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A current major challenge in leprosy control is the prevention of permanent disabilities.
Host pathological inflammatory responses termed type 1 reaction (T1R) are a leading
cause of nerve damage for leprosy patients. The environmental or inherited factors that
predispose leprosy cases to undergo T1R are not known. However, studies have shown
an important contribution of host genetics for susceptibility to T1R. We have previously
identified variants encompassing the TNFSF15/TNFSF8 genes as T1R risk factors in
a Vietnamese sample and replicated this association in a Brazilian sample. However,
we failed to validate in Brazilian patients the strong association of TNFSF15/TNFSF8
markers rs6478108 and rs7863183 with T1R that we had observed in Viethamese
patients. Here, we investigated if the lack of validation of these variants was due to
age-dependent effects on association using four independent population samples, two
from Brazil and two from Vietnam. In the combined analysis across the four samples,
we observed a strong association of the TNFSF15/TNFSF8 variants rs6478108,
rs7863183, and rs3181348 with T1R (Dcombines = 1.5E—05, Peombires = 1.8E—05, and
Peombines = B6.5E—06, respectively). However, the association of rs6478108 with T1R
was more pronounced in leprosy cases under 30 years of age compared to the
global sample [odds ratio (OR) = 1.95, 95% confidence interval (Cl) = 1.54-2.46,
Peombined = 2.5E—08 versus OR = 1.46, 95% Cl = 1.23-1.73, Pcomoines = 1.5E-05]. A
multivariable analysis indicated that the association of rs6478108 with T1R was inde-
pendent of either rs7863183 or rs3181348. These three variants are known regulators
of the TNFSF8 gene transcription level in multiple tissues. The age dependency of
association of rs6478108 and T1R suggests that the genetic control of gene expres-
sion varies across the human life span.

Keywords: age at disease diagnosis, leprosy, excessive inflammatory response, TNFSF8, TNFSF15, type 1
reaction, association studies, Crohn’s disease
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INTRODUCTION

Leprosy is a chronic dermato-neurological infectious disease
caused by Mycobacterium leprae. Due to leprosy control meas-
ures, the prevalence of the disease has been reduced to less than
1/10,000 of the global population. However, leprosy persists as
major public health problem in sub-national foci. The incidence of
new cases has shown only a gradual decline over the last 10 years
and as of 2015 stood at 210,758 (1). A major goal of the global
leprosy strategy is the reduction of disabilities due to leprosy. In
leprosy, a major cause of tissue damage and permanent disability
are host pathological inflammatory episodes termed type 1 reac-
tions (T1Rs). Hence, translational research activities are dedicated
toward a better understanding of T1Rs and their relationship with
overall leprosy pathogenesis. The main dermato-pathological
findings in T1R are an increased infiltrate of lymphocytes in the
dermis, intragranuloma edema, and loss of the normal granuloma
structure (2, 3). T1Rs are common and affect up to 50% of leprosy
patients depending on the endemic settings with many patients
presenting recurring episodes (4). The trigger for a T1R episode
is not known, but studies have provided evidence of a genetic
component in T1R susceptibility (4-8).

We have recently identified single-nucleotide variants (SN'Vs)
in the vicinity of the neighboring genes TNFSF15 and TNFSF8
as risk factors of T1R (8). A set of SNVs associated with T1R in
two Vietnamese and Brazilian samples correlated with TNFSF8
gene expression levels (8). The T1R risk locus in Brazilians was
restricted to SNVs physically encompassing the TNFSF8 gene.
However, the strongest association with T1R in the Vietnamese
population was observed for two SNVs (rs6478108 and rs7863183)
located distal to the TNFSF8 gene. Although divergences in the
linkage disequilibrium pattern across populations may account
for the differences of T1R association with SNVs in the TNFSF8
gene region, age at onset of disease was not taken into account. It
was shown by twin studies that the heritability of major immune
traits is strongly age dependent (9). Likewise, we have previously
shown for the LTA and PARK2 genes that the age at leprosy diag-
nosis is crucial for the association of certain SNVs and leprosy
per se (10, 11). The age at leprosy diagnosis for T1R cases in the
Brazilian sample was two times higher than the age at leprosy
diagnosis in the Vietnamese sample. Therefore, the lack of valida-
tion for T1R and TNFSF8 distal SN'Vs in the Brazilian sample may
reflect age-dependent mechanisms of gene expression. To address
the age dependency of genetic risk factors in T1R, we revisited
the association of the TNFSFI15/TNFSF8 locus with T1R by
focusing on three key T1R risk SNVs (rs3181348, rs6478108, and
rs7863183) in the Brazilian and Vietnamese samples and evalu-
ated the age-dependent strength of the evidence for association.

