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Abstract
Leprosy, also known as Hansen’s disease, is a chronic infectious disease caused by
Mycobacterium leprae in which susceptibility to the mycobacteria and its clinical manifestations
are attributed to the host immune response. Even though leprosy prevalence has decreased
dramatically, the high number of new cases indicates active transmission. Owing to its singular
features, M. leprae infection is an attractive model for investigating the regulation of human
immune responses to pathogen-induced disease. Leprosy is one of the most common causes of
nontraumatic peripheral neuropathy worldwide. The proportion of patients with disabilities is
affected by the type of leprosy and delay in diagnosis. This article briefly reviews the clinical
features as well as the immunopathological mechanisms related to the establishment of the
different polar forms of leprosy, the mechanisms related to M. leprae–host cell interactions and
prophylaxis and diagnosis of this complex disease. Host genetic factors are summarized and the
impact of the development of interventions that prevent, reverse or limit leprosy-related nerve
impairments are discussed.
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Leprosy: clinical features & classification
The principal mode of transmission of Mycobacterium leprae is probably by aerosol spread
of nasal secretions and uptake through nasal or respiratory mucosa [1]. The incubation
period of the disease ranges from 3 to 10 years. M. leprae primarily invades Schwann cells
(SCs) in the peripheral nerves leading to nerve damage and the development of disabilities
[2].
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As described by Ridley and Jopling, disease classification is defined within two poles with
transition between the clinical forms [3]. Clinical, histopathological and immunological
criteria identify five forms of leprosy: tuberculoid polar form (TT), borderline tuberculoid
(BT), mid-borderline (BB), borderline lepromatous (BL) and lepromatous polar leprosy
(LL).

Regarding the histopathological aspects of leprosy, skin lesions from tuberculoid patients
are characterized by inflammatory infiltrate containing well-formed granulomas with
differentiated macrophages, epithelioid and giant cells and a predominance of CD4+ T cells
at the lesion site, with low or absent bacteria. Patients show a vigorous specific immune
response to M. leprae with a Th1 profile, IFN-γ production and a positive skin test
(Lepromin or Mitsuda reaction). On the other pole, lepromatous patients present with
several skin lesions with a preponderance of CD8+ T cells in situ, absence of granuloma
formation, high bacterial load and a flattened epidermis [4]. The number of bacilli from a
newly diagnosed lepromatous patient can reach 1012 bacteria per gram of tissue. Patients
with LL leprosy have a CD4:CD8 ratio of approximately 1:2 with a predominant Th2 type
response and high titers of anti-M. leprae antibodies. Cell-mediated immunity against M.
leprae is either modest or absent, characterized by negative skin test and diminished
lymphocyte proliferation [5,6].

For therapeutic purposes, patients were divided into two groups: paucibacillary (TT, BT)
and multibacillary (mid-borderline (BB), BL, LL) [7]. Later, it was recommended that the
classification was based on the number of lesions, less than or equal to five for
paucibacillary (PB) and greater than five for the multibacillary (MB) form.

The diagnosis of leprosy is primarily clinical and based on one or more of three signs:
hypopigmented or reddish patches with definite loss of sensation, thickened peripheral
nerves and acid-fast bacilli detected on skin smears or biopsy material [8]. Identification of
bacteria is supported by detection of the bacilli through staining of slit-skin or lymph smears
and skin biopsies. The bacillary index (BI) is a logarithmic scale (ranging from 1–6+)
quantifying the density of M. leprae on lymph smears and it is used to assess bacterial load
for classification and response to treatment.

The disease is curable and treated with multi-drug therapy (MDT). According to the WHO
guidelines, rifampicin (600 mg, once monthly), clofazimine (300 mg, once monthly and 50
mg daily) and dapsone (100 mg daily) are used for treatment of MB patients, and lasts 1
year. For PB patients, only rifampicin (600 mg, monthly) and dapsone (100 mg daily) are
employed for a period of 6 months.

In individuals unable to take clofazimine or dapsone, other agents, such as fluoroquinolones,
ofloxacin, moxifloxacin or pefloxacin, minocycline, and the macrolide clarithromycin, are
active against M. leprae and can all potentially be used as second-line agents [2].

Reactional episodes in leprosy
More striking is the occurrence of leprosy reactions, which are acute episodes of clinical
inflammation occurring during the chronic course of disease. Leprosy reactions are a
challenging problem because they increase morbidity due to nerve damage even after the
conclusion of MDT. They are classified as type I (reversal reaction; RR) or type II
(erythema nodosum leprosum; ENL) reactions. Type I reaction occurs in borderline patients
(BT, mid-borderline and BL) whereas ENL only occurs in BL and LL forms.

Reactions are interpreted as a shift in patients’ immunologic status. Chemotherapy,
pregnancy, concurrent infections, and emotional and physical stress have been identified as
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predisposing conditions to reactions [9]. Rarely severe enough to require hospitalization,
both types have been found to cause nerve inflammation (neuritis), representing the primary
cause of irreversible deformities.

Type 1 reaction is characterized by edema and erythema of existing skin lesions, the
formation of new skin lesions, neuritis and additional sensory and motor loss. Edema of the
hands, feet and face can also be a feature of reaction, but systemic symptoms are unusual.
The presence of an inflammatory infiltrate with a predominance of CD4+ T cells,
differentiated macrophages and thickened epidermis has been observed in RR and in the
tuberculoid form.

