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Tuberculosis (TB) is a multifactorial disease governed by bacterial, host and environmental factors. On the host side, growing evidence shows the crucial role that genetic
variants play in the susceptibility to Mycobacterium tuberculosis (Mtb) infection. Such
polymorphisms have been described in genes encoding for different cytokines and pattern recognition receptors (PRR), including numerous Toll-like receptors (TLRs). In recent
years, several members of the C-type lectin receptors (CTLRs) have been identified
as key PRRs in TB pathogenesis. Nevertheless, studies to date have only addressed
particular genetic polymorphisms in these receptors or their related pathways in relation
with TB. In the present study, we screened the main CTLR gene clusters as well as CTLR
pathway-related genes for genetic variation associated with pulmonary tuberculosis
(PTB). This case-control study comprised 144 newly diagnosed pulmonary TB patients
and 181 healthy controls recruited at the Bhagwan Mahavir Medical Research Center
(BMMRC), Hyderabad, India. A two-stage study was employed in which an explorative
AmpliSeq-based screening was followed by a validation phase using iPLEX MassARRAY.
Our results revealed one SNP (rs3774275) in MASP1 significantly associated with PTB
in our population (joint analysis p = 0.0028). Furthermore, serum levels of MASP1 were
significantly elevated in TB patients when compared to healthy controls. Moreover, in
the present study we could observe an impact of increased MASP1 levels on the lectin
pathway complement activity in vitro. In conclusion, our results demonstrate a significant
association of MASP1 polymorphism rs3774275 and MASP1 serum levels with the
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development of pulmonary TB. The present work contributes to our understanding of
host-Mtb interaction and reinforces the critical significance of mannose-binding lectin
and the lectin-complement pathway in Mtb pathogenesis. Moreover, it proposes a
MASP1 polymorphism as a potential genetic marker for TB resistance.
Keywords: C-type lectin receptor, MASP1, pulmonary tuberculosis, complement, AmpliSeq

1. INTRODUCTION

(SNPs) in certain genes are associated with TB susceptibility
(24–26). In particular, SNPs in TLRs and their pathway adaptors
have been widely associated with TB (27, 28). Additionally, particular SNPs in genes of the CTLR family have been investigated
in case–control studies and found to be associated with TB susceptibility as reviewed in Goyal et al. (11). These include variants
in the genes encoding for MBL and MASP2 (29, 30), which play
a major role in the activation of the lectin complement pathway
(Figure S1 in Supplementary Material). However, comprehensive studies addressing susceptibility to Mtb in association with
genetic variants in the entire set of CTLR genes and their related
pathways have not been performed so far. Here, we aimed to
identify specific SNPs in the genes of CTLRs or/and in the genes
of the related pathway adaptors that may have an impact on
TB susceptibility and/or disease severity in a well-phenotyped
Indian population (31, 32) from Hyderabad, where the TB
prevalence is very high (33). An AmpliSeq-based approach was
used as innovative technique in a two-stage process to screen for
relevant polymorphisms in 33 genes. In this study, we identified
an intronic SNP in the MBL-associated serine protease (MASP1)
gene, an important component of the lectin pathway of the
complement, associated with pulmonary tuberculosis (PTB)
infection in our population.
Identification of genetic variations among genes of the CTLR
pathways that influence the susceptibility to TB may lead to a
better understanding of the pathogenesis and the development of
novel strategies for the prevention and treatment of this significant infectious disease.

Tuberculosis (TB) remains a major global health problem
affecting millions of people each year and ranking as the first
leading cause of death from an infectious disease worldwide (1).
Mycobacterium tuberculosis (Mtb), a highly successful intracellular pathogen, is transmitted typically through aerosols into
the respiratory system, thereby developing an infection. It has
been well established that both innate and adaptive immune
responses are required for host control of tuberculosis infection (2). In TB pathogenesis, the host cellular immune response
determines whether an infection is arrested as latent or persistent infection or progresses to the next stages, i.e., the active
TB infection (3). Efficient cell-mediated immunity hinders
tuberculosis infection by permanently arresting the infection at
latent or persistent stage, but if the initial infection in the lung
is not controlled or if the immune system becomes weakened,
Mtb can cause active pulmonary and to a lesser extend extrapulmonary tuberculosis (4).
Several pattern recognition receptors (PRRs) expressed on
various immune cells play a major role in the recognition of
Mtb and transduce signals either directly via receptor ligation
or through various adaptor molecules to initiate an appropriate
immune response (5). The PRR family of Toll-like receptors
(TLRs) has been well described for their contribution to the
Mtb-associated immune responses (6–9). In addition, the family
of C-type lectin receptors (CTLRs) has been recently discovered
to also recognize Mtb, leading to a considerable modulation of
Mtb-induced immune responses and have secured a prominent and ongoing spot in TB research. Potent Mtb associated
molecular patterns, including trehalose-6,6-dimycolate (TDM)
and mannose-capped lipoarabinomannan (ManLAM), are
recognized by CTLRs such as Mincle, MCL, and Dectin-2
(10–13). Moreover, Dectin-1 has been shown to be important for
generating reactive oxygen species and other proinflammatory
responses (14–16), while the mannose-binding lectin (MBL)
interacts with Mtb directly to activate the lectin pathway of the
complement system (17). Therefore, CTLRs binding to Mtb
are associated with the induction or the modulation of several
important signaling pathways such as the Syk-CARD9-Bcl10MALT1 pathway, phagosome maturation, and complement
activation (18–22).
Susceptibility to Mtb has a definite genetic component and
host-genetic variation is thought not only to determine infection
outcome, but also the risk of disease progression (3). Therefore,
variants of genes involved in innate host-defense mechanisms
have been associated with host susceptibility to TB (23). Various
genome-wide association studies and candidate-gene studies
demonstrate that several single nucleotide polymorphisms
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2. MATERIAL AND METHODS
2.1. Subject and Samples

We carried out a case–control study to determine whether common variants in genes involved in CTLR-dependent responses
might be associated with the development of PTB in an Indian
population. For that purpose, 144 PTB case patients and 181
unrelated healthy controls were recruited at the Mahavir
Hospital and Research Center in Hyderabad (India) between July
2011 and November 2013. Criteria for inclusion of cases were:
(i) admission in the Hyderabad Directly Observed Treatment,
Short-course (DOTS) program at Mahavir Hospital, and (ii) new
diagnosis of pulmonary sputum smear positive TB disease. The
diagnostic criterion for PTB was defined as the presence of one
of the following: at least 2 initial sputum smear examinations
positive for Acid-Fast Bacilli (AFB) or sputum examination
positive for AFB and radiographic abnormalities consistent with
active PTB (34). Criteria for inclusion as healthy control were:
(i) absence of apparent acute or chronic pulmonary diseases
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or diseases of other origin, (ii) clinically in good health at the
time of enrollment, and (iii) a negative history of TB disease. All
subjects were from the same geographical origin, and residing
in Hyderabad.

