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RESUMO 

 

 

Introdução: A hanseníase, uma doença infecciosa crônica causada pelo 
Mycobacterium leprae, afetou 232.857 novos indivíduos no mundo em 2012, 
principalmente na Índia (134.752, 57.8%) e Brasil (33.303, 14.3%). Dentre 
estes novos casos, 59% (137.410) eram multibacilares e 8.5% (20.200) 
ocorreram em crianças. Hoje, é amplamente aceita a existência de um 
componente genético do hospedeiro controlando a susceptibilidade à 
hanseníase e suas formas clínicas; no entanto, o número total e a natureza 
exata das variações genéticas envolvidas permanecem desconhecidas. Um 
estudo anterior, pan-genômico, conduzido numa amostra populacional 
chinesa, revelou associação entre hanseníase e cinco genes não-HLA: 
CCDC122, LACC1 (anteriormente conhecido, C13orf31), NOD2, TNFSF15 e 
RIPK2. Objetivo: Investigar variantes dos genes previamente descritos em 
associação com a hanseníase em uma amostra populacional Chinesa para 
testar a associação em um grupo independente de famílias hansenianas 
brasileiras. Métodos: Foram  genotipados 36 tag SNPs, que capturavam a 
informação completa dos cinco genes candidatos, em 179 indivíduos 
distribuídos em 51 trios formados por um filho afetado e seus pais. Todos os 
trios foram recrutados na Vila do Prata, um isolado populacional 
hiperendêmico para hanseníase localizado na Amazônia brasileira. Genótipos 
de todos os indivíduos foram produzidos através de tecnologia baseada em 
fluorescência TaqMan. A análise de associação baseada em famílias foi 
realizada como implementada no software FBAT. As estimativas de 
desequilíbrio de ligação foram realizadas utilizando o software Haploview. 
Resultados: O estudo baseado em famílias demonstrou associação entre a 
proteção a hanseníase e os alelos “A” do rs8057341 (P = 0.01) e “C” do 
rs4942254 (P = 0.04), localizados nos genes NOD2 e CCDC122, 
respectivamente. Conclusão: Nossos resultados corroboram com a hipótese 
de um papel para variantes de NOD2 e CCDC122 no complexo mecanismo 
molecular de controle da susceptibilidade à hanseníase. Importante, a 
associação entre a hanseníase e NOD2 marcador rs8057341 é uma perfeita 
replicação dos resultados observados no estudo original. 
 
 
Palavras-chave: hanseníase, estudo de associação, genes candidatos. 
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ABSTRACT 

 

 

Introduction: Leprosy, a chronic infectious disease caused by 
Mycobacterium leprae, affected 232.857 new individuals worldwide in 2012, 
mainly in India (134.752, 57.8%) and Brazil (33.303, 14.3%). Among these 
new cases, 59% (137.410) were multibacillary and 8.5% (20.200) occurred in 
children. To date, it is largely accepted the existence of a host genetic 
component controlling susceptibility to leprosy and its clinical forms; however, 
the total number and the exact nature of the genetic variations involved are 
still unknown. A previous genome-wide study conducted in a Chinese 
population sample revealed association between leprosy and five non-HLA 
genes: CCDC122, LACC1 (formerly known, C13orf31), NOD2, TNFSF15 and 
RIPK2. Aim: To investigate genes previously described in association with 
leprosy in a Chinese population sample for replication in an independent 
collection of Brazilian leprosy families. Methods: The five candidate genes 
previously described in the Chinese study were genotyped for 36 tag SNPs 
capturing their entire information, in 179 individuals distributed in 51 trios 
composed by an affected child and both parents. All trios were recruited at the 
Prata Village, an isolated, highly endemic former leprosy located at the 
outskirts of Brazilian Amazon. Fluorescence-based TaqMan technology was 
applied to produce genotypes of all individuals. Family-based association 
analysis was performed as implemented in the software FBAT. Linkage 
disequilibrium estimations were carried out using the Haploview software. 
Results: The family-based study revealed association between leprosy 
resistance and alleles “A” of rs8057341 (P = 0.01) and “C” of rs4942254 (P = 
0.04), located at NOD2 and CCDC122, respectively. Conclusion: Our results 
support the hypothesis of a role for variants of NOD2 and CCDC122 in the 
complex molecular mechanism controlling leprosy susceptibility. Of note, the 
association between leprosy and NOD2 marker rs8057341 is a perfect 
replication of the results observed in the original Chinese study.  
 
Keywords: leprosy, association study, candidate genes. 
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/()-2(-(!'+%!1.3,%!fo!(,!-.0'!:3+5.'!5.5+6%20.&%0'!-0'80&8.'!-.!}0(8&Q!(!-.!o3%'06!
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,%5(%,(&8.!-(!%68%!3('.6+/Q.!5%3%!%&G60'(!-(!%''.20%/Q.!1.0!3(%60_%-.!&%!3(:0Q.!-(!
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.30:0&%0'!5%3%!JDPSKWJDQPUF!Y.,!%!2.&'83+/Q.!-.'!;0&'!C+8060_%&-.!+,!#+'V$88--(!
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5.0'! (&A.6A(! ,g68056.'! 1%8.3('! 5%3%! .! '(+! -('(&A.6A0,(&8.7! -(&83(! .'! <+%0'! .'!
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P = 1.39e−06; ORCC = 0.72, P = 0.003, respectively). 

These results clearly implicate the NOD2 pathway in the reg-

ulation of leprosy susceptibility across diverse populations.

Introduction

Leprosy is an infectious disease caused by Mycobacterium 

leprae that, in 2012, affected ~230,000 new individuals 

worldwide (WHO 2014). The disease compromise mainly 

the skin and peripheral nerves (Britton and Lockwood 2004) 

and can lead to severe disabilities. M. leprae is well adapted 

to the human host and exhibits very low variability across 

different isolates (Monot et al. 2009). Also, comparative 

molecular analysis of DNA samples recovered from pre-

served corpses from endemic European countries in the 12 

and 13 centuries demonstrated that the genomic architec-

ture and variability of M. leprae did not change significantly 

over the past 1,000 years (Schuenemann et al. 2013). M. lep-

rae is not highly infectious since only a small proportion of 

the exposed individuals are infected and, among these, even 

fewer individuals progress toward clinical disease. Within 

Abstract Leprosy is a complex disease with phenotypes 

strongly influenced by genetic variation. A Chinese genome-

wide association study (GWAS) depicted novel genes and 

pathways associated with leprosy susceptibility, only par-

tially replicated by independent studies in different ethnici-

ties. Here, we describe the results of a validation and rep-

lication study of the Chinese GWAS in Brazilians, using a 

stepwise strategy that involved two family-based and three 

independent case–control samples, resulting in 3,614 indi-

viduals enrolled. First, we genotyped a family-based sample 

for 36 tag single-nucleotide polymorphisms (SNPs) of five 

genes located in four different candidate loci: CCDC122-

LACC1, NOD2, TNFSF15 and RIPK2. Association between 

leprosy and tag SNPs at NOD2 (rs8057431) and CCDC122-
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this subset of patients, leprosy may present either as a local-

ized or disseminated disease. Today, it is well accepted 

that human genetic variability in genes involved with the 

regulation of host immunity is crucial to determine both 

susceptibility and progression toward clinical forms of lep-

rosy (Alter et al. 2011). In fact, genome-wide linkage scans 

(Alcais et al. 2007; Mira et al. 2003; Siddiqui et al. 2001), 

case–control studies of candidate genes (Cardoso et al. 