Type II reaction is characterized by the appearance of tender, erythematous, subcutaneous
nodules located on apparently normal skin, and is frequently accompanied by systemic
symptoms, such as fever, malaise, enlarged lymph nodes, anorexia, weight loss, arthralgia
and edema. Additional organs including the testes, joints, eyes and nerves may also be
affected. Furthermore, a patient may present significant leukocytosis that typically recedes
after the reactional state has subsided. Some reports have confirmed the presence of high
levels of proinflammatory cytokines such as TNF-α, IL-6 and IL-1β in the sera of ENL
patients, suggesting that these pleiotropic inflammatory cytokines may be at least partially
responsible for the clinical manifestations of a type II reaction [10,11].

Treatment of reactions is aimed at controlling the acute inflammation, easing pain and
reversing eye and nerve damage. MDT should be continued during the reactional episodes.
For type 1 reactions, treatment relies on oral steroids. Even though different regimens have
been employed, prednisone can be used at 0.5–1 mg/kg weight daily decreased by 5–10 mg
every 2–4 weeks after demonstration of improvement [8]. However, there is no consensus
about the dose or duration of treatment [12]. One randomized controlled trial demonstrated
that patients treated with a 5 month course of prednisone were less likely to need additional
steroid treatment than those treated with a 3 month course of the drug [12]. Patients with a
type 1 reaction have relatively slow response to therapy and variation of individual
responses [13].

The majority of ENL reactions require immunosuppression. The more severe ones require
high doses of steroids, usually starting with prednisone 60 mg daily [14,15]. The recurrent
nature of the condition means that steroid-induced side effects may become a significant
problem. Thalidomide 300–400 mg daily has a dramatic effect in controlling ENL and
preventing recurrences [16]. Clofazimine and pentoxifylline have both been used in ENL
[16,17], but they are less effective than prednisone or thalidomide [18–20]. Because of the
teratogenic effects of thalidomide, the use of prednisone and clofazimine has been
reinforced by the WHO for treatment of reactions.

Prednisone, one drug with potent anti-inflammatory properties, remains the drug of choice
for treatment of neuritis owing to its ability to reduce nerve edema, exert an
immunosuppressive effect and decrease postinflammatory scar formation, all important for
improving nerve function. Moreover, when detected and treated in time, peripheral
neuropathy may not progress into deformity and may even reverse initial impairments.

Thalidomide, a racemic glutamic acid analog, was first synthesized in Germany in 1954, and
subsequently marketed in Europe, Australia and Canada as a sedative (with less potential for
overdose compared with barbiturates) and antiemetic. Owing to its properties, it was rapidly
used in pregnant women but because of teratogenicity, it was taken off the market in 1961
[21]. After a search for the cause of birth defects, thalidomide was found to inhibit
angiogenesis [22,23] and its mechanism of teratogenicity was recently unraveled [24]. In
this work, cereblon was identified as a thalidomide-binding protein. This protein forms an
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E3 ubiquitin ligase complex with damaged DNA-binding protein 1. Thalidomide binding to
cereblon inhibits the associated ubiquitin ligase activity [24].

The use of thalidomide was approved by the FDA in the USA in 1998 for the treatment of
the cutaneous manifestations of moderate to severe ENL and suppression of the cutaneous
manifestations of ENL recurrences. Several reports have demonstrated thalidomide
effectiveness in treating various inflammatory and dermatological conditions, such as ENL
and graft versus host disease [16,21], and it plays a role in vascular remodeling [21,23].
Adverse events associated with the use of thalidomide, some of which can be dose-related,
include somnolence, peripheral neuropathy, constipation and rash. Some of the described
mechanisms of action of thalidomide involve a decrease of TNF-α, IL-1β and IL-6
production [25,26], and diminished density of TNF-induced cell-surface adhesion molecules
ICAM-1, VCAM-1 and E-selectin on human endothelial cells, it also has antiangiogenic
properties that seem to be independent of their immunomodulatory effects, among others
[21,27]. Treatment of ENL with thalidomide or pentoxifylline also decreased gene
expression at the lesion site [28,29].

Since thalidomide safety has been questioned, several thalidomide analogs, with the same
pharmacological effects and reduced side effects have been developed [27,30,31]. Potential
efficacy of the drug and its analogs has been observed in human trials for relapse/refractory
multiple myeloma, leukemia, glioma, metastatic melanoma, pancreatic and prostate cancer
[21,27,32]. However, whether they can be used to treat ENL with the same efficacy when
compared with thalidomide still needs to be determined.

Epidemiology
Over the last 20 years, the WHO has implemented an intense and coordinated worldwide
MDT program to treat leprosy. MDT, which cures the infection, has led to the understanding
that leprosy can be effectively treated before disability develops [2]. Since 1985, more than
14 million individuals have received MDT [201].

The MDT program has reduced the prevalence of M. leprae infection to less than one case
per 10,000 in 90% of the endemic countries where leprosy was considered to be a public
health problem [201]. Despite achievements reached with MDT, new case detection rates
are still high [33, 201]. Altogether, 244,796 new cases of leprosy were detected during 2009
and the registered prevalence at the beginning of 2010 was 211,903 [202]. Among new
cases, 55% are multibacillary patients and 9% occur in children. India and Brazil account for
54% and 15%, respectively. Among highly populated countries, Brazil, Nepal and Timor-
Leste have not eliminated leprosy [202]. In adults, the lepromatous type of leprosy is more
common in men than in women after puberty, with a male to female ratio of 2:1. In children,
the tuberculoid form predominates, and no sex preference exists. The occurrence of disease
in children reflects disease transmission in the community and efficiency of the control
programs [34].

