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Leprosy is a neglected tropical disease that leads to physical disability and social discrimination. The active surveillance of new cases and vigilance for drug resistance can decrease the incidence, and improve the clinical outcomes of people affected by it. We analyzed, with molecular biology techniques, a set of skin biopsy samples from 25 Venezuelan patients. The patients had been diagnosed with leprosy in 2014 and early 2015, and 15 were relapse cases. The samples were tested for molecular drug resistance to dapsone, rifampicin, and fluoroquinolones. In addition, we performed molecular epidemiology analysis through multiple-locus variable-number tandem repeat analysis (MLVA) and single nucleotide polymorphism (SNP) typing. We did not find evidence of drug resistance and 76% of the samples (n = 16) had isolates belonging to SNP type 3. Genotype profiles allowed us to rule out the possibility of re-infection in a patient with persistent symptoms after treatment, as well as that of household transmission in two more patients. Although our sampling is relatively small, very similar or even identical Mycobacterium leprae genotypes were observed in Miranda State. The presence of this cluster is highly suggestive of high rates of local transmission and, in turn, the need to better control this disease. Finally, the copy number distribution of minisatellite 18–8 in a considerable number of SNP type 3 strains strongly suggests the presence of a sublineage of this disease that is particular to Venezuela.
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Introduction

Hansen´s disease, or leprosy, is a chronic infectious disease endemic in tropical countries and caused by the Mycobacterium leprae and M. lepromatosis bacterial strains. The prevalence of this disease has decreased since the introduction of multidrug therapy treatment (MDT) in the 1980’s; however, the global registered prevalence at the end of 2021 was 133,802 cases, and the number of new cases detected was 140,594, which represents 10% increase in the detection rate in comparison to 2020 (1).

This disease can be classified based on clinical, immunological, and histopathological findings, resulting in two polar forms of the disease: (i) the tuberculous form (TL), characterized by a limited spread of bacilli with a small number of skin lesions and sensitivity change in the nerve pathways; and (ii) the lepromatous form (LL), characterized by an ineffective antibody response with multiple skin lesions and multiple compromised peripheral nerves (2). In addition, there are borderline forms of this disease, classified as borderline-tuberculoid (BT), borderline-lepromatous (BL), and borderline-borderline (BB) according to their proximity to one of the two polar forms  (2). The World Health Organization (WHO) also proposed a classification based on the bacterial index (BI) observed in skin smears: namely paucibacillary patients (PB) with a BI lower than 2, and multibacillary patients (MB) with a BI equal to or higher than 2 (2).

Multidrug therapy treatment (MDT), which was introduced by WHO, consists of a combination of rifampicin, clofazimine, and dapsone for MB leprosy patients, and rifampicin and dapsone for PB leprosy patients (3, 4).

In Venezuela, which had a registered prevalence of 705 cases and 239 new cases of leprosy detected by the end of 2021 (1), there is a continuous effort to diagnose and eradicate the disease despite the ongoing medical health crisis caused by the COVID-19 pandemic. Of these new cases reported to the WHO, six (2.5%) were patients under 15 years of age, an indication of active transmission. In comparison, the data reported in 2019 (i.e., before the onset of the coronavirus pandemic) included values for prevalence and newly registered cases of 847 and 291, respectively (5). This slight reduction in prevalence and newly registered case figures in 2021 is believed to be a consequence of the overall decline in notifications of other diseases not related to COVID-19, as well as the mobility restrictions imposed during the quarantine period, which meant that patients from rural areas were unable to reach main leprosy diagnostic centers.

In 2021, 16 relapse cases, that is cases identified after the completion of treatment, were reported in Venezuela (1); however, actual data concerning drug-resistance rates in the country are currently unknown. Only one strain harboring a mutation in the folp1 (Pro55Leu) gene, which is thought to cause resistance to dapsone, was reported in 2011 (6).

Molecular typing of the M. leprae strain is currently performed by combining two techniques: multiple-locus variable-number tandem repeat analysis (MLVA) and single nucleotide polymorphism (SNP) typing. MLVA has proven to be useful in the studies of local or intrafamily transmission, whereas SNP typing has been used to analyze the global distribution of M. leprae strains (7), with each SNP type being associated with a restricted geographical area and routes of human migration (8). Relatedly, the prevalence of SNP type 3 strains in the Americas, including Venezuela, indicates that leprosy was introduced to these locations with the arrival of European settlers during the colonial era. However, the only studies that have conducted a surveillance of the SNP types circulating in Venezuela were published in 2005, 2009, and 2011 (6, 8, 9), with no information regarding the variable number tandem repeat (VNTR) profiles of the M. leprae strains isolated.