2011a; Pereira et al. 2009) and genome-wide association 

studies (GWAS) (Wong et al. 2010; Zhang et al. 2009) have 

been contributing to an increasing list of genes associated 

with leprosy. Validation and replication studies in different 

populations, although not common, are mandatory to finally 

pinpoint the major genes/pathways controlling leprosy phe-

notypes, ultimately leading to an improved understanding of 

the influence of genetic host variations in susceptibility or 

resistance to the disease (Cardoso et al. 2011b).

The first leprosy GWAS was conducted in a Chinese 

population sample, variants located at CCDC122-LACC1 

(the second, formerly known as C13orf31), NOD2, 

TNFSF15, HLA-DR-DQ and RIPK2 were associated with 

the disease and trend toward association was observed 

for LRRK2 (Zhang et al. 2009). A subsequent study using 

a Mali and a New Delhi population sample validated the 

CCDC122 and LACC1 associations (Wong et al. 2010). 

A family-based validation study conducted in Vietnamese 

families re-tested all 16 SNPs associated with leprosy in the 

Chinese original GWAS: 6 of them—located at CCDC122-

LACC1, NOD2, RIPK2 and the HLA-DR-DQ loci—were 

replicated (Grant et al. 2012). The NOD2 gene was also 

associated with leprosy per se and leprosy reactions when 

tested in Nepal (Berrington et al. 2010).

Here we investigated whether non-HLA genes originally 

described in the Chinese GWAS are associated with leprosy 

among Brazilians. Our stepwise design involving five pop-

ulation samples from different Brazilian regions resulted in 

positive association between leprosy and two genetic mark-

ers located at the NOD2 and CCDC122-LACC1 loci.

Methods

Ethics statement

All methods and procedures used in this study were 

approved by the local ethics boards and the Brazilian 

National Board for Ethics in Research. A written informed 

consent was obtained from all study participants.

Subjects and study design

First, we investigated all four candidate loci (five non-

HLA genes identified previously in the Chinese GWAS: 

CCDC122-LACC1, NOD2, TNFSF15 and RIPK2) in a 

family-based sample recruited at the Prata Village, a former 

leprosy colony located at the state of Pará, north of Brazil. 

This village was founded in the early 1920 with the objec-

tive to isolate individuals affected by leprosy. Isolation 

was compulsory until 1962; however, to date, the popula-

tion remains highly isolated and present unique charac-

teristics, such as very high disease frequency and homog-

enous distribution of socioeconomic and environmental 

variables (Lazaro et al. 2010; Werneck et al. 2011). A very 

strong genetic effect controlling susceptibility to leprosy 

has been described for the Prata population (Lazaro et al. 

2010), making it suitable for genetic association studies on 

leprosy. The Prata sample is composed of 179 individuals 

distributed in 60 nuclear families, from which 67 trios (one 

leprosy-affected individual and both parents) were derived.

Then, we used a stepwise strategy to investigate the 

associated markers from Prata in four replication sam-

ples from Brazil, totaling 3,435 individuals: three case–

control samples, including 1,601 leprosy cases and 1,387 

controls, from Rio de Janeiro–Rio de Janeiro; Bauru–São 

Paulo and Rondonópolis–Mato Grosso, and an independ-

ent family-based sample from Almenara-Minas Gerais, 

composed by 447 individuals distributed in 125 nuclear 

families from which 147 trios were derived. When nec-

essary, siblings were used to infer the genotype of an 

absent parent.

Patients were classified according to the classic, five-

group classification system (Ridley and Jopling 1966), and 

were treated following the World Health Organization rec-

ommendation, as paucibacillary or multibacillary. In Rio de 

Janeiro and Bauru, blood donors were used as controls; in 

Rondonópolis, controls were recruited during campaigns of 

active search for new leprosy cases performed at military 

bases and universities. In all contexts, controls were unre-

lated and from the same geographical region as cases, and 

presented no documented history of chronic infectious or 

inflammatory diseases. The ethnicity of each subject was 

classified as Black, Caucasian or Mestizo according to 

morphological characteristics of the individual and his/her 

family. The description of demographic and clinical char-

acteristics of these samples is summarized in Table 1 and 

described in detail elsewhere (Marques et al. 2013).

SNP selection and genotyping

Tag SNPs markers capturing the entire information of each 

candidate gene (from Chinese GWAS) were defined accord-

ing to the information available at the International Hap-

Map Project using the following parameters: minor allele 

frequency of 0.05 in the YRI population (Yoruba in Ibadan, 

Nigeria), tagger multimarker method, and r2 cutoff of 0.8. 

Following this strategy, 36 markers were interrogated at the 
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four loci, as follows: 13 markers at CCDC122-LACC1, 7 

markers at NOD2, 8 markers at RIPK2 and 8 markers at 

TNFSF15.

Genomic DNA was extracted from peripheral blood 

by classic salting-out (John et al. 1991). Genotyping was 

performed by fluorescence-based allelic discrimination 

using TaqMan, as implemented in the Applied Biosystems  

StepOnePlus Real-Time PCR System platform.

Statistical analysis

Family-based association analysis was performed using the 

Transmission Disequilibrium Test (TDT), as implemented 

in the FBAT software, version 2.0.2 (Horvath et al. 2001). 

We applied the empirical variance (-e) function to allow for 

association testing in the presence of linkage, an appropri-

ated approach when multiplex families are used (Lake et al. 

2000). Deviations from Hardy–Weinberg equilibrium and 

linkage disequilibrium (LD) estimations (Prata Village) 

were performed using the Haploview software, version 4.2 

(Barrett et al. 2005). To test for independence of positive 

association signals in the Prata sample, stepwise logis-

tic multivariate regression analysis (Schaid and Rowland 

1998) was performed as implemented in the SAS software 

version 9.1.

Comparative analyses for allelic, genotypic and carrier 

frequencies among cases and controls were carried out 

using an unconditional logistic regression model as pre-

viously described (Cardoso et al. 2011a; Marques et al. 

2013). Analysis was performed using R for Windows (R 

Development Core team 2013) version 2.10.1, with the 

package ‘‘genetics’’. An overall analysis combining the 

case–control samples was performed controlling for possi-

ble confounding effects using the geographic region of the 

population sample, gender and ethnicity. In addition, we 

have integrated our TDT and case–control studies to obtain 

an overall OR estimate as suggested by Kazeem and Farrall 

(2005), using the package “catmap” in R environment.

Results

Allele frequencies were in Hardy–Weinberg equilibrium in 

all population samples included (data not shown) and the 

genotyping success rate was ≥95 % for the tested markers. 