This study was divided in two phases: a genomic stage with an
AmpliSeq-based discovery approach followed by a validation
through iPLEX MassARRAY genotyping of candidate SNPs. In
Phase 1 (discovery), we used 40 samples from each cases and
controls group for Next Generation Sequencing (NGS)-profiling
of selected regions (detailed in the AmpliSeq Library Preparation
section below). For this initial phase, the 40 case samples were
chosen based on the severity of the disease (determined by the
chest X-rays and sputum microscopy). The population characteristics are provided in Table 1. After NGS, association analysis
was performed at allele and genotype level. Candidate SNPs were
then subjected to a second phase (validation), comprising the
genotyping of all remaining cohort samples for the candidate
SNPs obtained from the explorative approach. The genotyping
was performed using the MassARRAY iPLEX Platform (Agena
Bioscience).

extensive literature search was performed to ensure the inclusion
of SNPs in other CTLRs or adaptors in their signaling pathways
that have been already associated with PTB and/or fungal infections as well as lung infections (35–48) as targets in our AmpliSeq
panel (see Table S1 in Supplementary Material for final targets list).
This selection was supplemented with Tag-SNPs, SNPs that were
informative of common gene variation, of the other important
CTLR receptors/adaptors. Tag-SNPs lists were extracted from
the UCSC Genome Browser (https://genome.ucsc.edu/), using
the Affymetrix Genome-Wide Human SNP Array 6.0 (Assembly
GRCh37/hg19) as reference. All targeted regions were encoded in
a bed file for megaplex primer pair design using the AmpliSeq
Designer version 3.0.1 (Thermo Fisher Scientific, USA). The
design resulted in 83% effective coverage of the targeted regions.
The final AmpliSeq design (Table S1 in Supplementary Material)
comprised 1,470 amplicons, with expected amplicon sizes
between 125 and 275 bp, divided in two pools of 739 and 731
amplicons.
DNA-AmpliSeq libraries were prepared using the Ion Ampli
Seq™ Library Kit 2.0 (Thermo Fisher Scientific, USA), following
manufacturers’ instructions. In brief, 10 ng of DNA (for each pool)
from 80 samples (40 cases/40 controls) were used as input for the
HiFi-amplification with the designed primer mix. Resulting PCR
products were subjected to partial primer digestion using FuPa
reagent and subsequently ligated to barcoded Ion adapters (Ion
Xpress™ Barcode Adapters Kit; Thermo Fisher Scientific, USA).
The Ion Library Equalizer Kit was used to normalize library
concentration to 100 pM, and AmpliSeq libraries were pooled
for sequencing.

2.4. DNA Extraction

2.5.2. Sequencing

2.2. Ethics Statement

All study participants gave written informed consent in accordance with the Declaration of Helsinki. The study was approved by
the institutional ethics committee for bio-medical research at the
Bhagwan Mahavir Medical Research Center, Hyderabad, India
(date: March 11, 2011).

2.3. Study Design

Peripheral blood samples were collected from 144 PTB patients
and 181 unrelated healthy controls. DNA was isolated from blood
samples using QIAamp DNA Blood Mini Kit (Qiagen; HildenGermany) following manufacturer’s instructions. DNA samples
were stored at −20°C until further usage.

Library template pools were clonally amplified on Ion Sphere particles using the Ion PI™ Template OT2 200 Kit v2 on the instrument Ion OneTouch™ 2 System (Thermo Fisher Scientific, USA).
The sequencing chips were prepared using the Ion PI Sequencing
200 Kit v2 (Thermo Fisher Scientific, USA), and sequenced on an
Ion Proton Sequencer (Thermo Fisher Scientific, USA). In total,
80 samples were multiplexed on 2 chips for sequencing. The raw
sequence data in bam format have been stored in the Sequence
Read Archive (SRA) at National Center for Biotechnology
Information (NCBI), and can be accessed at NCBI homepage
(https://www.ncbi.nlm.nih.gov/; accession number: SRP123407).

2.5. Discovery Phase

2.5.1. AmpliSeq Library Preparation

The targets for this study included the C-type lectin receptor genes
encoded in two gene clusters of chromosome 12: the Dectin-1
cluster (221 kb, comprising MICL, CLEC2, CLEC9A, CLEC12B,
CLEC1, Dectin-1, and LOX1), and the Dectin-2 cluster (812 kb,
comprising BDCA2, DCIR, Dectin-2, MCL, and MINCLE). Entire
genes (including introns and exons) as well as several intergenic
regions (including 1 kb of the 5′ flanking regions of all genes)
of both clusters were selected for sequencing. In addition, an

2.5.3. SNP Identification

The quality of the raw data in fastq format was checked using
FastQC (http://www.bioinformatics.babraham.ac.uk/projects/
fastqc) and, thereafter, adapter sequences and low-quality regions
(Phred Q score < 20) were trimmed using cutadapt (49). The
trimmed reads for each sample were mapped onto the hg19 reference genome with Bowtie2 (50).
To identify SNPs, the Variant Caller plugin of the Partek
Genomics Suite 6.6 (Partek Inc., St Louis, MO, USA) was
used. SNPs were then kept for further analyses according to a
minimal sequencing depth (>20 reads/sample), Minor Allele
Frequency (MAF > 0.02) and the existence of Hardy-Weinberg
Equilibrium (HWE) in control samples. All known biallelic SNPs
passing these filters were then subjected to association analyses.

Table 1 | Summary of case–control study characteristics.
Parameter
Age (years)
Gender (M/F)
BMI (kg/m2)
Smoking (yes/no)

Cases (n = 144)

Controls (n = 181)

p-Value

27 ± 11
71/73
16 ± 2.6
32/112

31 ± 10
103/78
24 ± 4.7
29/151

0.0008
0.1808
<2.2e−16
0.1980

Statistical analysis was performed using T-test (for age and BMI) and exact Fisher-test
(for gender and smoking).
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2.9. Measurement of Lectin Pathway
Complement Activity

2.5.4. Association Study

In order to control population stratification in the discovery
phase, we used the LASER (Locating Ancestry from SEquence
Reads) v. 2.01 software (51). All entries corresponding to the
superpopulation code SAS (South Asian) were obtained from the
1000 Genomes Project (ftp://ftp.1000genomes.ebi.ac.uk/vol1/ftp/
release/20130502/). These included datasets from the following
populations: Gujarati (GIH), Punjabi (PJL), Bengali (BEB), Sri
Lankan Tamil (STU), and Telugu (ITU). All known SNPs annotated by the 1000 Genomes Project were retrieved as vcf files
and filtered for the amplicon regions covered in our AmpliSeq
approach using VCFtools (52) and for a MAF > 0.05 using
the GenomeAnalysisToolKit (GATK v. 3.2) (53, 54). The
filtered SNP list was then pruned using PLINK (55) in order to
exclude less informative SNPs in linkage disequilibrium (LD). A
total of 161 resulting SNPs from the reference populations were
then used as input for LASER (51) to define the PCA space and
derive the background coordinates for ancestry adjustment.
Using PLINK (55), we used logistic regression models for
association analysis of genotypes under the assumption of an
additive inheritance model, using the first coordinate to adjust
for population stratification. Success of stratification correction
was empirically assessed via quantile-quantile plots and statistical
inflation estimates (lambda) using the gap package (56, 57) for
R (58); R Development Core Team, 2013; http://www.R-project.
org/. Chi-square tests were also applied to test for allele frequency
differences.

