Chapter 6
Mycobacterial (Skin) Infections

Bernard Naafs, Colette L.M. van Hees, and Jakko van Ingen

6.1 Introduction

Mycobacterium is a genus of the Actinobacteria, belonging to family
Mycobacteriaceae. The genus includes pathogens known to cause serious diseases,
including tuberculosis (Mycobacterium tuberculosis), leprosy (Mycobacterium lep-
rae), and Buruli ulcer (Mycobacterium ulcerans).

Mycobacteria can be divided into those which are strict pathogens for humans
and animals and those which are potentially pathogenic. The first group includes M.
tuberculosis and M. leprae, and the second group comprises the nontuberculous
mycobacteria of which M. marinum is the most common cause of skin disease
(aquarium granuloma) and of which M. ulcerans may be considered a specific sub-
group [1, 2].

The Greek prefix “myco” means fungus, since mycobacteria have been observed
to grow in a mold-like fashion on the surface of liquids when cultured [3]. They are
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Fig. 6.1 Electron
microscopic picture of
mycobacteria in
macrophage. One
dividing bacterium.
(Courtesy Dr. John
Stanley)

thin, slightly curved to straight nonmotile bacilli, except for Mycobacterium
marinum, which has been shown to be motile within macrophages. They are
between 0.2 and 0.6 pm wide and 1.0 and 10 pm long (Fig. 6.1).

Mycobacteria are aerobic and are characteristically acid-alcohol-fast.
Mycobacteria do not contain endospores or capsules and are usually considered
Gram neutral. They stain very weakly Gram-positive or not at all (cells referred to
as “ghosts”) [4]. All Mycobacterium species share a characteristic cell wall, thicker
than in most other bacteria, which is hydrophobic, waxy, and rich in mycolic acids/
mycolates. The cell wall consists of a hydrophobic mycolate layer and a peptidogly-
can layer held together by a polysaccharide, arabinogalactan. The cell wall makes a
substantial contribution to the hardiness of this genus. The biosynthetic pathways of
cell wall components are potential targets for drugs [5].

6.2 Clinical Features and Immunology of Mycobacterial
Infections in General [6]

Skin infections caused by mycobacteria usually present as nodules which com-
monly show crusting, though ulcers and hypo- and hyperpigmentation may be seen.
They may be single or multiple due to multiple inoculates or lymphatic spread;
nodular lymphangitis is a well-known feature, even in the immunocompetent. In
light-skinned people, granulomatous inflammation can be recognized by its so-
called apple sauce appearance on diascopy. The clinical appearance does not reveal
the causative microorganism; a causative microorganism may not be detected.
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Mycobacteria responsible for most cutaneous disease are M. marinum,
M. ulcerans, M. fortuitum, M. chelonae, M. avium-intracellulare, M. leprae, and
M. tuberculosis. M. leprae infects the skin, nerve, and sometimes internal organs.
M. tuberculosis usually causes internal disease, but skin manifestations may be
present. More rarely skin infections are caused by M. scrofulaceum, M. szulgai,
M. kansasii, or M. haemophilum [6].

Cutaneous mycobacterial disease occurs [6]:

— By inoculation (traumatic or iatrogenic)

— Contiguous with an underlying osteomyelitis or lymphadenitis

— As a manifestation of disseminated disease, which may be acquired through
inhalation, ingestion, or trauma

As mycobacteria are intracellular microorganisms, the immunological response
of the host is a cell-mediated immune (CMI) reaction, usually resulting in a granu-
lomatous tissue reaction. Immune suppression in HIV-infected patients has caused
an increase in the number of mycobacterial skin infections, besides TB, in particular
of infections with the Mycobacterium avium complex. Antitumor necrosis factor-
alpha inhibitors and other immunosuppressive drug treatments have also led to an
increase of mycobacterial infections. Another group prone to infection are those
with acquired or inherited immune deficiencies (severe combined immunodefi-
ciency (SCID)), such as changes in the interferon-y receptor 1 (IFN-gR1) and IL-12
receptor. As the interferon-y and IL-12 pathways are crucial in the development of
a CMI response to intracellular microorganisms, widespread involvement can be
found [7, 8]. In the Mayo clinics over 30 years, the infections with nontuberculous
mycobacteria (NTM) increased threefold [9].

Patients with intrinsic innate immunity against mycobacteria are protected
[10]. Here, toll-like receptors play an important role [11]. The involvement of
IL-10, Th17, and Tregs in the resulting inflammatory reaction is in discussion
[12, 13].

6.3 How Are Mycobacterial Infections Diagnosed?
(Table 6.1)

The most important issue is to have a high index of suspicion. One must suspect the
possibility of a mycobacterial infection and recognize granulomatous processes.
Sometimes there is only crusting but a prolonged history. Histopathology often
directs the suspicion. Culture is still the golden standard but may be negative if not
prompted by request: Many mycobacteria grow at lower than standard temperatures
and often only on selected media. If not specifically requested, no growth will be the
result. M. leprae cannot be cultured. PCR may be helpful but is regularly negative
and may be positive while nonpathogenic. In some cases only clinical suspicion and
the response to therapy “confirm” the diagnosis.
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Table 6.1 Diagnostic tools in cutaneous mycobacterial infection

1. Clinical suspicion Ulcerating macules, nodules, or plaques

Longstanding

Not particularly painful

Non-painful lymph node involvement

History of water contact, travel, trauma,
immunosuppressed patient

Unresponsive to treatment for other conditions, immuno

Granulomatous aspect

In leprosy nerve involvement

In TB systemic disease

In TB and leprosy contacts

2. Smear or fine needle aspiration | Ziehl-Neelsen, auramine

for AFB
3. Biopsy Histology, AFB (Ziehl-Neelsen, auramine)
4. PCR Very variable sensitivity and specificity
Phenotypic susceptibility testing sometimes possible
5. Culture Appropriate incubation temperature (at 30-32 °C) and
media
6. Tuberculin skin test Latent infection, cross-reactivity
7. Interferon gamma release Latent infection, cross-reactivity (TB, leprosy, several
assays NTM)

8. Response to treatment

6.3.1 Tuberculosis

Tuberculosis (TB) is an infectious disease caused by Mycobacterium tuberculosis
complex (M. tuberculosis, M. bovis, M. africanum, M. caprae, M. microti, M. pin-
nipedii, M. orygis, M. canettii, and M. bovis BCG), which are acid-fast in the Ziehl-
Neelsen stain. They are aerobic (microaerophilic), unencapsulated, and 1-8 pm
long by 0.3-0.6 pm wide and do not produce spores or toxins. The reproduction is
strictly subject to oxygen pressure; therefore, unlimited M. tuberculosis multiplica-
tion is observed in the tuberculous cavities, while the multiplication under low oxy-
gen pressure, e.g., in caseous lesions, is reduced [14]. TB is one of the world’s
deadliest diseases: One third of the world’s population is infected with TB. In 2011,
nearly nine million people worldwide contracted disease caused by M. tuberculosis.
Most of these (82 %) live in 1 of 22 high burden countries. TB is a leading killer of
people living with HIV [15].

Cutaneous TB was first documented in 1826, when Laennec reported his own
“prosector’s wart,” a lesion that likely represented tuberculosis verrucosa cutis, a
variant of TB that results from direct entry of the organism into the skin [16].
However, the causative organism of TB was unknown until Robert Koch discovered
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Mycobacterium tuberculosis in 1882. Subsequently, the bacillus was detected in
cutaneous lesions [17].

Scrofuloderma and lupus vulgaris are the oldest forms of cutaneous tuberculo-
sis described in the medical literature and were known as the king’s evil [18, 19]
(see Box 6.1).

Box 6.1: King’s Evil

King’s evil: Scrofula, or struma, a tuberculous swelling of the lymph glands,
once popularly supposed to be curable by the touch of royalty. The custom of
touching was first adopted in England by Edward the Confessor and in France
by Philip I. In England the practice was attended with great ceremony; and
from the time of Henry VII, sufferers were presented with especially touched
coins to be worn as amulets or charms. The custom reached its zenith during
the Restoration: Charles II is said to have touched more than 90,000 victims
between 1660 and 1682. The last royal healer in England was Queen Anne,
who touched 200 victims in 1712. In France the ceremony persisted for
another century and was even briefly revived by Charles X between 1824 and
1830 (Encyclopedia Britannica).

http://www.britannica.com/EBchecked/topic/318668/kings-evil

The range of clinical manifestations of cutaneous tuberculosis provides an exam-
ple of the varying immune response of the host toward infection with mycobacteria,
which is also dependent on previous exposure to other mycobacteria and the route
of infection [20, 21].

M. tuberculosis, M. bovis, and M. Bacille Calmette-Guérin may cause “‘tubercu-
losis” involving the skin. Cutaneous tuberculosis can be acquired exogenously or
endogenously and present as a multitude of differing clinical morphologies.
Cutaneous tuberculosis has become a rare disease in the western hemisphere. The
majority of cutaneous tuberculosis cases will be diagnosed in immigrants [6].

6.4 Diagnosis

The clinical diagnosis can be confirmed by smear, biopsy, culture, and/or PCR
(Table 6.1). A polymerase chain reaction (PCR) assay has been validated for detect-
ing M. tuberculosis and rifampicin resistance in microscopy-negative samples,
especially in HIV-infected and drug-resistant tuberculosis (DR-TB) suspects; and a
molecular line probe assay has been validated for detecting DR-TB in microscopy-
positive samples and culture isolates in DR-TB suspects [22, 23].


http://www.britannica.com/EBchecked/topic/318668/kings-evil
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6.5 Clinical Manifestations

Cutaneous tuberculosis can be classified according to four categories [6, 24]:

I. Primary infection (in tuberculin-negative persons)
II. Secondary infection (in tuberculin-positive persons)

A. Exogenous inoculation
B. Endogenous inoculation by contiguous spread
C. Endogenous inoculation by hematogenous route

III. Bacille Calmette-Guérin (BCG), M. bovis infection
IV. Immunological reactions (“tuberculids”)

6.5.1 Primary Infection: Tuberculous Chancre

The lesion starts 2—4 weeks after inoculation, with a smooth papule or nodule which
enlarges in the course of several weeks to a plaque which subsequently ulcerates.
The ulcer has undermined edges and is painless. Non-tender lymphadenopathy may
ensue producing a clinical picture of a lymphocutaneous complex analogous to the
Ghon complex seen in the pulmonary infection. This process generally heals spon-
taneously with atrophic scarring in 3—12 months.

Differential diagnosis: Other causes of ulceration, other mycobacteria (e.g.,
Buruli), and other chronic conditions like subcutaneous mycoses, cutaneous leish-
maniasis, and malignancies. It includes also infections which show sporotrichoid
spread, for example, sporotrichosis, cat scratch disease, and tularemia.

6.5.2 Secondary Infection

Secondary infection comprises the vast majority of all cases of cutaneous tuberculosis.

6.5.2.1 Warty Tuberculosis: Tuberculosis Verrucosa Cutis

Warty tuberculosis, known as tuberculosis verrucosa cutis, is the most common type
of skin tuberculosis in the East, particularly India [25]. Due to a rapid cell-mediated
response, the infection remains localized, and regional lymphadenopathy is not
prominent.

The lesion develops from an asymptomatic reddish-brown papule into a verru-
cous plaque of varying shapes and sizes. The verrucous fissures may become super-
infected (Fig. 6.2). The plaque may heal spontaneously in the course of months to
years, with atrophic scarring and activity in different parts of the same lesion [26].
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Fig. 6.2 Warty
tuberculosis in a 46-year-
old man (Courtesy ILSL,
Bauru, Brazil)

An identical lesion may be seen among cattle workers. Here the species involved is
most commonly M. bovis.

