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Abstract

:

Leprosy disease remains an important public health issue as it is still endemic in several countries. Mycobacterium leprae, the causative agent of leprosy, presents tropism for cells of the reticuloendothelial and peripheral nervous system. Current multidrug therapy consists of clofazimine, dapsone and rifampicin. Despite significant improvements in leprosy treatment, in most programs, successful completion of the therapy is still sub-optimal. Drug resistance has emerged in some countries. This review discusses the status of leprosy disease worldwide, providing information regarding infectious agents, clinical manifestations, diagnosis, actual treatment and future perspectives and strategies on targets for an efficient targeted delivery therapy.
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1. Introduction


Hansen’s disease or leprosy is a non-fatal old disease caused by a bacterium that affects a significant portion of the world population [1,2]. Nowadays, it is one the principal causes of non-traumatic peripheral neuropathy on a global scale [3]. In spite the advances in the political, social, and economic status of developing countries, leprosy is still endemic in many regions, mainly in South East Asia and the Americas [4].



Worldwide, between 2005 and 2014 the number of new cases (about 200,000) was stable [5], thus, in a decade, leprosy continue to be highly prevalent in many regions. In 2019, 13 countries reported more than a 1000 new cases, representing about 95% of all reported new leprosy cases [5]. Brazil, India and Indonesia, disclosed the higher levels of new cases with more than 10,000 new reports representing about 79% of new leprosy cases on a global scale [5]. New approaches have been presented to overcome the stagnation in leprosy control, going from better political commitment, reduction of patient disabilities, to the inclusion of leprosy patients [5].



1.1. Ethiologic Agent, the Mycobacterium leprae


The Mycobacterium leprae (M. leprae) belongs to the order Actinomycetales from the Mycobacteriaceae family. This bacterium is an acid-fast obligate intracellular bacillus that appears as pleomorphic rods 1 to 8 µm long and 0.3 µm large [6,7]. M. leprae replicates by binary diffusion [6,8], in about 12–13 days at 27 to 30 °C [6]. It is a Gram-positive bacteria but can be differentially stained, appearing acid-fast in the Ziehl-Neelsen stain or in the Fite’s acid fast stain [8]. M. leprae cannot be grown in vitro, which can be related to its long doubling time (14 days) [7]. The bacteria has been successfully established in vivo by inoculation into the footpad of female Swiss mice, contributing to the development of new antibiotic therapies and the study of drug resistance [7].



In spite of the high infective rate of M. leprae, the disease progression is slow due to the long incubation period of the bacteria [9]. This intracellular pathogen infects preferentially the skin, nasal mucosa and peripheral nerves, exhibiting tropism for reticuloendothelial and peripheral nervous system cells, particularly Schwann cells (SCs) and macrophages [6,10]. Upon entry to the cells, M. leprae reorganize in aggregates called globi [9]. M. leprae targets SCs by the attachment to laminin-α2 and adhesins and to peripheral nerve surface cell receptors (α-dystroglycan and ErbB2) [1,3]. Upon internalization by the SCs, the bacteria triggers the differentiation into immature cells, suitable for its proliferation [1]. As previously mentioned, M. leprae replicates slowly and after its recognition by T cells, initiates a chronic inflammatory reaction [6]. Figure 1 illustrates the interaction between M. leprae and laminin-α2 glycoprotein in SCs. Demyelination and disability mediated by loss of axonal conductance are the consequences of M. leprae SC infection [3,6,9].



Apart of the SCs, M. leprae can successfully survive inside macrophages [11]. It is well-known that mycobacteria, in general, have developed the ability to block the fusion between maturated phagosome with the lysosome in macrophages, which is essential for pathogen destruction, antigen processing and presentation for effective recognition by the adaptive immune system [10]. It has been demonstrated that M. leprae uses a mechanism similar to other mycobacteria to avoid this fusion in which a host protein, namely tryptophan aspartate-containing coat protein (TACO, also known as CORO1A or coronin-1), lead the phagosome to escape immune system detection [10,11]. Therefore, CORO1A has been considered an essential host protein that allows the intracellular survival of mycobacteria [10,11].



Likewise, lipid metabolism has been proven to have a crucial role in the survival of M. leprae bacilli in the hostile intracellular environment of macrophage or SCs [10]. In fact, skin lesions of severe clinical disease manifestations are characterized by heavily containing infected macrophages (also known as Virchow cells) [12]. These cells present a typically “foamy” appearance, which is in part derived from a classical lipid-droplet marker, called adipose differentiation-related protein, highly positive for infected dermal lesions cells [12,13]. Observation of these cells shows that M. leprae resides and replicates within enlarged host-derived lipid accumulation in phagosomes, confirming the importance of lipid metabolism during infection [13,14].



M. leprae also suppresses lipid degradation through inhibition of specific lipase expression, resulting in lipid accumulation in the infected macrophages [13,14]. Among these lipids, the cholesterol has been shown to be an essential carbon source for the lipid biosynthesis of M. leprae as well as in other mycobacteria. A recent study has demonstrated that cholesterol accumulates in infected macrophages by M. leprae, suggesting that the bacilli may be able to dysregulate host cell cholesterol homeostasis by increasing the uptake of native LDL-cholesterol [13].




1.2. Classification of Leprosy


Clinical prognosis is the basis for leprosy classification and it helps to distinguish the cases with higher infectiveness [15]. Pathophysiological data is also gathered by the clinical determination of leprosy subtype [15]. The most applied system of classification was established in the 1960s by Ridley and Jopling. A detailed system based on the histology observation of the disease defines five types, from the least to the most severe: tuberculoid (TT), borderline tuberculoid (BT), borderline borderline (BB), borderline lepromatous (BL) and lepromatous (LL) [1]. Between lepromatous and tuberculoid leprosy lies the borderline leprosy, an intermediate manifestation. This leprosy type can be characterized in BT, BB and BL according to patients with clinical, immunological, bacteriological or histological outcomes [15].



In the tuberculoid leprosy few or single small lesions with well-defined and elevated borders (papules and plaques) are found, which may be hyposensitive or anesthetic, and sometimes can be infiltrated [2,7]. Within the damaged tissue, rare acid-fast bacilli are present [8], and when untreated, form copper colored papules or nodules known as leproma. Around the lesion often occurs nerve damage also associated with sensory and/or motor impairment [7].



The transition between TT and LL cases, designated by borderline leprosy depending on the number of clinical signs [2,7]. Usually, asymmetrical and hypoesthetic lesions with peripheral macules or infiltration of the skin are observed [7]. Variability of the lesions is common and the histopathological observation of skin smears may be negative or positive [2]. The BB type is defined by the presence of several non-anesthetic annular lesions with typical infiltrated plaques having an apparent normal skin in the center and a well-defined inner edge [2,7]. BL is characterized by the disseminated presence and symmetric lesions, bilateral and non-anesthetic lepromas and annular lesions [2,7]. The elevated number of the lesion is due to the reduced immunologic resistance [2].



A strong inability for an immunologic reaction against M. leprae results in lepromatous leprosy. Patients skin, in particular in the face, earlobes, fingers and toes, present a high number of bilateral and symmetrical, not anesthetic leproma (20 to 100) [6,7]. A large number of bacilli can be found in the dermis [8]. Leprosy manifestations may also occur in the eyes, nose, bones, testis, spleen, liver and adrenals, leading to systemic repercussions and more severe disability [2,6].



In 1982, the WHO recommended a simple therapeutical scheme among the several leprosy types. A new classification for leprosy emerged based on visible symptoms and in the presence or absence of bacilli in slit-skin smears from cooler regions of the body where bacilli proliferate [1,16]. Initially, the treatments schemes were assigned on the basis of the Ridley-Jopling classification, categorizing TT and BT cases of leprosy as being paucibacillary (PB), while BB, BL and LL types were considered multibacillary (MB). In a paucibacillary type, patients present 1 to 5 skin patches and no apparent bacilli in slit-skin smears, while multibacillary condition is defined for more than 5 skin patches and bacilli visible by a microscopic analyses of skin smears. When is not possible to perform slit-skin smears, the criterion for diagnosis is the number of visible lesions [1,16].



Leprosy classifications based on the immune response, clinical manifestation and treatment are illustrated in Figure 2.



WHO also implemented another categorization to assess the efficacy of the public health program according to the disability-grading system. This classification has been used as an epidemiological indicator where disability can be defined as any change that may compromise the proper functioning of the body. Disability may be at biological, personal (psychological aspects), environmental or societal (context and participation) levels, experienced by an individual affected by a disease or a special health condition [17,18]. This classification establishes Grade 0 as no impairment, Grade 1 as loss of sensation in the hand, eyes or foot and Grade 2 as visible impairment [17,18].




1.3. Diagnosis of Leprosy


The determination of the differential diagnosis demands high levels of expertise and experience in the analysis of the clinical manifestations [19]. Adequate classification of the disease is a crucial step in the success of control programs and treatment scheme standardization [20]. Currently, the diagnosis of leprosy relies on detailed clinical manifestations upon physical examination, and skin biopsy and/or a smear [6,19].



For WHO, the diagnosis of leprosy is based on the presence of cardinal signs, when an individual who has not completed a cycle of treatment has one or more signs: hypopigmented (or erythematous) anesthetic skin lesion; or thickened peripheral nerve or positive skin smear or bacilli observed in a biopsy [6,16].



The first diagnosis assessment of leprosy relies on the patient’s medical history, especially if the individual is coming from, or has recently visited, an endemic country. Second, hypoesthesia skin lesions are indicative of leprosy since there is no other dermatological state associated with sensory disorders [21]. The clinical diagnosis should be confirmed with microbiological and pathological analyses. A microbiological diagnosis is made with samples of skin lesions (smear tests and biopsies). In the microscopic analyses, the samples are stained with the technique Ziehl-Neelsen and the bacterial intensity (BI) determined, which gives information about the gravity of infection and the therapeutic outcome, and is determined after assessing 100 visual fields [22].



