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We have studied the evolution of the gamma interferon (IFN-vy) and interleukin 10 (IL-10) responses after
Mycobacterium ulcerans sonicate stimulation of whole blood from patients with early M. ulcerans lesions during
treatment with rifampin and streptomycin for 8 weeks. Among the 26 patients, secretion of IFN-y increased
during treatment, with a significant increase at 4 weeks and a further increase after 8 weeks overall. The
increase was more rapid in patients with large or ulcerative lesions, becoming significant by 4 weeks. For small
lesions, there was only a minor increase, which did not reach significance. There was no significant change in
the median IL-10 response during antibiotic therapy, and there was no inverse correlation between IFN-y and
IL-10 responses. These results demonstrate that an IFN-y secretory response to M. ulcerans developed,
independently of IL-10 secretion, in patients whose M. ulcerans disease healed during antibiotic therapy.

Mycobacterium ulcerans disease is common in parts of the
tropics, affecting mainly children below the age of 15, often in
remote rural areas with little or no access to health services
(24). Early infection manifests as a painless nodule, a firm
plaque, or an edematous lesion which breaks down into the
chronic and potentially disfiguring ulcers characteristic of M.
ulcerans disease (5). The conventional mode of management is
surgical excision of lesions with skin grafting. However, treat-
ment of early lesions with rifampin and streptomycin has been
shown to kill M. ulcerans in human tissue (4), and increasing
clinical experience suggests that such lesions heal after treat-
ment for 8 weeks, with a low recurrence rate (2). This is the
treatment, together with appropriate surgery when necessary,
that is currently recommended by the WHO.

The pathogenesis of M. ulcerans disease is unusual in that
these mycobacteria elaborate mycolactone, a polyketide toxin
encoded by a number of genes on a large (174-kb) plasmid (9,
22), and animal studies have shown that it causes the charac-
teristic tissue destruction leading to ulceration (9). Mycolac-
tones induce apoptosis and necrosis of many human cell types
in vitro and appear to inhibit recruitment of inflammatory cells
to the site of infection (8, 9, 10). In human lesions, clumps of
mycobacteria in subcutaneous fat are surrounded by necrotic
tissue containing few if any inflammatory cells (9).

We have previously shown that after stimulation with M.
ulcerans sonicate of whole blood from patients with M. ulcerans
disease, there was significant gamma interferon (IFN-y) pro-
duction, which was higher in patients with established ulcers
than in those with early lesions, compatible with slow devel-
opment of a Thl-type immune response. Interleukin 10 (IL-
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10) production in M. ulcerans-stimulated blood was sustained
from an early stage and somewhat nonspecific, being similar to
that in patients with active tuberculosis (16).

If development of the immune response is inhibited by my-
colactone, antibiotic treatment which kills M. ulcerans and in-
hibits production of mycolactone would be expected to lead to
enhancement of the immune response. Therefore, we have
studied the evolution of the IFN-y and IL-10 responses after
M. ulcerans sonicate stimulation of whole blood from patients
with early M. ulcerans lesions during antibiotic treatment.

MATERIALS AND METHODS

Patients were recruited by local health workers from villages near Tepa Gov-
ernment Hospital in the Ahafo Ano North District of Ghana, where there is a
high prevalence of Buruli ulcer. Patients were recruited if they met the WHO
clinical case definition of M. ulcerans disease (1); were not pregnant; were not
receiving antibiotic treatment; had no history of tuberculosis, leprosy, or liver,
kidney, or hearing impairment; and gave written informed consent (thumb print
of parent or guardian in the case of children, depending on literacy). Females
older than 15 years were tested for pregnancy before antibiotic therapy was
commenced. The study protocol was approved by the ethics review committees
at the School of Medical Sciences, Kwame Nkrumah University of Science and
Technology, Kumasi, Ghana, and St. George’s Hospital in London, United
Kingdom.

