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Summary

Buruli ulcer (BU) is a chronic debilitating disease of the skin and soft tissues caused by
Mycobacterium ulcerans. It is one of the 17 neglected tropical diseases according to the World
Health Organization and has been reported in over 30 countries with tropical and sub-tropical
conditions globally. M. ulcerans is traditionally considered as an environmental pathogen and even
though BU was discovered over half a century ago, the environmental reservoir and exact mode of
transmission of this pathogen remain obscure. This makes it challenging to formulate strategies for
its prevention. As such, control strategies geared towards the early detection and treatment of cases
are vital to minimize morbidity, disability and the socio-economic burden associated with the
disease. The introduction of antibiotic therapy for treatment in 2004 to replace surgery as first-line
therapy has brought about an improvement in the management of the disease. However, despite
reported successful outcomes with the antibiotic treatment, the healing process is still characterized

by long hospitalizations as a result of delayed wound closure.

In this thesis, we explored the factors which could contribute to the observed delayed wound
healing in two BU treatment centers in Ghana; the Ga-West Municipal Hospital and the Obom
Health Center. Through a combination of clinical, microbiological and histopathological analysis,
we identified secondary infection of BU lesions by other bacteria as a major cause of delayed
healing. Through quantitative microbiological studies, we analysed the evolution of the bacterial
burden and identified increased loads of bacteria post treatment which could negatively impact on
the healing potential of the wounds. Furthermore, we explored co-infection with Human
immunodeficiency virus (HIV) in the Ga-West Municipal Hospital as a challenge to the
management of BU and described challenges associated with the management of this co-infection.
Studying the isolated bacterial species through phenotypic, molecular and whole genome
approaches helped to identify health-care associated transmission through health workers and
equipment as well as self transmission as potential sources of wound infection within the health
centers. With these results, we made recommendations for the improvement of wound management
in the health centers and made a case for the need for wound management guidelines which were
absent in the health centers. We followed this up with the development of local guidelines for
wound care and the implementation of several interventions in the health centers. We also
identified antibiotic resistance as an increasing problem and described in detail through whole
genome sequencing, a recently emerged and rapidly spreading clone of community acquired
methicillin resistant Staphylococcus aureus with sequence type 88 in Ghana which has the potential

to become a serious public health threat with implications for healthcare. This alarming result
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therefore calls for the urgent establishment of a surveillance system to monitor the use and
distribution of antibiotics in Ghana and the emergence of antibiotic resistant pathogens.



Zusammenfassung

Das Buruli-Ulkus (BU) ist eine chronische, verheerende Erkrankung der Haut und des
Weichgewebes, die durch Mycobacterium ulcerans hervorgerufen wird. Das BU gehort gemaéss
Weltgesundheitsorganisation zu den 17 vernachléssigten Tropenkrankheiten und das Auftreten der
Krankheit wurde aus mehr als 30 tropischen und sub-tropischen Landern weltweit gemeldet. Bisher
wurde allgemein angenommen, dass M. ulcerans ein Umwelterreger ist, doch obwohl das BU seit
uber einem halben Jahrhundert bekannt ist, bleiben die Infektionsquellen und der genaue
Ubertragungsweg des Erregers unklar. Dadurch ist es schwierig Praventionsmassnahmen zu
entwickeln. Strategien zur Kontrolle der Krankheit, die eine friihe Erkennung und Behandlung von
Patienten anstreben, sind entscheidend, um die mit der Krankheit verbundene Morbiditat,
Invaliditdt und wirtschaftlich-soziale Belastung moglichst gering zu halten. Die Einflhrung der
Antibiotika-Therapie fur die Behandlung der Krankheit im Jahre 2004, die die operative
Behandlung als Erstlinientherapie abgelost hat, hat wesentlich zur Verbesserung des
Krankheitsmanagements beigetragen. Obwohl mit der Antibiotikabehandlung Berichten zufolge
erfolgreiche Ergebnisse erzielt werden, ist der Heilungsprozess infolge von verzdgerter
Wundheilung noch immer von langen Krankenhausaufenthalten gepragt.

In dieser Doktorarbeit haben wir in zwei Behandlungszentren fiir das BU in Ghana (das
kommunale Ga-West Krankenhaus und das Gesundheitszentrum in Obom) die Faktoren erforscht,
die zur beobachteten verzégerten Wundheilung beitragen konnten. Mit Hilfe einer Kombination
aus klinischen, mikrobiologischen und histopathologischen Analysen, haben wir die
Sekundarinfektion von BU Lé&sionen durch andere Bakterien als den Hauptgrund fur die verzgerte
Heilung bestimmt. Durch quantitative, mikrobiologische Analysen, haben wir die Entwicklung der
bakteriellen Belastung untersucht und eine erhohte Belastung durch Bakterien nach der
Behandlung festgestellt, was einen negativen Einfluss auf das Heilungsvermdgen der Wunden
haben konnte. Des Weiteren haben wir im kommunalen Ga-West Krankenhaus erforscht, dass eine
Ko-Infektion mit dem Humanen Immundefizienz-Virus (HIV) eine Herausforderung fir die
Bewaltigung des BU darstellt und mit der Behandlung dieser Ko-Infektion verbundene
Schwierigkeiten beschrieben. Die Analyse von isolierten Bakterienspezies mit Hilfe von
phénotypischen, molekularen und genomumfassenden Ansatzen, hat dazu beigetragen sowohl die
mit der Gesundheitspflege verbundene Ubertragung durch das Gesundheitspersonal und die Gerate
als auch die Selbstubertragung als mdogliche Quelle fir die Wundinfektion innerhalb der
Gesundheitszentren zu identifizieren. Mit diesen Resultaten, konnten wir Empfehlungen fir die