MATERIALS AND METHODS
Ethics Approval Statement

Written informed consent was obtained from all subjects partici-
pating in the study. All minors assented to the study, and a parent
or guardian provided the informed consent on their behalf. The
study was approved by ethics committees of the participating

centers and conducted according to the principles expressed in
the Declaration of Helsinki.

Population Sample

For the current study, we evaluated four independent popula-
tions. The Vietnam I and the Brazil I population samples have
been described previously (8). Briefly, the Vietnam I sample
consisted of 224 T1R-affected offspring from our family-based
design approach (8). The Brazil I sample comprised 758 leprosy
cases enrolled from the Central-West Region of Brazil with 374
of these being T1R affected and the remaining 384 being T1R free
(8). To study the effect of age at leprosy diagnosis on the strength
of association of T1R with the TNFSF15/TNFSF8 locus, two new
population samples were enrolled and named Vietnam II and
Brazil II (Table 1) (12). The Vietnam II population sample com-
prised 816 leprosy-affected patients of which 253 presented T1R,
while the remaining 563 were T1R free. The Brazil II population
sample comprised 136 T1R-affected and 170 T1R-free leprosy
patients recruited from Rio de Janeiro in the Southeast region of
Brazil. As TIR affects predominantly leprosy patients classified
as borderline within the Ridley and Jopling leprosy spectrum,
T1R-free controls were also selected mainly from the borderline
form of the disease. Details regarding the clinical characteristics
of the Vietnam II and Brazil IT samples can be found in Table S1
in Supplementary Material.

Genotyping

For the current study, three SNVs previously associated with T1R
(rs6478108, rs7863183, and rs3181348) were genotyped using the
SEQUENOM MassARRAY platform or obtained by a larger scale
effort using the high-throughput Illumina platform (13). The five
SNVs presented call rate >0.9 and were in Hardy—Weinberg equi-
librium with p values >0.05 in the control groups in all study phases.

Statistical Approach

To investigate if TNFSF15/TNFSF8 SNVs’ association with TIR
was restricted to an early age at leprosy diagnosis, we performed
a stratified analysis dividing the T1R-affected cases into three
age categories: (i) children and young adults up to 29 years old,

TABLE 1 | Age at leprosy diagnosis of four studied samples.

T1R-affected T1R-free

Age at leprosy diagnosis
(years)

Age at leprosy diagnosis
(vears)

Patients Median Mean (SD) Patients Median Mean (SD)

Discovery

Vietnam 2 224 18 19.7 (7.2) n.a. n.a. n.a.
Replication

Vietnam I 262 25 26.5 (10.1) 576 24 23.8(7.8)
Validation

Brazil 12 374 47 46.7 (15.8) 384 40 41.8 (16.9)
Brazil Il 136 44 43.0(17.8) 170 41 411 (17.6)

T1R, type 1 reaction; n.a., not applicable.
aClinical characteristics and univariable analysis for association with T1R were
previously reported for these samples (8).
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(ii) adults from 30 to 60 years old, and (iii) seniors above 60 years
old. The association analysis was carried out in each age strata at
first, and finally, combined analysis with the overall sample was
applied for comparison. For the Vietnam I sample, pseudo-sib
controls were generated based on our family-based approach
data (8). Briefly, the non-transmitted allele from parents to T1R-
affected offspring in a transmission disequilibrium test was used
to create up to three unaffected pseudo-sibs per family, one for
each possible genotype (14). The pseudo-sibs matched the clinical
characteristics of the offspring of which it derived from; therefore,
it can only be compared in a matched case-control design. This
strategy was used to estimate SNV’ risk in odds ratio (OR) format
and their respective confidence intervals (CIs) using conditional
logistic regression in SAS software (version 9.3; SAS Institute). For
the replication and validation phases, both additive and dominant
models of inheritance were tested using the same reference allele
for each SNV in PLINK 1.07 and the best p-value was displayed
(15). In each age at leprosy diagnosis category, T1R-affected cases
were compared to the totality of T1R-free cases as controls. No
adjustments were made in the logistic procedures as gender was
not associated with T1R risk and clinical form of leprosy was a
criterion for sample selection. The two-sided test is given for all
samples as the research question focused on the effect of an allele
independent of the direction, which for the Brazilian sample was
different in the initial TIR versus TNFSF8/TNFSF15 study (8).
To perform a combined analysis in each age category and the
overall sample, we performed a meta-analysis in the software
METAL (16). The contribution of each sample to the final statistic

was weighted according to the effect size () derived from the
logistic procedure and its respective SEs. To estimate popula-
tion heterogeneity, the I” statistic was calculated. The I* values
correspond to the percentage of variance in a meta-analysis
that is attributed to study heterogeneity. Minor allele frequen-
cies, Hardy—-Weinberg equilibrium, and linkage disequilibrium
structure were calculated in Haploview 4.2 (17).

