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Abstract

Background—Because of the wide spectrum of clinical manifestations and well-defined
immunologic complications, leprosy is a useful disease for studying genetic regulation of the host
response to infection. We hypothesized that polymorphisms in NOD2, a cytosolic receptor known
to detect mycobacteria, are associated with susceptibility to leprosy and its clinical outcomes.

Methods—We used a case-control study design with 933 patients in Nepal, which included 240
patients with type I (reversal) reaction (RR), and 124 patients with type 2 (erythema nodosum
leprosum (ENL)) reactions. We compared 32 common NOD2 gene region polymorphism frequencies
between the different clinical types of leprosy as well as 101 controls without leprosy.

Results—Four polymorphisms were associated with leprosy susceptibility when comparing allele
frequencies and eight were associated when comparing genotype frequencies with adominant model.
Five polymorphisms were associated with protection from RR in an allelic analysis, and seven were
associated with RR with a dominant model. Four polymorphisms were associated with increased
susceptibility to ENL in an allelic analysis, while seven of 32 polymorphisms were associated with
a dominant model.

Conclusion—These data suggest that NOD2 genetic variants are associated with leprosy
susceptibility and the development of leprosy reactive states.
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Introduction

Leprosy is an infectious disease caused by Mycobacterium leprae that involves the peripheral
nerves and skin with a polarized clinical presentation [1-3]. At one end of the spectrum is
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tuberculoid leprosy (TT), which is characterized by isolated skin lesions with well-formed
granulomas, rare intracellular bacilli on biopsy, and a Th1 dominant T cell cytokine response.
At the other end of the spectrum, lepromatous leprosy (LL) patients have numerous lesions
with poorly formed granulomas rich in foamy macrophages containing abundant intravacuolar
bacilli, and a Th2 dominant T cell response. Between the two poles are patients with borderline
lepromatous (BL), mid borderline (BB) and borderline tuberculoid (BT) disease that manifest
intermediary bacillary loads and cellular immunity to M. leprae and its antigens. Thirty to 50
percent of leprosy patients can also develop one of two reactional states [1]. Type | or reversal
reaction (RR) typically occurs in borderline forms of disease (BL or BB) and is associated with
arapid shift of T cell immunity to the tuberculoid pole (or Th1) or less often to the lepromatous
(or Th2) pole, both leading to severe tissue damage. Type 2 reactions or erythema nodosum
leprosum (ENL) typically occurs in patients with BL or LL leprosy, and is characterized by
increased TNF-a serum levels and immune complex-associated vasculitis, panniculitis and
uveitis. ENL and RR may manifest during antimicrobial treatment, but often they occur before
or even years after treatment. Host factors that control clinical disease course in leprosy remain
only partially understood. We hypothesize common genetic variation in innate immune
receptors influence the immune response and diverse clinical phenotypes in patients with
leprosy.

Many studies suggest that human genetic factors influence the acquisition of leprosy as well
as the clinical course and type of disease. The first studies that suggested genetic influence
demonstrated that monozygotic twins have a three-fold greater similarity in type of leprosy
than dizygotic twins [4]. Linkage studies have identified PARK2 and PACRG as well as
chromosomal regions 10p13 and 20g12 as leprosy susceptibility loci [5,6]. Candidate gene
studies have identified polymorphisms in several immune genes associated with leprosy
susceptibility including the vitamin D receptor, lymphotoxin-a, TNF-a, IL-10, HLA genes and
TAP-2 [7-9]. Since the spectrum of macrophage intracellular replication can be multibacillary
in lepromatous disease and paucibacillary in tuberculoid disease [10], focus has turned to gene
studies in the innate immune system. To date candidate genes in this area have focused on
pathogen receptors located on the surface and intracellular organelles and have identified Toll-
like receptor 1 (TLR-1) [11], TLR-4 [12] and mannose binding lectin [13,14] as important in
leprosy disease susceptibility. In addition, we recently identified polymorphisms in TLR-2 and
TLR-1 that are associated with susceptibility to RR [15,16].