Serum from healthy donor blood samples was obtained by short
centrifugation at 3,000 g at 4°C for 10 min. The serum MASP1
and MBL levels were measured by ELISA (Human MASP-1
ELISA Kit, Cloud-Clone Corp., Hycult Biotech Human MBL
ELISA kit). To investigate the effect of increased MASP1 levels
on complement function, recombinant human MASP1 (Creative
BioMart MASP1-137H) was added at different concentrations
(+13% rhMASP1, +26% rhMASP1, or +52% rhMASP1) to
the donor serum, and complement activity after MBL pathway
activation was measured using a commercially available ELISA
kit (Complement system MBL pathway WIESLAB®) following
manufacturer’s instructions. Briefly, six diluted serum samples
were measured in duplicate along with blank, positive and negative controls, and incubated at 37°C for 1 h. After washing, the
formation of terminal complement complex C5b-9 was detected
using conjugated antibody and absorbance was measured at
405 nm on a microplate reader (TECAN SpectraFluor Plus).

3. RESULTS
3.1. Discovery Study (Phase I)

In the discovery phase of this study, we screened the Dectin-1 and
Dectin-2 gene clusters, as well as other CTLR-relevant genomic
regions for potential variants that might be associated with
pulmonary tuberculosis in an Indian population. Our AmpliSeq
design covered 83% of the targeted regions, and yielded over
six hundred known SNPs that passed the filters for sequencing
depth, MAF and HWE (Table S2 in Supplementary Material).
Since a heterogeneous ancestral background can be presumed for
our study population (Figure S2A in Supplementary Material),
we corrected for potential stratification effects using the first
coordinate derived by the LASER v2.1 software (51).
No inflation of association results was evident based on
quantile-quantile plots and lambda results (lambda = 1.004; see
Figure S2B in Supplementary Material). After association analysis,
we selected 18 common variants as candidate SNPs for follow up
studies in the next phase (Table S3 in Supplementary Material).
These included 2 exonic SNPs in CD207 (chr. 2), 1 SNP in MASP1
(chr. 3), 1 SNP in SFTPA1 (chr. 10), and 14 SNPs in CTLRs of the
Dectin-clusters in chromosome 12, including an intronic variant
in CLEC7A (Dectin1), a missense variant in CLEC1B, and several
variants in CLEC12A (MICL) and CLEC12B. All these variants
showed differences at nominal significance level in their allele
frequency distribution between cases and controls, and yielded
top p-values (cutoff p < 0.2) when addressing their genotype
distribution after ancestry adjustment using logistic regression
models (Table S3 in Supplementary Material).

2.6. Validation Phase

2.6.1. iPLEX MassARRAY Genotyping

All SNPs with a statistical significance for association in the
discovery (p < 0.2), and a nominal significance (p < 0.05) in the
allele frequency distribution between groups were kept for followup studies in the validation phase. In this stage, 245 additional
samples (141 controls and 104 TB patients) from the cohort were
analyzed by iPLEX MassARRAY at Agena Bioscience GmbH
(Hamburg). Statistical analysis of all samples was performed
using logistic regressions with PLINK (55).

2.7. Meta-Analysis of Association Results

METAL (59) was used to combine the per SNP results from association studies in the discovery and validation phases. For this,
the joint analysis used the p-values across the two phases taking
sample size and direction of effect into account.

2.8. Measurement of MASP1, MASP3, and
MAp44 Levels in Serum

The serum concentrations of MASP1, MASP3, and MAp44 in
106 healthy controls and 99 TB patients were measured using
commercially available ELISA kits following the manufacturer’s
instructions (Human MASP1 ELISA Kit, Cloud-Clone Corp.,
Human MASP3 ELISA Kit, Hycult biotech Inc., Human MAp44
ELISA Kit, Hycult biotech Inc.). Diluted serum samples were
incubated in the coated plates for the recommended time period
and the amount of protein sandwiched was detected by a conjugated antibody and subsequent measurement of absorbance at
450 nm.
Frontiers in Immunology | www.frontiersin.org

3.2. Validation (Phase II): Rs3774275 in
MASP1 Is Significantly Associated with TB

Phase II of the study consisted in a MassARRAY-based genotyping of a total of 245 independent samples (141 controls and 104
TB patients) addressing the aforementioned candidate variants.
Primer design failed for four of the 18 selected variants, which
4
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were excluded from the validation by the MassARRAY. SNP
rs374147676 was monomorphic in the samples from this phase
and was removed from further analyses. Among the remaining 13
common variant candidates, only one SNP (rs3774275; MASP1)
was nominally significant in phase II (p = 0.0340, Table 2), showing the same direction of effects as in phase I.
Joint analysis of phases I and II confirmed our findings, with a
highly significant association of rs3774275 with pulmonary tuberculosis (joint analysis OR = 0.61 95%CI = 0.43–086, p = 0.0028;
see Table 2). The G allele of rs3774275 showed a protective effect
(G allele frequency: 39% controls vs. 28% TB patients; Table 3).
The GG genotype was twice more frequent in the healthy group
(15%) than in the TB group (7%) (see Table 3).

of rs3774275 with the MASP1 serum concentration has also been
documented in other studies (38, 60), where a GG-genotype
has been linked with an increased amount of MASP1, ranging
between 11 and 13% over the other genotypes. In our population, we observed a similar increase in the GG-genotype of the
healthy study group. Median values of MASP1 were 20% higher
for the GG-genotype when compared to the other two genotypes
(Figure 1B). Interestingly, the MASP1 serum levels of the healthy
GG-group were comparable to the concentrations observed in
PTB patients.
We next examined radiographic abnormalities in chest
X-rays from the TB patients (31) to determine the severity
of the disease and to analyze whether the concentrations of
MASP1, MASP3, or MAp44 might correlate with the progression of tuberculosis. The radiographic features here analyzed
included the number of cavities, the extent of alveolar infiltrates, and the presence of pleural effusion or lymph nodes.
These characteristics and the overall percentage of lung affected
were previously reported to correlate with TB severity (31).
Nevertheless, we could not detect any correlation between the
severity-criteria analyzed with neither MASP1 nor MASP3 or
MAp44 levels (Figure 2). We also failed to observe a clear correlation of MASPs levels with the BMI of the patients (Figure
S3 in Supplementary Material).

3.3. Increased MASP1 Levels in Serum
of Tuberculosis Patients

Next, we measured the concentrations of MASP1, MASP3 and
MAp44 in the serum. Our results show that the mean concentration of MASP1 was significantly higher in TB patients (median
(x) = 8.68 µg / ml; mean (x ) = 9.06 µg / ml) than in healthy
x = 6.68 µg / ml ; x = 6.99 µg / ml ; see Figure 1A). We
donors (
could also observe an increase in MAp44 and a decline in MASP3
levels in the serum of cases when compared to controls, although
these differences did not reach statistical significance after adjusting for BMI (see Figure 1A). The increase of MASP1 in TB patients
might suggest an important role of this protein in the immune
response against Mtb.
When the MASP1 serum concentrations were analyzed
by genotype in each group, we could observe a slightly higher
concentration of MASP1 in healthy donors with a GG-genotype
(
x = 7.74 µg / ml ; x = 8.63 µg / ml ) as compared to the other 2
x = 6.13 µg / ml ; x = 6.73 µg / ml
genotypes in the same group (
; see Figure 1B). Furthermore, the GG-genotype also exhibited
higher MAp44 levels in the control group. However, none of the
observed genotype-dependent differences reached statistical
significance, probably due to the sample size and the proportion
of GG-genotype in our population. Nevertheless, the association

