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A B S T R A C T

Tuberculosis is a leading cause of death in India. To identify genetic variants associated with susceptibility or
resistance to Mycobacterium tuberculosis infection, we have performed an exome-wide association study with 0.2
million exonic variants among 119 pairs of tuberculosis patients and their clinically asymptomatic household
contacts. The strongest association was identified for rs61104666[A], a synonymous variant (p.E292E) of exon 5
of the gene SIGLEC15 (OR=2.4, p=1.49× 10−5). We also found association of non-coding variants in the
3′UTR region of a gene encoding the class II human leukocyte antigens (HLAs), HLA-DRA. rs13209234[A]
(minor allele frequency (MAF)= 13.8%) (OR=0.35, P=2.5× 10−4) and rs3177928[A] (minor allele fre-
quency (MAF)=13.7%) (OR=0.35, P=3.3× 10−4) were associated with protection from tuberculosis. These
two SNPs, rs13209234 and rs3177928, are in complete linkage disequilibrium. These associations remained
valid when additional data on freshly recruited individuals were jointly analyzed on 250 patient-control pairs.
The identified gene, HLA-DRA, suggest involvement of immune regulation, indicating pathways associated with
antigen presentation in tuberculosis infection.

1. Introduction

Tuberculosis (TB) is an aerosol transmitted infectious disease,
caused by Mycobacterium tuberculosis (M. tb.). Tuberculosis remains one
of the leading causes of death, with an annual incidence of 10 million
and about 1.4 million deaths, despite significant advances made in di-
agnosis and treatment (WHO, 2018). In 2018, World Health Organi-
zation (WHO) reported that, 2.8 million new cases were diagnosed from
India, with 0.4 million deaths.

Variability in the clinical response to M. tb. among infected in-
dividuals, resident in a restricted geographical area, often sharing the
same household, is a strong indication of involvement of host genetics.
Some individuals may not develop detectable infection (Ernst, 2012).
Most individuals, resident in a high burden country such as India, are
infected but do not develop clinical disease, while a small fraction of
infected individuals develop clinical symptoms of disease.

Susceptibility to tuberculosis is a complex trait influenced by both
genetic and environmental factors (Meyer and Thye, 2014). Several
genome-wide linkage scans have been performed in human tubercu-
losis. Although genomic regions of putative linkage have been found,
none of the linkage peaks identified in these studies attained a level of
genome-wide significance (Baghdadi et al., 2006; Bellamy, 2000;
Bellamy et al., 2000; Cooke et al., 2008; Ridruechai et al., 2010; Stein

et al., 2008). Many candidate gene association studies have been per-
formed in different global populations (Azad et al., 2012; Chen et al.,
2013; Li et al., 2011; Moller and Hoal, 2010; Wu et al., 2014). One of
the most convincing findings is the association of polymorphisms in the
SLC11A1 (NRAMP1) gene, (Li et al., 2011) replicated in multiple po-
pulations. Besides SLC11A1, VDR, HLA class II genes, TLRs and cytokine
genes such as IFNG, TNF, and IL10 are the most well studied candidate
genes. Genome-wide association studies have also identified SNPs in
multiple genes associated with tuberculosis, across African (Chimusa
et al., 2014; Grant et al., 2016; Thye et al., 2010, 2012), European
(Curtis et al., 2015; Sveinbjornsson et al., 2016) and Asian populations
including Thais, Japanese and Indonesians (Hong et al., 2017;
Mahasirimongkol et al., 2012; Png et al., 2012). Among African po-
pulations, SNPs located on chromosomes 18q11, 11p13 and 5q33 were
discovered to be associated with tuberculosis susceptibility. Recently,
two genome wide association studies, conducted in Icelandic
(Sveinbjornsson et al., 2016) and Han Chinese (Qi et al., 2017) popu-
lations, revealed association with HLA class II region genes HLA-DQA1
and HLA-DQB1. Association studies have indicated the possibility of
ethnic differences contributing to differences in genetic susceptibility or
protection to tuberculosis. No genome wide studies have been con-
ducted among the Indian population, in spite of a high prevalence of
tuberculosis in India. Candidate gene association studies conducted in

https://doi.org/10.1016/j.meegid.2019.03.006
Received 1 August 2018; Received in revised form 27 February 2019; Accepted 14 March 2019

⁎ Corresponding author.
E-mail addresses: cb1@nibmg.ac.in (C. Bhattacharyya), ppm1@nibmg.ac.in (P.P. Majumder), bp1@nibmg.ac.in (B. Pandit).