Verbesserung der Wundversorgung in den Gesundheitszentren geben und fiir die Notwendigkeit
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von Richtlinien fur die Wundversorgung, die bisher in den Gesundheitszentren gefehlt haben,
pladieren. Wir haben dies durch die Entwicklung von lokalen Richtlinien fir die Wundbehandlung
und die Durchfihrung von mehreren Massnahmen in den Gesundheitszentren weiterverfolgt.
Zudem haben wir Antibiotikaresistenz als ein zunehmendes Problem identifiziert und mit Hilfe der
Sequenzierung von Gesamtgenomen einen in Ghana unléngst aufgetretenen und sich rasch
ausbreitenden Klon von im Krankenhaus erworbenen methicillinresistenten Staphylococcus aureus
Bakterien mit dem Sequenztyp 88, der das Potential hat eine schwerwiegende Bedrohung fur die
offentliche Gesundheit darzustellen, im Detail beschrieben. Dieses besorgniserregende Ergebnis
macht daher deutlich, dass eine dringende Einrichtung eines Kontrollsystems notwendig ist, das
den Gebrauch und die Verteilung von Antibiotika in Ghana und das Auftreten von

Antibiotikaresistenzen Uberwacht.
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Introduction

Buruli Ulcer Disease

Buruli ulcer (BU), a disease caused by the bacteria Mycobacterium ulcerans is known as one of the
17 neglected tropical diseases according to the World Health Organization (WHO) [1]. This
disease was first clinically described in 1948 by MacCallum et al [2]; however earlier reports of the
existence of a disease marked by large ulcerations in Africa and Australia had been made as far
back as the second half of the nineteenth century [3-4]. It is the third most common mycobacterial
disease of non-immunocompromised humans after tuberculosis and leprosy and the least
understood [5]. Though it is thought to have a low mortality rate, it has great socioeconomic
impact on the affected and their communities in terms of morbidity and its stigmatizing
complications [6]. This prompted the WHO to name it as an emerging public health problem with
the launch of a Global Buruli ulcer Initiative in 1998 [7] and the subsequent signing of the
Yamoussoukro declaration on Buruli ulcer by representatives of more than 20 countries as a pledge
to control the disease [8]. Since then, global efforts have intensified to improve control and

accelerate research into the many unknowns of this disease.

Etiology and Clinical Features

The etiologic agent is a slow-growing acid fast bacillus similar to Mycobacterium tuberculosis
(Mtb). In contrast to Mtb, it has an optimal growth temperature of 30-32°C and is sensitive to
temperatures of 37°C or higher [9]. It also produces a necrotizing and immunosuppressive
polyketide toxin called mycolactone as its virulence factor which plays an important role in its
pathogenesis [10-12]. Genomic analysis of MU showed that it diverged from Mycobacterium
marinum about a million years ago by horizontal gene transfer and reductive evolution [13]. While
evolving, this bacterium acquired a 174-kb virulent plasmid pMUMO0O1 and it has been
hypothesized that this plasmid aided its adaptation to a new environment [14-17]. This plasmid
carries a cluster of genes encoding giant polyketide synthases and polyketide-modifying enzymes
responsible for the production of the macrolide toxin mycolactone. Mycolactone diffuses into

subcutaneous tissues inducing necrosis and ulceration by its cytotoxic properties.

The disease presents with a spectrum of forms, which can be either non-ulcerative or ulcerative.
The non-ulcerative forms are characterized by nodules, papules, plagues and oedema. The nodule

is a painless, firm and palpable subcutaneous form frequently found in Africa (Figure 1a) while the
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papule is a painless raised skin lesion with erythema in the surrounding skin observed mainly in
Australia (Figure 1b). Disseminated forms of the disease may present as a plaque (Figure 1c),
which is a hardened, raised and dry painless lesion usually covered with discoloured skin or an
oedema characterized by a firm and diffuse non-pitting swelling with nonspecific edges (Figure
1d). If left untreated, these forms can evolve into severe large ulcerated lesions with rugged
undermined, hyperpigmented edges and bases which contain a whitish necrotic slough (Figure 1e).
The different presentations of the disease have also been classified into categories by the WHO,
taking into account the size of the lesions, number of lesions and the site of lesion presentation.
Thus, there are three categories: category | for single lesions less than 5cm in diameter, category |1
for lesions between 5-15cm in diameter and category Il for single lesions above 15cm, multiple
lesions, lesions found at critical sites and cases of osteomyelitis. In about 85% of cases [18], the

disease presents mainly on the limbs but the infection can also traverse the deep fascia and affect

muscles, blood vessels, bones and joints finally leading to dramatic functional limitations in the
affected.

Figure 1: Clinical Presentations of Buruli ulcer disease, A= nodule, B=papule, C=plaque,
D=oedema, E=ulcer
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Epidemiology and Diagnosis

BU has been reported in 34 countries (Figure 2) globally with tropical, subtropical and temperate
climates near areas of stagnant or slow flowing rivers and marshlands; an association that has been
shown to be a risk factor for infection [19-20]. Geographically, the disease has been described in
Africa, Asia, the Americas and Australia [21]. Africa is the worst affected continent with the
highest incidence reported in Western African countries of Ghana, Cote d’Ivoire and Benin [22-
27]. It is estimated that over 5000-6000 cases are reported yearly; though a decline has been seen
recently with only 2,251 new cases reported in 2014 [28]. All age groups are affected by the

disease but in Africa the greatest burden is in children below the age of 15 years [28].

Figure 2: Global Distribution of Buruli ulcer, 2013

BU can be clinically diagnosed and experienced health workers in endemic areas may be able to
make an accurate clinical diagnosis of the disease [29-30]. However, in practice, misdiagnosis is
common [22, 31-32] with reported rates up to about 50% [33] and the proportion of false negatives
is usually not accessed, since patients are sent away and not followed up. Clinical diagnosis should
therefore be confirmed by laboratory tests, either by conventional or molecular methods.
Misdiagnosis is stemming from the large number of organisms which also cause cutaneous
infections and other non-infectious pathologies which may resemble BU [34]. Laboratory diagnosis
also helps to confirm the accurate prevalence and incidence, helps to identify new foci, aids in the
management of the disease and facilitates the differentiation of relapses from re-infection after