Study protocol. (i) Diagnosis and treatment. Punch biopsy specimens of 4-mm
diameter were taken to confirm the clinical diagnosis, and patients were started
on treatment with 10 mg/kg oral rifampin and 15 mg/kg intramuscular strepto-
mycin (RIF-STR) daily, administered at village health posts under direct obser-
vation. If the diagnosis was confirmed by PCR for the 1S2404 repeat sequence
characteristic of M. ulcerans (15), antibiotic treatment was continued for 8 weeks.
Biopsy specimens were also stained for acid-fast bacilli (AFB) and cultured on
Lowenstein-Jensen slopes. Briefly, homogenized tissue was stained by the Ziehl-
Neelsen technique, and 1 ml was decontaminated by the modified Petroff method
for 10 min and inoculated on Lowenstein-Jensen slopes. Cultures were incubated
at 31°C and examined weekly for 6 months before they were discarded. DNA
extraction for PCR was performed by the guanidinium thiocyanate diatoms
technique, and PCR was performed targeting the 1S2404 insertion sequence as
described previously (15).

(i) Assessment of clinical response. Patients were categorized into two
groups, based on whether the initial lesion size was less than or greater than 10
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TABLE 1. Characteristics and diagnostic test results for 26 Buruli ulcer patients

No. of positive results/no. of

No. of Male to Median duration of . 1
Lesion form subj.ects Median age in yr (range) female lesion in wk negative results

ratio (range)” AFB Culture PCR

Preulcerative
Nodule 4 16.0 (10.0-25.0) 4:0 4.0 (2.0-26.0) 2/2 2/2 4/0
Plaque 4 8.5 (6.0-9.0) 2:2 5.0 (2.0-8.0) 2/2 31 4/0
Edema 5 13.0 (8.0-15.0) 3:2 3.5 (3.0-8.0) 2/3 3/2 5/0
Ulcer 13 10.5 (6.5-52.0) 4:9 8.0 (2.0-52.0) 3/10 4/9 13/0
Total 26 11.5 (6.0-52.0) 13:13 4.0 (2.0-52.0) 9/17 12/14 26/0

¢ The median duration value represents the patient’s estimate of the time since the lesion first appeared.

cm in diameter. Small lesions, less than 10 ¢cm in diameter, were traced onto
acetate paper, and surface area was calculated by approximation to a circle. It
was impractical to measure large lesions >10 cm in diameter, a few of which were
multiple and on uneven body surfaces, in this way, so they were monitored by
serial photography until healing occurred. The sizes of lesions were assessed
before treatment, at 8 weeks, and at 12 weeks. Patients were reviewed twice
weekly up to 12 weeks and monthly thereafter up to 52 weeks. Hearing, renal,
and liver function tests were assessed at the baseline and after 4, 8, 12, and 52
weeks.

(iii) Whole-blood assay. Blood samples were taken at 0, 4, 8, and 12 weeks for
cytokine stimulation assays. Twelve milliliters of venous blood was taken in
sodium heparin Vacutainer tubes (Becton Dickinson, United Kingdom). The
whole-blood assay was performed as described previously (16). One-milliliter
aliquots of undiluted blood were distributed in duplicate in 24-well tissue culture
plates (Becton-Dickinson, United Kingdom) and incubated with M. ulcerans
sonicate, 10 pg per ml phytohemagglutinin or no stimulant. Gentamicin was
added to each well at 10 pg per ml (Sigma, United Kingdom). Plates were swirled
gently and incubated at 37°C in 5% CO, for 24 h. Supernatants (200 to 300 ul per
well) were stored at —70°C for enzyme-linked immunosorbent assay to measure
IL-10 and IFN-y using OptEIA sets for human IL-10 and human IFN-y (BD
Biosciences, Pharmingen, San Diego, CA).

(iv) Calculation of enzyme-linked immunosorbent assay results and statistical
analysis. The mean absorbance of duplicate standards, samples, and controls was
calculated for each plate, and the mean zero standard absorbance was sub-
tracted. Results were analyzed with GraphPad Prism 4 software (GraphPad
Software, Inc.) and a standard (best-fit) curve was plotted. Values for unstimu-
lated cultures were subtracted from those for stimulated cultures. The lower
detection limits were 4.7 pg/ml for IFN-y and 7.8 pg/ml for IL-10. Results were
validated by a significant response to phytohemagglutinin stimulation. Descrip-
tive results of cytokines were expressed as medians and ranges. Medians for
subjects at the various time points of the study were compared using the Mann-
Whitney U test. P values less than 0.05 were considered significant.