The multivariable analysis was carried out with stepwise
conditional logistic regression in SAS software. The haplotype
analysis was performed with the THESIAS software (18). Briefly,
T1R-affected subjects were compared to T1R-free (Vietnam II,
Brazil I, and Brazil IT) or with the untransmitted haplotypes from
parents to offspring (Vietnam I) in a matched case-control design.

RESULTS

A substantial variation of age at leprosy diagnosis for T1R-affected
cases was observed between the Vietnamese and Brazilian sam-
ples (Figure 1). The largest difference in age at leprosy diagnosis
was observed for the Vietnam I and the Brazil I samples (median
of 18 and 47 years, respectively; p < 0.0001), while the difference
between the two Brazilian samples (Brazil I and Brazil II) was
small (median of 47 and 44 years, respectively; p = 0.03). In addi-
tion, for the Brazilian patients, the age at diagnosis was spread
over a larger age range (Figure 1). By contrast, the Vietnamese
samples presented a narrower age-at-diagnosis distribution
with the majority of T1R-affected cases being diagnosed before
30 years of age (Figure 1).

[] Vietnam I

6% 1

4% 1

Density

2% 1

0% 1

[] Vietnam II

[] Brazil I [] Brazil II

15 30

Age at leprosy diagnosis

FIGURE 1 | Age at leprosy diagnosis density in leprosy type-1 reaction (T1R)-affected patients. The age distribution of 996 T1R-affected leprosy cases

from the 4 studied populations is plotted according to the density of cases.
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The Association of rs6478108 with T1R Is

Age Dependent

The G-allele of the TNFSF15 intron variant rs6478108 had previ-
ously been associated with T1R in the Vietnam I population.
However, we failed to validate rs6478108 as a T1R risk factor
in the Brazil I sample, despite good power to detect an effect of
similar size as found in Vietnam I. Indeed, given the observed
minor allele frequency of 0.31 of Brazil I and assuming a type
1 error of 0.05, power was 95.7% (additive model) and 81.5%
(dominant model) to detect the lower boundary risk (OR = 1.45)
observed for Vietnam I (Table 2; Figure 2). By contrast, the
G-allele of rs6478108 was significantly associated with T1R risk
in the Vietnam II (p = 0.007) and Brazil IT samples (p = 0.02) even
though these populations, compared to Brazil I, presented a lower
number of T1R-affected subjects (Figure 2; Table 2).

The proportion of T1R-affected cases diagnosed with leprosy
before 30 years for Vietnam I and Vietnam II was approximately
93 and 70%, respectively, while in Brazil I and Brazil II, this
age category represented only 16 and 27%, respectively, of
T1R patients. We hypothesized that the small proportion of
patients younger than 30 years at leprosy diagnosis in the Brazil
I sample could be masking a true association of rs6478108 and
T1R. When a stratified analysis by age at leprosy diagnosis, the
under 30-year at-diagnosis category displayed the most signifi-
cant evidence for association of rs6478108 with T1R across all
samples. Consequently, in the combined analysis of all samples,

TABLE 2 | Effect of age at leprosy diagnosis on association of rs6478108
with T1R.

rs6478108-G allele

Age at leprosy diagnosis Samples OR (95% CI) p Value
<30 Vietnam | 2.34 (1.59-3.45) 1.50E-05
Vietnam I 1.37 (1.06-1.75) 0.02
Brazil | 2.08 (0.96-4.50) 0.06
Brazil Il 4.97 (1.88-13.2) 0.001
Combined 1.95 (1.54-2.46) 2.50E-08
2 (p value) 55.3 0.06
30-60 Vietnam | 0.40 (0.13-1.28) 0.12
Vietnam I 1.35(0.94-1.94) 0.1
Brazil | 0.69 (0.36-1.33) 0.27
Brazil Il 1.85 (0.73-4.66) 0.19
Combined 1.04 (0.81-1.34) 0.75
7 (p value) 53.6 0.07
>60 Vietnam | n.a. n.a.
Vietnam Il n.a. n.a.
Brazil | 0.76 (0.29-2.05) 0.59
Brazil Il 1.85(0.75-4.57) 0.18
Combined 1.21 (0.74-2.00) 0.44
I? (p value) 0 0.43
All ages Vietnam | 2.13(1.45-3.13) 2.10E-04
Vietnam I 1.36 (1.09-1.70) 0.007
Brazil | 0.93 (054-1.57) 0.77
Brazil Il 2.48 (1.14-5.37) 0.02
Combined 1.46 (1.23-1.73) 1.50E-05
I (p value) 54.9 0.06

OR, odds ratio; Cl, confidence interval; n.a., not applicable; T1R, type-1 reaction.

