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Buruli ulcer, caused by Mycobacterium ulcerans, is characterized by deep and necrotizing skin lesions, mostly
on the arms and legs. Together with tuberculosis and leprosy, this mycobacterial disease has become a major
health problem in tropical and subtropical regions, particularly in central and western Africa. No specific
vaccine is available for Buruli ulcer. There is, however, evidence in the literature that suggests a cross-reactive
protective role of the tuberculosis vaccine M. bovis BCG. To identify potential mechanisms for this cross-
protection, we identified and characterized the M. ulcerans homologue of the important protective mycobac-
terial antigen 85 (Ag85A) from BCG. The homologue is well conserved in M. ulcerans, showing 84.1% amino
acid sequence identity and 91% conserved residues compared to the sequence from BCG. This antigen was
sufficiently conserved to allow cross-reactive protection, as demonstrated by the ability of M. ulcerans- infected
mice to exhibit strong cellular immune responses to both BCG and its purified Ag85 complex. To further
address the mechanism of cross-reactive protection, we demonstrate here that prior vaccination with either
BCG or plasmid DNA encoding BCG Ag85A is capable of significantly reducing the bacterial load in the
footpads of M. ulcerans- infected mice, as determined by Ziehl-Neelsen staining and by actual counting of CFU
on 7H11 Middlebrook agar. Together, the results reported here support the potential of a cross-protective

Ag85-based future vaccine against tuberculosis, Buruli ulcer, and leprosy.

Buruli ulcer, caused by Mycobacterium ulcerans, is an emerg-
ing mycobacteriosis characterized by deep and necrotizing skin
lesions, mostly of the upper and lower limbs. Together with
tuberculosis (TB) and leprosy, this mycobacterial disease has
become a major health problem in developing countries (20).
Buruli ulcer affects mostly children in tropical and subtropical
regions of central and western Africa. Other foci of endemicity
are present in some regions of Australia, Southeast Asia, and
a few scattered parts of Latin America (44). There is no evi-
dence for direct person-to-person transmission, and it has been
suggested that contaminated water of rivers, swamps, and lakes
is the most likely reservoir for the disease. A sensitive and
specific PCR method, based on the insertion sequences 1S2404
and IS2606, has enabled the detection of M. ulcerans in water
samples from a swamp and a golf course irrigation system, but
direct culture of this mycobacterium from environmental sam-
ples has been unsuccessful (34, 35). A very close phylogenetic
relationship exists between M. ulcerans and M. marinum, an-
other mycobacterial species causing cutaneous problems (38).

Buruli ulcer can manifest itself in different forms, ranging
from a small skin nodule to a deep and enlarging skin ulcer
ultimately necessitating chirurgical care. Treatment with anti-
mycobacterial agents has generally been disappointing, espe-
cially in patients with extensive ulcers. Wide surgical excision
and skin grafting or even amputation of the affected limbs is
often the only treatment possible. Buruli ulcer is generally
found on lower-temperature parts of the body, such as the
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arms and legs, and the disease is accompanied by remarkably
few systemic symptoms and is rarely fatal (44). The infection
remains confined to the subcutaneous tissue and overlying
skin. The absence of a positive skin test response in most
patients may indicate that cellular immune responses are not
or are only weakly induced. Interestingly, spontaneous healing
is often accompanied by skin test conversion (44), again sug-
gesting a pivotal role of the immune system in the control of
the disease. Clearly, a better understanding of the immune
response generated following M. ulcerans infection is essential
in this respect. No specific vaccine is available for Buruli ulcer,
but evidence in the literature suggests a cross-reactive protec-
tive role of the M. bovis BCG vaccine used against TB (37).
For TB, it has been shown convincingly in mouse and guinea
pig experimental models that important protective antigens
can be found among the secreted or exported proteins of the
bacillus, which are present in large amounts in mycobacterial
culture filtrates (CF) (1, 13, 14). A major protein component of
these CF is the antigen 85 (Ag85) complex, a 30- to 32-kDa
family of three proteins, Ag85A, Ag85B, and Ag85C, which are
encoded by three distinct but highly homologous genes (47).
The bacteriostatic drug isoniazid enhances the expression of
the Ag85 complex in M. tuberculosis CF (11), and its role in cell
wall synthesis through its mycolyl-transferase activity is now
well documented (4, 33). Homologues of the Ag85 complex
have been described in all of the mycobacterial species tested
so far and in another member of the actinomycete family, i.e.,
Corynebacterium glutamicum (21). The Ag85 complex induces
strong T-cell proliferation and gamma interferon (IFN-y) pro-
duction in most healthy individuals infected with M. tubercu-
losis and in BCG-vaccinated mice and humans (15, 19). On the
other hand, TB patients show decreased cellular immune re-
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sponses but increased antibody production in response to Ag85
(19, 45). In leprosy, strong cross-reactive cellular and humoral
immune responses against purified Ag85 from M. bovis BCG
can also be detected in, respectively, healthy contacts and lep-
rosy patients (23-25). Ag85 plays an important role in protec-
tive immunity against TB, and we and others have previously
demonstrated that vaccination with plasmid DNA encoding
Ag85A and Ag85B can protect mice against an experimental
aerosol and intravenous challenge with M. tuberculosis (3, 16,
22, 40).