Molecular techniques are also applied to complement leprosy diagnosis through a rapid molecular assay using a real-time polymerase chain reaction (RT-PCR) to identify and quantify M. leprae DNA in tissue samples [6]. RT-PCR sensitivity is almost 100% for patients presenting positive BI, however, it drops significantly in patients with negative BI [23].



Despite the consolidation of diagnostic and treatment guidelines, the immune responses observed during leprosy are occasionally used to complement clinical diagnosis [24]. Several groups have searched for specific antigens able to detect M. leprae infection and confirm the diagnosis, namely the phenolic glycolipid-I (PGL-I) [25] and the leprosy IDRI diagnostic-1 (LID-1) [26], ND-O–LID [27] and antigen 85B (Ag85B; ML2028) [28].



Although advances have been made in the search for novel antigens to detect leprosy, the reactivity of these antigens is high only in MB patients. Strategies such as biotin–streptavidin signal amplification [29] and alternative techniques to exhibit the antigen more efficiently to the patient’s antibodies are under investigation and could overcome these limitations [30].





2. Leprosy Treatment Approaches


2.1. Conventional Treatment


The past century has witnessed a significant evolution in the leprosy therapy. From the initial strategies based on potassium iodide, arsenic, antimony, copper, sera, vaccines, aniline dyes, thymol, strychnine, baths, X-rays, radium and electrical current [6] to the chaulmoogra oil, a hallmark of therapy in the early 20th century [6]. Promin was the first sulfone drug included to treat leprosy, in the 1940s [31,32]. Then, dapsone monotherapy was implemented with bacilli extinction completed in 3 to 6 months, and complete clinical regression generally occurred within 2 to 3 years [1,33]. However, patients had to maintain the long therapy to prevent the development of resistance [1]. To address this important issue, the WHO, in 1982, introduced a multidrug therapeutic scheme (MDT) with clofazimine (CLZ), dapsone (DAP) and rifampicin, as first line drugs. Patients with PB leprosy, were prescribed a monthly dosage of rifampicin under supervision, and a daily dosage of DAP (non-supervised). For MB patients, the scheme included a monthly supervised intake of rifampicin and CLZ, besides the daily administration of DAP and CLZ without supervision [16]. With this MDT strategy, the course of disease in leprosy patients changed and now it contributes to limiting M. leprae dissemination [31].



For MB leprosy, in all patients presenting LL, BL and BB leprosy, according to the Ridley-Jopling system, the treatment should take up to 12 months, while for PB patients (exhibiting TT, and BT leprosy forms), 6 months are recommended [6,33]. The current time of therapy was revised and initially, the duration of treatment with MDT took 24 months or until smear negativity. This extensive period of treatment led to a significant decrease in patient compliance, resistance and relapse, compared to DAP monotherapy [33]. Since 1995, WHO implemented monthly calendar blister packs, free to all endemic countries, containing the combination of drugs for each type of leprosy [16]. The distribution of the MDT cocktail is made under supervision [31]. Figure 3 represents the current therapy for PB and MB in adult and child patients provided by WHO.



Ofloxacin, minocycline and clarithromycin are alternative agents against M. leprae used as second-line drugs in humans but not included in the WHO regimen [1,34]. Yet, a recent study concluded that there is no better treatment scheme than the implemented by the WHO [35]. Efforts to find new combinations of these drugs have been pursued to (i) overcome drug resistance, (ii) shorten therapy duration and (iii) improve the therapeutic efficacy [34].



The fluoroquinolone, ofloxacin (4-fluoroquinolone) is a fluorinated carboxy-quinolone able to act against M. leprae through the inhibition of DNA gyrase, DNA replication and transcription [6,8]. It represents an important option in leprosy treatment, particularly for patients with intolerance, resistance or clinical failure to primary therapy [6]. Among the tetracycline group of antibiotics, minocycline is the only one to show significant activity against M. leprae, probably due to its lipophilic properties that enhances cell wall penetration. DAP, minocycline and rifampicin combination have an additive activity towards M. leprae [36]. Significant antimicrobial activity was described for clarithromycin, a semisynthetic macrolide [8,36]. However, severe gastrointestinal side-effects associated with clarithromycin were sufficient to exclude the use of this drug in the clinical setting [8,36].




2.2. Issues and Challenges of Leprosy Treatment


The global incidence of leprosy is still high and long-term complications are often observed in patients [1]. Besides, the MDT confers a microbiological cure but is not sufficient to prevent nerve damage and sequelae associated with leprosy reactions [37]. Note that the statistics commonly do not capture the disability and dysfunction that remain after treatment [1].



Although MDT is the current strategy for leprosy treatment, several drug-resistance cases have been reported worldwide. DAP drug resistance was proved in 1964 with the development of mouse footpad technique for culturing M. leprae [23]. Rifampicin and ofloxacin drug resistance were reported in 1976 [38] and 1996 [39], respectively. In addition, a strain of M. leprae resistant to both DAP and rifampicin was reported in 1993 [40]. CLZ has been used for leprosy treatment for over four decades; however, only a few cases of drug resistance were reported [41]. Furthermore, resistance to minocycline and other antibiotics effective against M. leprae strain such as clarithromycin has not been reported [42].



The appearance of antimicrobial resistance (AMR) in leprosy cannot be disregarded [5]. A uniform multidrug therapy (U-MDT) regimen will allow a shorter period of treatment without supervision for daily drugs (DAP and CLZ) that may lead to AMR [43]. Moreover, knowing the severity of drug resistance, the key for maintaining the effectiveness of MDT is to avoid the spread of drug-resistant strains [42]. Until recently, the mouse footpad model was the only method to investigate M. leprae resistance. This method is tedious, not applicable for many samples, time-consuming (6 to 12 months to obtain results), expensive and requires highly skilled technicians. For these reasons, this method is inapplicable for routine use in a surveillance program [44].



The publication of the M. leprae genome [45], as well as the understanding of genomic basis of DAP, rifampicin and ofloxacin drug resistance has enabled the identification of a mutation in a drug resistance-determining region (DRDR) through molecular techniques [42]. Due to the lack of information about resistance rates since the introduction of MDT, the WHO Global Leprosy Program established a surveillance laboratory network able to perform molecular detection of resistance in leprosy [46]. The network program in 2008 started with six countries, where M. leprae is endemic, and in which 19 countries currently participate. The main objective was monitoring rifampicin resistance, the second and third objectives were to investigate DAP and ofloxacin resistance, respectively.



The first survey on AMR in leprosy from the main endemic countries over a period of seven years was published in 2018 [47]. Rifampicin resistant cases were present in relapses and new cases at a low rate in all continents and WHO regions. They stated that the 8% of resistance rate represents a low threat to MDT treatment but should serve as a baseline for future surveillance studies.



In fact, an AMR surveillance program is present as a central area in the Global Leprosy Strategy 2016–2020: accelerating towards a leprosy-free world [4] and a guide on surveillance of AMR in leprosy was released by WHO [42]. Treatment of leprosy requires further research involving improvement of drug delivery and patient compliance, and effective methods for monitoring drug resistance [37,48]. Efforts to find more antimicrobial agents alone or combined are ongoing to define new future leprosy treatment schemes [33], but so far few novel drugs have shown promising results [6].




2.3. Uniform-Multidrug Therapy Regimen


The classification systems established for treatment recommendations has been revealed to be efficient, yet often PB patients are overestimated and MB underestimated, which compromises the adopted regimen [42]. Patient low compliance with long-term treatments in MB-diagnosed patients jeopardizes the therapy success. Among the efforts to uniformize MDT [49], WHO has defined a strategy to eradicate leprosy by 2020 [4]. Based on evidence, the MB treatment regimen was shortened to six months. The inclusion of CLZ in the PB scheme improved the clinical outcome with the disappearance of skin lesions and granulomas [44,49]. So, the uniform treatment regimen for PB- and MB-diagnosed patients evolved into a single regimen for both forms of the disease, the U-MDT, to simplify leprosy control being accessible to primary health care units [4,42]. Ongoing studies will support the revision of current guidelines with a new edition issued by WHO [4].



MB cases present about 61% of the global leprosy patients. The new annually reported cases worldwide are almost all of an MB type [5]. In addition, an important indicator of the management efficiency is the treatment completion rate [5]. Adjustments on treatment duration and therapeutic agents in the U-MDT aim to improve a global approach to reducing disease burden. Proper administration of daily drugs (CLZ and DAP) and patient compliance in MB cases is essential for the efficacy of the treatment.



The keystone of leprosy therapy is DAP (4,4′-diamino-diphenylsulfone) a sulfone drug, synthetized in 1908 [21,50]. At first, DAP antibacterial activity was not observed [50], only in 1945 was it adopted in the leprosy treatment as monotherapy. However, resistance estimated at 2–10%, has become a problem [6]. DAP is an aromatic amine, with a sulfur atom linking two carbon atoms in its structure, which is crucial for drugs pharmacological activity and toxicity (Figure 4A) [51]. This sulfone is a very weak Lewis base with no readily dissociable hydrogen ion [51] and low water solubility (0.16 mg mL−1) being classified as a class II drug (poor solubility and high permeability) according the Biopharmaceutics Classification System [52].



DAP acts as an antimicrobial and anti-inflammatory agent feature common in non-steroidal anti-inflammatory drugs [53]. The antibacterial activity is due to the competitive inhibition of dihydrofolate synthetase, an enzyme involved in the folate biosynthesis pathway in M. leprae [6,53,54,55]. Upon oral intake, DAP is absorbed into the gastrointestinal tract (GIT) exhibiting a bioavailability of ca. 80%. Pharmacokinetic parameters show a half-life time between 24 to 30 h, and a serum peak concentration within 2 to 8 h [50,56]. Biodistribution assessment reveals DAP presence throughout the organism, including its ability to cross blood–brain and placenta barriers [56]. After absorption, this sulfone undergoes enterohepatic circulation and suffers liver metabolization resulting in products of N-acetyltransferase and cytochrome P-450 enzymes, namely monoacetyl-dapsone and dapsone hydroxylamine, respectively [50,56]. Excretion occurs in urine as an unchanged drug (ca. 20%) and as water-soluble metabolites (70–85%), and in feces [56].



