective at boosting its own prime responses, we also examined the use of recombinantM. smeg-
matis expressing MU-Ag85A as a boosting agent [26]. Previous studies have highlighted the
importance of Th1-based CD4

+T cell responses during mycobacterial infection, and the skew-
ing of adaptive immunity away from such responses have been observed to coincide with ulcer-
ation in Buruli ulcer patients [27–33]. In addition to the strong proliferation of CD4+ Ag85A-
specific T cells and increase in functional IFNγ-producing splenocytes stimulated by our
recombinant vaccine, MU bacterial load in the mouse footpad was significantly reduced. Most
importantly, either a single administration of BCG-MUAg85A or the prime-boost model using
recombinant mycobacteria significantly increased the time to onset of footpad swelling in MU-
infected mice, demonstrating the first Buruli ulcer vaccine to achieve enhanced protection over
BCG vaccination.

Methods

Mice
Female C57BL/6 mice were obtained from Jackson Laboratories. Mice were 6–8 weeks old at
time of vaccination and 16–18 weeks old by time of challenge.

Bacterial strains and culture
Mycobacterium bovis BCG-Danish (BCGD) was cultured in liquid Difco Middlebrook 7H9
media or on solid Difco Middlebrook 7H10 agar supplemented with 0.5% glycerol, OADC,
and 0.05% tyloxapol. Selection of BCG transformants was accomplished by supplementing liq-
uid or solid media with 25 or 40 μg/ml kanamycin, respectively. Liquid cultures less than 50 ml
were grown at 37°C and shaken at 120 rpm. Liquid cultures greater than 50 ml were expanded
to no more than 250 ml in one liter roller bottles and rotated at 6 rpm. Large-volume accession
lots of vaccine strains were frozen in 1 ml aliquots at a concentration of OD600 1 (~10

8 CFU/
ml).Mycobacterium ulcerans strain 1615 was kindly provided by Dr. Pamela Small (University
of Tennessee) and was grown in Middlebrook 7H9 or 7H10 as above at 32°C. For sequencing
and manipulation of plasmid DNA, DH5α Escherichia coli (E. coli)was grown in lysogeny
broth (LB) or on agar plates supplemented with appropriate antibiotics.

Plasmid constructions and transformation
TheM. ulcerans Ag85A open reading frame with its endogenous signal sequence was amplified
from genomic DNA using the following primers engineered with NdeI and EcoRV restriction
sites: forward, 5’-GAGACATATGAAGCTTGTTGACAGGTTTCGTGGC-3’, reverse, 5’-
GAGAGATATCGGCGCCCTGGG TGTCACC-3.’MU-Ag85A amplicons were cloned into
the pMV261 backbone, where antigen expression was under the control of the constitutive
mycobacterial hsp60 promoter and plasmid selection was mediated by kanamycin resistance
(henceforth, pSL401). The hemagglutinin (HA) epitope was fused to the C-terminus of
MU-Ag85A. Electrocompetent BCG andM. smegmatis cells were prepared by pelleting log
phase liquid cultures (OD600 0.6–0.8) at 3000 rpm for 10 minutes and washing three times in
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10% glycerol with 0.05% tyloxopol. Mycobacteria were electroporated using 0.5 μg plasmid
DNA and recovered in Middlebrook 7H9 media at 37°C overnight.

Vaccine lot quality control
Accession lot of vaccine strains underwent quality control to assess antigen expression, absence
of contamination, and retention of plasmid DNA. For immunoblotting, bacterial lysates were
prepared by pelleting 10 ml of log-phase culture at 3000 rpm for five minutes. Pellets were
washed by repeated centrifugation and resuspension in 10 ml PBST. The final pellet was resus-
pended in 200 μl lysis buffer with glass beads and vortexed for three minutes. SDS PAGE gels
were loaded with a mixture of 15 μl clarified lysate with Laemmli buffer and run under 130V
for one hour. Protein was subsequently transferred to PVDF membranes by electrophoresis
under 30V for one hour. Membranes were blocked by shaking in 5% milk dissolved in TBS
with 0.1% tween (TBST) at room temperature for one hour. HRP-conjugated mouse anti-HA
(clone 3F10, Roche) antibodies were diluted 1:1000 in 5% milk-TBST and incubated with
membranes for one hour at room temperature. After washing, proteins were detected via
chemiluminescence (Lumi-light, Roche) and exposure of X-ray film. For plasmid sequencing,
plasmid isolation was performed by incubating mycobacterial pellets with Qiagen Miniprep
buffer P1 and lysozyme at 60°C for one hour. This was followed by the manufacturer’s proto-
col. Eluted plasmid DNA was then heat shocked into chemically competent E. coli DH5α and
plasmid DNA was isolated from the resulting transformant colonies. The presence of the cor-
rect plasmid insert was assessed by gel electrophoresis of NdeI/EcoRV restriction digests. Plas-
mid inserts were also sequenced and analyzed using Clone Manager (Sci-Ed) software. For the
assessment of contamination 100 μl of thawed accession lot material was spread plated on
chocolate agar and incubated at 37°C for up to two weeks.

Mouse vaccination and infection
For priming, C57BL/6 mice were vaccinated subcutaneously in the scruff of the neck with
100 μl (~107 cells) from a thawed vaccine accession lot vial of BCG-empty vector or recombi-
nant BCG-MU-Ag85A. Eight weeks post-prime, mice were boosted retro-orbitally with 100 μl
(~107 cells) ofM. smegmatis-MU-Ag85A and were then challenged intradermally via the foot-
pad with 105 M. ulcerans 1615 at two weeks post-boost. Vials of MU1615 challenge material
were consistently pulled from the same accession lot and were fully virulent by testing pathol-
ogy in mouse footpad models. At two to three week intervals, the height and width of footpads
from infected mice were measured with digital calipers for signs of swelling. To comply with
IACUC protocol, mice were euthanized once height of swelling exceeded 4.5 mm (prior to visi-
ble ulceration), in order to prevent animal suffering.

Ag85-MHCII tetramer assay
Levels of Ag85-specific CD4+ T cells were assessed by tetramer staining and flow cytometric
analysis. At weekly time points after BCG inoculation, blood samples were collected retro-orbi-
tally and peripheral blood mononuclear cells (PBMCs) were isolated by gradient centrifugation
through 1 ml of Lympholyte M (Cedarlane). The resulting PBMC layers were removed, washed
in 10 ml PBS, and were resuspended in 2 ml of ACK lysis buffer for three minutes to eliminate
erythrocyte contamination. PBMC pellets were then washed and resuspended in APC-conju-
gatedM. tuberculosis Ag85B-MHCII tetramer (1:500, NIH Tetramer Core Facility) diluted in
flow buffer (2% FBS in PBS). This tetramer recognizes a 15 amino acid epitope (FQDAY-
NAAGGHNAVF) with high sequence homology toM. ulcerans Ag85A. The staining pro-
ceeded for 30 minutes at 37°C followed by addition of 1:500 FITC-conjugated anti-mouse CD4
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(clone GK-1.5, Biolegend) and 1:200 PE-Cy5 anti-mouse CD8 (clone 53–6.7, Biolegend) for 30
minutes on ice. The PBMCs were subsequently washed in 3 ml of flow buffer, followed by
resuspension in 4% paraformaldehyde. Samples were fixed for 30 minutes before flow cyto-
metric analysis using a BD LSRII and FlowJo analysis software (Tree Star Inc.). For central and
effector memory cell staining, the above tetramer protocol was combined with additional anti-
body incubations, including 30 minutes on ice using APC-Cy7 anti-mouse CD4 (clone GK-
1.5), PE-Cy7 anti-mouse CD44 (clone IM7, BD Pharmingen), and FITC anti-mouseCD62L
(clone MEL-14, BD Pharmingen).

Acid fast bacilli microscopy
At weeks 5 and 12 post-challenge, mice were euthanized and infected footpads were removed
for disinfection and homogenization. Footpads were disinfected by submerging in 70% ethanol
for five minutes and subsequently washing three times with PBST. Footpads were then were
finely minced using surgical scissors and placed in mortar and pestles for homogenization.
These homogenates were then subjected to N-acetyl-L-cysteine (NALC)/NaOH disinfection by
combining with a 50:50 mixture of 4% NaOH and 2.9% sodium citrate containing 1% NALC.
Disinfection was allowed to proceed for 20 minutes at room temperature. Homogenates were
then pelleted at 3000 rpm for 5 minutes, washed three times in PBST, and were filtered through
a 40 μmmesh. Glass microscope slides were marked with a 0.79 cm2 circle and 5 μl of filtrate
was spread evenly within this area. After drying the smear, slides were heat-fixed by passing
briefly over a Bunsen burner flame and then were allowed to cool. Smears were stained using
auramine-rhodamine (BD Bioscienes) for three minutes, followed by a rinsing in water,
destaining using acid alcohol, counterstaining with potassium permanganate, and rinsing
again. Dried slides were viewed at 100x oil immersion under a Nikon X. Acid-fast bacilli (AFB)
were enumerated within four random fields of view (FOV) per animal (16 images total per vac-
cinated group) and total AFB were calculated by multiplying counts by the numbers of 0.038
mm2 FOVs under the 100x lens per marked smear area per microliter of filtrate applied.

