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Abstract

Buruli ulcer is a skin disease caused by Mycobacterium ulcerans that is spreading in tropical countries, with major public
health and economic implications in West Africa. Multi-analyte profiling of serum proteins in patients and endemic controls
revealed that Buruli ulcer disease down-regulates the circulating levels of a large array of inflammatory mediators, without
impacting on the leukocyte composition of peripheral blood. Notably, several proteins contributing to acute phase reaction,
lipid metabolism, coagulation and tissue remodelling were also impacted. Their down-regulation was selective and
persisted after the elimination of bacteria with antibiotic therapy. It involved proteins with various functions and origins,
suggesting that M. ulcerans infection causes global and chronic defects in the host’s protein metabolism. Accordingly,
patients had reduced levels of total serum proteins and blood urea, in the absence of signs of malnutrition, or functional
failure of liver or kidney. Interestingly, slow healers had deeper metabolic and coagulation defects at the start of antibiotic
therapy. In addition to providing novel insight into Buruli ulcer pathogenesis, our study therefore identifies a unique
proteomic signature for this disease.
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largely unknown [11]. To improve the current disease manage-
ment practices and develop personalized treatment plans, it is
crucial to better understand the pathophysiology of BUD and
identify biological correlates of healing.

M. ulcerans produces mycolactone, a macrolide cytotoxin with

Introduction

Buruli ulcer disease (BUD) is a progressive ulceration of the skin
that results from infection with Mycobacterium ulcerans [1,2,3]. BUD
is associated with swamps, marshes and wetlands, with the most

affected countries in Western Africa. The disease classically starts
as a nodule, papule, plaque, or oedema that eventually breaks
down to form a painless, necrotic ulcer [4]. In the remote rural
areas where the disease is endemic, presentation and diagnosis is
often delayed and patients present with large ulcers, which cause
significant disability [5]. The recommended treatment for BUD
consists of streptomycin and rifampicin daily for eight weeks, with
grafting of larger lesions [6,7,8]. Although this is effective at killing
bacteria [9], 2-10% of individuals develop enlargement of lesions
upon treatment [10]. Skin wounds typically heal by progressing
through four consecutive phases including haemostasis, inflam-
mation, a proliferative stage with synthesis of extracellular matrix
(ECM) then a remodelling of the ECM. Whether and how
infection with M. wlcerans interferes with this healing process is
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immunosuppressive properties that underpins bacterial virulence
[12]. Sub-cutaneous injection of mycolactone in animal models
causes ulcerative skin lesions similar to those seen in BUD [13].
Contrary to wild-type M. ulcerans, mycolactone-deficient mutants
do not induce defective systemic production of IL-2 in animal

models, suggesting that mycolactone also impairs the generation of

cellular responses. In line with this hypothesis, mycolactone was
shown to suppress the expression of homing receptors and the
production of inflammatory mediators by lymphocytes, monocytes
and dendritic cells i vitro [14,15,16,17,18,19]. The mechanism by
which mycolactone modulates protein expression in a gene and
cell-specific manner in these immune cells nevertheless remains
unclear. The action of mycolactone differs from those of known
immunosuppressants, acting independently of the mammalian
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Author Summary

Buruli ulcer is a skin disease caused by inoculation of
Mycobacterium ulcerans bacteria, which is emerging in
tropical countries. Lesions typically start as nodules, which
eventually open to form progressive, non-healing wounds.
Although anti-mycobacterial antibiotics are efficient at
stopping the infection, ulcers often persist after comple-
tion of treatment for reasons that remain unclear. In the
present study, we performed a quantitative analysis of a
large array of proteins circulating in peripheral blood, with
the view to identifying biomarkers of disease progression
and wound chronicity. We found that Buruli ulcer disease
induces a unique signature of serum protein suppression
that outlasts the elimination of bacteria. Interestingly, the
initial levels of several of these proteins differed between
fast and slow healers, suggesting an association with
healing defects. Our results unravel an unexpected feature
of Buruli ulcer disease and show that M. ulcerans infection
has global and durable effects on the host's protein
metabolism.

target of rapamycin (mTOR) [14,19]. Whether mycolactone also
alters protein expression in non-immune cells is not documented.

We reported previously that BU patients display a distinctive
profile of immune suppression, marked by the down-modulation
of selected chemokines and an impaired capacity of T cells to
produce cytokines upon stimulation ex viwo [20]. In the present
study, we performed a larger-scale profiling of serum proteins and
standard clinical analyses to improve our global understanding of
the effects of M. ulcerans infection on the physiology of the host.
Our results validate our previous observation that M. wulcerans
infection down-regulates the serum level of a large array of
proteins participating in immune responses. In addition, they show
that BUD represses the circulating level of key mediators of
coagulation and tissue remodelling. Although these alterations do
not impact on the host’s vital functions and immunity, they may
interfere with wound healing.

Materials and Methods

Ethics statement

The protocol of this study was approved by the ethics review
committees at the School of Medical Sciences, Kwame Nkrumah
University of Science and Technology, Kumasi, Ghana (CHRPLE/
11/28/06). All adult subjects provided informed consent, and a

Table 1. Multi-analyte profiling (Cohort 1).

Serum Protein Profiling in Buruli Ulcer Disease

parent or guardian of any child participant provided informed
consent on their behalf. Informed consent was written (with thumb
print of parent or guardian in the case of children, depending on
literacy). Institutional review board gave approval to document
informed consent using thumb print for illiterate participants.

Study design

Patients were recruited in the middle forest belt of Ashanti
Region of Ghana, from Buruli ulcer endemic villages near Tepa
Government Hospital (Ahafo Ano North District), Agogo Presby-
terian Hospital and Ananckrom Health centre (Asante Akim
North District) and Nkawie Government Hospital (Atwima
Nwabiagya district), within 70 km of the regional capital Kumasi.
Patients were included in the study if they met the WHO clinical
case definition of M. ulcerans disease; were not pregnant; were not
receiving antibiotic treatment; had no history of tuberculosis,
leprosy, or liver, kidney, or hearing impairment. Age- and gender-
matched healthy controls from the same endemic area were
included. Three cohorts of patients and controls were constituted
for the purposes of this study that are described in Tables 1 to 4
and Table S1 in Text S1. Body mass index (BMI) was determined
in individuals of Cohort 2 according to international classification
(WHO global database, http://apps.who.int/bmi/).