DAP-associated side effects include digestive problems (e.g., nausea, vomiting and stomatitis), hepatitis, cholestatic jaundice, cutaneous photosensitivity reactions and psychosis [57]. Other adverse effects designated as sulfone syndrome occur due to DAP metabolites (hydroxylamine and other hydroxylated metabolites) and usually involve fever, malaise, jaundice, exfoliative dermatitis or morbilliform rash, hepatic dysfunction, lymphadenopathy, methemoglobinemia, hemolysis, agranulocytosis and hemolytic anemia [32,50,57].



Monotherapy of leprosy has led to an increase in DAP-resistant cases, in the 1960s and 1970s [54], and to overcome this situation other antibacterial agents (CLZ and rifampicin) were included in the leprosy therapy [34]. Resistance may occur upon a mutation in the M. leprae folp gene that encodes the dihydropteroate synthase (DHPS) enzyme, which is involved in folate synthesis [6,55].



Clofazimine was initially synthesized as an anti-tuberculosis drug in 1954 [58]. Later, in 1969, it was introduced in the treatment of leprosy [59]. This rhimophenazine acts as an antimicrobial and anti-inflammatory agent, which are both important properties for an efficient leprosy treatment [60]. Key features of this molecule include the phenazine nucleus with an alkylimino and phenyl substituent, which is essential for antimicrobial activity (Figure 4B) [60].



Several studies have been focused on unveiling CLZ mechanism of action. The antimicrobial activity may be associated with the disruption of membrane structure and function [60] or with the increase of phospholipase A2 activity and consequently the release of enzymatic hydrolysis products toxic to M. leprae [61]. Evidence has revealed clusters of CLZ and respiratory modulators, suggesting that it may affect electron transport and thus inhibit bacterial cell growth [59].



CLZ is a basic drug of deep red to orange color with three amine groups, protonated and charged at acidic pH and physiological conditions. The color and solubility varies with pH environment, leading often to drug precipitation in vivo, along the GIT [62,63]. CLZ physicochemical properties are governed by very low solubility in water and high lipophilicity (log P > 7), conditions prone to its bioaccumulation as intracellular biocrystals [64]. Oral absorption in humans varies between 45% to 60%, according to the presence or absence of food along with the drug intake. Pharmacokinetics parameters reveal a peak plasma concentration after 8 to 12 h [60]. Upon absorption, CLZ accumulates in lipid-rich tissues, at the reticuloendothelial system and in breasts, liver and intestines [65]. Research reports the ability of CLZ to form complexes with intracellular membranes, precipitating as crystal aggregates [63,64]. Renal and liver excretion is slow, given the drug’s high lipophilicity, usually with an elimination half-life of 70 days [65,66]. Small amounts of CLZ were found in the placenta and in the brain [60]. The described side effects depend on the dosage and affects the skin, eyes and the GIT. Some are reversible upon cessation of therapy, such as the reddish-brown discoloration of the skin and conjunctiva [31,60]. In the GIT, the adverse effects are mild to moderate (abdominal/epigastric pain, nausea, diarrhea, vomiting, gastrointestinal intolerance), or, less frequently, severe (splenic infarction, bowel obstruction, bleeding) [60]. These CLZ-associated toxic effects may be related to patients’ treatment noncompliance [67].




2.4. The role of Drug Delivery Strategies in Leprosy Treatment


MDT has been proven as an efficient therapeutic scheme since 1982, and has been fully accepted worldwide for leprosy treatment, as demonstrated by the decline of global disease prevalence [68]. However, it presents several issues as many adverse effects, and treatment is excessively long leading to a low patient compliance [48]. In addition, along the several years adopting the MDT, M. leprae drug-resistance has emerged in some countries [44]. So, there is an increasing need for new therapeutic agents and targets that may help to improve the efficacy of leprosy treatment.



The physicochemical characteristics of DAP and CLZ, in particular the poor-water solubility, hamper their therapeutic potential [69]. The success of MDT depends on DAP and CLZ daily dosages, which often exhibit slow dissolution in the GIT, limiting oral bioavailability [70]. Thus, often changes in the administered dosages are needed to reach the therapeutic range, and consequently may worsen toxic side effects [71]. Strategies based on drug delivery systems address the drawbacks related to poorly water-soluble drugs by application of surfactant and lipids, co-solvents, nanocarriers, cyclodextrins and amorphous solid dispersions, among others [71]. A literature review focused on research published for leprosy therapy with DAP and CLZ in different drug delivery systems is summarized in Table 1 and Table 2, respectively.



The most convenient route for drug administration is the oral route since it assures higher patient compliance in relation to the other routes. Few delivery systems designed for oral delivery of DAP are found in the literature (Table 1). A nanometric-sized drug delivery system such as liposomes, polymeric or lipid nanoparticles, usually consists of at least two substances including the active compound. Solid lipid nanoparticles were functionalized with mannose to target intestinal M-cells as a strategy to increase internalization of the DAP by the infected macrophages [72]. The optimized nanoparticles with 300 nm were stably stored and exhibited a pH-sensitive DAP release profile, with a faster drug release at acidic pH than at a neutral pH. Data evidences a promising nanocarrier for treating leprosy with an innovative approach to target DAP directly to M-cells. Targeted intestinal delivery can be accomplished using pH-sensitive polymeric nanoparticles. The enteric pH-dependent copolymer Eudragit® L100 is soluble at pH 6 and was applied to deliver DAP orally [73]. DAP in vitro release from the Eudragit® L100 nanoparticles exhibited the nanoparticles’ pH sensitivity and the safe sulfone deliver in an intestinal environment. The pH-sensitive polymeric nanoparticles showed increased permeation in intestinal cell models compared to the drug solution, thus demonstrating its potential as a therapeutic delivery system for oral regimen in leprosy cases. Smart pH-sensitive hydrogels can also be used to produce oral formulations. Chaves and colleagues have designed chitosan-based hydrogels for DAP oral delivery [74]. High concentrations of the drug were incorporated in the hydrogels (about 8 mg per 28 mg of formulation) and exhibited a controlled drug release under gastro-intestinal conditions. pH-responsive DAP-containing hydrogels represent a new approach for the oral therapy of leprosy.



Oral bioavailability of poorly soluble drugs can be improved using nanoemulsions that enhance drug solubilization, increasing the interface between the lipophilic droplet and the intestinal lumen aqueous medium [81,82]. Monteiro and co-workers developed nanoemulsions with DAP to compare the permeability of formulations with different compositions, namely surfactants and co-solvents, in intestinal cell cultures. The authors observed an increased dissolution rate of the formulations in biological fluid compared to a vehicle-free drug dispersion [75].



Approaches to improve DAP solubility also include macromolecular systems. Solid dispersions are systems in which the drug is molecularly dispersed in a matrix, which promotes increased interactions between the drug and the aqueous medium, facilitating its solubilization [73]. Polymeric solid dispersions obtained with polyvinylpyrrolidone and DAP using the lyophilization technique, evidenced the presence of the drug in its amorphous state with consequent solubility increase [53]. Cyclodextrins are cyclic oligosaccharides with a hydrophilic exterior and hydrophobic interior [83]. This structural feature allows the application of cyclodextrin as solubilizing agents causing hydrophobic drugs to be encapsulated through the formation of a drug-cyclodextrin inclusion complex [83]. Grebogi and co-workers investigated the interactions between DAP and hydroxypropyl-b-cyclodextrin (HPβCD) and β-cyclodextrins (βCD) in the presence and absence of soluble polymers, aiming to increase drug solubility and consequent bioavailability. It was demonstrated that the most stable inclusion complex was obtained with HPβCD, which provided a greater increase in DAP solubility [84].



Human skin provides a unique delivery pathway for therapeutic and other active agents. The main advantages of skin drug delivery include minimal invasiveness or non-invasiveness of an application and improved drug pharmacokinetics and drug targeting. In transdermal drug delivery systems, ethosomal gels present considerable interest due to their good water-solubility and biocompatibility. DAP was incorporated within ethosomes together with an antibiotic cloxacillin sodium, aiming to deliver these drugs to the targeted site more efficiently than marketed gel preparation of DAP, and also to overcome the problems related with the antibiotics’ oral administration [79]. Ethosomal carriers were produced with ethanol (30–40%), cholesterol and soy lecithin and are incorporated in the gel matrix of carbopol, isopropyl myristate and PEG400. The in vitro permeation study confirmed the uniform and sustained permeation of drugs via ethosomal gel. Thus, ethosomal gel of DAP and cloxacillin sodium represent a treatment option for leprosy without any systemic side effect and could also enhance the recovery rate of the skin barrier.



Solid lipid nanoparticles were designed by Kanwar and co-workers, based in the lactonic sophorolipid coated with nonionic polymeric surfactant Pluronics by the solvent injection method for administration of anti-leprosy drugs, rifampicin and DAP [78]. Despite the high drug release rate, the released DAP remained in the therapeutic concentration window for topical administration. Nanoemulsions were developed by Borges and colleagues for topical application of DAP. The use of permeation enhancers in the formulation promoted an increase in the in vitro permeation profile of DAP in the epidermis, which demonstrated the ability of nanoemulsions to overcome the skin barrier [79].



A theoretical study using boron nitride fullerene with a magnetic cluster able to adsorb DAP describes a nano-vehicle candidate for drug delivery [80]. The polarity of the nanocomposites offers the possibility of improving the condition of solubility and of achieving drug dispersion for biological applications. An in silico investigation about covalent and non-covalent interactions between organic molecules and low-dimensional nanomaterials provide useful information for an efficient design of delivery systems.