Differential diagnosis: Common warts during the initial stage, later hypertrophic
lichen planus, and verrucous lesions caused by NTM or by deep mycoses like blasto-
mycosis, sporotrichosis, chromomycosis, lobomycosis, some forms of leishmaniasis,
verrucous rupial tertiary syphilis, rupioid psoriasis, and squamous cell carcinoma.

6.5.2.2 Scrofuloderma: Tuberculosis Cutis Colliquativa

Scrofuloderma is the result of contiguous spread from an underlying mycobacterial
infection, commonly in lymph nodes or in some cases the bone. It is the most com-
mon cause of cervical lymphadenitis in children. Due to suppuration fluctuating
nodules develop, which ulcerate. In the course of time, cordlike scars develop. The
lesions heal over years with a characteristic pattern of fibrosis, atrophy, and scar-
ring. Recurrence of drainage is common (Fig. 6.3). Other mycobacteria now known
to cause scrofuloderma are M. scrofulaceum, M. haemophilum, and M. avium-
intracellulare complex, but it is also still seen with M. tuberculosis.

Differential diagnosis: Deep mycoses such as sporotrichosis or coccidioidomy-
cosis but also actinomycosis, hidradenitis suppurativa in axillary lesions, granuloma
inguinale and lymphogranuloma venereum in inguinal lesions, and chronic bacte-
rial osteomyelitis when localized over the bone.

6.5.2.3 Orificial Tuberculosis: Ulcerative Tuberculosis in the Mucosa

This rare form of cutaneous TB starts with single or multiple nodules which become
fluctuant and ulcerate showing draining sinuses. The cause is autoinoculation from
active tuberculous foci affecting the mucosa or skin near the oral, genital, or anal
orifices. Pain is a cardinal feature [6].
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Fig. 6.3 (a)
Scrofuloderma by M.
tuberculosis (Courtesy of
Dr. Dassoni, Ayder
Hospital, Mekelle,
Ethiopia). (b)
Scrofuloderma in a
12-year-old boy. Regional
Dermatology Training
Center (RDTC), Moshi,
Tanzania. The diagnosis
was clinically made, but
one of the NTM’s is
possible as cause as well.
(Determination was not
possible at that time in
these institutions)

The primary foci of tuberculosis are the lungs, gastrointestinal tract, and/or geni-
tourinary tract. The affected patient is usually in poor health with long-standing
advanced tuberculosis involving multiple internal organs [27].
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Differential diagnosis: Leishmaniasis, aphthous ulcers, dental and perianal
abscesses, M. Crohn, paracoccidioidomycosis, malignancies, herpes simplex
lesions, or ulcerating venereal disease. Painful anal ulcerations may also be seen in
cutaneous amebiasis.

6.5.2.4 Lupus Vulgaris

Lupus vulgaris was a common disease in the early twentieth century. Today it is rare
in the West and it also occurs less frequently in developing countries. It is due to
reactivation of a mycobacterial infection in patients with a moderate to high degree
of CMI, hence paucibacillary “tuberculosis.”

Reactivation usually stems from cervical adenitis or pulmonary tuberculosis but
sometimes from an old, apparently quiescent primary complex. Rarely, it follows
primary inoculation or BCG vaccination. Lupus vulgaris lesions have been described
around warty tuberculosis and scrofuloderma.

Classic lesions start as brown-red papules which extend to plaques with active,
irregular borders and central healing with atrophic, depigmented scarring (Fig. 6.4).
Spontaneous involution may occur and new lesions may arise within old scars.
Complete healing rarely occurs without treatment. Squamous cell carcinoma may
develop in these chronic lupus vulgaris lesions.

Differential diagnosis: Lupoid and recidivans variant of cutaneous leishmaniasis,
subcutaneous mycoses, sarcoidosis, chronic discoid lupus erythematosus, and basal
cell carcinoma.

6.5.2.5 Tuberculous Gumma: Metastatic Tuberculous Ulcer

The gumma is due to hematogenous dissemination from a primary focus, during
periods of decreased immunity. A subcutaneous nodule or fluctuant swelling results
in an undermined ulcer with sinus formation, also known as a “metastatic tubercu-
lous abscess” or “metastatic tuberculous ulcer” which may resemble scrofuloderma.
It is histologically characterized by massive necrosis [28]. Some of these patients
may have an underlying malignancy (lymphoma) [29, 30].

Differential diagnosis: Cold abscess, scrofuloderma, tertiary syphilitic gumma,
subcutaneous mycoses, and cutaneous leishmaniasis.

6.5.2.6 Acute Miliary Tuberculosis: Tuberculosis Cutis Miliaris
Disseminata

Miliary tuberculosis is the result of hematogenous dissemination of M. tuberculosis
to the skin and other organs in the absence of CMI reactivity against M. tuberculosis
antigens. It shows a generalized eruption of small purplish macules and papules
(1-5 mm), with vesicles on top which may break, forming crusts. Due to the absence
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Fig. 6.4 Lupus vulgaris
in a 50-year-old
Zimbabwean trader

of CMI reactivity, the histopathological picture is that of a nonspecific inflammation
with numerous acid-fast bacilli [6, 28]. A patient with miliary tuberculosis usually
presents with nonspecific signs, such as low-grade fever, cough, and enlarged lymph
nodes, and there may be an enlarged liver, enlarged spleen, inflammation of the
pancreas, and multiple organ dysfunction with adrenal insufficiency [31].
Differential diagnosis: The skin eruption is nonspecific, but the patient is ill [6].

6.5.3 BCG (M. bovis, BCG Inoculation)

BCG vaccination, with an attenuated strain of M. bovis, is practiced in many areas
of the world. The vaccination provokes a CMI reaction in susceptible persons. This
is clinically observed as an infiltrated papule which develops in 10-14 days at the
site of inoculation. It enlarges into an ulcerative lesion of approximately 1 cm at
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10-12 weeks. It heals which scarring. After approximately 3 months, the tubercu-
lin skin test reverses from negative to positive, except in people with an inherited
protective innate immunity. Its protective prophylactic effect varies from less than
10-80 % probably depending on the presence or absence of boosting by environ-
mental microorganisms. But at least it protects against tuberculous meningitis in
infants [32].

6.5.4 Immunological Reactions to Tuberculosis Elsewhere:
Tuberculids

Tuberculids are generally considered to be a CMI response to dissemination of M.
tuberculosis or antigenic particles to the skin [33]. Papular necrotic tuberculids
would represent the paucibacillary pole of blood-borne disseminated TB, as opposed
to the multibacillary picture of acute miliary TB [24]. But because very often M.
tuberculosis cannot be detected in the skin or elsewhere in the body, antigenic deter-
minants of the host similar to those of M. tfuberculosis may be the cause [34].

The following are nowadays accepted to be true tuberculids [6]:

1. Papulonecrotic tuberculid

Papulonecrotic tuberculid occurs as crops of symmetric, small, inflammatory
papules which have a predilection for acral and dorsal surfaces. Lesions may
undergo central ulceration and heal spontaneously within weeks, leaving varioli-
form scars. Microscopically, a wedge-shaped area of necrosis is seen with underly-
ing vasculitis and granulomatous infiltrate [35]. They may heal with antituberculous
treatment but may also resolve spontaneously with a depressed scar with a hyper-
pigmented border. Some noticed phlyctenular conjunctivitis in children [36].

The tuberculous etiology is suggested by a positive tuberculin skin test, the
demonstration of M. tuberculosis DNA in the lesions, and prompt resolution of
the condition on antituberculous treatment.

Differential diagnosis: Prurigo papules, folliculitis, and papular lesions of
syphilis. Necrotic lesions should be differentiated from pityriasis lichenoides
acuta, necrotizing vasculitis, necrotic insect bite reactions, and self-inflicted
injury.

2. Lichen scrofulosorum

Lichen scrofulosorum, also known as “tuberculosis cutis lichenoides,” is a
rare tuberculid that presents as a lichenoid eruption of minute papules in children
and adolescents. The lesions are usually asymptomatic, closely grouped, skin-
colored to reddish-brown papules, are often perifollicular, and are mainly found
on the trunk (abdomen, chest, back) and proximal parts of the limbs. The erup-
tion is usually associated with a strongly positive tuberculin reaction [37]. PCR
has also demonstrated the presence of M. tuberculosis DNA in lesions [38].

Differential diagnosis: Lichen planus, lichenoid drug eruptions, secondary
syphilis, and pityriasis lichenoides chronica. Due to the perifollicular distribution
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Fig. 6.5 Erythema
induratum of Bazin in a
65-year-old Dutch nurse

also keratosis pilaris, lichen nitidus, lichen spinulosus, and pityrosporum follicu-
litis. Differentiation from the micronodular form of sarcoidosis may be clinically
and histopathologically difficult [39].

3. Nodular vasculitis (erythema induratum of Bazin)

Erythema induratum, described by Bazin in 1855, has been considered to be
associated with tuberculosis [40, 41]. It can however be induced by numerous
triggers including tuberculosis [42]. Erythema induratum presents during early
adolescence and perimenopause as recurrent subcutaneous poorly defined ery-
thematous plaques and tender violaceous nodules, sometimes ulcerating, on the
calf of the legs of otherwise healthy, often heavy-set, women [43] (Fig. 6.5). At
present it is the most prevalent tuberculid in the West. The histopathological
picture is that of a nodular vasculitis. M. tuberculosis DNA has been demon-
strated in lesional biopsies.

Differential diagnosis: Erythema nodosum, cutaneous polyarteritis nodosa,
pancreatic panniculitis, lupus profundus, subcutaneous sarcoid, and cutaneous
T-cell lymphoma.
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4. Erythema nodosum

Erythema nodosum was frequently associated with tuberculosis in the past,
while today it is most frequently caused by streptococcal infections, sarcoidosis,
drug reactions, and inflammatory bowel disease. But tuberculosis still should be
considered in patients from developing countries.

Painful erythematous nodules present on the lower legs, especially on the
shins. Sometimes the extensor sides of the arms are involved. The histopatho-
logical picture is a panniculitis with vessel involvement.

Differential diagnosis: Panniculitis, polyarteritis nodosa, erythema indura-
tum, nodular lymphangitis, and erythema nodosum leprosum.

6.6 Treatment of Tuberculosis

The first “treatments” of tuberculosis consisted of nutritious food, rest, and “pure”
air. TB sanatoria were established from the middle of the nineteenth century onward,
and their numbers grew in the early twentieth century. In 1903, Niels Ryberg Finsen
was awarded the Nobel Prize for his invention of radiation therapy for skin tubercu-
losis (lupus vulgaris) [44].

The history of currently used antituberculosis drugs goes back to 1943, when
Waksman with his research team from the Rutgers University isolated streptomycin
from the actinomycete Streptomyces griseus. Streptomycin turned out to be the first
drug that decreased mortality due to tuberculosis [45]. The next, not less important
step was introduction of para-aminosalicylic acid (PAS) and isoniazid (INH) in the
early 1950s — drugs that, similarly to streptomycin, significantly reduced mortality
from tuberculosis.

However, drug resistance soon developed to single agents [46]. The synthesis of
pyrazinamide [47] in the 1950s and ethambutol in 1962 [48] brought drugs that are
used in antituberculosis therapy to this day [49]. At the same time, ethionamide,
prothionamide, cycloserine, and thiacetazone were discovered.