In addition to receptors such as TLRs on the cell surface and within phagosomes, the innate
immune system has cytosolic receptors to detect intracellular pathogens. Nucleotide-binding
oligomerization domain (NOD)-like receptors (NLRs) are a diverse set of 22 innate immune
receptors involved in cytoplasmic detection of microbes and activation of inflammatory
cascades [17,18]. The association of genetic variation in NLRs and cytosolic receptors with
infectious disease susceptibility is poorly understood. Due to M. leprae’s ability to replicate
intracellularly, we hypothesized that cytoplasmic receptors may also play an important role in
pathogen detection and may be associated with the varied clinical forms of disease. Although
the predominant site of M. leprae replication is within the vacuole, there is some evidence that
egress of Mycobacteria [19] and/or mycobacterial cell wall lipids and other bacillary
components into the cytosol may also occur [20] via a conserved secretion system (ESX-1)
dependant process to activate the inflammasome [21,22]. NOD2 (CARD15) contains leucine
rich repeats linked to effector domains (Caspase activation recruitment domains (CARD)) and
activates NF-xb nuclear translocation through activation of Rip2 kinase. NOD2 detects the cell
wall building block muramy! dipeptide (MDP), and plays a role in the immune response to
many pathogens [23].

Human variants of NOD2 have been detected in Crohn’s disease [24,25], a chronic
granulomatous disorder of the gut that appears similar to Johnne’s disease, a granulomatous
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disorder in cows caused by Mycobacteria paratuberculosis. The association of Crohn’s disease
with mycobacterial infection, however, remains controversial [26,27]. A number of studies
have implicated NOD2 directly in mycobacterial disease. Nonsynonomous variants of
NOD2 were more frequent in patients with active tuberculosis (TB) in a cohort of patients from
Houston [28]. In addition, human and murine macrophages detect M. tuberculosis and M.
paratuberculosis in a NOD2-dependent manner [29,30]. NOD2 also influences TB disease
course in the mouse model of infection [31,32]. The function of NOD2, however, in M.
leprae infection has not been addressed. In this paper, we show evidence for allelic and
genotypic association of NOD2 genetic variants with leprosy reactive states and leprosy
susceptibility.

Materials and Methods

Human subjects

Recruitment and description of the patient population was previously reported [16]. Briefly,
933 study participants were referred to Anandaban Hospital in Katmandu, Nepal for treatment
of leprosy. The diagnosis of leprosy in these patients was done on the basis of clinical
symptoms, skin smears, and biopsy reports. The Ridley/Jopling classification scheme was used
to assign the class of leprosy. Following initiation of treatment, patients were followed for the
development of reactive states (RR and ENL) for a minimum of 3 years. The institutional
review boards at University of Washington, University of Medicine and Dentistry of New
Jersey, Nepal Health Research Council, and Western Institutional Review Boards approved
patient protocols as per the US Department of Health and Human Services Guidelines. Written
informed consent was obtained from all of the patients. Eight different ethnic and religious
groups were included in the study including Brahmin (26.0%), Chetri (24.2%), Tamang
(14.7%), Newar (8.7%), Magar (5.2%), Sarki (3.4%), Muslim (3.3%), and Kami (2.7%), with
11.8% having unrecorded ethnicity [16].

Determination of SNP for genotypic analysis

We identified haplotype tagging SNPs from the Han Chinese (CHB) and European (CEU)
ancestry from the International HapMap Project database (http://www.hapmap.org). The
genomic region adjacent to NOD2 (16g12) also contains the genes for familial Cylindromatosis
(CYLD) and selectin ligand interactor cytoplasmic protein - 1 (SLIC1 or SNX-20). We searched
a region on chromosome 16q12, 50 kilobases upstream and downstream of genes NOD2 and
CYLD for tagged SNPs using an R? cutoff of 0.8 for linkage disequilibrium and a minor allele
frequency cutoff of 10%. Also added were non-synonomous SNPs found in these two
populations at frequencies of greater than 5%. Using this search technique we identified 32
unique SNPs to analyze in this region (Figure 1).