3.4. MASP1 Levels Influence the Lectin
Pathway Complement Activity in vitro

Next, we tested whether small increases in MASP1 concentration,
such as those observed in our study, could have any impact on
the lectin pathway complement activation. We performed an
in vitro assay in which we added recombinant human MASP1
to serum samples, and measured the MBL pathway activity
using a commercially available ELISA kit. Our results showed
a significant increase of the lectin pathway complement activity
(p < 0.05) after addition of 13% more rhMASP1 to the serum
samples (see Figure 3). This suggests that even a small increase
in MASP1 concentration is sufficient to improve the efficiency

Table 2 | List of common variants subjected to validation through MassARRAY, showing the results of the association analysis after phase II, as well as the joint
analysis performed integrating data from phases I and II.
SNP_ID

Location
Gene

rs741326
rs2080390
rs3774275
rs1914663
rs76427726
rs35333643
rs148864420
rs648985
rs2961541
rs193214822
rs114421141
rs79967076
rs112915340

CD207
CD207
MASP1
SFTPA1
CLEC12A
CLEC12A
CLEC12A
CLEC12A
CLEC12A
CLEC12A
CLEC12B
CLEC12B
CLEC12B

Chr

Position
(GRCh38)

Gene location

2
2
3
10
12
12
12
12
12
12
12
12
12

70831704
70831095
187247480
79612197
9950609
9957832
9959987
9963978
9964134
9971188
10007247
10004170
10018224

Exonic
Exonic
Intronic
Intronic
Intronic
Intronic
Intronic
Intronic
Intronic
Intronic
Intronic
Intronic
Intronic

Type of
mutation

Missense
Synonym.
Intron var.
Intron var.
Intron var.
Intron var.
Intron var.
Intron var.
Intron var.
Intron var.
Intron var.
Intron var.
Intron var.

Alleles

Association (p-values)

Test allele

Other

Phase II
MassARRAY

A
T
G
T
C
G
A
C
C
T
C
A
G

G
C
A
C
T
A
C
G
T
G
T
G
T

0.6727
0.7578
0.0340*
0.9470
0.0995
0.2096
0.2497
0.7202
0.9937
0.2497
0.8407
0.6343
0.9492

Effect

Meta-analysis

0.1292
0.1726
0.0028**
0.2902
0.5581
0.9281
0.8767
0.5305
0.3519
0.8767
0.4977
0.6586
0.4278

Risk
Risk
Protective
Protective
Risk
Risk
Protective
Protective
Protective
Protective
Protective
Protective
Protective

Our results showed one SNP (rs3774275 in MASP1) significantly associated with pulmonary tuberculosis (*p < 0.05; **p < 0.01). Effect of test allele is also shown.
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4. DISCUSSION

of the MBL-dependent complement activity against pathogens.
However, higher concentrations of rhMASP1 did not further
increase the complement activation in our in vitro system.

In the present work, we used an AmpliSeq-based approach to
screen for TB-associated polymorphisms in several genes belonging to the C-type lectin receptor family or their related signaling
pathways. Coupling of this NGS approach with a MassARRAY
validation phase allowed the identification of a polymorphism in
MASP1 (rs37742752) that was significantly associated with disease
susceptibility. Further analysis revealed increased MASP1 levels
in serum of tuberculosis patients, constituting the first reported
association between tuberculosis and this MBL-associated serine
protease.
Previous studies were able to identify tuberculosis-associated
variants in a few CTLR genes in different populations, such as
for MRC2, MBL, or MASP2 in Chinese populations, DC-SIGN
variants in African populations, and several variants of SPA-1,
SPA-2, or MBL in diverse populations (29, 30, 61). In our study,
we targeted these polymorphisms and expanded the sequencing
approach to a total of 33 genes involved in CTLR signaling. We
identified a significantly associated polymorphism in the MASP1

Table 3 | Distribution of allele and genotype frequencies for SNP rs3774275
(MASP1) between controls and tuberculosis patients.
Rs3774275 allele frequencies (n = 321)
Allele

All subjects

Healthy controls

A
G

421 (65.6%)
221 (34.4%)

219 (60.8%)
141 (39.2%)

Cases (TB patients)
202 (71.6%)
80 (28.4%)

Rs3774275 genotype frequencies (n = 321)
Genotype

All subjects

Healthy controls

Cases (TB patients)

A/A
A/G
G/G

137 (42.7%)
147 (45.8%)
37 (11.5%)

66 (36.7%)
87 (48.3%)
27 (15.0%)

71 (50.3%)
60 (42.6%)
10 (7.1%)

Shown are the counts and percentages (in brackets) of the 321 samples genotyped for
this variant (genotyping of four samples failed).

Figure 1 | (A) Measurement of MASP1, MASP3, and MAp44 levels in serum of healthy controls and tuberculosis patients. Results after adjusting for BMI show
significantly higher levels of MASP1 in tuberculosis patients (T-test; **p < 0.01) when compared to healthy controls. (B) Genotype-dependent distribution of MASP1,
MASP3, and MAp44 levels across control and case samples. Shown are median values and 25–75th percentile box plots.
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Figure 2 | Correlation analysis of MASP1, MASP3, and MAp44 serum concentrations with disease severity, as measured by examination of chest X-rays. Shown
are the p-values obtained after linear regression analysis for each of the following criteria analyzed: Percentage of lung affected, number of quadrants showing
alveolar infiltrates, presence of pleural effusion, number of cavities observed and presence of lymph nodes. Shown are box plots with median values and p-values
obtained for the correlation with eachMASP1-splicing product.

gene, which has not been targeted in previous case-control
studies addressing TB susceptibility. MASP1 plays a key role in
the activation of lectin pathway of complement (Figure S1 in
Supplementary Material). Mtb recognition via MBL leads to the
activation of associated MASP1 homodimers, which catalyze the
activation of MASP2 (17, 62, 63). MASP1 and MASP2 together
cleave the C2 and C4 components of the complement and the
cleavage products form C3 convertase. MASP1 is responsible for