In 2009, the global leprosy program established a sentinel surveillance network to monitor
drug resistance although the proportion of resistant bacteria is small. Data have been
systematically collected in six endemic countries: Brazil, China, Colombia, India, Myanmar
and Vietnam. Accordingly, relapse rates following MDT are acceptably low (≤10%); they
vary from 0 to 2.5% in PB leprosy and 0–7.7% in MB patients. The higher rates are
observed in patients with the higher bacterial load at pretreatment (BI > 4) [35,203].

There has been concern that co-infection with HIV might exacerbate the pathogenesis of
leprosy lesions and/or lead to increased susceptibility to leprosy as it is seen with
tuberculosis. However, to date, HIV infection has not been reported to increase
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susceptibility to leprosy, impact on immune response to M. leprae or to have a significant
effect on the pathogenesis of neural or skin lesions [36,37]. By contrast, initiation of
antiretroviral treatment has been reported to be associated with activation of subclinical M.
leprae infection and exacerbation of existing leprosy lesions (type 1 reaction) likely as part
of immune reconstitution inflammatory syndrome [38–40].

Genomics of mycobacteria
Many mycobacteria are ubiquitously found in soil and water, can be isolated from the
environment and are termed nontuberculous mycobacteria, whereas a few members (M.
leprae, Mycobacterium tuberculosis (MTB), M. ulcerans) are major human and animal
pathogens. Since the discovery of M. leprae by Armauer Hansen (1873) and MTB by Robert
Koch (1883), approximately 130 mycobacterial species have been described [41].
Mycobacteria are known for their notoriously slow growth but among them, they are
subsequently divided into rapid (M. smegmatis, M. abscessus, M. chelonae) and slow
growers (M. avium, M. kansasii), with doubling times between 2 and 6 h, and approximately
24 h for those belonging to the MTB complex. The record of bacterial slow growth is
attained by M. leprae, which doubles approximately every 14 days. Surprisingly, M. leprae
has not yet been successfully cultured in vitro [41,42].

The availability of mycobacterial genomes in the past few years has provided a huge pool of
information and careful analysis continues to provide insights into the biology and virulence
determinants of the major mycobacterial species. The first mycobacterial genome sequenced
was MTB H37Rv (originally isolated in 1905) [43]. The genome of M. leprae has also been
sequenced in totality [44]. Comparison of the M. leprae genome with that of MTB revealed
that the leprosy bacillus underwent extensive reductive evolution resulting in functional loss
of approximately 2000 genes, nearly half of its metabolic functions and absence of entire
metabolic pathways that are functional in MTB. It presents with less than 50% coding
capacity, it consists of 3,268,203 bp genome size (MTB has 4,411,532 bp), 2770 total genes
and 1605 protein-coding sequences (MTB has 3991). A notable feature of the M. leprae
genome is the exceptionally large number of pseudogenes (1115). The remaining M. leprae
genes help to define the minimal gene set necessary for in vivo survival of this
mycobacterial pathogen as well as genes potentially required for infection and pathogenesis
seen in leprosy. Interestingly, M. leprae pseudogenes are highly expressed as RNA and their
expression levels seem to change following macrophage infection [45].

Recently, a newly identified mycobacterium, M. lepromatosis sp, which causes disseminated
leprosy has been described [46,47]; its significance is still not clearly understood.

Work by Monot et al. described 16 single nucleotide polymorphisms, allowing the
classification of subtypes of M. leprae with limited geographic distribution [48]. When
comparing strains from Brazil, Thailand and the USA, little genomic diversity was found,
which suggests that leprosy has arisen from infection with a single clone that has passed
through a recent evolutionary bottleneck. A traceable route to the origin of leprosy is also
proposed [49].

Variable number tandem repeats allow population-based genotyping analysis on clinical
samples of M. leprae, and investigation of transmission and strain variation in different
regions [50,51]. Nevertheless, it has been demonstrated that variable number tandem repeat
profiles may vary among isolates obtained from different lesions in one particular patient
[52].
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Genetic determinants of host response to M. leprae
Many studies have pointed out the genetic predisposition of the host to the development of
diseases such as leprosy and tuberculosis. It is suggested that human genetic factors may
influence the acquisition of leprosy and the clinical course of disease [53]. Single nucleotide
polymorphism-association studies showed a low lymphotoxin-α (LTA)-producing allele as a
major genetic risk factor for early onset leprosy [54]. Other hits found SNPs to be associated
with disease and/or the development of reactions in several genes, such as vitamin D
receptor (VDR), TNF-α, IL-10, IFN-γ, HLA genes and TLR1 [55–58]. On the other hand,
linkage studies have identified polymorphic risk factors in the promoter region shared by
two genes: PARK2, coding for an E3-ubiquitin ligase designated Parkin, and PACRG [59],
This study revealed a new ubiquitin-dependent pathway of immunity to infection with M.
leprae.

