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Innate Immune Pathway Genes in Tuberculosis

SUMMARY

Background. Infection by Mycobacterium tuberculosis is a major global health
burden. Despite high rates of exposure, only 5-10% of those infected will
develop active tuberculosis (ITB) disease, suggesting a significant role for
genetic variation in the human immune response to this infection. To
investigate this, we have performed a comprehensive association study of
genes involved in innate immune recognition, with subjects from a high
incidence population in Jakarta, Indonesia.

Methods and findings. A population based association study was carried out
in 762 Indonesian subjects (375 pulmonary TB cases vs. 387 healthy controls)
using a candidate-gene approach. Successful genotyping of 906 single
nucleotide polymorphisms (SNPs) in 45 genes was performed. We found
evidence for association with 21 of the polymorphisms in nine genes - most
prominently Toll-like receptor-8 (TI.RS) and complement (C3, C1QB) genes.
After splitting subjects by gender, analysis of TI.RS, located on Chromosome
Xp22, identified a putatively functional variant which confers a higher risk of
active disease to males, with an odds ratio of 1.8 (95% CI: 1.2-2.7). In the
complement pathway, two neighboring polymorphisms within C3 showed
association with disease risk, conferring a protective effect to carriers of the
minor alleles. We also found a protective effect among carriers of the minor
alleles at rs735239 (-871G), and rs2287886 (-139G) located in the promoter
region of DC-SIGN (CD209), a C-type lectin receptor. Both SNPs are
contained within a haplotype block that showed the same protective effect.
Conclusions. These results provide evidence, for the first time, of a role for
the TILR§ and C3 genes in susceptibility to TB. Furthermore, sex-specific
genetic effects appear to be involved, at least in part, in the vulnerability to
infection. In addition, replication of an association between a promoter
variant of CD209 and susceptibility to TB first reported in a South African
population is confirmed here in an Asian population, strongly suggesting that
polymorphisms in this gene are important determinants of outcome.
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INTRODUCTION

Although one-third of the world’s population is infected with M. tuberculosis '
fewer than 10% of these infected individuals will develop clinical disease.” The
immunological mechanisms that distinguish the majority of individuals, who
successfully contain these organisms, from the minority, who develop
progressive mycobacterial disease are largely unknown.

Itis becoming increasingly clear that innate immunity plays a crucial role in
directing many aspects of the host response, including the ensuing adaptive
response; thereby making it a primary defense mechanism. The initial phase of
this process is pathogen identification involving a wide range of pattern
recognition molecules. We and others have postulated that pathogen
recognition could be a key component in determining the outcome of
infection.>* To address this, we have carried out a SNP-based case-control
candidate gene approach to investigate the possible role of these innate
immune pathways in susceptibility to pulmonary tuberculosis. The candidate
genes chosen encode for proteins that are concentrated along related
pathways, as evidence is building in a number of diseases, including TB® and
meningococcal disease,® that variations in more than one gene in a related
pathway may have similar functional consequences, and thus result in a similar
phenotype upon infection.

In particular, we have concentrated on three groups of innate immune
molecules, the Toll-like receptor (TLR) pathway,”!! the mannose binding
lectin (MBL)'*"> and some of its downstream partners in the complement

5,16

cascade,”'® and other pattern recognition receptors - including cytoplasmic

receptors,'!® C-type lectin receptors ' and scavenger receptors .*

For the TLR pathway, all functional receptors, except TI.R5, were studied.
The latter was excluded due to a low level of polymorphism and to sequence
duplications which could make SNP genotyping difficult. TLRs signal via
cytoplasmic TLR adaptors; hence, we included MyD88, TOLLIP, TIRAP and
TICAM1&2 and downstream members IRAK4&7 and 196 (MD2).!
Furthermore, CD14,? a surface molecule that partners with TLR4 to increase
the PAMP repertoire, was also incorporated in the study. Bacterial surface
components have been reported as ligands for a wide range of other host
receptors, including those in our study.?** In particular, CARD15 has been

shown to recognize M. tuberculosis '® while promoter polymorphisms in CD209,
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a receptor in the C-type-lectin family encoding for DC-SIGN, have been
reported to be associated with susceptibility to TB.***

We have undertaken the most comprehensive genetic investigation of
innate immune recognition molecules involved in the response to M.
tuberculoszs infection to date and have implicated several genes in the disease
process.