Most important in the development of antituberculosis medications was the dis-
covery of the soil bacterium: Streptomyces mediterranei in 1959, from which rifa-
mycin was isolated [50]. During further studies, a semisynthetic derivative of the
rifamycin antibiotic was synthesized — rifampicin (RMP). This was permanently
included in the standard treatment of tuberculosis and many other mycobacterial
infections.

Together with the discovery of rifampicin, the increasing problem of drug resis-
tance was observed [51]. Multidrug (MD) treatment was the best way to avoid this.
Unfortunately at present MD-resistant (MDR) TB is becoming a huge problem
[52]. To date there is even extensively drug-resistant tuberculosis (XDR-TB), which
is defined as resistance to at least RMP and INH (the definition of multidrug-
resistant tuberculosis (MDR-TB)), in addition to resistance to any fluoroquinolone,
and at least one of the three injectable antituberculosis (TB) drugs capreomycin,
kanamycin, and amikacin [53]. Inadequate treatment of MDR-TB inevitably results
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in high mortality and the development of XDR-TB [54]. About 3.7 % of new tuber-
culosis (TB) patients in the world have multidrug-resistant strains (MDR-TB).
Levels are much higher in those previously treated — about 20 %. The frequency of
MDR-TB varies substantially between countries. About 9 % of MDR-TB cases also
have resistance to two other classes of drugs or extensively drug-resistant TB
(XDR-TB). By March 2013, 84 countries had reported at least one XDR-TB case
[55, 56]. TB treatment should be instilled according to local regional or national
guidelines. Pulmonary TB is treated using a 6-month course of a combination of
antibiotics. The usual course of treatment is two antibiotics (isoniazid and rifampi-
cin) every day for 6 months and two additional antibiotics — pyrazinamide and eth-
ambutol — every day for the first 2 months [57, 58].

Extrapulmonary TB, e.g., cutaneous TB, can be treated using the same combina-
tion of antibiotics. However, the treatment may take longer, 12 months.

The US recommendation is 2HREZ/7HR [59]. However, there is good evidence
from randomized controlled trials that in tuberculous lymphadenitis [60] and in TB
of the spine [61], a 6-month regimen is equivalent to the 9-month regimen.

6.6.1 Leprosy [62]

Leprosy, or Hansen’s disease, is a chronic infection caused by Mycobacterium lep-
rae. Leprosy takes its name from the Greek words “lepros,” a scale, and “lepein,” to
peel, while the term “Hansen’s disease” is named after the physician Gerhard
Armauer Hansen who discovered the bacillus in 1873 [63]. It was the first bacterium
assigned as a cause to a human disease. This being said, Koch’s postulates are not
established in leprosy as M. leprae cannot be cultured in vitro, and it has not been
possible to infect someone willfully with leprosy, although there are some reports of
leprosy following trauma or tattooing [64].

It is primarily a disease of peripheral nerves, the skin, and the mucosa, in par-
ticular the upper respiratory tract. Skin lesions are usually the first sign noticed.
Left untreated, leprosy can be progressive, causing permanent damage to the skin,
nerves, limbs, and eyes. Tissue damage may be caused by primary infiltration by
M. leprae [65], but most of the damage is secondary to immunological phenomena:
reactions [66]. Secondary infections can result in tissue loss causing fingers, toes,
and nose to become shortened and deformed, as the bone and cartilage are absorbed.

Frequently leprosy is not in the differential diagnosis, since this subject is
often not emphasized in medical curricula. Attention shifted from leprosy to TB
and HIV infection in the late twentieth century, and the WHO leprosy program
was toned down in the conviction that leprosy was all but eliminated. In 2005
WHO stated that leprosy was eliminated as a worldwide public health problem.
Unfortunately this is not the case [67]. To this day worldwide incidence since
4 years remains stable at about 250,000 new patients annually, while the preva-
lence has also stopped decreasing. Often children are affected and new cases
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present late, with permanent disabilities [68]. Due to increased travel, patients are
diagnosed everywhere in the Western world, unfortunately often after long doc-
tors’ delay. But even in leprosy endemic areas, the diagnosis is often delayed,
because leprosy was not in the differential diagnosis [69]. Dermatologists and
neurologists are generally poorly trained in leprosy.

6.6.1.1 Diagnosis

Patients may complain of loss of sensation in skin lesions or of their hand or foot.
They may have aches and pains in the face or limbs or describe a numb, sleepy, or
dead feeling or sensations like “ants running under their skin” in the affected areas.

Skin lesions are usually hypopigmented or erythematous macules or papules and
nodules and plaques which are skin colored or slightly red.

Most important for the diagnosis is awareness. Clinically, leprosy is diagnosed
when the patient shows two out of three cardinal signs [70]. In endemic countries,
one cardinal sign is considered enough [71].

The three cardinal signs of leprosy are:

1. Loss of sensation in a skin lesion
2. Enlarged peripheral nerve
3. Positive skin smears

Loss of sensation is tested with a wisp of cotton wool. The area in the lesion is
tested by touch. With closed eyes the patient points to where he is touched. To make
sure, the area outside the lesion is tested as well (Fig. 6.6).

Enlarged nerves can be cutaneous nerves, subcutaneous nerves in the vicinity of
skin patches, or nerve trunks. At least the posterior auricular nerves, the ulnar, the
radiocutaneus, the median, the lateral popliteal, and the tibial posterior nerves
should be palpated. Nerve thickness, consistency, and tenderness should be appreci-
ated (Fig. 6.7). Ultrasound is a good alternative [72].

Smears are taken to detect acid-fast bacilli from the earlobes and other cooler
areas and from the rim of the lesion in paucibacillary (PB) and central in the
lesion in multibacillary (MB) patients. The smear is taken while squeezing the
skin, to numb and to diminish the bleeding while incising into the dermis. Only
tissue fluid is required. The number of bacilli is counted and graded along a loga-
rithmic scale (BI, bacillary index), and the percentage of solid bacteria, live (via-
ble) bacilli, is estimated (MI, morphological index) [68]. It is important to
decolorize shortly with 1% hydrochloric acid in isopropyl alcohol (as in Fite
stain), as opposed to the 3 % solution used for TB, because M. leprae is less acid-
fast than M. tuberculosis. Using the common Ziehl-Neelsen stain (3 % hydrochlo-
ric acid) may make the smear negative. Another way to detect bacilli is by PCR or
NASBA, which, like the smear, is often negative in PB patients. Smears and
molecular techniques can however be very useful in the diagnosis of MB leprosy,
in follow-up, and in detection of relapses.
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Fig. 6.6 Sensory testing in
an 8-year-old Tanzanian
boy at the Regional
Dermatology Training
Center (RDTC), Moshi,
Tanzania

Other laboratory investigations are of some help in the diagnosis of leprosy, but
none will be diagnostic in all cases. The antibody titer against phenolic glycolipid 1
(PGL-1), a cell wall species-specific glycolipid, is useful in MB leprosy. However, this
can be positive in contacts and negative in PB leprosy. It helps to classify leprosy into
PB and MB, and it can be used to follow the effect of treatment in MB patients and to
detect relapses [73]. The value of the recently introduced “LID” is still not clear.

Lymphocyte transformation tests against different antigenic determinants
have been a disappointment up to now. The lepromin test (Mitsuda), an old test,
is positive in PB leprosy and negative in MB leprosy. But in healthy people, it
can be positive and negative. Thus, it helps only with the classification. Because
it is made from biological material, theoretically it may sensitize; therefore,
many oppose its use [62].

Histopathology can be very helpful, as can immunopathology, but the latter is
still experimental. A problem is that even within lesions, the histopathology of one
spot may differ from the other [62].
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Fig. 6.7 Enlarged median
nerve in a Brazilian patient
who presented with
swelling of the median
nerve which was attributed
to carpal tunnel syndrome.
After unsuccessful surgical
and moderately successful
treatment with systemic
steroids, she developed the
skin lesion. Diagnosis: BT
leprosy

6.6.1.2 Infection and Classification

Leprosy is highly infectious [74], but the attack rate is low. The major reason for this
low attack rate is that most people are genetically unable to supply the mycobacteria
in their cells with what they need to survive, because they lack the type of genes the
bacterium needs [64, 75].

In order to predict complications and to stratify according to CMI, the Ridley-
Jopling scale (Fig. 6.8) is important, with on one side of the spectrum polar tuberculoid
(TT) (Fig. 6.9) leprosy with a single well-described lesion or an enlarged nerve and
with no bacilli detectible and a high CMI against M. leprae antigenic determinants,
and on the other side, polar lepromatous (LL) leprosy with nodules and/or plaques
(Fig. 6.10), with symmetrically enlarged nerves or even only an infiltrated skin (lepra
bonita), and with an absence of CMI against M. leprae antigenic determinants and
many bacilli. Between the TT and LL leprosy is the borderline group, which com-
prises the majority of the patients: borderline tuberculoid (BT) (Fig. 6.11a, b) with
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INDETERMINATE

THE SPECTRUM OF LEPROSY
(Ridley- Jopling Classification)

Fig. 6.8 Ridley-Jopling classification of leprosy (Courtesy of Dr. DL Leiker) [76]

predominantly tuberculoid features or borderline lepromatous (BL) (Fig. 6.12a, b)
with predominantly lepromatous features. Between those two is a small group of mid-
borderline (BB) (Fig. 6.13) patients with typical punched out or dome-shaped lesion
[77].

Sometimes it is not possible to classify leprosy. The lesions in those cases are
then clinically and histologically indeterminate.

The WHO classified leprosy into just two groups for practical purposes in the
field (They count the number of lesions): five or less classified as paucibacillary
leprosy (PB leprosy) and more than five as multibacillary leprosy (MB leprosy)
[77]. Although this is a very practical approach, several reports have shown that by
just counting, up to 30 % of the patients may be wrongly classified as PB and there-
fore undertreated [78].

6.6.1.3 Treatment

The first treatment known with some effectiveness was chaulmoogra oil, mentioned
already in the Sushruta Samhita 600 BC. The effect was minimal in different prepa-
rations used; however, some success was obtained in PB leprosy [79]. The first
effective antibiotic, intravenous sulfone, promin, appeared in 1943 [80]. Soon after-
ward, a new oral derivate called dapsone (diamino-diphenylsulfone, DDS) became
the standard treatment. Upon the appearance of secondary DDS resistance in the
1970s together with the ready availability of rifampin (RMP), the use of combined
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Fig. 6.9 TT leprosy
(Courtesy of Dr. DL
Leiker)

Fig. 6.10 A 20-year-old
Tanzanian with LL leprosy
(Courtesy of Regional
Dermatology Training
Center (RDTC), Moshi,
Tanzania)
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Fig. 6.11 (a) BT leprosy
(Courtesy of Dr.
Workalemahu, Ayder
Hospital, Mekelle,
Ethiopia). (b) BT leprosy
showing enlarged sural
nerve (arrows) in a
40-year-old Chinese
woman

B. Naafs et al.
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Fig. 6.12 (a) BL leprosy, downgrading from BB, enlarged nerve, nodules partly still edematous.
(b) BL leprosy, small nodules with outside the nodules frequent low BI in smear or biopsy

Fig. 6.13 (a) BB leprosy, downgrading to BL, nodules become firm showing “immune areas” in
the center of the lesions. (b) BB leprosy downgraded from BT immune area’s, involvement of the
palm of the hand is typical. Lesions are still edematous
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regimens was recommended [81]. Several treatment combinations, mainly based on
previously proven effective tuberculosis therapy, were proposed to combine with
DDS, such as rifampin, thioamide drugs, and isoniazid. The latter is however not
active against M. leprae.