Seven out of the 36 SNPs genotyped in the primary sample 

of trios from the Prata Village were excluded from the analy-

sis due to complete homozygosis (rs5743270, rs16900581, 

rs16900592, rs16900593, rs11995005, rs16931739, 

rs6478107). In addition, marker rs17065164 from CCDC122 

was not analyzed due to the low number of informative 

families in the discovery sample (<10). Among the remain-

ing 28 markers tested for association with leprosy per se in 

the Prata Village, 23 were not associated (Table S1). Three 

alleles of NOD2 markers—rs8057341-A, rs2111234-G and 

rs3135499-C—and two at CCDC122-LACC1—rs4942254-

C and rs2275252-A—were under-transmitted to affected off-

spring, indicating leprosy protection (Table 2). Out of these 

five, two NOD2 markers (rs8057341 and rs3135499) were 

also associated in the original Chinese GWAS.

Linkage disequilibrium analysis of the associated mark-

ers suggested the existence of one single association signal 

in each loci (Fig. 1): there is moderate LD between NOD2 

marker rs8057341 and both rs2111234 (r2 = 0.59) and 

rs3135499 (r2 = 0.36); marker rs4942254 of CCDC122-

LACC1 is in strong LD with rs2275252 (r2 = 0.93). This 

effect was confirmed by stepwise, logistic multivariate analy-

sis: for each gene, when all associated markers were included 

in the model, association remained significant only for 

rs8057341 and rs4942254 of NOD2 and CCDC122/LACC1, 

respectively; therefore, these two markers were selected for 

further analysis in the replication samples.

Among the three genetic models tested in our case–con-

trol studies (genotypic, allelic and carriers), the genotypic 

was the best model to capture the differences between cases 

and controls in all populations. The replication of associa-

tion between NOD2 rs8057341 and leprosy was observed 

in all case–control samples, with the genotype “AA” con-

ferring resistance to leprosy (Table 3). In the family-based 

Almenara sample, however, the allele rs8057341-A did not 

reach statistical significance (P = 0.20, Table S2). A com-

bined analysis including all case–control studies endorsed 

the protective effect of rs8057341-AA against leprosy 

(ORAA = 0.49, P = 1.39e−06, Table 3). Finally, to obtain 

an overall estimate, all samples (case–control and family-

based studies) were included to build a summary plot that 

indicated a consensus protective OR value (overall ORA 

allele = 0.80, P = 0.0001), confirming allele “A” of NOD2 

rs8057341 as a leprosy resistance genetic factor (Fig. S1a).

Table 2  Association between leprosy per se and markers at 

CCDC122-LACC1 and NOD2 genes in a family-based study from 

Prata Village

a Minor allele frequency
b Z test
c Family-based association test; P value, reported for the recessive 

model

Gene SNP MAFa Allele Zb FBAT  

(P)c

CCDC122-LACC1 rs4942254 0.345 C −2.000 0.013

CCDC122-LACC1 rs2275252 0.351 A −2.263 0.023

NOD2 rs8057341 0.372 A −2.556 0.003

NOD2 rs2111234 0.401 G −2.157 0.031

NOD2 rs3135499 0.400 C −2.556 0.023
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The genotype “CC” of rs4942254 at CCDC122-LACC1 

was also associated with leprosy resistance in two of our 

replication samples: Rondonópolis and Rio de Janeiro 

(Table 3). However, no association was observed for this 

marker in Bauru and Almenara. The combined analysis of 

rs4942254 revealed association between the CC genotype 

and leprosy per se (ORCC = 0.72, P = 0.003, Table 3). The 

summary plot including all studies resulted in a global OR 

consistent with a protective effect of CCDC122-LACC1 

allele rs4942254-C (ORC allele = 0.86, P = 0.003) against 

leprosy (Fig. S1b).

The LD plots for genes RIPK2 and TNFSF15 are avail-

able in Fig. S2. As a remark, the SNPs associated with 

leprosy in the Chinese GWAS are also indicated in the LD 

figures.

Discussion

Genetic risk factors for complex traits have been inten-

sively investigated and candidate genes have been pro-

posed for several common diseases, including leprosy. The 

first GWAS in leprosy (Zhang et al. 2009), performed in a 

Chinese sample, identified new genes (CCDC122-LACC1, 

NOD2, TNFSF15, HLA-DR, RIPK2 and LRRK2) and path-

ways that encouraged validation and replication studies in 

other populations of distinct genetic backgrounds. A study 

involving an Indian and an African sample population 

validated only the association between leprosy and vari-

ants of the CCDC122-LACC1 locus (Wong et al. 2010). In 

contrast, when a Vietnamese sample population was inves-

tigated for the same genes and markers, only LRRK2 and 

TNFSF15 associations were not replicated (Grant et al. 

2012). These conflicting results reinforce the importance 

of additional validation and/or replication studies using 

independent population samples. In this scenario, we 

sought to validate the Chinese results, first using a sample 

from a unique family-based sample from the Prata Vil-

lage, located in the Brazilian amazonic state of Pará. Our 

assumption is that, due to its history as a former isolation 

colony, the Prata population is enriched of leprosy suscep-

tibility genetic variants which, combined with very homog-

enous demographic, socioeconomic, environmental and 

educational variables (Lazaro et al. 2010), makes it suitable 

for genetic association studies in leprosy. The small Prata 

sample size, however, poses an obvious limitation; thus, to 

confirm the observations, we applied a four-stage replica-

tion strategy using one family-based and three independent 

case–control samples from different regions of Brazil.

As a result, we have identified two polymorphisms at 

genes NOD2 and the CCDC122-LACC1 locus consistently 

associated with host resistance to leprosy. Up to now, the 

association between NOD2 and leprosy susceptibility origi-

nally reported in Chinese has been validated in Nepalese 

and Vietnamese population samples (Berrington et al. 2010; 

Grant et al. 2012; Zhang et al. 2009), but not in Indians and 

Africans (Wong et al. 2010). Data from the Chinese study 

indicate the G allele associated with increased leprosy risk 

(Zhang et al. 2009). Here, allele A of NOD2 rs8057341 was 

found associated with host resistance to leprosy in all the 

Fig. 1  Relative position and linkage disequilibrium plot (LD) pat-

terns of markers for the coiled-coil domain containing 122 gene 

(CCDC122) and laccase (multicopper oxidoreductase) domain con-

taining 1 gene (LACC1) in Prata Village sample (a) and nucleotide-

binding oligomerization domain containing 2 gene (NOD2) (b). Val-

ues inside boxes represent LD measured using the r2 parameter and 

the intensity of shading is proportional to r2. *SNPs associated in the 

Chinese GWAS (Zhang et al. 2009)
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samples studied. The replication of the association signal 

for marker rs8057341, with the same resistance allele on 

all our population samples, argues consistently in favor of 

NOD2 as leprosy per se susceptibility gene. Interestingly, 

in Vietnam, NOD2 rs8057341 was not associated with lep-

rosy (Grant et al. 2012); however, the same study reported 

NOD2 marker rs9302752 associated with the disease, 

which may indicate a distinct LD profile across these popu-

lations, a hypothesis supported by the HapMap data—LD 

between rs8057341 and rs9302752 of r2 = 0.77, 0.41 and 

0.00 in the CEU, CHB and YRI populations, respectively 

(International HapMap 2005).