METHODS

Subject Recruitment

439 new pulmonary tuberculosis patients above 15 years of age were recruited
from an outpatient tuberculosis clinic in central Jakarta (Indonesia). Diagnosis
was based on clinical presentation and chest X-ray examination, confirmed by

sputum microscopy positive for mycobacteria.”®

490 randomly selected
control subjects with the same sex and age (£10%), were recruited from
neighbouring households. First-degree relatives of patients were excluded.
Control subjects with signs and symptoms suggesting active tuberculosis or a
history of prior anti-TB treatment were also excluded. Self and parental
ethnicities were recorded upon recruitment. A Javanese origin encompassed
three groups - the Jawa, Betawi, and Sunda - and altogether comprised more
than 80% of the total sample. The non-Javanese category included individuals
born on other Indonesian islands. Subjects were considered of mixed ethnicity
when one parent was of Javanese ethnic origin and the other non-Javanese.
Subjects were tested for diabetes mellitus (# = 35) and HIV coinfection (# = 0),
both of which are considered to be major risk factors for tuberculosis
development. (Details described elsewhere ?). Briefly, subjects with levels of
fasting blood glucose over 126 mg/dL were considered to have diabetes. HIV
testing was performed using dipstick test (Abbott, Determine). In order to
define a homogeneous phenotype, patients suspected of extra-pulmonary
tuberculosis (# = 27) were not considered in the analyses. Controls with
suspected tuberculosis after chest X-ray examination (7 = 24) or a history of
tuberculosis (7 = 7) were also excluded.

Genomic DNA was extracted from whole blood following a protocol
described elsewhere.?® After genotyping, 74 samples were excluded because of
sample duplication and/or familial relationships not originally reported, but
identified by RelPair.?’
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Consent forms approved by local Institutional Review Boards of the
Medical Faculty of University of Indonesia and the Eijkman Institute for
Molecular Biology in Jakarta were signed upon recruitment by all participants.

SNP Genotyping

Selection of SNPs was carried out using an in-house database, GISSNP, which
integrates data from public databases (Ensembl, Celera, dbSNP build
123/126) as well as proprietary data. Polymorphisms with the following
characteristics were preferentially chosen: putative functional variants
resulting in changes in the protein sequence, minor allele frequencies over 5%,
average spacing of one SNP every 1 to 2 kilobases. To screen for possible
regulatory elements, flanking regions five kilobases upstream and downstream
of the gene were also covered.

Design of a custom Oligo Pool Assay (ﬂlumina®, San Diego, CA, United
States) was implemented following the manufacturer’s specifications. Analysis
of 856 SNPs was performed with a BeadStation 500G Genotyping System
(Illumina® ). Genotypes were analyzed with Beadstudio software also from
Mlumina. Fifty SNPs were genotyped with a Sequenom primer extension-
based protocol described elsewhere.’’! The genotype concordance among
the two systems used for genotyping in this study has been reported to be over
99.5%.%! Assessment of genotypes was done by laboratory personnel without
any prior knowledge of the diagnosis of the subjects.

Statistical Analysis
Hardy-Weinberg equilibrium was calculated in the control group using
HelixTree® 14.4.1 (GoldenHelix Inc., Bozeman, MT, United States) and
Exemplar (Sapio Sciences, LL.C, York, PA, United States). Similarly, allelic
association analysis was carried out in both software packages. Allelic p-values
were calculated by means of a 2x2 chi-square table, whereas genotypic p-values
were derived from a 3X2 chi-square table. A two-sided Fisher Exact test, when
counts in any cell fell below five, as well as genotype association analysis and
odds ratios were calculated with Exezplar. Allelic analysis of SNPs located on
Chromosome X was performed with Haploview v3.31.>* A likelihood ratio test
was applied to calculate genotypic associations of SNPs on Chromosome X.
The statistical significance of nominal p-values was assessed by
permutation analysis (7 = 10,000). Exemplar applied a SNP level correction in
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allelic and genotypic p-values, whereas Haploview v3.31 was applied for
permutation analysis of variants located on Chromosome X.

Haplotype blocks and linkage disequilibrium plots were constructed with
Haploview v3.31 using the default algorithm proposed by Gabriel ef al?
Applying a pairwise method, tagSNPs from associated genes were obtained
after setting a standard cut-off value of r2>0.8.3

Sample duplications and family relationships - full siblings and parent-
offspring - were identified through RelPair.?’ In such instances, one member
of each relative pair was dropped from the analysis.