In this study, we aimed to investigate the presence of antibiotic resistance in a cohort of 25 leprosy patients, including 15 relapse cases, diagnosed in 2014 and early 2015. We also studied the genetic variability of the M. leprae strains that were isolated using MLVA and SNP analysis.



Material and methods



Clinical samples and patient data

Skin biopsy samples were obtained from 25 patients (20 males and five females) at the Dermatology Department of the Biomedicine Institute “Dr. Jacinto Convit” in Caracas, Venezuela, between 2014 and early 2015. Samples were stored at −80°C until further processing. The patients’ ages ranged from 22 to 85 years, and 15 had received previous treatment with clofazimine, dapsone, and rifampicin for variable periods (i.e., between 2 and 30 months) (Supplementary Material). One patient had two biopsy samples taken: one obtained before the treatment, and another taken after a 12-month course of antibiotics. In total, 26 samples were submitted for DNA extraction and genotyping at the Laboratory of Molecular Biology Applied to Mycobacteria at the Oswaldo Cruz Institute in Rio de Janeiro, Brazil. The clinical and geographical data (i.e., place of residence) for each patient are detailed in the Supplementary Material.



DNA extraction

DNA extraction was performed using the DNeasy® Blood & Tissue Kit (Qiagen, Hilden, Germany) following the manufacturer’s procedure (10). DNA from the M. leprae strain NHDP63 was used as a control in all the molecular assays.



Direct PCR-based sequencing of genes associated with resistance to rifampicin, dapsone, and fluoroquinolones

Segments of the genes rpoB, folP, gyrA, and gyrB were amplified using the primers described in the Supplementary Material (11–13). PCR reactions were performed in a mixture of 50 µl containing 10× buffer, 1 U of Taq DNA polymerase (Invitrogen, Waltham, MA, USA), 2.5 mM of each deoxynucleoside triphosphate (dNTP), 1.5 mM of magnesium chloride (MgCl2) and 10µM of each primer pair. Two μl of DNA was used for the reaction. PCR conditions were as follows: 94°C for 3 min, followed by six touchdown cycles at temperatures of 94°C for 45 sec, 63–68°C for 45 sec, and 72°C for 90 sec. Then, the reaction continued with 35 cycles at temperatures of 94°C for 45 sec, 62°C for 45 sec, 72°C for 90 sec, with a final step at 72°C for 10 min. PCR products were visualized on a 2% agarose gel and purified using the ChargeSwitch™ PCR Clean-Up Kit (Invitrogen, Waltham, MA, USA). The purified product was sequenced using a BigDye™ Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, Waltham, MA, USA) to identify the gene mutations associated with drug resistance.



Multiple locus VNTR analysis

Sixteen VNTR loci grouped into four PCR reactions were amplified using the Qiagen Multiplex PCR Kit. The list of primers used, including fluorescent 5′-labeled forward primers, is described in the Supplementary Material (14). The final concentration of each primer was 0.2 µM. The cycling conditions were set at temperatures of 95°C for 15 min, followed by 40 cycles at temperatures of 94°C for 30 sec, 60°C for 90 sec, 72°C for 90 sec, and a final step at 72°C for 10 min. The amplicons obtained were diluted (1 : 30) and mixed with 12 µl of Formamide Hi-Di™ (Applied Biosystems, Waltham, MA, USA) and 0.3 µl of LIZ-500 DNA standard (Applied Biosystems). The program Peak Scanner™ (Applied Biosystems, Waltham, MA, USA) was used to analyze the fragments obtained. The copy number for each of the alleles was input into a Microsoft Excel® (Microsoft Corporation, Redmond, WA, USA) file and the allelic diversity (h) at each of the 16 loci was calculated using the equation h = 1 – ∑x2, where x is the frequency of each allele at the locus.



Single nucleotide polymorphisms analysis

Three pairs of previously described primers (8) were used to amplify SNPs at positions 14,676, 1,642,875, and 2,935,685 bp. The PCR reaction was 50 µl of a mixture containing buffer 10×, 1.5 mM MgCl2, 200 µM of each dNTP, 2.5 U of Taq DNA polymerase (Invitrogen), 0.2 µM of each primer, and 2.5 µl of DNA. The cycling reaction consisted of  temperatures set at 94°C for 3 min, followed by 45 cycles at temperatures of 94°C for 1 min, 55°C for 1 min, 72°C for 2 min, and a final step at 72°C for 10 min. The PCR product of position 2,935,685 bp was digested with the restriction enzyme BstU (New England Biolabs, Ipswich, MA, USA) at 60°C for 1 hour, and the digestion products were visualized on a 3% agarose gel. The amplification product of position 14,676 bp was digested with the enzyme SmiI (New England Biolabs, Ipswich, MA, USA) at 55°C for 1 hour. The amplification product of position 1,642,875 bp was sequenced with the same primers used for the amplification.