A second consistent association signal was observed for 

rs4942254, which is located intragenic to CCDC122; how-

ever extensive LD pattern does not allow excluding neigh-

boring gene LACC1 as the true responsible for the associa-

tion detected. Finally, a combined plot was conducted to 

summarize the information from all samples of the present 

study. The results confirmed the host resistance effect for 

both loci.

The conflicting results obtained in leprosy association 

studies may reflect biological differences associated with 

population-specific genetic effect (Manry and Quintana-

Murci 2013). The increased ethnic proximity between 

Vietnamese and Chinese may explain the higher rate of 

successful validation observed among these populations 

(Grant et al. 2012). Differences in allele frequency and 

haplotype/LD structure reflect ethnic specificity; thus, the 

association pattern identified in Chinese population may 

not be captured in different populations. Also, in the pre-

sent study, it is important to consider that the small sample 

size of the discovery sample could have an impact upon the 

power to capture more subtle genetic association effects. 

Finally, we cannot exclude the possibility that genes not 

validated/replicated for leprosy per se susceptibility are 

actually controlling susceptibility to endophenotype of the 

disease, such as clinical forms and the occurrence of rever-

sal reactions.

Zhang and cols (Zhang et al. 2009) identified a pathway 

placing five leprosy susceptibility genes (LRRK2, NOD2, 

RIPK2, HLA-DRB1 and TNFSF15) within the same bio-

logical pathway that included PARK2, previously associ-

ated with leprosy (Mira et al. 2004). Several of these genes 

have been implicated with host immune response in dif-

ferent infectious diseases (Schurr and Gros 2009; Zhang 

et al. 2011). The NOD2 gene encodes an intracellular sens-

ing molecule that recognizes a component of mycobacte-

rial wall. Upon recognition, the NOD2-mediated signaling 

pathway promotes the recruitment of RIPK2 and formation 

of a NOD2–RIPK2 complex that indirectly leads to acti-

vation of NF-κB as a part of the host immune response to 

infection (Schurr and Gros 2009; Zhang et al. 2009, 2011). 

A functional study reinforced the importance of the NOD2 

cascade in leprosy by demonstrating that the interaction 

of NOD2 with muramyl dipeptide, a mycobacterium cell 

wall component, leads a distinct interleukin-32-dependent 

induction, resulting in the differentiation of monocytes 

into dendritic cells (Schenk et al. 2012). It has also been 

shown that NOD2 is able to induce autophagy, a crucial 

mechanism for intracellular bacterial clearance (Cooney 

et al. 2010). In contrast, the function of CCDC122-LACC1 

locus is yet unknown. Remarkably, our data add up to the 

accumulating body of evidence indicating a common asso-

ciation fingerprint across leprosy, Crohn’s and Parkinson’s 

disease (Orlova et al. 2011): variants of leprosy suscepti-

bility genes PARK2, TNFSF15, NOD2, LACC1, LRRK2, 

IL23R, IL18RAP/IL18R1 and IL12B have been described 

also associated with Crohn’s, Parkinson’s and inflamma-

tory bowel disease (Liu et al. 2012; Trabzuni et al. 2013; 

Zhang et al. 2009, 2011). It is possible to speculate that a 

better understanding of the genotype–phenotype regula-

tory switches controlled by these associated SNPs can help 

develop novel diagnostic and therapeutic approaches for 

infectious, inflammatory and neurodegenerative diseases.
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Table S1. Data of the SNPs tested with leprosy per se in the family-based study from Prata Village but 

with no significant association. 

Gene SNP
a
 Allele AF

b
 Z

c
 FBAT (P) 

CCDC122 rs12869697 C 0.204 -1.194 0.232
d
 

rs9533667 C 0.778 -1.687 0.089
 d
 

rs2325089 G 0.470 -0.798 0.425
e
 

rs9533660 C 0.926 0.000 1.000
e
 

rs12428350 A 0.208 -1.417 0.156
d
 

rs1562216 G 0.119 -0.352 0.724
d
 

LACC1 rs9533674 C 0.906 -0.662 0.507
e
 

rs895266 T 0.493 -1.141 0.254
e
 

rs9533676 T 0.125 -0.451 0.652
d
 

rs6561150 G 0.260 -1.417 0.156
d
 

NOD2 rs1861758 A 0.287 -1.769 0.076
e
 

rs5743266 G 0.762 -0.211 0.832
e
 

rs11647841 A 0.293 -1.504 0.123
e
 

RIPK2 rs10504881 A 0.182 -1.084 0.278
d
 

rs13262484 G 0.060 -0.798 0.508
d
 

rs39764 T 0.735 -1.031 0.425
d
 

rs39502 A 0.675 -1.179 0.302
d
 

TNFSF15 rs7847158 A 0.766 -0.087 0.930
e
 

rs4979462 T 0.129 -0.095 0.924
d
 

rs7862325 G 0.611 -1.187 0.060
e
 

rs3810936 T 0.274 -1.438 0.150
d
 

rs7867918 G 0.877 -1.857 0.063
e
 

rs6478108 C 0.265 -1.897 0.057
e
 

a
Single-nucleotide polymorphism 

b
Allele frequency 

c
Z test 

d
Family-based association test; P-value, reported for the dominant model 

e
Family-based association test; P-value, reported for the recessive model 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table S2. Association between leprosy per se and markers at CCDC122-LACC1 and NOD2 

genes in a family-based study from Almenara sample. 

Gene SNP MAF
a
 Allele Z

b
 FBAT (P)

c
 

CCDC122-LACC1 rs4942254 0.419 C 0.614 0.538 

NOD2  rs8057341 0.322 A 1.293 0.196 
a
Minor allele frequency!

b
Z test!

c
Family-based association test; P-value, reported for the additive model 

 

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

!



!

!

!

!

!

!

!

!

!

!

!

!

!

!

!

Fig. S1 Representative plots grouping our genetic studies (family-based and case-control studies) and the association between 

NOD2 and CCDC122-LACC1 SNPs with leprosy per se. At plot, the bars represent 95% of confidence interval

ratio (OR) values. The size of each box indicates the weight of the study in the pooled result. In a the 

rs8057341 - A allele at NOD2 (Pooled OR = 0.80, P = 0.0001), and in b the plot representation of rs4942254 

CCDC122-LACC1 (Pooled OR = 0.86, P = 0.003). The overall OR was obtained as described by Kazeem and Farrall (Kazeem 

and Farrall 2005), using the package “catmap” in R environment. In this analysis only the allelic model can be used, so the 

results can be different if compared with other genetic models 
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Fig. S2 Relative position and linkage disequilibrium plot (LD) patterns of markers for the receptor - Interacting Serine T

(RIPK2) (a) and Tumor Necrosis Factor (ligand) superfamily, member 15 gene (TNFSF15) (b) in Prata Village sample

represent LD measured using the r
2 
parameter and the intensity of shading is proportional to r

2
. *SNPs associated in the Chinese GWAS (Zhang et 

al. 2009)
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Abstract A solid body of evidence produced over decades of intense research supports the hypothesis that

leprosy phenotypes are largely dependent on the genetic characteristics of the host. The early evidence of a

major gene effect controlling susceptibility to leprosy came from studies of familial aggregation, twins, and

Complex Segregation Analysis. Later, linkage and association analysis, first applied to the investigation of

candidate genes and chromosomal regions and more recently, to genome-wide scans, have revealed several

leukocyte antigen complex and nonleukocyte antigen complex gene variants as risk factors for leprosy

phenotypes such as disease per se, its clinical forms and leprosy reactions. In addition, powerful, hypothesis-

free strategies such as Genome-Wide Association Studies have led to an exciting, unexpected development:

Leprosy susceptibility genes seem to be shared with Crohn’s and Parkinson’s diseases. Today, a major

challenge is to find the exact variants causing the biological effect underlying the genetic associations. New

technologies, such as Next Generation Sequencing that allows, for the first time, the cost and time-effective

sequencing of a complete human genome, hold the promise to reveal such variants. Strategies can be

developed to study the functional effect of these variants in the context of infection, hopefully leading to the

development of new targets for leprosy treatment and prevention.