A frequently occurring SNP in TLR1 (the 602S allele), which impairs receptor trafficking
and function, has been described and seems to play a protective role in the context of clinical
leprosy [60]. Previous studies has demonstrated that TLR2 mediates the innate immune
recognition of M. leprae [61]. TLR2 polymorphisms are associated with susceptibility to
leprosy and/or leprosy reactions. Bochud et al. demonstrated that the TLR2 microsatellite
polymorphism as well as a TLR2 SNP (597C→T) both influenced susceptibility to RR [62].
No associations were demonstrated with occurrence of neuritis or ENL and the observations
are consistent among three different ethnic groups. These data suggest that TLR2 is
differentially involved in the clinical manifestations of leprosy. Since TLR2 requires TLR1
or TLR6 as co-receptors, mutations in the TLR1 or TLR6 genes may have a stronger effect
on susceptibility to leprosy or leprosy type.

Several polymorphisms located near the 3′UTR of the VDR gene (BsmI, ApaI and TaqI) are
related to the stability or transcriptional activity of VDR mRNA, whereas a polymorphism
located in the translation initiation codon (FokI) gives rise to a three-amino acid difference
in the VDR length that affects protein function [63–64]. The TaqI polymorphism was
associated with clinical subtypes of leprosy in one study conducted in Calcutta, India [65].
In this work the TT genotype was associated with the tuberculoid leprosy form characterized
by a strong cellular response but not with resistance to leprosy per se, which was associated
with heterozygosity for VDR genotype. However, Sapkota et al. have described
inconclusive results about the relevance of VDR-FokI gene polymorphism in the
development of a RR [66]. The authors did not find association between VDR-TaqI and
specific subtypes of leprosy. Controversies over the VDR acting as a susceptibility factor in
Mycobacterium sp. infections may be the result of incorrect population stratification [67].
Therefore, differences in ethnic backgrounds of the study population, sample size, other
aspects of study design, or altered virulence of M. leprae in different geographic locations
should be considered. Sapkota et al. discussed the possibility that the effect of TaqI
polymorphism might be related to its close linked loci (including ApaI or BsmI) [66] which
contribute variably to disease phenotype across populations.

Recently, the first genome-wide association study for leprosy demonstrated a significant
association between polymorphisms found in seven genes and susceptibility to disease [68].
The association between SNPs in CCDC122, C13orf31, NOD2, TNFSF15, HLA-DR, LRRK2
and RIPK2 were stronger for MB leprosy. One attractive mechanism pointed out in the study
links the NOD2-mediated signaling pathway to susceptibility to infection with M. leprae.
One additional study from Berrington et al. also suggests that NOD2 genetic variants are
associated with susceptibility to leprosy and the development of reactions (RR and ENL)
[69].
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Early diagnostics & prophylaxis
Proximity to leprosy patients is an important determinant of transmission [1,70]. The
relative risk for leprosy disease in household contacts is 8–10 for lepromatous disease and
2–4 for the tuberculoid forms. As leprosy prevalence falls in a community, the relative
importance of household transmission increases; this association might justify prophylactic
therapy in family or other close contacts of leprosy patients.

The true incidence of leprosy is difficult to assess and the rate of infection with M. leprae in
a community cannot be measured, by contrast with MTB, for which the annual rate of
infectivity is estimated from surveys following the use of tuberculin skin test (TST or
purified protein derivative [PPD]) reactivity.

Immunological tests have been used as complementary tools in disease diagnosis. The
lepromin skin test is useful to assess the ability to mount a granulomatous response
following injection of killed M. leprae and reading is performed after 28 days. BT and TT
patients show a positive response (> 5 mm) whereas LL typically has no response.

Another test evaluates antibody response against the phenolic glycolipid-1 (PGL-1) of M.
leprae. Even though serologic tests alone cannot provide a definitive diagnosis, it is helpful
to aid in patient classification when the results are considered together with clinical
information. Anti-PGL-1 antibodies (if detected by ELISA or through the dipstick assay)
have been used in several studies showing that leprosy patients at the lepromatous end of the
spectrum form large amounts of antibodies (seropositivity 80–100%), while patients at the
tuberculoid end show specific immunoglobulin at much lower levels (30–60%) [71–73]. The
use of a new M. leprae serum lateral flow test was easier to manage and results correlated
the concentration of anti-PGL-1 in patients’ peripheral blood with their bacillary load [74].
It may be used to classify patients as MB or PB and in the monitoring of treatment efficacy
[73,74]. This test can be also used for diagnostic procedures to identify bacterial burden in
healthy individuals from endemic areas and in household contacts of leprosy patients [75].

Another diagnostic tool relies on sensitive PCR assays that detect highly conserved M.
leprae-specific genes in biological samples targeting the 16S rRNA or the complex 85 genes
[76,77]. The assay has been applied to support monitoring disease status in leprosy patients
or in those who present with nerve damage in the absence of skin lesions [78].

Evaluation of the cell-mediated immune response based on IFN-γ release assays have been
used to identify M. leprae-specific antigens able to discriminate asymptomatic disease and/
or early stage of infection in endemic countries. It has been demonstrated that M. leprae
peptides discriminate contacts and patients from healthy controls better [79,80]. However,
they induce low levels of IFN-γ compared with proteins, especially if evaluated by whole
blood assays [81]. Peptides that provide specific responses in leprosy patients from an
endemic setting could potentially be developed into a rapid diagnostic test for the early
detection of M. leprae infection and epidemiological surveys of the incidence of leprosy, of
which little is known. One of the hurdles hampering T-cell-based diagnostic tests is that M.
leprae antigens cross-react at the T-cell level with antigens present in other mycobacteria,
such as MTB or M. bovis BCG.