RESULTS

Patients and clinical response to antibiotic. Table 1 shows
the characteristics of 26 patients with confirmed active M.
ulcerans disease (mean age of 12 years). There were 13 preul-
cerative lesions (4 nodule, 4 plaques, and 5 edemas) and 13
ulcers. A total of 17 lesions were on the upper limbs, 8 on the
lower limbs, and 1 on the trunk. The patient-estimated dura-
tions of lesions before presentation were longer for ulcers than
for preulcerative lesions. PCR for 1S2404 was positive in all 26
(100%) patients, compared with 12 (46%) positive cultures
and 9 (35%) positive results for AFB staining.

Prior to therapy, 16 patients had small lesions (4 nodules, 4
plaques, 1 edema, and 7 ulcers), with a median surface area of
16.5 cm? (range of 7.1 to 72.4 cm?). After 8 weeks of antibiotic
treatment, 12 patients had healed completely and the other 4
healed 4 weeks later (Fig. 1). Ten patients had large lesions,
the surface area of which could not be measured accurately;
four lesions were edematous without ulceration, and six were

ulcers. None of these had healed after 8 weeks of treatment;
but after 12 weeks, three had healed completely and the other
seven had reduced in size and contained healthy granulation
tissue. All had healed within 24 weeks, and there were no
recurrences during 12 months of follow-up. No significant clin-
ical adverse event was observed, and audiometric testing and
hepatic and renal function tests were normal before, during,
and after treatment.

Whole-blood IFN-y and IL-10 response to M. ulcerans anti-
gens during antibiotic treatment. Secretion of IFN-vy after
stimulation with M. ulcerans sonicate increased during treat-
ment with RIF-STR (Fig. 2A). There was a significant increase
in IFN-y secretion at 4 weeks (median of 1,128 pg/ml [range of
271 to 2,228 pg/ml]) compared with the baseline (463 pg/ml
[range of 37 to 1,780]; P < 0.05) and a further increase after 8
weeks to 1,330 pg/ml (range of 185 to 3,339; P < 0.05, com-
pared to the baseline). At 12 weeks, the level of IFN-y secre-
tion remained higher than the baseline level at 1,115 pg/ml
(range of 66 to 3,279) but not significantly so.

In a comparison of patients with preulcerative and ulcerative
lesions, median IFN-y secretion at the baseline was nonsignifi-
cantly higher among 13 patients with ulcerative lesions (656
pg/ml [range of 60 to 1,508]) than among 13 patients with
preulcerative lesions (289 pg/ml [range of 24 to 1,780]) (Fig.
2B). After treatment for 4 weeks, median IFN-y secretion
increased significantly in patients with ulcerative lesions to
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FIG. 1. Changes in surface area of small Buruli lesions (widest
diameter, =10 cm) before and after RIF-STR treatment for 8 weeks.
Each dot represents one subject, and the horizontal line represents the
median (at 0, 8, and 12 weeks). **, P < 0.05, compared with lesion
surface area at 0 weeks.
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FIG. 2. (A) IFN-y production after stimulation with M. ulcerans 1
sonicate of whole blood from patients with Buruli lesions before,
during, and after RIF-STR treatment for 8 weeks. Each dot represents
one subject, and horizontal lines represent the medians. The incom-
plete data at 4, 8, and 12 weeks were due either to hemolyzed tissue
cultures which could not be harvested for cytokine analysis or to
patients missing appointments at the expected time points in the study.
(B) IFN-y production after stimulation with M. ulcerans 1 sonicate of
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FIG. 3. IL-10 production after stimulation with M. ulcerans 1 son-
icate of whole blood from patients with Buruli lesions before, during,
and after antibiotic treatment. Each dot represents one subject; the
horizontal lines represent the medians. The incomplete data at 4, §,
and 12 weeks were due either to hemolyzed tissue cultures which could
not be harvested for cytokine analysis or to patients missing appoint-
ments at the expected time points in the study.