© 2015 Elsevier Inc. All rights reserved.

Genetics of host susceptibility to
infectious diseases

The burden of infectious diseases has been massive

throughout history of mankind. Infections have been

responsible for a strong selective pressure; yet, some

of them are, still today, major public health problems.

Recent advances, such as the development of vaccines

and antibiotics, combined with a general increase of the

education and socio-economical level of human populations

led to an increase of life expectancy, but not to eradication of

infectious diseases.1 To understand this scenario, it is

necessary to consider a very complex interplay between

environmental (microbial and nonmicrobial) and human

⁎ Corresponding author. Tel.: +55 (41) 3271-2030; fax: +55 (41) 3271-1657.

E-mail address: m.mira@pucpr.br (M.T. Mira).
1 These authors share first authorship.
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(genetic and nongenetic) factors that determines immunity to

infection or its clinical outcome.1

A classic feature of human infections is that only a

proportion of exposed individuals develop clinical disease.2

Accumulating evidence suggests that host genetic factors play a

particularly important role in controlling susceptibility to these

diseases.3 Some of the most compelling evidence that

human genetics does indeed determine the occurrence of

infection comes from primary immunodeficiencies (PIDs). The

PIDs are typicallymonogenic (Mendelian) disorders that impair

host defense mechanisms and result in predisposition to multiple

infectious diseases. The PIDs are responsible for more than 200

known clinical syndromes, at least 100 of which presenting a

well-defined molecular genetic basis. Examples of PIDs include

mutations in genes encoding proteins of the IL-12/23-IFN-γ

pathway associated with the Mendelian Susceptibility to

Mycobacterial Diseases syndrome; complement defects associ-

ated with Neisseria sp invasive disease; X-linked lymphoprolif-

erative disease associated with Epstein-Barr virus infection;

mutations in genesEVER1 orEVER2 associated with Epidermo-

dysplasia verruciformis; and apolipoprotein L-1 deficiency,

associated with trypanosomiasis.1,4–6

The profound influence of the genetic make-up of the host

over resistance to infection has been investigated in several

models. Studies in mice, based on reverse (gene-targeted knock-

out and knock-in mutations) and forward genetics (natural

mutation and random mutagenesis), have provided important

insights into the mechanisms controlling infection and immunity

in human, natural conditions.7 In human genetics, epidemiologic

studies of adopted individuals showed that predisposition to

infection were largely inherited, paradoxically, even more than

diseases associated with less obvious environmental risk factors,

such as cancer.1,8 Studies comparing concordance rates between

monozygotic and dizygotic twins have provided powerful

evidence for the existence of a host genetic background

controlling susceptibility to different infectious diseases.1 Finally,

several genes have been associated with diseases such as AIDS

(HLA,MICA, PSORS1 C3, KIR, and CCR5); hepatitis B (genes

HLA); tuberculosis (MBL, VDR, NRAMP1, genesHLA); malaria

(HBB, SCO1,DDC); and meningococcal disease (CFH).5,9,10

In this context, leprosy presents as a very goodmodel for the

study of genetic predisposition to infection: Mycobacterium

leprae, the etiologic agent, is known for its limited diversity

between strains of different locations11,12; this near clonal

characteristic, together with the observation of a wide range of

leprosy clinical phenotypes, strongly suggests that most of the

disease variability, including susceptibility to leprosy per se, is

dependent upon the genetic background of the host.13

Genetics of leprosy

Today, it is widely accepted that the exposure toM leprae

is necessary but not sufficient to trigger the outcome of the

disease, and different sets of genes modify host susceptibility

to leprosy in three different stages, namely: (i) the control of

infection per se, that is, the disease regardless of its clinical

form manifestation; (ii) after the infection is established,

the definition of different clinical forms of the disease; and

(iii) the risk of developing leprosy reactions (Figure 1).

Observational studies indicate the presence of a familial

component to susceptibility to the leprosy,14 as well as

increased concordance rates of disease per se and its clinical

forms among monozygotic compared with dizygotic

twins.15,16 In addition, several Complex Segregation Analyses

have been performed for leprosy in different populations,17–19

aiming to identify the best-fit model of inheritance of the

phenotype, given a collection of pedigrees. All of these studies

supported a polygenic model of inheritance that includes a

major gene effect.

Taken together, these results indicate the existence of a

strong genetic component controlling susceptibility to leprosy;

however, these observational designs do not provide any

information about the exact nature of the genetic factors

involved, that is, the identity and number of genes, as well as

the genetic variants of these genes, causative of the leprosy

phenotypes. For that, molecular studies are necessary, and a

vast number of these studies have been conducted over the past

decades. As a result, several candidate chromosomal regions

and genes have been described, such as the MHC/HLA-liked

genes of class I and II, TNFA, LTA, MICA, MICB, as well as

non-HLA genes, such as CCDC122, IFNG, IL10, IL12 B,

IL23 R, KIR, LACC1 (formerly C13 orf31), LTA4 H, LRRK2,

MRC1, NOD2, PARK2/PACRG, RIPK2, SLC11A1 (formerly

NRAMP1), TAP, TLR, TNFSF15, and VDR. Among these, a

few candidates have been consistently replicated by indepen-

dent studies and/or successfully investigated by functional

studies. A brief summary of selected genes is presented in

Table 1 and expanded next.

Major histocompatibility complex genes

The major histocompatibility complex (MHC), in humans

known as the leukocyte antigen complex (HLA), is a cluster

of highly polymorphic genes contained within a 3.6 mega-

base (Mb) interval located on chromosome 6p21. Most of

these genes encode for proteins that are essential players in

the processing and binding of antigenic peptides during the

immune response. The HLA region is organized in 3 classes:

HLA class l contains subclasses HLA-A, −B and -C, which

present antigenic peptides of intra-cellular origin to CD8+ T

cells; HLA class II includes subclasses HLA-DR, −DQ, −

DM, and -DP, that primarily bind peptides of extra-cellular

origin and present them to CD4+T cells, and HLA class III

contains genes coding for cytokines, such as tumor necrosis

factor alpha (TNFA) and lymphotoxin alpha (LTA), for

enzymes involved in steroid synthesis, for heat-shock

proteins and for other intermediates of the immune response

mechanisms.20
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The crucial role of the HLA region in immune response

regulation makes it the most exhaustively studied genomic

candidate region in infection.21 It seems reasonable to

assume a particularly important role for HLA genes in

leprosy, given that clinical manifestation of the disease

depends on the type of immune response shown by the host.