In order to analyze the possible role of the Ag85 complex in
the cross-reactive protection conferred by BCG against M.
ulcerans infection, we have first determined the complete nu-
cleotide sequence of Ag85A from M. ulcerans and we show that
the gene is 84% identical to its homologue in M. bovis BCG.
Furthermore, mice infected in the footpad with M. ulcerans can
mount a cross-reactive cellular immune response, restricted to
the draining lymph nodes (LN), against M. bovis BCG CF and
its major Ag85 complex. Finally, prior vaccination with BCG or
with plasmid DNA encoding Ag85A from M. bovis BCG can
partially protect mice against a subsequent footpad challenge
with M. ulcerans, resulting in a more-than-20-fold reduction in
the number of mycobacteria in the infected footpad.

MATERIALS AND METHODS

Mycobacterial strains. M. ulcerans type 1 strain 5150 from the Democratic
Republic of Congo was isolated at the Institute of Tropical Medicine of Antwerp
(30). Bacteria were grown on Lowenstein-Jensen or Middlebrook 7H9 medium
at 32 to 33°C for approximately 1 month. M. bovis BCG strain GL2 was grown at
the Pasteur Institute in Brussels for 2 weeks as a surface pellicle at 37°C in
synthetic Sauton medium.

Genomic DNA isolation. A 500-mg pellet of M. ulcerans obtained from 50 ml
of a 6-week 7HO liquid culture was resuspended in 0.1 M NaCl-1 mM EDTA-50
mM Tris-HCl buffer (buffer I) and heated for 20 min at 80°C. DNA was extracted
by using lysozyme, pronase, and sodium dodecyl sulfate (SDS) treatment. For the
extraction, 1 volume of chloroform-isoamyl alcohol (24:1) was added to myco-
bacteria in buffer I. The aqueous phase was then extracted three times with 1
volume of neutralized phenol. After several cycles of freeze-thawing, the aque-
ous phase was recovered and added to 1 volume of ether. RNase A (10 pg/ml)
was added to the DNA, incubated for 1 h at 37°C, and removed by three
extractions with phenol-chloroform-isoamyl alcohol. After precipitation of the
DNA with 2 volumes of ethanol, the pellet was resuspended in Tris-EDTA buffer
and analyzed by electrophoresis on agarose gel. Purity was evaluated by calcu-
lation of the ratio of optical density at 260 nm (OD,4,) to OD,g, and the ratio
of OD,¢ to OD,3.

Probes. Three different probes were used to clone a fragment including the
complete gene coding for Ag85A of M. ulcerans.

(i) BB1-BB3 probe. Since the BB1 and BB3 sequences are highly conserved
among Ag85-encoding genes from several mycobacterial species, this 162-bp
fragment of the Ag85-encoding gene was amplified by PCR on M. ulcerans ge-
nomic DNA by using primers ATCAACACCCCGGCCGTCGAG (BBI sense)
and CGGCAGCTCGCTGGTCAGGA (BB3 antisense) (10).

(ii) Probes A and B. Probes A and B were obtained by digestion with PstI and
Xhol of plasmid 5.1, which contains the gene encoding Ag85B from M. bovis
BCG (7, 27). Probe A (700 bp) encodes the N-terminal region of the protein,
whereas probe B (300 bp) encodes the C-terminal region of the protein. All
probes were labeled with [3?P]dCTP by using the multiprime labeling kit (Am-
ersham, Amersham, United Kingdom).

Southern blot hybridization. Purified genomic DNA from M. ulcerans (5 pg)
was digested overnight by BamHI (Fermentas) and separated on a 1% Seakem
GTG agarose gel (FMC). Before overnight transfer onto a nylon Hybond N
membrane (Amersham), the gel was denatured in a 0.5 M NaOH-1.5 M NaCl
solution and neutralized in a 3 M Na acetate solution. The DNA transferred onto
the membrane was fixed by short-wavelength UV exposure. Hybridization with
the three different Ag85 probes was then realized sequentially. Each filter was
prehybridized in Rapid-Hyb buffer (Amersham) at 65°C and then hybridized
overnight with the denatured probe at 2 X 10° cpm/ml. The filter was washed two
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times in 2 X SSPE (1X SSPE is 0.15 M NaCl plus 0.015 M sodium citrate)-0.1%
SDS for 10 min at room temperature and once in 1X SSPE-0.1% SDS for 15 min
at 65°C. For BB1-BB3, a more stringent procedure was used that included a
wash in 0.7X SSPE-0.1% SDS. After air drying, each filter was autoradiographed
on Kodak X-Omat film. Complete stripping of each probe was obtained by
immersion of the membrane for 30 min in 0.1% SDS at 95°C.

Cloning of a 1,400-bp fragment encoding Ag85A from M. ulcerans. Purified
DNA of M. ulcerans (20 pg) was digested with BamHI, and a fragment of about
1,400 bp was cut and extracted from the agarose gel by GenElute agarose spin
columns (Sigma). Ligation was made in pBlueScript II-SK* vector (pBSK™)
(Stratagene), previously digested with BamHI, using the T4 DNA ligase (Roche).
Transformation was made in electrocompetent DH5a cells (Gibco BRL) by
electroporation. Cultures were incubated overnight on ampicillin-containing
agar plates. Addition of isopropyl-B-p-thiogalactopylanoside (IPTG) and 5-bro-
mo-4-chloro-3-indolyl-B-p-galactopyranoside (X-Gal) allowed us to distinguish
between colonies containing the insert (white) and colonies without the insert
(blue). Each positive individual colony was streaked onto a grid Hybond N
membrane laid on the surface of an agar plate. After overnight growth, filters
were denaturated and neutralized on Whatman 3MM paper, washed in 2X SSC,
and then fixed by short-wavelength UV exposure. After treatment with protein-
ase K (100 pg/ml, 1 h at 37°C), filters were hybridized with the 162-bp
[*?P]dCTP-labeled BB1-BB3 M. ulcerans DNA probe.