the under 30-year at-diagnosis subset presented a stronger OR
and a more significant p-value than the overall combined sample
(OR=1.95p=2.5%10"*and OR =1.46, p = 1.5 X 107°, respec-
tively). The most striking impact of age at leprosy diagnosis
was observed for the Brazilian I sample (Table 2; Figure 2). In
Brazil I, rs6478108 was not associated with T1R in the overall
analysis with the G-allele tending toward protection for TIR
(OR = 0.93, p = 0.77). However, in the under 30-year age
group, the G-allele of rs6478108 showed a strong trend toward
association with TIR (OR = 2.08, p = 0.06; Table 2; Figure 2).
The effect of age was also strong in the Brazil II sample where
the risk was twofold higher in the under 30-year at-diagnosis
group compared to the overall sample (OR =4.97, p = 0.001 and
OR = 2.48, p = 0.02, respectively). Although Brazil I and Brazil
IT were analyzed separately, linkage disequilibrium analysis of
the Brazil II revealed near identity with the Brazilian I sample
(Figure S1 in Supplementary Material). A combined analysis of
both Brazilian samples confirmed the age-dependent association
of rs6478108 with TIR (Figure S2 in Supplementary Material).
No significant association of rs6478108 with T1R was observed
for the age groups of 30-60 years and over 60 years at leprosy
diagnosis (Table 2; Figure 2).

In contrast to rs6478108, both rs7863183 and rs3181348 did
not present a strong age-at-diagnosis effect of their association
with T1R (Table S2 and Figures S3 and S4 in Supplementary
Material). Indeed, rs7863183 and rs3181348 remained sig-
nificantly associated with T1R in the age-at-diagnosis category
from 30 to 60 years (p = 0.04 for both), suggesting a difference
in the underlying mechanism of T1R susceptibility mediated by
rs6478108 and rs7863183 (Table S2 and Figures S3 and S4 in
Supplementary Material). To follow-up on this observation, we
conducted a multivariable analysis to investigate independence
of association of the three SNVs with T1R.

Two Independent Associations with T1R in
the TNFSF8/TNFSF15 Locus

When the three SNVs were included in a multivariable model,
rs6478108 and rs7863183 maintained the significant association
with T1R, while rs3181348lost significance (Table 3). The associa-
tion of rs6478108 and rs7863183 with T1R was also observed in
the <30 years group at leprosy diagnosis reinforcing the observa-
tion that the signal captured by these two variants is independent
(Table 3). The SNV selected first by the multivariable procedure
flipped when only the <30 years group was evaluated. In the overall
sample, rs7863183 was the most significant SNV, while rs6478108
was selected first in the <30 years group. This observation is in
agreement with the stronger effect of rs6478108 in early-onset
cases of TIR. As the multivariable analysis suggested that the
association of rs6478108 and rs7863183 with T1R was independ-
ent, we performed a haplotype analysis to evaluate the combined
effect of these two variants on T1R susceptibility. We observed
that the (G-T) haplotype, i.e., absence of T1R susceptibility alleles
(A-C) for rs6478108 and rs7863183, was significantly protective
for T1R in the overall sample (p = 0.0009; Table 4). However,
the most striking observation was in the <30 years group at
leprosy diagnosis category where all the alternative haplotypes
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FIGURE 2 | Age at leprosy diagnosis stratified association analysis of rs6478108 in TNFSF15 and type-1 reaction (T1R). The top panels indicate the
strength of genetic effect as odds ratio (OR) for the four populations and the combined sample. Results are shown for three age strata and the entire sample
regardless of age. Each colored circle represents the OR for each population sample with vertical lines delimiting their respective 95% confidence intervals (Cls).
Dotted lines in the Cl represent values that extend beyond the y-axis limits. The bottom panel presents the percentage of T1R-affected cases in each age stratum.
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TABLE 3 | Multivariable analysis in the combined population samples.

All ages <30
Single-nucleotide variant  Allele  p Valueunivariabie Odds ratio (OR) [95% p Valuenutivariale P ValU@univariabie OR (95% CI) p Valuenuivariabie
confidence interval (Cl)]
rs6478108 G 1.50E-05 1.46 (1.23-1.73) 0.02 2.50E-08 1.95 (1.54-2.46) 0.0007
rs7863183 T 1.80E-05 1.35 (1.18-1.56) 0.004 1.10E-04 1.47 (1.21-1.79) 0.01
rs3181348 G 6.50E-06 1.40 (1.21-1.62) 0.28 5.80E-06 1.63 (1.32-2.01) 0.72

(A-C, A-T, and G-C) were protective when compared to the
haplotype containing both T1R risk alleles (G-T) for rs6478108
and rs7863183 (Table 4).