Combined therapy was implemented by several national programs. For instance,
in Paraguay and Malta, isoprodian® (175 mg of prothionamide, 50 mg DDS, and
175 mg isoniazid) and RMP were extensively used with only a few reported relapses
[82, 83]. It was also used in Ethiopia and Tanzania where many side effects were
noticed, gastrointestinal disturbances and particularly liver toxicity. But it was not
until 1982 that the WHO’s Chemotherapy Study Group recommended the com-
bined use of RMP and DDS with or without clofazimine [81]. WHO-MDT is the
current standard treatment and continues to be widely administered.

6.6.1.4 Multidrug Therapy (MDT)

Paucibacillary leprosy: 600 mg rifampicin once monthly under supervision and
daily 100 mg dapsone for 6 monthly doses within 9-month time. The dose is for a
60 kg patient.

Multibacillary leprosy: 600 mg rifampicin and 300 mg Lamprene (clofazimine) once
monthly under supervision and 100 mg dapsone and 50 mg Lamprene daily. Twelve
monthly doses should be given within 18 months for low-BI patients and 24 monthly
doses in 36 months for patients with a BI of 4 or more. The doses are for 60 kg patients.

These treatment regimens have proved sturdy; hardly any relapses (4 %) are
seen. However, be careful with dapsone in Nordic Caucasians who easily develop
hemolysis and with Nepalese and Chinese patients who have a greater risk of devel-
oping dapsone hypersensitivity syndrome. This is independent of G6PD. Fifty mil-
ligram of dapsone is effective in the majority of patients and causes much less
anemia. It is probably genetically determined [84].

As alternative for daily treatment and as once-only treatment for single-lesion
leprosy, a combination of RMP, ofloxacin, and minocycline was advocated. For BT
and LL leprosy, it was given once per month, but it showed to be less effective than
WHO-MDT [85].

6.6.1.5 Reactions

Reactions belong to the normal course of a leprosy infection. Treatment can prevent
or precipitate them. There are three types of reactions: type I leprosy reaction (T1R),
also called reversal reaction (RR); type II leprosy reaction (T2R), also called ery-
thema nodosum leprosum (ENL); and Lucio’s phenomenon, a reaction occurring
specifically in patients from Mexico.

TIR is a CMI reaction, a type IV Gell and Coombs reaction against M. leprae
antigenic determinants [86]. Clinically, there is increased inflammation of lesions,
which become more visible and erythematous, are raised or enlarged (Fig. 6.14),
and even may ulcerate. Nerves may be inflamed, enlarged, and tender, causing
diminishing strength, sweating, and sensitivity. There may be acroedema.
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Fig. 6.14 Type 1 leprosy
reaction (T1R) in a
25-year-old man (BB-BL
leprosy) (Courtesy of
RDTC, Moshi, Tanzania)

T2R is an antigen-antibody immune complex reaction in the tissues, particularly
in the skin and nerve [87]. The skin shows the characteristic red painful, tender
nodules (Fig. 6.15). It is a multi-organ disease; all types of tissues can be inflamed.
There may be fever and leukocytosis.

The treatment of T1R primarily consists of corticosteroids, 30—40 mg predni-
sone starting dose, tapering down, guided by, for instance, graded sensory testing,
in 6-12 months, in which the dose needs to be 20 mg at least to be effective.
Adequate immune suppression (>0,25 mg/kg) should be given at least for 3 months
for BT leprosy to 18 months or even longer for BL leprosy [88]. In some cases dap-
sone helps to prevent a reaction [89].

T2R treatment is difficult. The reaction is episodic, 95 % of ENL episodes last less
than 1 month [90]. Mild reactions can be treated with NSAIDs; arthritis with antima-
larials, but severe reactions, needs high dose steroids (60—120 mg) for a short period,
diminishing to zero in a month or less. A new attack should be treated the same way
[91]. Clofazimine may prevent a T2R or can be used as treatment [92]. Thalidomide
as treatment is superior above all and can be used as prophylaxis. But even thalido-
mide may not be effective in every T2R. The combination of low-dose steroids with
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Fig. 6.15 (a) Type 2
leprosy reaction (T2R) in a
24-year-old man. (b) Type
2 leprosy reaction (T2R) in
a 31-year-old woman
(Courtesy of RDTC,
Moshi, Tanzania)

B. Naafs et al.
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low-dose thalidomide is counterproductive [93]. When thalidomide is not available,
for the prevention of new ENL episodes methotrexate (MTX) could be used [94].

When nerves continue to deteriorate despite proper medical treatment, a nerve
release operation needs to be considered. This also can be done for nerves without
areaction that remain tender after treatment.

The Lucio phenomenon presents as an infarction in the skin, when a huge amount
of bacilli is blocking the venous return in the small venules. This is only seen in
untreated diffuse lepromatous leprosy and may be triggered by sudden cold. The
treatment is MDT; RMP is the crucial drug.

The results of nerve damage, loss of sensation, and muscle strength are the
sequelae or the stigmata of leprosy. These should be countered with supplying spe-
cial padded tools, utensils, and shoes. Sometimes in order to increase grip or to
improve foot movement, a tendon transfer may be considered, but always with an
experienced physiotherapist present.

6.6.1.6 Prevention

Despite many efforts to develop a universal active vaccine, involving DNA tech-
niques, BCG vaccination remains the best prophylactic in many areas. Protection
ranges from less than 20 % in some areas to up to 80 % in other, probably depending
on the presence and characteristics of environmental microorganism [95]. Treating
of contacts with a single 600 mg dose of rifampicin has proven to be effective for a
few years, and BCG vaccination may extend this [96].

6.6.2 Buruli Ulcer [97, 98]

Buruli ulcer (BU), also known as the Bairnsdale, Searls, or Daintree ulcer, is an
infectious disease caused by Mycobacterium ulcerans [97, 98].

The disease was named after the area of the first large epidemic in Uganda
(1961), in an area named “Buruli,” near Lake Kyoga [99]. M. ulcerans grows opti-
mally at 30-32 °C and contains a large plasmid that encodes for enzymes to produce
a polyketide-derived macrolide toxin called mycolactone which mediates tissue
necrosis, immunosuppression, and apoptosis [97, 100-102].

BU is a public health problem, mainly because of the severe disabilities it causes
when diagnosed late and the stigma it carries [103]. Since 1998, WHO has high-
lighted the growing problem of BU and developed improved treatment and control
programs [104].

BU afflicts all age groups but most cases occur in children younger than 15 years
of age. There is no gender preference [105]. Most lesions are on the lower extremi-
ties, a relatively cooler site which is also prone to traumata.

BU is focally endemic in rural wetlands of tropical countries of Africa, America,
Asia, and Australia. BU is most common in West Africa, with highest incidences in
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Benin, Ghana, and Cote d’Ivoire [106]. A BU focus in Kenya is confirmed [107].
The disease has been reported in over 30 countries. About 5,000-6,000 cases are
reported yearly from only 15 of these countries [106]. A few cases also have been
reported in nontropical areas of Australia, Japan, and China. Imported BU has been
seen in industrialized countries where BU is not endemic [97].

In the Americas, BU seems most common in French Guyana, with about 200
cases reported since 1970 [108]. The incidence of BU is low in Asia and Oceania.
Since 1971, about 400 cases have been reported in Papua New Guinea, whereas in
other Asian countries very few cases have been confirmed. In Australia, the main
focus is North Queensland, with 92 cases reported over the past 44 years [109].

BU is directly related to environmental factors and thus considered nonconta-
gious [110]. The epidemiology of BU is strongly associated with wetlands, espe-
cially with slow-flowing or stagnant water. A plausible mode of transmission is a
minor, often unnoticed skin trauma that permits inoculation of M. ulcerans. The
mode of transmission may be related to the geographic region [111].

M. ulcerans DNA is detectable in some aquatic insects, prompting investigation
into biting insects as vectors infecting humans. Portaels et al. reported the first direct
isolation of M. ulcerans from a water strider, an aquatic insect that however does not
bite humans [112]. In Australia, BU may be a zoonosis transmitted by mosquitoes,
from indigenous marsupials such as the koala bear and opossum to humans [113].
There may be mammals involved in Africa too [114]. Recently amoebas were
implicated as a possible reservoir [115].

6.6.2.1 Clinical Picture

Like in other mycobacterial diseases, exposure of the skin to M. ulcerans may lead
to one of three outcomes: clearance of the infection, clinical disease soon after
infection (primary BU), or subclinical or asymptomatic infection (latent BU) that
may later reactivate and produce disease. It is most likely that many individuals
exposed to M. ulcerans clear the infection and never develop disease [97, 98].

The incubation period of primary BU is estimated to be 2-3 months. Delayed
onset of disease, i.e., >3 months after leaving an endemic area, may represent acti-
vation of latent infection [97, 98]. In contrast, the incubation period may be short
(<15 days), with lesions developing proximal to a bruise or sprain, without clini-
cally detectable damage to the skin. This could be an activation of latent M. ulcer-
ans infection caused by local trauma [97].

BU presents with a spectrum of symptoms, which may depend on time of con-
sultation, host immune status, inoculum size, inoculation depth, geographic area,
and strain virulence. There can be a striking discrepancy between the complaints
and the symptoms as even impressive lesions may be painless. Together with stigma
and fear of hospital admittance and surgery, this led as to delayed care-seeking
behavior [103]. Delayed care results in more ulcerative forms. The disease develops
through two active stages, non-ulcerated and ulcerated lesions (Fig. 6.16) to the
third stage, the healed or scarred lesion. There may be mixed forms however, with
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Fig. 6.16 Buruli ulcer
(Courtesy of Father
George, Ghana)
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different stages presenting in the same site or at a different body site. Also dissemi-
nated forms occur, through spread by continuity or by lymphohematogenous spread.
Bone involvement presents as osteomyelitis and occurs in up to 10 % of patients in
Africa [116, 117]. As such, it is important to examine patients thoroughly, looking
for new and old lesions. The patient may be unaware of scars from healed BU [97].
HIV seropositivity may be associated with aggressive BU [118].

Non-ulcerative forms often occur in early stages and may heal spontaneously.
Non-ulcerative lesions may progress to ulcers after a few weeks to months, bringing
patient to the doctor.

Clinical criteria supporting the diagnosis of BU include [97]:

e >] painless ulcers lasting at least several weeks, undermined edges (Fig. 6.17)
¢ Nodule, plaque or wheal, or depressed scar

* Swelling over a painful joint, suggesting bone involvement

¢ No fever or regional lymphadenopathy (assumes no bacterial superinfection)
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Fig. 6.17 Buruli ulcer

with undermined edges
(Courtesy of Mr. Vandi,
Ivory coast)

» Patient <15 years of age
» Patient lives in, or traveled to, a BU endemic region, particularly West Africa

The disease may also be classified in three categories, according to lesion size,
which may be helpful for choosing a treatment regimen:

Category I: single lesion, <5 cm in longest diameter

Category II: single lesion, 5-15 cm in longest diameter

Category III: single lesion, >15 cm in longest diameter, multifocal lesions, lesions
at critical sites (eye, breast, genitalia), or bone involvement [87]

6.7 Diagnosis [106]

Many conditions resemble BU. Differential diagnoses include bacterial, deep fun-
gal and parasitic infections, inflammatory lesions, and tumors. For ulcerative and
edematous BU, the differential diagnosis includes tropical phagedenic ulcer, leish-
maniasis even anthrax, and necrotizing fasciitis [119]. Most of these conditions,
unlike BU, are painful, and a phagedenic ulcer emits an unpleasant odor. Painful
ulcers may indicate secondary infection.