Analysis of population stratification was performed after genotyping 299
SNPs in 698 samples (330 cases, 368 controls) of our study group. One of
these was out of HWE and, thus, excluded from the analysis. These SNPs were
chosen to be more than 10 kilobases away from any known gene, to have
average minor allele frequencies around 30% and to be in linkage equilibrium
with one another. The level of population stratification was calculated using
the approach of Devlin and Roeder.? Briefly, an inflation factor was calculated
as the median of the chi-square values for all 298 SNPs, divided by 0.675 and
then squared.

RESULTS

In order to investigate the underlying genetic factors affecting host
susceptibility to pulmonary TB, a collection of single nucleotide
polymorphisms (SNPs) in 45 candidate genes involved in relevant aspects of
the innate immune response was analyzed (Table 1). We successfully
genotyped 906 SNPs, located within these genes and in putative regulatory
flanking regions. Nearly 20% (7 = 184) of the genotyped polymorphisms were
monomorphic in our study population (Table 1). Variants with call-rates below
90% (n = 27) were not considered. Thirty-eight SNPs showed deviations from
Hardy-Weinberg equilibrium (HWE) in the control group, and were removed
from further analysis (Table 1). Association analyses were applied to the
remaining 657 polymorphic SNPs with reliable genotypes.
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Study population

The demographic and clinical data (Table 2) of the 375 patients and 387
controls included in the study showed a comparable median age for both
groups, controls being slightly older. Males comprised 60% of both the
affected and the control groups. A smaller number of patients presented
evidence of BCG scarring compared to the control group [38% vs. 43%]. The
self-reported ethnicity of each subject and his/her parents was catrefully
considered in an effort to avoid spurious associations arising from population
stratification.

In order to detect traces of population stratification a large subset of
subjects included in this study were genotyped for an independent set of 299
SNPs. The correction factor calculated according to the method of Devlin and
Roeder and described in the methods section resulted in a value below 1 (0.82),
which indicated that there was no significant population stratification in our
study group.’

Allelic association analysis

After genotyping the 762 subjects, allelic association analysis identified 20
SNPs from nine genes with p-values below 0.05 (Table 3). Polymorphisms
from the complement pathway (C3, C1QB, CRT), scavenger receptors
(SCARBT1, SCARB2, SCARFT) and Toll-Like receptor (TL.RS) genes were
heavily represented. Five of the top 20 polymorphisms were coding variants,
four of which alter the predicted protein sequence. Seven of the disease-
associated SNPs were located within introns. The rest of the associated
variants were found in putative regulatory regions, within five kilobases
upstream or downstream of a gene (Table 3).

Allelic analysis of polymorphisms within TT.RS detected an association
with a missense variant, rs3764880 (Met1Val), which appears to ablate the
putative start codon in one of the transcripts encoded by this gene. An
additional three SNPs located in the upstream region of the gene also showed
significant association with disease (Table 3).

The similarity of their allele frequencies suggests the possibility of strong
linkage disequilibrium (LD) with the missense variant, Met1Val, discussed
above. Given that TILRS is located on the X chromosome, we performed
separate tests in each sex (Table 4). We found a strong association with the
minor allele of the functional polymorphism, rs3764880A, with susceptibility
to pulmonary TB in males [OR (95% CI) = 1.8 (1.2-2.7), p-value = 0.007]
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Table 1.
Candidate Genes and SNPs Analyzed
Genes Genotyped SNPs Monomorphic
SNPs out of HWE SNPs (%)
Toll-Like receptors (TLR),
adaptors & pathway TLR? 16 1 9 (56.2)
TLR2 12 - 2(16.7)
TLR3 9 2 4 (44.4)
TLR4 28 - 12 (42.8)
TLR6 8 = -
TLR7 12 - 3 (25)
TLRS 16 = 6 (37.5)
TLRY 15 - 5(33.3)
TLR10 19 1 3 (15.8)
MYDSS 9 - 4 (44.4)
TICAMT 11 = 4(36.4)
TICAM? 7 - -
TIRAP 9 = 2 (22.2)
TOLLIP 12 - 1(8.3)
TREMT 20 = 4 (20)
TREM?2 10 - 3 (30)
CD180 19 1 -
CD14 11 - 4(36.4)
Ly86 56 = 4(7.0)
Ly96 22 1 4(18.2)
LBP 30 1 4(13.3)
IRAKT 15 - 5(33.3)
IRAK4 14 = 7 (50)
Complement C10A4 6 1 -
C10B 10 2 3 (30)
c1oc 7 - -
CD93 15 = 4(26.7)
2 21 - 3 (14.3)
c3 42 1 11 (26.1)
CR1 55 3 7(12.7)
ITGAM 35 1 8 (22.8)
ITGAX 26 3 5(19.2)
MBL2 19 = 3 (15.8)