Molecular Biology

DNA was obtained from whole blood using Nucleon BACC2 Genomic DNA (Amersham
Lifesciences) and High-Pure PCR template preparation extraction kits (Roche) as previously
described [16]. Genotyping of DNA was performed using a chip-based MALDI-TOF
MassARRAY technique (Sequenom) as previously described [16]. Briefly, SPECTRODE-
SIGNER software was used to determine probes to be used for multiplex SNP assays; 5ng of
DNA was amplified in a 384-well plate following Sequenom’s specifications. Shrimp alkaline
phosphatase was added after PCR to prevent further incorporation of unused dNTPs that might
interfere with the primer extension step. Next allelic discrimination reactions were performed
by adding a mixture of dNTPs and dideoxy NTPs to each well. MassEXTEND clean resin was
added to the mixture to remove extraneous salts that could interfere with the MALDI-TOF
analysis. Genotypes were determined by spotting 15 nl of each reaction onto a 386
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SpectroCHIP (segenom), which was subsequently read by the MALDI-TOF mass
spectrometer.

Univariate analysis was performed on categorical variables using a Pearson Chi-square test,
and for continuous variables using a Student’s t test. Multivariate logistic regression was
performed using Stata (Intercooled Version 10.1, Statacorp) and adjusted for age groups, sex,
and ethnicity when appropriate. Haplotypes were constructed with the program Hapipf in Stata.
For each of the NOD2 polymorphisms, significant deviations from the expected genotypic
frequencies were determined using the Hardy Weinberg principle with a p value cutoff of
p<0.001. All SNPs analyzed were in Hardy Weinberg equilibrium when analyzed in the control

group.

Multiple Tests Comparisons

Results

32 polymorphisms were genotyped in our study in three analyses, ENL versus unaffected, RR
versus unaffected, and leprosy versus control. If we correct for multiple comparisons with a
Bonferroni test (P value x 32), only p values less than 0.00156 remain significant. However,
linkage disequilibrium between the 32 polymorphisms, is significant (Figure 1) and suggests
that a Bonferroni correction is overly conservative [33]. Since there is no standardized approach
for correcting P values for multiple comparisons in candidate gene association studies, we
report uncorrected P values throughout the manuscript.

Association of NOD2 SNPs with leprosy acquisition in Nepal

To determine whether NOD2 polymorphisms are associated with leprosy susceptibility, we
compared allele and genotype frequencies in 933 leprosy patients and 101 controls without
leprosy. Baseline characteristics of these subjects are listed in Table 1. Four polymorphisms
were identified as significant (p<0.05) at the allelic level, (rs12448797 (OR 2.18, 95%ClI
1.05-4.52, p=0.031), rs2287195 (OR 1.51, 95%CI 1.09-2.10, p=0.013), rs8044354 (OR 1.53,
95%Cl 1.12-2.07, p=0.006), and rs1477176 (OR 0.44, 95%CI 0.29-0.68, p=0.0002)) (Table
2). The most significant of these was rs1477176 (OR 0.44, 95%CI 0.29-0.68, p=0.00017).
When these genotypes were analyzed with a dominant model, 8 of these SNPs were associated
with leprosy susceptibility (Supplemental Table 1). Six of these SNPs (rs2287185, rs8044354,
rs8043770, rs13339578, rs4785225, and rs751271) were clustered in the promoter region and
within the NOD2 gene itself. The remaining two SNPs (rs12448797 and rs1477176) were
located in adjacent genes (selectin ligand interactor cytoplasmic protein (SLIC1) and ubiquitin
carboxyl-terminal hydrolase (CYLD - cylindromatosis)).