Frontiers in Immunology | www.frontiersin.org

60% of C2a production needed to generate C3 convertase (63;
Figure S1 in Supplementary Material), which further creates a
membrane attack complex on bacterial surface ultimately killing
the cell, while the by-products of the cascade such as C3b may
act as opsonins enhancing the bacterial phagocytosis (22). While
the role of C-type lectin MBL polymorphisms in tuberculosis
have been studied in several populations (29, 30, 35, 64), not
many studies have focused on the other components of the lectin
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studies in HCV infection have demonstrated a high association
between MASP1 activity and severe hepatic fibrosis (67, 68). In
another study, a synonymous mutation in MASP1 in the MASP3
serine protease domain was associated with early Pseudomonas
aeruginosa colonization in cystic fibrosis patients (69). Our study
is now the first study to demonstrate an association between
MASP1 serum levels and pulmonary TB.
Recent research on MASP1, dissecting its physiological function, has revealed a much broader spectrum of its action than
previously assumed. MASP1 is a promiscuous receptor and is
shown to bind several ligands. MASP1 can not only activate the
complement lectin pathway but also triggers cellular processes
such as activation of signaling pathways. Megyeri et al. demonstrated that MASP1 could activate the NFκB, p38-MAPK and
Ca2+ signaling in endothelial cells in vitro by cleaving surface
protease activated receptor-4 (PAR-4) (62). Moreover, the p38MAPK activation in endothelial cells by rMASP1 led to IL-6 and
IL-8 secretion along with other cytokines in vitro that were able
to recruit neutrophils (70). PARs are also expressed on lung epithelium (71), and therefore it may be speculated that high levels
of MASP1 may help induce a similar response in lung tissue,
activating cellular responses and recruiting phagocytes which
may together contribute to bacterial clearance.
The pathognomonic increase of serum MASP1 observed in TB
patients in our study reflects the important role that this serine
protease plays in the immune response against Mtb. Interestingly,
the rs37742752-GG-genotype, which is more frequent in healthy
controls, correlates with elevated MASP1 expression as shown in
this study and elsewhere (38, 60). Indeed, the MASP1 levels of
healthy controls with the GG-genotype (x = 8.63 µg / ml ) were
comparable to those observed in TB patients (x = 9.06 µg / ml ). It
may be hypothesized that intrinsic upregulation of MASP1 (due
to genetic predisposition), as observed in healthy controls with
the GG-genotype, could play a protective role against infection
with Mtb or the development of active TB in latently infected
individuals. In the latter case, elevated MASP1 levels might
contribute to prevent reactivation of latent Mtb. In this study, we
could demonstrate a correlation between MASP1 levels and lectin
complement activation in vitro. It is likely that, as the amount
of MASP1 in the serum increases, more MASP2 is activated
and more C2 and C4 molecules are cleaved (see Figure S1 in
Supplementary Material), which in turn leads to the formation of
more C5b9 complexes and higher opsonization rates. Our results
implicate that even a small increase in the amount of MASP1
(+ 13%) can significantly enhance the lectin pathway activity.
However, we could not observe any dose dependency when
higher concentrations of rhMASP1 were added to the system.
The observed saturation might be explained by the interdependency between MASP1 and MASP2 in the activation of the lectin
complement system. This activation might reach a plateau when
MASP2 becomes the limiting factor, since it is responsible for the
cleavage of C4—a process that cannot be engaged by MASP1 (see
Figure S1 in Supplementary Material). Further in vivo experiments, as well as in vitro assays with blood samples of TB patients,
are needed to confirm the effect of increased MASP1 levels on the
lectin complement pathway and to investigate its potential impact
on the phagocytosis and killing of Mtb.

Figure 3 | Measurement of lectin pathway complement activation in serum
samples (n = 6) after addition of rhMASP1. As measured by an MBL pathway
complement activation system, an increase in rhMASP1 leads to a slight
enhancement of the complement activation in the serum samples (repeated
measures ANOVA with Dunnett post hoc test; *p < 0.05).

pathway. A recent work found no association between MBL,
Ficolin-1, Ficolin-2, or MASP2 variants and TB susceptibility
(65). In contrast, Chen et al. could observe a significant impact
of MBL and MASP2 polymorphisms upon TB susceptibility in
a Chinese population (29, 30). However, the important factor
MASP1 has not been included in any studies addressing the
genetic predisposition to TB so far. Our study demonstrates for
the first time that MASP1 polymorphism rs3774275 is associated
with TB susceptibility.
The SNP rs3774275 is located in the mutually exclusive splicing region in intron 8 of the MASP-1/3 gene and is responsible
for the alternative splicing and the regulation of serum levels of
MASP1 protein and its splice variants MASP3 and MAp44 (38).
Two independent studies by Ammitzboll et al. and Krogh et al.
recently showed that rs3774275 is associated with MASP1 serum
concentrations (38, 60). In both studies, they observed that the G
allele was related to higher MASP1 levels (38, 60). In our study,
we also observed higher MASP1 levels in the GG-genotype of
the control population, but failed to reach statistical significance,
probably due to the small sample size for this minor genotype.
However, we were able to detect significantly higher levels of
MASP1 in TB patients when compared to healthy controls. As
shown by correlation of MASP levels with radiographic evaluations, this increase seems to be independent of the severity of TB.
For long time, MASP2 had been considered the main effector
of the lectin pathway of the complement and has been associated with several infectious diseases including Hepatitis C virus
(HCV) infection, Pseudomonas infection, leprosy, as well as TB
(29, 30, 66). Recent investigations on the mechanism of complement lectin-pathway activation suggest that MASP1 plays an even
more central role than MASP2 (63). Nevertheless, MASP1 has not
yet been studied in association to many infectious diseases. Some
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In the present study, we used a customized AmpliSeq approach
to screen for relevant polymorphisms in 33 genes. Although this
approach led to the identification of a TB-associated polymorphism in MASP1, which was strongly supported by the findings
in the validation phase, certain limitations of the study have to be
acknowledged. One polymorphism that was included in phase
II of the study after NGS analysis resulted to be monomorphic
during validation. This result might be related to the limitations of the semiconductor sequencing technology. Although
the High-Q chemistry of Ion Torrent has largely improved the
sequencing output with regard to coverage, noise, and read quality (72), false positives are still possible at loci in proximity of
homopolymers. Thus, AmpliSeq approaches should always be
coupled with post-validation procedures. An additional challenge of this association study was the potential stratification of
the population analyzed. Stratification in the Indian population is
expected due to historical ethnic, religious and language barriers
existing in the community, which might exert important genetic
effects and should be addressed in association studies such as
this one (73). Thus, in this study we used the LASER software
to correct for potential stratification effects. Ancestry adjustment resulted in a lambda value near 1 and no inflation of the
association results (see Figure S2B in Supplementary Material).
Finally, although rs3774275 showed a strong association with TB,
it is still unclear how this SNP might be linked to other genetic
variants or interrelates with other predisposing factors in this
multifactorial disease. Moreover, due to the lack of control for
asymptomatic Mtb infection in the control group of our study,
it cannot be determined whether the rs3774275-GG-genotype
confers protection against Mtb infection or resistance against the
development of active tuberculosis disease. Considering that over
90% of those who are infected with Mtb remain asymptomatic
(74), latently infected individuals should be expected among our
control group. Indeed, latent TB prevalence rate in endemic TB
countries has been estimated to be as high as 79% (75). Further
studies with controls classified for asymptomatic infection will
help to clarify the type of protection that is associated with the
MASP1 variant rs3774275.
In summary, in this study we investigated whether genetic
variants of CTLR-related genes were associated with TB susceptibility. Our two-stage study allowed the identification of
one MASP1 polymorphism (rs3774275) significantly associated
with PTB. MASP1 had been considered the underdog of the
lectin-dependent complement activation until recently, when a
more prominent role of this protein has been dissected in the
lectin pathway (63). Our results, which suggest an important
role of MASP1 variants in tuberculosis, were reinforced by the

observation of elevated MASP1 serum levels in PTB patients. The
present work contributes to our understanding of host-Mtb interaction and highlights the critical role of the lectin-complement
pathway in Mtb pathogenesis.

ETHICS STATEMENT
This study was carried out in accordance with the recommendations of the committee for bio-medical research at the Bhagwan
Mahavir Medical Research Centre with written informed consent
from all subjects. All subjects gave written informed consent in
accordance with the Declaration of Helsinki. The protocol was
approved by the institutional ethics committee for bio-medical
research at the Bhagwan Mahavir Medical Research Centre,
Hyderabad, India (date: March 11, 2011).