Diagnosis and treatment

Fine needle aspirates were taken to confirm the clinical
diagnosis by PCR for the 152404 repeat sequence characteristic
of M. ulcerans. Patients were started on streptomycin 15 mg/kg and
rifampicin 10 mg/kg treatment daily for 8 weeks, as recom-
mended by the WHO, at village health posts under direct
observation. Punch biopsy specimens of 4 mm diameter were also
stained for acid-fast bacilli and cultured on Lowenstein-Jensen
slopes, as previously described [21]. Patients with confirmed BUD
of less than 10 cm in maximum diameter provided 2 ml of serum.
All lesions had healed by 6 months and there were no recurrences
after 12 months upon completion of antibiotic therapy. Healthy
contacts from the same endemic areas also provided serum
samples to serve as a comparator.

FACS analysis

Whole blood was collected in heparin-containing tubes and
processed within the same day. Mix of fluorochrome-conjugated
antibodies were added to 100 pl whole blood, incubated for 15 min
in the dark, followed by 15 min in-dark red cell lysis with 1-step Fix/
Lyse solution (eBioscience). Cells were washed according to the

Healthy controls (n=14)

Patients with BUD (n=20)

“Fast healers” (n=10) “‘Slow healers” (n=10)

Age, median (range), years 15 (7-35)
Sex, no. male/no. female 717

Time to healing, median (range), weeks -

Ulcer category

| (lesion size <5 cm in widest diameter)

Il (lesion size <15 cm in widest diameter)

Age, median (range), years

Time to healing, median (range), weeks

32 (13-55) 10 (5-35)
4/6 6/4

7 (4-12) 29 (16-48)
6 6

4 4

17 (5-55)

14 (4-48)

doi:10.1371/journal.pntd.0002786.t001
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Table 2. Complete blood count and blood chemistry (Cohort 2).

Serum Protein Profiling in Buruli Ulcer Disease

Complete blood count and blood chemistry
(liver and renal function tests, blood lipids)

Healthy controls (n=20) Patients with BUD (n=44)

Age, median (range), years

Sex, no. male/no. female

14.5 (8-50) 16 (6-61)
7/13 18/26

doi:10.1371/journal.pntd.0002786.t002

manufacturer’s protocol and analyzed on a BD FACSCalibur. Anti-
CD4-FITC (555339), anti-CD8-FITC (345772), ant-CD19-FITC
(345788), anti-CD62L-PE (555544), anti-CD45RA-PE (555489)
and anti-CD3-APC (555335) were from BD Pharmingen.

Blood cell counts and chemistry tests

Absolute counts of neutrophils, monocytes, lymphocytes and
cosinophils in fresh peripheral blood were determined with a
hematology analyzer. Blood glucose, blood lipids (total cholesterol,
triglyceride, high and low density lipoprotein HDL and LDL);
liver function indicators (Alanine aminotransferase (ALT), alkaline
phosphatase (ALP), Gamma-glutamyl transferases (GGT), Total
protein, Albumin, Globulin, total/direct/indirect Bilirubin) and
renal function indicators (urea, creatinine, blood urea nitrogen to
creatinine ratio) were measured in serum with standard hospital
instrumentation. Individuals fasted for a minimum of 12 h before
LDL, triglyceride or blood glucose measurements. Non-esterified
fatty acids (NEFA) were assessed in serum with the Free fatty acids,
half-micro test (Roche).

Multi-analyte profiling of serum proteins

Serum samples (100 pl) were sent on dry ice to Rules-Based
Medicine Inc. (Austin, USA) for quantitative measurement of 88
proteins (Human Multi-Analyte Profile (MAP) v1.6). Details on the
methodology used by this company can be found at www.
rulesbasedmedicine.com. Briefly, samples were incubated with a
mixture of fluorescently labeled microspheres, with each type
conjugated to a different capture antibody. A mixture of
biotinylated secondary antibodies was then added to label bead-
captured antigen, then streptavidin-phycoerythrin added to the
complex. Flow cytometry analysis with a Luminex 100 flow
analyzer was used to quantify fluorescence signals for each
antigen. Purified antigen standards were included to relate bead-
based fluorescence to antigen concentration. A “Lowest Detect-
able Dose” (LDD) was also reported for each antigen that
corresponds to mean fluorescence signal of 20 blanks +3 SD. The
LDD is considered the lower limit at which the system can
accurately calculate the concentration of an experimental sample,
with confidence that the concentration is higher than that of a
blank sample. We chose to keep only variables for which >50%

Table 3. FACS analysis (Part of Cohort 2).

measures were above the LDD in one of the control or patient
group. This resulted in retention of 71 out of the 88 variables
(Fig. 1). The lower assay limit (LAL) is each assay’s working
sensitivity as defined by the lowest concentration calibrator found
on the standard curve that provides a quantifiable measurement
above background. The LAL is typically lower than the LDD.
Values below the LAL were replaced with a value that was 50% of
the lowest value measured in the data set. Values above the
maximum value of the standard curve were set at this maximum.