The exchanges between Th1 and Th2 types of immune

response may be partially controlled by a mechanism of

antigen presentation involving HLA molecules.22 A large

number of linkage and association studies reported the

involvement of HLA alleles and haplotypes as important

genetic factors controlling susceptibility to leprosy. In

particular, HLA-DR alleles have been consistently associat-

ed with leprosy23: Several studies reported an association of

the HLA-DR2 alleles HLA-DRB1*04, DRB1*10 DRB1*12,

DRB1*15, and DRB1*16 with susceptibility or resistance to

leprosy in populations around the world.24–30 In addition,

HLA-DR3 alleles were also found to be associated with

leprosy susceptibility in two different populations.31,32

HLA class I has been also intensively studied in leprosy, and

HLA-A*2, A*11, B*40, and C*7 are some examples of alleles

detected more often among leprosy cases compared with

unaffected controls.33A recent study performed a high-resolution

association scan of a 1.9 Mb region in the HLA complex in a

Vietnamese population, followed by step-wise replication in an

independent sample from Vietnam and a sample from North

India. The result was the identification of eight intergenic HLA

class I region single nucleotide polymorphisms (SNPs) as novel

genetic risk factors for leprosy per se, particularly implicating the

HLA-C in leprosy susceptibility.34

There is cumulative evidence that class III genes TNFA

and LTA are involved in the immune response against

leprosy.35 TNFA encodes TNF-α, a proinflammatory and

immunostimulatory cytokine that belongs to the TNF

superfamily. This cytokine is involved in the regulation of

a wide spectrum of biological processes, including the

modulation of innate and adaptive immune responses. It is

mainly secreted by macrophages, and functions as an

important modulator of antigen presentation, through class

II molecules, and cytokine production necessary for effective

leukocyte response. In leprosy, a large body of functional

experimental data indicates that TNF-α plays a central role

by mediating the protective response to M leprae invasion.

Genetic studies have consistently indicated that TNFA

variants can influence leprosy phenotypes.36,37 Recently, a

large association study involving 4 population samples and

more than 2500 individuals, followed by a meta-analysis,

confirmed association between a promoter variant of TNFA

and leprosy, interestingly, the effect seems to be restricted to

the Brazilian samples.37

Fig. 1 A schematic stage model of genetic susceptibility to leprosy. The exposure to the mycobacteria does not always result in infection.

In an initial stage, a first group of genes confers susceptibility to infection (leprosy per se). Among the individuals who develop the disease,

a second group of genes determines the type of host immune response and subsequent leprosy subtype. Finally, a third group of genes

confers the risk of developing leprosy reactions. TT: Tuberculoid-tuberculoid, BT, Borderline-tuberculoid; BB, Borderline-borderline;

BL, Borderline-lepromatous; LL, Lepromatous-lepromatous; I, Indeterminate; PB, Paucibacillary; MB, Multibacillary; Th1, T-helper 1;

Th2, T-helper 2; MDT, Multidrug therapy.
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LTA is also a member of the TNF superfamily, but

compared with TNF-α, much less is known about its

function.35 This cytokine is produced by lymphocytes and

forms heterotrimers with lymphotoxin-beta, which anchor

lymphotoxin-alpha to the cell surface. LTA signaling has

proven important in controlling infection by intracellular

pathogens, including Mycobacterium tuberculosis and M

leprae among others.38,39 Interestingly, it seems that, in

leprosy, the LTA genetic effect is more pronounced in patients

with early onset of disease.40 A recent study using knockout

mice showed that the combination of TNF and LTA are

necessary to the formation and maintenance of granulomas in

response to M leprae: LTA seems to regulate granuloma

formation whereas TNF-α is responsible for its integrity.35,39

Finally, variants of additional HLA-linked genes, such

MICA (MHC class I polypeptide-related sequence A), MICB

(MHC class I polypeptide-related sequence B), and TAP

(Transporter 1, ATP-binding cassette, sub-family B [MDR/

TAP]), have also been described in association with leprosy

phenotypes in different populations.22

Of note, the interpretation of genetic association studies

involving the HLA complex requires caution, due to the

close proximity and very high gene density typical of this

locus: Once positive association is detected between a

leprosy phenotype and an MHC/HLA marker, the challenge

is to determine if the causative gene is the one being

investigated of another in close proximity to the marker used,

a phenomenon called linkage disequilibrium.22

Non-HLA genes

Interleukin 10

The Interleukin 10 (IL10) gene is located at the 1q31-q32

chromosomal region and encodes for the anti-inflammatory

cytokine IL-10, secreted by cells of the monocyte/macrophage

lineage and T-cell subsets such as Type 1 Tr, regulatory T, and

T-helper 17.35,41 The IL-10 exerts its anti-inflammatory

actions by blocking the production of proinflammatory

cytokines by macrophages and their ability to serve as

antigen-presenting or costimulatory cells.41 More specifically,

this cytokine inhibits the production of IL-1, IL-6, and TNF-α in

LPS- and IFN-γ-activated macrophages.36,41–43

High levels of IL-10 are observed in multibacillary/

lepromatous leprosy patients compared with paucibacillary/

tuberculoid patients and a low TNF-α/IL-10 ratio is

correlated to disease progression.35,42 Genetic epidemiology

studies have been consistently reporting association between

leprosy and SNPs located at the IL10 gene.44–49 The exact

reason why IL10 polymorphisms are associated with leprosy

is yet to be cleared. As this cytokine suppress the production

of inflammatory mediator and boosts the development of

Th2 immunity,50 it is plausible that these polymorphisms

somehow change IL10 expression, directing the patient

towards one of the poles of the leprosy clinical spectrum.

PARK2/PACRG (Parkinson protein 2, E3 ubiquitin
protein ligase/Parkin co-regulated gene)

Agenome-wide linkage analysis conducted in a Vietnamese

population mapped a leprosy susceptibility locus to chromo-

some 6q25-27, an effect distributed along the entire leprosy

clinical spectrum.51 In a follow-up study, the same group

performed a systematic association scan of the candidate region

and found 17 SNPs associated with leprosy susceptibility,52 15

of them located in and around the promoter region shared by

two genes: PARK2 and PACRG. These results were validated

in a separate set of unrelated individuals from Brazil. Later, an

independent case–control study found significant association

between leprosy and PARK2/PACRG SNPs in an Indian

population sample; however, the signal did not resist correction

for multiple testing.53 A study conducted in a geographically

isolated Croatian community with a well-documented history

Table 1 Selected leprosy associated genes replicated in at least two distinct population samples

Official symbol Official full name Function

HLA-DRB1 Major histocompatibility complex, class II, DRB1 Heterodimer anchored in the membrane that

present antigenic peptides of extra-cellular origin to CD8+ T cells

TNFA Tumor necrosis factor alpha Proinflammatory cytokine

LTA Lymphotoxin alpha Proinflammatory cytokine

IL10 Interleukin 10 Anti-inflammatory cytokine

PARK2 Parkinson protein 2, E3 ubiquitin protein ligase E3 ubiquitin ligase

NOD2 Nucleotide-binding oligomerization

domain containing 2

Cytoplasmic receptor that plays a role in the immune

response to intracellular bacterial lipopolysaccharides

RIPK2 Receptor-interacting serine-threonine kinase 2 Member of the receptor-interacting protein (RIP) family

of serine/threonine protein kinases

LACC1 Laccase (multicopper oxidoreductase)

domain containing 1

Unknown

CCDC122 Coiled-coil domain containing 122 Unknown
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of leprosy showed that the protective alleles of two PARK2

SNPs associated with the disease in Vietnam and Brazil were

enriched in this population,54 suggesting positive selection.