One additional challenging topic refers to strategies to be applied and how to proceed when
potentially infected contacts are identified. Immunoprophylaxis with BCG is routinely given
to infants and there is good evidence that this affords some protection against leprosy [82].
In Brazil, BCG vaccination of leprosy contacts is a routine procedure mandated by the
Leprosy Control Program. One recent study showed a good protective effect (50–80%) of
the vaccine against development of the lepromatous forms of leprosy [83]. Revaccination
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with BCG in the general population or immunization in contacts of known leprosy [84] has
been tried in a research setting to look for any further protective effect. Importantly, meta-
analyses of BCG protection against leprosy indicate that the current vaccine could impact on
leprosy control, mainly as a two-dose vaccination [82,85].

On the other hand, chemoprophylaxis has been employed as a mechanism to interrupt the
chain of transmission and early stages of infection. Single-dose rifampicin was shown to
have some protective effect [86]. It was also observed that protection from BCG given in
infancy was additional to protection gained from rifampicin chemoprophylaxis [87]. Since
both interventions are known to have a preventive effect, it may be expected that such
approaches, the combined effect of chemoprophylaxis with single dose rifampicin and
immunoprophylaxis with BCG, in contacts of new cases of leprosy may be complimentary,
and even long-lasting. This type of research needs to be further encouraged.

Immunology of reactional episodes
Reversal reaction appears to be a naturally occurring delayed-type hypersensitivity response
to M. leprae. Clinically, it is characterized by ‘upgrading’ of the clinical picture towards the
tuberculoid pole, including a reduction in bacillary load. Immunologically, it is
characterized by the development of strong skin test reactivity as well as lymphocyte
responsiveness and a predominant Th1 response [88,89]. RR episodes have been associated
with the infiltration of IFN-γ and TNF-secreting CD4+ lymphocytes in skin lesions and
nerves, resulting in edema and painful inflammation [90,91]. As a result of this T-cell
response, diagnostic assays have been proposed to predict higher risk patients for type 1 or
type 2 reaction. Some immunologic markers were described suggesting CXCL10 as a
potential tool for discriminating RR [92].

More recently, Massone et al. have demonstrated no difference in FoxP3 expression
between unreactional patients whereas a significant increase in FoxP3 staining was observed
in RR patients compared with ENL and patients with nonreactional leprosy, implying a role
for regulatory T cells in RR [93].

As for ENL, even though pathogenesis is thought to be related to the deposition of immune
complexes [94], evidence indicating that cell-mediated immunity plays a role in ENL is
unclear. An enhanced pattern of immune response has been detected in leprosy patients
during the reactional episodes concomitant with increased levels of TNF-α, IL-1β and IFN-γ
and other cytokines in type I and II reactions [95–97]. In addition, C-reactive protein,
amyloid A protein and α-1 antitrypsin have all been reported to be elevated in ENL patients’
sera [98]. Nevertheless, despite the data accumulated so far, the critical mechanisms that
initiate either type of reaction have not been clearly determined.

Neutrophils constitute a common finding in lesions from patients undergoing type II
reaction or ENL. A massive infiltrate of polymorphonuclear cells (PMN) in the lesions is
only observed during ENL and some patients present with high numbers of neutrophils in
the blood as well. One pioneering study from our group [99] demonstrated that neutrophils
obtained from patients with type II reaction presented accelerated ex vivo apoptosis
compared with cells from nonreactional lepromatous patients or normal donors. Moreover,
following stimulation with lipopolysaccharide, lipoarabinomannan or M. leprae, PMNs were
able to secrete IL-8 and TNF-α; cytokine production by PMNs was inhibited by thalidomide,
an effective drug for treatment of ENL [99]. Thus, neutrophils may contribute to the bulk of
TNF production that is associated with tissue damage in leprosy. More recently, microarray
analysis demonstrated that the mechanism of neutrophil recruitment in ENL involves the
enhanced expression of E-selectin and IL-1β, likely leading to neutrophil adhesion to
endothelial cells [100]; again, an effect of thalidomide on PMN function was observed since
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this drug inhibited the neutrophil recruitment pathway. Altogether, the data highlight some
of the possible mechanisms for thalidomide’s efficacy in treating type 2 reaction.

TNF-α may augment the immune response towards the elimination of the pathogen and/or
mediate the pathologic manifestations of the disease. TNF-α can be induced following
stimulation of cells with total, or components of, M. leprae, namely lipoarabinomannan (the
mycobacteria ‘lipopolysaccharide’-like component) a potent TNF inducer [101]. In addition,
mycolyl arabinogalactan–peptidoglycan complex of Mycobacterium species, the protein–
peptidoglycan complex and muramyl dipeptide all elicit significant TNF-α release [101].

Mycobacterium leprae induces apoptosis in monocytes and SCs [102,103]. In addition, it
was also demonstrated that proteasome function is important for M. leprae-induced
apoptosis [104], and that thalidomide and pentoxifylline can prevent cell death and induction
of proapoptotic genes by the mycobacteria [99,102]. Induction of apoptosis in SCs was
validated following the observation of apoptotic SCs in the lesions of leprosy patients [105].
On the other hand, murine macrophages infected with live M. leprae demonstrated little
apoptosis, while higher rates of cell death was observed when macrophages were infected
with dead mycobacteria [106]. Differences in host sensitivity regarding the outcome of
infection may reflect the divergence of results. In human cells and tissue, the production of
inflammatory cytokines and induction of apoptosis induced by M. leprae can contribute to
lower mycobacteria viability at the lesion site, and/or it can contribute to increase tissue and
nerve damage.