Statistical analysis

Multivariate data analysis was performed with the SIMCA
13 software (Umetrics, Sweden) to predict clinical status based
on protein signatures in 1) BUD patients before antibiotic
treatment (BUD 0) versus healthy controls, 2) BUD patients 4
weeks after the end of the 8 week antibiotic treatment (BUD
12) versus healthy controls, 3) BUD 0 versus BUD 12 and 4)
fast versus slow healers. We used conventional Principal
Component Analysis (PCA) to gain a first insight into the
general distribution of our dataset and detect outliers. In
complement, Orthogonal Partial Least Squares-Discriminant
Analysis (O-PLS-DA) was performed to identify the variables
contributing to group classification [22]. The quality of each
model was assessed by calculation of Fit (R?) and prediction
ability (Q% values. To further characterize univariate differ-
ences between controls, BUD 0 and BUD 12 patients, the non-
parametric Wilcoxon ranksum (Mann-Whitney) test was used.
Paired samples for BUD patients at week 0 and week 12 were
compared using the Wilcoxon signed rank test. As this led to
performing 71 tests for each comparison, we adjusted for
multiple testing by defining as significant all p-values<<0.05
that also guaranteed a false discovery rate (FDR) under 1%
[23]. Univariate analysis and multiple testing adjustments were
performed using R software (version 2.13.2, R Development
Core Team, R Foundation for Statistical Computing, Vienna,
Austria) and package QVALUE v1.0 [24]. The GraphPad
Prism software (v5.0d, La Jolla, CA) was used for box-and-
whisker plot representation, with outlier cut-oft determined by
Tukey’s test. Outliers were kept in all statistical analyses and
are represented by dots in box-and-whisker plots.

Healthy controls (n=9)

Patients with BUD (n=10)

13 (8-35)

Sex, no. male/no. female 3/6

Age, median (range), years

Ulcer category
| (lesion size <5 cm in widest diameter)

Il (lesion size <15 cm in widest diameter)

25 (12-47)
3/7

doi:10.1371/journal.pntd.0002786.t003
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Table 4. NEFA assay (Cohort 3).

Serum Protein Profiling in Buruli Ulcer Disease

Healthy controls (n=9)

Patients with BUD (n=15)

Age, median (range), years 10 (7-35)
Sex, no. male/no. female 5/4

Time to healing, median (range), weeks -

Ulcer category

| (lesion size <5 c¢m in widest diameter)

Il (lesion size <15 cm in widest diameter)

12 (5-32)
8/7
18 (4-40)

doi:10.1371/journal.pntd.0002786.t004

Results

Suppression of multiple serum proteins in BUD

Serum harvested from 20 patients at the time of BUD diagnosis
(BUD 0), and 4 weeks after completion of antibiotic therapy (i.e.
week 12, BUD 12) were compared to those of healthy controls
from the same endemic community (Table 1). Samples were
subjected to a multi-analyte profiling technology allowing for the
quantitative and simultaneous determination of 88 proteins
reflecting inflammation, lipid metabolism, coagulation, tissue
remodelling and other pathways. Of the 88 targeted proteins, 71
met the inclusion criteria for further analysis (see Materials and
Methods). PCA of the selected analytes resulted in a clear
separation between BUD patients and healthy controls (R* = 0.50;
Q?=0.41), but not between patients at the beginning or end of
antibiotic therapy (unshown data). O-PLS-DA improved the
separation of controls versus BUD 0 (R*=0.96; Q?=0.92) and
controls versus BUD 12 (R*=0.96; Q% =0.88) (Fig. 2A) but failed
to better discriminate BUD 0 from BUD 12, suggesting that BUD
induces alterations in serum proteins that are maintained after the
end of antibiotic treatment.

Accordingly, all analytes distributed along the diagonal of a
BUD 0/BUD 12 Shared and Unique Structures (SUS)-plot
(Fig. 2B). Notably, a large proportion of the dots were
concentrated in the lower left quadrant, indicating that BUD
has a suppressive effect on most tested proteins, irrespective of
their functional category. Univariate analyses confirmed that 44/
71 serum proteins were down-modulated in BUD 0 compared to
controls (Fig. 1). Because our cohorts of patients and controls did
not match perfectly with regard to age, we verified potential links
between variables and age a posteriori. This analysis identified 14
variables correlating negatively with age in controls, according to
Spearman’s test (Coefficient <—0.6) (Fig. 1 and Figure SI in Text
S1). Their down-regulation in patients may be due to an age bias
and must be interpreted with caution. With regard to the variable
with the highest correlation coefficient, MCP-1, we found that
protein levels were not associated with age in BUD patients at
Week 0 (Spearman coefficient R =0.02). In a logistic regression
model where BUD status was explained by MCP-1 levels at week
0, age was not significantly associated to disease and its
introduction did not modify the relationship between BUD status
and MCP-1 levels. Together, these findings thus indicated that the
relationship between BUD and MCP-1 levels at week 0 was
unlikely to be confounded by age. Notably, 43 of the 44 proteins
that were down-regulated by BUD were still suppressed after 12
weeks, that is one month after completion of antibiotic therapy.
Amongst the variations contributing the most to differentiate BUD
patients from controls was the suppression of TNF-b, interleukin
(IL)-3 and IL-13 and the induction of metalloproteinase MMP-2,

PLOS Neglected Tropical Diseases | www.plosntds.org

damage associated molecule EN-RAGE (S100A12) and coagula-
tion inhibitor A2-Macroglobulin (Fig. 1 and Fig. 2B).

Broad but uneven down-modulation of inflammatory

mediators in the peripheral blood of patients with BUD

The presence of an immunosuppressive signature in BUD,
marked by the down-modulation of serum Macrophage inflam-
matory protein-1-beta (MIP-1b), Monocyte chemotactic protein-1
(MCP-1) and Interleukin (IL)-8 has been previously reported [20].
Although IL-8 was not significantly modulated in the present
study, MIP-1b and MCP-1 were lowered in BUD 0, compared to
controls (Figure S1 in Text S1). Furthermore, other inflammatory
chemokines, such as the Regulated upon activation normal T cell
expressed and secreted RANTES, the Macrophage-derived
chemokine MDC and the Epithelial neutrophil-activating protein
78 (ENA-78), and a number of cytokines: IL-1a, IL-3, IL-5, IL-7,
IL-10, IL-12,40/p70, 1L-13, IL-15, IL-18, Tumor necrosis factor
alpha and beta (TNF-a and -b), IL-10 and Stem cell factor SCF
were reduced in patients (Figure S1 in Text S1). A significant
decrease in the concentrations of soluble CD40, CD40 ligand
(CD40L) and Beta-2-microglobulin (B2-M) was also observed,
indicative of systemic defects in T cell activation. Longitudinal
analyses of TNF-a and MCP-1 levels in serum at 0, 6, 12 and 32
weeks post diagnosis with the Luminex approach confirmed this
general trend, in spite of important kinetic and inter-individual
variations (as shown in Fig. 3A for TNF-a). Of note, BUD-
assoclated defects affected the B cell compartment, as evidenced
by the reduced levels of Immunoglobulin (Ig) A and IgM (Figure
S1in Text S1). However, IgE, IL-16 and Myeloperoxydase (MPO)
were unchanged and EN-RAGE was up-regulated in patients,
showing that the immunosuppressive effect of BUD is not uniform.