IFNγ ELISPOT
96-well PVDF plates were equilibrated with 70% ethanol, washed with PBS, and coated with
1 μg/ml capture anti-mouse IFNγ antibody (clone AN18, Mabtech) overnight. Mice that had
received the full vaccination scheme described above were euthanized two weeks after boost to
isolate splenocytes in RPMI complete (RPMI with L-glutamine and 10% fetal bovine serum).
After blocking plates with RPMI media, 6 x 105 splenocytes were added to each well along with
various agonists: ConA positive control (100 μg/ml), MU-Ag85A peptide (100 μg/ml), or heat
killedM. ulcerans (1 mg/ml). Following a 16 hour stimulation at 37°C, the plates were washed
with PBS + 0.05% tween 20 and 1:1000 secondary anti- mouse IFNγ antibody (clone R46A2,
Mabtech) was added for two hours at 37°C. The plates were washed again before addition of
VectaStain avidin peroxidase complex (Vector Labs) for one hour at room temperature.
3-amino-9-ethylcarbazole substrate in acetate buffer was added for five minutes until the reac-
tion was stopped by submerging plates in deionized water. Plates were dried overnight and
spots were enumerated using a CTL Immunospot plate reader.

Ethics statement
This study was reviewed and approved by the Duke University Institutional Animal Care and
Use Committee (IACUCU protocol A065-13-03). Duke IACUC protocols adhere to the
USDA, AAALAC, Animal Welfare Act, Guide for Care and Use of Laboratory Animals and
Public Health Service Policy on Humane Care and Use of Laboratory Animals.
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Results

Stable expression ofM. ulcerans Ag85A in recombinant BCG andM.
smegmatis
In order to express the immunodominant Ag85A fromM. ulcerans (MU-Ag85A) in recombi-
nant mycobacterial vectors,M. bovis BCG (BCG) andM. smegmatis (Msmeg), electrocompe-
tent cells were transformed with pSL401 (Fig 1A). This replicating plasmid drives transcription
of MU-Ag85A containing a C-terminal fusion to hemagglutinin (HA) using the strong, consti-
tutive hsp60 promoter. Mycobacterial transformants were selected by plasmid-encoded resis-
tance to kanamycin and replication of plasmids was regulated by oriM in mycobacteria, and by
oriE in E. coli shuttle strains. Large-volume vaccine accession lots of transformants were frozen
and a quality control protocol was used to assess antigen expression, vaccine lot purity, and
plasmid sequence integrity.

First, three random vials of each lot were thawed for Western analysis of MU-Ag85A
expression using anti-HA antibody. Fig 1B displays the expected 35 kDa molecular weight
band for MU-Ag85A expressed in BCG (BCGMU-Ag85A). Expression of the antigen in
Msmeg appears to generate an additional larger band, which was not a result of plasmid muta-
tion upon sequencing. Accession lots of BCG andMsmeg transformed with empty-vector

Fig 1. Quality-controlled, heterologous expression of MU-Ag85A by BCG andM. smegmatis. A. The plasmid map for pSL401 is shown. Constitutive
expression of MU-Ag85A (purple) fused to an HA epitope tag (yellow) is driven by the promoter region from hsp60 (Phsp60, black). Plasmid replication is
regulated in E. coli using oriE (blue) and in mycobacteria using oriM (red). Plasmid retention is selected by the presence of a kanamycin resistance cassette
(hashed)B. Three vaccine accession lot vials of BCG orM. smegmatis (Msmeg) transformed with pSL401 were chosen at random for Western analysis of
MU-Ag85A expression using anti-HA antibody. The expected band size was 35 kDa. Negative controls are lysates from BCG orMsmeg transformed with
empty vector (BCG pHA,Msmeg pHA). Loading controls were performed by detection of Hsp65. Plasmid DNA was isolated from BCG (C) andMsmeg (D)
vaccine lots and transformed into chemically competent E. coli. 10 transformants were plasmid prepped and restriction digested (DraI/NheI) to assess
presence of MU-Ag85A insert and correct band size (1.4 kb). Undigested and digested pSL401 plasmids were run as negative and positive controls,
respectively.

doi:10.1371/journal.pntd.0004046.g001
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DNA, BCG pHA andMsmeg pHA, were also generated to be used as negative controls in sub-
sequent studies. As expected, lysates from these lots did not yield anti-HA reactive bands on
the same immunoblot.

Due to potential instability of recombinant inserts when expressed in mycobacteria, an anal-
ysis of plasmid integrity was performed on both the BCGMU-Ag85A andMsmegMU-Ag85A
lots. Re-isolated pSL401 plasmid DNA from three thawed accession lots vials was examined for
appropriately sized MU-Ag85A inserts and sequence. Ten out of ten plasmid transformants
from each vaccine lot contained the correct MU-Ag85A insert band, suggesting a high propor-
tion of recombinant mycobacteria retained the plasmid (Fig 1C and 1D). Sanger-sequencing of
these re-isolated plasmids was performed to ensure all transformants also contained the correct
MU-Ag85A sequence devoid of extraneous mutation.

A final aspect of the quality control procedure was to identify any contaminating microor-
ganisms present in the accession lots which could confound subsequent studies. No contami-
nation was observed after incubating thawed accession lot material on both chocolate agar and
mycobacterial growth medium for several weeks. Upon establishing the integrity of stable anti-
gen expression and both plasmid and culture purity, BCGMU-Ag85A andMsmegMU-Ag85A
vaccine lots were ready for further immunological and protection studies.

Proliferation of antigen-specific CD4+ T cells following vaccination with
BCGMU-Ag85A
The production of CD4+ T cell-mediated responses is vital for anti-mycobacterial immunity
[31,32]. To determine if vaccination with BCGMU-Ag85A could generate an antigen-specific
adaptive immune response, C57BL/6 mice were primed with 107 bacilli by intravenous injec-
tion. At intervals ranging from 1–8 weeks post-prime, peripheral blood samples were collected
for isolation of circulating lymphocytes. Flow cytometric analysis of MHCII tetramer staining
was used to identify the percentage of CD4+ T cells which recognized Ag85A. As seen in Fig
2A, BCGMU-Ag85A induced significantly larger populations of Ag85A-specific helper T cells
compared to BCG-pHA vaccinated or unprimed mice. Background tetramer-positive T cell
populations were most likely observed during BCG pHA priming due to endogenous Ag85A
expressed by BCG.

Over the course of initial BCG prime, populations of Ag85A-specific T cells peaked at 2
weeks and waned to pre-vaccination levels by week 8. Previous reports have determined that
multiple doses of BCG are not effective at boosting primary responses in humans [26]. In order
to determine if a heterologous mycobacterium could be used to boost initial T cell proliferation,
an intravenous dose of 107 MsmegMU-Ag85A was administered at 8 weeks post-prime. One
week post-boost, circulating Ag85A-specific T cells increased over 3-fold and remained signifi-
cantly higher compared to BCG-primed mice. Additionally, maximal levels of Ag85A-specific
T cells were maintained for 3-fold longer following the boost than after priming.

Establishment of memory CD4+ T cell reservoirs has been shown to be important for devel-
opment and downstream efficacy of anti-mycobacterial vaccines [34,35]. To examine the level
of antigen-specific memory cells induced by vaccination with BCGMU-Ag85A, C57BL/6 mice
were primed with 107 bacilli retro-orbitally. Three weeks later, peripheral lymphocytes were
stained for CD4 and the T cell memory markers, CD62L and CD44. Priming alone with either
BCG pHA or BCGMU-Ag85A halved the naïve (CD62LloCD44lo) population of cells (Fig 2B)
while increasing the total population of CD4+ T cells by 20% (Fig 2C). As predicted by the
Ag85 MHCII tetramer experiment in Fig 2A, the levels of antigen-specific memory cells were
significantly higher in BCGMU-Ag85A vaccinated mice, with both effector and central CD4+

memory populations increasing by 1.7 and 2-fold respectively. Together these data suggested
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that utilization of BCGMU-Ag85A as a vaccine prime orMsmegMU-Ag85A as a boost is an
effective regimen for producing high levels of CD4+ helper T cells and memory populations
capable of recognizing an immunogenic MU protein.