M. leprae & SC interaction
Schwann cells are a major target for infection by M. leprae leading to injury of the nerve,
demyelination and consequent disability. The molecular basis of these interactions has just
started to be unraveled. In vitro – cultures of nervous tissue – and in vivo experiments –
animal models – have confirmed the M. leprae tropism for peripheral nerves. Binding of M.
leprae to SCs induces demyelination and loss of axonal conductance [107]. Using Rag-1−/−

mice, which lack B and T lymphocytes, it was demonstrated that M. leprae attachment to the
SC surface is sufficient to cause demyelination in peripheral nerves. Conversion of SC from
the myelinated to nonmyelinated phenotype is directly related to an increased proliferative
capacity [107].

ST88–14 is a scwhannoma SC line immortalized by Yan and colleagues [108]. Over the last
decade, the cell line has been used by researchers as a model for M. leprae/SC interaction.

Accumulated studies have suggested cell surface molecules are involved in M. leprae
adhesion to the SC surface. It has been shown that M. leprae can invade SCs by a specific
laminin-binding protein of 21 kDa [109] in addition to PGL-1 [110]. PGL-1, a major unique
glycoconjugate on the M. leprae surface, binds laminin-2, which explains the predilection of
the bacterium for peripheral nerves [110]. In conjunction, data have been validated with the
use of co-culture axon-SCs in experimental models, the use of the human SC line and of
human primary SCs.

The identification of the M. leprae-targeted SC receptor, dystroglycan (DG), suggests a role
for this molecule in early nerve degeneration [111]. α-DG is a component of the DG
complex involved in the pathogenesis of muscular dystrophies. M. leprae specifically binds
to α-DG only in the presence of the G domain of the α2 chain of laminin-2 [111,112]. Thus,
M. leprae may use linkage between the extracellular matrix and cytoskeleton through
laminin-2 and α-DG for its interaction with SCs [112,113].
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Mycobacterium leprae-induced demyelination is a result of direct bacterial ligation to
neuregulin receptor, ErbB2 and Erk1/2 activation, and subsequent MAP kinase signaling
and proliferation [114]. M. leprae-induces activation of ErbB2 receptor tyrosine kinase
(RTK) signaling without ErbB2–ErbB3 heterodimerization, a previously unknown
mechanism that bypasses the neuregulin–ErbB3-mediated ErbB2 phosphorylation [114].
MEK-dependent Erk1 and Erk2 signaling is identified as a downstream target of M. leprae-
induced ErbB2 activation that mediates demyelination.

One more recent study suggests a biological role for 9-O-acetyl GD3 in the infection of SCs
with M. leprae [115]. 9-O-acetyl GD3 ganglioside is an acetylated glycolipid present in the
cell membrane of many types of vertebrate cells and seems to play an important role in the
development, differentiation and regeneration of the nervous system [115].

Additional mechanisms that contribute to damage to the peripheral nerve have been
investigated. SC ST88–14 and staining of SCs at the lesion skin site demonstrated the
expression of Toll-like receptors (TLRs) on SCs [105]. TLRs can therefore be activated by
M. leprae lipoproteins and, consequently, lead to apoptosis and cytokine release [105].

Matrix metalloproteinases (MMPs) mediate demyelination and breakdown of the blood–
nerve barrier in peripheral neuropathies. MMPs and tissue inhibitor of metalloproteinase 1
gene expression and secretion were studied in SCs stimulated with M. leprae and TNF-α,
and in nerve biopsies [116,117]. M. leprae induced upregulation of MMP-2 and MMP-9 and
increased secretion of these enzymes in cultured ST88–14 cells. M. leprae, through the
induction of TNF-α, induces NF-κB-dependent transcription in human SCs, a phenomena
that is inhibited by thalidomide [118].

To investigate potential mechanisms of nerve injury in leprosy, studies on ninjurin 1, an
adhesion molecule involved in nerve regeneration in leprosy were performed [119]. It was
demonstrated that M. leprae stimulates in vitro upregulation of ninjurin mRNA in cultured
SCs and blood cells from leprosy patients. mRNA and protein expression were also detected
in leprosy nerve biopsies. A polymorphism (asp110ala) was investigated in a case–control
study and no association was found with leprosy. SNP ala110 was also associated with nerve
functional impairment (NFI) and with lower mRNA levels.

Mechanisms of M. leprae uptake & nonresponsiveness in leprosy
Macrophages are one of the most abundant host cells to come in contact with mycobacteria.
Pathogenic mycobacteria have adopted various strategies to invade their hosts, but the exact
mechanism of internalization of the bacteria by phagocytic cells is unknown. Phagocytosis
of M. leprae by monocyte-derived macrophages can be mediated by complement receptors
CR1 (CD35), CR3 (CD11b/CD18) and CR4 (CD11c/CD18) [120] and is regulated by
protein kinase [121].