6.7.1 Collection of Clinical Specimens for Laboratory Testing

For routine assessment of suspected BU, for culture or PCR, ulcers should be
swabbed or scraped at the undermined rims. Fine needle aspiration can be used
[120]. Lesion biopsies, punch or excisional, are appropriate for suspected imported
BU in an industrialized country. If surgery is conducted, specimens should be col-
lected from excised tissues for bacteriological and histopathological analyses.



6 Mycobacterial (Skin) Infections 109

Curetted bone samples should be cultured to determine the cause. Sampling of at
least two sites of each lesion is suggested, which may increase sensitivity over a
single sample by up to 25 % [121, 122].

6.7.2 Laboratory Confirmation

Confirmation of BU is important because treatment may involve a moderately toxic
antibiotic (streptomycin) and sometimes surgery.

Two out of four laboratory tests should be positive in order to confirm the diag-
nosis [97].

Lesion swabs or preferably scraping material or material obtained by biopsy may
be used for:

1. Direct smear examination for AFB, i.e., Ziehl-Neelsen or auramine stain

2. In vitro culture on mycobacteriological media, at 30-32 °C

3. PCR amplification of insertion sequence 2404 (IS2404), which is considered to
be specific for M. ulcerans

4. The fourth technique, punch biopsy, that allows for histopathologic examination

Laboratory tests vary in sensitivity. Sensitivity is 60-80 % for direct smear examina-
tion for AFB, 20-80 % for culture, and >90 % for PCR and histopathology. Direct smear
and culture provide about 60 % sensitivity for nodules versus up to 80 % for edematous
forms. PCR and histopathology provide >90 % sensitivity for all forms [123].

Histopathology may confirm BU or suggest another diagnosis. Culture can be
useful for tracking treatment response [123]. At community level, direct smears are
useful, but rapid diagnostic tests are needed. Simple methods for the detection of
mycolactone or M. ulcerans-specific proteins in lesions or other fluids are under
investigation [124].

6.8 Treatment

Historically, BU treatment has consisted mainly of wide excision. Antibiotics were
generally considered ineffective, although, already by the 1970s, Meyers indicated
that RMP could be used for early lesions [125].

In 2004, supported by data [126], WHO advocated a provisional antibiotic regi-
men, composed of oral RMP (10 mg/kg) + intramuscular streptomycin (S) (15 mg/
kg), given daily for 8 weeks under supervision, with surgery as needed [127].

In 2010, the first randomized trial of RMP+S for “early, limited” BU, defined as
lesions of <6 months duration composed of nodules or ulcers <10 cm in diameter,
was reported [128]. RMP+S was given daily for 8 weeks or daily for 4 weeks, fol-
lowed by all-oral RMP + clarithromycin (CLR) daily for 4 weeks, all without sur-
gery. >90 % of the BU patients were cured after 1 year.
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The current WHO recommendations for treatment are [129]:

* A combination of specific antibiotics for 8 weeks as first-line treatment for all
forms of active disease

*  Wound care

e Prevention of disability

e Surgery to remove necrotic tissue, cover large skin defects, and correct
deformities

In general, recurrence rates in Category I and II disease after completing an
RMP+S-based regimen are low (1-2 %) [97].

Despite the encouraging success of antibiotics for BU [130], extensive disease
still requires surgery. However, the point in time at which surgery should be per-
formed in relation to antibiotic treatment is not clear [97]. Twelve weeks of REM+S
for osteomyelitis did not prevent dissemination to other bones, despite one or more
surgical procedures [130, 131].

Clearly, management of severe BU, such as length of antibiotic treatment and
when to perform surgery, needs further investigation [132]. Physiotherapy, espe-
cially for Category III disease, should be instigated to prevent contractures [133].

Small case series describing 4-8 weeks of all-oral regimens for BU, includ-
ing RMP+CLR in Benin and RMP + moxifloxacin in Australia, are encouraging
[134, 135]. The all-oral regimens are less toxic and are relevant in pregnancy, in
which streptomycin is contraindicated [136]. Recent investigations showed that
RMP lowers CLR serum levels by 65 % and moxifloxacin serum levels by 30 %.
The exact clinical relevance of these findings is still to be determined [137, 138].

Sometimes BU worsens during antibiotic treatment, and this may be due to an
increased CMI response [139, 140]. Lesions developing after treatment is com-
pleted may represent immune responses to subclinical foci of M. ulcerans, treat-
ment failures, or reinfections [141]. Sometimes steroids are needed [142].

6.9 Prevention

In tropical rural settings where BU is endemic, protection against contamination
of the skin is virtually impossible. Wearing protective clothing, immediate cleans-
ing of any skin injury, and the use of protected water sources in villages may
reduce BU [143].

BCG vaccination may protect against BU, estimated 6—12 months after vaccina-
tion, and neonatal BCG vaccination may reduce the risk of BU osteomyelitis [144].

M. ulcerans, as an intracellular organism, triggers CMI [145, 146]. BURULIVAC,
a collaborative project funded by the European Union under the Seventh Framework
Programme, supports efforts to identify vaccine candidates based on DNA engi-
neering and virulence factors, including mycolactone [147]. A mouse model for
research has been developed [148].
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6.9.1 Nontuberculous Mycobacteria

Nontuberculous mycobacteria (NTM) (synonyms atypical mycobacteria (ATM)
and mycobacteria other than tubercle bacilli (MOTT)) are implicated in cutaneous
infection [6, 147, 149].

NTM are usually transmitted from environmental sources by ingestion, inhala-
tion, or inoculation [1]. These environmental sources may include aerosols, water
(surface water, ponds, streams, municipal waters), soil, dust, food products, and
contaminated medical equipment.

6.9.1.1 Diagnosis (Table 6.1)

Culture is the golden standard in the diagnosis of NTM. Culture may be negative
if the laboratory is not informed of the clinical suspicion because specific condi-
tions are required for culture. Mycobacterial infections usually have some spe-
cific features in a skin biopsy, so this may help direct suspicion. The histologic
findings of an infection vary by the age of the lesion. Scanning a developed
lesion shows a typical granulomatous dermatitis, which forms an extensive
inflammatory nodular infiltrate within the dermis. Early lesions may show acute
suppurative inflammatory processes with little granuloma formation and some-
times extensive neutrophils. The epidermis may show pseudoepitheliomatous
hyperplasia with or without ulceration. Sometimes there are tuberculoid granulo-
mas with varying degrees of abscess formation. The principal infiltrate however
is mixed lymphohistiocytic with a few multinucleated giant cells and scattered
neutrophils. Acid-fast bacilli may be scarce and are often not found. Molecular
techniques are now available but sensitivity and specificity varies. A positive
tuberculin test is not specific for tuberculosis but may direct toward NTM as
well. To narrow down the possibilities in such cases, interferon gamma release
assay (IGRA) may also be performed; however, this is known to cross-react with
the NTM M. kansasii, M. marinum, and M. szulgai (and also with M. leprae). It
is not a standard test in skin disease.

Detection of new species and subspecies of NTM is a constant issue as at the
same time it has to be realized how limited the molecular tools are in determining
and classifying mycobacteria [150]. This leads to new classifications, for example,
of clinical disease which was formerly always attributed to M. tuberculosis: Lichen
scrofulosorum may also be caused by M. avium, papulonecrotic tuberculid reaction
by M. kansasii, lupus vulgaris by M. xenopi, and scrofuloderma by M. haemophi-
lum. Pulmonary infections which are attributed to M. tuberculosis worldwide are to
date also partly attributable to NTM [150].

A natural division occurs between slowly and rapidly growing species.
Mycobacteria that form colonies clearly visible to the naked eye within 7 days on
subculture are termed rapid growers, while those requiring longer periods are
termed slow growers.
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The common cutaneous disease-producing rapid-growing species are M. absces-
sus, M. chelonae, and M. fortuitum. The most common slow growers that cause skin
disease are M. marinum, M. avium complex, M. haemophilum, and M. kansasii [150].

Mycobacterium marinum Infections [4]

Swimming pool or fish tank granuloma is caused by M. marinum, a mycobacterium
which causes disease in fresh, brackish, and saltwater fish and occasionally in
humans. It is found in aquariums, pools, natural water supplies, and salt water and
is among the most common NTM known to cause opportunistic infection in humans.
It has an incubation time of 2 weeks to several months.

Clinical Picture

The infection is preceded by trauma, often there is history of cleaning a fish tank or
swimming in open water. The initial lesion starts as an inflammatory papule after an
incubation period of 2—-6 weeks. The papule then gradually enlarges into violaceous
nodules or plaques which may ulcerate or show a warty surface. These lesions are
painless. They may heal spontaneously in the course of months to years.

M. marinum infections are one of the causes of nodular (also called sporotrichoid
after the lymphatic spread of sporotrichosis) lymphangitis where nodules and/or
ulcerating lesions are seen along the lymphatic vessels. Deep infections such as
tenosynovitis, osteomyelitis, arthritis, and bursitis may occur. They are unusual but
more common in immune-deficient patients.

Diagnosis

Diagnosis is based on the clinical picture; the preferential localization in combina-
tion with a history of aquatic activity coinciding with skin trauma should give a high
index of suspicion (Fig. 6.18). The diagnosis should be confirmed by diagnostic
tests. Histopathology can be nonspecific in the early stage of the disease. After
6 months a granulomatous reaction develops. Acid-fast bacilli may be seen; the
absence does not rule out a M. marinum infection. Cultures can be performed from
aspirates or biopsies. Growth is optimal at 30-32 °C and cultures should be main-
tained for 6 weeks. PCR techniques from biopsy material may provide a diagnosis
within days.

Treatment

In superficial cutaneous infections, monotherapy with minocycline, clarithromycin,
doxycycline, and trimethoprim-sulfamethoxazole can be effective, but drug resis-
tance varies, and therefore combination therapy of usually two or three drugs is
recommended. Ciprofloxacin has shown considerable effectiveness. In cases of
severe infection, including those with a sporotrichoid distribution pattern, a combi-
nation of RMP and ethambutol (ETM) is the recommended regimen.
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Fig. 6.18 Early M. marinum
infection

Response to treatment is slow. Treatment is continued until 4 weeks after clinical
cure and usually takes 4-9 months. Surgical treatment is not usually recommended.
Cryotherapy, X-ray therapy, electrodessication, photodynamic therapy, and local
hyperthermic therapy have been reported as effective alternatives. M. marinum
infection should always be included in the differential diagnosis of patients with
poor-healing plaques, nodules, or ulcers on the upper extremities and a history of
exposure to aquariums [151].

Mycobacterium kansasii Infections [4]
M. kansasii causes disease in humans throughout the world and is often associated

with AIDS. It has been isolated from cattle and swine. However, water is most likely
its true habitat. It affects patients of all ages.
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Clinical Picture

The most common manifestation is chronic pulmonary disease. Inoculation of the
skin is in general through a small wound. Cutaneous lesions include erythematous
to violaceous papules and plaques and also pustular, crusted, or verrucous papules
or nodules. Lesions can resemble pyogenic abscesses, cellulitis, or sporotrichosis.
Cervical lymphadenitis is reported in children.

Treatment

M. kansasii shows good in vitro susceptibility to rifampicin, rifabutin, ethambutol,
ethionamide, amikacin, streptomycin, clarithromycin, sulfamethoxazole, and cipro-
floxacin. However, when monotherapy is given, drug resistance is common [152,
153]. Therapy usually consists of isoniazid, rifampicin, and ethambutol or rifampi-
cin, ethambutol, and macrolide [154].