DNA sequencing. DNA prepared from clone 71 was obtained by using a
Qiagen plasmid midi protocol (Qiagen). DNA sequencing was carried out by
Texas red dye primer cycle sequencing with an automatic Vistra 725 sequencer
using a DYEnamic Direct cycle sequencing kit (Amersham). External oligonu-
cleotides T3 and T7 were used initially, followed by six other internal oligonu-
cleotides, allowing complete sequencing of the clone 71 insert in both orienta-
tions.

Plasmid construction. The gene encoding Ag85A from M. tuberculosis (which
is 100% identical to that of M. bovis BCG) was amplified by PCR without its
mycobacterial signal sequence by using primers containing Bg/II restriction sites
and inserted into the V1Jns.tPA vector, driven by the IE1 cytomegalovirus
promoter and encoding the signal sequence for human tissue plasminogen acti-
vator (16).

Mice. C57BL/10 (B10) and C57BL/6 (B6 [H-2"]) mice were bred in the animal
facilities of the Pasteur Institute of Brussels. Only male mice, 6 to 8 weeks old at
the start of the experiment, were used.

M. ulcerans infection. An M. ulcerans suspension was prepared from cultures
grown for 1 month on Léwenstein-Jensen medium. Cultures (1 mg/ml) were
mixed with 2-mm-diameter glass beads (Vel, Leuven, Belgium) and vortexed
vigorously, and the number of acid-fast bacilli (AFB) was determined by Ziehl-
Neelsen staining. Mice were injected in the right footpad with 0.03 ml of the M.
ulcerans suspension in Dubos medium (Difco) containing 3 X 10* or 10° AFB.

Vaccination. B6 mice were anesthesized by intraperitoneal injection of ket-
amine (100 mg/ml) -xylazine (10 mg/ml) and injected three times, at 3-week
intervals, in both quadriceps with 2 X 50 wg of plasmid DNA encoding Ag85A
or the empty V1Jns.tPA vector (control DNA) using a 0.3-cm? insulin syringe
(Becton Dickinson). Mice were infected with M. ulcerans 5 weeks after the third
DNA vaccination. For BCG vaccination, mice were injected intravenously with
0.5 mg (=2 X 10° CFU) of live M. bovis BCG at the time of the first DNA
injection (11 weeks before challenge).

Antigens. CF was prepared from M. bovis BCG cultures by ammonium sulfate
precipitation as described before (15). Purified protein derivative (PPD) was
prepared from 8-week-old CF of M. bovis strain Vallée. The Ag85 complex
(Ag85A plus Ag85B plus Ag85C) was purified from M. bovis BCG CF by
sequential chromatography on phenyl Sepharose, DEAE-Sephacel, and Seph-
adex G75 (8). Pokeweed mitogen (PWM; Gibco Life Sciences), a T-cell-depen-
dent B-cell mitogen, was used as a control to measure polyclonal T-cell stimu-
lation. Recombinant catalase-peroxidase (KatG) and malate synthase (GlcB)
proteins from M. tuberculosis were a kind gift of J. T. Belisle (Colorado State
University).

Cytokine production. Mice were killed 7 weeks after infection with 3 X 10*
AFB, and spleen and inguinal LN were removed aseptically. Spleens and LN
from five mice were pooled, but LN draining the infected (right) and uninfected
(left) limbs were analyzed separately. A suspension of 4 X 10° leukocytes/ml was
incubated in the presence of PPD (25 pg/ml), CF (25 pg/ml), or Ag85 (5 pg/ml)
in round-bottom microwell plates in RPMI medium supplemented with 10%
fetal calf serum, antibiotics, and 5 X 107> M 2-mercaptoethanol. Cells were
incubated for 1 or 3 days at 37°C in 5% CO,. Supernatants from three separate
wells were pooled for each antigen.

IL-2 assay. Interleukin-2 (IL-2) activity was determined in duplicate on 24-h
culture supernatants (pool of five mice) using a bio-assay with IL-2-dependent
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CTLL-2 cells as described before (15). IL-2 levels are expressed as mean counts
per minute = the standard deviation (SD). The detection limit is around 10
pg/ml

IFN-y assay. IFN activity was quantified in duplicate on 72-h spleen cell
culture supernatants (pool of five mice) using a mouse IFN-y enzyme-linked
immunosorbent assay as described before (46). Coating antibody R4-6A2 and
biotinylated detection antibody XMG1.2 were obtained from Pharmingen. The
standard murine recombinant IFN-y used was obtained from Gibco. Titers are
expressed as the mean number of picograms per milliliter. The detection limit of
the assay is 20 pg/ml.

Lymphoproliferation. Pooled inguinal LN cells (LN draining infected hind
legs separated from LN draining uninfected hind legs) from five M. ulcerans-
infected mice were incubated in vitro at 10° leukocytes/ml in the presence of
control medium, bovine PPD (5 pg/ml), Ag85 from BCG (1 pg/ml), or PWM
(1:50 dilution) in round-bottom microwell plates in RPMI 1640 medium supple-
mented with 10% Fetal calf serum, antibiotics, and 5 X 107> M 2-mercapto-
ethanol. Cells were incubated for 3 or 4 days at 37°C in 5% CO,, and [*H]thy-
midine (Amersham) was added at 0.4 p.Ci/well during the last 24 h. Cells were
harvested onto glass fiber filter mats using a Titertek cell harvester, and radio-
activity was measured in a Betaplate liquid scintillation counter (Wallace). The
lymphoproliferation level was expressed as mean counts per minute * SD from
quadruplicate cultures.

