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Background: Genome-wide association studies (GWASs) have identified some immune-
related single-nucleotide polymorphisms (SNPs) to be associated with leprosy.

Methods: This study investigated the association of 17 SNPs based on previously published
GWAS studies with susceptibility to leprosy, different polar forms and immune states of
leprosy in a case—control study from southwestern China, including 1344 leprosy patients
and 2732 household contacts (HHCs) (1908 relatives and 824 genetically unrelated contact
individuals). The differences of allele distributions were analyzed using chi-squared analysis
and logistic regression.

Results: After adjusting covariate factors, rs780668 and rs3764147 polymorphisms influ-
enced susceptibilities to genetically related or unrelated leprosy contact individuals.
rs142179458 was associated with onset early cases, rs73058713 A allele and rs3764147
A allele increased the risk of reversal reaction, while rs3764147 G allele had higher risk to
present lepromatous leprosy and erythema nodosum leprosum.

Conclusion: Our results demonstrated that genetic variants in the LACCI, HIF1A4, SLC2943
and CDH18 genes were positively correlated with the occurrence of leprosy and leprosy
clinical phenotypes, providing new insights into the immunogenetics of the disease.
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Introduction

Leprosy, which is a chronic infectious disease caused by intracellular pathogen
Mycobacterium leprae (M. leprae), remains endemic in many areas in Asia and
south America. In China, the overall leprosy incidence is still at a relatively low
endemic level, mainly in southwestern provinces, including Sichuan, Hunan,
Yunnan and Guizhou.'

It is estimated that only a small fraction of individuals exposed to M. leprae are
successfully infected.” The complex interplay between host and pathogens may be
one of the explanations for such variability, which is largely influenced by the
genetic make-up of the host.® A prospective cohort study demonstrated that genetic
relationship was a relevant and independent risk factor for leprosy.* The genetic
factors may influence host’s immunologic status and determine the infection out-
comes. Leprosy ranges from a form with a robust immune response and very few
organisms (tuberculoid or paucibacillary) to a form with a weaker immune response
and a higher burden of organisms (lepromatous or multibacillary), which is a good
model for studying the genetic basis and immune response of chronic infection.’
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The tuberculoid leprosy patients present strong cellular
(Th1) immune response with increased production of pro-
inflammatory cytokines, on the other hand, lepromatous
leprosy is characterized by a predominantly antibody
based (Th2) immune response. Leprosy patients may
develop leprosy reactions during the medical course,
which is the major cause of permanent neural damage
with consequent disabilities, including Type 1 or
Reversal Reaction (RR) and Type 2 or Erythema nodosum
leprosum (ENL).® It is widely regarded as an immune
complex disorder, and some proinflammatory cytokines
have been observed; however, their roles in pathogenesis
remain unclear.’

Evidence from GWASs® '* suggests that host genetic
factors might contribute to the leprosy per se, disease clinical
forms and the occurrence of leprosy reactions. Among the
studies, several genes are immune-related. SNPs located in
RAB32, HIF1A4, BATF3, LACCI, CTSB, TNFSF15, CDHIS,
SLC2943, DECI, FLG, NOD2, ILISRAP/ILISRI,
NCKIPSD and CARD9 were significantly associated with
leprosy. Other association studies have replicated these
results in different independent populations.'>

As during infection and inflammation, genetic factors
were linked with important immunological consequences
and leprosy clinical manifestations vary depending on the
host’s ability to mount an acquired immune response to
infection. In this study, we utilized published genetic risk
variants in GWAS with case—control study and tried to eval-
uate the association of genetic polymorphisms with leprosy
development genetic predisposition in Chinese population,
which is helpful for medical workers to construct genetic risk
models for tracing leprosy higher-risk HHCs and identify the
predictive markers of leprosy reactions.

Patients and Methods
Study Participants

We performed a case—control study involving individuals
from January 2010 to June 2014 in four provinces
(Yunnan, Guizhou, Sichuan and Hunan). A total of 1466
leprosy patients and 2904 healthy leprosy HHCs were
enrolled. Patients with leprosy registered in 2010-2014
in the study area were selected as the case group and
classified according to initial clinical evaluation based on
clinical manifestations, slit skin smears and histopatholo-
gical examinations. The control group was composed of
healthy leprosy HHCs from the same geographic region
including 2029 relatives (1663 first-, 335 second-, and 31

third-degree family members) and 875 genetically unre-
lated contact individuals (spouses). HHCs were defined as
people living under the same roof and sharing food with
the patient for at least six months among the past six years.
The control group excluded those who refused to provide
informed consent, any person that received treatment for
tuberculosis or leprosy within one year.