Lipid nanoparticles are among the strategies commonly applied to improve poorly water-soluble drugs for oral delivery (Table 2). In particular, solid lipid nanoparticles represent the most promising delivery systems to improve the oral bioavailability of hydrophobic drugs. Chaves and colleagues produced solid lipid nanoparticles based on Precirol ATO 5 and Tween 80 using the hot homogenization-ultrasonication method [84]. In vitro cytotoxicity studies revealed that gastric and intestinal cells tolerate more CLZ when loaded in the SLNs than when free in solution. The optimized nanoparticles represent a promising platform for oral CLZ delivery. Formulation of CLZ loaded into polymeric nanoparticles of poly(lactic-co-glycolic acid) (PLGA), through a Plackett–Burman design, exhibited an in vitro slow release profile of CLZ [85]. A sustainable release of CLZ is an essential to overcome its recrystallization at the intestinal lumen and within the cells. In fact, CLZ loaded in the polymeric nanoparticles could permeate Caco-2 monolayers substantially at the end of 8 h. Delivery of CLZ using PLGA nanoparticles decreased drug intrinsic toxicity, with improved intestinal permeation.
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Table 2. Clofazimine drug delivery systems for leprosy therapy.
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	Type of Delivery System
	Composition
	Major Outcome
	Ref





	Oral Administration
	
	
	



	Solid lipid nanoparticles
	Precirol ATO 5

Tween 80
	gastric and intestinal cells tolerate more CLZ when loaded in the nanoparticles than free in solution
	[84]



	Polymeric nanoparticles
	PLGA
	nanoparticles decreased drug intrinsic toxicity, with improved intestinal permeation
	[85]



	Transdermal administration
	
	
	



	Liposomes
	Phosphatidylcholine

Cholesterol

HPMC (matrix to deliver liposomes)
	liposomal gels were found to be stable at room temperature for up to 3 months
	[86]



	Other applications
	
	
	



	Solid dispersions
	Hypromellose phthalate

Hypromellose

vinylpyrrolidone-vinyl acetate
	elucidation of a possible structural model of the drug–polymer complex
	[87]



	Solid dispersions
	Hypromellose phthalate

Hypromellose

vinylpyrrolidone-vinyl acetate
	contribution to a rational selection of appropriate polymeric carriers
	[88]








The entrapment of CLZ in a liposomal delivery system for topical application can protect it from absorption into the blood circulation and increase its residence time within the skin. Thus, it may reduce the long mean period of leprosy treatment, as well as the side effects. Patel and Misra produced liposomes composed with phosphatidyl choline and cholesterol and then incorporated them into hydroxypropylmethylcellulose gels for skin delivery of CLZ [86]. Production was optimized in terms of proportion of the composition and methods (vortexing and sonication). The CLZ liposomal gels were found to be stable at room temperature for up to 3 months.



Strong associations between drug and polymeric carriers are expected to contribute to higher drug loading capacities and better physical stability of amorphous solid dispersions. Nie and colleagues produced several amorphous solid dispersions of CLZ with different polymers (e.g., hypromellose phthalate, hypromellose and vinylpyrrolidone-vinyl acetate) by applying the solvent evaporation method [87]. Physicochemical characterization methods elucidate a possible structural model of the drug–polymer complex, as the protonated CLZ bound to the carboxylate group of hypromellose phthalate as an ion pair. Further investigation of these drug–polymer interactions successfully correlated ssNMR findings with quantum chemistry calculations [88]. The high-resolution structural information on CLZ–hypromellose phthalate complex can be useful for the rational selection of appropriate polymeric carriers. The application mesoporous silica nanoparticles to deliver poorly soluble drugs to the sites of diseases is increasing. Chen and co-workers applied a method with acetophenone, an FDA-approved food additive as the chaperone for CLZ. Acetophenone enabled a high amount of CLZ cargo into the mesoporous silica nanoparticles and also allowed effective drug release when in a biorelevant condition [89]. As described, there are very few studies aiming to deliver CLZ for leprosy disease treatment. Nevertheless, CLZ has been successful in treating incidences of multidrug-resistant tuberculosis and is listed as a WHO-recommended second-line drug [90]. For tuberculosis treatment purposes, CLZ has been studied in alternatively administration routes as pulmonary [91,92,93,94], topical [88,95] or other nano-based DDS, alone or in association with other drugs [96,97].



Although DAP and CLZ have been proven to be effective against M. leprae, the current drug therapy is threatening to become obsolete. In a general manner, drugs used to treat infectious diseases commonly present limitations as poor physical, chemical, biological and pharmacokinetic properties, as DAP and CLZ, followed by a high risk of acquiring resistance. Co-delivery of multiple anti-infectious agents in a single nano-based system is beginning to show significant advantages over monotherapy, such as synergism, enhanced anti-microbial activity, broad anti-microbial spectrum, reduced resistance development and improved and cost-effective treatment [98]. Until now, only one work has been reported aiming to co-delivery DAP and CLZ simultaneously, although it was intended for tuberculosis and not for leprosy. In 2017, Li and co-workers aimed to develop PLGA nanoparticles with DAP and CLZ through the emulsion solvent evaporation method. The authors found 73 ± 5% and 69 ± 3% of DAP and CLZ entrapment, respectively, and tested its in vitro cytotoxicity on peritoneal mice macrophages, and in vivo efficacy against Mycobacterium tuberculosis was studied in an acute model of tuberculosis infection with Sprague-Dawley rats. The results showed that in vitro therapeutic doses of DAP and CLZ were found to be safe to use following the intravenous route of administration. Co-delivery of DAP and CLZ loaded in PLGA nanoparticles offered an effective means of introducing safe drug delivery systemically with enhanced in vivo efficacy against an H37Rv strain of Mycobacterium tuberculosis [98].



Another study performed by Chaves and co-workers evaluated the feasibility of drug nanosystems in combination with oral therapy of MB leprosy. DAP and CLZ were incorporated within two polymeric delivery systems, DAP in Eudragit L100 nanoparticles, while CLZ was loaded in PLGA nanoparticles. The permeation of both systems alone and in association were evaluated across a Caco-2 monolayer. It was observed that DAP and CLZ in the nanosystems per se or in NPs-DAP/NPs-CLZ combination crossed the intestinal barrier and there were no significant differences between the single nanosystems or in combination. Although the obtained results seem promising for future drug association for oral delivery of DAP and CLZ, it cannot be considered a co-delivery as the drugs were tested from a different DDS [99].



Despite the efforts engaged in to increase drug aqueous solubility, illustrated by the several types of delivery systems reported in the literature, there is still a gap regarding the efficiency of these systems in eliminating M. leprae. The lack of in vitro and in vivo studies relies on the limitation in cultivation of M. leprae. Few animal models exist for the study of M. leprae pathogenesis in vivo, largely because the ≥37 °C core temperature of traditional rodent models prevents the survival of the mycobacterium. In vitro models that allowed the analysis of host–pathogen interactions inside granulomas have been reported [100]. Wang and collaborators described an in vitro model of M. leprae granuloma. Monocytes-derived macrophages were infected in a 24 well-tissue culture plate with M. leprae [101]. Regarding in vivo models, M. leprae is propagated for research use in the athymic mouse footpad, even though more recently the models using armadillos have been proposed as they may develop neurological disease and form granulomas in response to M. leprae [102,103]. More recently, a zebrafish model was proposed in which M. leprae growth was shown to be a facile genetically tractable model for leprosy and revealed the interplay between innate and adaptive immune determinants mediating leprosy granuloma formation and function [104].



Aside from the advances in the development of in vivo/in vivo models, none of the drug delivery systems found in the literature with DAP or CLZ had their efficacy tested. This fact discloses the lack of standardization and the limitations of drug development for leprosy.




2.5. Targeting Drug Delivery—A Future Perspective


The use of drug delivery systems loaded with different antibiotic drugs coated with specific ligands of host-cell receptors has been extensively explored for many drug-resistant microorganisms. Biomarkers involved in the physiopathology of the infection by M. leprae have been identified and are listed in Table 3 as potential targets for effective delivery of antibiotic agents.



In the case of leprosy disease, M. leprae can invade the SCs by an interaction between phenolic glycolipid-I (PGL-I), glycoconjugate present on the M. leprae surface and the laminin-binding protein of 21 kDa present on the surface of SCs, laminin-α2 [20]. Once attached, M. leprae activates SCs-receptor, dystroglycan (DG), causing early nerve degeneration, a major concern in leprosy [108]. Other important receptors present in the SCs surface are the ErB2 and ErK ½ and both are responsible for the M. leprae-induced demyelination by MAP kinase [105]. Therefore, this SCs-receptor could be a potential pharmacological target for new antileprotic agents. On the other hand, the knowledge of specific receptors of SCs may represent a key-point for targeted therapies using different drug delivery platforms.



A remarkable aspect of M. leprae infection is lipid homeostasis and studies have indicated that it plays an important role in host–pathogen interactions [108]. Cholesterol is one of the host lipid molecules that accumulate in M. leprae-infected host cells [107]. Indeed, M. leprae is able to induce an imbalance in the complex host cells homeostatic mechanism that tightly regulates cholesterol levels, leading to the formation of “foamy cells”, seen also in tuberculosis [108]. Moreover, and no less important, this cholesterol accumulation suggests a strategy that guarantees bacterium survival as well as a nutrition source [106]. The cellular uptake of native or modified LDL from circulation is a receptor-mediated endocytosis process via LDL-R and scavenger receptors (SRA-1, SRB-2, LRP-1). In fact, the most used pathway for removal of cholesterol from the circulation is the LDL-R [107]. During infection, M. leprae induces an overexpression of the abovementioned receptors, suggesting that the increased uptake of LDL may also respond to the accumulation of cholesterol in the M. leprae-infected macrophage cells [107]. It was demonstrated that in these “foamy” appearance cells, adipose differentiation-related protein (ADRP), a classical lipid droplet (LD) receptor, is highly expressed, indicating that the foamy form is derived from the LD accumulation [106]. All these findings support the idea that lipid modulation has pathophysiological consequences for bacterial persistence in infected cells. In turn, this knowledge instigates the search of novel targets for pharmacological drugs that could control M. leprae infection by acting either directly or indirectly on the host cell metabolic pathways that are critical for bacterial survival.