Mycobacterium scrofulaceum Infections

M. scrofulaceum was widely distributed in tap water and soil but has become very rare
in the last decades. It is included in the “MAIS group” which consists of M. avium, M.
intracellulare, and M. scrofulaceum. M. scrofulaceum causes pulmonary infection
and it may be the cause of cervical lymphadenitis in children. Cutaneous infection has
been described as multiple subcutaneous abscesses and sporotrichoid infection.

Treatment

For childhood cervical lymphadenitis, surgery is the recommended treatment, in
which the lesion is excised without chemotherapy. The success rate for this treat-
ment is 95 %. Drugs which are used in treatment include isoniazid, rifampin, and
streptomycin [154]. Good results were described with a combination of isoniazid,
ethambutol, rifampin, and ofloxacin [155]. Clarithromycin is a good addition [156].

Mycobacterium haemophilum Infections

M. haemophilum causes skin, joint, bone, and pulmonary infections in immunocom-
promised persons and of submandibular lymphadenitis in children. Most infections
occur in patients with AIDS and in transplant recipients. M. haemophilum skin infec-
tion has been associated with permanent eyebrow makeup and tattoos [157, 158].

Infections with M. haemophilum have been reported in a broad geographical
range. The natural habitat and route of infection are unknown.

Treatment

Lymphadenitis in children: excision. M. haemophilum appears to be susceptible,
in vitro, to ciprofloxacin, clarithromycin, rifabutin, and clofazimine but resistant to
isoniazid and ethambutol [159]. In vitro observations may not relate to outcome of
treatment in vivo and should be interpreted with extreme caution. Susceptibility test
assays have not been properly standardized, because of the fastidious nature of M.
haemophilum and the need to supplement the media [160].
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Mycobacterium fortuitum Infections

M. fortuitum has been isolated from water, soil, and dust. Primary cutaneous
disease is seen at all ages. It has been implicated in numerous outbreaks of hospital
infections.

The clinical manifestations are localized cellulites, frequently with draining
abscesses and nodules. Mostly a history of a penetrating injury with possible soil or
water contamination is reported [161]. Postoperative infections, in general, develop
3 weeks to 3 months after surgery or trauma.

Treatment

Ciprofloxacin, amikacin, and cefoxitin are considered as first-line drugs. Alternative
drugs are doxycycline, imipenem, ethambutol, and co-trimoxazole. A combined
regimen, preferably with three drugs, should be used for 2—4 weeks, followed by
ciprofloxacin [162] and a companion drug (e.g., clarithromycin despite the bacteria
becomes easily resistant to this drug) for 3 months.

Mycobacterium chelonae and M. abscessus Infections

The two closely related species M. chelonae and M. abscessus (which consists of
two subspecies) cause similar diseases worldwide. The skin disease caused by these
opportunistic pathogens can be localized, similar nature to M. fortuitum, or may
present as a disseminated disease with cellulitis and multiple often draining (sub)
cutaneous nodular lesions in “immunocompromised” patients.

The localized infection may occur at all ages, typically after a trauma or a surgi-
cal incision. Inoculation may also follow tattooing, implicating contaminated water
for the dilution of ink, or cosmetic procedures such as dermal filling, where con-
taminated ice used to cool the skin may be the cause [163, 164].

Treatment

The only clinical trial performed for this infection type applied clarithromycin
monotherapy without distinguishing M. chelonae from M. abscessus; although just
one patient failed on treatment with an acquired drug resistance, the use of mono-
therapy is no longer recommended [154]. Tobramycin and clarithromycin are drugs
of choice for M. chelonae [160]. In general, cefoxitin and amikacin are active
against both subspecies of M. abscessus [165, 166]. Clarithromycin is only active
against M. abscessus subsp. bolletii, as M. abscessus subsp. abscessus possesses an
erm gene that induces resistance in vitro and in vivo [160].

Mycobacterium szulgai

The natural habitat of M. szulgai is unknown. It has, however, been isolated from
snails and tropical fish. The predominant localization of infections is pulmonary.
Cases of skin infection even after minor trauma have been reported: cellulitis,
inflamed tender nodules leading to draining abscesses.
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Fig. 6.19 An infection
with a NTM (Courtesy of
Ayder Hospital, Mekelle,
Ethiopia)

Treatment

Triple-drug therapy with rifampicin, ethambutol, and clarithromycin guided by sen-
sitivity testing [167]. It is recommended to use multiple drugs to reduce develop-
ment of resistance. The treatment may take up to 1 year.

Mpycobacterium avium-intracellulare Complex Infections

This group of mycobacterial species (Mycobacterium avium-intracellulare complex
(MACQ)), with several closely related species, occurs worldwide in nature. It is the most
common group of NTM infections associated with AIDS in the West. The infection is
caused by two closely related and difficult to distinguish bacteria, M. avium and M. intra-
cellulare. These two bacteria can be found in drinking water, dirt, and household dust.
MAC may be isolated in more than 30 % of fecal samples. It primarily causes opportunis-
tic infections in the immunosuppressed, M. intracellulare tends to cause lung disease, and
M. avium causes lung disease and lymphadenitis in children and disseminated disease in
the immunocompromised. Symptoms of disseminated M. avium-intracellulare infection
include fever, night sweats, weight loss, abdominal pain, fatigue, and diarrhea [168].

Skin involvement occurs in the course of disseminated disease, rarely by inocu-
lation. Depending on the degree of immune suppression, widespread skin involve-
ment may present as papules; nodules; plaques, with possible abscess formation;
and ulcers (Fig. 6.19). Lymph node involvement can occur.

Treatment

In general, MAC infection is treated with two or three antimicrobials for at least
12 months. Commonly used first-line drugs include macrolides (clarithromycin or
azithromycin), ethambutol, and rifamycins (rifampicin, rifabutin). Aminoglycosides,
such as streptomycin and amikacin, are also used as additional agents as is cipro-
floxacin [169] although supportive evidence for the latter is absent.
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Lymphadenitis in Children: Surgery

Treatment of cutaneous atypical mycobacterial infections depends upon the infect-
ing organism, the severity of the infection, and host immunity. In most cases a
course of antibiotics is necessary. These include rifampicin, ethambutol, isoniazid,
minocycline, ciprofloxacin, clarithromycin, azithromycin, and co-trimoxazole.
Treatment of cutaneous localized disease is generally continued until 1 month after
clinical cure, for pulmonary and generalized infection even longer: 18—24 months.

Usually treatment consists of a combination of drugs [170, 171].

There are some points to consider when treating atypical mycobacterial infections:

— M. marinum bacteria are resistant to isoniazid. Treatment with other antibiotics
should be continued for at least 4 weeks after resolution of the skin lesions.

— M. kansasii should be treated for at least 18 months.

— M. chelonae is best treated by clarithromycin in combination with another agent.
Related M. abscessus requires intravenous drugs including amikacin and cefoxi-
tin. Sometimes surgical excision is the best approach for both species.

— AIDS patients on HIV protease inhibitors cannot be treated with RMP because
RMP significantly increases the breakdown of these drugs. Rifabutin is a suitable
alternative.

Treatment

For treatment of cutaneous infections by NTM, it is preferable to select the drugs based
on the antimicrobial susceptibility profile. In vitro susceptibility testing is useful for
rapidly growing mycobacteria (RPM) but not for slow-growing NTM MAC, M. hae-
mophilum, and M. szulgai as in vitro results in this group do not correlate with in vivo
response to treatment [160]. Empiric therapy is sometimes necessary in case of strong
suspicion with negative culture and no identification by means of PCR (Table 6.1).

Duration of treatment is not fixed and is based on clinical judgment and will
require in general 69 months [149].

For the treatment of rapid growers, it is important to follow the results of in vitro
tests. For slow growers that is not the case since in vivo and in vitro results often are
not related.

6.10 Drugs Commonly Used in Mycobacterial Infection
6.10.1 Rifampicin and Rifamycin

Rifampin and related rifamycins are the most important drugs for the treatment of
mycobacterial infections. The rifamycins are a group of antibiotics that are synthe-
sized either naturally by the bacterium Amycolatopsis mediterranei (old name
Streptomyces mediterranei) or artificially. Rifamycins are particularly effective
against mycobacteria and are therefore used in the treatment of tuberculosis, lep-
rosy, Buruli ulcer, and many NTM infections.
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The antibacterial activity of rifamycins relies on the inhibition of bacterial DNA-
dependent RNA synthesis [171]. This is due to the high affinity of rifamycins to prokary-
otic RNA polymerase. Rifampicin and its analogs kill actively multiplying extracellular
organisms, intracellular mycobacteria, and semidormant mycobacteria in the tissues.

The addition of rifampicin to treatment regimens for tuberculosis can shorten
treatment duration for active disease from 12 to 6 months and for latent infection
from 9 months to 2—3 months. In leprosy a single 600 mg dose kills 99 % of all live
bacilli, but sadly not the metabolic inactive persisters.

Because of their potencies and sterilizing activities, rifamycins are the corner-
stone of modern therapy for most mycobacterial infections and are extremely effec-
tive in the treatment of latent infections [172, 173].

6.10.1.1 Dosages

Daily regimen: 10 mg/kg (up to 600 mg/day) orally or IV once a day. For TB there
is a discussion, one may consider even about four times this dose, and this could
help against persisters [160].

Intermittent regimen: 10 mg/kg (up to 600 mg/dose) orally or IV two or three
times a week.

For children 10-20 mg/kg.

6.10.1.2 Adverse Effects

Via lever enzymes P450, CYP, 1A2, 2C9, 2C19, and 3A4, it influences concomitant
treatments. Its toxicity is predominantly hepatic and allergic [174]. Hepatic toxicity
is dose related and has been observed mainly in patients with underlying liver dis-
ease, which then can be fatal.

The “allergic” effects are usually associated with intermittent or prolonged ther-
apy. These allergic effects may be minor (cutaneous, gastrointestinal, or an
influenza-like syndrome) or major (hemolytic anemia, shock, or acute renal failure)
[175]. Well known is the leprosy flu syndrome due to intermittent rifampicin with
less than 3 weeks interval [176], and this can be fatal.

There may be some orange discoloration of urine, tears, and sweat.

6.10.2 Ethionamide

Ethionamide (2-ethylthioisonicotinamide) is an antibiotic used in the treatment of
tuberculosis. It was discovered in 1956 [177].

Ethionamide, a prodrug, is activated by the enzyme EthA, a monooxygenase in
Mycobacterium tuberculosis, and binds nicotinamide adenine dinucleotide to form an
adduct which inhibits the 2-trans-enoyl-acyl carrier protein reductase (InhA) in the
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same way as isoniazid [178]. Expression of the EthA gene is controlled by EthR, a
transcriptional repressor. It is understood that improving EthA expression will increase
the efficacy of ethionamide and so EthR inhibitors are of great interest to co-drug
developers [179]. The action may be through disruption of mycolic acid [180].

It is a thioamide and used in regimens to treat multidrug-resistant and extensively
drug-resistant tuberculosis. It has been proposed for use in combination with gati-
floxacin [181].

Dosages: 500 mg to 1 g orally (15-20 mg/kg) in 1 or divided doses per day.
Maximum dose: 1 g orally per day. Children: 10-20 mg/kg orally in 2 or 3 divided
doses per day or 15 mg/kg orally once per day after meals [171].