140




Chapter 5

Other Pattern Recognition Receptors CARD4 40 2 10 (25)
CARD15 20 - 7 (35)

CD209 20 2 6 (30)

CLEC4M 12 - 3(25)

FCGR2A4 20 6 3(15)

MARCO 24 2 2 (8.3)

SCARA3 23 1 -

SCARBT 52 1 4 (7.7)

SCARB2 36 2 4(11.1)

SCARF1 13 1 4 (30.7)

SFTPB 15 1 4 (26.6)

SIFIIRG 15 2 3 (20)

TOTAL 45 906 38 184 (20.3)

Table 2.

Demographic and Clinical Data of the Study Population

TB Patients (n=375)

Controls (n=387)

Age years (median)
Gender (male:female)
BCG Scar Present
Recurrent TB
Self reported ethnicity
Javanese
Non Javanese
Mixed

Unknown

14-75 (28)
228 (60.8%) : 147(39.2%)
143 (38%)
14 (3.7%)

326 (86.9%)
29 (7.7%)
19 (5.1%)
1(0.3%)

15-70 (32)
232 (60%) : 155 (40%)
168 (43%)

314 (81.1%)
21 (5.4%)
29 (7.5%)
23 (5.9%)

whereas this trend was not observed in females. Of possible significance, the

minor allele (A) in this Indonesian population was reversed compared to

reported frequencies in Caucasian and African groups, but was consistent with

Asian populations.37 Around 70% of the Indonesian subjects carried the G

allele (Val), whereas this same allele has been reported in 30% of Caucasian

and African populations. Very similar significant association values were found

in the three promoter variants, attributable to strong LD in this region.
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We detected association with pulmonary TB for six polymorphisms located
in three genes of the complement pathway. A coding variant from the
complement component 3 gene (C3), rs7951 (Alal437Ala), showed a
moderately elevated frequency in the control group compared to the affected
subjects (p-value = 0.032). Moreover, two variants located in introns of the C3
gene were found to have a lower frequency of the minor alleles in the affected
group indicating a protective effect against disease among carriers of these
alleles. For instance, carrying the minor allele of rs11569562, situated in intron
38, conveyed a lower risk of TB [allelic OR (95% CI) = 0.7 (0.57-0.87); p-value
= 0.0016]. The other polymorphism, located roughly 600 bp distant in intron
37,1s344555, displayed the same effect.

A rare variant, overall frequency in our study population below 5%, situated
downstream of C1QB, appeared to confer susceptibility to pulmonary TB
[OR (95% CI) = 2.32 (1.2-4.48), p-value = 0.0095]. Two of the genotyped
SNPs within CR7 conferred a slight risk of disease among carriers of the
major allele (Table 3).

Six polymorphisms from three genes belonging to the scavenger receptor
family showed significant allelic association (Table3). Two missense
polymorphisms within SCARF7, A425V and E639D, appeared to increase
susceptibility to infection. The E639D polymorphism displays a more
significant odds ratio than the A425V polymorphism [allelic OR (95% CI) =
1.57 (1.01-2.45)]. It is worth mentioning that an associated SNP, rs9896488,
located about 3.9 kb upstream of SCARE7, is also a coding variant, Ala32Ala,
within a gene involved in late endocytic transport, Rab interacting lysosomal
protein (RILP).

A polymorphism in the promoter region of CDZ209, 15735239, showed a
significant difference in allele distribution between both groups. The allelic
odds ratio (Table 3) indicated that infection is more likely among carriers of the
major allele (A).