We next examined whether population admixture could confound our results as some
differences were seen in the ethnic frequencies between control individuals and the leprosy
patients. There are greater than eight ethnic groups in Nepal, and the majority (approximately
70%) are present in 4 groups (Brahmin, Chetri, Tamang and Newar). We used a multivariate
logistic regression model to adjust the analysis for ethnicity (with the 8 prevalent ethnic groups,
excluding uncategorized), age and sex when comparing genotype frequencies in a dominant
model. When adjusted for ethnicity, sex, and age, eight out of eight polymorphisms
(rs12448797 (OR 3.20, 95%CI 1.24-8.26, p=0.016), rs2287195 (OR 2.29, 95%CI 1.43-3.68,
p=0.001), rs8044354 (OR 2.17, 95%CI 1.36-3.46, p=0.001), rs8043770 (OR 2.05, 95%ClI
1.25-3.34, p=0.004), rs13339578 (OR 2.19, 95%ClI 1.37-3.52, p=0.001), rs4785225 (OR 2.00,
95%CI 1.25-3.21, p=0.004), rs751271 (OR 1.95, 95%CI 1.22-3.13, p=0.005), and rs1477176
(OR 0.43, 95%CI 0.25-0.76, p=0.003)) remained significantly associated with leprosy
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susceptibility. Together, these results suggest that several NOD2 SNPs are associated with
leprosy susceptibility.

Lack of association of NOD2 with Leprosy Type

Of the 933 patients enrolled in the study, 582 had lepromatous leprosy (including LL, BL, or
BB), and 342 had tuberculoid leprosy (including BT and TT leprosy). We analyzed the
frequency of NOD2 SNPs to associate with type of leprosy. Only one SNP (rs1131716) was
associated with predisposition to the lepromatous pole (OR 2.01, 95%CI 1.12-3.76, p=0.013).
All other SNPs did not show association with leprosy type (data not shown).

Association of NOD2 SNPs with RR in leprosy

Among 933 leprosy subjects in Nepal, 240 individuals had type 1 RR over a three-year period
of regular visits to the leprosy clinic. Of these, only 2 were identified as also having ENL.

We compared the minor allele frequency of those with and without RR and identified five
SNPs (Table 3), (rs2287195 Odds Ratio (OR) 1.34, p=0.013, rs8044354 OR 1.36, p=0.005,
rs8043770, OR 1.36, p=0.012, rs7194886 OR 1.36, p=0.032, and rs1861759, OR 1.33,
p=0.041) with significant association. We also found one SNP with borderline significance
(rs4785225, OR 1.25, p=0.064) (Table 3). The most significant association was with SNP
rs8044354 (OR 1.36 (95%CI 1.09-1.70), p=0.005). The polymorphisms were clustered in the
gene regions located between the NOD2 and SLIC1 genes (Figure 1).

We next analyzed the distribution of genotype frequencies (Table 3). We found 3
polymorphisms with significantly different genotype frequencies (rs2287195, rs8044354, and
rs8043770) in those with RR versus no RR (Table 2). Next, we examined whether these
genotypic associations were consistent with a recessive (00 + 01 vs 11) or dominant (00 vs 01
+11) model. We found that seven NOD2 polymorphisms had significant associations (P value
<0.05) with protection from RR assuming a dominant inheritance model (Supplemental Table
1). Of these 7 SNPs, two polymorphisms (rs4785225 and rs752171) were noted to be in
significant linkage disequilibrium with an R? value of greater than 0.8 in this population.

We next evaluated whether the associations were affected by population admixture. No
significant difference in ethnicity (p=0.319) or sex (p=0.710) was observed between people
affected with RR and those not affected (Table 1). Those affected with RR tended to be
significantly younger at the time of sample collection (36.7 years old versus 45.9 years old)
than those unaffected (p<0.01) (Table 1). In an adjusted analysis (for age, sex, and ethnicity),
SNP rs2287195 (OR 0.70, 95%C1 0.49-1.00, p=0.049), rs8043770 (OR 0.68, 95%CI 0.48-0.96,
p=0.028), rs7194886 (OR 0.63, 95%CI 0.44-0.92, p=0.018), and rs1861759 (OR 0.66, 95%ClI
0.47-0.95, p=0.027) remained associated with protection from RR. In contrast, three other
SNPs (rs8044354, rs4785225, and rs751271) when adjusted for age, sex and ethnicity did not
remain associated with RR. Together, these results suggest that several SNPs in NOD2 may
be associated with protection from RR.