Western blot analysis. Naive B6 and B10 mice or B6 mice vaccinated with
BCG 11 weeks before were infected with 3 X 10* M. ulcerans AFB or 2 X 10°
CFU of M. bovis BCG. Sera were collected at different time points, diluted 1:20,
and tested against CF from M. bovis BCG as described before (17). The speci-
ficities of BCG-specific monoclonal antibodies (MAbs) directed against the 30-
to 32-kDa Ag85 complex (MAb 17-4), the 40-kDa PstS-3 protein (MADb 2C1-5),
the 65-kDa heat shock protein (MAb IA,), and an 80-kDa CF protein (MAb
5D9) have been described before (17, 18, 41). MAbs IT42 and IT57, directed
against the 80-kDa catalase-peroxidase (KatG) protein from M. tuberculosis CF,
were kindly provided by J. Belisle (Colorado State University).

Enumeration of AFB and CFU in the footpad. In a first experiment, B10 mice
were injected in the footpad with 10° AFB and growth was evaluated for up to
8 weeks after the initial infection. In the vaccination experiments, infected
footpads of B6 mice were analyzed 5 or 7 weeks after M. ulcerans inoculation
with 10° or 3 X 10* AFB, respectively. The skin and bones were removed
carefully. The tissues were homogenized in a Dounce homogenizer and resus-
pended in 2 ml of Dubos broth medium (Difco) containing 0.4 g of glass beads
2 mm in diameter (Vel). Bacilli were counted as described previously by Shepard
and McRae (36). Briefly, 1 volume of tissue homogenate was diluted in 1 volume
of 10% milk-0.15% formaldehyde medium. A volume of 5 pl was fixed on a glass
slide (in triplicate) by heating at 60 to 70°C for 15 min. The slide was then stained
with Ziehl-Neelsen stain, and the AFB in 20 fields were counted under a micro-
scope. For enumeration of actual CFU, serial dilutions of tissue homogenate
were plated on 7H11 Middlebrook agar, supplemented with oleic acid-albumin-
dextrose-catalase enrichment medium. Petri dishes were sealed in plastic bags,
and yellow colonies were counted after 8 weeks of incubation at 32 to 33°C.
Numbers of AFB (viable and nonviable organisms) or CFU (viable organisms)
were determined on individual mice (four to seven mice per group) and con-
verted to log,, values, and statistical analysis was performed on mean log,, = SD
values by using Student’s ¢ test.

Nucleotide sequence accession number. The nucleotide sequence of the gene
coding for Ag85A from M. ulcerans has been assigned GenBank accession num-
ber AJ300576.

RESULTS

Cloning of a 1,400-bp DNA fragment containing the Ag85A-
encoding gene from M. ulcerans. After BamHI digestion of the
complete genomic DNA from M. ulcerans, sequential Southern
blot hybridization with probes A and B (from Ag85B of M.
bovis BCG) and probe BB1-BB3 from M. ulcerans revealed
two fragments with estimated sizes of 1,400 and 7,300 bp.
These two BamHI fragments hybridized with all three probes
(results not shown). The 1,400-bp fragment was isolated, pu-
rified, and ligated into pBSK™. The transformation in DH5a
cells yielded 139 individual colonies. Among these, only one
(clone 71) hybridized with the M. ulcerans DNA BB1-BB3
probe. Southern blot analysis of plasmid DNA from clone 71
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FIG. 1. Agarose gel electrophoresis (A) and Southern blot analysis
(B) after hybridization under stringent conditions with the 162-bp
probe BB1-BB3 from M. ulcerans. Lanes: 1, pBSK+ (1 pg); 2, plasmid
DNA from clone 71 (1 pg); 3, molecular weight marker IIT (Roche);
4, plasmid DNA from clone 71 after BamHI digestion (1 ng); 5,
V1ns.tPA-85A from M. bovis BCG (1 pg).

confirmed that the hybridization of this DNA to probe BB1-
BB3 is entirely due to the 1,400-bp insert (and not to the
pBSK™ vector) (Fig. 1).

Nucleotide sequence analysis. Sequencing the 1,400-bp pu-
rified DNA from clone 71, we found a 1,014-bp open reading
frame corresponding to a gene coding for an Ag85 homolog
from M. ulcerans (Fig. 2A). As for all other known Ag85
sequences, the conserved mature protein starts with an FSR-
PGL sequence. The gene encoding the mature protein is pre-
ceded by a signal peptide of 129 bp (43 amino acids [aa]) that
is necessary for its the secretion. Alignment of the Ag85 se-
quence of M. ulcerans with those encoding Ag85A, Ag85B, and
Ag85C from M. tuberculosis revealed a high similarity with,
respectively, 84, 73.7, and 59.7% identical amino acids. We
therefore concluded that DNA from clone 71 encodes the
Ag85A homolog of M. ulcerans (Fig. 2B).