One additional component that is involved in early interactions between human innate
immune cells and a variety of pathogens is dendritic cell-specific ICAM-3 grabbing non-
integrin (DC-SIGN). DC-SIGN (CD209) is a C-type lectin expressed by immature myeloid
dendritic cells found in blood and tissue, by some populations of macrophages, and has been
associated with Th2 responses [122]. It can mediate entry of HIV into the cells and acts as a
receptor for a range of pathogens, including MTB, Ebola virus and others [123,124]. DC-
SIGN binds MTB and M. bovis BCG via the mycobacterial cell wall component
mannosecapped lipoarabinomannan (ManLAM).

Nonresponsiveness towards M. leprae seems to correlate with a Th2 cytokine profile.
Previously, a more predominant expression of DC-SIGN-positive cells was noted in LL

Pinheiro et al. Page 10

Future Microbiol. Author manuscript; available in PMC 2011 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



lesions and of CD1b+ cells in tuberculoid leprosy [125]. Work from our group and others
showed that DC-SIGN can act as an entry receptor for M. leprae, as it does for MTB,
through the cell wall component lipoarabinomannan [126,127]. Moreover, abundant DC-
SIGN expression was found in LL but not BT leprosy. DC-SIGN was expressed on virtually
all M. leprae-containing cells, providing further evidence for its role as a receptor.

More recently, expression of DC-SIGN on SCs as described co-localizing with the SC
marker, 2′, 3′-cyclic nucleotide 3′-phospho diesterase (CNPase), detected in the peripheral
nerve in skin biopsies [128]. CD209 was upregulated on SC by IL-4 but not IFN-γ, and
facilitated M. leprae binding. The above mentioned data indicate that CD209 provides a
common mechanism by which macrophages and SCs bind to M. leprae.

The antigen-specific T-cell anergy observed in lepromatous patients is not fully understood
but it is known that lepromatous patients are capable of responding to antigens other than M.
leprae [129,130]. Many hypotheses have been raised and have been the focus of intense
research.

CD1-restricted T-cell subsets that appear to recognize only mycobacterial lipids and
glycolipids were implied to play a role in nonresponsiveness in leprosy [131]. Another study
performed by Agrewala et al. suggested an involvement of defective co-receptor signaling
[132]. The work demonstrated that downregulation of B7–1 and CD28 in BL/LL are
probably responsible for the defective T-cell response induced by M. leprae antigens. In
addition, the immune events that characterize the innate response during M. leprae infection
are not completely understood.

TLR2–TLR1 heterodimers seem to mediate cell activation by killing M. leprae. Synthetic
lipopeptides representing the 19 kDa and 33 kDa lipoproteins of M. leprae activated both
monocytes and dendritic cells. TLR activation by M. leprae peptides triggered the
production of proinflammatory cytokines including TNF-α and IL-12, which instruct the
adaptive Th1 cytokine response [133]. Additional studies demonstrated that the M. leprae 33
kDa lipoprotein and M. leprae major membrane protein II, also a lipoprotein, when
triggering TLR2 responses, required the acyl functions and the polypeptide region for
optimal activity [134]. Accordingly, it has been demonstrated that TLR2 and TLR1 were
expressed more in lesions from tuberculoid patients compared with lepromatous patients
[133]. It was also observed that TLR2/1 ligation, triggered by mycobacterial 19 kDa
lipopeptide may drive the high level of DC-SIGN expression as seen in LL, possibly via
induction of IL-15 [125].

It was reported that in vitro, M. leprae plays an active role in controlling the release of
cytokines from monocytes by producing both positive and negative regulatory signals via
multiple signaling pathways involving PI3K, NF-κB and caspase 1 [135]. Downregulation
of macrophage function seems to be a feature of the pathogenic mechanisms induced by the
mycobacteria. Similarly in SCs, M. leprae infection is related to modulation of host kinases
[136].

Previous data reported the defective activation of M. leprae-burdened macrophages to be
reversible by indomethacin, and a similar block in IFN-γ activation was observed in normal
macrophages treated with PGE2 [137]. Macrophages from lepromatous leprosy, but not from
healthy controls or tuberculoid patients, when in the presence of M. leprae, released high
level of PGE2. Corroborating these results, Misra et al. demonstrated that monocytes from
lepromatous but not tuberculoid leprosy patients released soluble factors containing IL-10
and PGE2, which inhibited M. leprae-induced in vitro lymphocyte proliferation [138].
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Several studies have demonstrated the involvement of the enzyme indoleamine 2, 3-
dioxygenase (IDO) as a mediator of suppression of T-cell response, indicating further that
biochemical changes due to the catabolism of tryptophan may affect the proliferation of
these cells. IDO is an IFN-γ-induced enzyme [139–141]. Other cytokines, such as TNF-α
and IL-10 are able to induce IDO, although with less efficiency than IFN-γ [142]. The role
of IDO as an immunoregulator in leprosy is under investigation

In the absence of an appropriate experimental model to study leprosy, the human leprosy
lesion has been used for decades in an attempt to unravel the complex clinical presentation
of the disease. Of the innate immune cytokines known to regulate macrophage function,
tuberculoid lesions express IL15, whereas lepromatous lesions are characterized by the
expression of IL-10 [143], prompting the comparison of the IL-15- and IL-10-induced
macrophage differentiation. IL-10 induced the phagocytic pathway, whereas IL-15 induced
the vitamin D-dependent antimicrobial pathway, yet cells were less phagocytic.