Phylogenetic analysis

A distance pairwise similarity matrix using the categorical similarity coefficient was constructed, then a phylogenetic tree using the unweighted pair group method with arithmetic averages (UPGMA) and a minimum spanning tree (MST) were constructed using the software BioNumerics v. 7.6.3 (bioMérieux, Marcy-l’Étoile, France).




Results



Resistance to rifampicin, dapsone, and fluoroquinolones

Out of the 26 samples analyzed, 23 could be sequenced and none of them harbored mutations in codons 516, 526, 531, or 533 of the rpoB gene. The gene folp1 could be analyzed in 19 samples. Mutations on codons 53 and 55, that is, those that could confer resistance to dapsone were not detected. Regarding fluoroquinolone resistance, the genes gyrA and gyrB could be analyzed in 24 and 25 samples, respectively; however, no evidence of a gene mutation was found.



Genotyping by single nucleotide polymorphism analysis

We could assign a major SNP type to 21 of the 26 samples submitted for analysis; five samples had inconclusive results because of a lack of amplification in the PCR. Of these 21 samples, 76% (n = 16) had isolates identified as SNP type 3, 14% (n = 3) were identified as SNP type 4, and 10% (n = 2) were classified as either SNP type 1 or 2.



Genotyping by MLVA analysis and allelic diversity

A genotype consisting of all 16 loci could be assigned to samples from 13 patients (Table 1). Figure 1 consists of a geographical map with the location of these patients, most of whom were living in the north of the country, where the population density is high (only one patient was located in Falcón State, in the west of the country). The remaining samples had 15 (n = 5), 14 (n = 1), 13 (n = 3), 12 (n = 1), 11 (n = 1), 9 (n = 1), and eight loci (n = 1) successfully amplified. We believe this lack of amplification was because of a common issue in studies involving M. leprae, that is, DNA extraction from biopsy samples being made difficult by the samples’ degeneration during the storage process. Also, the samples in the study were taken in Venezuela and later transported to Brazil, where the final molecular analysis was performed. Two of the biopsy samples were split in half and processed separately as technical replicates (making a total of 15 samples to be used in this part of the study). One of the replicates differed by one copy at locus AT15, and by two copies at loci 12–5. The other replicate only differed by two copies at locus TA18.


Table 1 | Multiple-locus variable-number tandem repeat analysis (MLVA) profile.






Figure 1 | Geographical map indicating the residence of the 13 patients used for the clustering analysis. The pink dots represent samples of single nucleotide polymorphism (SNP) type 3, and the blue dots samples of SNP types 1 or 2. The three pink colored states in the lower map represent Falcón State, Distrito Capital, and Miranda State (from left to right). SNP, single nucleotide polymorphism.



The allelic diversity index (h) was calculated for the 16 loci using data from the 15 samples for which a complete MLVA profile was obtained. Allelic diversity ranged from 0 (locus 6–3) to 0.82 (locus TA18). The most polymorphic loci were AT17 and TA18, with nine alleles each. The least allelic variability was observed in loci 6–3, GGT-5, AC8b, 21–3, 23–3, 27–5, and 12–5 (Table 2).


Table 2 | Frequency of VNTR loci in Venezuelan M. leprae strains.



One patient had one sample taken before and after 12 months of treatment, respectively; both samples had identical SNP types and did not differ at any VNTR loci, demonstrating a case of bacterial persistence, with no evidence of acquired resistance. Another two patients were brothers living in different states of the country at the time of sampling, and, although they had the same SNP type, the isolates identified differed at loci GTA9, AC8A, AC9, and TTC/GAA21 (loci AT17, AT15, and TA18 were excluded because of their high variability), evidencing a different source of infection for the samples taken from each brother.

We also observed that most of the Venezuelan isolates have 10 copies of loci 18–8 (12 of 21 patients that had isolates with a successful amplification of these loci). All of these belong to the major SNP type 3, an allele that has not been identified before and is not present in our local VNTR database that includes > 2,000 strains with this allele from 10 different countries (unpublished data). This suggests the presence of a new sublineage of leprosy in Venezuela.