DISCUSSION

Here, we showed the age-dependent association of rs6478108 with
T1R in ethnically distinct and geographically separated popula-
tions. By contrast, the association of rs3181348 and rs7863183
with T1R was not restricted to early-onset leprosy cases. Albeit
the model selected first by the multivariable analysis indicated
rs6478108 and rs7863183 as independent signals of association
with TIR, this model was not statistically different from the
model encompassing rs6478108 and rs3181348. This suggests that
the association of rs6478108 with T1R was independent of both

rs7863183 and of our previous findings reporting the association
of rs3181348 with T1R (8). While rs6478108 is one of the two
independent signals of association with T1R, the second signal
could not be unambiguously assigned to rs7863183 or rs3181348
as both captured the same information. The estimated risk effect
for both rs6478108 and rs7863183 in the overall population
(OR = 1.46 and OR = 1.35, respectively) presented borderline
significant p values for heterogeneity across the samples in the I*
test (Table 2; Table S2 in Supplementary Material). This observa-
tion may be due to winner’s curse where the risk effects estimated
in an initial scan are stronger than the risk effect observed in rep-
lication samples (19, 20). Irrespectively, the consistent association
of TNFSF8/TNFSF15 variants with T1R in multiple populations
reinforces the finding of rs7863183 and rs6478108 as global risk
factor for T1R. The haplotype analysis indicated that subjects
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TABLE 4 | Haplotype analysis of rs6478108 and rs7863183.

All ages <30
rs6478108- Odds ratio (OR) [95% p Value OR (95% CI) P
rs7863183 confidence interval (Cl)] Value
G-T Baseline Baseline
G-C 0.76 (0.55-1.06) 0.10 0.70 (0.55-0.89) 0.004
A-T 0.75 (0.61-0.92) 0.005  0.80 (0.68-0.93) 0.005
A-C 0.73 (0.61-0.88) 0.0009 0.83(0.74-0.94) 0.004

carrying T1R risk alleles in both rs6478108 and rs7863183 locus
were significantly more susceptible to T1R compared to subjects
carrying a T1R risk allele only in one of the two loci. The two
SNVs independently associated with T1R have been reported as
expression quantitative trait loci. Both rs6478108 and rs7863183
are associated with TNFSF8 gene expression levels in peripheral
blood (21) and in circulating monocytes (22) where the T1R
risk alleles rs6478108-G and rs7863183-T correlated with higher
gene expression. Interestingly, rs6478108 was also associated with
TNFSF15 gene expression in a tissue dependent manner (23).
While the rs6478108-G allele correlated with higher TNFSF15
expression in the esophagus and the lungs, the rs6478108-A allele
correlated with higher TNFSFI15 expression in whole blood and
in the liver (23).

The rs6478108 was originally reported as a leprosy per se
susceptibility factor by a genome-wide association study in a
Chinese population sample (24). Thereafter, subsequent studies
failed to replicate the rs6478108 association with leprosy per se
in independent populations (25, 26). Our group observed asso-
ciation of rs6478108 only with T1R but not leprosy per se, and
here, we showed that the strength of association was strongly
age dependent. The TNFSF15/TNFSF8 region is a well-known
locus associated with Crohn’s disease (CD) susceptibility (27).
Multiple variants including rs6478108 and rs7863183 have
been identified as risk factors for CD in distinct populations.
The TNFSF15/TNFSF8 locus was strongly implicated in CD in
populations from East Asian origin where the T1R risk alleles
rs6478108-G and rs7863183-T were shown to be strong CD
risk factors (p = 2.97E—45; OR = 1.90, CI 95% = 1.73-2.07 and
p=2.30E-25; OR = 1.56, CI 95% = 1.44-1.70, respectively) (27).
Interestingly, in a candidate gene approach, we recently showed
that SNVs in the LRRK2 gene presented the same risk alleles for
T1R and CD (7, 28). Taken together, our results indicate a shared
genetic component predisposing an individual to pathological
inflammatory responses in leprosy and inflammatory bowel
disease.

The mechanisms of genetic predisposition to disease are
often closely connected with the age at onset of the disease. The
interplay of age at onset and genetic control of disease is well
known in neurodegenerative disorders. For instance, mutations
in the PARK2 gene are classic examples of early-onset Parkinson’s
disease, while mutations in the LRRK2 gene are the most frequent
cause of late-onset autosomal-dominant Parkinson’s disease (29,
30). In infectious diseases, the effect of age on the genetic control
of disease is further complicated by the necessity of exposure and

infection by the causative pathogen. Length and intensity of expo-
sure to the pathogen, as well as strain virulence, are factors that
may affect early or late disease manifestation. With the advent of
next-generation sequencing, studies have identified single-gene
mutations as cause of extreme early-onset mycobacterial and/
or viral infection diseases (31-33). While these mutations are
rare and family specific, the cumulative effect of rare variants on
early-onset infectious disease remains unknown. It is possible
that early-onset infectious disease is controlled by multiple rare
and common variants in several genes that together have mod-
erate penetrance. The genetic control for early-onset infectious
disease is distinct from late-onset/idiopathic infections (34). In
late-onset cases of infection, a long history of host-environment
interactions, the epigenome, somatic mutations, and cell senes-
cence are more likely to contribute to host genetic susceptibility
(35).