Infection, Genetics and Evolution 71 (2019) 76–81

Available online 18 March 2019
1567-1348/ © 2019 Elsevier B.V. All rights reserved.

T

http://www.sciencedirect.com/science/journal/15671348
https://www.elsevier.com/locate/meegid
https://doi.org/10.1016/j.meegid.2019.03.006
https://doi.org/10.1016/j.meegid.2019.03.006
mailto:cb1@nibmg.ac.in
mailto:ppm1@nibmg.ac.in
mailto:bp1@nibmg.ac.in
https://doi.org/10.1016/j.meegid.2019.03.006
http://crossmark.crossref.org/dialog/?doi=10.1016/j.meegid.2019.03.006&domain=pdf


India have revealed that variants in genes HLA class I and II (Mishra
et al., 2014; Saikia et al., 2015), TLR1 (Dittrich et al., 2015), VDR
(Sharma et al., 2011), and cytokine genes (Abhimany, 2012; Joshi
et al., 2015; Mishra et al., 2012; Sharma et al., 2010) are significantly
associated with tuberculosis. Majumder et al. (2009) have reported a
large number of novel variants from Indian populations groups in genes
of the immune system (Bairagya et al., 2008; Majumder et al., 2009).
They have also shown that haplotype frequency profiles of these genes
in India are significantly different from those of European and African
populations, possibly indicating local adaptation to pathogens
(Mukherjee et al., 2009).

Here, we attempted to identify genes associated with susceptibility
to tuberculosis infection in an Indian population using an exome wide
search. We have hypothesized that an individual, living in close
proximity (in same household) with a TB patient for an extended period
of time, but not exhibiting clinical symptoms, may be genetically less
susceptible. In order to identify those genetic factors, we have adopted
a case-household contact association study where cases were active TB
patients and controls were their biologically unrelated spouses without
any clinical symptom of TB in spite of, being continuously exposed to
M. tb. from their infected spouse.

2. Methods

2.1. Ethical statement

The study was approved by the Institutional Ethics Committees of
the National Institute of Biomedical Genomics, India. Biological speci-
mens were collected with written informed consent from each study
participant.

2.2. Study design

In this case-control association study, cases were clinically symp-
tomatic tuberculosis patients. Controls were clinically disease free,
biologically unrelated spouses with (a) no history of past TB and (b)
stayed under the same roof continuously for at least a six-month period
of relevance and remained disease free. Tuberculosis patients were
enrolled from a State General Hospital and DOTS (directly observed
treatment, short-course) Centre under the Revised National
Tuberculosis Control Program (RNTCP) in West Bengal, India. All re-
cruited tuberculosis patients were positive for acid-fast smear (AFB) test
of sputum, treatment naive and with no past history of tuberculosis. All
the household contacts were tested AFB sputum culture at two time
points; within an interval of three months. Each spouse who shared the
physical dwelling unit with the patient was followed up for an addi-
tional three months to ascertain they had remained disease free, before
being recruited as a control. They were also followed up for an addi-
tional period of two years. Household contacts were removed from
further analysis, if they became infected during the course of this study.
All study participants were HIV negative. We did not classify recruited
household contacts based on IGRA test, as in a high-endemic setting
such as India, IGRA is known to be an unreliable diagnostic test. All
cases (Discovery Set; n=119) and controls (Discovery Set; n= 119)
were drawn from a homogeneous Bengali population of a single geo-
graphical location (Kalyani-Gayeshpur region) of West Bengal, India.
For validation, we have recruited an additional 138 pairs of TB patients
and household contacts, using the same inclusion and exclusion criteria.