Association of NOD2 SNPs with ENL in leprosy

We next examined whether polymorphisms in the NOD2 gene region were associated with
erythema nodosum leprosum (ENL) reaction in leprosy. A total of 124 patients identified with
ENL were compared to 428 patients with lepromatous or borderline lepromatous leprosy (LL
or BL) without ENL (Table 1). No significant differences in ethnicity were seen between
leprosy patients who were affected with ENL versus those who were not (p=0.578). At the
allelic level there were 4 SNPs which had significant associations (rs8044354 (OR 0.74,
p=0.046), rs17312836, (OR 0.70, p=0.039), rs1861759 (OR 0.70, p=0.037), and rs1861758
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(OR 0.71, p=0.047)) with p values less then 0.05 (Table 4), and 2 SNPs with borderline
significance (rs6500328 (OR 0.73, p=0.066), and rs7194886 (OR 0.72, p=0.057)).

Genotypic analysis revealed that these associations with ENL were significant for seven of the
SNPs (rs2287195, rs8044354, rs7194886, rs6500328, rs17312836, rs1861759, and rs1861758)
(Table 4). We also found that 7 polymorphisms were associated with susceptibility in a
dominant model (Supplemental Table 1). The most significant was SNP rs8044354 (OR 2.17
(95%CIl 1.26-3.88), p=0.003). Four of these 7 polymorphisms were in linkage disequilibrium
in one haplotype block (one group of 4 SNPs (rs6500328, rs17312836, rs1861759, and
rs1861758)). When adjusted for ethnicity, sex, and age seven out of seven polymorphisms
(rs2287195 (OR 1.93, 95%CI 1.14-3.30, p=0.015), rs8044354 (OR 2.83, 95%CI 1.52-5.28,
p=0.001), rs7194886 (OR 1.73, 95%CI 1.07-2.82, p=0.027), rs6500328 (OR 1.90, 95%ClI
1.18-3.07, p=0.008), rs17312836 (OR 1.97, 95%CI 1.22-3.19, p=0.005), rs1861759 (OR 2.00,
95%CI 1.25-3.22, p=0.004), and rs1861758 (OR 2.05, 95%CI 1.26-3.33, p=0.004)) remained
significantly associated with ENL. Together, these data suggest that several NOD2 SNPs are
associated with ENL susceptibility.

NOD?2 haplotypes are associated with ENL and RR

We next constructed haplotypes of the polymorphisms that were significantly associated with
RR or ENL. Ten of the 32 polymorphisms were included in the analysis (rs2287195 (0=A,
1=G), rs8044354 (0=A,1=G), rs8043770 (0=C,1=G), rs7194886 (0=C,1=T), rs6500328 (0=A,
1=G), rs17312836 (0=C,1=G), rs1861759 (0=A,1=C), rs4785225 (0=C,1=G), rs751271 (0=A,
1=C), and rs1861758 (0=C,1=T)). We compared whether the haplotype frequencies were
significantly different in those who were affected by leprosy reactional states (ENL or RR).
For ENL we found one haplotype (1.1.1.1.1.1.1.1.1.1, OR 1.60, 95%CI 1.03-2.48, p=0.035)
which conferred significant susceptibility to development of ENL reaction. For RR we found
1 haplotype with significant differences that conferred significant protection to RR
(1.1.1.1.1.1.1.1.1.1, OR 0.647, 95%CI 0.45-0.93, p=0.020). These results suggested that
haplotype analyses did not reveal greater associations than examination of single
polymorphisms.

Together these results indicate that variation in the NOD2 gene region is associated with
increased susceptibility to ENL, and conversely are associated with protection from Type 1
RR in leprosy. No association was observed when comparing polar leprosy types (lepromatous
versus tuberculoid).