In conclusion, we have shown that a group of SNVs that
regulate TNFSF15 and TNFSF8 gene expression are associated
with T1R in four independent populations. While the associa-
tion tagged by rs7863183 and rs3181348 was observed in all age
categories, the rs6478108 association with T1R was dependent on
the age at leprosy diagnosis. The age dependency of association
suggests that the genetic control of gene expression varies across
the human life span.

AUTHOR CONTRIBUTIONS

VE, AA, and ES designed the study; VF performed the data
analysis; VE ES, CS-M, and MM interpreted the results; VF
and ES wrote the manuscript; CS-M and MM reviewed the
manuscript.

ACKNOWLEDGMENTS

The authors thank all leprosy patients and their family who par-
ticipated in this study. The authors are grateful to Dr. Marianna
Orlova from McGill University, Canada; Dr. Nguyen Van Thuc
and Dr. Vu Hong Thai from the Hospital for Dermato-Venerology,
Vietnam; Dr. Mariane M. A. Stefani from the Tropical Pathology
and Public Health Institute, Federal University of Goias, Brazil;
and Dr. Ana Carla P. Latini and Dr. Andrea E Belone from the
Lauro de Souza Lima Institute, Brazil, for recruiting the samples
enrolled in this study.

FUNDING

This work was supported by a Foundation grant from the
Canadian Institutes of Health Research (CIHR) to ES and a grant
of the Agence Nationale de la Recherche (ANR) to AA.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at http://journal.frontiersin.org/article/10.3389/fimmu.
2017.00155/full#supplementary-material.

Frontiers in Immunology | www.frontiersin.org

February 2017 | Volume 8 | Article 155


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
http://journal.frontiersin.org/article/10.3389/fimmu.2017.00155/full#supplementary-material
http://journal.frontiersin.org/article/10.3389/fimmu.2017.00155/full#supplementary-material

Fava et al.

Genetics of Leprosy Type-1 Reaction

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

World Health Organization. Global leprosy update, 2015: time for action,
accountability and inclusion. Wkly Epidemiol Rec (2016) 91(35):405-20.
Lockwood DN, Lucas SB, Desikan KV, Ebenezer G, Suneetha S, Nicholls P.
The histological diagnosis of leprosy type 1 reactions: identification of key
variables and an analysis of the process of histological diagnosis. J Clin Pathol
(2008) 61(5):595-600. doi:10.1136/jcp.2007.053389

Ridley DS, Radia KB. The histological course of reactions in border-
line leprosy and their outcome. Int J Lepr Other Mycobact Dis (1981)
49(4):383-92.

Fava V, Orlova M, Cobat A, Alcais A, Mira M, Schurr E. Genetics of leprosy
reactions: an overview. Mem Inst Oswaldo Cruz (2012) 107(Suppl 1):132-42.
doi:10.1590/50074-02762012000900020

Orlova M, Cobat A, Huong NT, Ba NN, Van Thuc N, Spencer J, et al. Gene
set signature of reversal reaction type I in leprosy patients. PLoS Genet (2013)
9(7):€1003624. doi:10.1371/journal.pgen.1003624

Belone Ade F, Rosa PS, Trombone AP, Fachin LR, Guidella CC, Ura §, et al.
Genome-wide screening of mRNA expression in leprosy patients. Front Genet
(2015) 6:334. doi:10.3389/fgene.2015.00334

Fava VM, Manry ], Cobat A, Orlova M, Van Thuc N, Ba NN, et al. A mis-
sense LRRK2 variant is a risk factor for excessive inflammatory responses
in leprosy. PLoS Negl Trop Dis (2016) 10(2):e0004412. doi:10.1371/journal.
pntd.0004412

Fava VM, Cobat A, Van Thuc N, Latini AC, Stefani MM, Belone AF et al.
Association of TNFSF8 regulatory variants with excessive inflammatory
responses but notleprosy perse. J Infect Dis (2015) 211(6):968-77.d0i:10.1093/
infdis/jiu566

Casanova JL, Abel L. Disentangling inborn and acquired immunity in human
twins. Cell (2015) 160(1-2):13-5. doi:10.1016/j.cell.2014.12.029