To determine if the down-modulation of lymphocyte-derived
cytokines, chemokines and Igs in BUD patients could be due to
infection-induced cell death, we recruited 10 additional patients
and healthy controls (Table 3) and assessed CD4", CD8" and
CD19" peripheral blood lymphocytes by means of complete blood
count and fluorescence activated cell sorting (FACS). Since CD62-
L expression was shown to decrease in T cells upon exposure to
mycolactone [17], this homing molecule was also included in the
staining panel. No significant difference in the mean expression of
CD4, CD8 or CD62-L by T cells nor in the relative abundance of
lymphocytes expressing these receptors could be demonstrated in
BUD patients (Figure S2 in Text S1). A minor increase in the
mean expression of CD19 in B cells was observed in patients,
which might be due to the presence of two outliers. While one
would expect variations in the numbers of white blood cells in
infected individuals, absolute counts of neutrophils, monocytes and
eosinophils were comparable in BUD patients and controls
(Fig. 3B). The total number of lymphocytes was slightly reduced

April 2014 | Volume 8 | Issue 4 | e2786



Abbreviation  Analyte Pathway
A1-AT Alpha-1-Antitrypsin others

A2-M Alpha-2-Macroglobulin inflammation
Adiponectin Adiponectin lipid metabolism
AFP Alpha-Fetoprotein others

Apo A-l Apolipoprotein A-l lipid metabolism
Apo C-ll Apolipoprotein C-II lipid metabolism
Apo H Apolipoprotein H coagulation
B2-M Beta 2-Microglobulin inflammation
BDNF® Brain-Derived Neurotrophic Factor others

c3 Complement C3 inflammation
CA19-9 Cancer Antigen 19-9 others

CD40 CD40 antigen inflammation
CD40L CD40 Ligand inflammation
CEA Carcinoembryonic Antigen others
CK-MB Creatine Kinase-MB others

CRP C-Reactive Protein inflammation
EGF Epidermal Growth Factor others
EN-RAGE EN-RAGE inflammation
ENA-78 Epithelial-Derived Neutrophil-Activating Protein 78  |inflammation
Eotaxinl Eotaxin-1 others
Factor VIl Factor VII coagulation
Fibrinogen Fibrinogen coagulation
FRTN Ferritin others
G-CSF Granulocyte Colony-Stimulating Factor inflammation
GH*® Growth Hormone others
H-FABP Heart-Fatty Acid Binding Protein lipid metabolism
ICAM-1 Intercellular Adhesion Molecule 1 inflammation
IgA Immunoblogulin A inflammation
IgE Immunoblogulin E inflammation
IgM Immunoblogulin M inflammation
IL-10 Interleukin-10 inflammation
1L-12 p40 ° Interleukin-12 subunit p40 inflammation
IL-13 Interleukin-13 inflammation
IL-15° Interleukin-15 inflammation
IL-16 Interleukin-16 inflammation
IL-18 Interleukin-18 inflammation
IL-1b Interleukin-1 beta inflammation
IL-3 Interleukin-3 inflammation
IL-5 Interleukin-5 inflammation
IL-6° Interleukin-6 inflammation
L7 Interleukin-7 inflammation
IL-8° Interleukin-8 inflammation
IL1-Ra° Interleukin-1 receptor antagonist inflammation
Insulin Insulin lipid metabolism
Leptin Leptin lipid metabolism
Lp(a) Apolipoprotein (a) lipid metabolism
MCP-1° Monocyte Chemotactic Protein 1 inflammation
MDC ° Macrophage-Derived Chemokine inflammation
MIP-1o Macrophage Inflammatory Protein-1 alpha inflammation
MIP-1B Macrophage Inflammatory Protein-1 beta inflammation
MMP-2 Matrix Metalloproteinase-2 remodeling
MMP-3 * Matrix Metalloproteinase-3 remodeling
MPO Myeloperoxidase inflammation
Myoglobin Myoglobin others
PAI-1° Plasminogen Activator Inhibitor 1 coagulation
PAP Prostatic Acid Phosphatase others
RANTES T-Cell-Specific Protein RANTES inflammation
SAP Serum Amyloid P-Component inflammation
SCF Stem Cell Factor inflammation
SGOT Serum Glutamic Oxaloacetic Transaminase others

SHBG ° Sex Hormone Binding Globulin others

TBG Thyroxine-Binding Globulin others
TIMP-1 Tissue Inhibitor of Metalloproteinases 1 remodeling
TNFo ® Tumor Necrosis Factor alpha inflammation
TNFf Tumor Necrosis Factor beta inflammation
TNFR2 Tumor Necrosis Factor Receptor 2 inflammation
TSH Thyroid-Stimulating Hormone others
VCAM-1 Vascular Cell Adhesion Molecule-1 inflammation
VEGF Vascular Endothelial Growth Factor remodeling
VWF Von Willebrand Factor coagulation
XCL1 Lymphotactin inflammation

Serum Protein Profiling in Buruli Ulcer Disease

Increased
Decreased
Not modulated

Figure 1. Univariate analysis of the measured serum proteins in healthy donors (Ctrl) and BUD patients at week 0 (BUD 0) or week
12 (BUD 12) p=0.001 (***); p=0.05 (**); p=0.01 (*). The ° symbol shows the analytes associated with age, according to Spearman (Coefficient

<-0.6).

doi:10.1371/journal.pntd.0002786.g001

in patients, but remained within normal values (1000-3700 cells
per ul). In conclusion, BUD alters durably the circulating levels of
a large array of inflammatory mediators without perturbing the
composition of peripheral blood leukocyte populations.