Expression of MU-Ag85A increased responsiveness of Th1 cells toM.
ulcerans antigens
Many studies have highlighted the requirement of Th1 IFNγ-producing responses for inducing
successful anti-mycobacterial immunity (27–33). In order to determine if the antigen-specific
T cells produced during vaccination could generate these types of responses, C57BL/6 mice
were intravenously primed with recombinant BCGMU-Ag85A for 8 weeks, then boosted with
MsmegMU-Ag85A. As a control, a group of mice was also primed withMsmegMU-Ag85A,
and then homologously boosted with the same strain. Two weeks post-boost, the mice were

Fig 2. BCGMU-Ag85A vaccination induces proliferation of antigen-specific CD4+ T cells and immunological memory. A. C57BL/6 mice were left
unprimed (dotted black) or were intravenously primed using 107 BCG transformed with empty vector (BCG pHA, gray) or with pSL401 (BCGMU-Ag85A,
black). At various time points, peripheral submandibular blood was collected. T lymphocytes were isolated by centrifugation and flow cytometric analysis was
performed to quantify levels of CD4+ T cells bound to MHCII-Ag85 tetramer. At 8 weeks post-prime (black arrow), mice were intravenously boosted with 107

Msmeg expressing MU-Ag85A. Blood was similarly collected and analyzed for percent MU-Ag85A-specific CD4+ T cells. Asterisks indicate statistical
analysis by the student’s t-test (n = 5 for each group) comparing the BCG pHA to BCGMU-Ag85A groups. Error bars represent standard deviation. *p<0.05,
**p<0.005B-D. At 3 weeks post-prime, mice were bled retro-orbitally and peripheral CD4+ T cells were stained for memory markers. Percentages of total
CD62LloCD44lo naïve (B) and CD4+ T cells (C) were quantified, as were effector memory T cells (CD62LloCD44hi) and central memory T cells
(CD62LhiCD44hi) which specifically bound Ag85-MHCII-tetramer (D). Asterisks indicate statistical analysis by the student’s t-test (n = 4 for each group). Error
bars represent standard deviation. **p<0.005, ***p<0.001

doi:10.1371/journal.pntd.0004046.g002

Enhanced rBCG Protection against Buruli ulcer

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0004046 September 22, 2015 8 / 20



euthanized and splenocytes were harvested for in vitro stimulation with either MU-Ag85A
peptide or heat-killedM. ulcerans 1615 (HKMU).

Enzyme-linked immunospot (ELISPOT) was then used to quantify the number of func-
tional Th1 splenocytes capable of producing IFNγ in response to MU antigens. Fig 3 displays
the number of IFNγ+ spot-forming units (SFU) counted 24 hours after agonist stimulation.
Both BCG pHA andMsmeg pHA vaccinations were capable of generating responses, however,
priming with BCGMU-Ag85A yielded significantly greater numbers of IFNγ+ splenocytes.
The strongest responses were observed when splenocytes were stimulated with HKMU, against
which priming with BCGMU-Ag85A increased SFU over BCG pHA by 2.5-fold. Similar
trends were observed usingMsmegMU-Ag85A as a prime, although overall responses were
much lower than those observed using BCG strains. These data suggested that expression of
MU-Ag85A in the BCG background increases responsiveness of functional Th1 cells not only
to Ag85A, but also to other antigens contained withinM. ulcerans bacteria.

Superior protective effects of subcutaneous vaccination with BCG
MU-Ag85A
Previous studies have shown that BCG vaccination in mice delays the onset of MU-induced
pathology in the footpad model of Buruli ulcer [22,36]. To determine if vaccination with BCG
MU-Ag85A could deliver improved control of MU infection compared to standard BCG vacci-
nation, we carried out a direct comparison in the footpad challenge model. To recapitulate a

Fig 3. Expression of MU-Ag85A increases responsiveness of Th1 cells toM. ulcerans antigens.
C57BL/6 mice were left unprimed (white) or were intravenously primed with 107 BCG transformed with empty
vector (BCG pHA, gray),Msmeg pHA (checkered), BCGMU-Ag85A (black), orMsmegMU-Ag85A (hashed).
At 8 weeks post-prime, mice were intravenously boosted with 107 Msmeg expressing MU-Ag85A. Two
weeks following the boost, mice were euthanized and splenocytes were isolated for stimulation with
MU-Ag85A peptide or heat killedM. ulcerans 1615 (HKMU). ELISPOT spot forming units (SFU) were used to
determine number of IFNγ-producing splenocytes after 24 hours of stimulation. Asterisks indicate statistical
analysis by the student’s t-test (n = 5 for each group). Error bars represent standard deviation. *p<0.05,
**p<0.005

doi:10.1371/journal.pntd.0004046.g003
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more physiologically relevant vaccination route as used in humans, these groups of mice were
subcutaneously primed. A 107 subcutaneous does of recombinant mycobacteria was chosen
because it was found to be superior over lower does in protection against MU challenge (S1
Fig). Following intradermal challenge with 105 virulent MU1615, the height and width of chal-
lenged footpads were measured using digital calipers over the course of infection. After footpad
vertical swelling reached 4.5 mm, mice were euthanized to eliminate suffering. In C57BL/6
mice footpad swelling reaches its peak after an average of 6–8 weeks post-challenge, although
swelling can readily be observed by week 3 post-challenge (Fig 4A). Upon priming with BCG-
pHA, the average peak swelling was reached at 12–15 weeks post-challenge, however, the use
of BCGMU-Ag85A as a prime extended the time required for manifestation of peak swelling
to 25–30 weeks post-challenge. In contrast, priming withMsmeg pHA afforded no protection
against footpad swelling and the use ofMsmegMU-Ag85A only showed a slight trend toward
delay in footpad swelling (S2 Fig).

Mycolactone production is known to contribute to the histological observations of necrosis
within MU-infected tissues [37]. MU-infected footpads were collected for histopathological
analysis to assess internal tissue damage in unprimed or vaccinated animals at 12 week post-
challenge. Fig 4B displays representative images from H&E stained tissue sections from an
unprimed, BCGD pHA-primed, or a BCGMUAg85A-primed mouse. In unprimed mice, foot-
pads consistently showed ulcerative loss of epidermis with micro-hemorrhaging, as well as
large areas of internal necrosis and general inflammatory infiltrate. These features were rare
amongst BCGDMUAg85A-primed footpads, which was consistent with the reduced swelling
observed at this time point. BCG pHA-primed footpads exhibited an intermediate phenotype,
where prominent edema replaced necrotic features and was concordant with the level of swell-
ing observed at week 12 post-challenge. To visualize and assess organization ofM. ulcerans in
vivo, Ziehl-Neelson staining was also performed on tissue sections from infected footpads of
vaccinated or unvaccinated mice. Granulomatous lesions and large masses of extracellular acid
fast bacilli (AFB) were observed in unprimed footpads, while groups of extracellular AFB were
detected in BCG-primed mice (Fig 4C). However, AFB could not be detected in the BCG
MU-Ag85A-primed footpad sections available for ZN staining suggesting a comparatively
lower level of overall bacterial burden in these tissues.

The delay in footpad swelling and reduction in bacterial burden induced by BCG vaccina-
tion has previously been shown to temporarily protect mice against the need for euthanasia
after MU challenge [22,36]. To determine if BCGMU-Ag85A could enhance the protective
phenotype observed over BCG vaccination, C57BL/6 mice were subcutaneously primed with
BCG or recombinant BCG alone, or BCG- primed and heterologously boosted withMsmeg
MU-Ag85A as before. Ten weeks later, mice were challenged with an intradermal footpad
injection of high dose (105 bacilli) virulent MU 1615. Once infection induced vertical footpad
swelling surpassing 4.5 mm, mice were euthanized.