Multiplication of M. ulcerans in the footpads of B10 mice.
Injection of 10° M. ulcerans AFB into the footpads of B10 mice
resulted in significant multiplication of the mycobacteria in the
injected leg. No AFB could be detected in the other leg. The
number of AFB increased more than 100-fold over the 8-week
period (Fig. 3). Footpad swelling was observed after 4 weeks of
infection. Necrosis of the footpad and extension of the infec-
tion appeared after 7 to 8 weeks. For ethical reasons, mice
were euthanatized at that time point. For the subsequent vac-
cination experiments described in this study, mice were sacri-
ficed at 5 weeks after infection with 10> AFB and at 7 weeks
after infection with 3 X 10* AFB, when all of the control mice
demonstrated visible swelling of the infected footpad.

Cross-reactive T-cell response against M. bovis BCG anti-
gens in mice infected with M. ulcerans. IFN-y and IL-2 pro-
duction was examined in inguinal LN cell and spleen cell cul-
tures from B6 mice infected with 3 X 10* M. ulcerans AFB only
and in B6 mice infected with M. ulcerans following vaccination
with BCG or with DNA encoding Ag85A from BCG. A sig-
nificant cross-reactive IFN-y and IL-2 response to M. bovis
PPD, CF from M. bovis BCG, and its purified 30- to 32-kDa
Ag85 complex could be detected in inguinal LN cell cultures
from B6 mice infected in the footpad with M. ulcerans 7 weeks
before (Fig. 4). Interestingly, cross-reactive IL-2 or IFN-y re-



1 gcgegegeagtectgacctagttgaggatgegeccgatcetaaccggatgegectaaatgaatgaggatgaggaagcaagg 79

80 ATG AAG CTT GTT GAC AGG TTT CGT GGC GCC GCG ACG GGT ACG TCG CGC CGA CTC ATG GTG 139
1M K L v D R F R G A A T G T S R R L M v 20

140 GGA GCC GTT GGC GCG GCC CTG CTA TCG GGT CTG GTC GGC TTC GTC GGC GGC TCG GCG ACC 199
21 G A v G A A L L S G L v G 13 v G G S A T 40

200 GCG AGT GCG TTT TCG CGG CCG GGC CTG CCG GTG GAA TAC CTG CAG GTG CCC TCG GTG GCG 259
41 A S A F S R P G L I3 v E Y L Q v P S v A 60

260 ATG GGC CGC AAC ATC AAG GTC CAG TTC CAA AGC GGT GGC GCC AAC TCT CCG GCG CTG TAC 319
61 M G R N I K v Q F Q S G G A N S P A L Y 80

320 CTG CTG GAC GGC ATG CGT GCG CAG GAC GAC TTC AGC GGT TGG GAC ATC AAC ACC CCC GCG 379

81 L L D G M R A Q D D F S G W D I N T P A 100

380 TTC GAG TGG TAC TAC CAG TCG GGC ATC TCG GTC GCC ATG CCG GTC GGT GGC CAG TCC AGC 439

101 F E W Y Y Q S G I 3 v A M P v G G Q S S 120

440 TTC TAC TCG GAT TGG TAC AAC CCG GCT TGC GGT AAG GCT GGC TGC ACC ACT TAC AAG TGG 499
121 F Y S D W Y N )3 A C G K A G C T T Y K W 140

500 GAG ACC TTC CTG ACC AGC GAG CTG CCG CAG TAC CTG TCG GCC AAC AAG GGT GTC AAG CCC 559

141 E T F L T S E L P Q Y L S A N K G v K P 160

560 ACC GGC AGC GGC GTG GTT GGT CTG TCG ATG GCG GGT TCG TCG GCC CTG ATC CTG GCG GCC 619
lel T G S G v v G L S M A G 3 S A L I L A A 180

1620 TAC CAC CCC GAC CAG TTC GTG TAC TCC GGC TCG CTG TCG GCA CTG CTG GAC CCG TCG CAG 679
181 Y H P D Q F v Y S G S L S A L L D P S Q 200

680 GGC ATA GGC CCG TCG CTG ATC GGC CTG GCC ATG GGT GAC GCG GGC GGC TAC ARG GCT TCC 739
201 G I G P S L I G L A M G D A G G Y K A S 220

740 GAC ATG TGG GGC CCG AAG GAC GAC CCG GCC TGG GCG CGT AAC GAC CCG ATG CTT CAG GTC 799
221 D M W G P K D D P A w A R N D P M L Q v 240

800 GGC ARG CTG GTT GCC AAC BAC ACC CGG ATC TGG GTG TAC TGC GGT AAC GGC BAAG CCG TCT 859
241 G K L v A N N T R I W v Y C G N G K P s 260

860 GAC CTG GGT GGC GAC BAC CTG CCC GCG AAG TTC CTG GAG GGC TTC GTC CGG ACC AGC AAC 919
261 D L G G D N L P A K F L E G F \Y R T S N 280

920 ATG AAG TTC CAG GCC GCG TAC BAC GCT GCC GGT GGC CAC AAC GCC GTG TGG AAC TTC GAC 979
281 M K F Q A A Y N A A G G H N A v W N F D 300

980 GAC AAC GGC ACG CAC AGC TGG GAG TAC TGG GGT GCG CAG CTC AAC GCT ATG AGG CCT GAC 1039
301 D N G T B 8 W E Y W G A Q L N A M R P D 320