2.3. Exome wide genotyping

Trained phlebotomists collected blood samples in BD Vacutainer®
EDTA tubes, by venipuncture. Genomic DNA was isolated from study
participants using QIAamp DNA Blood Midi Kit (Qiagen) using manu-
facturer's protocol. DNA concentration was determined using Qubit™
DNA Assay Kits (Invitrogen, USA) according to the manufacturer's

instructions.
Genotyping was done using the Infinium HumanExome v1.2 bead-

chip (Illumina, cat # WG-353-1201) following manufacturer's protocol.
Genotype base calling was done using Illumina Genome Studio fol-
lowing Genotyping Module, version 1.0. Only those loci at which, valid
genotype base calls could be made for at least 90% of the study parti-
cipants, were included for further analysis.

2.4. TaqMan SNP genotyping

In validation phase, we have genotyped study participants using
TaqMan SNP genotyping assay (Assay ID=C__25747020_10 and
C___2455631_10) and 7900HT system (Applied Biosystems). We visually
checked all genotype clusters, assigned calls and extracted genotypes
using TaqMan Genotyper software 1.4. Genotypes of four individuals
were undetermined and hence, they are excluded from further analysis.
We have also repeated 10% of samples, which were genotyped using
Infinium HumanExome v1.2 beadchip, in TaqMan assay. All the sam-
ples were concordant in both.

2.5. Association analysis

Stringent quality control checks were used to exclude poor-quality
data (i.e., missing genotype< 1% for both SNPs and individuals, minor
allele frequency (MAF) > 1%, and SNPs not in Hardy-Weinberg equi-
librium). Chi-square test for allelic and haplotype association were done
using PLINK version 1.7 (Purcell et al., 2007). Manhattan plot and
Haplotype blocks based on the exonic markers were created in Haplo-
view 4.2 (Barrett et al., 2005). Regional association plot was prepared
in LocusZoom v0.4.8 (Pruim et al., 2010).

2.6. In-silico analysis

Gene annotation was done using Variowatch version 3.0 and
SNPnexus (Abu et al., 2018; Cheng et al., 2012). SNPs in transcription
factor binding region, splicing regulator, or predicted miRNA binding
sites were visualized using the HaploReg v4.1 (Ward and Kellis, 2016)
and RegulomeDB version 1.1 (Boyle et al., 2012). The scoring system of
RegulomeDB follows a score of 1a to 5, from highly significant reg-
ulatory variant to minimally important variant, based on available data
types for a single coordinate (http://www.regulomedb.org/help#
score). eQTLs were identified in Genotype-Tissue Expression (GTEx)
database (2015).

Data curation, statistical analysis, and graphical representations
were done using R, version 3.4.3 (R: Team, 2013).

3. Results

We generated genotype data on 2,44,700 markers which covered
most of the known human genes. More than 80% (N=2,06,676) of the
genotyped loci turned out to be monomorphic (minor allele frequency
(MAF) < 1%) in our study population, possibly a reflection of the
European population-centric choice of markers placed on the DNA
micro-array by the manufacturer. We noted that, 9285 variants had
missing genotype data in>1% of individuals, and 54 loci significantly
(p < .001) deviated from Hardy–Weinberg equilibrium; these loci
were removed. Seven (three TB patients and four controls) of the 238
study participants were removed because for each of them genotype
information was missing at> 1% of loci. Three pairs of individuals
showed cryptic relatedness (genetically assessed as having ~90% of
markers identical-by-state); the member of each such pair with the
higher genotyping call rate was retained and the other member was
excluded.

Our final discovery data set, therefore, comprised data on 114 pairs
of tuberculosis patients (Male= 92; Female= 22) and control spouses
(Male= 20; Female= 94) with genotype calls at 28,755 SNP loci for
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each individual. Mean age (in years) of TB patients and household
contacts were 45.58 (range 20–85) and 39.68 (range 19–70) respec-
tively.