AUTHOR CONTRIBUTIONS
TK, SG, CF, and HS conceived and designed the study and experiments. TK and SG wrote the manuscript. TK and SG conducted
the experiments. TK, SG, MS, DD, LB-A, RS, CF, and HS analyzed
the data. SG, AH, RM, GS, and VV recruited the study cohort and
collected samples. NA supervised and coordinated the study in
India. All authors reviewed and edited the manuscript.

ACKNOWLEDGMENTS
We want to thank Moira Walters, Simone Tänzer and Frauke
Schreiber for their excellent technical assistance. Special thanks
go to Late Dr. K. J. R. Murthy, for inspiring this work through his
contribution to tuberculosis research in Hyderabad.

FUNDING
This work was funded by GRK 1673: Functional Molecular
Infection Epidemiology (Project A4 to SG and HS) and the
German Research Foundation (Collaborative Research Center/
Transregio 124—Pathogenic fungi and their human host:
Networks of Interaction, Project A5 to TK and HS). The funders
had no role in study design, data collection and analysis, decision
to publish, or preparation of the manuscript.

SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at
http://www.frontiersin.org/articles/10.3389/fimmu.2018.00242/
full#supplementary-material.

REFERENCES

4. Smith I. Mycobacterium tuberculosis pathogenesis and molecular determinants of virulence. Clin Microbiol Rev (2003) 16:463–96. doi:10.1128/
CMR.16.3.463-496.2003
5. Lerner TR, Borel S, Gutierrez MG. The innate immune response in human
tuberculosis. Cell Microbiol (2015) 17:1277–85. doi:10.1111/cmi.12480
6. Bafica A, Scanga CA, Feng CG, Leifer C, Cheever A, Sher A. Tlr9 regulates
th1 responses and cooperates with tlr2 in mediating optimal resistance to
mycobacterium tuberculosis. J Exp Med (2005) 202:1715–24. doi:10.1084/
jem.20051782

1. WHO. Global Tuberculosis Report 2016. World Health Organization (2016).
Available from: http://apps.who.int/medicinedocs/en/d/Js23098en/
2. Cooper AM. Cell-mediated immune responses in tuberculosis. Annu Rev
Immunol (2009) 27:393–422. doi:10.1146/annurev.immunol.021908.132703
3. Khalilullah SA, Harapan H, Hasan NA, Winardi W, Ichsan I, Mulyadi M. Host
genome polymorphisms and tuberculosis infection: what we have to say?
Egypt J Chest Dis Tuberc (2014) 63:173–85. doi:10.1016/j.ejcdt.2013.12.002

Frontiers in Immunology | www.frontiersin.org

9

February 2018 | Volume 9 | Article 242

Klassert et al.

SNP in MASP1 Associated with TB

7. Branger J, Leemans JC, Florquin S, Weijer S, Speelman P, Van Der Poll T.
Toll-like receptor 4 plays a protective role in pulmonary tuberculosis in mice.
Int Immunol (2004) 16:509–16. doi:10.1093/intimm/dxh052
8. Pai RK, Pennini ME, Tobian AAR, Canaday DH, Boom WH, Harding CV.
Prolonged toll-like receptor signaling by Mycobacterium tuberculosis and its
19-kilodalton lipoprotein inhibits gamma interferon-induced regulation of
selected genes in macrophages. Infect Immun (2004) 72:6603–14. doi:10.1128/
IAI.72.11.6603-6614.2004
9. Tjärnlund A, Guirado E, Julián E, Cardona P-J, Fernández C. Determinant
role for toll-like receptor signalling in acute mycobacterial infection in the
respiratory tract. Microbes Infect (2006) 8:1790–800. doi:10.1016/j.micinf.
2006.02.017
10. Yonekawa A, Saijo S, Hoshino Y, Miyake Y, Ishikawa E, Suzukawa M, et al.
Dectin-2 is a direct receptor for mannose-capped lipoarabinomannan of
mycobacteria. Immunity (2014) 41:402–13. doi:10.1016/j.immuni.2014.08.005
11. Goyal S, Klassert TE, Slevogt H. C-type lectin receptors in tuberculosis:
what we know. Med Microbiol Immunol (2016) 205:513–35. doi:10.1007/
s00430-016-0470-1
12. Wilson GJ, Marakalala MJ, Hoving JC, van Laarhoven A, Drummond RA,
Kerscher B, et al. The c-type lectin receptor clecsf8/clec4d is a key component of anti-mycobacterial immunity. Cell Host Microbe (2015) 17:252–9.
doi:10.1016/j.chom.2015.01.004
13. Ishikawa E, Ishikawa T, Morita YS, Toyonaga K, Yamada H, Takeuchi O,
et al. Direct recognition of the mycobacterial glycolipid, trehalose dimycolate, by c-type lectin mincle. J Exp Med (2009) 206:2879–88. doi:10.1084/
jem.20091750
14. Lee H-M, Yuk J-M, Shin D-M, Jo E-K. Dectin-1 is inducible and plays
an essential role for mycobacteria-induced innate immune responses in
airway epithelial cells. J Clin Immunol (2009) 29:795–805. doi:10.1007/
s10875-009-9319-3
15. Romero MM, Basile JI, Corra Feo L, López B, Ritacco V, Alemán M. Reactive
oxygen species production by human dendritic cells involves tlr2 and dectin-1
and is essential for efficient immune response against mycobacteria. Cell
Microbiol (2016) 18:875–86. doi:10.1111/cmi.12562
16. Heyl KA, Klassert TE, Heinrich A, Müller MM, Klaile E, Dienemann H, et al.
Dectin-1 is expressed in human lung and mediates the proinflammatory
immune response to nontypeable Haemophilus influenzae. mBio (2014)
5:e1492–1414.
17. Bartlomiejczyk MA, Swierzko AS, Brzostek A, Dziadek J, Cedzynski M.
Interaction of lectin pathway of complement-activating pattern recognition molecules with mycobacteria. Clin Exp Immunol (2014) 178:310–9.
doi:10.1111/cei.12416
18. Dorhoi A, Desel C, Yeremeev V, Pradl L, Brinkmann V, Mollenkopf H-J, et al.
The adaptor molecule card9 is essential for tuberculosis control. J Exp Med
(2010) 207:777–92. doi:10.1084/jem.20090067
19. Ostrop J, Jozefowski K, Zimmermann S, Hofmann K, Strasser E, Lepenies B,
et al. Contribution of mincle-syk signaling to activation of primary human
apcs by mycobacterial cord factor and the novel adjuvant tdb. J Immunol
(2015) 195:2417–28. doi:10.4049/jimmunol.1500102
20. Sancho D, Reis e Sousa C. Signaling by myeloid c-type lectin receptors
in immunity and homeostasis. Annu Rev Immunol (2012) 30:491–529.
doi:10.1146/annurev-immunol-031210-101352
21. Underhill DM, Rossnagle E, Lowell CA, Simmons RM. Dectin-1 activates
syk tyrosine kinase in a dynamic subset of macrophages for reactive oxygen
production. Blood (2005) 106:2543–50. doi:10.1182/blood-2005-03-1239
22. Merle NS, Church SE, Fremeaux-Bacchi V, Roumenina LT. Complement
system part I – molecular mechanisms of activation and regulation. Front
Immunol (2015) 6:262. doi:10.3389/fimmu.2015.00262
23. Murray CJ, Styblo K, Rouillon A. Tuberculosis in developing countries:
burden, intervention and cost. Bull Int Union Tuberc Lung Dis (1990) 65:6–24.
24. Thye T, Vannberg FO, Wong SH, Owusu-Dabo E, Osei I, Gyapong J, et al.
Genome-wide association analyses identifies a susceptibility locus for
tuberculosis on chromosome 18q11. 2. Nat Genet (2010) 42(9):739–41.
doi:10.1038/ng.639
25. Casanova J-L, Abel L. Genetic dissection of immunity to mycobacteria:
the human model. Annu Rev Immunol (2002) 20(1):581–620. doi:10.1146/
annurev.immunol.20.081501.125851
26. Greenwood CM, Fujiwara TM, Boothroyd LJ, Miller MA, Frappier D, Fanning EA,
et al. Linkage of tuberculosis to chromosome 2q35 loci, including nramp1,

Frontiers in Immunology | www.frontiersin.org

27.