In order to address the significance of our findings, a permutation analysis
of the allelic p-values was carried out (Table 3). Fourteen of the initial 20
polymorphisms passed the permutation test (z = 10,000), with their p-values
remaining statistically significant at an adjusted p-value < 0.05. The same
analysis was applied separately by gender to polymorphisms in TI.RS. In this
case, four of the original polymorphisms on Chromosome X maintained
statistical significance atan adjusted p-value <0.05 (Table 4) in males.
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Genotype Association Analysis

Association analyses of genotypes (Table 5) implicated all of the variants
identified by the tests of allelic association. Furthermore, one additional
significantly associated SNP - 152287886 (CD209) was detected. In agreement
with the allelic results, homozygosity for the minor allele of the C3
polymorphisms, rs11569562 (T'T), and rs34455 (AA) had a strong protective
effect against pulmonary TB [OR (95% CI) = 0.42 (0.25-0.69), p-value =
0.0013; OR (95% CI) = 0.37 (0.19-0.73), p-value = 0.01, respectively]. Due to a
very low minor allele frequency of the rare allele of variant 1512040131 from
C10B no homozygotes were observed. Nevertheless, more homozygotes for
the major allele were identified in the affected group compared to controls,
indicating susceptibility to disease amongst carriers.

Analysis of genotypes for polymorphisms located on Chromosome X was
done using a likelihood ratio test. Four variants on TILR§ were found to be
more frequent in cases than controls, indicating susceptibility to disease for
carriers of the minor allele. Due to the fact that males only carry one copy of
each allele, the genotype association outcome was expected to be the same as
for the previous allele association result. Thus, we focused on analyzing
genotypes of female subjects (Table 6). The observed number of
homozygotes for the associated missense polymorphism, rs3764880 (AA),
may have been too low to detect an effect (14 affected vs. 9 controls).
Nevertheless there was an apparent trend towards the same outcome observed
in the overall sample, with affected females showing 5% more homozygotes
for the minor allele, compared to the control group.

Two promoter variants within CD209 showed significant differences in
genotype distributions between cases and controls. In the case of rs735239
[OR (95% CI) = 1.5 (1.1- 2.2), p-value = 0.04] the major allele showed
association with susceptibility to disease. The second associated SNP,
1rs22878806, conferred a protective effect to those subjects homozygous for the
minor allele [OR (95% CI) = 0.45 (0.26-0.79), p-value = 0.017]. After
performing permutation analyses (#z = 10.000), all associated variants retained
statistically significant genotype association values (Table 5).

Haplotype analysis

Assessing the haplotype structure of genes with associated polymorphisms
identified some redundant SNPs among the 21 significantly associated
variants. Construction of haplotypes helped to establish regions of high
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Genotype Distributions of SNPs with p-values < 0.05

1€ 2¢ 3¢

dbSNP rs#  Gene p-value Per;s:}aianal OR. (95% Cl)b Case: Case: Case: gACszzf;}a)t:d
Control  Control  Control
rs11569562 3 0.0013 0.0006 0.42 (0.25-0.69) 165:144 173:181 24:55 TT (3)
rs344555 3 0.01 0.009 0.37 (0.19-0.73) 219:209 131:139 12:32 AA (3)
rs2287886 CD209 0.017 0.018 0.45 (0.26-0.79) 182:183 166:157 19:41 GG (3)
rs12040131 C10B 0.035 0.024 2.3 (1.18-4.48) 349:350 13:29 0:0 CC (1)
rs9896488 SCARF1  0.038 0.032 1.4 (0.95-2.07) 311:309 51:71 0:0 GG(1)
rs17001654 SCARB2  0.038 0.044 2.05 (1.07-3.9) 348:351 14:29 0:0 CC (1)
1rs735239 CD209 0.04 0.044 1.5 (1.1-22) 302:286 59:89 5:5 AA (1)
rs714521 Lyse 0.047 0.049 0.7 (0.51-0.95) 109:145 185:180 68:55 TT (1)

2 Number of Permutations = 10,000.
Two genotypes were collapsed and compated to the associated genotype.
€ (1) Homozygous for the major allele, (2) Heterozygous,

€)

Homozygous for the minor allele.

linkage disequilibrium and to define polymorphisms located within the same
haplotype block. Tagging SNPs were identified with Haploview v3.31 using the
default settings > after setting a standard threshold of r2> 0.8. Variants within
TILR8 passed the cut-off value, with one SNP tagging the other three
associated polymorphisms.