Toll-like receptors 2 and 6 (TLR-2 and TLR-6) are essential for M. leprae-induced LD biogenesis. Moreover, evidence suggests that LD constitutes intracellular sites for eicosanoid synthesis (e.g., PGE2) [106]. Thus, elevated levels of macrophage-generated PGE2 induced by M. leprae could act as down regulating the immune response and bactericidal activity [106]. Therefore, TLR-2 and TLR-6 may play a critical role in leprosy pathogenesis by facilitating bacterial persistence in host cells and they have the potential to become targets for novel therapeutic strategies.





3. Conclusions


Unfortunately, leprosy disease is still considered an endemic disease in some regions besides WHO efforts to revert this scenario. The MDT represents the most important strategy for this purpose, albeit there is a lack of search in this area, and new drugs or new platforms for drug delivery are scarce. The recommended treatment is commonly unattended, mainly due to the long duration and adverse effects related to the used drugs. In this context, there is a need for a new and deep investigation concerning leprosy disease, considering the physiopathology of the infectious agent and its survival into host cells, which may support the development of new antileprotic agents specific to infected cells. With these future advances, the design of delivery systems coated with specific ligands towards specific targeting of antileprotic agents will help to improve patient compliance with lower and friendly dosages avoiding severe side-effects and will therefore contribute to improve leprosy therapy towards its elimination.







Author Contributions


Conceptualization, L.L.C.; validation, S.A.C.L. and S.R.; resources, J.L.S.-S. and S.R.; writing—original draft preparation, L.L.C., Y.P., A.C.C.V.; writing—review and editing, S.A.C.L. and S.R.; project administration, S.R.; funding acquisition, S.A.C.L. All authors have read and agreed to the published version of the manuscript.




Funding


This research was partially supported through from PT national funds provided by FCT—Foundation for Science and Technology through COMPETE POCI-01-0145-FEDER-030834 and National Funds (FCT) through project PTDC/QUI-COL/30834/2017.




Acknowledgments


The authors thank Coordenação de Aperfeiçoamento de Pessoal de Nível Superior—CAPEs and Conselho Nacional de Desenvolvimento Científico e Tecnológico—CNPq. SCL thanks funding from FCT/MEC (CEECIND/01620/2017) financed by national funds. To all financing sources, the authors are greatly indebted.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



White, C.; Franco-Paredes, C. Leprosy in the 21st Century. Clin. Microbiol. Rev. 2015, 28, 80–94. [Google Scholar] [CrossRef] [PubMed]

	



Virmond, M.D.C.L.; Grzybowski, A.; Virmond, L. Leprosy: A glossary. Clin. Dermatol. 2015, 33, 8–18. [Google Scholar] [CrossRef]

	



Bhat, R.M.; Prakash, C. Leprosy: An Overview of Pathophysiology. Interdiscip. Perspect. Infect. Dis. 2012, 2012, 1–6. [Google Scholar] [CrossRef]

	



Organization WH. Global Leprosy Strategy 2016–2020: Accelerating Towards a Leprosy-Free World: WHO Library Cataloguing-in-Publication Data. 2016. Available online: https://apps.who.int/neglected_diseases/ntddata/leprosy/leprosy.html (accessed on 26 November 2020).

	



Eichelmann, K.; González, S.G.; Salas-Alanis, J.; Ocampo-Candiani, J. Leprosy. An Update: Definition, Pathogenesis, Classification, Diagnosis, and Treatment. Actas Dermo Sifiliográficas 2013, 104, 554–563. [Google Scholar] [CrossRef] [PubMed]

	



Akpolat, N.D.; Akkus, A.; Kaynak, E. An Update on the Epidemiology, Diagnosis and Treatment of Leprosy. Hansen Dis. Forgot. Negl. Dis. 2019, 45, 383–393. [Google Scholar] [CrossRef]

	



Gillis, T.P. Chapter 93–Mycobacterium leprae A2. In Molecular Medical Microbiology, 2nd ed.; Tang, Y.-W., Sussman, M., Liu, D., Poxton, I., Schwartzman, J., Eds.; Academic Press: Boston, MA, USA, 2015; pp. 1655–1668. [Google Scholar]

	



Rambukkana, A. How does Mycobacterium leprae target the peripheral nervous system? Trends Microbiol. 2000, 8, 23–28. [Google Scholar] [CrossRef]

	



Abed, N.; Couvreur, P. Nanocarriers for antibiotics: A promising solution to treat intracellular bacterial infections. Int. J. Antimicrob. Agents 2014, 43, 485–496. [Google Scholar] [CrossRef] [PubMed]

	



Suzuki, K.; Takeshita, F.; Nakata, N.; Ishii, N.; Makino, M. Localization of CORO1A in the Macrophages Containing Mycobacterium leprae. Acta Histochem. ET Cytochem. 2006, 39, 107–112. [Google Scholar] [CrossRef]

	



Mattos, K.A.; Lara, F.A.; Oliveira, V.G.C.; Rodrigues, L.S.; D’Avila, H.; Melo, R.C.N.; Manso, P.P.A.; Sarno, E.N.; Bozza, P.T.; Pessolani, M.C.V. Modulation of lipid droplets by Mycobacterium leprae in Schwann cells: A putative mechanism for host lipid acquisition and bacterial survival in phagosomes. Cell. Microbiol. 2011, 13, 259–273. [Google Scholar] [CrossRef]

	



Mattos, K.A.; Oliveira, V.C.; Berrêdo-Pinho, M.; Amaral, J.J.; Antunes, L.C.M.; Melo, R.C.; Rosa, P.S. Mycobacterium leprae intracellular survival relies on cholesterol accumulation in infected macrophages: A potential target for new drugs for leprosy treatment. Cell. Microbiol. 2014, 16, 797–815. [Google Scholar] [CrossRef]

	



Cruz, D.; Watson, A.D.; Miller, C.S.; Montoya, D.; Ochoa, M.-T.; Sieling, P.A.; Gutierrez, M.A.; Navab, M.; Reddy, S.T.; Witztum, J.L.; et al. Host-derived oxidized phospholipids and HDL regulate innate immunity in human leprosy. J. Clin. Investig. 2008, 118, 2917–2928. [Google Scholar] [CrossRef] [PubMed]

	



Gaschignard, J.; Grant, A.V.; Thu, H.N.; Orlova, M.; Cobat, A.; Huong, N.T.; Ba, N.N.; Thai, V.H.; Abel, L.; Schurr, E.; et al. Pauci and Multibacillary Leprosy: Two Distinct, Genetically Neglected Diseases. PLoS Negl. Trop. Dis. 2016, 10, e0004345. [Google Scholar] [CrossRef] [PubMed]

	



Organization WH. Global Leprosy Programme. 2017. Available online: https://apps.who.int/iris/bitstream/handle/10665/274289/WER9335.pdf?ua=1 (accessed on 16 July 2019).

	



WHO. International Classification of Functioning, Disability And Health (ICF); WHO: Geneva, Switzerland, 2001. [Google Scholar]

	



de Souza, V.; da Silva-Junior, W.; de Jesus, A.M.; Oliveira, D.; Raptis, H.; Freitas, P.H.; Schneiberg, S. Is the WHO disability grading system for leprosy related to the level of functional activity and social participation? Lepr. Rev. 2016, 87, 191–200. [Google Scholar] [CrossRef]

	



Freitas, A.A.; Oliveira, R.M.; Hungria, E.M.; Cardoso, L.P.V.; Sousa, A.L.O.M.; Costa, M.B.; Reed, S.G.; Duthie, M.S.; Stefani, M.M.D.A. Alterations to antigen-specific immune responses before and after multidrug therapy of leprosy. Diagn. Microbiol. Infect. Dis. 2015, 83, 154–161. [Google Scholar] [CrossRef] [PubMed]

	



Moura, R.S.; Penna, G.D.O.; Fujiwara, T.; Pontes, M.A.D.A.; Cruz, R.; Gonçalves, H.D.S.; Penna, M.P.; Cardoso, L.P.V.; Stefani, M.M.A.; Bührer-Sékula, S. Evaluation of a rapid serological test for leprosy classification using human serum albumin as the antigen carrier. J. Immunol. Methods 2014, 412, 35–41. [Google Scholar] [CrossRef]

	



Legendre, D.P.; Muzny, C.A.; Swiatlo, E. Hansen’s Disease (Leprosy): Current and Future Pharmacotherapy and Treatment of Disease-Related Immunologic Reactions. Pharmacother. J. Hum. Pharmacol. Drug Ther. 2012, 32, 27–37. [Google Scholar] [CrossRef]

	



Fischer, M. Leprosy—An overview of clinical features, diagnosis, and treatment. J. Dtsch. Dermatol. Ges. 2017, 15, 801–827. [Google Scholar] [CrossRef]

	



Akash, M.S.H.; Rehman, K.; Chen, S.-Q. Polymeric-based particulate systems for delivery of therapeutic proteins. Pharm. Dev. Technol. 2015, 21, 367–378. [Google Scholar] [CrossRef]

	



Hungria, E.M.; Freitas, A.A.; Pontes, M.A.A.; Gonçalves, H.S.; Sousa, A.L.O.M.; Costa, M.B.; Castilho, M.L.O.R.; Duthie, M.S.; Stefani, M.M.A. Antigen-specific secretion of IFNγ and CXCL10 in whole blood assay detects Mycobacterium leprae infection but does not discriminate asymptomatic infection from symptomatic leprosy. Diagn. Microbiol. Infect. Dis. 2017, 87, 328–334. [Google Scholar] [CrossRef]

	



Hunter, S.W.; Brennan, P.J. A novel phenolic glycolipid from Mycobacterium leprae possibly involved in immunogenicity and pathogenicity. J. Bacteriol. 1981, 147, 728–735. [Google Scholar] [CrossRef]

	



Duthie, M.S.; Goto, W.; Ireton, G.C.; Reece, S.T.; Cardoso, L.P.V.; Martelli, C.M.T.; Stefani, M.M.A.; Nakatani, M.; De Jesus, R.C.; Martins, E.; et al. Use of Protein Antigens for Early Serological Diagnosis of Leprosy. Clin. Vaccine Immunol. 2007, 14, 1400–1408. [Google Scholar] [CrossRef] [PubMed]