treatment.
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Tests available for the confirmation of BU diagnoses are; direct examination of acid fast bacilli in
Ziehl-Neelson stained smears, in vitro culture, histopathology and the polymerase chain reaction
(PCR) amplification of the insertion sequence 2404 elements (1S2404) found in multiple copies in
the genome of M. ulcerans. Smear microscopy is the simplest and most widely used method which
is also available in most endemic areas as a first line diagnostic test. It however has a low
sensitivity with reported rates of about 50% even with strong clinical suspicion. Culture is not
readily available in many endemic areas and is precluded as a rapid diagnostic method because of
the slow-growing nature of the bacilli though sensitivity rates of up to 60% have been reported.
Histopathological analysis is highly sensitive; confirming 90% of all cases but unavailable in many
endemic settings. Molecular diagnostic methods are fast with a high sensitivity but unavailable in
many endemic areas. PCR amplification of 1S2404 is considered the gold standard diagnostic
method with sensitivity around 96% and WHO recommends that at least 70% of all clinically
suspected cases be confirmed by a PCR positive result [35]. This test however presents technical
difficulties with implementation in a field setting, is expensive and also requires a high level of
technical expertise. It is therefore restricted to only a few well-equipped and specialized reference

laboratories.

Treatment

Spontaneous healing of BU lesions has been reported by several research groups [36-38] especially
for early non-ulcerative forms [37]. Historically however, surgery was the standard treatment of
choice for management of the disease and involved the removal of dead tissues through
debridement or excision, followed by skin grafting. With this method, wide margins including
healthy tissue had to be excised to stop the infection, ensure the complete removal of all affected
tissue and prevent recurrence or relapse at the affected site. This treatment modality however
presented with a number of challenges including long hospital stays [6] by patients and its effect on
the health centers which were ill-equipped and lacked the capacity to accommodate patients for
long periods of time. Surgery was also accessible to only a fraction of affected patients and the
dramatic nature of the procedure leading to wide and traumatizing excisions and skin grafting often
involving multiple operations impacted poorly on control efforts as affected patients will be
reluctant to report at health facilities for treatment for fear of surgery. Also, lesions would finally
heal at the expense of more severe sequelae than would result from simple surgical interventions
consequently resulting in more functional disabilities in the absence of physiotherapy. In addition,

though there was success with this method, recurrence was not uncommon and rates ranged
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between 16%-28% [39-40]. In a retrospective comparative study, 47% of patients from one
treatment center had either ulcers that never healed or healed, but had a recurrence, supporting the

hypothesis that wider surgical excision improves the chance of healing of BU[41].

To minimize or circumvent surgical interventions, several other approaches involving chemical and
physical topical treatments have been explored and proposed. These include the use of 6% nitrogen
oxides which was reported to kill M. ulcerans in vitro and also in a small randomized control trial
[42-43], hyperbaric oxygen, phenytoin powder which appeared promising in accelerating healing
and showed ulcer surface reduction of more than 50% in a randomised control trial [44-45] and
clay which was shown to allow quick resolution of oedemas and vigorous debriding of ulcers [46].
Application of heat, taking advantage of the temperature sensitivity of M. ulcerans has also been
documented with its efficacy demonstrated in several studies [9, 47-49]. Some of these other
methods however have limited practicality in remote areas where most of the cases are reported
from, because of the complicated nature of the devices and dressings needed for their

implementation, high costs and the discomfort it brought for patients [5].

Finding a drug treatment regimen thus represented a major research priority for the WHO and with
it the search for the appropriate antibiotic combination to combat this disease. Many antibiotics
were found to show excellent results in vitro against M. ulcerans with various combinations
inhibiting its growth in animal models [37, 50-56]. High sensitivity of M. ulcerans to rifampicin
[50], aminoglycosides [51], macrolides [52] and quinolones [51] was reported and studies in
animal models showed that monotherapies of rifampicin and aminoglycosides was highly
efficacious by exerting a strong bactericidal effect on M. ulcerans [54-55]. Monotherapy was
however discouraged because M. ulcerans could become resistant to rifampicin and resistant
mutants had been observed after monotherapy in mice [57]. The aminoglycosides on the other hand
have long term side effects as they are known to cause ototoxic damage, vestibule-toxic
impairments, nephrotoxicity and encephalopathy [58-61]

Based on these results and clinical trials performed in Ghana [62], the WHO issued guidelines with
a combination of rifampicin and streptomycin for 8 weeks as the treatment of choice for
management of the disease with the hope of minimizing indications of surgery and hopefully also
decrease relapse rates [63]. Evidence accumulating after the implementation of these guidelines

shows treatment success with recurrence rates of less than 3% [64].
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Wound healing

Wound healing is a complex process made up of four main stages, hemostasis, inflammation,
proliferation and tissue remodeling or resolution. These phases are integrated and highly overlap.
Interference with one or more of these phases leading to the inability of the wound to progress
through the normal stages of healing results in the formation of a chronic wound. Such wounds
would not respond normally to traditional wound management practices and standard protocols of
care [65]. Factors that can affect wound healing could be either local or systemic. Local factors
such as oxygenation, infection, venous sufficiency and foreign bodies affect the characteristics of
the wound itself [66-67]. Systemic factors such as age, gender, sex hormones, stress, ischemia,
diseases, medications, alcoholism and smoking, immunocompromised conditions and nutrition
affect the overall health and disease state of the affected individual, consequently affecting the
ability of the wound to heal [66].