Only genes with significantly associated haplotypes are reported here.
Investigation of the gene structure of TILR§ showed two distinct haplotype
blocks in our population. As expected from our initial studies, all four
associated polymorphisms appeared in the same haplotype block (Blockl).
Performing separate association analysis of haplotypes in males and females
confirmed the single SNP associations. The frequent haplotype (HI1)
harboring rs3764880G, showed a pronounced protective effect against disease
among male carriers [OR (95% CI) = 0.55(0.36-0.83)].

We investigated whether any linkage disequilibrium pattern could be
revealed between the associated variants of CD209. Analysis of haplotype
structure and frequencies detected three haplotype blocks. Within block 3,
towards the 5’ region of the gene, one haplotype (H2) presented a marked
difference in distributions between cases and controls (Table 7). This
haplotype, with an 11% frequency in our study population, contained two -
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Table 6.
Genotype Distribution of TI.R§ Polymorphisms among TB Patients and Controls
in All and female

All? Females
dbSNP ID p-value 1b 2b 3b
Case:Control Case:Control Case:Control p-value
rs3764879 0.016 78:87 48:56 14:9 NS
rs3788935 0.019 78:87 48:56 14:9 NS
r$3761624 0.026 78:87 48:56 14:9 NS
1$3764880 0.026 78:87 48:56 14:9 NS

4 Indicates the summation of males and females
B (1) Homozygous for the major allele, (2) Heterozygous,
(3) Homozygous for the minor allele.

promoter variants previously discussed: 15735239 (-871G) and rs2287886 (-
139G). In accordance with published reports,?* this haplotype (H2) was found
to be more common in the control group [OR (95% CI) = 0.75 (0.59-0.906)].

The complement gene, C3, was divided into five haplotype blocks. Block 1
contained polymorphisms from intron 37, rs344555, and intron 38,
rs11569562, associated with disease susceptibility in previous analysis. The
most common haplotype (H1) within this block (Table 7), carrying the major
alleles for both polymorphisms, was found with higher frequency in affected
subjects [OR (95% CI) = 1.35 (1.1-1.7), p-value = 0.052]. Furthermore, carriers
of the second most frequent haplotype harboring the minor alleles of both
SNPs were shown to be more frequent in the control group, thus protecting
against disease.

One of the scavenger receptor genes (SCARET), displayed association at
the haplotype level as well. The gene was divided into two blocks. Within the
first block (Table 7) comprising 8 kb, the second most common haplotype
(H2), with an overall frequency of 36.5% in our study population, showed
association with the case group [OR (95% CI) = 1.25 (1.01-1.54), p-value =
0.039]. Coding polymorphisms reported in Table 3, A425V and E639D, were
included in this haplotype. A smaller additional block (Block 2) contained two
associated haplotypes that conferred opposite effects: H1, showed
susceptibility to infection, and H3 that displayed protection against disease.
The associated SNP, rs2293067, was contained in both haplotypes.
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Table 7.

Haplotype Analysis and Distribution of Polymorphisms in Patients and Controls in

Cd209, C3 and SCARF1?

Gene Haplotype  Frequency Cases  Controls  p-value OR. (95% CI)P
(%) (%) (%)
CD209 ¢
Block 3 (1kb) H1-AAAGT 70.6 72.1 68.8 0.15 1.17 (0.94-1.46)
H2-GAGAA 114 9.8 13.1 0.04 0.71 (0.52-0.98)
H3-GGAGT 7.9 72 85 0.33 0.83 (0.57-1.21)
H4-GAAAA 63 7 5.7 0.24 1.29 (0.85-1.96)
H5-GGAGA 35 35 35 0.92 1.01 (0.58-1.75)
csd
Block 1 (2kb) HI-AGG 64.7 68.3 614 0005 1.35 (1.09-1.68)
H2-CAA 24 21.4 26.4 0.023 0.75 (0.59-0.96)
H3-AAG 9.6 8.4 10.9 0.1 0.74 (0.52-1.06)
SCARF1 © H1-GCGAA 50.3 49.4 51.1 0.5 0.93 (0.76-1.14)
Block 1 8kb)  H2-CCGAA 36.5 39.1 34 0.039 1.25 (1.01-1.54)
H3-CGGAG 53 43 6.3 0.081 0.66 (0.41-1.05)
H4-CCAGG 52 47 5.7 037 0.82 (0.51-1.3)
Block 2 (0.7kb)  H1-AG 56.3 58.9 53.8 0.045 1.23 (1.00-1.51)
H2-GG 21.9 213 225 0.5 0.93 (0.72-1.19)
H3-GA 21.6 19.4 23.6 0.049 0.77 (0.60-0.99)

4 Only blocks with associated haplotypes are shown.

Frequency of one haplotype against the rest of haplotypes together.