	



Duthie, M.S.; Raychaudhuri, R.; Tutterrow, Y.L.; Misquith, A.; Bowman, J.; Casey, A.; Balagon, M.F.; Maghanoy, A.; Beltran-Alzate, J.C.; Romero-Alzate, M.; et al. A rapid ELISA for the diagnosis of MB leprosy based on complementary detection of antibodies against a novel protein-glycolipid conjugate. Diagn. Microbiol. Infect. Dis. 2014, 79, 233–239. [Google Scholar] [CrossRef] [PubMed]

	



Spencer, J.S.; Kim, H.J.; Wheat, W.H.; Chatterjee, D.; Balagon, M.V.; Cellona, R.V.; Tan, E.V.; Gelber, R.; Saunderson, P.; Duthie, M.S.; et al. Analysis of Antibody Responses to Mycobacterium leprae Phenolic Glycolipid I, Lipoarabinomannan, and Recombinant Proteins To Define Disease Subtype-Specific Antigenic Profiles in Leprosy. Clin. Vaccine Immunol. 2010, 18, 260–267. [Google Scholar] [CrossRef] [PubMed]

	



Lin, Z.; Wang, X.; Li, Z.-J.; Ren, S.-Q.; Chen, G.; Ying, X.-T.; Lin, J.-M. Development of a sensitive, rapid, biotin–streptavidin based chemiluminescent enzyme immunoassay for human thyroid stimulating hormone. Talanta 2008, 75, 965–972. [Google Scholar] [CrossRef]

	



Casey, J.L.; Coley, A.M.; Street, G.; Parisi, K.; Devine, P.L.; Foley, M. Peptide Mimotopes Selected from a Random Peptide Library for Diagnosis of Epstein-Barr Virus Infection. J. Clin. Microbiol. 2006, 44, 764–771. [Google Scholar] [CrossRef]

	



Duthie, M.S.; Balagon, M.F. Combination chemoprophylaxis and immunoprophylaxis in reducing the incidence of leprosy. Risk Manag. Heal. Policy 2016, 9, 43–53. [Google Scholar] [CrossRef]

	



Zhu, Y.; Stiller, M.J. Dapsone and sulfones in dermatology: Overview and update. J. Am. Acad. Dermatol. 2001, 45, 420–434. [Google Scholar] [CrossRef]

	



Kar, H.K.; Gupta, R. Treatment of leprosy. Clin. Dermatol. 2015, 33, 55–65. [Google Scholar] [CrossRef]

	



Anusuya, S.; Natarajan, J. The eradication of leprosy: Molecular modeling techniques for novel drug discovery. Expert Opin. Drug Discov. 2013, 8, 1239–1251. [Google Scholar] [CrossRef]

	



Lazo-Porras, M.; Prutski, G.J.; Barrionuevo, P.; Tapia, J.C.; Ugarte-Gil, C.; Ponce, O.J.; Málaga, G. World Health Organization (WHO) Antibiotic Regimen Against Other Regimens for the Treatment of Leprosy: A Systematic Review and Meta-Analysis. BMC Infect. Dis. 2020, 20, 62. [Google Scholar] [CrossRef]

	



Organization WH. WHO Expert Committee on Leprosy: Seventh Report: World Health Organization. 1998. Available online: https://apps.who.int/iris/bitstream/handle/10665/42060/WHO_TRS_874.pdf (accessed on 12 February 2017).

	



Rodrigues, L.C.; Lockwood, D.N. Leprosy now: Epidemiology, progress, challenges, and research gaps. Lancet Infect. Dis. 2011, 11, 464–470. [Google Scholar] [CrossRef]

	



Jacobson, R.; Hastings, R. Rifampicin-resistant leprosy. Lancet 1976. [Google Scholar] [CrossRef]

	



Ji, B.; Perani, E.G.; Petinom, C.; Grosset, J.H. Bactericidal activities of combinations of new drugs against Mycobacterium leprae in nude mice. Antimicrob. Agents Chemother. 1996, 40, 393–399. [Google Scholar] [CrossRef]

	



González, A.; Maestre, J.; Hernández, O.; Columbié, Y.; Atrio, N.; Martín, M.; Rodríguez, J. Survey for secondary dapsone and rifampicin resistance in Cuba. Leprosy Rev. 1993, 64, 128. [Google Scholar] [CrossRef]

	



Wang, H.; Yu, M.; Wu, K.; Pei, B.; Yang, D.; Wang, Q.; Shen, J.; Yan, L.; Zhang, G. Rifampicin-resistant Mycobacterium leprae in an elderly leprosy patient in the People’s Republic of China. Clin. Interv. Aging 2013, 8, 1097–1099. [Google Scholar] [CrossRef]

	



Matsuoka, M. Global surveillance system to monitor the development of drug resistance in Mycobacterium leprae. Res. Rep. Trop. Med. 2015, 6, 75–83. [Google Scholar] [CrossRef]

	



Prasad, P.V.S.; Kaviarasan, P.K. Leprosy therapy, past and present: Can we hope to eliminate it? Indian J. Dermatol. 2010, 55, 316–324. [Google Scholar] [CrossRef] [PubMed]

	



Saunderson, P.R. Drug-resistant M leprae. Clin. Dermatol. 2016, 34, 79–81. [Google Scholar] [CrossRef] [PubMed]

	



Cole, S.T.; Eiglmeier, K.; Parkhill, J.; James, K.D.; Thomson, N.R.; Wheeler, P.R.; Honoré, N.; Garnier, T.; Churcher, C.; Harris, D.; et al. Massive gene decay in the leprosy bacillus. Nat. Cell Biol. 2001, 409, 1007–1011. [Google Scholar] [CrossRef]

	



Organization WH. Guidelines for Global Surveillance of Drug Resistance in Leprosy. India, 2009. Available online: https://apps.who.int/iris/handle/10665/205158 (accessed on 12 February 2017).

	



Cambau, E.; Saunderson, P.; Matsuoka, M.; Cole, S.T.; Kai, M.; Suffys, P.; Rosa, P.S.; Williams, D.; Gupta, U.D.; Lavania, M.; et al. Antimicrobial resistance in leprosy: Results of the first prospective open survey conducted by a WHO surveillance network for the period 2009–15. Clin. Microbiol. Infect. 2018, 24, 1305–1310. [Google Scholar] [CrossRef]

	



Organization WH. A Guide for Surveillance of Antimicrobial Resistance in Leprosy. Delhi, 2017. Available online: https://www.who.int/lep/resources/9789290226192/en/ (accessed on 16 July 2019).

	



Penna, M.L.F.; Bührer-Sékula, S.; Pontes, M.A.D.A.; Cruz, R.; Gonçalves, H.D.S.; Penna, G.O. Primary results of clinical trial for uniform multidrug therapy for leprosy patients in Brazil (U-MDT/CT-BR): Reactions frequency in multibacillary patients. Lepr. Rev. 2012, 83, 308–319. [Google Scholar] [CrossRef] [PubMed]

	



Sener, O.; Doganci, L.; Safali, M.; Besirbellioglu, B.; Bulucu, F.; Pahsa, A. Severe dapsone hypersensitivity syndrome. J. Investig. Allergol. Clin. Immunol. 2006, 16, 268–270. [Google Scholar] [PubMed]

	



Oliveira, F.R.; Pessoa, M.C.; Albuquerque, R.F.V.; Schalcher, T.R.; Monteiro, M.C. Clinical Applications and Methemoglobinemia Induced by Dapsone. J. Braz. Chem. Soc. 2014, 25, 1770–1779. [Google Scholar] [CrossRef]

	



Wozel, G.; Blasum, C. Dapsone in dermatology and beyond. Arch. Dermatol. Res. 2014, 306, 103–124. [Google Scholar] [CrossRef] [PubMed]

	



Matsuoka, M. Drug Resistance in Leprosy. IAL Textb. Lepr. 2017, 63, 573. [Google Scholar] [CrossRef]

	



Chaves, L.L.; Vieira, A.C.C.; Ferreira, D.; Sarmento, B.; Reis, S. Rational and precise development of amorphous polymeric systems with dapsone by response surface methodology. Int. J. Biol. Macromol. 2015, 81, 662–671. [Google Scholar] [CrossRef] [PubMed]

	



Williams, D.L.; Spring, L.; Harris, E.; Roche, P.; Gillis, T.P. Dihydropteroate Synthase of Mycobacterium leprae and Dapsone Resistance. Antimicrob. Agents Chemother. 2000, 44, 1530–1537. [Google Scholar] [CrossRef] [PubMed]

	



Wozel, V.G. Innovative Use of Dapsone. Dermatol. Clin. 2010, 28, 599–610. [Google Scholar] [CrossRef]

	



Coleman, M.D. Dapsone-mediated agranulocytosis: Risks, possible mechanisms and prevention. Toxicology 2001, 162, 53–60. [Google Scholar] [CrossRef]

	



Gopal, M.; Padayatchi, N.; Metcalfe, J.Z.; O’Donnell, M.R. Systematic review of clofazimine for the treatment of drug-resistant tuberculosis [Review article]. Int. J. Tuberc. Lung Dis. 2013, 17, 1001–1007. [Google Scholar] [CrossRef]

	



Mafukidze, A.; Harausz, E.; Furin, J. An update on repurposed medications for the treatment of drug-resistant tuberculosis. Expert Rev. Clin. Pharmacol. 2016, 9, 1331–1340. [Google Scholar] [CrossRef] [PubMed]

	



Cholo, M.C.; Steel, H.C.; Fourie, P.B.; Germishuizen, W.A.; Anderson, R. Clofazimine: Current status and future prospects. J. Antimicrob. Chemother. 2012, 67, 290–298. [Google Scholar] [CrossRef] [PubMed]

	



Szeto, W.; Garcia-Buitrago, M.T.; Abbo, L.; Rosenblatt, J.D.; Moshiree, B.; Morris, M.I. Clofazimine Enteropathy: A Rare and Underrecognized Complication of Mycobacterial Therapy. Open Forum Infect. Dis. 2016, 3, ofw004. [Google Scholar] [CrossRef] [PubMed]