More recently, a study involving a Vietnamese and an

Indian population sample confirmed thePARK2/PACRG effect

and revealed that age at diagnosis and differences in linkage

disequilibriumpatterns across different ethnicities are important

for the correct interpretation of these association results.55

Curiously, association has been also reported between the

PARK2/PACRG leprosy polymorphisms and typhoid and

paratyphoid fever in an Indonesian population.56 The finding

raised the hypothesis that the PARK2/PACRG genetic effect

would not be specific to infection withM leprae, but related to

host responses against intracellular parasites.

The PARK2 gene encodes Parkin, an E3 ubiquitin ligase

involved with the ubiquitin-proteasome complex that mediates

the targeting of protein substrates for proteasomal degradation.13

Replicated association between leprosy and PARK2/PACRG

variants revealed a new ubiquitin-dependent pathway of

immunity to infection with M leprae, an idea supported by a

functional study which demonstrated that proteasome function

is important forM leprae-induced apoptosis.57

The Genome Wide Association Studies genes

GenomeWideAssociation Studies (GWAS) are a powerful

study design based on extensive coverage of the entire genome

with hundreds of thousands ofmakers, genotyped in one single

experiment, that capture the vast majority of common variants

in the genome sequence.58,59 The genotyping data are then

used in association testing that, if performed in samples large

enough to achieve an adequate statistical power, allows for the

identification of very small genetic effects, without the need of

a previous hypothesis. The first GWAS on leprosy included

491,883 SNPs genotyped in 706 cases and 1225 controls from

Eastern China. A total of 93 SNPs showed association with

leprosy at the GWAS significance level; these SNPs were then

tested in three independent replication sets totaling 3254

patients and 5955 controls from Eastern and Southern China.

As a result, 15 SNPs distributed in six genes, CCDC122,

LACC1, NOD2, TNFSF15, RIPK2, and the HLA-DR–DQ,

were consistently associatedwith leprosy across all samples. In

addition, a trend toward association was detected between

leprosy and one SNP of LRRK2.60 In 2011, the same group

published an expandedGWASby combining their first data set

with additional control subjects–two additional genes were

identified associated with leprosy: IL23R and RAB32.61 Later,

another study identified a relative increase in IL23R gene copy

number significantly associated with paucibacillary leprosy.62

Given the nature of the GWAS, association studies

involving a tremendous number of tests performed on a

single experiment, therefore under strong inflation of

type I error (false positive), these results, although exciting,

must be validated by replication and/or by functional

independent studies.63

Association between leprosy and HLA-DR-DQ was

replicated in an Indian population64 and the LACC1 and

CCDC122 signals were replicated in an Indian and African

population.65 More recently, a family-based replication study

conducted in 474 Vietnamese leprosy families re-tested all 16

SNPs associated with leprosy in the Chinese original GWAS;

six of them, located at CCDC12, LACC1, NOD2, RIPK2, and

the HLA-DR-DQ genes were replicated.66 Association be-

tween NOD2 and leprosy has also been replicated in Nepal.67

Several of the proteins encoded by these genes are

involved in microbial sensing and in the early immune and

inflammatory responses.63 NOD2 is located on chromosome

16q12 and encodes an intracellular receptor that recognizes a

muramyl dipeptide component of the bacterial wall. After the

interaction with activated NOD2 molecules, RIPK2 un-

dergoes poly-ubiquitination mediated by an E3 ubiquitin

ligase and promotes the activation of the TGFβ-activated

kinase 1 (TAK1) complex. The activated TAK1 complex,

again via poly-ubiquitination of a mediator, leads to

degradation of transcriptional regulator nuclear factor κB

(NF-ĸB) repressor IĸB, releasing NF-ĸB to promote the

transcription of pro-inflammatory genes, one of them,

TNFSF15.63,68–70 A functional study reinforced the impor-

tance of the NOD2 cascade in leprosy, by demonstrating that

after NOD2 from monocytes interact with M leprae’s

muramyl dipeptide, a distinct interleukin-32-dependent

induction of innate immune responses takes place, leading

to the differentiation of monocytes into dendritic cells.71

These antigen-presenting cells are competent to define the

adaptive immune response in leprosy.72–74

Genetics of leprosy reactions

LRs are sudden and intense inflammatory processes that

affect individuals at all stages of the disease, from diagnosis,

during treatment and even in the post-cure. The pathophys-

iologic mechanisms involved are still widely unknown.

Leprosy reactions are classified as type 1 (T1R or reversal

reaction), which commonly affects patients at the tuberculoid

side of the clinical spectrum; or type 2 (T2R, or Erythema

Nodosum Leprosum), which affects mainly patients from the

lepromatous pole of the disease.75–79 Only recently, human

genetic epidemiology tools have been applied to the

investigation of the molecular mechanisms controlling

susceptibility to this extreme leprosy phenotype, as recently

reviewed by Fava and cols.77,80

The first evidence of association between LR and genetic

polymorphisms came from studies involving Toll-like

receptor (TLR) genes. An investigation involving a Nepalese

population sample revealed polymorphisms on TLR1 and

TLR2 associated with higher risk for T1R.81,82 A functional

polymorphism of TLR1, which causes a substitution of

asparagine to serine (N248S), was found associated with

susceptibility to leprosy reactions in a Bangladeshi

103Genetics of leprosy



population sample.83 Interestingly, a recent study detected

association between the same N248S polymorphism and

susceptibility to leprosy in a Brazilian population sample.84

The TLRs are transmembrane proteins that play a critical role

in the inflammatory response to microbial pathogens.64,85

TLR1 is located on chromosome 9q33.1 and its protein forms

a heterodimer with TLR2 or TLR6 and mediates the

recognition of several mycobacterial motifs: The heterodimer

TLR1/TLR2 is involved in the recognition ofM leprae,86 and

TLR1/TLR6 seems to be related to M leprae persistence in

Schwann cells.87

A prospective study of a Brazilian population sample

resulted in strong evidence implicating variants of the IL6

gene with susceptibility to T2R. Upon diagnosis, leprosy

patients were monitored for at least 1 year for the occurrence

of LR. Patients who developed T1R or T2R within the

follow-up period were included in the group of cases, and

leprosy patients who did not develop reactions were used to

compose the control group. Cases of T1R and T2R were

matched with controls by clinical form of leprosy and

compared for the allele frequencies of markers physically

covering the entire IL6 gene. No association was observed

between the IL6 markers and T1R. Two independent signals

of association with T2R were detected; one of them was

captured by SNP rs1800795, a variant with known impact

over IL6 expression. These results support an important role

of IL6 in the development of T2R.77

Additional studies on genetics of LR have implicated

variants of NOD2 and VDR as risk factors for the occurrence

of T2R and T1R, respectively.67,88 Finally, a study in a

Brazilian sample demonstrated an association between a

SNP of SCL11A1 with leprosy reactions.89 These findings

are yet to be replicated.