Fig 5A displays survival curves (time-to-euthanasia) for mice left unprimed or primed with
either BCG pHA or BCGMU-Ag85A. While priming with BCG pHA could significantly
increase protection over unprimed mice (p = 0.002), strikingly, a single subcutaneous vaccina-
tion with BCGMU-Ag85A further significantly increased survival in mice challenged with vir-
ulent MU 1615 (p<0.0001). Importantly, compared to the BCG prime alone, use of BCG
MU-Ag85A was significantly more efficacious against experimental Buruli ulcer in mice
(p<0.002). Furthermore, boosting BCGMU-Ag85A with an injection ofMsmeg-MUAg85A at
week 8 post-prime appeared to enhance the protective efficacy of this vaccine, even when com-
pared to unprimed mice or BCG pHA-primed mice that also received a boost (Fig 5B)
(p<0.03). Interestingly, unprimed mice which received a dose ofMsmegMU-Ag85A did sig-
nificantly increase protection over unboosted, unprimed mice to a small degree (p<0.05),
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however, administration of theMsmegMU-Ag85A boost did not statistically significantly
increase protection in BCG pHA or BCGMU-Ag85A-primed mice compared to primes which
did not receive a boost (p<0.07 and p<0.1, respectively). Significant protection was not
observed when theMsmeg background itself was used as a prime, regardless of recombinant
insert or boosting (S2 Fig). Overall these data suggest that the anti-mycobacterial immune
response generated by increased proliferation of functional and antigen-specific CD4+ T cells

Fig 4. Footpad swelling and tissue pathology are reduced upon vaccination with BCGMU-Ag85A.
C57BL/6 mice were left unprimed or were subcutaneously primed with 107 BCG transformed with empty
vector (BCG pHA), or BCGMU-Ag85A. At 8 weeks post-prime, mice were intravenously boosted with 107

Msmeg expressing MU-Ag85A. Two weeks following the boost, mice were challenged with 105 MU1615
intradermally via the left hind leg footpad. Shown are representative images of infected footpads at 3, 6, and
15 weeks post-challenge. Mice were euthanized if vertical swelling surpassed 4.5 mm, as was the case for
unprimed mice before week 15. B. Representative H&E stained tissue sections from 12 week MU-infected
mouse footpads are shown. Paws of unprimed mice (UN) consistently showed ulceration (loss of epidermis)
with abundant necrosis (N) and infiltrates of inflammatory cells (*). Edema (E) remained prominent in BCG
pHA-primed (B) mice but was rarely associated with BCGMU-Ag85A-primed (BA) mouse footpads. Scale
bar, 100 μm. C. Representative Ziehl-Neelson (ZN, top row) and H&E (bottom row)-stained tissue sections
from 12 week MU-infected mouse footpads are shown. Granulomatous lesions (G) and large masses of acid
fast bacilli (AFB,*) are apparent in unprimed footpads (UN), while groups of extracellular AFB were detected
in BCG-primed mice (B). AFB generally presented as single scattered extracellular bacteria in footpad tissues
from BCGMU-Ag85A-primed mice (BA) and could not be detected in the footpad sections available for ZN
staining. Scale bars indicate 100 μm.

doi:10.1371/journal.pntd.0004046.g004
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can contribute to decreased swelling, reduced bacterial burdens, and an overall greater lifespan
for MU 1615 infected mice.

Subcutaneous vaccination with BCGMU-Ag85A significantly reduced
footpad bacterial load compared to BCG
Previous studies of experimental Buruli ulcer in mice have shown a correlation between the
degree of footpad swelling and theM. ulcerans bacterial load in infected tissues [38]. To

Fig 5. Superior protective effects of subcutaneous vaccination with BCGMU-Ag85A. A. Naïve C57BL/
6 mice (dotted black) or mice subcutaneously primed with empty-vector BCG pHA (gray) or BCGMU-Ag85A
(black) were challenged with 105 MU1615 via the footpad ten weeks post-vaccination. Area of footpad
swelling was measured at various time points post-challenge. Mice were euthanized if vertical footpad
swelling surpassed 4.5 mm and survival represents time to euthanasia. Asterisk indicates statistical analysis
of BCG pHA versus BCGMU-Ag85A by the Mantel-Cox test (n = 10 for each group).B. Survival was
assessed in MU1615-challenged mice which had been subcutaneously primed with BCG pHA (gray) or BCG
MU-Ag85A (black) for eight weeks, followed by a two week boost withMsmegMU-Ag85A. Asterisk indicates
statistical analysis of BCG pHA versus BCGMU-Ag85A by the Mantel-Cox test (n = 10 for each group).
*p<0.03, **p<0.002

doi:10.1371/journal.pntd.0004046.g005
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determine if the observed reduction in swelling and enhanced survival associated with BCG
MU-Ag85A vaccination correlated with lower bacterial burdens, mice which had received vac-
cinations and challenges were euthanized for isolation of persistent MU 1615 in the challenged
footpads. Infected footpads were removed from groups at 5 and 12 weeks post-challenge and
acid-fast bacilli present in smears from filtered footpad homogenates were stained with aura-
mine-rhodamine. Importantly, microscopic evaluation of bacterial load was assessed to ensure
similar bacterial counts were achieved when compared to plating of colony forming units
(CFU). As seen in S3 Fig, comparable trends were observed between acid fast staining of foot-
pad homogenates and CFU plating. Fig 6A shows the average MU burdens for mice left
unprimed or primed with BCG pHA or BCGMU-Ag85A during two time points post-chal-
lenge. Representative images of re-isolated MU can be seen in Fig 6B. At both 5 and 12 weeks
post-challenge, BCGMU-Ag85A subcutaneous vaccination significantly reduced the footpad
bacterial burden compared to unprimed mice by 3.1-log and 2.3-log, respectively. Importantly
however, priming with BCGMU-Ag85A at both time points yielded significantly better protec-
tion against bacterial replication in the footpads compared to BCG pHA-primed mice, display-
ing a 0.5-log and 1.2-log reduction at 5 and 12 weeks respectively. This reduction in bacterial
burden correlated well with the differential ability of each vaccine to reduce footpad swelling at
similar time points post-infection (Fig 4A) and represents a potential mechanism for BCG
MU-Ag85A-mediated protection against MU pathology.

Discussion
Buruli ulcer is an insidious disease whose persistence and high morbidity is complicated by
both social stigma of those infected and relatively poor access to diagnosis and healthcare in
the most afflicted areas. The current standard of care requires lengthy adherence to rifampin
and daily intramuscular streptomycin, drugs which are associated with side effects including

Fig 6. Vaccination with BCGMU-Ag85A significantly reduces footpad bacterial load at weeks 5 and 12 over BCG. A. C57BL/6 mice were
subcutaneously vaccinated as previously described (unprimed; white, empty-vector BCG pHA; gray, BCGMU-Ag85A; black) and challenged with 105

MU1615. At 5 and 12 weeks post-challenge, mice were euthanized and footpad homogenates were smeared on glass slides for auramine-rhodamine
staining. Acid-fast bacilli (AFB) were quantified under 1000x magnification. Asterisks indicate statistical analysis by the student’s t-test (n = 16 images per
group). Error bars represent standard deviation. ***p<0.001, *p<0.02B. Shown are representative images from unprimed, BCG pHA, and BCGMU-Ag85A
primed footpad smears at 5 and 12 weeks post-challenge.

doi:10.1371/journal.pntd.0004046.g006
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nephrotoxicity and hearing loss [39]. This, added to the disproportionately high infection rates
in children, makes it apparent that a Buruli ulcer vaccine is greatly needed. Previous studies in
both humans and animal models have demonstrated thatMycobacterium bovis BCG vaccina-
tion affords some level of protection against the pathology observed during MU infection,
although total protection has not been achieved. Interestingly, although exposure to MU anti-
gens in the form of DNA vaccination or homologous protein boosting can readily induce anti-
gen-specific T cell and antibody responses in mice, no vaccine has been able to achieve a level
of protection better than BCG inoculation. Comparable to tuberculosis, the importance of T
cells and Th1 responses to the containment of MU during infection has been established, but
the necessary sub-populations, antigens, and cytokine milieu which correlate with protection
against Buruli ulcer have not been fully recognized.

However, the immune responses and protection developed by exposure to the immunodo-
minantM. tuberculosismycolyl transferase, Ag85A, in mice and humans have been well char-
acterized [40–42]. Previous studies have shown that DNA-based or rBCG vaccines encoding
TB-Ag85A can generate responses which induce antigen-specific IFNγ+ T cell populations, cir-
culating titers of anti-Ag85A IgG, and which reduce virulentM. tuberculosis burdens in murine
lungs and spleens [43–46]. In a human clinical trial, use of a recombinant viral vector express-
ingM. tuberculosis Ag85A was well tolerated as a boosting agent to BCG and induced potent
and durable Th1-type responses, although without evidence for increased efficacy [47–49].
Although DNA-based Ag85A primes have been shown to induce protection in experimental
tuberculosis, vaccination with rBCG expressing Ag85A appears to have greater efficacy in ani-
mal models [50]. Worth noting is the fact that most tuberculosis vaccines currently in clinical
trials are designed as boosting agents for BCG, suggesting that BCG is itself a viable and rele-
vant priming agent. This supports the potential for development of improved rBCG priming
vaccines not only for tuberculosis but also other important yet neglected mycobacterial dis-
eases. Encouragingly, use of the MU-Ag85A antigen has been demonstrated to develop protec-
tion approaching that of BCG in experimental mouse models of Buruli ulcer, and served as a
starting point for our recombinant BCGMU-Ag85A approach.