28.
29.

30.
31.

32.

33.
34.

35.
36.
37.

38.

39.
40.
41.

42.

43.

44.

45.

10

in a large aboriginal Canadian family. Am J Hum Genet (2000) 67(2):405–16.
doi:10.1086/303012
Dittrich N, Berrocal-Almanza LC, Thada S, Goyal S, Slevogt H, Sumanlatha G,
et al. Toll-like receptor 1 variations influence susceptibility and immune
response to Mycobacterium tuberculosis. Tuberculosis (2015) 95(3):328–35.
doi:10.1016/j.tube.2015.02.045
Schurz H, Daya M, Möller M, Hoal EG, Salie M. Tlr1, 2, 4, 6 and 9 variants
associated with tuberculosis susceptibility: a systematic review and metaanalysis. PLoS One (2015) 10(10):e0139711. doi:10.1371/journal.pone.0139711
Chen M, Deng J, Su C, Li J, Wang M, Abuaku BK, et al. Impact of passive
smoking, cooking with solid fuel exposure, and mbl/masp-2 gene polymorphism upon susceptibility to tuberculosis. Int J Infect Dis (2014) 29(Suppl C):
1–6. doi:10.1016/j.ijid.2014.08.010
Chen M, Liang Y, Li W, Wang M, Hu L, Abuaku BK, et al. Impact of MBL
and MASP-2 gene polymorphism and its interaction on susceptibility to
tuberculosis. BMC Infect Dis (2015) 15:151. doi:10.1186/s12879-015-0879-y
Grozdanovic Z, Almanza LCB, Goyal S, Hussain A, Klassert TE, Driesch D,
et al. A novel reading scheme for assessing the extent of radiographic abnormalities and its association with disease severity in sputum smear-positive
tuberculosis: an observational study in Hyderabad/India. PLoS One (2015)
10(9):e0138070. doi:10.1371/journal.pone.0138070
Berrocal-Almanza LC, Goyal S, Hussain A, Klassert TE, Driesch D,
Grozdanovic Z, et al. S100a12 is up-regulated in pulmonary tuberculosis and
predicts the extent of alveolar infiltration on chest radiography: an observational study. Sci Rep (2016) 6:31798. doi:10.1038/srep31798
(2012). TB India 2012–Revised National TB Control Programme. Annual Status
Report.
Central TB Division, Directorate General of Health Services, Ministry of
Health, Family Welfare, and Government of India. (2005). Technical and
Operational Guidelines for Tuberculosis Control. Technical report. C.T.D.
Directorate General of Health Services.
Denholm J, McBryde E, Eisen D. Mannose-binding lectin and susceptibility
to tuberculosis: a meta-analysis. Clin Exp Immunol (2010) 162(1):84–90.
doi:10.1111/j.1365-2249.2010.04221.x
Glocker E-O, Hennigs A, Nabavi M, Schäffer AA, Woellner C, Salzer U, et al.
A homozygous card9 mutation in a family with susceptibility to fungal infections. N Engl J Med (2009) 361(18):1727–35. doi:10.1056/NEJMoa0810719
Hattori T, Konno S, Takahashi A, Isada A, Shimizu K, Shimizu K, et al.
Genetic variants in mannose receptor gene (mrc1) confer susceptibility to
increased risk of sarcoidosis. BMC Med Genet (2010) 11(1):151. doi:10.1186/
1471-2350-11-151
Ammitzbøll CG, Steffensen R, Nielsen HJ, Thiel S, Stengaard-Pedersen K,
Bøgsted M, et al. Polymorphisms in the masp1 gene are associated with
serum levels of masp-1, masp-3, and map44. PLoS One (2013) 8(9):e73317.
doi:10.1371/journal.pone.0073317
Feinberg H, Rowntree TJ, Tan SL, Drickamer K, Weis WI, Taylor ME.
Common polymorphisms in human langerin change specificity for glycan
ligands. J Biol Chem (2013) 288(52):36762–71. doi:10.1074/jbc.M113.528000
Floros J, Lin H-M, García A, Salazar MA, Guo X, DiAngelo S, et al. Surfactant
protein genetic marker alleles identify a subgroup of tuberculosis in a Mexican
population. J Infect Dis (2000) 182(5):1473–8. doi:10.1086/315866
Madan T, Saxena S, Murthy KJ, Muralidhar K, Sarma PU. Association of
polymorphisms in the collagen region of human sp-a1 and sp-a2 genes with
pulmonary tuberculosis in Indian population. Clin Chem Lab Med (2002)
40(10):1002–8. doi:10.1515/CCLM.2002.174
Carlson TK, Torrelles JB, Smith K, Horlacher T, Castelli R, Seeberger PH, et al.
Critical role of amino acid position 343 of surfactant protein-d in the selective
binding of glycolipids from Mycobacterium tuberculosis. Glycobiology (2009)
19(12):1473–84. doi:10.1093/glycob/cwp122
Hattori T, Konno S, Hizawa N, Isada A, Takahashi A, Shimizu K, et al. Genetic
variants in the mannose receptor gene (mrc1) are associated with asthma in
two independent populations. Immunogenetics (2009) 61(11–12):731–8.
doi:10.1007/s00251-009-0403-x
Alter A, de Léséleuc L, Van Thuc N, Thai VH, Huong NT, Ba NN, et al.
Genetic and functional analysis of common mrc1 exon 7 polymorphisms
in leprosy susceptibility. Hum Genet (2010) 127(3):337–48. doi:10.1007/
s00439-009-0775-x
Khoo U-S, Chan KY, Chan VS, Lin CS. Dc-sign and l-sign: the signs for
infection. J Mol Med (2008) 86(8):861–74. doi:10.1007/s00109-008-0350-2

February 2018 | Volume 9 | Article 242

Klassert et al.