The Manhattan plot showing for the 28,755 exonic variants is pro-
vided in Fig. 1. None of the identified variants exceeds the genome wide
significance level of p value i.e. –log10p≥ 6, after multiple testing
correction. We have used the threshold of –log10p≥ 3 for significance;
this threshold corresponds to the value at which points start to deviate
from the diagonal of the Q–Q plot (expected and observed p-values,
without any multiple testing correction) (Fig. 1). Among the variants,
which were unadjusted for multiple testing correction, the strongest
association was identified for rs61104666, a synonymous variant
(p.E292E) of exon 5 of the gene SIGLEC15 (OR=2.4 (C·I 99% 1.4–4.0),
p=1.49×10−5, Table 1). No other variant from the gene SIGLEC15
was found to be associated. Next, rs1009170, an intergenic variant,
~7 kb downstream to CPSF2 gene was found to be associated. Among
the other most associated markers, two variants: rs13209234 (OR=0.3
(C·I. 99% 0.2–0.7), p=2.5×10−4) and rs3177928 (OR=0.3 (C·I.
99% 0.2–0.7), p=3.3×10−4) from the same gene HLA-DRA were
associated with protection from tuberculosis infection (Table 1, Fig. 2).
Another SNP, rs2239804, on 3′UTR of HLA-DRA, also showed associa-
tion in the same direction (OR=0.6 (C·I 99% 0.4–0.98), p= .007)

(Fig. 2).
Pairwise linkage disequilibrium (LD) measures (r2) of this ~4.5 kb

region (Chr6:32411523–32415975) of HLA-DRA 3’UTR are dia-
grammatically presented in Fig. 3. Two linkage disequilibrium (LD)
blocks were estimated from this region, based on our genotype data.
One larger LD block (3.54 kb) comprised of four SNPs; rs3177928,
rs2227139, rs3129891 and rs13209234. Four haplotypes were phased
from our study population, in this LD block. One of four haplotypes,
“AAGA”, was found to be significantly more frequent in household
contacts, than TB patients (Chi square test, p= .00019 (Table 2). The
other LD block (0.32 kb), of this region, consisted of three SNPs,
rs2239804, rs7192, rs2239802. One of the four phased haplotypes, of
this LD block, “ACG” was also observed at a significantly higher fre-
quency in household contacts than TB patients (Chi square test,
p= .00020) (Table 2).

The p-values corrected for multiple testing were higher than 0.05,
for the SNPs reported in earlier paragraphs. Possibly, in an exome-wide
context, the sample size (n=114 “case-control” pairs) used by us for
association-discovery is often considered to be small. We replenished
our data set by an additional 136 tuberculosis patients (Male= 106;
Female= 30) and their control spouses, using the same inclusion and
exclusion criteria. In the additional recruits, the mean ages (in years) of

Fig. 1. Manhattan plot depicting association results with 28,755 exonic markers. Five most significantly associated SNPs are highlighted in the figure.
rs13209234 and rs3177928 are on HLA-DRA.

Table 1
Five most significant genetic variants, associated with tuberculosis in the study population.

SNP Chr Position Allele MAF Gene Type of mutation p OR 99% CI

rs61104666 18 43,420,177 A 34.4 SIGLEC15 p.E292E 1.49× 10−5 2.39 1.42–4.02
rap009170 14 92,636,713 A 39.6 Intergenic NA 5.54× 10−5 0.46 0.28–0.76
rs13209234 6 32,415,975 A 13.6 HLA-DRA 3’UTR 2.48× 10−4 0.35 0.16–0.75
rs10742809 11 5,862,532 C 32.5 OR52E6 p.Met199Arg 3.17× 10−4 2.08 1.23–3.52
rs3177928 6 32,412,435 A 13.5 HLA-DRA 3’UTR 3.3×10−4 0.35 0.16–0.76