Phylogenetic analysis

The UPGMA and MST trees are presented in Figure 2. We identified the presence of a cluster of four strains in Miranda State, which is a densely populated area near the capital located in the north of the country.




Figure 2 | Unweighted pair group method with arithmetic averages (UPGMA) tree and minimum spanning tree (MST) compiled from the variable-number tandem repeat (VNTR) data of the 13 patients used for the clustering analysis. MST, minimum spanning tree; UPGMA, unweighted pair group method with arithmetic averages; VNTR, variable number of tandem repeats.






Discussion

The control and understanding of many aspects of leprosy remains challenging, especially in developing countries. Our study is the second to conduct drug susceptibility and resistance surveillance of M. leprae in Venezuela. In this study with 25 patients, 15 of which were relapse cases, we did not find evidence for drug resistance; however, more samples will be analyzed in the future. On a global level, the detection of drug resistance is not routinely carried out; indeed, in a study conducted by the WHO in 2021, among the 143 countries reporting their leprosy statistics, only eight countries provided data on antimicrobial resistance. Among 3,452 samples, 51 (1.47%) were resistant to rifampin, 49 (1.42%) to dapsone, three (0.087%) to ofloxacin, and four (0.11%) to more than one drug (1). No information regarding the drug-related mutations was provided.

Drug and multidrug-resistant cases of leprosy have been reported worldwide (6, 15–20), including in three Latin American countries, namely Colombia, Brazil, and Venezuela. In Colombia, a 10-year-long survey including 243 multibacillary patients revealed that 3.7% of the isolates had mutations in the rpoB gene (Asp441Tyr, Arg505Trp, Ser458Met, Ala426Thre, and Ser456Leu); 2.3% had mutations in the folP1 gene (Thr53Ala, Pro55Leu, and Asp91His); and 0.5% had a mutation in the gyrA gene (Ala107Leu). Importantly, 50% of drug-resistant leprosy patients resided in the Andean Region, more specifically in Cundinamarca and Santander, where two leprosariums are located (19). In Brazil, a hyperendemic country, a survey conducted between 2018 and 2020 that included 1,183 patients showed that 1.4% of patients had strains resistant to one or more drugs, with two patients carrying isolates resistant to both dapsone and rifampin (folP1 Pro55Arg and rpoB Ser456Leu), indicating cases of multidrug resistance (21). Lastly, in Venezuela, only one case of antibiotic resistance, associated with resistance to dapsone, has been documented, namely in a relapse case in which a mutation in the folp1gene was detected (Pro55Leu) (6).

Although for epidemiological studies the main limitation of our study is the small number of samples, we performed genotyping. In our study, we found that the most prevalent genotype in Venezuela is SNP type 3. This genotype is also the most prevalent in the Americas as a result of European colonization (8). Only three isolates in our cohort belonged to SNP type 4, and it is believed that this genotype was introduced into the Caribbean and South America through the slave trade from West Africa  (8). Cardona-Castro et al. identified the allele combinations in Colombia that are associated with particular SNP types. In the case of isolates belonging to SNP type 3, the most common alleles in loci 27–5 and 12–5 were four and five copies, respectively, whereas the opposite (five and four copies, respectively) was observed for strains classified as SNP type 1, 2, or 4 (22). Because of the geographical proximity of Colombia to Venezuela, we suggested that this same pattern could be encountered in Venezuela. Indeed, in our study, we found 16 strains belonging to SNP type 3, with four and five copies in loci 27–5 and 12–5, respectively. SNP type 3 strains with this allele combination have been associated with a European origin, supporting the idea that leprosy was brought here by colonialist settlers (22, 23).

The genotyping of M. leprae samples from two brothers with leprosy who were born in Colombia, but who at the time of diagnosis were living in two different states in Venezuela, evidenced a different source of infection for each sample. Nonetheless, the genetic background of patients with leprosy and its co-relation with susceptibility in the initial stages of infection, and the possible development of a reactional state has been reviewed recently, suggesting a possible family susceptibility to the disease (24). Within our sample population, there was also a relapse case in a lepromatous patient who still presented with skin lesions after taking four months of MDT and then again after 12 months of treatment, the VNTR profiles of both strains were the same. Hence, the hypothesis of re-infection was rejected. The possibility of drug resistance was also ruled out for the second strain. However, because the patient was from a remote area of Venezuela, we are not certain if, in fact, he adhered to his treatment plan rigorously.