Wound microbiology

The human body is estimated to contain 10 microbial cells playing various roles in the
maintenance of health. Some of these microbes however, have the potential to cause disease and
this is seen under opportunistic circumstances such as a breach in skin integrity leading to an
injury. When a wound occurs, microorganisms which are normally found at the skin surface gain
access into the underlying tissues, contaminating the wound. Other sources of wound contaminants
are the environment and endogenous sources involving mucous membranes of the gastrointestinal,
oropharyngeal and the genitourinary mucosa [68]. The establishment of a wound microbiota goes
through several stages called a wound infection continuum. First is the contamination stage
characterized by the presence of non-replicating microorganisms [65, 67]. At this stage, the
microorganisms are suppressed or regulated by appropriate host defenses if the affected individual
is not immunocompromised or physiologically challenged. Next is a colonization stage consisting
of reversible and irreversible adhesion stages and characterized by the presence of replicating
microorganisms in the absence of tissue damage. In the reversible adhesion stage, microorganisms
access the wound environment using chemical receptors and either attach to the wound surface or
remain planktonic based on the environmental signals [65]. At this stage of colonization, they can
be detached by the application of low levels of force and are sensitive to host defenses and
antimicrobial agents. As this stage progresses, stronger surface interactions are created leading to
the formation of an irreversible attachment, biofilms and the production of intracellular and
extracellular substances for polymeric encasement. Multiplication begins and an inherent resistance

to antimicrobial agents develops. Continuous multiplication leads to the creation of micro-colonies
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and a complex environment is created leading to decreased oxygen availability and hypoxia at
certain sites in the wound. This will encourage the proliferation of anaerobic organisms further
complicating the microbial community and increasing microbial diversity. Subsequently, critical
colonization occurs where the microorganisms may colonize and multiply within the wound,
inducing a non-healing state without clinical signs of infection or a visible host reaction. A mature
biofilm is created when the microbial ecosystem climaxes and stabilizes. Exponential
multiplication of bacteria within this mature biofilm leads to local infection driven by the bacterial
burden exceeding a certain level and inducing host immune responses. If local infection is not
managed properly and microbial burdens are uncontrolled, systemic infection may develop where
bacteria invade new tissues and can find their way into the bloodstream causing bacteremia leading

mQ;< . Du‘fﬁ&

to septicemia, organ failure and death in severe cases [65].

T W

*
o> =
G & 2, 3.
i Colonization 1 Colonization 2 m
= Reversible q Irreversible E:)
) Adhesion Adhesion

Figure 2: The wound infection continuum

Figure adapted from Percival et al [65]

The quantitative and qualitative microbiology of a wound is important as it impacts on wound
healing. Quantitatively, the role of microorganisms in the clinical course of many diseases and
infections has been found to be related to its load. Bendy et al [69] reported that wound healing in
decubitus ulcers progressed only when the microbial load of wound fluid was below 10°cfu/ml and
Majewski [70] also demonstrated that patients with wound contamination < 5 x10* cfu/cm? had
more successful skin grafts. Other studies also found that the risk of wound infection increased
with bacterial loads above 10°cfu/ml and this has led to the conclusion that the determination of
bacterial loads could be useful in the prediction of wound healing and infection. One exception
however is where a wound is contaminated with R-haemolytic streptococci which have been found

18



to cause disease even at levels lower than 10°cfu/g of tissue. Chronic wounds may have a
polymicrobial etiology involving both aerobic and anaerobic microorganisms. Microbial pathogens
frequently isolated from wounds include Enterococcus spp, Staphylococcus aureus, coagulase
negative Staphylococci, Escherichia coli, Pseudomonas aeruginosa, Proteus sp, Enterobacter sp.
However, S. aureus, P. aeruginosa and 3-haemolytic Streptococci have been commonly implicated
in wound infection and delayed wound healing due to their ability to produce destructive virulence

factors notably enzymes and toxins.
Wound Healing in Buruli ulcer disease

The evolution of BU disease varies with its severity which depends on the form, extent and
localization. Early limited lesions and small ulcers have been shown to heal with antibiotic therapy
alone without the need for surgery in 81% of cases [71]. In a proportion of affected patients, wound
healing is delayed [72] and the end of antimycobacterial therapy is followed by a period of
monitoring and wound management often ending with some form of surgical intervention if the
lesions do not show signs of healing by secondary intention. Management of BU disease may be
complicated by secondary bacterial infection [73] or Human immunodeficiency virus (HIV) co-
infection [74-75] which affect the healing potential of wounds ultimately impacting treatment

outcome.

Secondary Bacterial Infection

According to the World Health Organization (WHQ) [76], secondary infection in BU should be
suspected when a wound develops cellulitis or becomes painful. Secondary infection is not well
characterized and recognized in BU disease as it is assumed to be uncommon [76]; therefore, only
few studies have documented the occurrence of secondary infection in BU disease [73, 77-79]. It is
assumed that secondary infections may result in severe complications such as sepsis, tetanus and
death [77]. In the two studies that described the microbial flora of BU wounds, the isolated
organisms included S. aureus, P. aeruginosa, P. mirabilis, Group A Streptococci, coagulase
negative Staphylococci and several species of Enterobaceriaceae and other Gram negative
pathogens [73, 79]. S. aureus and P. aeruginosa were the dominant isolates in both studies [73,
79]. These two organisms are well known as common causes of infection of other wound types
[65-68], are frequently implicated in health-care associated infections and exhibit increased
resistance to antimicrobials through both intrinsic and acquired mechanisms [80-81]. They also

form biofilms contributing to antibiotic tolerance [80] and persistence and thus infection by either
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of these organisms can result in worse patient outcomes [82]. Of concern in these studies was the
high frequency of methicillin resistant S. aureus (MRSA) isolation. In the Ghanaian study, 33% of
isolated S. aureus were MRSA while 38% MRSA was reported by the study in Benin. An MRSA
frequency of 13% was also reported by a recent study in Ghana [83]. MRSA infection is one of the
current global threats to public health. The organisms were first detected in hospitals but the recent
emergence of MRSA strains with a community origin has created a greater challenge in the fight

against antimicrobial resistant pathogens.

Though standard guidelines for the management of secondary infections in BU are currently
unavailable, it behooves all stake holders in the health sector to optimize wound management
practices and actively implement all strategies necessary to prevent or reduce the occurrence of
secondary infection.