Abnormal metabolic responses to M. ulcerans infection

Infection with pathogenic microorganisms typically induces the
production of pro-inflammatory cytokines by innate immune cells,

PLOS Neglected Tropical Diseases | www.plosntds.org

which in turn triggers a reprogramming of protein synthesis in the
liver. This so-called “acute phase reaction” (APR) is thought to
result primarily from the activation of hepatic receptors by TNF-a,
IL-1 and IL-6, and entails the active production and release in the
peripheral circulation of proteins trapping micro-organisms,
activating complement and modulating the host’s immune
response. Since IL-1b and IL-6 were unchanged and TNF-a was
suppressed in patients, we examined the impact of the disease on
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Figure 2. Suppression of multiple serum proteins in patients with BUD. A) O-PLS-DA of serum protein levels in healthy donors (Ctrl) versus
BUD patients at week 0 (BUD 0, left) or week 12 (BUD 12, right). Score plots displaying predictive t[1] versus orthogonal to[1] components are shown,
with 95% confidence ellipses (based on Hotelling’s T2 statistic) showing the absence of outliers. B) SUS-plot resulting from these O-PLS-DA models.
Variables situated along the indicated diagonal are comparably modulated in BUD 0 and BUD 12, compared to Ctrl. The more reliable (pcorr[1] close

to —1 and +1) are labelled.
doi:10.1371/journal.pntd.0002786.9g002

acute phase reactants. In spite of the presence of progressive
lesions in their skin, BUD patients at Week 0 (BUD 0) and controls
had equivalent mean levels of C-reactive protein (CRP) and
Complement Factor 3 (C3), while Fibrinogen, Plasminogen-
activator inhibitor type 1 (PAI-1), Serum amyloid P-component
(SAP), and Alpha-1 antitrypsin (A1-AT) were in fact suppressed by
infection (Fig. 1 and Figure S1 in Text S1). The proteinase
inhibitor alpha-2 macroglobulin (A2-M) was the only exception to
this rule.

To investigate the possibility that liver functionality was altered
in patients, we conducted a series of biochemical assays in the
serum of patients and controls from Cohort 2. ALT, ALP and
bilirubin (both total, direct and indirect) were down-regulated in
patients while GGT were unchanged (Fig. 4 and unshown data),
ruling out the possibility that BUD causes liver damage. Albumin
is exclusively produced by the liver and negatively regulated
during APR. Surprisingly in the absence of positive acute phase
reactants, the serum levels of albumin were reduced in patients.
Consistent with the down-modulation of alpha-, beta- and
gamma-globulins (A1-AT, B2-M and Igs), BUD patients also
had reduced globulin levels, compared to controls. As a result of
the decrease in both albumin and globulins, patients displayed

PLOS Neglected Tropical Diseases | www.plosntds.org

significantly lower levels of total serum proteins. However their
mean concentrations of albumin, globulin, total proteins and
albumin/globulin ratios remained within reference range. Blood
urea and creatinine were diminished in patients, while the blood
urea nitrogen/creatinine ratio remained normal, arguing against
acute kidney failure or dehydration problems (Fig. 4). Together,
these data suggested that BUD impacts on the host’s metabolism
of protein, without damaging liver, kidney or muscles.

Alterations in blood lipid transporters and free fatty acids

Our screen also identified perturbations in proteins that are not
involved in immune responses and APR, such as regulators of lipid
metabolism and transport. Apolipoprotein (Apo) A-I, Apo C-III,
Apo H, Fatty acid binding protein (FABP) and Insulin were
suppressed by 50% on average in BUD patients, while Lipoprotein
(Lp) was unchanged (Fig. 1 and Figure S1 in Text S1). To evaluate
the possible impact of these changes on lipid generation and
transport, we assessed blood lipids and lipoproteins in patients and
controls (Tables 2 and 4). Total cholesterol, HDL, LDL and
triglycerides were unaffected by the disease (Fig. 5A). In contrast,
the serum level of non-esterified fatty acids (NEFA) was
significantly reduced in BUD patients, with minimal values

April 2014 | Volume 8 | Issue 4 | e2786



Serum Protein Profiling in Buruli Ulcer Disease

A
80-
E o0 £
2 2
;; 40 . ;
z z
-7 é -
0l—= ; : ; ;
NN I N B
& & & & ¢
o © A
B
10000
L]
8000 p=0.054
.
2 6000 . .
g .
@ .
3 4000
L]
2000

& Q Q Q N Q N
@) @0 @) Q)O 060 Q)\\’ @)
N =) N
oQ\ & \\°$ 5‘\\\
3 & °
< N ) &

Figure 3. Down-modulated inflammatory mediators but normal leukocyte numbers in the peripheral blood of BUD patients. A)
Evolution of the concentration of TNF-a in the serum of BUD patients, at the time of diagnosis (0 weeks) and 6, 12 and 32 weeks later, compared to
healthy controls (Ctrls). The left panel shows the distribution of TNF-a concentrations at given time points as Box and Whiskers. The right panel shows
the longitudinal variations of TNF-a in individual patients. (B) Leukocyte concentrations, presented as Box and Whiskers, in the blood of BUD patients

and controls (Ctrl), as determined by complete blood counts.
doi:10.1371/journal.pntd.0002786.9g003

detected 3 months post diagnosis and restoring after 8 months
(Fig. 5B). Since NEFAs are water-insoluble and transported in the
circulatory system bound to albumin, their lower serum concen-
tration may reflect the reduced availability of their transporter.

Modulation of tissue remodelling markers

Consistent with the destruction of cutaneous and subcutaneous
tissues by M. wulcerans, a number of markers of tissue remodelling
were altered in patients. The circulating concentrations of matrix
metalloproteinase-3 (MMP-3) and vascular endothelial growth
factor (VEGF), which are both crucial for connective tissue
remodelling and wound repair, were stably down-regulated by
BUD (Fig. 1 and Figure S1 in Text S1). However MMP-2, which
also contributes to regulation of vascularisation and inflammation,
was modulated in the opposite direction. EN-RAGE, another
important regulator of vascular remodelling, was also up-regulated
by M. ulcerans infection.