Discussion

In the present study, we used a candidate gene approach to identify an association of the
chromosome 16q12 loci with leprosy occurrence and the development of leprosy reactional
states in a Nepalese population. We identify several NOD2 polymorphisms that are associated
with leprosy susceptibility in the Nepalese population, identifying this gene as an important
factor in protection against intracellular pathogens. We also found several polymorphisms are
either associated with protection from RR or are associated with increased susceptibility to
ENL. To our knowledge, this study is the first to associate variation in the NOD2 region with
leprosy reactional states and the first to identify genetic associations with ENL; NOD2 is the
third signaling receptor gene to be associated with RR in leprosy; the other two, TLR2 and
TLR1, are important in the extracellular detection of organisms [16,34].

Like many gene association studies, potential limitations of our study may be affected by
population admixture and/or a Type | false positive errors due to the problem of multiple
comparisons. We adjusted our analysis for ethnicity and the major associations remained
significant. In terms of multiple comparisons, there are several possible methods of adjustment.
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If we used a conservative Bonferroni correction and multiplied the P values by 32 for the
number of analyzed SNPs, then only three associations remained significant (rs1477176 allelic
association with leprosy susceptibility, and rs1477176 and rs8044354 dominant genotypic
associations with leprosy susceptibility). However, because of linkage disequilibrium in
genetic association studies, a strict Bonferroni correction is likely too conservative, and may
increase Type Il errors by falsely rejecting associations [33]. Furthermore, we found
associations of multiple SNPs with leprosy (8/32), RR (7/32), and ENL (7/32). The occurrence
of multiple SNP associations with these outcomes raises the likelihood that the associations
remain statistically significant after adjusting for multiple comparisons. While these data are
suggestive of an association between this gene region and leprosy reactive states, these findings
will ultimately need to be verified in a separate population.

There are several possible mechanisms by which NOD2 polymorphisms may influence
development of reactive states. RR and ENL are immunologic/inflammatory states of leprosy
that represent augmented Th1 (RR) or increased Th2/TNF-o. (ENL) responses that occur during
the course of disease or even years after treatment [35-37]. In animal studies and ex vivo
experiments NOD?2 stimulation has been shown to augment both Th1 and Th2-dependent
responses [38,39]. Therefore NOD2 may augment Thl or Th2 responses by direct recognition
of M. leprae antigens. Interestingly, M. leprae contains a unique peptidoglycan structure, which
may stimulate NOD2 differently and contribute to the unusual immunologic features of leprosy
reactions [40]. In addition, others have also shown that NOD?2 inhibits TLR2 mediated Thl
responses [41,42], and we have reported that TLR2/TLR1 stimulation is associated with
leprosy RR [16,43]. Therefore, one effect of NOD2 may be through inhibition of TLR2
signaling.

The polymorphisms examined in this study were clustered in the chromosomal region 16q12
near NOD2 and two other immunologically important genes, SLIC1 and CYLD [44]. SLIC1
may be important in the regulation of P-selection glycoprotein ligand of (PSGL1), a protein
involved with macrophage-mediated recruitment of myeloid and activated lymphocytes to
tissues [45]. In addition negative regulation of the immune system by CYLD may be important
in pneumonia models [46]. The polymorphisms described herein associated with ENL and RR
tended to cluster in the region between SLIC1 and NOD2, suggesting that these polymorphisms
may influence the expression of either the SLIC1 or NOD2 genes. Further functional studies
need to be done to determine exactly which gene (SLIC1, NOD2, or CYLD), is associated with
leprosy reactional states.

Several genetic studies have identified the association of NOD2 mutations with Crohn’s disease
and Blau’s disease [24,25,47] both characterized by altered inflammatory states with
granulomatous pathology. However, the association of NOD2 mutations or polymorphisms
with infection has not been well studied. A mutation associated with Crohn’s disease (the
NOD2-3020insC allele) has been linked to sepsis in infants of very low birth weight [48]. Also,
nonsynonomous NOD2 polymorphisms have been associated with active TB in a cohort of
African Americans in Houston [28]. These nonsynonomous SNPs were not included in our
study due to their absence in the HapMap database Asian populations. Moreover, two previous
studies found no association of NOD2 polymorphisms with TB [49,50]. Although our study
suggests an association of NOD2 variation with M. leprae susceptibility, the functional effect
of these SNPs on NOD2 signaling is currently not known.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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