6.10.2.1 Adverse Effects

The most common side effects of ethionamide are gastrointestinal. These appear to
be dose dependent, with approximately 50 % of patients unable to tolerate 1 g as a
single dose. Effects may be minimized by decreasing dosage, by changing the time
of drug administration, or by the concurrent administration of an antiemetic agent.

Psychotic disturbances (including mental depression) and postural hypotension
have been reported. Concurrent administration of pyridoxine has been recom-
mended to prevent or relieve neurotoxic or pellagra-like effects.

Transient increases in serum bilirubin, SGOT, and SGPT; hepatitis (with or with-
out jaundice) can be seen.

Hypersensitivity reactions including rash, photosensitivity, thrombocytopenia,
and purpura have been reported. Hypoglycemia, hypothyroidism, gynecomastia,
impotence, and acne also have occurred [182]. The management of patients with
diabetes mellitus may become more difficult in those receiving ethionamide.

6.10.3 Ethambutol

Ethambutol is a bacteriostatic antimycobacterial drug prescribed to treat tuberculo-
sis. It is usually given in combination with other tuberculosis drugs, such as isonia-
zid, rifampicin, and pyrazinamide.

Ethambutol is bacteriostatic against actively growing TB bacilli. It works by
obstructing the formation of cell wall. Mycolic acids attach to the 5'-hydroxyl
groups of D-arabinose residues of arabinogalactan and form mycolyl-
arabinogalactan-peptidoglycan complex in the cell wall. It disrupts arabinogalactan
synthesis by inhibiting the enzyme arabinosyl transferase. Disruption of the arabi-
nogalactan synthesis inhibits the formation of this complex and leads to increased
permeability of the cell wall [183].

Dosages: Adult 15 mg/kg once a day. Treating relapses: for 2 months 25 mg/kg
once a day, followed by 15 mg/kg again. Children the same. For MAIC: 900 mg
once a day.
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6.10.3.1 Adverse Effects

Ethambutol may induce a decrease in vision due to optic neuritis. This effect is dose
related and is generally reversible when administration of the drug is discontinued
in time. Irreversible blindness has been reported.

Other reactions are gastrointestinal, allergic skin reactions, and infrequently
polyneuritis [184].

6.10.4 Fluoroquinolones

Ofloxacin and moxifloxacin are broad-spectrum fluoroquinolones that are active
against both Gram-positive and Gram-negative bacteria but also against mycobacte-
ria: M. tuberculosis, M. leprae, and several NTM [185, 186].

Fluoroquinolones interfere with DNA replication by inhibiting an enzyme com-
plex called DNA gyrase. This can also affect mammalian cell replication. Some
congeners of this drug family display high activity not only against bacterial
topoisomerases but also against eukaryotic topoisomerases and are toxic to cultured
mammalian cells and in vivo tumor models [187].

Although a quinolone is highly toxic to mammalian cells in culture, its mecha-
nism of cytotoxic action is not known. There is debate as to whether or not this DNA
damage is to be considered one of the mechanisms of action concerning the severe
and non-abating adverse reactions experienced by some patients following fluoro-
quinolone therapy.

Dosages: MAI 400 mg orally every 12 h. Tuberculosis: 300-400 mg orally or IV
every 12 h. Leprosy: 400 mg OD. For children with leprosy 200 mg OD. Basically
the drug is contraindicated for children.

6.10.4.1 Adverse Effects

Quinolones have few direct adverse effects, most notably nausea, headache, dizzi-
ness, and confusion. Less common but more serious adverse events include prolon-
gation of the QT interval, phototoxicity, liver enzyme abnormalities, arthropathy,
and cartilage and tendon abnormalities, the latter particularly in children [188].
Moxifloxacin is contraindicated in patients with myasthenia gravis.

6.10.5 Isoniazid (INH)

Isoniazid also known as isonicotinylhydrazine (INH) is an organic compound that is
the first-line medication in prevention and treatment of tuberculosis. The compound
was first synthesized in the early twentieth century, but its activity against
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tuberculosis was first reported in the early 1950s. With the introduction of INH, a
cure for tuberculosis was for the first time considered conceivable.

INH is available in tablet, syrup, and injectable forms (given intramuscularly or
intravenously). It is available worldwide, is inexpensive, and is generally well
tolerated.

It is a prodrug and must be activated by a bacterial catalase-peroxidase enzyme
that in M. tuberculosis is called KatG. KatG couples the isonicotinic acyl with
NADH to form isonicotinic acyl-NADH complex. This complex binds tightly to the
enoyl-acyl carrier protein reductase known as InhA, thereby blocking the natural
enoyl-AcpM substrate and the action of fatty acid synthase. This process inhibits
the synthesis of mycolic acid, required for the mycobacterial cell wall [189].

INH is bactericidal to rapidly dividing mycobacteria but is bacteriostatic if the
mycobacteria are slow growing [190, 191].

Dosage: Adults 300 mg OD; children 5-6 mg/kg OD.

6.10.5.1 Adverse Effects

INH inhibits the P450 system. Severe and sometimes fatal hepatitis may occur
within the first 3 months of treatment and many months after treatment. Risk is
related to age and increased with daily alcohol consumption. The N-acetylhydrazine
metabolite is believed to be responsible for this hepatotoxic effect. The rate of acet-
ylation is genetically determined. Approximately 50 % of Blacks and Caucasians
are slow inactivators; the majority of Inuit and Asians are rapid. The half-life in fast
acetylators is 1-2 h, while in slow acetylators, it is 2-5 h. Elimination depends on
renal function, but the half-life may be prolonged in liver disease. The rate of acety-
lation has not shown to alter the effectiveness, but there is an increased risk of toxic-
ity. Hepatitis is 250 times more common in slow acetylators.

It may give pellagra-like symptoms, CNS and peripheral neuropathy, gastoen-
teral and skin problems. Pyridoxine (vit B6) should counteract most. LE is described
[192].

6.10.6 Pyrazinamide

Since the discovery of pyrazinamide in 1952 [47], and its routine use to treat TB, the
duration of treatment required to achieve acceptable relapse rates has been reduced
from 9 to 12 months to the current 6 months [193], although its bactericidal activity is
inferior to that of INH and rifampin. It is largely bacteriostatic but can be bactericidal.

Pyrazinamide is a prodrug. It diffuses into M. tuberculosis, where the enzyme
pyrazinamidase converts pyrazinamide to the active form pyrazinoic acid. Under
acidic conditions, the pyrazinoic acid slowly leaks out and converts to the proton-
ated conjugate acid, which is thought to diffuse easily back into the bacilli and
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accumulates. Thus, more pyrazinoic acid accumulates inside the bacillus at acid pH
than at neutral pH [194].

Pyrazinoic acid was thought to inhibit the enzyme fatty acid synthase (FAS) I, which
is required by the bacterium to synthesize fatty acids [195]. It was also suggested that
the accumulation of pyrazinoic acid disrupts membrane potential and interferes with
energy production, necessary for survival of M. tuberculosis at an acidic site of infec-
tion. Further studies reproduced the results of FAS I inhibition as the putative mecha-
nism [196]. This study was followed by an in vitro assay of tuberculous FAS I enzyme
that tested the activity with pyrazinamide, pyrazinoic acid, and several classes of pyra-
zinamide analogs. Pyrazinamide and its analogs inhibited the activity of purified FAS I
[197]. Pyrazinoic acid binds to the ribosomal protein S1 (RpsA) and inhibits trans-
translation. This may explain the ability of the drug to kill dormant mycobacteria [198].

Dosage: 15-30 mg/kg (up to 2 g) orally OD. Children non-HIV: daily therapy,
15-30 mg/kg/dose (maximum, 2 g/dose) OD. HIV: 20-40 mg/kg/dose once daily
(maximum, 2 g/day).

6.10.6.1 Adverse Effects

Dermatologic side effects are rare and include rash, urticaria, pruritus, skin pigmen-
tation, desquamation, and photosensitivity. Gastrointestinal side effects include
nausea, vomiting, and anorexia. Renal side effects include dysuria and interstitial
nephritis. Hepatotoxicity (1 %) appears to be dose related and may appear at any
time during therapy [199].

6.10.7 Para-Aminosalicylate Sodium (PAS)

The 4-aminosalicylic acid is commonly known as PAS. Since the 1940s it was used
for inflammatory bowel diseases (IBDs), where it showed to have great potency in
ulcerative colitis and Crohn’s disease, both by some thought to be related to
mycobacteria.

PAS was introduced for use in tuberculosis in 1948. It was the second antibiotic
found to be effective after streptomycin. PAS formed part of the standard treatment
for tuberculosis prior to the introduction of rifampicin and pyrazinamide. Its potency
is less than that of the current five first-line drugs (isoniazid, rifampicin, ethambutol,
pyrazinamide, and streptomycin), but it is still useful in the treatment of multidrug-
resistant tuberculosis.

It is thought to inhibit folic acid biosynthesis and uptake of iron [200]. Mutations
in the thyA gene encoding the enzyme thymidylate may lead to resistance. Induction
of the folate biosynthesis pathway has been identified in PAS-resistant M. tubercu-
losis, suggesting that PAS may act as a folate antagonist [201].
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Dosage: The dose when treating tuberculosis is 150 mg/kg/day divided into two
to four daily doses; the usual adult dose is therefore approximately 2—4 g four times
a day.

6.10.7.1 Adverse Effect

A joke in the past was that under the windows of a TB ward plants did not grow and
that this was due to the terrible taste of PAS. Common side effects are nausea, vom-
iting, diarrhea, and abdominal pain. Goiter with or without myxedema has been
described. Other side effects are fever, skin eruptions, infectious mononucleosis-
like syndrome, leukopenia, agranulocytosis, thrombocytopenia, hemolytic anemia,
jaundice, hepatitis, encephalopathy, Loffler syndrome, and vasculitis [202].

6.10.8 Streptomycin

Streptomycin was the first antibiotic remedy for tuberculosis. It is derived from the
actinobacterium Streptomyces griseus. Streptomycin is bactericidal. Streptomycin
cannot be given orally but must be administered by regular deep intramuscular
injections.

Streptomycin is a protein synthesis inhibitor. It binds to the small S12 rRNA of
the 30S subunit of the bacterial ribosome, interfering with the binding of formyl-
methionyl-tRNA to the 30S subunit [203]. This leads to codon misreading, inhibi-
tion of protein synthesis, and ultimately death of microbial cells through
mechanisms that are still not understood. Human ribosomes differ from bacterial
ribosomes structurally and remain intact. At low concentrations, however, strep-
tomycin only inhibits growth of the bacteria by inducing prokaryotic ribosomes to
misread mRNA [204].

Dosage: Adults and children, 15 mg/kg daily or two or three times weekly.
Patients over 60 years may not be able to tolerate more than 500-750 mg daily. In
Buruli ulcer: adults, 1,000 mg daily; children, 20 kg/300 mg; 30 kg/500 mg;
40 kg/740 mg. No patient should be given more than 90 doses of streptomycin
(according to weight) in their whole lifetime.

6.10.8.1 Adverse Effects

Fever and rashes result from persistent use. The vestibular portion of cranial nerve
VIII (the vestibulocochlear nerve) can be affected, resulting in tinnitus, vertigo, and
ataxia. Other side effects are nephrotoxicity, fetal auditory toxicity, and neuromus-
cular paralysis.
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6.10.9 Cotrimoxazole

Trimethoprim/sulfamethoxazole or co-trimoxazole is a sulfonamide antibiotic used
in the treatment of a variety of bacterial infections. It consists of one part trime-
thoprim to five parts sulfamethoxazole.