Differential inflammatory and metabolic profiles in faster
healing patients

To identify biological correlates of healing, we then subjected
our data to a multivariate analysis comparing serum protein levels
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measured at the time of inclusion in antibiotic therapy in “fast
healers” (FH) and “slow healers” (SH). For this purpose, a cut-off
healing time of 12 weeks was chosen, as it divided the BUD cohort
into two sub-groups of 10 patients that were comparable in terms
of gender ratio and category of lesion (Table 1). O-PLS-DA of
serum proteins resulted in a clear separation between FH and SH
(R?=1.00; Q?=0.43) (Fig. 6A), but not between FH or SH
between week 0 and week 12 (unshown data). Compared to FH,
SH displayed relatively higher initial levels of TNF-b and MCP-1;
and lower levels of Factor VII and Apo H (Fig. 6B). Although
these initial differences between fast and slow healers must be
confirmed with larger cohorts of patients, the data in Figure 6
suggest that impaired healing is associated with distinct inflam-
matory and coagulation defects.

Discussion

Our multi-analyte profiling of the serum of BUD patients
revealed the suppression of a large array of circulating proteins.
The analytes targeted by our study were representative of the
major categories of serum proteins, and their global suppression
reflected by a 10% decrease in total protein. Since some proteins
were up-regulated by the disease, the down-regulatory effect of
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Figure 4. Abnormal metabolic responses to M. ulcerans infection. Effect of BUD on the serum level of various indicators of liver and renal
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BUD is unlikely to be due to plasma volume expansion. The
absence of obvious swelling in patients, and the fact that their
mean weight, height, BMI, heart rate and blood pressure were
comparable to those of controls (Table S1 in Text S1, Cohort 2)
also argue against this possibility. Invasion of pathogenic
microorganisms or tissue injury typically induce a localized
inflammation triggering the production of cytokines, chemokines,
immunoglobulins by the immune system and acute phase proteins
by the liver. This is exemplified by the potent pro-inflammatory
cytokine and acute phase responses that follow infection with M.
tuberculosis, and their reduction upon antibiotic treatment [25].
Severe burns cause acute inflammation and production of CRP,
accompanied with extensive muscle catabolism and protein
anabolism in the wound [26,27]. In spite of the presence of
proliferating bacilli and necrotic material in Buruli ulcers, we
found no evidence of such inflammatory responses and acute
phase reaction in patients, suggesting that M. ulcerans successtully
evades immune recognition. To our knowledge, the combined
suppression of inflammatory mediators and major serum proteins
is a unique feature of M. ulcerans infection.

We previously reported that BUD patients display a distinctive
signature of chemokine suppression in their peripheral blood [20].
Here, we validate this observation in independent cohorts of
patients and endemic controls, and extend the list of inflammatory
mediators that are down-regulated by M. ulcerans infection. BUD
patients showed a broad inhibition of the circulating levels of
multiple cytokines, chemokines and Igs. In contrast, the granulo-
cyte-derived EN-RAGE was induced in patients with BU and
down-modulated in 14/20 patients undergoing treatment. As
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previously reported for a number of inflammatory disorders, this
member of the S100 family of calcium-binding proteins may be of
clinical value in the assessment of BUD [28]. With the exception of
EN-RAGE, our data support the lack of inflammation surround-
ing necrotic lesions [4] and the functional defects of circulating T
lymphocytes in BUD patients [20,29]. The concentration and
viability of monocytes, neutrophils, T and B cell populations were
intact in the peripheral blood of BUD patients, showing that M.
ulcerans infection does not impair innate and acquired immune
responses by depleting these immune cell subsets.

Importantly, BUD patients do not show increased susceptibility
to microbial infections [2]. In the mouse model, the control of
Laisterta monocytogenes infection is not altered by co-infection with M.
ulcerans [30]. The immunosuppressive signature in the peripheral
blood of patients with BUD 1is therefore not indicative of an
immunodeficient status. Our longitudinal analysis of individual
patients with BUD showed that down-regulation of TNF-a is
incomplete and fluctuant during treatment (Fig. 3A), suggesting
that inflammation is tuned down by infection but not abolished.
Intriguingly, immune modulation persisted for weeks after the
elimination of M. ulcerans bacilli with antibiotic treatment.
Structurally intact mycolactone has been found in significant
amounts in ulcer exudates after completion of antibiotic therapy
[31]. Since mycolactone diffuses from infected skin into the
peripheral blood and accumulates in internal organs such as spleen
and liver [32], the long-lasting down-regulation of inflammatory
markers in the peripheral blood of treated patients may thus reflect
the slow release of this compound into the circulation. Recent
progresses in the techniques allowing mycolactone extraction and
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Figure 5. Decreased levels of free fatty acids in the peripheral blood of patients with BUD. A) Concentration of blood lipids in patients
and controls (Ctrl). B) Serum levels of NEFA in patients at week 0, 6 12 or 32, and in controls (Ctrl). Data are presented as Box and Whiskers,

***p<<0.001, NS: not significant.
doi:10.1371/journal.pntd.0002786.g005

quantification from peripheral blood and tissues may help address
this hypothesis [33,34].

Inflammation is highly connected to the biology of adipose
tissues [35]. At the tissue level, this is illustrated by the localized
infiltration of inflammatory cells into the fat tissues of obese
subjects. At the systemic level, obesity is associated with elevated
pro-inflammatory cytokines TNF-a and IL-6, NEFA and basal
concentrations of insulin. Interestingly, BUD patients had an
opposite phenotype, with lower TNF-a, insulin and NEFAs.
Adipocytes produce a vast array of signalling proteins including
VEGF, TNF-a, Adiponectin, A2M, VCAM-1, CRP, PA1, MCP-
1, RANTES and TIMPs, all of which were down-modulated by
the disease. It will be interesting to determine if these alterations
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are the direct consequences of a selective inhibition of protein
synthesis by mycolactone in adipocytes, as previously shown in
monocytes [19]. Alternatively, as BUD affects the circulating levels
of proteins produced by various tissues including the liver and
muscle tissues, they may reflect a central regulation of the host’s
metabolism via hormones.