BCG’s extensively documented safety in immunocompetent individuals, well-established
infrastructure for vaccine administration, relatively low production cost, and previously dem-
onstrated protection make it an ideal candidate for development as an anti-Buruli ulcer vaccine
vehicle. Given the prior observations that exposure to MU-Ag85A could afford some level of
protection, we generated a quality-controlled, live-recombinant BCG based Buruli ulcer vac-
cine strain which expressed MU-Ag85A antigen. Using this strain as a prime, a subsequent
administration ofM. smegmatis expressing MU-Ag85A was used to examine the potential to
boost primary vaccination. Two aspects of immunogenicity were examined with this vaccine:
induction of antigen-specific CD4+ T cell proliferation and production of IFNγ-secreting cells
capable of responding to MU stimulation.

Over the course of 8 weeks, BCGMU-Ag85A vaccination significantly increased levels of
circulating helper T cells which recognized MU Ag85A over those levels produced by BCG.
Upon analysis of MHCII tetramer staining, this proliferative effect could also be boosted for
longer than the prime responses, after administration ofMsmegMU-Ag85A. Furthermore, by
3 weeks post-prime, significantly increased levels of antigen-specific effector and central mem-
ory CD4+ T cells were observed in BCGMU-Ag85A-vacinated mice versus BCG vaccination
alone. Using ELISPOT analysis, mice which were primed with BCGMU-Ag85A produced sig-
nificantly more IFNγ-secreting splenocytes after stimulation with MU-Ag85A peptide. Impor-
tantly, ELISPOT analysis also revealed a significant increase in the splenocyte response to heat-
killed MU, suggesting that vaccination could not only increase antigen-specific recognition but
also enhance Th1 immune responses to wholeM. ulcerans.
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Vaccine efficacy of BCGMU-Ag85A was also determined by investigating the potential to
affect footpad swelling, bacterial burden, and overall survival of MU-challenged mice. Upon
subcutaneous priming with BCGMU-Ag85A and intravenous boosting withMsmeg
MU-Ag85A, increased time-to-onset of swelling, significantly reduced numbers of footpad
acid fast bacilli, and significantly increased time of survival for MU challenged mice was
observed. Previous studies have provided evidence for diminished effects of MU infection
among BCG vaccinated mice, however, our data reveal that BCG overexpressing MU-Ag85A
displayed enhanced protection over BCG at multiple levels of MU pathology.

Importantly, a single administration of BCG-MUAg85A alone was sufficient to significantly
increase the survival of MU-challenged mice, whereas DNA-based MU-Ag85A vaccines
required two prime injections and a homologous protein boost to achieve a similar level of pro-
tection observed using standard BCG [25]. Since multiple doses of BCG at 10 or 18 weeks apart
were not shown to increase efficacy against experimental BU [26], we decided to use the rela-
tively innocuousM. smegmatis to generate a boosting agent. Indeed, heterologously boosting a
BCGMU-Ag85A prime withM. smegmatis overexpressing MU-Ag85A served to enhance vac-
cine efficacy to an even greater degree. It is interesting to note that although ELISPOT
responses to theM. smegmatis were lower overall in comparison to the BCG background,
boosting withMsmeg-MU-Ag85A did increase circulating levels of antigen-specific T cell pop-
ulations. These elevated helper T cell populations remained in circulation for longer than the
BCG prime alone, which may account for the enhancement of protection. Of note was the rela-
tive inhibition of bacterial replication in the footpad when comparing infected BCG or BCG
MU-Ag85A-primed mice. Interestingly, a more significant 14-fold difference in bacterial load
was observed 12 weeks post-infection versus 5-fold at 5 weeks, an effect which appears to syn-
chronize with disparity in survival between those groups at similar time points. Overall, the sig-
nificant protection against swelling afforded by BCGMU-Ag85A is hypothesized to be due in
large part to the reduction in bacterial load, especially in light of an over 1000-fold and
100-fold reduction comparing unprimed to BCG-MUAg85A-vaccinated mice at 5 and 12
weeks post-challenge, respectively.

To our knowledge, this is the first study that has identified a Buruli ulcer vaccine candidate
which has performed significantly better than standard BCG vaccination alone. As seen with
numerous tuberculosis vaccine design studies however, full protection against MU-mediated
pathology was not achieved by this regimen. Several factors could explain the lack of full pro-
tection, including the insufficiency of available antigens in BCG to elicit appropriate T cell pop-
ulations necessary for MU containment. An alternative explanation may be associated with the
large amount of evidence detailing the immunosuppressive properties of mycolactone pro-
duced by MU, whereby reduced cytokine secretion, interference with T cell signaling, and inhi-
bition of inflammatory cell chemotaxis have all been demonstrated as functions of the
mycolactone toxin [51–55]. The immunosuppressive properties of mycolactone present in the
extracellular milieu may be potent enough to counteract the vaccine-induced cell-mediated
responses that would have otherwise been more effective.

Use of additional animal models for vaccine efficacy testing could be more suitable in deter-
mining mechanisms of protection. The guinea pig has been well established as a model of cuta-
neous infections and has been used successfully in Buruli ulcer studies [37,56]. Guinea pig skin
possesses more immunological and structural similarities with human skin compared to the
mouse model, and may prove to be an advantageous model for future MU vaccine studies.

An alternative approach to vaccine design could be to utilize mycolactone deficient stains of
MU as recombinant vaccine vehicles, which may encode antigens capable of inducing robust
anti-MU immunity while lacking the virulence of wildtype MU. Such an approach has been
investigated using mycolactone-negative MU5114 with limited success, but potentially more
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immunogenic strains or mutants of mycolactone-deficient MU could provide better protection
[36]. In addition, other mycobacterial backgrounds, such asM.marinum, could present an
essential antigenic profile unmet by BCG, stemming from substantial sequence homology
shared withM. ulcerans [57]. Both of these approaches would undoubtedly require extensive
safety profiling for use in humans, a standard already very well achieved by BCG. Despite the
lack of full protection by BCGMU-Ag85A, our results lend credence to the possibility of
expressing alternative MU antigens, or combinations of antigens, which may increase the pro-
tective efficacy of BCG. Others have shown that by expressing combinations of immunodomi-
nantM. tuberculosis antigens in rBCG, such as Ag85A and Ag85B together or with ESAT6 and
TB10.4, bacterial burdens were further ablated over expression of single antigens [58–62]. Dis-
covery of protective antigens specific to MU in addition to the cross-reactive antigens responsi-
ble for the baseline protection conferred by BCG will be essential to making BCG a safe and
efficacious Buruli ulcer vaccine.

Supporting Information
S1 Fig. Effect of BCG dosage on protection against MU1615 challenge. C57BL/6 mice were
left unprimed (dotted black) or were subcutaneously primed with 105 or 107 BCG. At 8 weeks
post-prime, mice were challenged with 105 MU1615 intradermally via the left hind leg footpad.
Area of footpad swelling was measured at various time points post-challenge for 5 mice per
group. Mice were sacrificed if vertical footpad swelling surpassed 4.5 mm and survival repre-
sents time to euthanasia. Asterisk indicates statistical analysis of the two BCG groups by the
Mantel-Cox test. �p<0.03
(DOCX)

S2 Fig. Protection assessment ofM. smegmatis andMsmeg-MUAg85A priming against
MU1615 challenge. C57BL/6 mice were left unprimed (dotted black) or were subcutaneously
primed with 107 M. smegmatis transformed with empty vectorMsmeg pHA (gray) orMsmeg
MU-Ag85A (black). At 8 weeks post-prime, mice were intravenously boosted with 107 Msmeg
expressing MU-Ag85A. Two weeks following the boost, mice were challenged with 105

MU1615 intradermally via the left hind leg footpad. Area of footpad swelling was measured at
various time points post-challenge for 10 mice per group. Mice were sacrificed if vertical foot-
pad swelling surpassed 4.5 mm and survival represents time to euthanasia.
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S3 Fig. Microscopic quantification of acid fast bacilli from footpad homogenates yield sim-
ilar trends compared to CFU counting. C57BL/6 mice were subcutaneously vaccinated as
previously described (unprimed; white, empty-vector BCG pHA; gray, BCGMU-Ag85A;
black) and challenged with 105 MU1615. At 5 weeks post-challenge, mice were euthanized and
footpad homogenates were either smeared on glass slides for auramine-rhodamine staining or
diluted for plating of CFU. Acid-fast bacilli (AFB) were quantified under 1000x magnification.
Asterisks indicate statistical analysis by the student’s t-test (n = 16 images per group). Error
bars represent standard deviation. �p<0.03, ��p<0.003
(DOCX)

Acknowledgments
We thank the faculty and staff of the Duke Regional Biocontainment Laboratory and the
DHVI Flow Cytometry Shared Resource Facility, as well as Steven Porcelli for editorial
assistance.