	



Nunes, R.; Silva, C.D.C.; Chaves, L. Tissue-based in vitro and ex vivo models for intestinal permeability studies. In Concepts and Models for Drug Permeability Studies; Elsevier BV: Cambridge, MA, USA, 2016; pp. 203–236. [Google Scholar]

	



Baik, J.; Rosania, G.R. Macrophages Sequester Clofazimine in an Intracellular Liquid Crystal-Like Supramolecular Organization. PLoS ONE 2012, 7, e47494. [Google Scholar] [CrossRef] [PubMed]

	



Yoon, G.S.; Keswani, R.K.; Sud, S.; Rzeczycki, P.M.; Murashov, M.D.; Koehn, T.A.; Standiford, T.J.; Stringer, K.A.; Rosania, G.R. Clofazimine Biocrystal Accumulation in Macrophages Upregulates Interleukin 1 Receptor Antagonist Production To Induce a Systemic Anti-Inflammatory State. Antimicrob. Agents Chemother. 2016, 60, 3470–3479. [Google Scholar] [CrossRef]

	



Arbiser, J.L.; Moschella, S.L. Clofazimine: A review of its medical uses and mechanisms of action. J. Am. Acad. Dermatol. 1995, 32, 241–247. [Google Scholar] [CrossRef]

	



Baik, J.; Stringer, K.A.; Mane, G.; Rosania, G.R. Multiscale Distribution and Bioaccumulation Analysis of Clofazimine Reveals a Massive Immune System-Mediated Xenobiotic Sequestration Response. Antimicrob. Agents Chemother. 2012, 57, 1218–1230. [Google Scholar] [CrossRef]

	



Yoon, G.S.; Sud, S.; Keswani, R.K.; Baik, J.; Standiford, T.J.; Stringer, K.A.; Rosania, G.R. Phagocytosed clofazimine biocrystals can modulate innate immune signaling by inhibiting TNFalpha and boosting IL-1RA secretion. Mol. Pharm. 2015, 12, 2517–2527. [Google Scholar] [CrossRef]

	



Rocha, A.D.S.; Cunha, M.D.G.; Diniz, L.M.; Salgado, C.G.; Aires, M.A.P.; Nery, J.A.; Gallo, E.N.; Miranda, A.; Magnanini, M.M.F.; Matsuoka, M.; et al. Drug and Multidrug Resistance among Mycobacterium leprae Isolates from Brazilian Relapsed Leprosy Patients. J. Clin. Microbiol. 2012, 50, 1912–1917. [Google Scholar] [CrossRef]

	



Islan, G.; Durán, M.; Cacicedo, M.L.; Nakazato, G.; Kobayashi, R.K.; Martinez, D.S.; Castro, G.R.; Durán, N. Nanopharmaceuticals as a solution to neglected diseases: Is it possible? Acta Trop. 2017, 170, 16–42. [Google Scholar] [CrossRef]

	



Khan, J.; Rades, T.; Boyd, B.J. The Precipitation Behavior of Poorly Water-Soluble Drugs with an Emphasis on the Digestion of Lipid Based Formulations. Pharm. Res. 2016, 33, 548–562. [Google Scholar] [CrossRef]

	



Chaves, L.L.; Vieira, A.C.C.; Reis, S.; Sarmento, B.; Ferreira, D. Quality by Design: Discussing and Assessing the Solid Dispersions Risk. Curr. Drug Deliv. 2014, 11, 253–269. [Google Scholar] [CrossRef] [PubMed]

	



Pinheiro, M.; Couto, A.; Chaves, L.L.; Ferreira, D.; Sarmento, B.; Reis, S.; Vieira, A.C.C. Design and statistical modeling of mannose-decorated dapsone-containing nanoparticles as a strategy of targeting intestinal M-cells. Int. J. Nanomed. 2016, 11, 2601–2617. [Google Scholar] [CrossRef]

	



Chaves, L.L.; Costa Lima, S.A.; Vieira, A.C.; Barreiros, L.; Segundo, M.A.; Ferreira, D.; Sarmento, B.; Reis, S. pH-sensitive nanoparticles for improved oral delivery of dapsone: Risk assessment, design, optimization and characterization. Nanomedicine 2017, 12, 1975–1990. [Google Scholar] [CrossRef]

	



Chaves, L.L.; Silveri, A.; Vieira, A.C.C.; Ferreira, D.; Cristiano, M.C.; Paolino, D.; Celia, C. pH-responsive chitosan based hydrogels affect the release of dapsone: Design, set-up, and physicochemical characterization. Int. J. Biol. Macromol. 2019, 133, 1268–1279. [Google Scholar] [CrossRef]

	



De Sousa, V.P.; Monteiro, L.M.; Lione, V.F.; Carmo, F.A.D.; Amaral, L.H.D.; Da Silva, J.H.; Nasciutti, E.L.; Castro, H.C.; Rodrigues, C.R.; Cabral, L.M. Development and characterization of a new oral dapsone nanoemulsion system: Permeability and in silico bioavailability studies. Int. J. Nanomed. 2012, 7, 5175–5182. [Google Scholar] [CrossRef]

	



Grebogi, I.H.; Tibola, A.P.O.V.; Barison, A.; Grandizoli, C.W.P.S.; Ferraz, H.G.; Rodrigues, L.N.C. Binary and ternary inclusion complexes of dapsone in cyclodextrins and polymers: Preparation, characterization and evaluation. J. Incl. Phenom. Macrocycl. Chem. 2011, 73, 467–474. [Google Scholar] [CrossRef]

	



Tiwari, R.; Tiwari, G.; Wal, P.; Wal, A.; Maurya, P. Development, Characterization and Transdermal Delivery of Dapsone and an Antibiotic Entrapped in Ethanolic Liposomal Gel for the Treatment of Lapromatous Leprosy. Open Nanomed. J. 2018, 5, 1–15. [Google Scholar] [CrossRef]

	



Kanwar, R.; Gradzielski, M.; Mehta, S.K. Biomimetic Solid Lipid Nanoparticles of Sophorolipids Designed for Antileprosy Drugs. J. Phys. Chem. B 2018, 122, 6837–6845. [Google Scholar] [CrossRef]

	



De Sousa, V.P.; Borges, V.R.D.A.; Simon, A.; Cabral, L.M..; Sena, A.R.C. Nanoemulsion containing dapsone for topical administration: A study of in vitro release and epidermal permeation. Int. J. Nanomed. 2013, 8, 535–544. [Google Scholar] [CrossRef]

	



Ordaz, J.C.; Chigo-Anota, E.; Villanueva, M.S.; Castro, M. Possibility of a magnetic [BN fullerene:B6 cluster]− nanocomposite as a vehicle for the delivery of dapsone. New J. Chem. 2017, 41, 8045–8052. [Google Scholar] [CrossRef]

	



Zhang, L.; Wang, S.; Zhang, M.; Sun, J. Nanocarriers for oral drug delivery. J. Drug Target. 2013, 21, 515–527. [Google Scholar] [CrossRef]

	



Chime, F.K.A.A.A.S.; Kenechukwu, F.C.; Attama, A.A. Nanoemulsions—Advances in Formulation, Characterization and Applications in Drug Delivery. In Application of Nanotechnology in Drug Delivery; IntechOpen: London, UK, 2014; p. 03. [Google Scholar]

	



Cyphert, E.L.; Von Recum, H.A. Emerging technologies for long-term antimicrobial device coatings: Advantages and limitations. Exp. Biol. Med. 2017, 242, 788–798. [Google Scholar] [CrossRef]

	



Chaves, L.L.; Lima, S.A.C.; Vieira, A.C.C.; Ferreira, D.; Sarmento, B.; Reis, S. Overcoming clofazimine intrinsic toxicity: Statistical modelling and characterization of solid lipid nanoparticles. J. R. Soc. Interface 2018, 15, 20170932. [Google Scholar] [CrossRef]

	



Chaves, L.L.; Lima, S.A.C.; Vieira, A.C.C.; Barreiros, L.; Segundo, M.A.; Ferreira, D.; Sarmento, B.; Reis, S. Development of PLGA nanoparticles loaded with clofazimine for oral delivery: Assessment of formulation variables and intestinal permeability. Eur. J. Pharm. Sci. 2018, 112, 28–37. [Google Scholar] [CrossRef]

	



Patel, A.N.M.V.B. Encapsulation and stability of clofazimine liposomes. J. Microencapsul. 1999, 16, 357–367. [Google Scholar] [CrossRef]

	



Nie, H.; Su, Y.; Zhang, M.; Song, Y.; Leone, A.; Taylor, L.S.; Marsac, P.J.; Li, T.; Byrn, S.R. Solid-State Spectroscopic Investigation of Molecular Interactions between Clofazimine and Hypromellose Phthalate in Amorphous Solid Dispersions. Mol. Pharm. 2016, 13, 3964–3975. [Google Scholar] [CrossRef]

	



Nie, H.; Mo, H.; Zhang, M.; Song, Y.; Fang, K.; Taylor, L.S.; Li, T.; Byrn, S.R. Investigating the Interaction Pattern and Structural Elements of a Drug–Polymer Complex at the Molecular Level. Mol. Pharm. 2015, 12, 2459–2468. [Google Scholar] [CrossRef]

	



Chen, W.; Cheng, C.A.; Lee, B.Y.; Clemens, D.L.; Huang, W.Y.; Horwitz, M.A.; Zink, J.I. Facile strategy enabling both high joading and high release amounts of the water-insoluble drug clofazimine using mesoporous silica nanoparticles. ACS Appl. Mater. Interfaces 2018, 10, 31870–31881. [Google Scholar] [CrossRef]

	



Maitra, A.; Bates, S.; Kolvekar, T.; Devarajan, P.V.; Guzman, J.D.; Bhakta, S. Repurposing–A ray of hope in tackling extensively drug resistance in tuberculosis. Int. J. Infect. Dis. 2015, 32, 50–55. [Google Scholar] [CrossRef]

	