€ Alleles in haplotypes of CD209 are ordered from 152287886 to rs7359874.
d Alleles in haplotypes of C3 are ordered from rs37957 to 1s344555.
€ Alleles in haplotypes of SCARFT are ordered from 154790732 to rs9896488.

DISCUSSION

Here we describe an association study aiming to identify polymorphisms

which confer increased susceptibility to pulmonary TB in an Indonesian

population. The novelty of our approach stems from the comprehensive

genetic coverage of a large number of genes whose protein products are

involved in pathogen recognition and related pathways. Our results show novel
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genetic associations of key genes implicated in the innate immune response,
such as TILRS, scavenger receptors, and members of the complement family.
Moreover, we have confirmed a recent report describing an association
between variants in DC-SIGN (CD209) and TB.*

Toll-like receptor 8

The cloning and charactetization of human TI.LR7/8/9 revealed significant
similarity of their protein sequences,’®*’ defining, together with TI.R3, a new
sub-family within the Toll-like receptor genes. In contrast to the other TLRs,
their protein products are localized intracellularly rather than at the cell
surface.”” Even though only TLR9 has been experimentally proven to
recognize mycobacterial DNA,*! single-stranded RNA derived from
pathogens has been proposed as a likely ligand of TLLR7 and TLR8.***> The
translocation of TLRY from the endoplasmic reticulum to the lysosome
following CpG binding has recently been described.** TLR8 and TLRY are
very closely related to each other, raising the possibility that both receptors
share a similar mode of activation. M. fuberculosis is an intracellular pathogen
that resides in characteristic phagosomes, which are notacidic, generally do not
mature into phagolysosomes* but do interact with early endosomes, where
the bacteria could encounter TLR8. TLR8 is among the least studied members
of the toll-like receptor family, as it lacks a functional homolog in mouse,* but
our results with TB suggestit should be the focus of concerted study in human
systems.

For the first time, the association of multiple polymorphisms co-inherited
within a distinct haplotype of TI.R§ with susceptibility to pulmonary TB is
shown. TLLR7 and TLRS are in close proximity on Chromosome X, which
suggests that any allele conferring susceptibility to disease may well have a
higher impact among males who carry only one copy of the gene. Indeed, the
genetic association was more significant in affected males. Hence, inferences
about gender-specific effects could possibly be drawn from our findings,
where male carriers of the minor allele of rs3764880 showed an increased
susceptibility to pulmonary TB. One might expect to find the same association
among females homozygous for the same allele, and a tendency towards an
altered distribution of affected females homozygous for the minor allele
(10%) was indeed observed when compared to female controls (6%0). Failure
to detect a significant association in this case may be attributed to reduced
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power resulting from the small number of observed homozygotes in our study
group (Table 6). Studies involving larger cohorts will be necessary to clarify
this genetic effect.

Two TL.RS transcript variants have been characterized thus far.?®* One of
the associated polymorphisms in this study, rs3764880 (Met1Val), abolishes a
putative start codon within the alternative transcript variant 2, (Figure 1). Asian
populations appear to have an unusually elevated derived allele frequency for
this missense variant compared to other ethnic groups.’” Such a significant rise
in allele frequency, presumably occurring in Asia, could indicate an important
selective advantage or disadvantage for this allele in some environments. In
agreement with the genetic association of TILRS with susceptibility to TB,
preliminary data from microarray expression studies indicated increased
expression levels of variant 2 transcript in patients (Hibberd ML, unpublished
data). The effect, if any, of replacing the first methionine of transcript 2 by
valine has not been established. Nevertheless, taking into account that TLR8 is
a membrane protein; the initial amino acids are predicted to act as signal
peptide. Therefore, removal of the sequence could well affect the intracellular
trafficking or proper folding of the protein .*¢

CD209

The role of DC-SIGN, the protein product of CD209, in pathogen
recognition has been extensively studied and a number of independent reports
have shown genetic association between several of its polymorphisms and
host susceptibility to various infectious agents, such as HIV,* dengue*’ and M.
tubercnlosis.** The latter reported two promoter vatiants, -871G and -336A, that
confer protection against TB among homozygous subjects in a South African
cohort.