BU-HIV Co-infection

A high prevalence of HIV exists within areas of Africa burdened by BU, where adult HIV
prevalences between 1-5% have been reported [84]. Thus, co-infection between HIV and BU has
been increasingly recognized [84-85]. This co-infection presents an important challenge in the
management of BU disease with studies suggesting that HIVV may affect clinical presentation and
result in multiple and larger lesions and also slower wound healing [74-75, 86]. Disseminated
disease has been reported in individuals presenting with BU-HIV co-infection [86-89]. Though
similar presentations were also reported in HIV negative BU cases [90], HIV infection was found
to be a risk factor for disseminated disease and a significant predictor of bone involvement in the
clinical course of the disease [91-92]. It is also thought to result in more severe BU [75, 84-85] and
a study by Vincent et al reported that over 70% of HIV positive BU patients developed more
severe disease in comparison with 50% of HIV negative patients [85]. HIV has been considered as
a risk factor for BU disease [74-75] and its prevalence was reportedly three times higher among
BU patients in an endemic area in Akonolinga, Cameroon compared with the regional prevalence
[75]. Also, similar results have been obtained from Ghana and Benin where BU patients are 4 and 8
times more likely to have HIV than non-BU patients [74, 93]. BU-HIV co-infected patients often
present with severe immunosuppression [75, 84]. In a study conducted in a BU endemic area in
Cameroon, 70% of BU-HIV infected patients were found to have CD4 counts < 500 cells/mm?® at
diagnosis, needing antiretroviral therapy [75]. Data from this study also found a higher mortality in
BU-HIV co-infected individuals as compared with BU patients without HIV [75].
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Preliminary guidelines have been issued by the WHO on the management of this co-infection [94].
Despite these guidelines, lack of information still exists with regards to the best way to manage
HIV patients with active BU, optimal ART regimens, when to start ART, the impact of HIVV on BU
treatment outcomes, drug-drug interactions between BU treatment drugs and ART regimens and
whether ART influences the occurrence of paradoxical reactions in BU patients and more scientific
studies are needed to better understand the epidemiological, clinical and treatment implications of
BU-HIV co-infection [84].
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Goal

The goal of this PhD study was to gain an understanding into the evolution of BU wounds during

the course of treatment and wound healing delay.

Objectives

1. Identify causes of wound healing delay in BU disease in treatment centers in the Ga-South
and Ga-West municipalities in Ghana.

2. Explore challenges associated with the management of BU disease.

3. Gain an understanding into possible routes of secondary infection of BU lesions.

4. Provide information on the genetic background of Staphylococcus aureus species isolated
from BU lesions.

5. Characterize the antibiotic resistance profiles of bacteria isolated from BU lesions.
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Abstract

Buruli ulcer (BU), caused by Mycobacterium ulcerans is a chronic necrotizing skin disease.
It usually starts with a subcutaneous nodule or plaque containing large clusters of
extracellular acid-fast bacilli. Surrounding tissue is destroyed by the cytotoxic macrolide
toxin mycolactone produced by microcolonies of M. ulcerans. Skin covering the destroyed
subcutaneous fat and soft tissue may eventually break down leading to the formation of large
ulcers that progress, if untreated, over months and years. Here we have analyzed the
bacterial flora of BU lesions of three different groups of patients before, during and after
daily treatment with streptomycin and rifampicin for eight weeks (SR8) and determined drug
resistance of the bacteria isolated from the lesions. Before SR8 treatment, more than 60% of
the examined BU lesions were infected with other bacteria, with Staphylococcus aureus and
Pseudomonas aeruginosa being the most prominent ones. During treatment, 65% of all
lesions were still infected, mainly with P. aeruginosa. After completion of SR8 treatment,
still more than 75% of lesions clinically suspected to be infected were microbiologically
confirmed as infected, mainly with P. aeruginosa or Proteus mirabilis. Drug susceptibility
tests revealed especially for S. aureus a high frequency of resistance to the first line drugs
used in Ghana. Our results show that secondary infection of BU lesions is common. This

could lead to delayed healing and should therefore be further investigated.
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Author Summary

Buruli ulcer (BU) can lead to large ulcerative lesions due to extensive skin loss caused by the
necrotizing effect of the main virulence factor mycolactone. For a long time the general
perception was that BU lesions are not infected by other bacteria because of a postulated
antimicrobial effect of the macrolide toxin, mycolactone. In this study, we analyzed laboratory
confirmed BU lesions before, during, and after streptomycin/rifampicin treatment. Contrary to
popular belief, our findings show that BU lesions are frequently co-colonized with other
potential bacterial pathogens before, during, and after antibiotic treatment. For example, 75%
of cases that were clinically indicative of being infected after treatment were microbiologically
confirmed as infected. Most microbiologically infected cases were also confirmed by
histopathological analysis. The most prominent bacterial species isolated included
Pseudomonas aeruginosa, Staphylococcus aureus, and Proteus mirabilis. When we tested the
isolates against first line drugs used in Ghana, the isolates were found to be resistant to most of
these drugs. This study indicates that wound care practices need to be improved and that wound

infection may be a common cause of wound healing delay in BU.
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Introduction

Buruli ulcer (BU) caused by Mycobacterium ulcerans is a necrotizing skin disease that affects
mainly impoverished communities in Western and Central Africa. It is the third most common
mycobacterial disease of humans after tuberculosis and leprosy. BU lesions are characterized by
extensive necrosis and minimal pain and inflammation [1,2]. The pathogenesis of the disease is
believed to be initiated by the inoculation of M. ulcerans into the subcutaneous layer of the skin,
which may be facilitated by trauma or an insect vector. Most BU lesions are found at the
extremities and contain extracellular clusters of acid-fast bacilli (AFB) in the subcutaneous fat
tissue. The incubation period seems to be highly variable, and has been estimated to range from
two weeks to three years, with an average of two to three months [3]. The disease begins typically
as a painless nodule under the skin and gradually enlarges and erodes through the skin surface,
leaving a well-demarcated ulcer with a necrotic slough in the base and widely undermined edges [3
A].

Traditionally, the mainstay treatment of BU was surgical removal of infected tissues followed by
skin grafting [1]. This led to long hospital stays with the accompanied social problems of losses of
school time by children and a large economical burden directly and indirectly to the affected
families. Since 2006, after a pilot study in Ghana, the first line treatment of BU is SR8 (eight weeks
of streptomycin daily injections and oral therapy with rifampicin) [5-7]. This has reduced surgery
to an adjunct procedure in BU management. The general perception is that this treatment modality
will reduce the length of stay in health facilities, since it removes the fear of surgery and
encourages early reporting to the formal health sector for treatment. SR8 makes a decentralization
of treatment possible, since staff of peripheral health facilities can administer streptomycin
injections.