De Castro, R.R.; Todaro, V.; Da Silva, L.C.R.P.; Simon, A.; Carmo, F.A.D.; De Sousa, V.P.; Rodrigues, C.R.; Sarmento, B.; Healy, A.M.; Cabral, L.M. Development of inhaled formulation of modified clofazimine as an alternative to treatment of tuberculosis. J. Drug Deliv. Sci. Technol. 2020, 58, 101805. [Google Scholar] [CrossRef]

	



Verma, R.K.; Germishuizen, W.A.; Motheo, M.P.; Agrawal, A.K.; Singh, A.K.; Mohan, M.; Gupta, P.; Gupta, U.D.; Cholo, M.C.; Anderson, R.; et al. Inhaled Microparticles Containing Clofazimine Are Efficacious in Treatment of Experimental Tuberculosis in Mice. Antimicrob. Agents Chemother. 2012, 57, 1050–1052. [Google Scholar] [CrossRef]

	



Brunaugh, A.D.; Jan, S.U.; Ferrati, S.; Smyth, H.D.C. Excipient-Free Pulmonary Delivery and Macrophage Targeting of Clofazimine via Air Jet Micronization. Mol. Pharm. 2017, 14, 4019–4031. [Google Scholar] [CrossRef]

	



Sabnis, A.A. Inhaled Clofazimine Delivery for the Treatment of Pulmonary Tuberculosis. Ph.D. Thesis, Creighton University, Omaha, NE, USA, 2015. [Google Scholar]

	



Burger, C.; Aucamp, M.; Du Preez, J.L.; Haynes, R.K.; Ngwane, A.H.; Du Plessis, J.; Gerber, M. Formulation of Natural Oil Nano-Emulsions for the Topical Delivery of Clofazimine, Artemisone and Decoquinate. Pharm. Res. 2018, 35, 186. [Google Scholar] [CrossRef]

	



Van Zyl, L.; Viljoen, J.; Haynes, R.K.; Aucamp, M.; Ngwane, A.H.; Du Plessis, J. Topical Delivery of Artemisone, Clofazimine and Decoquinate Encapsulated in Vesicles and Their In vitro Efficacy Against Mycobacterium tuberculosis. AAPS PharmSciTech 2019, 20, 33. [Google Scholar] [CrossRef]

	



Valetti, S.; Xia, X.; Gouveia, J.C.; Brodin, P.; Bernet-Camard, M.-F.; Andersson, M.; Feiler, A. Clofazimine encapsulation in nanoporous silica particles for the oral treatment of antibiotic-resistant Mycobacterium tuberculosis infections. Nanomed. 2017, 12, 831–844. [Google Scholar] [CrossRef]

	



Walvekar, P.; Gannimani, R.; Govender, T. Combination drug therapy via nanocarriers against infectious diseases. Eur. J. Pharm. Sci. 2019, 127, 121–141. [Google Scholar] [CrossRef]

	



Li, H.; Ma, S.; Zhang, H.; Liu, J.; Wu, Y.; Cao, P.; Gao, X. Nano carrier mediated co-delivery of dapsone and clofazimine for improved therapeutic efficacy against tuberculosis in rats. Biomed. Res. 2017, 28, 1284–1289. [Google Scholar]

	



Chaves, L.L.; Lima, S.A.C.; Vieira, A.C.; Barreiros, L.; Segundo, M.A.; Ferreira, D.; Sarmento, B.; Reis, S. Nanosystems as modulators of intestinal dapsone and clofazimine delivery. Biomed. Pharmacother. 2018, 103, 1392–1396. [Google Scholar] [CrossRef]

	



Fitzgerald, L.E.; Abendaño, N.; Juste, R.A.; Alonso-Hearn, M. Three-Dimensional In Vitro Models of Granuloma to Study Bacteria-Host Interactions, Drug-Susceptibility, and Resuscitation of Dormant Mycobacteria. BioMed Res. Int. 2014, 2014, 1–8. [Google Scholar] [CrossRef]

	



Wang, H.; Maeda, Y.; Fukutomi, Y.; Makino, M. An in vitro model of Mycobacterium leprae induced granuloma formation. BMC Infect Dis. 2013, 13, 279. [Google Scholar] [CrossRef]

	



Balamayooran, G.; Pena, M.; Sharma, R.; Truman, R.W. The armadillo as an animal model and reservoir host for Mycobacterium leprae. Clin. Dermatol. 2015, 33, 108–115. [Google Scholar] [CrossRef]

	



Sharma, R.; Lahiri, R.; Scollard, D.M.; Pena, M.; Williams, D.L.; Adams, L.B.; Figarola, J.; Truman, R.W. The armadillo: A model for the neuropathy of leprosy and potentially other neurodegenerative diseases. Dis. Model. Mech. 2012, 6, 19–24. [Google Scholar] [CrossRef]

	



Madigan, A.C.; Cameron, J.; Ramakrishnan, L. A Zebrafish Model of Mycobacterium leprae Granulomatous Infection. J. Infect. Dis. 2017, 216, 776–779. [Google Scholar] [CrossRef]

	



Tapinos, N.; Ohnishi, M.; Rambukkana, A. ErbB2 receptor tyrosine kinase signaling mediates early demyelination induced by leprosy bacilli. Nat. Med. 2006, 12, 961–966. [Google Scholar] [CrossRef]

	



Mattos, K.A.; D’Avila, H.; Rodrigues, L.S.; Oliveira, V.G.C.; Sarno, E.N.; Atella, G.C.; Pereira, G.M.; Bozza, P.T.; Pessolani, M.C.V. Lipid droplet formation in leprosy: Toll-like receptor-regulated organelles involved in eicosanoid formation and Mycobacterium leprae pathogenesis. J. Leukoc. Biol. 2009, 87, 371–384. [Google Scholar] [CrossRef]

	



Rambukkana, A.; Yamada, H.; Zanazzi, G.; Mathus, T.; Salzer, J.L.; Yurchenco, P.D.; Fischetti, V.A. Role of α-dystroglycan as a Schwann cell receptor for Mycobacterium leprae. Science 1998, 282, 2076–2079. [Google Scholar] [CrossRef]

	



Van Der Meer-Janssen, Y.P.; Van Galen, J.; Batenburg, J.J.; Helms, J.B. Lipids in host-pathogen interactions: Pathogens exploit the complexity of the host cell lipidome. Prog. Lipid Res. 2010, 49, 1–26. [Google Scholar] [CrossRef]








[image: Pharmaceutics 12 01202 g001 550] 





Figure 1. Interaction between M. leprae and Schwann cells, mediated by the laminin-α2 present in the basal lamina of myelinated and non-myelinated Schwann-cell–axon units. Reproduced with permission from [8], Elsevier, 2000. 
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Figure 2. Schematic illustration of leprosy classification. 
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Figure 3. Examples of one month-pack blister freely distributed by WHO for adult and child leprosy treatment. Reproduced with permission from [32], Elsevier, 2015. 
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Figure 4. Chemical structures of (A) dapsone and (B) clofazimine. 
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Table 1. Dapsone drug delivery systems for oral and transdermal administration.
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	Type of Delivery System
	Composition
	Major Outcome
	Ref





	Oral Administration
	
	
	



	Solid lipid nanoparticles
	Cetyl palmitate

Stearylamine

Tween 80

Mannose
	exhibits a pH-sensitive DAP release profile, with a faster drug release at acidic pH than at a neutral pH
	[72]



	Polymeric nanoparticles
	Eudragit® L100

Pluronic® F-68

Polyvinyl alcohol
	DAP in vitro release assay from the nanoparticles confirmed the nanoparticles’ pH sensitivity;

nanoparticles showed increased DAP permeation in intestinal cell models compared to the drug solution
	[73]



	Hydrogel
	Chitosan

Glutaraldehyde

Hydroxypropyl methylcellulose
	loading of DAP within the pH-responsive interpenetrating polymer networks led to in vitro drug controlled release under gastrointestinal pH conditions
	[74]



	Nanoemulsions
	Isopropyl myristate

Span 80 or 20

Tween 80, 40 or 20 Propylene glycol

Ethanol
	DAP release profiles of the nanoemulsions showed a higher dissolution than free DAP
	[75]



	Polymeric dispersions
	Polyvinylpyrrolidone (PVP K30)

Pluronic F68
	in vivo dissolution rate of PDs was significantly faster compared to free DAP
	[53]



	Polymeric dispersions
	2-hydroxypropyl-β-cyclodextrin (HP β CD)

β -cyclodextrin (CD)

PVP K30
	complex DAP/HP β CD provided a great increase in DAP solubility
	[76]



	Transdermal administration
	
	
	



	Ethosomes
	Cholesterol

Soy lecitin

Ethanol

Carbopol 934/PEG 400

with Cloxacillin Sodium
	ethosomes in gel matrix exhibited a stable in vitro permeation study with uniform and sustained permeation of drugs
	[77]



	Solid lipid nanoparticles
	Lactonic sophorolipid

Pluronics

with Rifampicin
	released DAP remained in the therapeutic concentration window
	[78]



	Nanoemulsions
	Isopropyl myristate

n-methyl pyrrolidone

Tween 80 and Span 20
	isopropyl myristate promoted an increase in DAP in vitro epidermal permeation
	[79]



	Other applications
	
	
	



	Nanocomposites
	Fullerene

Boron nitride fullerene
	improves the solubility and achieves drug dispersion for biological applications
	[80]
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Table 3. Receptors/macromolecules that participate in M. leprae infection.
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	Receptors of SC
	Expressing Cells
	Role
	Ref





	Laminin-α2
	Schwann cells
	Cause early nerve degeneration
	[20]



	Tyrosine kinase receptor

(ErB2 and ErK ½)
	Schwann cells
	Result in demyelination
	[105]



	Adipose differentiation-related protein (ADRP)
	Macrophages
	Lipid accumulation
	[106]



	LDL-R
	Macrophages
	Native cholesterol uptake
	[107]



	SRA-1, SRB-2, LRP-1
	Macrophages
	Modified cholesterol uptake
	[107]
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