Significant SNPs from HLA-DRA gene are shown in bold. MAF: Minor Allele Frequency, OR: Odds Ratio, CI: Confidence Interval.
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patients and household contacts were 44.75 (range 18–81) and 39.65
(range 15–66), respectively, similar to those observed among the ori-
ginal sets of recruits. On the additionally recruited patients and con-
trols, we performed TaqMan assays to determine genotypes at SNPs
(rs61104666 and rs3177928) discovered by us to be associated with the
phenotype, with biological relevance. At these loci, the data with a
combined sample size of 250 pairs of tuberculosis patients and house-
hold contacts were reanalyzed for validation of association discovered
with a smaller (114 pairs) sample size. The results are presented in
Table 3. All earlier results of significant association remained valid.
rs13209234 and rs3177928, both from the gene HLA-DRA, are in
complete LD (r2= 1). Therefore, only one of SNPs was genotyped in
validation phase. In the joint analysis for validation, rs61104666
(OR=1.58 (C·I 99% 1.1–2.2), p= .0005, Table 3) from SIGLEC15 gene
and rs3177928 (OR=0.54 (C·I 99% 0.3–0.9), p= .001, Table 3) from
HLA-DRA gene, remained significantly associated.

4. Discussion

In the present study, we have discovered novel associations of SNPs
in and around SIGLEC15 and HLA-DRA genes with tuberculosis in a
homogeneous (Bengali) population of Indians. All TB patients, recruited
into this study, were treatment naïve because we want to exclude the
complex phenotypes of drug resistance cases, prevalent in India (WHO,
2018). Here, despite the fact that none of the observed association
signals achieved stringent levels of genome wide significance after
multiple testing corrections, likely due to small sample size of our
study, the major findings from the study suggested a previously un-
explored role of HLA-DRA gene in tuberculosis disease pathology.

The strongest association was with rs61104666, a synonymous
exonic variant of the gene sialic acid binding immunoglobulin- like
lectins 15 or SIGLEC15. Siglec-15 is highly conserved in vertebrates and
is earlier reported to be involved in osteoclast differentiation (Macauley
et al., 2014). Recent study shows that Siglec-15 is also expressed on
tumor-associated macrophages and enhances TGF-β secretion in a
DAP12–Syk signal transduction pathway (Takamiya et al., 2013). In our
study, even though the SNP (rs61104666) identified is a synonymous
change, but other SNPs located in the nearby region in LD with this
SNP, may be of functional relevance. But, no other SNPs from this gene
SIGLEC15, were present after quality control. The evidence of protein
binding to the region in which this SNP is located is, however, weak
(RegulomeDB score: 5). The association results with SNPs in the HLA-
DRA region are more biologically relevant, as HLA class II antigens are

Fig. 2. Regional association plot of HLA-DRA gene. Among the five most
associated markers, two variants: rs13209234 (OR=0.3 (C·I 99% 0.2–0.7),
p=2.5× 10−4) and rs3177928 (OR=0.3 (C.I 99% 0.2–0.7), p=3.3×10−4)
are on the same gene HLA-DRA. Another SNP rs2239804, from 3’UTR of HLA-
DRA, also showed association (OR=0.6 (C.I 99% 0.4–0.98), p= .007).

Fig. 3. Plot of pairwise linkage disequilibrium (LD) among the significant
SNPs in the 3’UTR region of HLA-DRA. LD analysis showed that there was
absolute LD (r2= 1) between the SNPs rs13209234-rs3177928.

Table 2
Haplotypes from HLA-DRA gene were significantly associated with tuberculosis in the study population.

SNPs Haplotype Frequency in TB Frequency in HC p

rs3177928|rs2227139|rs3129891|rs13209234 AAGA 0.07792 0.1978 0.00019
GGAG 0.2554 0.2467 0.8297
GAAG 0.04762 0.02203 0.1359
GAGG 0.619 0.5335 0.0638

rs2239804|rs7192|rs2239802 AAC 0.2371 0.2402 0.9377
AAG 0.02155 0.0131 0.4872
ACG 0.07759 0.1965 0.00020
GCG 0.6638 0.5502 0.01253

(Tuberculosis patients: TB, Household contacts: HC) HLA-DRA SNPs, which are found significant in allelic association, are shown in bold.

Table 3
Significance of associations of two genetic variants remained valid on joint
analysis (n=250 patient-control pairs) with additional data: Results.