Alcais A, Alter A, Antoni G, Orlova M, Nguyen VT, Singh M, et al. Stepwise
replication identifies a low-producing lymphotoxin-alpha allele as a major risk
factor for early-onset leprosy. Nat Genet (2007) 39(4):517-22. doi:10.1038/
ng2000

Alter A, Fava VM, Huong NT, Singh M, Orlova M, Van Thuc N, et al. Linkage
disequilibrium pattern and age-at-diagnosis are critical for replicating genetic
associations across ethnic groups in leprosy. Hum Genet (2013) 132(1):107-16.
doi:10.1007/s00439-012-1227-6

Fava VM, Manry J, Cobat A, Orlova M, van Thuc N, Moraes MO, et al. A
genome wide association study identifies a IncRNA as risk factor for patholog-
ical inflammatory responses in leprosy. PLoS Genet (2017) (in press).

Cobat A, Abel L, Alcais A, Schurr E. A general efficient and flexible approach
for genome-wide association analyses of imputed genotypes in family-based
designs. Genet Epidemiol (2014) 38(6):560-71. doi:10.1002/gepi.21842
Schaid DJ, Rowland C. Use of parents, sibs, and unrelated controls for detec-
tion of associations between genetic markers and disease. Am | Hum Genet
(1998) 63(5):1492-506. doi:10.1086/302094

Purcell S, Neale B, Todd-Brown K, Thomas L, Ferreira MA, Bender D, et al.
PLINK: a tool set for whole-genome association and population-based linkage
analyses. Am ] Hum Genet (2007) 81(3):559-75. doi:10.1086/519795

Willer CJ, Li Y, Abecasis GR. METAL: fast and efficient meta-analysis of
genome-wide association scans. Bioinformatics (2010) 26(17):2190-1.
doi:10.1093/bioinformatics/btq340

Barrett JC, Fry B, Maller ], Daly MJ. Haploview: analysis and visualization
of LD and haplotype maps. Bioinformatics (2005) 21(2):263-5. doi:10.1093/
bioinformatics/bth457

Tregouet DA, Garelle V. A new JAVA interface implementation of THESIAS:
testing haplotype effects in association studies. Bioinformatics (2007)
23(8):1038-9. doi:10.1093/bioinformatics/btm058

Zollner S, Pritchard JK. Overcoming the winner’s curse: estimating penetrance
parameters from case-control data. Am J Hum Genet (2007) 80(4):605-15.
doi:10.1086/512821

20. Bush WS, Moore JH. Chapter 11: genome-wide association studies. PLoS
Comput Biol (2012) 8(12):e1002822. doi:10.1371/journal.pcbi.1002822

21. Westra HJ, Peters MJ, Esko T, Yaghootkar H, Schurmann C, Kettunen J, et al.
Systematic identification of trans eQTLs as putative drivers of known disease
associations. Nat Genet (2013) 45(10):1238-43. d0i:10.1038/ng.2756

22. Zeller T, Wild P, Szymczak S, Rotival M, Schillert A, Castagne R, et al. Genetics
and beyond - the transcriptome of human monocytes and disease susceptibil-
ity. PLoS One (2010) 5(5):e10693. doi:10.1371/journal.pone.0010693

23. GTEx Consortium. Human genomics. The genotype-tissue expression
(GTEx) pilot analysis: multitissue gene regulation in humans. Science (2015)
348(6235):648-60. doi:10.1126/science.1262110

24. Zhang FR, Huang W, Chen SM, Sun LD, Liu H, Li Y, et al. Genomewide asso-
ciation study of leprosy. N Engl ] Med (2009) 361(27):2609-18. doi:10.1056/
NEJMo0a0903753

25. Wong SH, Hill AV, Vannberg FO; India-Africa-United Kingdom Leprosy
Genetics Consortium. Genomewide association study of leprosy. N Engl ] Med
(2010) 362(15):1446-7; author reply 7-8. doi:10.1056/NEJMc1001451

26. Grant AV, Alter A, Huong NT, Orlova M, Van Thuc N, Ba NN, et al. Crohn’s
disease susceptibility genes are associated with leprosy in the Vietnamese
population. J Infect Dis (2012) 206(11):1763-7. doi:10.1093/infdis/jis588

27. Jostins L, Ripke S, Weersma RK, Duerr RH, McGovern DP, Hui KY, et al. Host-
microbe interactions have shaped the genetic architecture of inflammatory
bowel disease. Nature (2012) 491(7422):119-24. d0i:10.1038/nature11582

28. Liu Z, Lee J, Krummey S, Lu W, Cai H, Lenardo M]J. The kinase LRRK2 is
a regulator of the transcription factor NFAT that modulates the severity
of inflammatory bowel disease. Nat Immunol (2011) 12(11):1063-70.
do0i:10.1038/ni.2113