The pathogenesis of BU is mediated mainly by a polyketide derived macrolide toxin, named
mycolactone, with potent tissue necrotizing [8] and immunosuppressive activities [9,10].
Mycolactone produced by clusters of M. ulcerans leads to the destruction of the surrounding soft
skin tissue and to the formation of devitalized, avascular tissue and ‘necrotic slough’ at the wound
bed, which is very characteristic of BU [11]. The necrotic tissue could provide an ideal medium for
bacterial growth and may disturb and delay wound healing. While there is a popular belief that
secondary infections of BU lesions are rare, because mycolactone has antimicrobial activities, there
is no published evidence base for this.

It is controversial, whether bacteria present in wounds contribute to delays in wound healing,
because wounds generally harbor transient microorganisms (contamination) [12]. The surfaces of

wounds have microbial populations at each stage of healing and some of the bacteria may be
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involved in mutually beneficial relationships with the host preventing more virulent organism from
infecting deeper tissues. Such beneficial organisms include coagulase negative Staphylococcus and
Corynebaceria species [12—-14]. These contaminating organisms are derived from the normal flora
of the surrounding skin, mucous membranes or from external environmental sources. Usually the
immune defense mechanisms of the host can contain these contaminants with no harm and negative
consequence to wound healing. However, some of the contaminating organisms can also go on to
colonize, massively multiply and delay wound healing. Only when a critical concentration of these
microorganisms is reached, signs of infection including erythema, pain, increase in temperature,
odor and discoloration of granulation tissue are observed. Therefore assessment of wound infection
has to be based both on the density of microorganisms as well as on the presence of specific
pathogenic species [15,16]. Staphylococcus aureus, Pseudomonas aeruginosa, and beta-hemolytic
streptococci are regarded as primary indicators for a delayed healing and infection in both acute
and chronic wounds. Bacterial loads exceeding 10° colony forming units (CFU)/g of tissue or tissue
fluid, accumulations of pus cells and presence of specific pathogenic organisms are being used as
indicators for wound infection in contrast to wound contamination [16—-19]. Factors predisposing a
wound to infection include the non-observance of principles of good hygienic procedures during
dressing and the presence of necrotic tissue or slough within the wound margin [13], which is
commonly found in BU lesions. The extent of secondary infections in BU and their contribution to
frequently observed delays in healing has not been studied so far. Here we have analyzed BU

lesions before, during and after antimicrobial treatment for the presence of secondary infection.
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Materials and Methods

Study participants and sample collection

The participants involved in the study were recruited from the Amasaman District Hospital and the
Obom Health Centre in the Ga-West and Ga South Municipality, respectively. The participants
were all laboratory confirmed BU cases and the analyzed samples fall into three main categories: 1)
samples from 53 BU patients recruited consecutively before treatment; 2) samples from 20 BU
patients recruited consecutively between four and six weeks after start of SR8 and 3) samples from
31 BU patients whose lesions were clinically suspected of secondary infection after SR8 treatment.
Some of the participants overlapped in some of the categories: 71 of the participants were sampled
once for analysis, 12 twice and 3 thrice within the study period, thus in total 104 individual
samples, 84 swabs and 20 tissue samples, from 86 participants were analyzed. The swabs were
obtained from 52 cases before treatment, 20 cases during and 12 cases after treatment and analyzed
microbiologically (Table S1). The tissue samples for histopathological analysis were obtained from
one case before treatment and 20 cases after treatment. Except for one sample taken after treatment,
all tissue samples were also analyzed microbiologically (Table S1).

A detailed questionnaire was used to obtain standard demographic data, document the clinical
presentation of lesions and other lesion characteristics. Altogether the study involved 86
participants comprising 32 (37%) females and 54 (63%) males. The females’ age ranged between
two and 72 years and the males were between four months and 82 years. Median age for both
groups was 33 years. Seventy-seven of the cases had lesions located on the limbs, three in the head
and neck region, and one each located on the buttocks, armpit and back respectively; the lesion
location of three participants was not documented.

Only 2/86 patients were pre-ulcerative. These lesions, one nodule and one plaque, were sampled
later during surgery. The remaining 84 patients had ulcers; 78 of them had only ulcers, one had an
ulcer and a nodule, three had ulcers with edema, and two had ulcers with osteomyelitis. Based on
the judgment of the responsible clinician, surgical debridement was performed for 1 patient prior to
treatment and for 20 patients after completion of SR8. Biopsy samples were collected in each
instance for histopathological analysis (Figure 1).

Laboratory confirmation of BU disease was done by 1S2404 PCR and Ziehl-Neelsen microscopy as
previously described [20,21]. Three swab samples were collected from clinically suspected
ulcerative cases before treatment; one for 1S2404-PCR based confirmation of BU, one for

preparation of a direct smear for microscopic examination for the detection of bacteria and
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neutrophils after Gram staining (Figure S1), and the third was inserted into a sterile tube containing
3 ml of PBS for enumeration of the bacterial burden and the isolation of specific bacterial species.
All swab specimens were collected from the undermined edges of lesions by first moistening the
swab with sterile PBS using the Levine method of collecting swab specimen [22]. This has been
found to be the best method for taking swabs as it is more reflective of tissue bioburden as
compared to other methods [23]. After cleaning the wound surface with normal saline, a swab was
rotated over a 1 cm? area with sufficient pressure to collect the fluid from within the wound tissue.
From cases that were sampled during treatment and those that were clinically suspected of having a
bacterial infection after completion of SR8, three swab specimens were collected before surgery,
and treated as above, except for the procedures for the laboratory confirmation of BU disease by
PCR, since all cases had been previously confirmed as BU within the framework of a bigger study.
From SR8 treated patients that underwent surgical management, tissue sample were analyzed if
there was clinical suspicion of a secondary bacterial infection. While one sample was aseptically
transferred into a clean sterile tube for enumeration of the bacterial load and species identification,
a second sample was directly transferred into 10% neutral buffered formalin for histopathological
analysis.