1,253 pg/ml (range of 579 to 2,228) but not in those with
preulcerative disease, in whom it rose to 557 pg/ml (range of
49.8 t0 2,205) (P < 0.05, compared to ulcerative lesions). After
8 weeks, the difference from the baseline was significant in
patients with both ulcerative and preulcerative lesions (median
1,293 pg/ml [range of 185.3 to 3,329] and 1,511 pg/ml [range of
19.9 to 2,949], respectively; [P < 0.05]). A rapid increase was
also observed for 10 patients with large lesions, including 4
with edema (Fig. 2C). In this group, median IFN-y secretion
increased from a baseline value of 395 pg/ml (range of 37 to
1,461) to 1,217 pg/ml (range of 557 to 2,178) at 4 weeks, 1,745
pg/ml (range of 930 to 3,329) at 8 weeks, and 1,233 pg/ml
(range of 944 to 2,615) at 12 weeks (P < 0.05 at 4, 8, and 12
weeks compared with the baseline). IFN-y secretion also in-
creased in patients with small lesions, but it did not reach
significance.

Figure 3 shows that there was a gradual decline in the me-

whole blood from patients with preulcerative Buruli lesions compared
with that from patients with ulcerative Buruli lesions before, during,
and after RIF-STR combination treatment for 8 weeks. Each dot
represents one subject. The black (@) and white (O) dots represent
subjects with preulcerative and ulcerative lesions, respectively. The
horizontal lines represent the medians. The incomplete data at 4, 8,
and 12 weeks were due either to hemolyzed tissue cultures which could
not be harvested for cytokine analysis or to patients missing appoint-
ments at the expected time points in the study. (C) IFN-y production
after stimulation with M. wulcerans 1 sonicate of whole blood from
patients with small Buruli lesions (=10 cm at the widest diameter)
compared with that from patients with large Buruli lesions (>10 cm at
the widest diameter or for multiple lesions) before, during, and after
RIF-STR treatment for 8 weeks. The black (@) and white (O) dots
represent subjects with small and large lesions, respectively, and hor-
izontal lines represent the medians. The incomplete data at 4, 8, and 12
weeks were due either to hemolyzed tissue cultures which could not be
harvested for cytokine analysis or to patients missing appointments at
the expected time points in the study. **, P < 0.05 compared with
IFN-y production at 0 weeks.
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dian IL-10 response during antibiotic therapy, but there were
no significant differences between the time points (median of
699 pg/ml at 0 weeks, 545 at 4 weeks, 513 at 8§ weeks, and 497
at 12 weeks). There was no inverse correlation between IFN-y
and IL-10 responses.

DISCUSSION

This series of 26 patients with proven M. ulcerans disease
responded well to treatment with the antibiotic combination of
rifampin and streptomycin, with all lesions healing within 24
weeks with no recurrences during follow-up for 12 months.
Large ulcers took longer to reepithelialize, as expected, but the
fact that there were no recurrences within 12 months indicates
that M. ulcerans infection had been treated adequately. This
corresponds with the experience of the same antibiotic treat-
ment in Benin (2), but no patients in the present series re-
quired surgery. Some ulcers healed more slowly than others,
despite being similar in size initially, and this needs further
study. Edematous lesions resolved during antibiotic treatment,
a development which has enormous significance for patients,
since these lesions extend rapidly, and in the past, they were
thought to require wide excision, resulting in large scars.

In the present study, the dynamics of cytokine production
after stimulation of peripheral blood cells with M. ulcerans
sonicate antigens was investigated during antibiotic treatment,
which had a successful outcome. Overall, there was a marked
increase in IFN-y secretion by M. ulcerans-stimulated whole-
blood cells after 4 and 8 weeks of antibiotic treatment, with a
small falloff by 12 weeks. The greatest increases in IFN-y
secretion were observed in patients with ulcerated or large
lesions, some with edema, and the increase occurred earlier in
these patients than in those with small preulcerative lesions
(Fig. 2B and C).

Secretion of mycolactone by M. ulcerans is likely to influence
the development of the IFN-y response. In untreated human
lesions, M. ulcerans is an extracellular pathogen, although
there is evidence of a transient intramacrophage growth phase
in mice (23). The extracellular location of M. ulcerans has been
attributed to the fact that mycolactone kills inflammatory cells
by apoptosis and necrosis (10). In both guinea pig and murine
models of infection with mycolactone-negative mutant strains
of M. ulcerans, there was an initial acute inflammatory re-
sponse followed by chronic inflammation, including granulo-
mas (10, 14), and recently, it has been shown with tissue sam-
ples from Buruli ulcer patients who had received antibiotics for
8 weeks that there were highly organized cellular infiltrates
around areas of coagulative necrosis, and mycobacteria were
seen within mononuclear phagocytes (19). These findings
support the idea that the killing of M. ulcerans with antibi-
otics permits phagocytosis of organisms and provides mac-
rophages and dendritic cells with more opportunities to
present antigens.