29. Lucking CB, Durr A, Bonifati V, Vaughan ], De Michele G, Gasser T,
et al. Association between early-onset Parkinson’s disease and mutations
in the parkin gene. N Engl JMed (2000) 342(21):1560-7. doi:10.1056/
NEJM200005253422103

30. Klein C, Westenberger A. Genetics of Parkinson’s disease. Cold Spring Harb
Perspect Med (2012) 2(1):a008888. doi:10.1101/cshperspect.a008888

31. Okada S, Markle JG, Deenick EK, Mele E, Averbuch D, Lagos M, et al.
Immunodeficiencies. Impairment of immunity to Candida and Mycobacterium
in humans with bi-allelic RORC mutations. Science (2015) 349(6248):606-13.
doi:10.1126/science.aaa4282

32. Ciancanelli MJ, Huang SX, Luthra P, Garner H, Itan Y, Volpi S, et al. Infectious
disease. Life-threatening influenza and impaired interferon amplification
in human IRF7 deficiency. Science (2015) 348(6233):448-53. doi:10.1126/
science.aaal578

33. Kreins AY, Ciancanelli MJ, Okada S, Kong XF, Ramirez-Alejo N, Kilic SS, et al.
Human TYK2 deficiency: mycobacterial and viral infections without hyper-
IgE syndrome. ] Exp Med (2015) 212(10):1641-62. doi:10.1084/jem.20140280

34. Alcais A, Quintana-Murci L, Thaler DS, Schurr E, Abel L, Casanova
JL. Life-threatening infectious diseases of childhood: single-gene
inborn errors of immunity? Ann N Y Acad Sci (2010) 1214:18-33.
doi:10.1111/j.1749-6632.2010.05834.x

35. Ter Horst R, Jaeger M, Smeekens SP, Oosting M, Swertz MA, Li Y, et al. Host
and environmental factors influencing individual human cytokine responses.
Cell (2016) 167(4):1111-24.e13. doi:10.1016/j.cell.2016.10.018

Conflict of Interest Statement: The research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict
of interest.

Copyright © 2017 Fava, Sales-Marques, Alcais, Moraes and Schurr. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) or licensor are credited and that the original publica-
tion in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

February 2017 | Volume 8 | Article 155


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1136/jcp.2007.053389
https://doi.org/10.1590/S0074-02762012000900020
https://doi.org/10.1371/journal.pgen.1003624
https://doi.org/10.3389/fgene.2015.00334
https://doi.org/10.1371/journal.pntd.0004412
https://doi.org/10.1371/journal.pntd.0004412
https://doi.org/10.1093/infdis/jiu566
https://doi.org/10.1093/infdis/jiu566
https://doi.org/10.1016/j.cell.2014.12.029
https://doi.org/10.1038/ng2000
https://doi.org/10.1038/ng2000
https://doi.org/10.1007/s00439-012-1227-6
https://doi.org/10.1002/gepi.21842
https://doi.org/10.1086/302094
https://doi.org/10.1086/519795
https://doi.org/10.1093/bioinformatics/btq340
https://doi.org/10.1093/bioinformatics/bth457
https://doi.org/10.1093/bioinformatics/bth457
https://doi.org/10.1093/bioinformatics/btm058
https://doi.org/10.1086/512821
https://doi.org/10.1371/journal.pcbi.1002822
https://doi.org/10.1038/ng.2756
https://doi.org/10.1371/journal.pone.0010693
https://doi.org/10.1126/science.1262110
https://doi.org/10.1056/NEJMoa0903753
https://doi.org/10.1056/NEJMoa0903753
https://doi.org/10.1056/NEJMc1001451
https://doi.org/10.1093/infdis/jis588
https://doi.org/10.1038/nature11582
https://doi.org/10.1038/ni.2113
https://doi.org/10.1056/NEJM200005253422103
https://doi.org/10.1056/NEJM200005253422103
https://doi.org/10.1101/cshperspect.a008888
https://doi.org/10.1126/science.aaa4282
https://doi.org/10.1126/science.aaa1578
https://doi.org/10.1126/science.aaa1578
https://doi.org/10.1084/jem.20140280
https://doi.org/10.1111/j.1749-6632.2010.05834.x
https://doi.org/10.1016/j.cell.2016.10.018
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Age-Dependent Association of TNFSF15/TNFSF8 Variants and Leprosy Type 1 Reaction
	Introduction
	Materials and Methods
	Ethics Approval Statement
	Population Sample
	Genotyping
	Statistical Approach

	Results
	The Association of rs6478108 with T1R Is Age Dependent
	Two Independent Associations with T1R in the TNFSF8/TNFSF15 Locus

	Discussion
	Author Contributions
	Acknowledgments
	Funding
	Supplementary Material
	References