SNP in MASP1 Associated with TB

46. Silveyra P, Floros J. Genetic variant associations of human sp-a and sp-d with
acute and chronic lung injury. Front Biosci (2012) 17:407. doi:10.2741/3935
47. Malik S, Greenwood C, Eguale T, Kifle A, Beyene J, Habte A, et al. Variants of
the sftpa1 and sftpa2 genes and susceptibility to tuberculosis in Ethiopia. Hum
Genet (2006) 118(6):752–9. doi:10.1007/s00439-005-0092-y
48. Vaid M, Kaur S, Taruna M, Singh H, Gupta VK, Murthy K, et al. Association
of sp-d, mbl and i-nos genetic variants with pulmonary tuberculosis. Indian J
Hum Genet (2006) 12:105–10.
49. Martin M. Cutadapt removes adapter sequences from high-throughput
sequencing reads. EMBnet.journal (2011) 17(1):10–2. doi:10.14806/ej.17.1.200
50. Langmead B, Salzberg SL. Fast gapped-read alignment with bowtie 2. Nat
Methods (2012) 9(4):357–9. doi:10.1038/nmeth.1923
51. Wang C, Zhan X, Liang L, Abecasis GR, Lin X. Improved ancestry estimation for both genotyping and sequencing data using projection procrustes
analysis and genotype imputation. Am J Hum Genet (2015) 96(6):926–37.
doi:10.1016/j.ajhg.2015.04.018
52. Danecek P, Auton A, Abecasis G, Albers CA, Banks E, DePristo MA, et al.
The variant call format and vcftools. Bioinformatics (2011) 27(15):2156–8.
doi:10.1093/bioinformatics/btr330
53. DePristo MA, Banks E, Poplin R, Garimella KV, Maguire JR, Hartl C, et al.
A framework for variation discovery and genotyping using next-generation
dna sequencing data. Nat Genet (2011) 43(5):491–8. doi:10.1038/ng.806
54. McKenna A, Hanna M, Banks E, Sivachenko A, Cibulskis K, Kernytsky A,
et al. The genome analysis toolkit: a mapreduce framework for analyzing
next-generation dna sequencing data. Genome Res (2010) 20(9):1297–303.
doi:10.1101/gr.107524.110
55. 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 J Hum Genet (2007) 81(3):559–75. doi:10.1086/519795
56. Zhao JH. gap: Genetic Analysis Package. J Stat Software (2007) 23(8):1–18.
doi:10.18637/jss.v023.i08
57. Zhao JH. gap: genetic Analysis Package. R package version 1.1-21. (2017)
1–21. Available from: https://CRAN.R-project.org/package=gap
58. R Development Core Team. R: A Language and Environment for Statistical
Computing. Vienna, Austria: R Foundation for Statistical Computing (2008).
59. Willer CJ, Li Y, Abecasis GR. Metal: fast and efficient meta-analysis of genomewide association scans. Bioinformatics (2010) 26(17):2190–1. doi:10.1093/
bioinformatics/btq340
60. Krogh SS, Holt CB, Steffensen R, Funck KL, Høyem P, Laugesen E, et al.
Plasma levels of masp-1, masp-3 and map44 in patients with type 2 diabetes:
influence of glycaemic control, body composition and polymorphisms in the
masp1 gene. Clin Exp Immunol (2017) 189(1):103–12. doi:10.1111/cei.12963
61. Azad AK, Sadee W, Schlesinger LS. Innate immune gene polymorphisms in
tuberculosis. Infect Immun (2012) 80(10):3343–59. doi:10.1128/IAI.00443-12
62. Megyeri M, Makó V, Beinrohr L, Doleschall Z, Prohászka Z, Cervenak L,
et al. Complement protease masp-1 activates human endothelial cells: par4
activation is a link between complement and endothelial function. J Immunol
(2009) 183(5):3409–16. doi:10.4049/jimmunol.0900879
63. Héja D, Kocsis A, Dobó J, Szilágyi K, Szász R, Závodszky P, et al. Revised
mechanism of complement lectin-pathway activation revealing the role of
serine protease masp-1 as the exclusive activator of masp-2. Proc Natl Acad
Sci U S A (2012) 109(26):10498–503. doi:10.1073/pnas.1202588109

Frontiers in Immunology | www.frontiersin.org

64. Shi J, Xie M, Wang J-M, Xu Y-J, Xiong W-N, Liu X-S. Mannose-binding
lectin two gene polymorphisms and tuberculosis susceptibility in Chinese
population: a meta-analysis. J Huazhong Univ Sci Technolog Med Sci (2013)
33(2):166–71. doi:10.1007/s11596-013-1091-1
65. Chalmers JD, Matsushita M, Kilpatrick DC, Hill AT. No strong relationship
between components of the lectin pathway of complement and susceptibility
to pulmonary tuberculosis. Inflammation (2015) 38(4):1731–7. doi:10.1007/
s10753-015-0150-0
66. Beltrame MH, Boldt AB, Catarino SJ, Mendes HC, Boschmann SE, Goeldner I,
et al. Mbl-associated serine proteases (masps) and infectious diseases. Mol
Immunol (2015) 67(1):85–100. doi:10.1016/j.molimm.2015.03.245
67. Brown K, Keogh M, Tagiuri N, Grainge M, Presanis J, Ryder S, et al.
Severe fibrosis in hepatitis c virus-infected patients is associated with
increased activity of the mannan-binding lectin (mbl)/mbl-associated
serine protease 1 (masp-1) complex. Clin Exp Immunol (2007) 147(1):90–8.
doi:10.1111/j.1365-2249.2006.03264.x
68. Saeed A, Baloch K, Brown R, Wallis R, Chen L, Dexter L, et al. Mannan
binding lectin-associated serine protease 1 is induced by hepatitis c virus
infection and activates human hepatic stellate cells. Clin Exp Immunol (2013)
174(2):265–73. doi:10.1111/cei.12174
69. Haerynck F, Van Steen K, Cattaert T, Loeys B, Schelstraete P, Claes K, et al.
Polymorphisms in the lectin pathway genes as a possible cause of early
chronic Pseudomonas aeruginosa colonization in cystic fibrosis patients. Hum
Immunol (2012) 73(11):1175–83. doi:10.1016/j.humimm.2012.08.010
70. Jani PK, Kajdacsi E, Megyeri M, Dobó J, Doleschall Z, Futosi K, et al.
Masp-1 induces a unique cytokine pattern in endothelial cells: a novel link
between complement system and neutrophil granulocytes. PLoS One (2014)
9(1):e87104. doi:10.1371/journal.pone.0087104
71. Lan RS, Stewart GA, Henry PJ. Role of protease-activated receptors in airway function: a target for therapeutic intervention? Pharmacol Ther (2002)
95(3):239–57. doi:10.1016/S0163-7258(02)00237-1
72. Churchill JD, King JL, Chakraborty R, Budowle B. Effects of the ion pgmTM
hi-qTM sequencing chemistry on sequence data quality. Int J Legal Med (2016)
130(5):1169–80. doi:10.1007/s00414-016-1355-y
73. Bittles AH. Population stratification and genetic association studies in South
Asia. J Mol Genet Med (2005) 1(2):43. doi:10.4172/1747-0862.1000012
74. Gideon HP, Flynn JL. Latent tuberculosis: what the host “sees”? Immunol Res
(2011) 50(2-3):202–12. doi:10.1007/s12026-011-8229-7
75. Sharma SK, Mohanan S, Sharma A. Relevance of latent tb infection in areas
of high tb prevalence. Chest (2012) 142(3):761–73. doi:10.1378/chest.12-0142
Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.
Copyright © 2018 Klassert, Goyal, Stock, Driesch, Hussain, Berrocal-Almanza,
Myakala, Sumanlatha, Valluri, Ahmed, Schumann, Flores and Slevogt. 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) and the copyright owner are credited and that the original
publication 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.

11

February 2018 | Volume 9 | Article 242