Protein requirement increases during wound healing, and
malnutrition is a risk factor for pressure ulcers. As a negative acute
phase reactant that is affected by inflammation, albumin typically
correlates inversely with infection, trauma, surgery, burns, or
oedema. Decreased levels of serum albumin is considered an
indicator of morbidity and mortality, while increased levels reflect
improvement in clinical status [36]. In the present work, we
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Figure 6. Differential protein signature in fast and slow healers. A) O-PLS-DA of serum protein levels in fast and slow healers, before the
beginning of antibiotic therapy. The score plot for this model (predictive t[1] versus orthogonal to[1]) with a 95% confidence ellipse are shown. B) S-
plot illustrating the modelled covariance (p[1]-axis) and correlation (pcorr[1]-axis) of variables in FH and SH. The p[1]-axis describes the magnitude of
each variable, while the pcorr[1]-axis represents the reliability of each variable (between +/—1). The most discriminating variables, at both extremities

of the X-Y diagonal, are labelled.
doi:10.1371/journal.pntd.0002786.9g006

observed a significant reduction in the mean serum albumin and
total protein levels of BUD patients. Although none of the
individuals recruited in this study showed severe signs of malnutri-
tion, 42-50% of patients and controls were mildly to severely thin,
according to WHO criteria. Since these proportions
were comparable in patients and controls, it is unlikely that
poor nutritional status is a risk factor for BUD. However, research
into the nutritional requirements of patients with pressure ulcers
suggests that it may impair BU healing. Based on our results, it
would be useful to determine if M. ulcerans infection impairs body
protein anabolism.

Our comparison of good vs. bad responders suggested that slowly
healing patients have a differential profile of alterations in the
inflammatory and coagulation pathways at the start of antibiotic
therapy. Since the proportion of pre-ulcerative and ulcerative forms
at inclusion was comparable in fast and slow healers, and both
groups had comparable mean diameter of lesion (Table S1 in Text
S1, Cohort 1), these differences cannot be explained by differential
pathogenesis. Whether differences in the inflammatory and
coagulation pathways exist before infection and predispose to M.
ulcerans infection will require further work. Yet, our observation that
cytokines and chemokines that are down-regulated by BUD slowly
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recover normal values (Fig. 2A and our previous findings [20])
argues against this hypothesis. Since their return to normal level
does not coincide with the end of antibiotic treatment nor ulcer
resolution, we propose that alterations is serum proteins of treated
patients reflect the persistence of mycolactone or the long-lasting
effects of infection-induced perturbations in the host’s metabolism.

Supporting Information

Text S1  Table SI: Information on each individual recruited in
this study. Figure S1: Modulation of serum proteins by BUD. Data
obtained for each of the 71 analytes are presented as Box and
Whiskers in healthy controls (Ctrl) and patients at the beginning of
antibiotic therapy (BUD 0) or 4 weeks after completion of
treatment (BUD 12). Figure S2: FACS analysis of B and T cell
populations in the peripheral blood of patients with BUD,
compared to healthy controls (Ctrl). Data are percentage of
lymphocytes (as gated on FSC/SSC) and mean fluorescence
mtensities (MFI) for CD4, CD8, CD19 and CD62-L positive cells,
presented as Box and Whiskers *p<<0.01, **p<<0.005, ***p<<0.001,
NS: not significant.

(PPT)

April 2014 | Volume 8 | Issue 4 | e2786



Author Contributions

Conceived and designed the experiments: ROP FSS CD. Performed the
experiments: RO MFr KA WT MFo FN. Analyzed the data: ROP FSS JL

References

1.

2.

16.

Huygen K (2003) Prospects for vaccine development against Buruli disease.
Expert Rev Vaccines 2: 561-569.

Wansbrough-Jones M, Phillips R (2006) Buruli ulcer: emerging from obscurity.
Lancet 367: 1849-1858.

. Demangel C, Stinear TP, Cole ST (2009) Buruli ulcer: reductive evolution

enhances pathogenicity of Mycobacterium ulcerans. Nat Rev Microbiol 7: 50—
60.

. Guarner ], Bartlett J, Whitney EA, Raghunathan PL, Stienstra Y, et al. (2003)

Histopathologic features of Mycobacterium ulcerans infection. Emerg Infect Dis
9: 651-656.

. Asiedu K, Wansbrough-Jones M (2007) Mycobacterium ulcerans infection

(Buruli or Bairnsdale ulcer): challenges in developing management strategies.

Med J Aust 186: 55-56.

. Etuaful S, Carbonnelle B, Grosset J, Lucas S, Horsfield C, et al. (2005) Efficacy

of the combination rifampin-streptomycin in preventing growth of Mycobacte-
rium ulcerans in early lesions of Buruli ulcer in humans. Antimicrob Agents
Chemother 49: 3182-3186.

. Ji BH, Lefrancois S, Robert J, Chauffour A, Truffot C, et al. (2006) In vitro and

in vivo activities of rifampin, streptomycin, amikacin, moxifloxacin, R207910,
linezolid, and PA-824 against Mycobacterium ulcerans. Antimicrobial Agents
and Chemotherapy 50: 1921-1926.

. Johnson PD (2010) Should antibiotics be given for Buruli ulcer? Lancet 375:

618-619.

Sarfo FS, Phillips R, Asiedu K, Ampadu E, Bobi N, et al. (2010) Clinical Efficacy
of Combination of Rifampin and Streptomycin for Treatment of Mycobacte-
rium ulcerans Disease. Antimicrobial Agents and Chemotherapy 54: 3678—
3685.

. Nienhuis WA, Stienstra Y, Abass KM, Tuah W, Thompson WA, et al. (2012)

Paradoxical responses after start of antimicrobial treatment in Mycobacterium
ulcerans infection. Clin Infect Dis 54: 519-526.

. Guenin-Mace L, Oldenburg R, Chretien F, Demangel C (2014) Pathogenesis of

skin ulcers: lessons from the Mycobacterium ulcerans and Leishmania spp.
pathogens. Cellular and Molecular Life Sciences: doi.org/10.1007/s00018-014-
1561.