1040 CTG CAG CAC ACG CTG GGT GCG ACA CCC BAC ACC GGT GAC ACC CAG GGC GCC TAG taccaagc 1101

321 L Q H T L G A T P N T G D T Q G A * 338
1102 gctcggegtactaacagaacagcegattaacggeggeggecet 1143

M. ulcerans 1 FSRPGLPVEYLQVPSVAMGRNIKVQFQSGGANSPALYLLDGMRAQDDFSG 50

M. tuberculosis 1 ............... PS ...D.ei L.ooonn., 50

M. ulcerans 51 WDINTPAFEWYYQSGISVAMPVGGQSSFYSDWYNPACGKAGCTTYKWETF 100

M wberculosis 51 ........... D...L..V....oiinnn, Quvvnnnn Q..... 100

M. ulcerans 101 LTSELPQYLSANKGVKPTGSGVVGLSMAGSSALILAAYHPDQFVYSGSLS 150

M. tuberculosis 101 ...... GW.Q..RH...... A....... A....T..I...Q....A .AM. 150

M. ulcerans 151 ALLDPSQGIGPSLIGLAMGDAGGYKASDMWGPKDDPAWARNDPMLQVGKL 200

M. tuberculosis 151 G...... AM. . Tt E....Q....L.N.... 200

M. ulcerans 201 VANNTRIWVYCGNGKPSDLGGDNLPAKFLEGFVRTSNMKFQAAYNAAGGH 250

M. tuberculosis 201 I..... Voo Noiiiie i I...D....G... 250

M. ulcerans 251 NAVWNFDDNGTHSWEYWGAQLNAMRPDLOHTLGATPNTGDT-QGA 294

M. tuberculosis 251 .G.FD.P.S............... K....RA........ PAP... 295

% identity = 84.1 (248/295)
% similitude = 91 (269/295)

FIG. 2. (A) Nucleotide and deduced amino acid sequences of Ag85A from M. ulcerans strain 5150 type 1. Uppercase letters represent the
complete open reading frame sequence. The signal peptide with an ATG as the initial codon is underlined. The conserved BB1 and BB3 primers
used to select a probe in M. ulcerans are underlined with a dotted line. The putative Shine-Dalgarno or ribosome-binding sequence is indicated
in bold. (B) Sequence comparison of mature Ag85A protein of M. ulcerans and M. tuberculosis (which is 100% identical to that of M. bovis BCG).
Dots indicate identical amino acids; conserved amino acid differences (determined according to the Needleman-Wunsh criterion) are underlined.
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FIG. 3. Mycobacterial replication of M. ulcerans in footpads of B10
mice infected with 10° AFB. Results represent the mean = SD log,
AFB per milliliter (six mice were tested individually for each time
point). Arrows point out different steps during mycobacterial replica-
tion in the footpad, i.e., visible swelling or footpad enlargement after
4 weeks and skin ulceration with extensive necrosis of subcutaneous fat
after 7 weeks.

sponses were observed only in cell cultures from LN draining
the infected hind leg and not in cell cultures from LN draining
the uninfected hind leg (data not shown) or in spleen cell
cultures from the same mice, clearly demonstrating the local-
ized aspect of the M. ulcerans infection 7 weeks after inocula-
tion. Previous vaccination with BCG or with plasmid DNA
encoding Ag85A from M. tuberculosis before infection resulted
in significantly lower IL-2 and IFN-y production in the drain-
ing LN, probably because vaccination reduced the multiplica-
tion of M. ulcerans (see Table 1). Confirming previous results
(14, 15), spleen cell Thl responses were readily detected in
mice vaccinated with BCG or Ag85A DNA upon in vitro stim-
ulation with PPD, BCG CF, and Ag85 (Fig. 4).

In line with the cytokine results, inguinal LN cells from
M. ulcerans-infected mice showed a positive lymphoprolif-
erative response following in vitro stimulation with PPD or
purified Ag85 (Fig. 5). Again, antigen-specific T-cell responses
were only observed in cell cultures from LN draining the in-
fected footpad and not in those from LN draining the unin-
fected one. Proliferative responses to PWM could be found in
both infected and uninfected LN cell cultures but were clearly
higher in the former, probably because of the presence of a
higher percentage of activated CD4 ™ T cells in the infected leg.

Cross-reactive B-cell response against M. bovis BCG anti-
gens in mice infected with M. ulcerans. Western blot analysis of
individual sera from M. ulcerans-infected B10 mice demon-
strated a cross-reactive antibody response against a small num-
ber of BCG CF antigens. Whereas early following infection
(weeks 2 to 4), this response was directed almost exclusively
against a BCG CF protein with an estimated molecular mass of
80 kDa, later in infection (weeks 7 and 8), antibodies were
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FIG. 4. IFN-y (A) and IL-2 (B) production in LN cell and spleen
cell cultures from unvaccinated and vaccinated B6 mice infected with
3 X 10* M. ulcerans strain 5150 AFB. Cells were restimulated for 3 days
in vitro with bovine PPD (grey bars), BCG CF (white bars), or purified
Ag85 (black bars). Data are expressed as mean numbers of picograms
per milliliter = SD (IFN-y) and as mean counts per minute = SD
(IL-2) in culture supernatants (tested in duplicate) from pools of five
mice.
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mostly directed against the 30- to 32-kDa Ag85 complex pro-
teins (Fig. 6A). By using recombinant catalase-peroxidase and
malate synthase proteins from M. tuberculosis, we demon-
strated that the antibody response against the 80-kDa protein
in sera from M. ulcerans-infected mice was directed against a
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FIG. 5. Lymphoproliferative response of pooled inguinal LN cells
from a pool of five B6 mice infected with 3 X 10* M. ulcerans AFB 7
weeks before. (A) LN draining infected hind legs. (B) LN draining
uninfected hind legs. Cells were restimulated for 3 or 4 days in vitro
with medium alone (closed diamonds), bovine PPD (black squares),
purified Ag85 (open triangles), or PWM (open circles). Data are ex-
pressed as mean counts per minute + SD of triplicate cultures.
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homologue of the KatG protein (data not shown). Interest-
ingly, sera from none of the five B6 mice previously vaccinated
with BCG and subsequently infected with M. ulcerans pro-
duced antibodies against the KatG homologue (Fig. 6B, data
shown for two mice). Confirming previous results, sera from
BCG-vaccinated B6 mice reacted very weakly against BCG CF
after one immunization and strongly against the 40-kDa PstS-3
lipoprotein following two BCG immunizations (17) (Fig. 6B).