Blood samples were collected from all participating
subjects after obtaining an informed written consent. All
participating individuals provided personal data including
sex, age and ethnicity. Data such as age at diagnosis,
leprosy classifications and reactional states were collected
from medical record.

SNP Selection and Genotyping

Based on the previously published GWAS studies and one
study combined whole-exome sequencing and targeted
next-generation sequencing within the GWAS loci,® '
we selected 17 SNPs wherein a genome-wide significant
association (P < 5x107%) between the SNPs in the genes
RAB32, HIFIA, BATF3, LACCI, CTSB, TNFSFI5,
CDHI18, SLC2943, DECI, FLG, NOD2, ILISRAP/
ILISR1, NCKIPSD, CARD9 and leprosy (S1 Table).
Based on multiplex polymerase chain reaction (PCR) to
precisely genotype SNPs with next-generation sequencing.
After the PCR amplification, the products genotyped
according to the manufacturer's protocol using the
Ilumina HiSeq X-10 platform. The adapter sequences
were trimmed out, and we removed the reads which
N content in single-ended sequencing read was more
than 10% of the read length ratio, and the low quality
(Qphred< 20) base number in single-ended sequencing
read was more than 50% of the read length ratio. Clean
sequence reads were aligned to the reference GRCH38 by
Burrows-Wheeler Aligner (http://bio-bwa.sourceforge.
&t/).20 SNP calling was performed by GATK (Genome
Analysis Toolkit, https://www.broadinstitute.org/gatk/).>’

We excluded SNPs and individuals with genotype call
rates < 95%, SNPs with minor allele frequency (MAF)
< 1%, and Hardy—Weinberg Equilibrium P < 1.0x10~ in
controls. Ultimately, two variants with MAF < 1%
(rs149308743 and rs145562243) and one variant Hardy—
Weinberg Equilibrium P<1.0x10* (rs2221593) were
eliminated.

Statistical Analysis
Cases and controls (all HHCs, heredity-related contacts,

first-degree  family members, non-Heredity-related
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contacts of leprosy cases) were compared according to
allele with the Pearson x2 test or Fisher test using
PLINK v 1.07. P value was considered to be statistically
significant at the 0.05 level. We also analyze the differ-
ences in distributions of alleles between different leprosy
clinical phenotypes (patients diagnosed at the age <14-
year vs >14-year; paucibacillary leprosy cases vs multi-
bacillary leprosy cases; tuberculoid cases vs lepromatous
cases; RR in BT, BB and BL leprosy cases vs BT, BB and
BL leprosy cases free of RR; ENL in BL and LL leprosy
cases vs BT, BB and BL leprosy cases free of ENL; ENL
vs RR). Meanwhile, we investigated the associations
between leprosy and clinical phenotypes with SNPs
based on a logistic regression model adjusted for age,
ethnicity and gender.

Results

Baseline Characteristics of Participations
A total of 294 individuals with genotype call rates < 95%
were eliminated. Ultimately, a total of 1344 leprosy
patients (711 Han Chinese, 936 males, 408 females, with
a mean age of 44.05 + 15.80 years), 1908 relatives (1560
first-, 318 second-, and 30 third-degree family members,
1106 Han Chinese, 1123 males, 785 females, with a mean
age of 34.17 + 15.54 years) and 824 genetically unrelated
contact individuals (453 Han Chinese, 248 males, 576
females, with a mean age of 46.57 + 12.81 years) were
recruited. S2 Table shows the distribution of ethnicity. The
baseline characteristics of participants are listed in Table 1.
Significant difference was found in mean age, ethnical and
sex ratio between leprosy patients and controls.

Association Between Leprosy and SNPs

Allele distributions between leprosy cases and HHCs were
analyzed using y2 test or Fisher test, S3 and S4 Tables
showed the distributions of alleles and genotypes for the
study subjects. The allele distributions of rs6478108 at
TNFSF15 locus, rs663743 at CCDC88B locus, rs780668
at the SLC2943 locus, 1s9302752 at the NOD2 locus and
1s3764147 at the LACCI locus were significantly different
between patients and HHCs. Four variants showed an
association at P < 0.05 after adjusting for sex, ethnicity
and age in the logistic regression, including rs780668
(P<0.001), rs6478108 (P = 0.02), rs9302752 (P = 0.003)
and rs3764147 (P < 0.001). The characteristics and asso-
ciation results of the 14 variants are displayed in Table 2.