One recent work demonstrated that macrophage programs for phagocytosis and
antimicrobial responses are distinct and differentially regulated in leprosy [144]. Following
phagocytosis, it is clear that a variety of antimicrobial mechanisms are at play to kill
pathogens, including the generation of nitric oxide and superoxide radicals, and in humans,
the vitamin D-dependent induction of antimicrobial peptides, including cathelicidin [143].
There is evidence that the vitamin D antimicrobial pathway may contribute to the outcome
in leprosy. Analysis of gene expression profiles in leprosy lesions indicates that genes
encoding for key components of the vitamin D antimicrobial pathway were differentially
expressed in tuberculoid lesions compared with lepromatous ones [144].

Mycobacterial infection of macrophages also triggers the induction and accumulation of
host-derived oxidized phospholipids, as observed in both the disseminated leprosy lesions
and in vitro [145]. Oxidized phospholipids impaired host innate immune responses to
mycobacterial infection, including TLR-induced cytokine and antimicrobial responses. The
ability of mycobacteria to promote lipid body formation appears to be dependent on TLR2
signaling and peroxisome proliferator-activated receptor γ activation [146].

Future perspective
Several studies have pointed out the molecular and biochemical mechanisms involved in
immunosuppression observed during leprosy. In addition, the molecular pathways involved
during the reactional episodes have been described by several authors. Since macrophages
are the principal mycobacteria host cell, knowledge of the mediators of suppression and/or
activation (Figure 1) are important for the development of more effective strategies against
the disease.

The knowledge accumulated so far suggests that innate immune cells are responsible for
determining the polar forms in leprosy. Host factors, which regulate immune responses and
signaling pathways, may determine the type of disease. In addition, keratinocytes, cytokines
and the epidermis have been shown to play a role in the tissue pattern observed in leprosy
and in leprosy reactional lesions [147,148].

In that sense, the ability to isolate ex vivo macrophages from skin biopsies is of note [149].
The feasibility of obtaining cells from leprosy lesions and keeping them in long-term culture
has been demonstrated [149,150]. These procedures may open new pathways to study the
interaction between M. leprae and human macrophages.
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Executive summary

Epidemiology & clinical issues

• Leprosy or Hansen’s disease is primarily a neurological and dermatological
disease caused by Mycobacterium leprae with an incubation period that ranges
from 3 to 10 years. 244,796 new cases were detected during 2009 and
prevalence was 211,903.

• Leprosy is the leading cause of nontraumatic peripheral neuropathy worldwide.
Development of neuropathy is the result of M. leprae infection of Schwann cells
(SCs), which leads to demyelination and axonal degeneration, frequently
leading to deformities.

• The disease is for the most part curable; multidrug therapy lasts for 1 year for
multibacillary lepromatous patients and 6 months for the paucibacillary forms.

Host genetic factors

• The first genome-wide association study for leprosy demonstrated significant
association of polymorphisms in seven genes with susceptibility to disease. One
attractive mechanism pointed to the NOD2-mediated signaling pathway as a
relevant pathway for pathogenesis.

Reactional episodes & treatment

• During the chronic course of leprosy, reactions (erythema nodosum leprosum
and reversal reaction) are acute inflammatory conditions that lead to
exacerbation of disease and neuritis.

• The multibacillary forms of leprosy correlate to T-cell anergy toward the M.
leprae. Reactions may be explained by enhanced immune response and
production of cytokines.

• Treatment for reactions uses mainly steroids and/or thalidomide; other drugs
that show some clinical effect are pentoxifylline and clofazimine.

• Early treatment is crucial for preventing nerve damage and the progression of
peripheral neuropathy into deformity.

Mechanism of nerve injury

• Leprosy is one of the most common causes of nontraumatic neuropathy; one
ultimate consequence if not properly prevented is nerve injury, which represents
a major source of patient morbidity.

• Schwann cells are a major target for infection by M. leprae leading to injury of
the nerve, demyelination and consequent disability; conversion from the
myelinated to nonmyelinated phenotype in SC is related with increased
proliferation.

• M. leprae can invade SCs by a specific laminin-binding protein of 21 kDa in
addition to phenolic glycolipid-1.

• M. leprae and SCs interact through linkage between the extracellular matrix and
cytoskeleton, through laminin-2 and α-dystroglycan, respectively.

Prophylaxis

• Household contacts are at higher risk for developing the disease, mainly among
contacts of newly identified multibacillary patients.
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• One major challenge is to identify tools able to discriminate asymptomatic
disease and/or early stage of infection.

• Immunological tests, serological test (detection of anti-phenolic glycolipid-1
antibodies) and IFN-γ release assays, have been applied to define among
household contacts those who are at risk of developing leprosy.

• BCG vaccination of leprosy contacts may afford some protection against
leprosy; single-dose rifampicin has also been shown to have some protective
effect.
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Figure 1. Lepromatous macrophages have increased expression and activity of IDO that is
probably induced by mycobacterial components of cytokines such as TNF or IFN-γ
Increased IL-10 and PGE2 levels were observed in LL macrophages. LL macrophages also
present increased expression of the scavenger receptor CD163 and oxidized phospholipids,
which is related to PPAR-γ induction by the mycobacteria. By contrast, in tuberculoid
macrophages the decrease in IDO expression was probably due to increased nitric oxide and
other reactive radicals, which may contribute to the control of bacillary load. IDO:
Indoleamine-pyrrole 2,3-dioxygenase; LL: Lepromatous leprosy; NO: Nitric oxide; OxPL:
Oxidized phospholipid; PGE2: Prostaglandin E2.
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