Another finding of our work was the fact that there seems to be a high number of SNP type 3 strains harboring 10 copies of loci 18–8, and this has not been reported before. The fact that this allele is characterized by a very particular copy number distribution is highly suggestive of there being a particular (new) sublineage of leprosy in the country. Future studies could confirm this using wholegenome sequencing. With regard to the transmission of M. leprae, we observed a cluster of four strains in Miranda State, which is a densely populated area near the capital, located in the north of the country. No direct contact between the affected patients could be established; nevertheless, the presence of this cluster is highly suggestive of high rates of local transmission and in turn, the need to better control this disease. Our surveillance of newly diagnosed and relapse cases for the presence of possible drug resistance is set to continue; a new set of biopsy samples is expected to be analyzed soon.
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VNTR loci Number of copies (number of samples) VNTR loci Number of copies (number of samples)

6-3 3 (n=26) TTC/GAA21 9(1)
10 (5)
11 (14)
12(2)
13(2)
18 (1)
ND (1)
AT17 10 (4) TAIS 13(1)
11 (1) 14 (1)
12(9) 15 (1)
13 (4) 16 (5)
14 (1) 18 (3)
15 (3) 19 (1)
16 (1) 20 (2)
17 (1) 26 (1)
18 (1) 16 or 18 (1)
ND (1) 15 0r 17 (1)
ND (9)
GGT5 4(25) 6-7 4(2)
ND (1) 5(2)
6(18)
7 (4)
ND (1)
GTA9 8(1) 27-5 4(20)
9(5) 5(5)
10 (8) ND (1)
11 (6)
13 (3)
14 (1)
ND (2)
AC8b 7 (25) 23-3 1(1)
ND (1) 2(22)
3(2)
ND (1)
AC8a 7(1) 12-5 5(25)
8(2) ND (1)
9(9)
10 (10)
11(1)
90r10 (2)
ND (1)
ATI5 13 (1) 18-8 3(3)
15 (10) 4(1)
16 (1) 8(5)
17 (3) 10 (12)
19 (4)
22 0r 23 (1)
23(1)
ND (6)
ACY 7(2) 21-3 1)
8(17) 2(22)
9(2) ND (2)
8or9 (1)
ND (4)

ND, not determined; VNTR, variable number of tandem repeats.
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AT17 GGT5 GTA9 AC8b AC8a AT15 AC9

3
NHDP* 3 13 4 10 7 10 16 8 2 10 16 7 4 2 5 8
'VENO001 lor2 3 18 4 9 7 10 15 7 2 11 20 5 5 1 5 8
VN002 3 3 12 4 10 7 9 23 9 2 10 14 6 4 2 5 10
VNO003 3 3 10 4 10 7 10 15 8 2 11 16 5 4 2 5 10
VEN004 3 3 12 4 11 ! 10 19 8 2 10 20 7 4 2 5 8
'VEN005 3 3 12 4 9 7 10 15 8 2 11 16 6 4 2 5 10
'VEN006.A ‘ 3 3 14 4 10 7 10 23 8 2 11 13 6 4 2 5 10
VEN006.B 3 3 14 4 10 7 10 22 8 2 11 13 6 4 2 7 10
'VEN007 3 3 10 4 11 7 9 19 8 2 11 18 6 4 2 5 10
'VEN008 lor2 3 12 4 9 7 10 17 9 2 11 16 ¥ 5 2 5 8
'VEN009.A 3 3 13 4 13 7 10 15 8 2 11 15 6 4 2 5 10
VEN009.B ND 3 13 4 13 7 10 15 8 2 11 17 6 4 2 5 10
VEN0010 3 3 13 4 11 Z 9 19 8 2 11 19 6 4 2 5 10
'VEN0O011 3 3 12 4 13 7 10 19 8 2 11 18 » 5 4 2 5 10
'VEN0012 3 3 12 4 10 7 9 17 8 2 11 16 6 4 2 5 10
'VEN0013 3 3 12 4 9 7 10 15 8 2 11 16 6 4 2 5 10
h ‘ 0 0.7 0 0.74 0 0.4 0.7 0.34 0 0.23 0.82 0.5 0.23 0.13 0.13 0.32 ‘

‘The biopsies from patients 6 and 9 were divided and processed separately as technical replicates.
h, allelic diversity index; MLVA, multiple-locus variable-number tandem repeat analysis; ND, not determined; SNP, single nucleotide polymorphism.