Enhanced rBCG Protection against Buruli ulcer

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0004046 September 22, 2015 16 / 20

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pntd.0004046.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pntd.0004046.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pntd.0004046.s003


Author Contributions
Conceived and designed the experiments: BEH SL. Performed the experiments: BEH. Analyzed
the data: BEH LPH SL. Contributed reagents/materials/analysis tools: BEH LPH SL. Wrote the
paper: BEH LPH SL.

References
1. Chany AC, Tresse C, Casarotto V, Blanchard N (2013) History, biology and chemistry of Mycobacte-

rium ulcerans infections (Buruli ulcer disease). Nat Prod Rep 30: 1527–1567. doi: 10.1039/
c3np70068b PMID: 24178858

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

3. Nakanaga K, Yotsu RR, Hoshino Y, Suzuki K, Makino M, et al. (2013) Buruli ulcer and mycolactone-
producing mycobacteria. Jpn J Infect Dis 66: 83–88. PMID: 23514902

4. Portaels F, Silva MT, MeyersWM (2009) Buruli ulcer. Clin Dermatol 27: 291–305. doi: 10.1016/j.
clindermatol.2008.09.021 PMID: 19362692

5. Roltgen K, Stinear TP, Pluschke G (2012) The genome, evolution and diversity of Mycobacterium ulcer-
ans. Infect Genet Evol 12: 522–529. doi: 10.1016/j.meegid.2012.01.018 PMID: 22306192

6. Hong H, Demangel C, Pidot SJ, Leadlay PF, Stinear T (2008) Mycolactones: immunosuppressive and
cytotoxic polyketides produced by aquatic mycobacteria. Nat Prod Rep 25: 447–454. doi: 10.1039/
b803101k PMID: 18497894

7. Marion E, Song OR, Christophe T, Babonneau J, Fenistein D, et al. (2014) Mycobacterial toxin induces
analgesia in buruli ulcer by targeting the angiotensin pathways. Cell 157: 1565–1576. doi: 10.1016/j.
cell.2014.04.040 PMID: 24949969

8. En J, Goto M, Nakanaga K, Higashi M, Ishii N, et al. (2008) Mycolactone is responsible for the painless-
ness of Mycobacterium ulcerans infection (buruli ulcer) in a murine study. Infect Immun 76: 2002–
2007. doi: 10.1128/IAI.01588-07 PMID: 18316387

9. World Health Organization (2008) Buruli ulcer: progress report, 2004–2008. Wkly Epidemiol Rec 83:
145–154. PMID: 18437758

10. de Zeeuw J, Omansen TF, Douwstra M, Barogui YT, Agossadou C, et al. (2014) Persisting social par-
ticipation restrictions among former buruli ulcer patients in Ghana and Benin. PLoS Negl Trop Dis 8:
e3303. doi: 10.1371/journal.pntd.0003303 PMID: 25392915

11. Stienstra Y, van der Graaf WT, Asamoa K, van der Werf TS (2002) Beliefs and attitudes toward Buruli
ulcer in Ghana. Am J Trop Med Hyg 67: 207–213. PMID: 12389949

12. Webb BJ, Hauck FR, Houp E, Portaels F (2009) Buruli ulcer in West Africa: strategies for early detec-
tion and treatment in the antibiotic era. East Afr J Public Health 6: 144–147. PMID: 20000019

13. Huygen K, Adjei O, Affolabi D, Bretzel G, Demangel C, et al. (2009) Buruli ulcer disease: prospects for
a vaccine. Med Microbiol Immunol 198: 69–77. doi: 10.1007/s00430-009-0109-6 PMID: 19198877

14. Luca S, Mihaescu T (2013) History of BCG Vaccine. Maedica (Buchar) 8: 53–58.

15. Matsuo K, Yasutomi Y (2011) Mycobacterium bovis Bacille Calmette-Guerin as a Vaccine Vector for
Global Infectious Disease Control. Tuberc Res Treat 2011: 574591. doi: 10.1155/2011/574591 PMID:
22567267

16. Dye C (2013) Making wider use of the world's most widely used vaccine: Bacille Calmette-Guerin
revaccination reconsidered. J R Soc Interface 10: 20130365. doi: 10.1098/rsif.2013.0365 PMID:
23904584

17. Trunz BB, Fine P, Dye C (2006) Effect of BCG vaccination on childhood tuberculous meningitis and mil-
iary tuberculosis worldwide: a meta-analysis and assessment of cost-effectiveness. Lancet 367:
1173–1180. PMID: 16616560

18. Nackers F, Dramaix M, Johnson RC, Zinsou C, Robert A, et al. (2006) BCG vaccine effectiveness
against Buruli ulcer: a case-control study in Benin. Am J Trop Med Hyg 75: 768–774. PMID: 17038709

19. Portaels F, Aguiar J, Debacker M, Guedenon A, Steunou C, et al. (2004) Mycobacterium bovis BCG
vaccination as prophylaxis against Mycobacterium ulcerans osteomyelitis in Buruli ulcer disease. Infect
Immun 72: 62–65. PMID: 14688081

20. Portaels F, Aguiar J, Debacker M, Steunou C, Zinsou C, et al. (2002) Prophylactic effect of mycobacte-
rium bovis BCG vaccination against osteomyelitis in children with Mycobacterium ulcerans disease
(Buruli Ulcer). Clin Diagn Lab Immunol 9: 1389–1391. PMID: 12414782

Enhanced rBCG Protection against Buruli ulcer

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0004046 September 22, 2015 17 / 20

http://dx.doi.org/10.1039/c3np70068b
http://dx.doi.org/10.1039/c3np70068b
http://www.ncbi.nlm.nih.gov/pubmed/24178858
http://dx.doi.org/10.4161/hv.7.11.17751
http://www.ncbi.nlm.nih.gov/pubmed/22048117
http://www.ncbi.nlm.nih.gov/pubmed/23514902
http://dx.doi.org/10.1016/j.clindermatol.2008.09.021
http://dx.doi.org/10.1016/j.clindermatol.2008.09.021
http://www.ncbi.nlm.nih.gov/pubmed/19362692
http://dx.doi.org/10.1016/j.meegid.2012.01.018
http://www.ncbi.nlm.nih.gov/pubmed/22306192
http://dx.doi.org/10.1039/b803101k
http://dx.doi.org/10.1039/b803101k
http://www.ncbi.nlm.nih.gov/pubmed/18497894
http://dx.doi.org/10.1016/j.cell.2014.04.040
http://dx.doi.org/10.1016/j.cell.2014.04.040
http://www.ncbi.nlm.nih.gov/pubmed/24949969
http://dx.doi.org/10.1128/IAI.01588-07
http://www.ncbi.nlm.nih.gov/pubmed/18316387
http://www.ncbi.nlm.nih.gov/pubmed/18437758
http://dx.doi.org/10.1371/journal.pntd.0003303
http://www.ncbi.nlm.nih.gov/pubmed/25392915
http://www.ncbi.nlm.nih.gov/pubmed/12389949
http://www.ncbi.nlm.nih.gov/pubmed/20000019
http://dx.doi.org/10.1007/s00430-009-0109-6
http://www.ncbi.nlm.nih.gov/pubmed/19198877
http://dx.doi.org/10.1155/2011/574591
http://www.ncbi.nlm.nih.gov/pubmed/22567267
http://dx.doi.org/10.1098/rsif.2013.0365
http://www.ncbi.nlm.nih.gov/pubmed/23904584
http://www.ncbi.nlm.nih.gov/pubmed/16616560
http://www.ncbi.nlm.nih.gov/pubmed/17038709
http://www.ncbi.nlm.nih.gov/pubmed/14688081
http://www.ncbi.nlm.nih.gov/pubmed/12414782


21. Smith PG, Revill WD, Lukwago E, Rykushin YP (1976) The protective effect of BCG against Mycobac-
terium ulcerans disease: a controlled trial in an endemic area of Uganda. Trans R Soc Trop Med Hyg
70: 449–457. PMID: 841647

22. Converse PJ, Almeida DV, Nuermberger EL, Grosset JH (2011) BCG-mediated protection against
Mycobacterium ulcerans infection in the mouse. PLoS Negl Trop Dis 5: e985. doi: 10.1371/journal.
pntd.0000985 PMID: 21423646