. Hong H, Demangel C, Pidot S, Leadlay PF, Stinear T (2008) Mycolactones:

immunosuppressive and cytotoxic polyketides produced by aquatic mycobacte-
ria. Nat Prod Rep 25: 447-454.
George KM, Chatterjee D, Gunawardana G, Welty D, Hayman J, et al. (1999)
Mycolactone: a polyketide toxin from Mycobacterium ulcerans required for
virulence. Science 283: 854-857.

. 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.

. Coutanceau E, Decalf J, Martino A, Babon A, Winter N, et al. (2007) Selective

suppression of dendritic cell functions by Mycobacterium ulcerans toxin
mycolactone. J Exp Med 204: 1395-1403.

Coutanceau E, Marsollier L, Brosch R, Perret E, Goossens P, et al. (2005)
Modulation of the host immune response by a transient intracellular stage of
Mycobacterium ulcerans: the contribution of endogenous mycolactone toxin.
Cell Microbiol 7: 1187-1196.

. Guenin-Mace L, Carrette F, Asperti-Boursin F, Le Bon A, Caleechurn L, et al.

(2011) Mycolactone impairs T cell homing by suppressing microRNA control of
L-selectin expression. Proc Natl Acad Sci U S A 108: 12833-12838.

. Pahlevan AA, Wright DJ, Andrews C, George KM, Small PL, et al. (1999) The

inhibitory action of Mycobacterium ulcerans soluble factor on monocyte/T cell
cytokine production and NF-kappa B function. J Immunol 163: 3928-3935.

PLOS Neglected Tropical Diseases | www.plosntds.org

1

Serum Protein Profiling in Buruli Ulcer Disease

RO MW]J AF FN CD. Contributed reagents/materials/analysis tools:
ROP FSS MFr KA WT MFo. Wrote the paper: CD.

20.

21.

26.

27.

28.

29.

30.

31.

32.

33.

36.

Simmonds RE, Lali FV, Smallie T, Small PL, Foxwell BM (2009) Mycolactone
inhibits monocyte cytokine production by a posttranscriptional mechanism.
J Immunol 182: 2194-2202.

Phillips R, Sarfo FS, Guenin-Mace L, Decalf J, Wansbrough-Jones M, et al.
(2009) Immunosuppressive Signature of Cutancous Mycobacterium ulcerans
Infection in the Peripheral Blood of Patients with Buruli Ulcer Disease. J Infect
Dis 200:1675-84.

Phillips R, Horsfield C, Kuijper S, Lartey A, Tetteh I, et al. (2005) Sensitivity of
PCR targeting the 1S2404 insertion sequence of Mycobacterium ulcerans in an
Assay using punch biopsy specimens for diagnosis of Buruli ulcer. J Clin
Microbiol 43: 3650-3656.

. Trygg J, Wold S (2002) Orthogonal projections to latent structures (O-PLS).

Journal of Chemometrics 16: 119-128.

. Benjamini Y, Hochberg Y (1995) Controlling the False Discovery Rate - a

Practical and Powerful Approach to Multiple Testing. Journal of the Royal
Statistical Society Series B-Methodological 57: 289-300.

Storey JD (2002) A direct approach to false discovery rates. Journal of the Royal
Statistical Society Series B-Statistical Methodology 64: 479-498.

. Peresi E, Silva SM, Calvi SA, Marcondes-Machado J (2008) Cytokines and acute

phase serum proteins as markers of inflammatory regression during the
treatment of pulmonary tuberculosis. J Bras Pneumol 34: 942-949.

van de Goot F, Krijnen PA, Begieneman MP, Ulrich MM, Middelkoop E, et al.
(2009) Acute inflammation is persistent locally in burn wounds: a pivotal role for
complement and C-reactive protein. J Burn Care Res 30: 274-280.

Gore DC, Chinkes DL, Wolf SE, Sanford AP, Herndon DN, et al. (2006)
Quantification of protein metabolism in vivo for skin, wound, and muscle in
severe burn patients. JPEN J Parenter Enteral Nutr 30: 331-338.

Meijer B, Gearry RB, Day AS (2012) The Role of SI00A12 as a Systemic
Marker of Inflammation. Int J Inflam 2012: 907078.

Yeboah-Manu D, Peduzzi E, Mensah-Quainoo E, Asante-Poku A, Ofori-Adjei
D, et al. (2006) Systemic suppression of interferon-gamma responses in Buruli
ulcer patients resolves after surgical excision of the lesions caused by the
extracellular pathogen Mycobacterium ulcerans. J Leukoc Biol 79: 1150-1156.
Fraga AG, Cruz A, Martins TG, Torrado E, Saraiva M, et al. (2011)
Mycobacterium ulcerans triggers T-cell immunity followed by local and regional
but not systemic immunosuppression. Infect Immun 79: 421-430.

Sarfo FS, Le Chevalier F, Aka N, Phillips RO, Amoako Y, et al. (2011)
Mycolactone diffuses into the peripheral blood of buruli ulcer patients -
implications for diagnosis and disease monitoring. PLoS Negl Trop Dis 5: €1237.
Hong H, Coutanceau E, Leclerc M, Caleechurn L, Leadlay PF, et al. (2008)
Mycolactone Diffuses from Mycobacterium ulcerans-Infected Tissues and
Targets Mononuclear Cells in Peripheral Blood and Lymphoid Organs. PLoS
Negl Trop Dis 2: €325.

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 ulcerans disease. PLoS Negl
Trop Dis 7: €2101.

Sarfo FS, Phillips RO, Rangers B, Mahrous EA, Lee RE, et al. (2010) Detection
of Mycolactone A/B in Mycobacterium ulcerans-Infected Human Tissue. Plos
Neglected Tropical Diseases 4: €577.

. Park EJ, Lee JH, Yu GY, He G, Ali SR, et al. (2010) Dietary and genetic obesity

promote liver inflammation and tumorigenesis by enhancing IL-6 and TNF
expression. Cell 140: 197-208.

Posthauer ME (2012) The role of nutrition in wound care. Adv Skin Wound
Care 25: 62-63.

April 2014 | Volume 8 | Issue 4 | e2786