In this study we validated the association of rs735239 (-871G) to TB in an
Indonesian population. However, due perhaps to vast differences in minor
allele frequencies of rs480483 (-3306A) among populations, 11% in
Indonesians z5. 38% in South African colored, this variant did not show a
significant association with TB in our study group. Differences in allele
frequencies in the polymorphisms of the gene among distinct populations
have been suggested to result from selective pressure by infectious agents.?*
On the other hand a polymorphism located towards the starting codon of the
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Transcript Variant 2

Exon 2
E)|S|)n 1 NM_138636 ’/El
5’ Upstream M1 Intron D118D L651L 17511
A\ A / v v v
rs rs rs rs rs rs rs rs
37 37 37 37 10 21 24 37
88 61 64 64 13 59 07 47
93 62 87 @ 15 37 99 41
TS A A A 4 J\
5 Upstrealm\\ |_‘/S‘UTR Intron 2 D136D L669L 17691
L] . — B
Exon 1 Exon 2 Transcript Variant 1 Exon 3
NM_016610
Figure 1.
Transcript variants of TLR8 and location of genotyped SNPs within both
transcripts.

Exons are shown as rectangles. Filled areas represent translated sequences, open areas
indicate untranslated regions. The associated polymorhpism resulting in a coding
change exclusive of transcript variant 2 (rs3764880) is highlighted.

gene, 52287886 (-139G), was found to have a protective effect against TB
disease amongst homozygous carriers. It is worth pointing out that variant
-336A, which does not display any significant association in our cohort, is
however included in the associated haplotype (Block 3-H2) detected in the
promoter region of DC-SIGN (Table 7) together with -871G and -139G.

Cell-free experiments have reported that the -336A allele alters transcript
levels leading to increased expression of DC-SIGN, which plays an important
role in uptake of M. tuberculosis.*” A hypothesis that needs to be experimentally
tested could be that these changes on protein expression would lead to
alterations of bacteria uptake or impairment of intracellular signaling after
binding to DC-SIGN. Furthermore, the effect of these associated variants
from the 5" end of the gene on CD209 transcription should be further
investigated.
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Complement component genes
In this study we have identified genetic variants within three genes of the
complement pathway which show significant association with pulmonary TB
in an Indonesian population. These findings emphasize the role of this
pathway in the uptake and management of M. tuberculosis after infection. A
protective effect against disease was shown for two polymorphisms within
introns 37 and 38 of C3. Moreover, a haplotype that carries both alleles
confirmed the identified association. Evidence of activation of the
complement pathway has been reported upon recognition of M. tuberculosis by
C3 in human bronchoalveolar fluid .°

Phagocytosis of bacteria by the macrophage complement receptors, CR1
among others,* and interactions between complement components, such as
binding of CR1 and Clq are well established.*” One polymorphism of CR7
showing association with disease, rs2274567, is located on a Sushi domain, a
motif that is known to be involved in protein-protein and protein-ligand
interactions.” Changes of the amino acid sequence in this motif have been
proven to abolish the binding of specific ligands to their receptor.®

Scavenger receptor genes

Variants from two scavenger receptors genes class B, SCARB7 and SCARB2,
involved in lipid metabolism, were detected in our genetic analysis.
Polymorphisms of SCARBT have been associated with levels of lipoproteins
in plasma in diabetic patients,’' but its role in mycobacterial infection has yet to
be elucidated.

Unexpectedly, a gene not included in our initial selection, RILLP (Rab7-
interacting lysosomal protein), but located less than 5 kb upstream of
SCARF1, showed association for one coding SNP. RILP is implicated in
controlling late endocytic transport. It has been described that early expression
of RILP during Salmonella infection impaired intracellular replication of the
pathogen.>* Moreover, disrupting interaction of RILP with Rab7 seems to
provide an optimal space for replication of bacteria.>>>*

Further genetic and functional studies on each of these associated
polymorphisms will help to characterize and gain a deeper understanding of
their roles in this infectious disease.
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In summary, we have reported a comprehensive genetic study of a
collection of genes coding for proteins involved in pathogen recognition,
which resulted in detection of novel genetic associations with pulmonary
tuberculosis risk in an Indonesian population.
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