23. Roupie V, Pidot SJ, Einarsdottir T, Van Den Poel C, Jurion F, et al. (2014) Analysis of the vaccine
potential of plasmid DNA encoding nine mycolactone polyketide synthase domains in Mycobacterium
ulcerans infected mice. PLoS Negl Trop Dis 8: e2604. doi: 10.1371/journal.pntd.0002604 PMID:
24392169

24. Tanghe A, Content J, Van Vooren JP, Portaels F, Huygen K (2001) Protective efficacy of a DNA vac-
cine encoding antigen 85A fromMycobacterium bovis BCG against Buruli ulcer. Infect Immun 69:
5403–5411. PMID: 11500410

25. Tanghe A, Dangy JP, Pluschke G, Huygen K (2008) Improved protective efficacy of a species-specific
DNA vaccine encoding mycolyl-transferase Ag85A fromMycobacterium ulcerans by homologous pro-
tein boosting. PLoS Negl Trop Dis 2: e199. doi: 10.1371/journal.pntd.0000199 PMID: 18350112

26. Tanghe A, Adnet PY, Gartner T, Huygen K (2007) A booster vaccination with Mycobacterium bovis
BCG does not increase the protective effect of the vaccine against experimental Mycobacterium ulcer-
ans infection in mice. Infect Immun 75: 2642–2644. PMID: 17325046

27. Gooding TM, Johnson PD, Smith M, Kemp AS, Robins-Browne RM (2002) Cytokine profiles of patients
infected with Mycobacterium ulcerans and unaffected household contacts. Infect Immun 70: 5562–
5567. PMID: 12228283

28. Prevot G, Bourreau E, Pascalis H, Pradinaud R, Tanghe A, et al. (2004) Differential production of sys-
temic and intralesional gamma interferon and interleukin-10 in nodular and ulcerative forms of Buruli
disease. Infect Immun 72: 958–965. PMID: 14742541

29. Gooding TM, Kemp AS, Robins-Browne RM, Smith M, Johnson PD (2003) Acquired T-helper 1 lympho-
cyte anergy following infection with Mycobacterium ulcerans. Clin Infect Dis 36: 1076–1077. PMID:
12684923

30. Gooding TM, Johnson PD, Campbell DE, Hayman JA, Hartland EL, et al. (2001) Immune response to
infection with Mycobacterium ulcerans. Infect Immun 69: 1704–1707. PMID: 11179346

31. Green AM, Difazio R, Flynn JL (2013) IFN-gamma from CD4 T cells is essential for host survival and
enhances CD8 T cell function during Mycobacterium tuberculosis infection. J Immunol 190: 270–277.
doi: 10.4049/jimmunol.1200061 PMID: 23233724

32. Flynn JL, Chan J, Triebold KJ, Dalton DK, Stewart TA, et al. (1993) An essential role for interferon
gamma in resistance to Mycobacterium tuberculosis infection. J Exp Med 178: 2249–2254. PMID:
7504064

33. Kiszewski AE, Becerril E, Aguilar LD, Kader IT, Myers W, et al. (2006) The local immune response in
ulcerative lesions of Buruli disease. Clin Exp Immunol 143: 445–451. PMID: 16487243

34. Henao-Tamayo MI, Ordway DJ, Irwin SM, Shang S, Shanley C, et al. (2010) Phenotypic definition of
effector and memory T-lymphocyte subsets in mice chronically infected with Mycobacterium tuberculo-
sis. Clin Vaccine Immunol 17: 618–625. doi: 10.1128/CVI.00368-09 PMID: 20107011

35. Andersen P, Woodworth JS (2014) Tuberculosis vaccines—rethinking the current paradigm. Trends
Immunol 35: 387–395. doi: 10.1016/j.it.2014.04.006 PMID: 24875637

36. Fraga AG, Martins TG, Torrado E, Huygen K, Portaels F, et al. (2012) Cellular immunity confers tran-
sient protection in experimental Buruli ulcer following BCG or mycolactone-negative Mycobacterium
ulcerans vaccination. PLoS One 7: e33406. doi: 10.1371/journal.pone.0033406 PMID: 22413022

37. George KM, Chatterjee D, Gunawardana G, Welty D, Hayman J, et al. (1999) Mycolactone: a polyke-
tide toxin fromMycobacterium ulcerans required for virulence. Science 283: 854–857. PMID: 9933171

38. Sarfo FS, Converse PJ, Almeida DV, Zhang J, Robinson C, et al. (2013) Microbiological, histological,
immunological, and toxin response to antibiotic treatment in the mouse model of Mycobacterium ulcer-
ans disease. PLoS Negl Trop Dis 7: e2101. doi: 10.1371/journal.pntd.0002101 PMID: 23516649

39. Klis S, Stienstra Y, Phillips RO, Abass KM, TuahW, et al. (2014) Long term streptomycin toxicity in the
treatment of Buruli Ulcer: follow-up of participants in the BURULICO drug trial. PLoS Negl Trop Dis 8:
e2739. doi: 10.1371/journal.pntd.0002739 PMID: 24625583

40. Launois P, DeLeys R, Niang MN, Drowart A, Andrien M, et al. (1994) T-cell-epitope mapping of the
major secreted mycobacterial antigen Ag85A in tuberculosis and leprosy. Infect Immun 62: 3679–
3687. PMID: 7520418

41. Smith SM, Brookes R, Klein MR, Malin AS, Lukey PT, et al. (2000) Human CD8+ CTL specific for the
mycobacterial major secreted antigen 85A. J Immunol 165: 7088–7095. PMID: 11120838

Enhanced rBCG Protection against Buruli ulcer

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0004046 September 22, 2015 18 / 20

http://www.ncbi.nlm.nih.gov/pubmed/841647
http://dx.doi.org/10.1371/journal.pntd.0000985
http://dx.doi.org/10.1371/journal.pntd.0000985
http://www.ncbi.nlm.nih.gov/pubmed/21423646
http://dx.doi.org/10.1371/journal.pntd.0002604
http://www.ncbi.nlm.nih.gov/pubmed/24392169
http://www.ncbi.nlm.nih.gov/pubmed/11500410
http://dx.doi.org/10.1371/journal.pntd.0000199
http://www.ncbi.nlm.nih.gov/pubmed/18350112
http://www.ncbi.nlm.nih.gov/pubmed/17325046
http://www.ncbi.nlm.nih.gov/pubmed/12228283
http://www.ncbi.nlm.nih.gov/pubmed/14742541
http://www.ncbi.nlm.nih.gov/pubmed/12684923
http://www.ncbi.nlm.nih.gov/pubmed/11179346
http://dx.doi.org/10.4049/jimmunol.1200061
http://www.ncbi.nlm.nih.gov/pubmed/23233724
http://www.ncbi.nlm.nih.gov/pubmed/7504064
http://www.ncbi.nlm.nih.gov/pubmed/16487243
http://dx.doi.org/10.1128/CVI.00368-09
http://www.ncbi.nlm.nih.gov/pubmed/20107011
http://dx.doi.org/10.1016/j.it.2014.04.006
http://www.ncbi.nlm.nih.gov/pubmed/24875637
http://dx.doi.org/10.1371/journal.pone.0033406
http://www.ncbi.nlm.nih.gov/pubmed/22413022
http://www.ncbi.nlm.nih.gov/pubmed/9933171
http://dx.doi.org/10.1371/journal.pntd.0002101
http://www.ncbi.nlm.nih.gov/pubmed/23516649
http://dx.doi.org/10.1371/journal.pntd.0002739
http://www.ncbi.nlm.nih.gov/pubmed/24625583
http://www.ncbi.nlm.nih.gov/pubmed/7520418
http://www.ncbi.nlm.nih.gov/pubmed/11120838


42. Katti MK, Dai G, Armitige LY, Rivera Marrero C, Daniel S, et al. (2008) The Delta fbpA mutant derived
fromMycobacterium tuberculosis H37Rv has an enhanced susceptibility to intracellular antimicrobial
oxidative mechanisms, undergoes limited phagosomematuration and activates macrophages and den-
dritic cells. Cell Microbiol 10: 1286–1303. doi: 10.1111/j.1462-5822.2008.01126.x PMID: 18248626

43. Jeon BY, Kim SC, Eum SY, Cho SN (2011) The immunity and protective effects of antigen 85A and
heat-shock protein X against progressive tuberculosis. Microbes Infect 13: 284–290. doi: 10.1016/j.
micinf.2010.11.002 PMID: 21093603

44. Sugawara I, Li Z, Sun L, Udagawa T, Taniyama T (2007) Recombinant BCG Tokyo (Ag85A) protects
cynomolgus monkeys (Macaca fascicularis) infected with H37Rv Mycobacterium tuberculosis. Tuber-
culosis (Edinb) 87: 518–525.