It is known that about a third of preulcerative lesions heal
spontaneously without any treatment (18), and it is possible
that these are ones in which mycolactone production is low,
allowing development of a Thl response. We can speculate
that among the patients in the present study there were some
with early lesions which would have healed without antibiotic
treatment and that they showed a strong IFN-y response be-
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fore treatment, while in others M. ulcerans replication was
rapid, with high mycolactone production; these would be the
subjects whose IFN-vy response was low initially. In the absence
of treatment, these lesions would go on to ulcerate, but there
would be a gradient of mycolactone concentration from high in
the center, where bacterial replication is occurring, to low at
the outer margin of the lesion, and with the passage of time, M.
ulcerans antigens would interact normally with the immune
system and an IFN-y response would develop. This would
explain the finding in this study and reported previously (16)
that IFN-y secretion was higher before treatment in patients
with ulcerative lesions than in those with preulcerative lesions.
Priming of the immune response in this way would also explain
the higher IFN-vy secretion in patients with ulcerative lesions
after 4 weeks, shown in Fig. 2B. An alternative explanation is
that, because ulcerative lesions had been present for longer
and more mycobacterial replication had taken place, larger
quantities of antigens in the tissue of the lesions could stimu-
late a more rapid immune response when antibiotic treatment
reduced mycolactone concentration in tissue. Further studies
of the concentration of mycolactone in human tissue during
treatment may throw more light on this question.

Two earlier studies (11, 17) found that IFN-y secretion in
response to antigen stimulation was lower in ulcerative lesions
than in preulcerative lesions, in contrast to the findings in the
present study. In both of these studies, there were substantial
differences in the assay techniques; in particular, cultures were
maintained for periods up to 6 days rather than 24 h, so the cell
populations under investigation were different. The long-incu-
bation assays may provide insight into memory and regulatory
T-cell responses, whereas the 24-h assay in our study probably
focuses on the prevailing effector responses to M. ulcerans
antigens.

Using an ex vivo enzyme-linked immunospot assay, recovery
of IFN-y secretion by peripheral blood mononuclear cells from
Buruli ulcer patients in response to stimulation with purified
protein derivative as well as nonmycobacterial antigens was
observed some months after surgical excision of the lesions
(25). This was interpreted as showing that mycolactone has a
broad immunosuppressive effect, but this aspect was not inves-
tigated in the present studies.

The pivotal role of IFN-y in orchestrating a Th1 response to
mycobacterial infection has been demonstrated with animal
models of tuberculosis (3, 7). Most patients with active tuber-
culosis have depressed IFN-vy secretion in response to specific
antigen stimulation of peripheral blood mononuclear cells,
which significantly improves after successful antituberculous
therapy (13). Production of anti-inflammatory cytokines, such
as IL-4, IL-10, and TGF-alpha, in response to Mycobacterium
tuberculosis downregulates the immune response, thereby lim-
iting tissue injury, but excessive production of these cytokines
may result in a failure to control the infection (20). IL-10 is a
potent suppressor of IFN-y synthesis by helper T cells (6) and
by NK cells (12), with inhibition of antigen presentation to Th1l
cells, and in leprosy it has been found to inhibit T-cell re-
sponses as well as IFN-y release (21). In the present studies,
increasing IFN-y secretion was not correlated with a significant
decline in IL-10 secretion, indicating that the Thl response
developed independently of Th2 activation, but it remains pos-
sible that IL-10 modulated excess proinflammatory activity.
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In conclusion, we have demonstrated that there was recovery
of IFN-vy secretion in response to M. ulcerans sonicate stimu-
lation of whole blood in patients with M. ulcerans disease
during successful antibiotic therapy, and this occurred inde-
pendently of IL-10 secretion. These findings support the hy-
pothesis that antibiotic-mediated killing of M. ulcerans results
in reduced mycolactone concentration, which enhances the
ability of antigen-presenting cells to process antigenic epitopes
for typical Thl-type mycobacterial immunity to develop.
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