Protective effect of vaccination with M. bovis BCG or with
plasmid DNA encoding Ag85A against M. ulcerans multiplica-
tion. As shown in Table 1, a more-than-20-fold reduction in the
number of M. ulcerans AFB was observed in mice previously
vaccinated with BCG or with DNA encoding Ag85A compared
to that in mice vaccinated with the empty control plasmid or in
naive mice. This highly significant protection was observed in
two independent experiments following challenge with increas-
ing doses of M. ulcerans, i.e., 3 X 10* and 10° AFB. Further-

INFECT. IMMUN.

123 45

week 6 week 7 week 8

FIG. 6. (A) Western blot analysis of CF antigens from M. bovis
BCG separated by SDS-15% polyacrylamide gel electrophoresis of
sera (diluted 1:20) from B10 mice infected with 10° AFB of M. ulcerans
and tested over an 8-week period. Reactivity of BCG-specific MADs is
shown. Lanes: 1, MAb 17-4, directed against the 30- to 32-kDa Ag85
complex; 2, MAb 2C1-5, directed against the 40-kDa PstS-3 protein; 3,
MAD IA,, directed against the 65-kDa hsp65 protein; 4 and 5, IT42
and IT57, directed against the 80-kDa KatG protein. (B) Western blot
analysis against CF antigens from M. bovis BCG of sera from B6 mice
vaccinated with BCG once (lane 1 and 2) or twice (lane 3 and 4) and
from mice infected with 3 X 10* AFB of M. ulcerans only (lane 5 and
6) or after prior BCG vaccination (lane 7 and 8). Reactivity of BCG-
specific MAbs is shown. Lanes: 9, MAb 5D9, directed against the
80-kDa KatG protein; 10, MAb 17-4, directed against 30- to 32-kDa
Ag85 complex; 11, MAb 2C1-5, directed against the 40-kDa PstS-3
protein; 12, MAD IA,, directed against the 65-kDa hsp65 protein.

more, the number of actual CFU of M. ulcerans was also
determined in the experiment with the 10°-AFB challenge.
Here again, the reduction in the number of CFU in Ag85A
DNA-vaccinated mice compared to that in mice injected with
the empty vector was highly significant. Numbers of AFB or
CFU per milliliter in naive mice infected with M. ulcerans were
not significantly different from numbers in mice vaccinated
with control DNA.

DISCUSSION

Following tuberculosis and leprosy, Buruli ulcer disease is
the third most common mycobacterial disease (44). The first
International Conference on Buruli Ulcer Control and Re-
search, held in 1998 in Cote d’Ivoire, expressed concern that
little is known about this disease and called on the interna-
tional community to support control and research efforts. It is
clear that prevention of infection through vaccination of pop-
ulations at high risk could ultimately be the best strategy for
controlling this emerging disease.

The currently available tuberculosis vaccine, i.e., the M. bo-
vis BCG vaccine, is very effective in preventing disseminated
TB in infants and young children (31) but does not have a
significant impact on pulmonary TB in young adults (6). Inter-
estingly, this same BCG vaccine was reported to confer pro-
tection against leprosy in Papua New Guinea (2), central Brazil
(32), and northern Malawi (29) and against Buruli ulcer in two
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TABLE 1. Mycobacterial multiplication in unvaccinated and vaccinated B6 mice infected by 3 X 10* or 10° M. ulcerans strain 5150 AFB

Infection with 3 X 10* M. ulcerans AFB
Vaccine

Infection with 10° M. ulcerans AFB

No. of AFB/ml* ALog, " P value® No. of AFB/ml* ALog;o" No. of CFU/ml“ ALog, " P value®
None ND4 6.16 = 0.28 (7) 5.99 = 0.26 (7)
Control DNA 5.95 =055 (4) 5.85 = 0.25 (6) 5.63 = 0.45 (6)
M. bovis BCG 4.60 = 0.35 (6) 1.35 <0.005 4.00 = 0.02 (7) 1.85 421 +=0.14 (7) 1.42 <0.005
Ag85A DNA 4.29 =042 (5) 1.66 <0.005 4.71 = 0.67 (7) 1.14 4.52 = 0.30 (7) 1.11 <0.005

“Mean * SD of CFU or AFB per milliliter, expressed in log;,. The number of mice per group is in parentheses.

® ALog,, difference compared to mice vaccinated with control DNA.

¢ Each P value shown reflects a comparison with the mean log,, value for control DNA-treated mice infected with M. ulcerans.

4 ND, not done.

controlled clinical trials in Uganda (5, 37), indicating that im-
mune responses against common mycobacterial antigens pres-
ent in the BCG vaccine may be important for the control of
mycobacterial diseases. Obviously, the toxin produced by M. ul-
cerans may be another key antigen relevant for vaccine devel-
opment, but it is unknown whether protective immune re-
sponses can be generated against this polyketide-like structure,
which moreover was reported to have immunosuppressive ac-
tivities (12).