The allele distributions of rs6478108, rs780668 and
rs3764147 were significantly different between patients
and healthy relatives control group. Two variants showed
an association at P < 0.05 after adjusting for confounding
factors, including rs780668 (P < 0.001) and rs3764147
(P<0.001). Comparing with the first-degree family mem-
bers, the allele distributions of rs780668 (P<0.001) and
rs3764147 (P<0.001) also showed significantly different.

Comparing with the genetically unrelated contact indi-
viduals, the allele distributions of rs9302752, rs6478108,
rs780668 and rs3764147 were significantly different. Four
variants were observed significance association after
adjusting for sex, ethnicity and age in the logistic regres-
sion, including rs780668 (P = 0.001), rs3764147 (P <
0.001) and rs9302752 (P < 0.001).

Association Between Leprosy Clinical
Phenotypes and SNPs

After stratification of the patients according to the age at
diagnosis into <14-year and >14-year groups, we found
that the risk allele frequency of rs142179458 at HIF 14 was
associated with patients diagnosed at the age 14-year. (OR
= 2.65, 95% CI: 1.338-5.247, P =0.004). After adjusting
for sex and ethnicity, the frequency of rs142179458 still
differs between the two groups. (OR = 2.313, 95% CI:
1.158-4.621, P = 0.02) (S5 Table).

According to the bacillary load, we divided the patients
into multibacillary leprosy (MB) and paucibacillary
leprosy (PB) groups,”” the frequencies of alleles did not
differ between the two groups, as well as the logistic
regression (S6 Table). After stratification of the patients
into tuberculoid leprosy (BT/TT) and the lepromatous
leprosy (BL/LL) according to the R-J classification,”® we
evaluated the association between the SNPs and the clin-
ical classifications of leprosy. Leprosy patients carrying
G allele of the 153764147 or C allele of the 1rs9302752
had higher risk to present lepromatous leprosy than tuber-
culoid leprosy. However, after adjusting for age, sex and
ethnicity, only rs3764147 showed the significant associa-
tion between the two groups (OR = 1.51, 95% CI: 1.26—
1.81, P <0.001) (S7 Table).

We evaluated the association between the SNPs and
the type of reactive reaction presented by the patients.
In the BB, BT and BL leprosy individuals, the
rs73058713 A allele and rs3764147 A allele were over-
represented in RR-affected patients compared with RR-
free patients (OR = 1.69, 95% CI: 1.04-2.76, P=0.03;
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Table | General Characteristics of the Study Groups
Variables Leprosy Controls (n=2732) | P-value | First - Degree P-value | Non-Heredity- P-value
(n=1344) R Family Members Related Contacts
Heredity-Related
(n=1560) (n=824)
Contacts (n=1908)
Age (year, mean + SD) | 44.05 + 15.80 | 34.17 + 15.54 <0.001 34.84 + 15.60 <0.001 46.57 = 12.81 <0.001
Age at diagnosis (year, | 41.35 = 15.69
mean * SD)
Sex <0.001 <0.001 <0.001
Male 936(69.6) 1123(58.9) 918(58.8) 248(30.1)
Female 408(30.4) 785(41.1) 642(41.2) 576(69.9)
Ethnicity
Minority 633(47.1) 802(42.0) 0.004 688(55.9) 0.106 371(45.0) 0.347
Han 711(52.9) 1106(58.0) 872(44.1) 453(55.0)
Onset age
<14Y 44(3.3)
>14Y 1300(96.7)
R-J Classification
Tuberculoid (BT/TT) | 391(29.1)
Lepromatous (LL/BL) | 841(62.6)
Other leprosy 112(8.3)
clinical forms
WHO Classification
MB 1171(87.1)
PB 173(12.9)
BB, BT and BL
RR 54(7.2)
No RR 696(92.8)
BL and LL
ENL 75(9.5)
No ENL 713(90.5)
Reactional leprosy
RR 67(41.6)
ENL 79(49.1)
RR+ENL 15(9.3)

Abbreviations: R-] Classification, Ridley-Jopling classification; TT, tuberculoid leprosy; BT, borderline tuberculoid leprosy; BL, borderline lepromatous leprosy; LL,
lepromatous leprosy; PB, paucibacillary leprosy; MB, multibacillary leprosy; RR, reversal reaction; ENL, erythema nodosum leprosum.

OR = 1.85, 95% CI: 1.19-2.87, P=0.007 in the logistic
regression, respectively), while the rs3764147 G allele
was overrepresented in BL and LL leprosy patients who
showed ENL-affected compared to the free of ENL
patients (OR = 1.44, 95% CI: 1.02-2.04, P=0.04 in the
logistic regression), as well as the logistic regression.
Furthermore, leprosy patients carrying the rs3764147
G allele had a higher risk to present ENL than patients
with RR (OR = 2.75, 95% CI: 1.65-4.59, P<0.0001 in
the logistic regression) (S8, S9, S10 Tables).