45. Sugawara I, Sun L, Mizuno S, Taniyama T (2009) Protective efficacy of recombinant BCG Tokyo
(Ag85A) in rhesus monkeys (Macaca mulatta) infected intratracheally with H37Rv Mycobacterium
tuberculosis. Tuberculosis (Edinb) 89: 62–67.

46. Sugawara I, Udagawa T, Taniyama T (2007) Protective efficacy of recombinant (Ag85A) BCG Tokyo
with Ag85A peptide boosting against Mycobacterium tuberculosis-infected guinea pigs in comparison
with that of DNA vaccine encoding Ag85A. Tuberculosis (Edinb) 87: 94–101.

47. Satti I, Meyer J, Harris SA, Manjaly Thomas ZR, Griffiths K, et al. (2014) Safety and immunogenicity of
a candidate tuberculosis vaccine MVA85A delivered by aerosol in BCG-vaccinated healthy adults: a
phase 1, double-blind, randomised controlled trial. Lancet Infect Dis 14: 939–946. doi: 10.1016/S1473-
3099(14)70845-X PMID: 25151225

48. Scriba TJ, Tameris M, Mansoor N, Smit E, van der Merwe L, et al. (2010) Modified vaccinia Ankara-
expressing Ag85A, a novel tuberculosis vaccine, is safe in adolescents and children, and induces poly-
functional CD4+ T cells. Eur J Immunol 40: 279–290. doi: 10.1002/eji.200939754 PMID: 20017188

49. Tameris M, Geldenhuys H, Luabeya AK, Smit E, Hughes JE, et al. (2014) The candidate TB vaccine,
MVA85A, induces highly durable Th1 responses. PLoS One 9: e87340. doi: 10.1371/journal.pone.
0087340 PMID: 24498312

50. Fan X, Gao Q, Fu R (2009) Differential immunogenicity and protective efficacy of DNA vaccines
expressing proteins of Mycobacterium tuberculosis in a mouse model. Microbiol Res 164: 374–382.
PMID: 17764918

51. Adusumilli S, Mve-Obiang A, Sparer T, MeyersW, Hayman J, et al. (2005) Mycobacterium ulcerans
toxic macrolide, mycolactone modulates the host immune response and cellular location of M. ulcerans
in vitro and in vivo. Cell Microbiol 7: 1295–1304. PMID: 16098217

52. Boulkroun S, Guenin-Mace L, Thoulouze MI, Monot M, Merckx A, et al. (2010) Mycolactone suppresses
T cell responsiveness by altering both early signaling and posttranslational events. J Immunol 184:
1436–1444. doi: 10.4049/jimmunol.0902854 PMID: 20042571

53. Hall B, Simmonds R (2014) Pleiotropic molecular effects of the Mycobacterium ulcerans virulence fac-
tor mycolactone underlying the cell death and immunosuppression seen in Buruli ulcer. Biochem Soc
Trans 42: 177–183. doi: 10.1042/BST20130133 PMID: 24450648

54. Silva MT, Portaels F, Pedrosa J (2009) Pathogenetic mechanisms of the intracellular parasite Myco-
bacterium ulcerans leading to Buruli ulcer. Lancet Infect Dis 9: 699–710. doi: 10.1016/S1473-3099(09)
70234-8 PMID: 19850228

55. Torrado E, Adusumilli S, Fraga AG, Small PL, Castro AG, et al. (2007) Mycolactone-mediated inhibition
of tumor necrosis factor production by macrophages infected with Mycobacterium ulcerans has implica-
tions for the control of infection. Infect Immun 75: 3979–3988. PMID: 17517872

56. Williamson HR, Mosi L, Donnell R, Aqqad M, Merritt RW, et al. (2014) Mycobacterium ulcerans fails to
infect through skin abrasions in a guinea pig infection model: implications for transmission. PLoS Negl
Trop Dis 8: e2770. doi: 10.1371/journal.pntd.0002770 PMID: 24722416

57. Fenner F (1956) The pathogenic behavior of Mycobacterium ulcerans and Mycobacterium balnei in the
mouse and the developing chick embryo. Am Rev Tuberc 73: 650–673. PMID: 13313952

58. Deng YH, He HY, Zhang BS (2014) Evaluation of protective efficacy conferred by a recombinant Myco-
bacterium bovis BCG expressing a fusion protein of Ag85A-ESAT-6. J Microbiol Immunol Infect 47:
48–56. doi: 10.1016/j.jmii.2012.11.005 PMID: 23357605

59. Deng YH, Sun Z, Yang XL, Bao L (2010) Improved immunogenicity of recombinant Mycobacterium
bovis bacillus Calmette-Guerin strains expressing fusion protein Ag85A-ESAT-6 of Mycobacterium
tuberculosis. Scand J Immunol 72: 332–338. doi: 10.1111/j.1365-3083.2010.02444.x PMID:
20883318

60. Wang C, Fu R, Chen Z, Tan K, Chen L, et al. (2012) Immunogenicity and protective efficacy of a novel
recombinant BCG strain overexpressing antigens Ag85A and Ag85B. Clin Dev Immunol 2012:
563838. doi: 10.1155/2012/563838 PMID: 22570667

Enhanced rBCG Protection against Buruli ulcer

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0004046 September 22, 2015 19 / 20

http://dx.doi.org/10.1111/j.1462-5822.2008.01126.x
http://www.ncbi.nlm.nih.gov/pubmed/18248626
http://dx.doi.org/10.1016/j.micinf.2010.11.002
http://dx.doi.org/10.1016/j.micinf.2010.11.002
http://www.ncbi.nlm.nih.gov/pubmed/21093603
http://dx.doi.org/10.1016/S1473-3099(14)70845-X
http://dx.doi.org/10.1016/S1473-3099(14)70845-X
http://www.ncbi.nlm.nih.gov/pubmed/25151225
http://dx.doi.org/10.1002/eji.200939754
http://www.ncbi.nlm.nih.gov/pubmed/20017188
http://dx.doi.org/10.1371/journal.pone.0087340
http://dx.doi.org/10.1371/journal.pone.0087340
http://www.ncbi.nlm.nih.gov/pubmed/24498312
http://www.ncbi.nlm.nih.gov/pubmed/17764918
http://www.ncbi.nlm.nih.gov/pubmed/16098217
http://dx.doi.org/10.4049/jimmunol.0902854
http://www.ncbi.nlm.nih.gov/pubmed/20042571
http://dx.doi.org/10.1042/BST20130133
http://www.ncbi.nlm.nih.gov/pubmed/24450648
http://dx.doi.org/10.1016/S1473-3099(09)70234-8
http://dx.doi.org/10.1016/S1473-3099(09)70234-8
http://www.ncbi.nlm.nih.gov/pubmed/19850228
http://www.ncbi.nlm.nih.gov/pubmed/17517872
http://dx.doi.org/10.1371/journal.pntd.0002770
http://www.ncbi.nlm.nih.gov/pubmed/24722416
http://www.ncbi.nlm.nih.gov/pubmed/13313952
http://dx.doi.org/10.1016/j.jmii.2012.11.005
http://www.ncbi.nlm.nih.gov/pubmed/23357605
http://dx.doi.org/10.1111/j.1365-3083.2010.02444.x
http://www.ncbi.nlm.nih.gov/pubmed/20883318
http://dx.doi.org/10.1155/2012/563838
http://www.ncbi.nlm.nih.gov/pubmed/22570667


61. Lin CW, Su IJ, Chang JR, Chen YY, Lu JJ, et al. (2012) Recombinant BCG coexpressing Ag85B,
CFP10, and interleukin-12 induces multifunctional Th1 and memory T cells in mice. APMIS 120: 72–
82. doi: 10.1111/j.1600-0463.2011.02815.x PMID: 22151310

62. Sun R, Skeiky YA, Izzo A, Dheenadhayalan V, Imam Z, et al. (2009) Novel recombinant BCG express-
ing perfringolysin O and the over-expression of key immunodominant antigens; pre-clinical characteri-
zation, safety and protection against challenge with Mycobacterium tuberculosis. Vaccine 27: 4412–
4423. doi: 10.1016/j.vaccine.2009.05.048 PMID: 19500523

Enhanced rBCG Protection against Buruli ulcer

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0004046 September 22, 2015 20 / 20

http://dx.doi.org/10.1111/j.1600-0463.2011.02815.x
http://www.ncbi.nlm.nih.gov/pubmed/22151310
http://dx.doi.org/10.1016/j.vaccine.2009.05.048
http://www.ncbi.nlm.nih.gov/pubmed/19500523