It is now generally accepted that a major protective antigen
present in the BCG vaccine is the so-called Ag85 complex, a
protein family involved in cell wall synthesis and triggering
strong cell-mediated immune responses in situations of con-
trolled, primary M. tuberculosis infection. In this paper, we have
reported on the cloning and sequencing of a gene of M. ulcer-
ans strain 5150 encoding an Ag85 homologue. M. ulcerans and
M. marinum are known to be genetically very similar (42), and
while this work was in progress, sequencing of a 417-bp frag-
ment of M. ulcerans revealed a similarity of more than 99%
with the Ag85A gene of M. marinum (38). Comparison of our
M. ulcerans sequence with this partial sequence and the com-
plete sequence of M. bovis BCG confirmed our blast analysis,
indicating that our gene indeed encodes the Ag85A compo-
nent from M. ulcerans.

Mice experimentally infected in the hind footpad with
M. ulcerans type 1 strain 5150 from the Democratic Republic
of Congo demonstrated a strong cross-reactive Thl-type im-
mune response against M. bovis BCG and the 30- to 32-kDa
Ag85 complex purified from BCG CF. Significant IL-2 and
IFN-v secretion, as well as lymphoproliferative responses,
could be demonstrated in inguinal LN cells draining the in-
fected footpad but not in cells from LN draining the uninfected
footpad or in the spleen. The 84% sequence identity and 91%
similarity between the mature M. bovis BCG and M. ulcerans
Ag85A proteins could effectively explain this cross-reactive
Th1 immune response. Interestingly, one of the two Ag85 pep-
tide regions previously described as immunodominant in BCG
and Ag85A DNA-vaccinated B6 mice (aa 261 to 280) was
almost completely identical (one conserved change at aa 275)
(18, 39). In line with the strong but localized cellular immune
response, systemic antibody responses against BCG CF anti-
gens were very weak in M. ulcerans-infected mice. However,
antibodies directed against an 80-kDa protein antigen from
BCG CF were found in 17 (35%) of 48 M. ulcerans-infected
mice and, interestingly, prior BCG vaccination inhibited the
appearance of these antibodies. At least two protein antigens
with similar sizes have been described in BCG CF, i.e., a

peroxidase-catalase (KatG) and a malate synthase (GIcB)
(Suman Laal, New York University School of Medicine, per-
sonal communication). By using recombinant KatG and GlcB
from M. tuberculosis, we found that the anti-80-kDa antibodies
in sera from M. ulcerans-infected mice were directed against
the former protein, demonstrating that M. ulcerans expresses a
catalase-peroxidase homologue as well. Recently, Dobos et al.
reported on the serologic response to CF antigens of M. ulcer-
ans in 70% of patients suffering from Buruli ulcer. Three
M. ulcerans antigens with estimated molecular masses of 70,
36 to 38, and 5 kDa were commonly recognized by Buruli ulcer
patients’ sera, and this antibody response was consistent
throughout the early to late disease stages (9). Apart from the
weak skin test reactions to tuberculin or burulin and the paper
of Dobos et al. on serology, little is known concerning the
cellular and humoral immune responses of patients with Buruli
ulcer. Our results indicate that analysis of the T-cell response
to CF antigens and Ag85, in particular, could give us more
insight into the immune mechanisms involved in control of the
infection. Also, it would be interesting to analyze the antibody
response against whole BCG CF in infected subjects in order
to find out whether the KatG protein is a dominant B-cell
antigen in infected humans, as it is in infected B6 (and BALB/c
[data not shown]) mice. M. ulcerans can be grown in liquid
protein-free media (28), and we plan to start a comparative
study of immune responses to M. bovis BCG and M. ulcerans
CF in the near future in Benin (E. Lozes, personal communi-
cation).

Vaccination with BCG or with plasmid DNA encoding
Ag85A from M. bovis BCG was very effective in reducing the
bacterial replication of M. ulcerans in the footpad. Both the
number of AFB determined by classical Ziehl-Neelsen staining
and the number of CFU determined by plating on specific
7H11 agar were about 20-fold lower in vaccinated mice than in
mice vaccinated with the empty control vector or in naive,
unvaccinated mice. Although our results have to be interpreted
with caution, they are promising for future Buruli ulcer vaccine
development. Plasmid DNA vaccination appears to be a pow-
erful and easy method for the definition of protective antigens
for this disease. These initial experiments now have to be re-
peated with other M. ulcerans isolates and with plasmids en-
coding other antigens, additional mouse strains, and eventually
other experimental animal species, and with longer resting
periods between vaccination and challenge. Also, a direct com-
parison of the immunogenicity and protective efficacy of plas-
mid DNA encoding Ag85A from M. ulcerans and of M. bovis
BCG is in progress. Despite the extensive homology between
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both Ag85A proteins, minor differences do exist and use of the
Ag85A-encoding gene from M. ulcerans could provide a more
potent vaccine. Finally, immunotherapeutic plasmid vaccina-
tion, which has been reported to be effective for TB with plas-
mid DNA encoding hsp65 (26) but not Ag85A (43), can now be
examined for M. ulcerans infection.

In conclusion and in view of the more than 90% amino acid
sequence similarity between Ag85A from M. ulcerans and
Ag85A from M. bovis BCG, these results hold promise for
future TB, Buruli ulcer, and possibly leprosy vaccines based on
common antigenic components.
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