SNP MAF in TB patients MAF in HC p OR 99% CI

rs61104666 0.41 0.3 0.0005 1.58 1.12–2.22
rs3177928 0.10 0.18 0.001 0.54 0.33–0.88

MAF: Minor Allele Frequency, OR: Odds Ratio, CI: Confidence Interval.
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involved in defense against bacterial infection. We have also discovered
significant association with the “AAGA” haplotype, spanning two sig-
nificantly associated variants (rs13209234 and rs3177928), with tu-
berculosis in the Indian population.

HLA-DRA is a member of HLA class II genes (Shiina and Inoko,
2005). It encodes the alpha chain of HLA-DR protein and hetero-
dimerizes with beta chains (HLA-DRBs) anchoring in the cell mem-
brane. Like other HLA molecules (major histocompatibility complex
[MHC] class I and II), HLA-DR plays an important role in the immune
system by presenting peptides on the cell surface of antigen-presenting
cells (APCs, including B lymphocytes, dendritic cells, and macrophages)
for recognition by T cells (Trowsdale, 2011). HLA Class II genes have
been the focus of many association studies with bacterial infections,
including tuberculosis (Meyer and Thye, 2014). Polymorphisms
(rs557011, rs9271378, rs9272785 and rs41553512) in other HLA class
II genes particularly HLA-DRB1 and HLA-DQB1 have been reported to
be significantly associated with TB among Europeans and Asians (Qi
et al., 2017; Sveinbjornsson et al., 2016). However, the reported SNPs
from these studies were not present in our genotyping chip. Next, we
checked whether these SNPs are in linkage disequilibrium, with our
reported SNPs, as available from 1000 Genome Data on BEB popula-
tion. We have found that rs557011, rs9272785 and rs41553512 are in
linkage equilibrium with our significant SNPs rs13209234 and
rs3177928, while only rs9271378 is in low LD (r2= 0.10).

Regions near rs3177928, on HLA-DRA displays enhancer signature
as indicated by presence of H3K4me1 and H3K27ac mark and DNase
sensitive site in monocytes, natural killer cells and primary B cells from
peripheral blood (RegulomeDB score: 1f). We have also observed pre-
sence of H3K4me3 mark, considered as promoter signature, around
rs3177928, in primary B cells. POL2 and POL24H8 proteins also bind to
this region in lymphoblastoid cell lines GM12878, GM12891 and
GM18505 as determined by ChIP-Seq experiments (ENCODE Project
Consortium, 2011). rs3177928 acts as a cis-eQTL for HLA-DRB6 gene in
whole blood tissue (p=6.8×10−13). It also showed evidence for cis-
eQTL for other HLA genes such as HLA-DQ, HLA-DRB, MICB in other
tissue types, including lung (p < .05). rs13209234, the other asso-
ciated SNP, also showed H3K27ac enhancer signature in Monocytes-
CD14+ and primary B cells. This SNP is also considered a cis-eQTL for
HLA-DRB6 gene in whole blood tissue (p=7.3× 10−13) and for other
HLA genes in several tissue types (RegulomeDB score: 3a). All these
evidences indicate that SNPs present in the 3′UTR of HLA-DRA gene
might have regulatory role for other class II HLA genes.

rs3177928, has long been associated with total cholesterol level
among populations of European, East Asian, South Asian and African
ancestry (Teslovich et al., 2010; Willer et al., 2013) and recently is also
validated in an exome sequencing study of Mexican Americans (Gao
et al., 2018). rs3177928-A significantly increases total cholesterol in
blood than the other allele (p < .05). Moresoever, the ability of M. tb.
to maintain a chronic infection was critically linked to its ability to
acquire cholesterol from the host (Pandey and Sassetti, 2008).

Our study has identified novel genetic association with tuberculosis
in the Indian (Bengali speaking) population. However, the major lim-
itation of our study is lack of adequacy of sample size possibly resulting
in lack of adequate statistical power for an exome wide study, even
though we have replenished our sample set with additional samples for
validation. A study with a larger sample size must be undertaken to
validate the present results.
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