Leprosy, Crohn's, and Parkinson's diseases:
a common genetic background?

In the past recent years, interesting findings concerning

the genetic control of complex diseases have been observed:

Some disorders, apparently unrelated, share genetic risk

factors. In this context, the identification of leprosy

susceptibility genes revealed an unexpected overlap with

inflammatory bowel conditions and Parkinson’s disease.9

Inflammatory bowel disease (IBD) is characterized by a

chronic, relapsing intestinal inflammation. The two major

types of IBD are Crohn's disease (CD) and ulcerative colitis

(UC). The identification ofMycobacterium avium subspecies

paratuberculosis RNA in mucosal samples of CD and UC

patients suggested that the development of the disease, at

least in some individuals, might be triggered by mycobac-

terial infection.90,91 This hypothesis have been supported by

recent genetic studies revealing CD susceptibility genes that

encode proteins responsible for recognition of bacterial

structures and/or are present in immunologic pathways.9,92

Some of the these CD susceptibility loci are shared with

leprosy,63 as clearly exposed by the Chinese leprosy GWAS:

Five of the newly described leprosy susceptibility genes

have been previously associated with CD: TNFSF15,

NOD2, LACC1, LRRK2, and IL23R.60,61 Motivated by this

unexpected finding, the same group later performed a

systematic, comprehensive association study testing all

previously described IBD loci as leprosy susceptibility

candidates in a large Chinese leprosy sample, again, two

IBD loci were associated with leprosy: IL18RAP/IL18R1,

and IL12B.93 These outstanding results corroborates the

hypothesis that IBD, mainly CD, and leprosy share genetic

risk factors and sum additional evidence supporting the role

of an infectious agent participating in the initial events leading

to CD manifestation.

One additional intriguing finding of the Chinese study is

that the in silico analysis that places NOD2, RIPK2, and

TNFSF15 in the same pathway also included PARK2 and

LRRK2, genes encoding proteins that directly interact.60

Strikingly, PARK2 and LRRK2 are well known Parkinson's

disease (PD) susceptibility genes. Of particular interest, LRRK2,

shown to be expressed inmacrophage andmonocytes,94 harbors

variants that have been associated with CD95 and Parkinson’s

disease, as well as leprosy.

Based on this results, one can speculate that because

NOD2/RIPK2 initiates a signaling process that involves

an ubiquination process through TRAF6 (TNF receptor-

associated factor 6), an E3 ubiquitin ligase, it is possible that

parkin, also an E3, plays a role in this process; in addition,

LRRK2 is thought to regulate the ligase activity of

PARK296; therefore, it may also take part in the signaling

control. These observations suggest the existence of a

partially shared genetic control of susceptibility to an

infectious disease, an inflammatory disease and a neurode-

generative disorder. The complete elucidation of the cross

talk between those susceptibility genes is a difficult, yet

tremendously exciting task.

Future perspectives

Classic genetic studies on susceptibility to leprosy have

been focusing on the identification of common variants that

could explain predisposition to disease and, as a result,

several common variants were described to be associated

with leprosy phenotypes. The assumption made is that a set

of these variants in one or several genes of a biochemical

pathway would act together to contribute to a clinical

outcome. These findings cannot explain the totality of the

large genetic effect observed in descriptive genetic epidemi-

ology studies. Interesting, this scenario remain true for a

number of complex traits.97

With the popularization of the GWAS, it has become

increasingly clear that a large part of the genetic effect

controlling disease susceptibility was missing98: With rare

104 M.E.D. Sauer et al.



exceptions, more than 90-95% of the heritable component of

a disease has been left unexplained after extensive GWAS on

several complex diseases, giving rise to the term “missing

heritability”.98,99 The idea behind these “missing effect” is

that common genetic variability is unlikely to explain the

entire genetic predisposition to disease.98,100,101

As a result of intense debate, a new scenario of not one,

but two major hypothesis has risen, both aiming to offer a

better understanding on how different classes of genetic

variations can account for a specific outcome: The “Common

Disease-Common Variant (CDCV)” and the “Common

Disease–Multiple Rare Variant (CDMRV)” hypothesis.

The first one argues that common variants with small effect

are responsible for the genetic susceptibility to common

diseases; the CDMRV hypothesis defends the idea that

multiple rare alleles of large effect, explains the genetic

susceptibility to common diseases.100,101

In fact, the idea that rare variants are behind of human

susceptibility to common diseases is not new. A remarkable

example of the impact of a rare variant over disease

phenotypes has been provided by Altare et al. in 1998102:

By applying molecular biology tools a genetic analysis on

the study of a single young girl presenting generalized,

atypical M. bovis-BCG infection. The authors found a

homozygous, 4.4 kb-long deletion in the gene IL12B that

impaired IL12-dependent, IFN-γ mediated response against

a non-virulent mycobacteria. The finding, that clearly

implicates the IL-12/IFN-γ axis as critical for the control

of the immune response against mycobacterial infection,

represents strong support to the idea that a rare structural,

homozygous variant can underlie the mechanism controlling

host susceptibility to infection. This study and others

provided rising evidence that rare variations are important

pieces of the puzzle of human phenotypic variation.103

Identifying these rare variants without previous indication of

their possible location used to be a daunting task, given (i) the

need to study rare, extreme cases of disease; and (ii) the limited

throughput and the high costs of classic, Sanger-based

methods for genome sequencing.

The CDMRV hypothesis gained momentum with the very

recent advent of next generation genetic analysis platforms

capable of sequencing massive segments of the human

genome, whole exomes or even genomes, in short time

frames and for a reasonable cost. By reducing the time and

cost limitations to a minimum challenge, these platforms of

next-generation sequencing (NGS) technologies, also known

as massively parallel DNA sequencing, are ideal tools to be

used on the search of such rare variations.100,104

Conclusions

The NGS technology has the potential to revolutionize

our understanding on how genes or genomic regions are

involved in the pathogenesis of human diseases.105 The use

of NGS can be directed to the identification of causative

disease mutation by resequencing the whole genome (or

exome) of a small number of affected individuals, typically

displaying extreme phenotypes of the disease. The approach

has been successfully applied to determine the genetic basis

of rare disorders, much of themMendelian, through the study

of a small number of affected individuals. In this scenario, an

interesting question would be whether the same strategy

could be applied to the identification of rare mutations possibly

contributing to the risk of occurrence of a complex disease, such

as common infections. In this much more complex context,

leprosy has been considered as an excellent model to the study

of genetic susceptibility to common infectious diseases.106

It is reasonable to believe that innovative approaches based

onNGS technology could help to unravelmuch of the "missing

heritability" observed in leprosy and other infectious diseases.

Also, classic experimental design such as linkage analysis can

be coupled to these approaches to increase its power.
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