The samples for bacteriological analysis were placed in an ice chest with ice packs to prevent
bacterial multiplication and transported to the Bacteriology Department of the Noguchi Memorial
Institute for Medical Research (NMIMR) for analysis, Tissue samples for were shipped to the

Swiss Tropical and Public Health Institute for histopathological analysis.

Ethics statement

Ethical clearance was obtained from the institutional review board of the Noguchi Memorial
Institute for Medical Research (Federal-wide Assurance number FWA00001824). The procedures
for sampling in this study were essentially the same as those used in routine management of BU in
Ghana. However, written informed consent was collected from all participants before study
inclusion. In the case of children below sixteen years, written informed consent was collected from
their parents or guardians. Patients were assured of the confidentiality of all information collected

during the study.

Enumeration of the bacterial load and isolation of bacteria
When swab samples reached the microbiology laboratory, the volume of PBS was topped up to 5
ml and both the swab and the PBS were transferred into a sterile glass tissue culture tube

containing glass beads. The tubes were vortexed for about two minutes to dislodge any particles
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that were sticking to the swabs. Using the resulting stock suspension, serial dilutions from 107 to
10 were prepared. Hundred microlitres of serial dilutions of the swab or tissue suspensions were
transferred into sterile Petri dishes and inoculated by the pour plate method using Plate Count Agar
for total aerobic counts. The agar was left on the lab bench to set after which it was incubated at
37°C for 18-24 hours. The remaining 10 dilution of the suspension was centrifuged at 8,000 g for
25 minutes and after decanting, the pellet was inoculated onto MacConkey, Blood and Chocolate
agar and incubated under aerobic conditions. The aerobic agar plates were examined after 24 hours
and growing colonies were subcultured on Blood and MacConkey agar plates to obtain pure
cultures. After incubation, the plates were examined using a colony counting chamber
(Gallenkamp, UK) and those with colony counts between 30 and 300 were selected for computing
CFU/ml or CFU/qg, respectively, by multiplying the counts by the dilution factors. The lesion from
which the sample was taken was classified as clean, contaminated or infected as indicated in the
data analysis section. For tissue specimen, one gram of sample was weighed in a sterile plastic
stomacher bag. Nine milliliters of PBS were added, samples were macerated in a stomacher and the
resulting suspension was transferred into a sterile test-tube. Using this stock suspension, serial

dilutions were prepared and plated out.

Species identification of bacterial isolates

Distinct bacterial colonies from the Blood and MacConkey agar plates were purified on Nutrient
agar plates for identification. Bacterial isolates were Gram stained [24] and identified by
biochemical tests as well as by molecular methods. Gram negative rod isolates were characterized
by cytochrome oxidase analysis, and with Analytical Profile Index (APl 20E) strips (bio-Merieux
SA, Marcy-I’E’toile, France) according to the manufacturer’s instructions. Gram positive cocci
were analyzed after Gram staining using the catalase test to differentiate between Staphylococcus
spp. and Streptococcus spp. In order to further discriminate the catalase positive Gram positive
cocci and especially to identify Staphylococcus spp., the Staphylase kit Prolex Latex Agglutination
System (Pro-Lab Diagnostics) was used. Gram positive bacteria were further characterized using
the Hain Lifescience Genotype Product series for Gram positive bacteria Genotype BC Gram
positive version 3.0 and Genotype staphylococcus version 2 test kits (Hain Lifescience, Germany).
Where species identification failed with the analytical profile index and the other biochemical

assays, identification was achieved by MALDI-TOF mass spectrometry [25].
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Drug susceptibility testing

Susceptibility of isolates to specific drugs was tested using the Kirby-Bauer disc diffusion method
on Mueller Hinton agar [26]. Sensitivity was tested against antibiotics such as cotrimoxazole,
ampicillin, tetracycline, ciprofloxacin, amikacin, gentamicin, penicillin, erythromycin, cefuroxime,
cefixime, ceftriaxone, chloramphenicol and flucloxacillin. In addition, Gram positive cocci were
tested against methicillin and vancomycin. The results of isolation and drug sensitivity tests were
provided to the treating clinician at the collaborating health facility. Since the locally available disc
systems varied in coverage, some antibiotics were only tested with a subset of isolates. One

limitation of this study is that we did not test for susceptibility against streptomycin and rifampicin.

Histopathology

Histopathological analysis was done for all SR8 treated patients needing surgical management and
presenting with a lesion clinically suspicious for secondary infection. Surgically excised tissue
samples were immediately fixed after excision in 10% neutral-buffered formalin for 24 h at room
temperature to maintain tissue structures. Afterwards samples were directly transferred to 70%
ethanol for storage and transport. Tissue specimens were subsequently dehydrated, embedded into
paraffin, and cut into 5 pm sections. After deparaffinization and rehydration, sections were stained
with Ziehl-Neelsen/Methyleneblue (ZN) according to WHO standard protocols [3]. In this staining
AFB appear pink and other bacteria are stained blue. Tissue sections were analyzed with a Leica
DM2500 Microscope and pictures were either taken with a Leica DFC 420C camera or with an

Aperio ScanScope XT.

Analysis of recycled bandages

Recycled bandages from fifteen confirmed BU cases were collected conveniently before wound
dressing for microbiological analysis. Ten grams bandage was weighed, added to 90 ml of sterile
PBS and macerated with a laboratory blender to give a 10™ dilution. Using this suspension, serial
dilutions from 1072 to 10°® were prepared. Hundred microlitres of these serially diluted suspensions
were transferred into sterile Petri dishes and inoculated by the pour plate method using Plate Count
Agar for total aerobic counts. Bacterial enumerations were performed as described above. In
addition the left over suspension was centrifuged at 3,000 g for 20 mins and the resulting pellet was

plated for bacterial isolation.
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Data analysis

The values obtained from plate counts were computed into CFU/ml for wound exudates (swabs) or
CFU/g for tissue sample. The antibiogram of each isolate was interpreted according to the
manufacturer’s specification as resistant, intermediate or susceptible. The percentages of cases in

each category were then computed.