Discussion

Leprosy is an infectious disease caused by M. leprae, and
the disease risk may be a result of the joint effect of
genotype and environmental exposure.”* With the
advances in molecular biology, numerous studies have
supported that specific genes and SNPs play important
roles in leprosy susceptibility, its clinical forms and reac-
tional states.”> In this context, we performed a genetic
epidemiology study to evaluate the allele frequencies of
17 independent reported leprosy-relate SNP loci based on
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to the patients’ genetic polymorphisms in the LACCI and
CDH18 genes associated with leprosy reactions.

In our study, a consistent association with leprosy
per se was observed for SLC2943 and LACCI in all
HHC groups, similar to previous studies.®'%'®2° The
SLC29A43 gene encodes equilibrative nucleoside transpor-
ter 3 (ENT3), which is found in intracellular membranes,
especially in lysosomal and mitochondrial membranes.
Mutations in SLC2943 could cause H Syndrome, which
is rare autoinflammatory syndrome with pleiotropic
manifestations.”” Previous study suspects that the ENT3
protein is highly expressed in peripheral T cells and has
a key role in maintaining T cell homeostasis by supporting
the proliferation and survival of T cells.”® Our data provide
evidence for the possibility of ENT3 affect the final out-
come of the response towards an infecting pathogen by
influencing the host’s immunologic status. SNP rs3764147
in LACCI shows significant association with leprosy sus-
ceptibility and its reactive status in our study. LACCI
fatty
(FAMIN) protein and was reported associations with

encodes the acid metabolism-immune nexus
other autoimmunity and granulomatous disease
diseases,”~” which could regulate PPAR and NOD2 path-
way and increase innate receptor-induced responses.
FAMIN
effects on the

loss-of-function mutants lead to detrimental
of MO, Ml and M2
macrophages.’' * LACCI expression by myeloid cells in

function

mice is essential to clear bacteria and to regulate adaptive
T-cell responses against microbes.**

Our results suggested that HIFIA is associated with
onset early cases. HIF /A plays a role in immune reactions
and chaperone-mediated autophagy.®> >’ Increased oxidative
stress has been observed in leprosy,®® and activation of the
oxidative stress pathway under infection could induce
HIFIA expression.®® Additionally, HIFla is a key repro-
grammer of metabolism in inflammatory cells that promotes
inflammatory gene expression. It is critical for the matura-
tion of dendritic cells, activation of T cells, and drives Th17
differentiation.*° However, how this risk allele of HIFIA
contributed to the early onset risk to leprosy remains to be
investigated. rs73058713 at the CDH18 locus was found to
be associated with reversal reaction in our study, the inflam-
mation associated with reversal reactions can lead to severe
nerve injury with subsequent paralysis and deformity.
Previous study suspects that CDHI8 gene may involve in
neuronal development and govern metabolic processes in
later life.*' Our data reinforce the notion that leprosy rever-
sal reaction is a neurological disease.

The strength of the study was that our study subjects were
close contacts of leprosy, and subjects with or without geneti-
cally relationship of patients were studied separately, which
leads to a more profound clinical significance compared with
general population. And we investigated 17 SNPs association
with leprosy per se and leprosy subtypes risk, the conclusions
revealed by our integrative analyses were credible because of
the adequacy of information on leprosy. There were a few
limitations in our study. Firstly, there are some other SNPs in
these genes studied in our research showed positive associa-
tions with leprosy. Moreover, the genetic variants in our
study were all identified in the Chinese population. Our
findings may not be extended to other ethnic populations.
As a result, it might be necessary to study more polymorph-
isms associated with leprosy in the future. Thirdly, the retro-
spective design in the analysis of leprosy reactions was based
on clinical grounds during the study phase and lack of long-
term follow-up results, which may lead to potential bias, it
might be necessary to prolong the follow-up time to detect
more leprosy reaction cases in the future.

Conclusion

We demonstrated that inflammatory-related genetic var-
iants in the LACCI, HIFI1A, SLC2943 and CDH18 genes
were positively correlated with leprosy risk and leprosy
clinical phenotypes in the Chinese population. These find-
ings may provide valuable insights into further under-
standing the interactive role of host genetic factors in the
etiology of leprosy and its clinical forms, meanwhile, this
study has a potential role in finding predictive marker of
leprosy development for risk stratification.
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