Opinions differ as to whether co-trimoxazole is a bactericidal or a bacteriostatic
agent.

The synergy between trimethoprim and sulfamethoxazole was first described in
a series of in vitro and in vivo experiments published in the late 1960s [205].
Trimethoprim and sulfamethoxazole have a greater effect when given together than
when given separately, because they inhibit successive steps in the folate synthesis
pathway.

Sulfamethoxazole acts as a false-substrate inhibitor of dihydropteroate synthe-
tase. Sulfonamides such as are analogs of p-aminobenzoic acid (PABA) and thus are
competitive inhibitors of the enzyme, inhibiting the production of dihydropteroic
acid.

Trimethoprim acts by interfering with the action of bacterial dihydrofolate reduc-
tase, inhibiting synthesis of tetrahydrofolic acid.

Folic acid is an essential precursor in the de novo synthesis of the DNA/RNA
nucleosides thymidine and uridine. Bacteria have to take up folic acid, from the
host — if that is not possible, they are dependent on their own de novo synthesis —
inhibition of the enzyme starves the bacteria of the two bases.

Dosage: Adults and children over 12 years 960 mg bd orally. Children >6—12 years
480 mg bd orally.

6.10.9.1 Adverse Effects

It has been associated frequently with mild allergic reactions and regular with seri-
ous adverse effects, including Stevens-Johnson syndrome, myelosuppression,
mydriasis, agranulocytosis, and severe liver damage (cholestatic hepatosis, hepati-
tis, necrosis, and fulminant liver failure).

Due to displacement of bilirubin from albumin, there is an increased risk of
kernicterus in the fetus during the last 6 weeks of pregnancy. Renal impairment,
up to acute renal failure, and anuria have also been reported. These side effects
may be fatal.

Folic acid and folinic acid were found equally effective in reducing the
adverse effects of trimethoprim/sulfamethoxazole. The trophoblasts in the early
fetus are sensitive to changes in the folate cycle. A recent study has found a
doubling in the risk of miscarriage in women exposed to trimethoprim in early
pregnancy [206].

Cotrimoxazole is a major cause of severe blistering drug reactions in the HIV-
infected patient: Stevens-Johnson syndrome and toxic epidermal necrolysis
(TEN).
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6.10.10 Cycloserine

Cycloserine is an antibiotic effective against mycobacteria. It is produced by
Streptomyces garyphalus. For the treatment of tuberculosis, it is only used as a
second-line drug.

Cycloserine is an analog of the amino acid D-alanine. It interferes with an early
step in bacterial cell wall synthesis in the cytoplasm by competitive inhibition of
two enzymes, L-alanine racemase, which forms D-alanine from L-alanine, and
D-alanylalanine synthetase, which incorporates D-alanine into the pentapeptide
necessary for peptidoglycan formation and bacterial cell wall synthesis [207].

Dosage: 500 mg to 1 g orally per day, in one or two divided doses (10—15 mg/kg/
day). Children: 10—15 mg/kg/day in two divided doses. Maximum dose: 1 g/day.

6.10.10.1 Adverse Effects

Most adverse reactions occurring involve the nervous system or are manifestations
of drug hypersensitivity. Sudden development of congestive heart failure in patients
has been reported.

6.10.11 Minocycline

Minocycline is a broad-spectrum tetracycline; it has a broader spectrum than the
other members of the group. It is to date frequently used in mycobacterial
infections.

It is a bacteriostatic antibiotic, classified as a long-acting type. Minocycline is the
most lipid soluble of the tetracycline-class antibiotics. Minocycline is metabolized
by the liver.

Minocycline passes directly through the lipid bilayer or passively diffuses
through porin channels in the bacterial membrane. Tetracyclines like minocycline
bind to the 30S ribosomal subunit, preventing the binding of tRNA to the mRNA-
ribosome complex and interfering with protein synthesis [208].

Dosage: In NTM infections up to 100 mg BD is given. In leprosy 100 mg daily
or 100 mg once a month.

6.10.11.1 Adverse Effects

Minocycline inhibits cytochromes P450 as do all tetracyclines; therefore, there are
many drug interactions. Because it penetrates into the prostate and brain easily, it
also has the greatest number of central nervous system (CNS)-related side effects of
all the tetracyclines, such as vertigo and dreams. A common side effect is diarrhea.
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In children up to age 9, minocycline may cause permanent staining of the teeth.
Uncommon side effects (with prolonged therapy) include skin discoloration and
autoimmune disorders that are not seen with other drugs in the class. Photosensitivity,
which was expected, is hardly seen.

6.10.12 Doxycycline

Doxycycline, like minocycline, is lipophilic and can pass through the lipid bilayer
of bacteria. Doxycycline reversibly binds to the 30S ribosomal subunits and possi-
bly the 50S ribosomal subunit(s), blocking the binding of aminoacyl tRNA to the
mRNA and inhibiting bacterial protein synthesis [208]. It is a more bioactive medi-
cation than the other tetracycline antibiotics, including minocycline. Conversely,
minocycline is a broader spectrum drug than doxycycline and is used against a
wider variety of bacteria. It can be considered against some RGM (M. abscessus),
but most are resistant.

6.10.12.1 Adverse Effects

Doxycycline inhibits cytochromes P450 as do all tetracyclines; therefore, there are many
drug interactions. Diarrhea is regularly seen, photosensitivity and dizziness hardly.

6.10.13 Dapsone

4,4'-Diaminodiphenylsulfone (DDS) was the magic drug for leprosy. It was for the
first time synthetized by Fromm and Wittmann in 1908. It was used as an antibiotic
first for streptococcal udder infections in cattle. For human it was for the high doses
used too toxic. It was Faget in 1941, who first used the derivative promin for lep-
rosy, and it was already used for tuberculosis.

As antibacterial, like all sulfonamides, dapsone inhibits bacterial synthesis of
dihydrofolic acid, via competition with para-aminobenzoate for the active site of
dihydropteroate synthetase [209].

Dosage: For adults 100 mg once a day (1 mg/kg), but sometimes because of
hemolysis 50 mg. Children: 0.5-1 mg/kg.

6.10.13.1 Adverse Effects

The most prominent side effects of this drug are dose-related hemolysis (which may
lead to hemolytic anemia) and methemoglobinemia. About 20% of Nordic
Caucasian and Celtic patients treated with dapsone suffer hemolysis, and this side
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effect is slightly more common in those with glucose-6-phosphate dehydrogenase
deficiency. Abnormalities in white blood cell formation, including aplastic anemia,
are rare, yet are the cause of the majority of deaths attributable to dapsone therapy.

Toxic hepatitis has been reported. Jaundice may also occur as part of the dapsone
reaction or dapsone syndrome. Dapsone is metabolized by the cytochrome P450
system. Dapsone metabolites produced by the cytochrome P450 2C19 isozyme are
associated with the methemoglobinemia side effect of the drug.

Other adverse effects include nausea, headache, rash, insomnia, psychosis, and
peripheral neuropathy.

Dapsone syndrome: The patient is ill and may have a rash, fever, jaundice, and
eosinophilia; these symptoms will occur within the first 6 weeks of therapy or not at
all and may be ameliorated by corticosteroid therapy.

6.10.14 Clofazimine

Clofazimine is a fat-soluble riminophenazine dye used in combination with rifam-
picin and dapsone as multidrug therapy (MDT) for the treatment of leprosy. It has
been used for other mycobacterial infections in combination with other antimyco-
bacterial drugs particularly to treat Mycobacterium avium infections in AIDS
patients and M. avium ssp. paratuberculosis infection in Crohn’s disease patients
and in Melkersson-Rosenthal syndrome patients.

Clofazimine, initially known as B663, was first synthesized in 1954 in Dublin as
an antituberculosis drug. The drug proved ineffective against tuberculosis, but in
1959 Chang identified its effectiveness against leprosy what later was confirmed by
Brown and Hoogerzeil [210, 211].

Clofazimine works by binding to the guanine bases of bacterial DNA, thereby
blocking the template function of the DNA and inhibiting bacterial proliferation. It
also increases activity of bacterial phospholipase A2, leading to release and accu-
mulation of lysophospholipids, which are toxic and inhibit bacterial proliferation
[212].

Clofazimine also acts as FIASMA (functional inhibitor of acid sphingomyelinase) [213].
It may also bind to bacterial potassium transporters, thereby inhibiting their function.

Dosage: For leprosy for adults, 300 mg once a month and 50 mg once daily. For
T2R sometimes 300 mg a day is given for a short time. For other mycobacteria
100-200 mg daily. Children according to weight.

6.10.14.1 Adverse Effects

Darkening of the skin is the major side effect. The fat becomes yellowish. There are
a few toxic effects: Abdominal symptoms are dose dependent and usually not
severe, but they may rarely be fatal. Rare reports have included splenic infarction,
bowel obstruction, and gastrointestinal bleeding.
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6.10.15 Azithromycin

Azithromycin is a subclass of macrolide antibiotics. It is derived from erythromy-
cin, with a methyl-substituted nitrogen atom incorporated into the lactone ring, thus
making the lactone ring 15-membered. It works against quite a number of mycobac-
teria, particularly the MAC. M. abscessus has developed resistance to azithromycin
dihydrate to varying degrees.

Azithromycin prevents bacteria from growing by interfering with their protein
synthesis. It binds to the 50S subunit of the bacterial ribosome and thus inhibits
translation of mRNA [214].

Dosage: 600 mg orally OD for an adult. Children: 10-12 mg/kg (maximum,
500 mg/dose) orally OD. Some double the dose for severe infections.

6.10.15.1 Adverse Effects

The most frequent reported adverse effects for azithromycin have been nausea, diar-
rhea, and abdominal pain. Azithromycin can cause abnormal changes in the electri-
cal activity of the heart that may lead to a potentially fatal irregular heart rhythm. It
can prolong the QT interval. On the double dose, the side effects are more promi-
nent. Allergic reactions are not common [214].

6.10.16 Amikacin

Amikacin is an aminoglycoside antibiotic. It can be used to treat non-tubercular
mycobacterial infections and tuberculosis (if caused by sensitive strains) when first-
line drugs fail to control the infection.

It works by binding to the bacterial 30S ribosomal subunit, causing misreading
of mRNA and leaving the bacterium unable to synthesize proteins vital to its growth.

Dosage: May be administered once or twice a day but must be given by the intra-
venous, via nebulization, or intramuscular route. There is no oral form available as
amikacin is not absorbed orally.

6.10.16.1 Adverse Effects

Adverse effects of amikacin are similar to that of other aminoglycosides. Kidney
damage and hearing loss are the most important effects. In people with kidney fail-
ure, dosage must be adjusted according to the creatinine clearance, usually by
reducing the dosing frequency [215].
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6.10.16.2 Future Developments

The greatest problem at this moment in the treatment of mycobacterial infections is
multidrug resistance [216]. Some patients do not respond to treatment and have to
receive drugs that are still under research. Some are already approved, like thiorida-
zine [217] and linezolid [218], but also there are new classes of drugs like benzothi-
azinones, diarylquinolines (bedaquiline), and other compounds such as delamanid
and SQ109 [218].

Another problem is the drug interactions resulting into low serum levels of the
drugs affecting dosing [219].

In this context, the identification of TREMI signaling is interesting and promis-
ing, providing a new angle for activation of monocytic cells by M. tuberculosis
antigenic determinants. Potentially, M. tuberculosis-derived molecules target this
pathway, in synergy with TLRs, to activate innate and adaptive immune responses.
Thus, vaccination as treatment may become possible [220].
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