Classification of wounds

Lesions were classified microbiologically as clean if no bacteria were isolated, as contaminated if
bacterial counts were < 10° CFU/g or ml and as infected if counts were > 10° CFU/g or ml of
specimen. Lesions were clinically classified as infected based on the following criteria: 1. friable,
bleeding granulation tissue despite appropriate care and management; 2. purulent discharge (yellow
or green) from wound or drain placed in wound; 3. pain or tenderness, localized swelling (edema),
or redness/heat; 4. tissue necrosis; 5. skin grafting failure; abnormal odor coming from the wound
site; delayed healing not previously anticipated. Twenty-four of the patients clinically classified as
infected were in-patients and seven were out-patients, who were reporting twice a week for wound
dressing. During wound dressing, the wounds were cleaned with normal saline to wash away
debris. Wounds that appeared necrotic or had an offensive odor were cleaned again with vinegar
and dressed with povidine iodine.
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Results

Bacterial infection of lesions from PCR-confirmed BU patients before and during SR8
treatment

Swab samples of 52 consecutively recruited 1S2404 PCR confirmed BU cases with ulcerative
lesions were sampled before the commencement of SR8 treatment. Samples from three participants
(5.7%) did not yield any aerobic growth on plate count agar (Table 1). Seventeen (32.1%) of the
lesions with total CFU counts of 1.7 x 10° to 9.0 x 10°> CFU/mlI (average 3.2 x 10° CFU/ml) were
microbiologically classified as contaminated. Microbiologically Infected lesions were observed in
33/52 patients (63.5%); aerobic counts from this group ranged between 1.0 x 10° to 3.5 x 10°
CFU/ml with an average value of 1.1 x 10° CFU/ml. The most frequently identified bacterial
species from the infected lesions prior to start of treatment (Table 1) were S. aureus (n = 9; 21.4%),
P. aeruginosa (n = 7; 16.7%) and P. mirabilis (n = 6; 14.3%).

The responsible clinician decided to perform wound debridement of one of the lesions prior to SR8
initiation, since it showed clinical signs of a strong secondary infection (Figure 1D). A biopsy
specimen was taken and the histopathological analysis of the tissue sample (Figure 1A-C)
revealed, typical hallmarks of BU, such as fat cell ghosts, tissue necrosis and epidermal hyperplasia
(Figure 1A). In addition, clusters of cocci were observed in the subcutaneous tissue between the fat
cells (Figure 1A box, B, C). This area probably represents the tissue base of the undermined edges.
These findings correlated well with the microbiological analysis, since S. aureus was isolated in
large numbers from the lesion (1.2 x 10° CFU/g).

Twenty laboratory-confirmed BU cases were consecutively sampled between four and six weeks
after start of SR8 treatment and analyzed for infection of the lesions. Of these lesions, 7/20 (35.0%)
and 13/20 (65.0%) were microbiologically classified as contaminated or infected, respectively;
clean wounds were not observed (Table 1). The aerobic bacterial load ranged between 1.5 x 10°
and 3.5 x 10° CFU/mI, with an average value of 5.6 x 10® CFU/mI for the microbiologically
infected lesions. The contaminated lesions had counts between 5.2 x 10% and 7.3 x 10°> CFU/ml
(average 3.3 x 10°> CFU/ml). Also here P. aeruginosa (n = 6; 35.3%) and P. mirabilis (n = 2;
11.8%), but not S. aureus (n = 0), were the most frequently identified bacterial species isolated

from the infected lesions (Table 1).

Bacterial infection of BU lesions with clinical signs of infection after completion of SR8
treatment
Thirty-one BU lesions with clinical signs of secondary bacterial infection after completion of SR8

treatment were sampled for laboratory investigation. Clinical signs indicative for secondary
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infection were documented for 28 of them and included: localized pain (28/28), viscous/purulent
discharge (28/28), edema (5/28) and localized heat (4/28). In addition, delayed healing not
previously anticipated (17/28), offensive odor (15/28) and discoloration of tissues both within and
at the wound margins (3/28) were regarded as signs of secondary infection (Table 2). The time at
which infection was detected ranged from a few weeks to fifteen months after completion of SR8.
Seven (22.6%) of the 31 lesions clinically suspected to be infected were not confirmed
microbiologically by aerobic bacterial count analysis, as the total plate count ranged only between
1.3 x 10° and 8.9 x 10° CFU/mI (average 2.7 x 10° CFU/ml). The remaining twenty-four (77.4%)
lesions that were microbiologically confirmed as infected had plate counts ranging between 1.2 x
10° and 3.5 x 10° CFU/ml (average value of 1.2 x 10°). P. aeruginosa (n = 8; 32%), P. mirabilis (n
=5; 20%) and S. aureus (n = 3; 12%) dominated among the isolates.

The bacterial load observed in cases analyzed within four weeks post SR8 ranged between 1.3 X
10° and 4.0 x 10° CFU/ml; that between five and 12 weeks was between 9.3 x 10* and 1.2 x 10°
CFU/ml; and that between 9 and 15 months post SR8 ranged between 2.7 x 10° and 1.8 x 10°
CFU/ml. Nineteen tissue samples and 12 swab samples were analyzed (Table S1) and the bacterial
load ranged between 1.3 x 10% and 4.0 x 10° CFU/m for tissues and between 5.2 x 10’ and 2.1 x
10° for swabs.

Tissue samples from 20/31 of the microbiologically analyzed lesions showing clinical signs of
secondary infection after completion of SR8 were also analyzed by histopathology, since the
responsible clinicians decided to perform a wound debridement. Microbiological analysis had
categorized 16 of these lesions as infected and four as contaminated. None of the microbiologically
contaminated wounds presented in the histopathological analysis with a detectable secondary
infection. In contrast 12/16 (75%) of the lesions classified microbiologically as infected presented
with an infection either with cocci, rods or both (Table 2). Infection was mainly obser